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Abstract

:

The photochemical reflectance index (PRI) is a widely used spectral index which can show stress-induced changes in photosynthesis (e.g., increase of the nonphotochemical quenching of chlorophyll fluorescence (NPQ)). The artificial illumination of plants improves the efficiency of estimation of photosynthetic processes on the basis of PRI measurements. However, the simultaneous activity of different light sources with different locations can disturb the measurement of PRI. Using pulses of a green-yellow measuring light can potentially solve this problem. The aim of the present work was to investigate the possibility of using green-yellow light pulses for the investigation of light-induced changes in PRI in higher plants (pea, wheat, and pumpkin) and for the analysis of connection between PRI and the energy-dependent component of NPQ (NPQF). First, we showed that using green-yellow light pulses eliminated shifts of reflected light, which were connected with the application of a red actinic light. Second, analysis of light dependences of NPQF, the absolute value of PRI, and changes in PRI (the difference between the PRI under the actinic light and the initial value of PRI without this light, ΔPRI) showed that the dynamics of the increase of NPQF and the decrease of PRI and ΔPRI were similar. Changes in NPQF and ΔPRI were found to be significant. In contrast, changes in the absolute value of PRI were not significant in most of the variants of the experiments. Third, scatter plots between NPQF and ΔPRI showed similar linear correlations for investigated species; moreover, a total set of experimental points (for pea, wheat, and pumpkin) were also described by the same linear regression. Thus, our results show that (i) pulses of green-yellow measuring light can be used for measurements of PRI, and (ii) ΔPRI is a more effective indicator for the estimation of NPQ than the absolute value of PRI.
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1. Introduction


Terrestrial plants can be affected by numerous environmental stressors (excess light, high and low temperatures, drought, salinity, attacks of insects, phytopathogens, etc.). In particular, many stressors can disturb photosynthetic processes [1], and thereby decrease the productivity of plants. The early identification of stressor-induced photosynthetic changes plays an important role in precision agriculture and ecological monitoring, and accordingly, the development of methods for the remote sensing of photosynthetic processes is a topical practical problem [2]. Measurements of chlorophyll fluorescence and different spectral indices on the basis of reflected light are effective tools for such remote sensing [2,3,4,5,6,7]. In particular, one of the key spectral indices is the photochemical reflectance index (PRI), which is connected with photosynthetic parameters and the content of pigments in plant [4,5,6,7,8,9].



Traditionally, the PRI is calculated on the basis of Equation (1) [4,5,7] (however, other spectral bands can be also used [5]):


PRI=R531−R570R531+R570



(1)




where R531 and R570 are the intensities of reflected light at 531 and 570 nm, respectively. It is considered that a fast decrease of PRI (generally minutes to hours) is a standard response to the action of numerous stressors (including excess light, salinity, water stress, increased temperature, etc.) on plant leaf [5,8,10,11,12,13,14], as well as to the propagation of stress signals through the plant body [15]. Fast changes in PRI are based on a decrease in R531, which is probably connected to a xanthophyll de-epoxidation (increase of zeaxanthin concentration) [8] and/or a chloroplast shrinkage [5,10]. Both processes are induced by an increase in a transthylakoid ΔpH and the acidification of lumen in chloroplasts. In contrast, R570 is considered to be weakly affected by these physiological processes [5,8,9]. Therefore, R570 is often used as the reference spectral band for PRI calculation.



It can be expected that PRI will be strongly connected with a nonphotochemical quenching of chlorophyll fluorescence (NPQ), which shows the development of a photosynthetic stress in plant [1,16]. In particular, PRI should be connected with a fast-relaxing energy-dependent component of NPQ (NPQF; [16]), since NPQF is also caused by lumen acidification [1,16]. A negative correlation can be observed between NPQ and PRI [10,14,15,17]. However, values of correlation coefficients between NPQ (as well as other photosynthetic parameters) and PRI can vary strongly [7]. In particular, the correlation coefficient of NPQ with PRI can be very low [18] or positive [19]. Our meta-analysis [7] showed that the connection of PRI with photosynthetic parameters is stronger under artificial light, which has controlled characteristics, than it is under sunlight, which can fluctuate. The results of our experimental investigations [15,18] showed that the duration of illumination can also be a factor which changes the connection between PRI and NPQ.



Thus, the use of artificial light can potentially improve the efficiency of NPQ estimation on the basis of measurements of PRI [7], i.e., it can improve the efficiency of the identification of photosynthetic stress in plants. However, the application of additional light source(s) from artificial light can generate some errors. In particular, combinations of artificial light with fluctuating sunlight or with another artificial light source with changeable intensity, as well as deviations in the position of the investigated plant (in experiments with two or more light sources) can influence the intensities of reflected light in different spectral bands. Considering small magnitudes of changes in PRI (usually from 0.002–0.004 [15,18] to 0.02–0.04 [8,13,14]), the effect can strongly disrupt the measurement of the PRI. In accordance with Evain et al. [10], the problem can be solved on the basis of the continuous measurement of a reference panel that allows the exclusion of variations in the spectrum and intensity of sunlight or controlled changes in the intensity of artificial light. However, the use of the method requires a complex technical system, and moreover the method cannot fully exclude errors, which are connected with deviations in the position of different samples (leaves of experimental plants).



We suppose that an alternative approach can be based on using measuring pulses of green-yellow light (GYL). There are some observations which support the possibility of using GYL pulses as a measuring light for the measurement of PRI: (i) It is known [20,21] that the photosynthetic efficiency of GYL is lower than the efficiency of red or blue light, i.e. the influence of the GYL pulses on plants should be lower; (ii) spectral bands which are used for PRI calculation (usually, the reflected light at 531 and 570 nm [4,5,7]) are parts of the green-yellow spectral band, i.e. absolute intensities of the reflected light at 531 and 570 nm should be increased during the GYL pulses; and (iii) minutes are usually required for the development of PRI changes [8,9,10,15,18] (however, changes occurring on the order of seconds can be observed in some objects [10]), i.e. pulses with a duration of less than one minute should weakly influence PRI. Considering these points, GYL pulses with a period on the order of seconds or tens of seconds can potentially be used as measuring light for PRI measurement. This approach is similar to the Pulse-Amplitude-Modulation (PAM) method of fluorescence measurement, which is based on weak pulses of measuring light and measurements of differences in the intensity of fluorescence during and before a pulse [2,22]. Analogically, the intensities of reflected light at 531 and 570 nm (R531 and R570) can be calculated as differences between the intensities during the measuring pulse of GYL and before the pulse. The main potential advantage of using GYL pulses is the possibility of performing PRI measurement under illumination by several light sources (possibly including illumination by sunlight) because only reflected light from the source of GYL will be analyzed. It can be expected that this approach will allow the exclusion of the influence of changes in light intensities from other light sources without continuous measurement of the reference panel (if the duration of these changes is longer than that of the GYL pulses) or the influence of deviations in the position of different leaves during investigation.



Thus, the aim of the present work was to investigate the possibility of using GYL pulses for the investigation of light-induced changes in PRI in higher plants (pea, wheat, and pumpkin) and for the analysis of connection between PRI and the energy-dependent component of NPQ in these plants.




2. Methods


2.1. Materials


Seedlings of pea (Pisum sativum L., cultivar “Albumen”), wheat (Triticum aestivum L., cultivar “Zlata”), and pumpkin (Cucurbita pepo L., cultivar “Mozoleevskaya”) were used as objects in our investigation, since these are important agricultural plants with photosynthetic parameters, which were investigated in our previous works [15,18,23,24,25,26,27]. These plants were cultivated in a Binder KBW 240 plant growth chamber (BinderGmbH, Tuttlingen, Germany) at 24 °C under a 16/8 h (light/dark) photoperiod. Seedlings used in experiments were 2–3 weeks old. Second matter leaves of investigated plants were used for measurements.




2.2. Measurements of the Energy-Dependent Component of Nonphotochemical Quenching of Chlorophyll Fluorescence and the Photochemical Reflectance Index


Figure 1 shows details of measurements of the energy-dependent component of NPQ and PRI in leaves of investigated plants. A Dual-PAM-100 measuring system (Heinz Walz GmbH, Effeltrich, Germany) was used for photosynthetic measurements (Figure 1a). Standard weak pulses of blue light (maximum intensity at 460 nm, 24 μmol m−2 s−1, 2.5 μs pulse length) were used as a fluorescence measuring light (ML). The first saturation pulse (SP) of red light (maximum intensity at 630 nm, 10,000 mmol m−2 s−1, 300 ms pulse length) after dark adaptation for 15 min was used for measurement of the maximum yield of fluorescence (Fm) [2,16,22]. The next SPs were generated every 60 s and showed current maximum yields of fluorescence (Fm′). A red actinic light (AL, maximum intensity at 630 nm, variable intensity) was used in the experiments. The angle between the leaf surface and the direction of the AL, SP, and ML was about 60°.



In experiments with analysis of the light dependence of the energy-dependent component of nonphotochemical quenching of chlorophyll fluorescence, the following sequence of illuminations was subsequently applied for photosynthetic measurements: Periodical SPs without AL for 5 min; periodical SPs and AL (131 μmol m−2 s−1) for 5 min; periodical SPs without AL for 2 min (relaxation); periodical SPs and AL (344 μmol m−2 s−1) for 5 min; periodical SPs without AL for 2 min (relaxation); periodical SPs and AL (830 μmol m−2 s−1) for 5 min; periodical SPs without AL for 2 min (relaxation); periodical SPs and AL (1599 μmol m−2 s−1) for 5 min; and periodical SPs without AL for 2 min (relaxation). The duration of dark relaxations was 2 min, as the magnitude of the fast change in Fm′ after 2 min of relaxation was more than 90% from the maximal magnitude of this change (Figure 1c). It is known [2,16,22] that the fast relaxing NPQ shows the energy-dependent component of NPQ (NPQF). We calculated NPQF in accordance with Equation (2):


NPQF=FmFm′0−FmFm′S



(2)




where Fm′0 and Fm′S are the Fm′ before the termination of illumination and for 2 min after that, respectively. In separate series of experiments, only an intensity of 1599 μmol m−2 s−1 of AL was used: Periodical SPs without AL for 5 min; periodical SPs and AL (1599 μmol m−2 s−1) for 5 min; periodical SPs without AL for 2 min (relaxation). Other details of experiment were similar to the first variant.



Pulses of GYL were used for measurements of PRI. The GYL source was a white TDS-P003L4U14 LED (TDS Lighting Co., Ltd., Jiangsu, China) which was placed in a tube. Standard yellow- (Y-1,4x) and yellow-green (YG-2x)-colored glass bandpass filters were placed in this tube at distances of 1 and 1.5 cm from the LED, respectively. The combination of the LED and the filters provided a GYL spectrum with a maximum intensity at 550 nm. The total spectral band of GYL was from 450 to 700 nm; however, 80% of the light intensity was in the range from 500–600 nm (Figure 1b). The intensity of GYL could be regulated, and was set at 60, 120, 180, or 240 μmol m−2 s−1 (in zone of leaf); 240 μmol m−2 s−1 was used in most of the experiments. The duration of the GYL pulses was 30 s (Figure 1c). The pulses were generated every minute, and each pulse was terminated 5 s before SP. The GYL pulses were generated during illumination by AL as well as without illumination by AL. The angle between the leaf surface and the direction of the GYL was about 30°.



The reflected light (RL) was measured by a compact wide-range S100 spectrometer (SOLAR Laser Systems, Minsk, Belarus) with a fiberoptic cable. Only absolute intensities of the reflected light were measured; the reflectance was not estimated. A tip of the cable was equipped with a small black tube (distance from the fiberoptic surface to end of the tube was 0.5 cm, diameter was 0.5 cm), which was used as the simplest collimator. 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 ~1 nm, respectively. The integration time for each spectral measurement was 5 s; this time is less than the usual time of development of changes in PRI in plants (which is on the order of minutes [8,9]). Measurements were continuously repeated during the experiment.



There were two analyzed spectral bands, at 531 and 570 nm, since RL at 531 nm is known to decrease under the action of stressors; RL at 570 nm was the reference band [4,5,7]. In accordance with our previous results [15], we calculated intensity of RL at 531 nm by averaging absolute intensities of RL from 526–536 nm, and calculated intensity of RL at 570 nm by averaging absolute intensities of RL from 565–575 nm, since this averaging decreased the variability of RL. The calculation of R531 and R570 for Equation (1) was based on the following algorithm, which did not require synchronization between GYL pulses and RL measurements. First, R531(570)First (the absolute intensity of the reflected light at 531 (570) nm at the initiation of the GYL pulse) and R531(570)BG (the absolute intensity of the reflected light at 531 (570) nm before this pulse) were calculated for each GYL pulse:


R531(570)First=R531(570)i



(3)






R531(570)BG=R531(570)i−2



(4)




if (R531(570)i−R531(570)i−2)≥0.25×(R531(570)i+1−R531(570)i−2) and (R531(570)i−1−R531(570)i−2)<0.25×(R531(570)i+1−R531(570)i−2), where i is the number of the spectrum.



Second, R531(570)Last (the absolute intensity of the reflected light at 531 (570) nm at the finalization of the GYL pulse) was calculated:


R531(570)Last=R531(570)i



(5)




if (R531(570)i+1−R531(570)BG)≤0.25×(R531(570)i−1−R531(570)BG).



Finally, R531(570)Averaged was calculated, which was an average of RL at 531 (570) nm between R531(570)First and R531(570)Last (usually five values of intensities of RL). Thus, there were two equations for the calculation of R531 and R570:


R531(570)=R531(570)Averaged−R531(570)BG



(6)






R531(570)=R531(570)First−R531(570)BG



(7)







Equation (6) was mainly used for the calculation of R531 and R570, while Equation (7) was used in the separate block of analysis.



The 18% grey card QPcard 101 Calibration Card ver. 3 (Argraph Corp., Carlstadt, NJ, USA), which was similar to leaf reflectance [15,28], was used as a standard for the initial calibration under the GYL pulses with different intensities. The calibration was performed before experiments. Position of the card was similar with the leaf position (Figure 1a); only the green-yellow light illuminated it. Averaging of absolute intensities of RL from the card at 526–536 nm (R531card) and 565–575 nm (R570card) was calculated; the ratio R570card/R531card (about 0.80) was used for correction of R531 (R531 × R570card/R531card was used). This correction eliminated influence of the difference between intensities of GYL at 531 and 570 nm from our light source on absolute values of PRI. Another calibration was absent in our work.



Light-induced changes in PRI (∆PRI) were also investigated in our work. ΔPRI was calculated as difference between PRI after 5 min of illumination by AL with different intensity (see above) and initial PRI, which was measured before the first illumination by the actinic light.




2.3. Statistics


A separate seedling of pea, wheat, or pumpkin was used for each experiment. The number of repetitions is shown in figures. Mean values, standard errors, scatter plots, and correlation coefficients are presented in figures. A Student’s t-test was used to identify significant differences.





3. Results


3.1. Correction of the Reflected Light Using Green-Yellow Light (GYL) Pulses


The first question of our work was whether using GYL pulses can exclude error which is connected with changes in the AL intensity. We investigated R531 and R570 under illumination by AL with different intensities (the GYL pulse was started after 20 s of illumination). R531 and R570 were either calculated in accordance with Equation (6) or were assumed as R531(570)Averaged.



Figure 2 shows that AL with intensities of 131 and 344 μmol m−2 s−1 did not significantly influence the intensity of the reflected light at 570 nm (estimated as R570Averaged). However, illumination by AL with intensities of 830 and, especially, 1599 μmol m−2 s−1 was found to significantly increase RL at 570 nm in leaves of all investigated species. The effect was connected with the presence of the weak AL in the spectral range from 565–575 nm (less than 0.5% from the maximal intensity of AL). In particular, Figure 3a shows that increased intensity of the AL induced strong changes in RL at 570 nm in pea; the magnitudes of the changes were higher than those in RL at 531 nm. A similar effect was observed in other investigated plants (data not shown).



In contrast, the calculation of R570 in accordance with Equation (6) eliminated AL-induced changes in RL at 570 nm (Figure 2 and Figure 3b). It is known that R570 is a reference wavelength [8,29,30], and accordingly, the absence of changes in the reflected light at 570 nm was in a good accordance with theory.



Significant differences between R531, which was estimated as R531Averaged, and R531, which was calculated as R531Averaged − R531BG, were absent in all investigated plant species and at all analyzed intensities of AL. It is interesting that illumination decreased R531 (Figure 3b); this was in good accordance with the main role of the decrease of RL at 531 nm during the action of stressors [5,8].



Thus, even LEDs with a narrow spectral band can disturb PRI measurements, since the shift of PRI values, which was connected with error of R570 measurement (ΔPRI × 1000 was from −6 to −8 at an intensity of 830 μmol m−2 s−1 and from −13 to −15 at 1599 μmol m−2 s−1), was similar to changes induced by stressors [8,13,14,15,18]. However, the use of the GYL pulses allowed the elimination of this error (changes in RL at 570 nm were eliminated by using the GYL pulses; see Figure 2 and Figure 3a) without new calibrations after each change of intensity of the AL.




3.2. Influence of the Actinic Light Intensity on the Energy-Dependent Component of Nonphotochemical Quenching of Chlorophyll Fluorescence (NPQ) and Photochemical Reflectance Index


The analysis of the light dependences of NPQF and PRI showed that similar changes were observed in all investigated species of plants (Figure 4). The energy-dependent component of NPQ increased with an increase of the intensity of the AL, and an initial saturation effect was observed at high intensities of AL (830 and 1599 μmol m−2 s−1). Absolute values of PRI decreased with an increase of AL, however the dependence was only significant in leaves of wheat (Figure 4b). In pea (Figure 4a), and pumpkin (Figure 4c), differences between PRI at various AL intensities were not significant. It is known [2,31,32] that PRI is dependent on the content of chlorophyll and the pool size of the xanthophyll cycle pigments. The revealed variability of absolute values of PRI is probably connected with variability in the contents of photosynthetic pigments in individual leaves.



We eliminated the influence of the initial level of PRI on results using ΔPRI, which was calculated as the difference between the PRI value under illumination and the initial value of PRI (without AL).



Figure 4 shows that ΔPRI significantly changed with an increase of the AL intensity in all investigated species of plants; values of ΔPRI × 1000 at an intensity of 1599 μmol m−2 s−1 were from about −7.5 (wheat) to about −9 (pea). However, magnitudes of these changes in investigated plants were not significantly distinguished (p > 0.05). The values of ΔPRI were similar to the changes in the PRI under the action of various stressors (e.g., AL-induced changes in PRI × 1000 were about −20 in grapevine [10], about −5 in pea [18], from −20 to −30 in cucumber [33], about −14 in Arabidopsis [34], about −20 in maize [35], etc.). On the other hand, illumination can induce large changes in PRI (e.g., ΔPRI × 1000 was about −50 in [9]). The results show high variability of sensitivity of the PRI to the excess light in different objects.



Subsequently, we analyzed the influence of the intensity of GYL on measurements of PRI. As shown in Figure 5, magnitudes of the PRI decrease, which was induced by the AL with high intensity (1599 μmol m−2 s−1), were not significantly different when using GYL with different intensity (from 60 to 240 μmol m−2 s−1). Magnitudes of ΔPRI × 1000 in this experiment ranged from −8 to −12. Significant differences between pea, wheat, and pumpkin were not observed.



Additionally, we analyzed the dependences of ΔPRI on the AL intensity at calculation of R531(570) as R531(570)First − R531(570)BG (in accordance with Equation (7)). The main question of this analysis was whether changes in PRI can be measured without the averaging of RL values and with different durations of GYL illumination. The duration of GYL during R531(570)First measurement was varied from 1.25 s (5 s × 0.25) to 5 s (5 s × 1.00), in accordance with the assumed threshold for the identification of R531(570)First (0.25, see Section 2.2). Figure 6 shows that using R531(570)First − R531(570)BG did not strongly influence the dependence of ΔPRI on the AL intensity in investigated plant species, i.e. short GYL pulses (about several seconds) can be also used for measurements of PRI.



Thus, the results in Section 3.2 show a decrease of PRI induced by AL illumination, measured using GYL pulses, and an increase of the energy-dependent component of NPQ. An analysis of the connection between PRI and NPQF is the task of the next stage of the present investigation.




3.3. Analysis of the Connection Between the Energy-Dependent Component of NPQ and Photochemical Reflectance Index


Figure 7 shows scatter plots between the energy-dependent component of NPQ and the photochemical reflectance index (PRI and ΔPRI) for individual seedlings of pea, wheat, and pumpkin. Absolute values of PRI were weakly connected with NPQF. However, moderate negative correlation coefficients were significant for wheat and pumpkin. Correlations between ΔPRI and NPQF were strong for all investigated species of plants; dependences of changes in the PRI on the energy-dependent component of NPQ were well approximated by linear regressions. Equations of the regressions were very similar for different investigated species. Considering this fact, we analyzed the total set of experimental values (for pea, wheat, and pumpkin). It was shown (Figure 7d) that the connection between PRI and NPQF was very weak; the dependence of ΔPRI on NPQF was very well approximated by the linear regression.



Thus, our results showed that fast light-induced changes in PRI (after 5 min of illumination by AL) were strongly connected to NPQF, caused by the AL action. In contrast, absolute values of PRI were weakly connected with the fast component of NPQ. The low efficiency of PRI for the estimation of NPQF is connected with a high variation of initial levels of PRI in individual plants, which was shown in our work (high standard errors for absolute values of PRI shown in Figure 4) as well as in works of other authors [31].





4. Discussion


The PRI is a widely used spectral index [2,4,5,7,8,30] which is connected with parameters of photosynthetic processes [9,10,11,14,15,36], the content of chlorophyll and xanthophyll cycle pigments [29,30,36,37], foliar isoprene emissions [38,39], etc. Measurements of PRI are noninvasive and can be performed at different spatial scales, including leaf, canopy, and ecosystem levels [5,31]. As a result, the improvement of methods of investigation of plant physiological state, which are based on PRI measurements, is an important task in the field of remote sensing.



There are three main points which are shown in our work. First, repetitive pulses of the green-yellow measuring light can be used for the measurement of the PRI under various intensities of light from another source without the continuous measurement of a reference panel, which was used in other works (e.g., Reference [10]). In particular, the GYL pulses removed error which was connected with the influence of the AL on the reflected light intensity at 570 nm (Figure 2 and Figure 3). The presence of this error could induce a shift of the measured PRI, which was similar to changes induced by stressors [8,13,14,15,18]. Moreover, the measurement using the GYL pulses does not require strong synchronization between pulses and reflectance measurements, since values of R531 and R570 can be revealed on the basis of analysis of the dynamics of the reflected light. Thus, the GYL pulses can be potentially used for the simplification of PRI measurement under sunlight with fluctuating intensity or under additional artificial light with controlled changes in intensity.



Second, our results show that illumination by AL induces a decrease of PRI, measured via the GYL pulses, and an increase of the energy-dependent component of NPQ (Figure 4, Figure 5 and Figure 6). The results are in a good accordance with literature data, as a number of works showed light-induced decreases of PRI [9,10,18,33,34,35] and increases of NPQF (e.g., References [40,41]). A conventional mechanism of the light-induced decrease of PRI is xanthophyll de-epoxidation (increase of the zeaxanthin concentration) [4,5,7,8]. The de-epoxidation was earlier considered to be mechanism of increase of the energy-dependent component of NPQ. However, in accordance with modern hypothesis, NPQF is induced by the protonation of PsbS and an increase of the zeaxanthin concentration only stimulates this process [1]. Considering these facts, it can be expected that changes in PRI and NPQF should not be very strongly connected. In contrast, an alternative hypothesis of PRI decrease, which is based on fast chloroplast shrinkage induced by lumen acidification [5,10], can predict high correlation between PRI and the energy-dependent component of NPQ. Our previous results [15] showed that changes in NPQF induced by propagation of electrical signals and probably lumen acidification [22,42,43] are strongly correlated with changes in PRI in pea. In contrast, the light-induced increase of NPQ is weakly connected with PRI in pea [18]. The results of the current analysis (Figure 7) show that NPQF is very strongly connected with ΔPRI (difference between PRI under the AL and the initial value of PRI without AL) that was in a good accordance with the number of works [44,45,46]. However, the connection between the fast component of NPQ with the absolute value of PRI was weak. We suppose that the weak correlation coefficient between NPQF and the absolute value of PRI is caused by the high variability of PRI, which is supported by the large standard errors of this index (Figure 4). This variability can probably be explained by dependences of the PRI on the content of chlorophyll and xanthophyll cycle pigments [2,31,32,37], since the parameters can vary between individual plants. The high correlation coefficient between NPQF and ΔPRI shows that light-induced changes in PRI on the range of minutes are mainly connected with the formation of the energy-dependent component of NPQ. The result is the indirect argument which supports the presence of alternative mechanisms of PRI (e.g., fast chloroplast shrinkage induced by lumen acidification [5,10]), since the NPQ dark relaxation for 2 min is considered to be connected with the protonation of PsbS rather than with the increase of the zeaxanthin concentration [34]; however, the problem requires further investigation). It is important that the calculation of ΔPRI requires the measurement of PRI under dark conditions (without photosynthetically active light) and its measurement under illumination by photosynthetically active light (maybe with different intensities), i.e. the use of short pulses of the GYL (with high intensity at wavelengths of 531 and 570 nm and with low photosynthetic efficiency) may be necessary for the solution of this task.



Third, our results show that the connection between ΔPRI and the energy-dependent component of NPQ can be quantitatively described by simple linear regressions. It is important that the regressions are similar for all investigated plants (pea, wheat, pumpkin), i.e. the general regression model can possibly be used for the estimation of NPQF on the basis of ΔPRI in different species of plants. The last point requires further investigations, under light with different spectra and intensities, and in different plants, etc. This possibility is very important for the remote sensing of plants, as the energy-dependent component of NPQ is an important marker of the action of stressors on photosynthetic processes [47,48,49,50].



Figure 8 shows a hypothetical schema of the estimation of photosynthetic stress on the basis of measurements of ΔPRI using GYL pulses. The measurements can potentially be performed using a mobile platform and with the application of a multispectral camera, and investigations of such are potential future tasks.




5. Conclusions


The PRI is an important spectral index which is widely used for the remote monitoring of photosynthetic processes in plants [2,4,5,7]. Thus, the improvement of methods for its use is an important task in the field of remote sensing. In the current work, we showed that (i) repetitive GYL pulses can be used for the measurement of the photochemical reflectance index. The pulses can eliminate the error of the PRI measurement, which is caused by light from another source; (ii) ΔPRI (difference between PRI under AL and the initial value of PRI without AL) is more strongly connected with the energy-dependent component of NPQ than the absolute value of PRI; and (iii) the same linear regression can probably describe the connection between ΔPRI and the energy-dependent component of NPQ in the investigated plants (pea, wheat, and pumpkin).
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Figure 1. (a) Schema of measurements of the photochemical reflectance index (PRI) and photosynthetic parameters. Measuring light (ML) is standard pulses of the weak fluorescence measuring blue light (maximum intensity at 460 nm, 24 μmol m−2 s−1, 2.5 μs pulse length). The red actinic light (AL) is maximum at 630 nm, 131, 344, 830, or 1599 μmol m−2 s−1, and pulses of the measuring green-yellow light (GYL) are maximum at 550 nm, 60, 120, 180, or 240 μmol m−2 s−1, 30 s. RL is the reflected light. Saturation pulses (SP) are maximum at 630 nm, 10,000 μmol m−2 s−1, 300 ms. DUAL-DB and DUAL-E are the detector and emitter blocks of the Dual-PAM-100 measuring system. S-100 is a spectrometer with a fiber-optic cable. The GYL source was a white TDS-P003L4U14 LED with yellow and yellow-green glass bandpass filters. The angle between the leaf surface and the direction of the GYL was about 30°; the angle between the leaf surface and the input for RL was about 30°; and the angle between the leaf surface and the direction of AL, SP, and ML was about 60°. (b) Light spectrum of the GYL. (c) Schema of the measurement of the reflected light at 531(570) nm (R531(570)) at the pulse of GYL. R531(570) was calculated as R531(570)Averaged − R531(570)BG or as R531(570)First − R531(570)BG, where R531(570)BG is the absolute intensity of the reflected light at 531 (570) nm before the GYL pulse, R531(570)First is the absolute intensity of the reflected light at 531 (570) nm at the initiation of this pulse, R531(570)Averaged is the averaging of absolute intensities of the reflected light at 531 (570) nm during the GYL pulse, and R531(570)Last is the absolute intensity of the reflected light at 531 (570) nm at the finalization of this pulse. (d) A dark relaxation of the maximum yield of fluorescence (Fm′) in investigated plants after illumination by AL (1599 μmol m−2 s−1, 5 min). Fm is the maximum yield of fluorescence after dark adaptation and Fm′ 0 and Fm′ S are the maximum yields of fluorescence before the finalization of illumination and at 2 min of dark relaxation, respectively. 
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Figure 2. Changes in the RL intensity at 531 and 570 nm under illumination by AL with different intensities in pea (a), wheat (b), and pumpkin (c) (n = 6). The absolute intensity of RL (R531(570)Averaged) and the magnitude of the change in the RL intensity during the GYL pulse (R531(570)Averaged − R531(570)BG) were used. R531(570)BG is the absolute intensity of the reflected light at 531 (570) nm before the GYL pulse and R531(570)Averaged is the averaging of the absolute intensities of the reflected light at 531 (570) nm during the GYL pulse. The intensities of RL before illumination by AL were assumed to be 100%. The GYL pulse was started after 20 s of illumination by AL (maximum intensity at 630 nm, 1599 μmol m−2 s−1). * indicates that the difference between R531(570)Averaged and R531(570)Averaged − R531(570)BG was significant (p < 0.05). 
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Figure 3. The spectrum of intensity of the RL during the GYL pulse (a), and difference between the RL spectrum during the GYL pulse and this spectrum before the pulse (b) in pea (n = 6). The spectrum was measured before illumination by the AL (maximum intensity at 630 nm, 1599 μmol m−2 s−1) (“without AL”), after 20 s of illumination by the AL (“20 s”), and after 5 min of illumination by the AL (“5 min”). The upper panels show the spectrum from 500–610 nm, the medium panels show part of the spectrum from 530–532 nm, and the lower panels show part of spectrum from 569–571 nm. The maximum absolute intensity of RL at 550 nm was assumed to be 100%. 
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Figure 4. Dependences of the energy-dependent component of the nonphotochemical quenching of fluorescence (NPQF), the absolute value of the PRI and its change (ΔPRI) on intensity of the AL (630 nm, AL) in pea (a), wheat (b), and pumpkin (c) (n = 6). Duration of illumination of each AL intensity was 5 min; the dark relaxation after that was 2 min. NPQF was calculated as FmFm′0−FmFm′S, where Fm′0 and Fm′S were Fm′ (the current maximum yield of fluorescence) before termination of the AL illumination and for 2 min after that, respectively. PRI was calculated as R531−R570R531+R570. R531(570) was calculated as R531(570)Averaged − R531(570)BG. R531(570)BG is the absolute intensity of the reflected light at 531 (570) nm before the GYL pulse, R531(570)Averaged is the averaging of the absolute intensities of the reflected light at 531 (570) nm during the GYL pulse. ΔPRI was calculated as difference between PRI after 5 min of illumination by AL and initial PRI (without AL). 
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Figure 5. Magnitudes of AL-induced changes in the photochemical reflectance index (ΔPRI), which were measured at different intensities of GYL pulse in pea, wheat, and pumpkin (n = 6). ΔPRI was calculated as the difference between the PRI after 5 min of illumination by the AL (maximum intensity at 630 nm, 1599 μmol m−2 s−1) and initial PRI (without the AL). PRI was calculated as R531−R570R531+R570. R531(570) was calculated as R531(570)Averaged − R531(570)BG. R531(570)BG is the absolute intensity of the reflected light at 531 (570) nm before the GYL pulse and R531(570)Averaged is the averaging of the absolute intensities of the reflected light at 531 (570) nm during the GYL pulse. 
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Figure 6. Dependences of the change in PRI (ΔPRI), which were calculated on the basis of non-averaged intensity of thereflected light, on the intensity of AL in pea (a), wheat (b), and pumpkin (c) (n = 6). ΔPRI was calculated as the difference between the PRI after 5 min of illumination by AL (wavelength 630 nm) and initial PRI (without the AL). PRI was calculated as R531−R570R531+R570. R531(570) was calculated as R531(570)First − R531(570)BG. R531(570)BG is the absolute intensity of the reflected light at 531 (570) nm before the GYL pulse and R531(570)First is the first value of the absolute intensity of the reflected light at 531 (570) nm during the GYL pulse. 
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Figure 7. Dependences of the absolute value of the PRI and ΔPRI on the energy-dependent component of NPQF in pea (n = 30) (a), wheat (n = 30) (b), pumpkin (n = 30) (c), as well as in all plants of investigated species (d) (n = 90). The duration of illumination for each intensity of AL (wavelength 630 nm) was 5 min, and the subsequent dark relaxation was 2 min. NPQF was calculated as FmFm′0−FmFm′S, where Fm′0 and Fm′S are Fm′ (the current maximum yield of fluorescence) before the termination of AL illumination and for 2 min after that, respectively. PRI was calculated as R531−R570R531+R570. R531(570) was calculated as R531(570)Averaged − R531(570)BG. R531(570)BG is the absolute intensity of the reflected light at 531 (570) nm before the GYL pulse and R531(570)Averaged is the averaging of the absolute intensities of the reflected light at 531 (570) nm during the GYL pulse. ΔPRI was calculated as the difference between PRI after 5 min of illumination by AL and the initial PRI (without AL). Experimental plots include values, which were measured at different light intensities and under dark conditions. R2 and R are the determination and correlation coefficients, respectively. 
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Figure 8. A hypothetical schema of the estimation of the photosynthetic stress in plants on the basis of repetitive GYL pulses and illumination by AL. R531(570)GYL and R531(570)BG are reflected light at 531 (570) nm during the GYL pulse and before this pulse. PRIAL and PRIdark are the PRI measured during the AL illumination and before the illumination. PRI is calculated as R531−R570R531+R570. 
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