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Growth Light Environment Changes the Sensitivity of Photosystem I Photoinhibition Depending on Common Wheat Cultivars




   
 	 	ORIGINAL RESEARCH
 published: 04 June 2019
 doi: 10.3389/fpls.2019.00686 
  

[image: image2]

Growth Light Environment Changes the Sensitivity of Photosystem I Photoinhibition Depending on Common Wheat Cultivars

Daisuke Takagi1,2, Hiroaki Ihara1, Shigeo Takumi1 and Chikahiro Miyake1,2*


1Department of Biological and Environmental Science, Graduate School of Agricultural Science, Kobe University, Kobe, Japan


2Core Research for Environmental Science and Technology, Japan Science and Technology Agency, Tokyo, Japan


Edited by:
 Stefano Santabarbara, Italian National Research Council (CNR), Italy

Reviewed by:
 Kintake Sonoike, Waseda University, Japan
 Wojciech Jacek Nawrocki, VU University Amsterdam, Netherlands

*Correspondence: Chikahiro Miyake, cmiyake@hawk.kobe-u.ac.jp 

Specialty section: This article was submitted to Plant Physiology, a section of the journal Frontiers in Plant Science


Received: 08 December 2018
 Accepted: 07 May 2019
 Published: 04 June 2019

Citation: Takagi D, Ihara H, Takumi S and Miyake C (2019) Growth Light Environment Changes the Sensitivity of Photosystem I Photoinhibition Depending on Common Wheat Cultivars. Front. Plant Sci. 10:686. doi: 10.3389/fpls.2019.00686
 

Light is an important factor for determining photosynthetic performance in land plants. At high light intensity, land plants develop photosynthetic activity by increasing electron sinks, such as the Calvin cycle and photorespiration and photoprotective mechanisms in photosystem II (PSII), to effectively utilize light and protect them from photoinhibition. In addition to PSII, photosystem I (PSI) has a risk of undergoing photoinhibition under high light intensity because of the reactive oxygen species (ROS) produced within PSI. However, the acclimation response has hardly been evaluated in the relationship of PSI photoprotection to growth light. In this study, we studied the effect of growth light intensity on the photoprotective mechanisms in PSI using six wheat cultivars. To evaluate the susceptibility of PSI to its photoinhibition, we used the repetitive short-pulse (rSP) illumination method to cause O2-dependent PSI photoinhibition. We found that PSI photoinhibition induced by rSP illumination was much more alleviated in wheat cultivars grown under high-light conditions compared to those grown under low-light conditions. Here, we observed that wheat plant grown under high-light conditions lowered the susceptibility of PSI to its photoinhibition compared to those grown under low-light conditions. Furthermore, the acclimation response toward PSI photoinhibition was significantly different among the studied wheat cultivars, although the quantum yields both of PSII and PSI were increased by high-light acclimation in all wheat cultivars as reported previously. Interestingly, we observed that total chlorophyll content in leaves correlated with the susceptibility of PSI to its photoinhibition. On the basis of these results, we suggest that high-light acclimation induces protection mechanisms against PSI photoinhibition in land plants, and the increase in the leaf chlorophyll content relates to the susceptibility of PSI photoinhibition in wheat plants.
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INTRODUCTION

Land plants grow by photosynthesizing at the sites where they germinate and perform their life cycles even under an unfavorable growth environment. The growth environment greatly affects photosynthetic activity in land plants. For example, a change in temperature affects the carbon fixation rate by influencing the activities or activation states of enzymes involved in the Calvin cycle and other related metabolic processes in the mitochondria and cytoplasm (Atkin and Tjoelker, 2003; Makino and Sage, 2007; Yamori et al., 2014; Noguchi et al., 2015). Moreover, a balance between the rates of carbon reduction in the Calvin cycle and carbon oxidation in photorespiration fluctuates depending on the temperature (Sage et al., 2008). The water status in the soil culture is also important; drought induces stomatal closure and suppresses photosynthesis by limiting the CO2 supply in leaves (Zivcak et al., 2013). Furthermore, a fluctuating light environment disturbs the redox state in thylakoid membranes and stimulates the production of reactive oxygen species (ROS) during photosynthesis (Tikkanen et al., 2010, 2012; Alter et al., 2012; Suorsa et al., 2012; Kono et al., 2014).

To accomplish their life-cycles, land plants possess an ability to maximize photosynthesis under their growth conditions. They can acclimate to fluctuating environmental conditions by optimizing their photosynthetic ability (Walters, 2005; Ensminger et al., 2006; Yamori et al., 2014; Schumann et al., 2017). Acclimation in land plants is comprised of many macro-responses, such as a change in leaf morphology, and micro-responses, such as a change in gene expression or protein composition (De la Torre and Burkey, 1990; Hüner et al., 1998, 2014; Bailey et al., 2001; Savitch et al., 2001; Oguchi et al., 2003; Walters et al., 2003; Dahal et al., 2012; Dumlao et al., 2012; Cohu et al., 2014). Light intensity and quality are two of the most important factors for determining leaf protein composition and morphology (Suorsa et al., 2015; Bielczynski et al., 2016; Schumann et al., 2017). In high-light (HL)-acclimated plants, an increase in leaf thickness, leaf nitrogen content, and photosynthetic protein [Rubisco, Photosystem II (PSII), Cytochrome b6f, etc.] is observed compared to the plants grown under low-light (LL) conditions (De la Torre and Burkey, 1990; Bailey et al., 2001; Oguchi et al., 2003; Walters et al., 2003; Dietz, 2015; Bielczynski et al., 2016; Schumann et al., 2017). Because of these acclimation responses, the photosynthetic rate on leaf area basis increases in acclimated plants compared to non-acclimated plants (Oguchi et al., 2003; Dahal et al., 2012; Schumann et al., 2017). In addition to the photosynthetic rate, the photoprotective mechanisms in PSII are also strengthened by HL acclimation. For protecting PSII from photoinhibition, various photoprotective mechanisms, such as non-photochemical quenching (NPQ), state-transition, and PSII repair-cycle, have been proposed (Müller et al., 2001; Nishiyama et al., 2011; Goldschmidt-Clermont and Roberto, 2015; Liu and Last, 2017). These mechanisms respond to the growth light environment, allowing the land plants to modulate their photoprotective capacity (Miyata et al., 2015; Ware et al., 2015; Schumann et al., 2017). As a result, the land plants grown under HL conditions showed higher tolerance against PSII photoinhibition compared to the plants grown under LL conditions (Gray et al., 1996, 1997; Pocock et al., 2001; Dietz, 2015; Miyata et al., 2015).

As described above, several reports have focused on differences in photosynthetic activity, particularly the differences in electron sink capacity and PSII photoprotective mechanisms of plants. However, the effect of the photoprotective mechanisms of PSI during growth light acclimation has rarely been discussed (Sonoike et al., 1995a,b; Sonoike, 1996a, 1998; Ivanov et al., 1998). PSI causes photoinhibition by the ROS produced within the thylakoid membranes when the photosynthetic electron transport chain is highly reduced (Sonoike and Terashima, 1994; Terashima et al., 1994; Sonoike, 1995, 1996a, 1996b, 1999, 2011; Sonoike et al., 1995a,b; Sejima et al., 2014; Takagi et al., 2016a). For protecting PSI from its photoinhibition, the P700 reaction center chlorophyll (P700) oxidation system is primarily important (Sejima et al., 2014; Shimakawa et al., 2016, 2017, 2019; Takagi et al., 2016b, 2017a,b). The P700 oxidation system consists of the donor side and the acceptor side photosynthetic electron transport regulation mechanisms. The donor side-dependent P700 oxidation system is further separated into the ΔpH-dependent and ΔpH-independent reactions termed as the reduction-induced suppression of photosynthetic electron flow (RISE) reactions (Shaku et al., 2015; Shimakawa et al., 2017; Takagi et al., 2017a,b). At the acceptor side of PSI, photorespiration and flavodiiron proteins contribute to P700 oxidation by stimulating electron outflow from PSI (Shimakawa et al., 2016, 2017; Takagi et al., 2016b, 2017a). The increase in oxidized P700 reduces the risk of over-reduction state within PSI due to the relative decrease in the ground state of P700 and is capable of reducing ROS production within the thylakoid membranes (Sejima et al., 2014; Takagi et al., 2016a, 2017a). Importantly, P700 oxidation is greatly stimulated at the sites where CO2 fixation is limited (Miyake et al., 2005; Takagi et al., 2016b). Several studies have revealed that the P700 oxidation systems contribute to P700 oxidation to prevent the ROS-induced PSI photoinhibition (Shaku et al., 2015; Shimakawa et al., 2016, 2017; Takagi et al., 2016b, 2017b). Therefore, the P700 oxidation systems are fundamental protective mechanisms to escape PSI photoinhibition in photosynthetic organisms.

In addition to the P700 oxidation system, PSI photoinhibition can be modulated independently of the photosynthetic electron transport regulation. Takagi et al. (2017a) reported that angiosperms show a different susceptibility of PSI to photoinhibition, which is independent of P700 oxidation. However, the molecular mechanisms of this difference have remained unknown. Because the difference in the susceptibility of PSI to photoinhibition was observed among the angiosperms growing at different sites in the field, it is ambiguous to predict whether this difference among angiosperms is physiologically controllable within the same plant species.

In the present study, we characterized the effect of growth light conditions on the susceptibility of PSI to its photoinhibition by using six wheat cultivars. To determine the effect of the growth light conditions on the susceptibility of PSI to its photoinhibition in intact leaves, we used repetitive short-pulse (rSP) illumination for wheat cultivars grown under LL (50–60 μmol photons m−2 s−1) and HL (700–800 μmol photons m−2 s−1) conditions. Subsequently, we found that the HL-acclimated wheat plants showed lower susceptibility to PSI photoinhibition compared to the LL-acclimated wheat cultivars. Furthermore, we observed cultivar differences in the susceptibility of PSI photoinhibition to growth light conditions, even though the quantum yield of photosystem (PS) II and PSI showed acclimation responses to growth light conditions among all wheat cultivars. Here, we discussed a new insight for protecting PSI from its photoinhibition.

MATERIALS AND METHODS

Plant Materials and Growth Conditions

In this study, we used six cultivars of wheat (Triticum aestivum L.), including three spring-type cultivars—“Chinese Spring” (CS), “Bobwhite” (Bob), and “Haruyokoi” (Haru)—and three winter-type cultivars—“Mironovskaya 808” (M808), “Norin 61” (N61), and “Akadaruma” (Aka). Seeds were imbibed with wet cotton at 4°C for 3 days to promote synchronized germination. The imbibed seeds were grown in a mixture of soil (Metro-Mix 350; Sun Gro Horticulture, Bellevue, WA, USA) and vermiculite (Konan, Osaka, Japan) in pots (7.5 cm × 7.5 cm in width and 6 cm in depth). The plants were placed in an environmentally controlled chamber with a photoperiod of 14 h light (25°C) and 10 h dark (20°C). The light intensity was 700–800 μmol photons m−2 s−1 (high-light condition) or 50–60 μmol photons m−2 s−1 (low-light condition). The seedlings were watered every second day with 0.1% Hyponex solution (N:P:K = 5:10:5, Hyponex, Osaka, Japan). For the analysis, we used the fully expanded mature leaves of the plants grown for at least 6 weeks.

Measurement of Chlorophyll Content in Wheat Leaves

The leaf chlorophyll content and chlorophyll a/b ratio were determined as reported previously (Takagi et al., 2017b). In brief, leaf segments were incubated in N, N-dimethylformamide at 4°C overnight, followed by the extraction of chlorophylls from leaves. The absorbances of the aliquots were measured at 750, 663.8, and 646.8 nm to calculate the chlorophyll content (Porra et al., 1989).

Measurement of Chlorophyll Fluorescence and P700+

Chlorophyll fluorescence and P700+ were simultaneously measured with the Dual-PAM-100 system (Heintz Walz GmbH, Effeltrich, Germany) equipped with a 3010 Dual gas exchange chamber (Heintz Walz GmbH, Effeltrich, Germany). The atmospheric gas (40 Pa CO2/21 kPa O2) and the gas with the indicated mixture of pure O2 and CO2, as prepared by mixing 20.1% (v/v) O2 in 79.9% (v/v) N2, 1% (v/v) CO2 in 99% N2, and pure N2 gas using a mass-flow controller (Kofloc model 1203; Kojima Instrument Co.), were used in this study. The gases were saturated with water vapor at 13.5 ± 0.1°C, and the leaf temperature was controlled at 25°C. The chlorophyll fluorescence parameters were calculated as follows (Baker, 2008): maximum quantum efficiency of PSII photochemistry, Fv/Fm = (Fm − Fo)/Fm; quantum yield of photochemical energy conversion in PSII, Y(II) = (Fm′ − Fs)/Fm′, where Fo is the minimum fluorescence yield, Fm is the maximum fluorescence yield, and Fs is the steady-state fluorescence yield; non-photochemical quenching (NPQ) = (Fm – Fm′)/Fm′. To determine Fo and Fm, measuring light (0.1 μmol photons m−2 s−1) and saturating pulse (20,000 μmol photons m−2 s−1, 300 ms) were applied. The oxidation-reduction state of P700+ was determined according to the methods of Klughammer and Schreiber (1994) as follows: quantum yield of photochemical energy in PSI, Y(I) = (Pm′ − P)/Pm; quantum yield of non-photochemical quenching due to acceptor side limitation, Y(NA) = (Pm − Pm′)/Pm; quantum yield of non-photochemical quenching due to donor side limitation, Y(ND) = P/Pm. The maximum oxidation level of P700 (Pm) was obtained from a saturating pulse under far-red light, reflecting the maximum amount of photooxidized P700. The parameter P reflects the steady-state oxidation level of P700, and Pm′ was obtained from the saturating pulse at a steady state. To obtain the maximized Pm′ value, Pm′ value was determined by extrapolation of the slow signal decline of 700+ (from 5 to 35 ms after the beginning of pulse illumination) to time zero according to Klughammer and Schreiber (1994). The zero level of P700+ after one pulse illumination was determined at the steady-state level of P700 in the dark for 1 s. Actinic light (AL), a mixture of red and blue lights, was used to measure the photosynthetic parameters. Light curve analysis was conducted at light intensities 48, 186, 289, 447, 788, 1,134, 1,625, and 2,439 μmol photons m−2 s−1 and the photosynthetic parameters were obtained at the steady-state condition.

Repetitive Short-Pulse Illumination

rSP illumination was applied to the dark-adapted wheat leaves, as described previously (Sejima et al., 2014). Before this measurement, wheat plants were adapted in the dark at least for 1 h. A saturating pulse (20,000 μmol photons m−2 s−1, 300 ms) was used to illuminate the plants every 10 s in the absence of AL for 1 h under the ambient conditions (40 Pa CO2, 21 kPa O2) at 25°C. After rSP illumination, the change in Fv/Fm and Pm was determined as described in the figure legends. The kinetics of the oxidized P700 was determined at the beginning of rSP illumination, averaging all pulse kinetics in the first 1 min of rSP illumination (Takagi et al., 2017a). The P700+ signal was normalized using the Pm value before rSP illumination, and the relative changes in P700+ during one pulse illumination were shown.

Statistical Analysis

All measurement data were expressed as mean value ± SD of at least three independent analyses. For the detection of differences among the studied wheat cultivars, we used the one-way analysis of variance (ANOVA), Student’s t-test, Tukey-Kramer honestly significant difference (HSD) test, and linear and nonlinear regression analysis. All statistical analyses were performed using Microsoft Excel 2010 (Microsoft) and Origin Pro 2019 (LightStone Corp.).

RESULTS

High-Light Acclimation Increased the Quantum Yield of Both Photosystem II and Photosystem I in All Wheat Cultivars

First, we studied the light response of the quantum yield of both PSII and PSI in six wheat cultivars grown under the HL and LL conditions (see Materials and Methods). In this study, we used three spring-type (CS, Bob, and Haru) and three winter-type (M808, N61, Aka) wheat cultivars. The maximum quantum yield of PSII (Fv/Fm) showed a similar value between the HL- and LL-grown wheat cultivars. Furthermore, the Fv/Fm was similar among the wheat cultivars grown under each growth light condition (Figure 1A). The total chlorophyll content was similar among the wheat cultivars grown under LL conditions (Figure 1B). In contrast, the HL-grown wheat cultivars showed significant differences, with N61 showing the highest chlorophyll content on the leaf area basis. In addition, compared to the LL-grown wheat cultivars, the HL-grown wheat cultivars showed an increase in the total chlorophyll content on the leaf area basis. This is a major HL acclimation response reported previously (De la Torre and Burkey, 1990; Hüner et al., 1998; Bailey et al., 2001; Savitch et al., 2001; Oguchi et al., 2003; Walters et al., 2003; Dahal et al., 2012; Schumann et al., 2017). The chlorophyll a/b ratio was not significantly different among the wheat cultivars grown under LL conditions (Figure 1C), whereas the HL-grown wheat cultivars showed differences in their chlorophyll a/b ratios (Figure 1C).
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FIGURE 1. The effect of growth light conditions on the maximum quantum yield of PSII (Fv/Fm) (A), total chlorophyll content on leaf area basis (B), and chlorophyll a/b ratio (C). Data are expressed as mean ± SD of three to five independent experiments. Different letters above the bars indicate significant differences among wheat cultivars (ANOVA and Tukey-Kramer HSD test, p < 0.05). Red bars indicate the results of CS, orange bars indicate the results of Bob, dark yellow bars indicate the results of Haru, blue bars indicate the results of M808, green bars indicate the results of N61, and purple bars indicate the results of Aka.
 

The quantum yield of PSII [Y(II)] was compared among the six wheat cultivars grown under both LL and HL conditions (Figure 2). Under LL growth conditions, Y(II) was decreased in accordance with the increase in illuminated light intensity in all wheat cultivars, showing no significant differences among them (Figure 2, Supplementary Figure S1A). Compared to LL conditions, HL conditions increased Y(II) toward the illuminated light intensity in all wheat cultivars (Figure 2). However, no significant difference was observed among the wheat cultivars grown under HL conditions (Supplementary Figure S1B).
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FIGURE 2. The response of Y(II) to light intensity in six wheat cultivars grown under LL (open symbol) and HL (closed symbol) conditions. The measurement was conducted under atmospheric conditions (21 kPa O2, 40 Pa CO2) at 25°C. Data were expressed as mean ± SD of three to five independent experiments. Red squares indicate the results of CS, orange circles indicate the results of Bob, dark yellow triangles indicate the results of Haru, blue inverted-triangles indicate the results of M808, green diamonds indicate the results of N61, and purple stars indicate the results of Aka.
 

In concert with the result of Y(II), Y(I) toward the increase in illuminated light intensity was higher in the HL-grown wheat cultivars than that in the LL-grown wheat cultivars (Figure 3). Similar to Y(II), no significant cultivar difference of Y(I) was detected among the wheat cultivars grown under both growth light conditions (Supplementary Figures S1C,D). These acclimation responses of the quantum yield of both PSII and PSI were similar to that of the previous report (Miyake et al., 2005). These results indicated that all wheat cultivars possess a capacity to change the quantum yield of both photosystems under HL conditions and increased the quantum yield of both PSII and PSI by acclimating the HL growth conditions compared to the LL growth conditions.
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FIGURE 3. The response of Y(I) to light intensity in six wheat cultivars grown under LL (open symbol) and HL (closed symbol) conditions. The measurement was conducted under atmospheric conditions (21 kPa O2, 40 Pa CO2) at 25°C. Data were expressed as mean ± SD of three to five independent experiments. Red squares indicate the results of CS, orange circles indicate the results of Bob, dark yellow triangles indicate the results of Haru, blue inverted-triangles indicate the results of M808, green diamonds indicate the results of N61, and purple stars indicate the results of Aka.
 

High-Light-Grown Wheat Plants Showed Lower P700+ Under Illumination Than Low-Light-Grown Wheat Plants Although the Acceptor Side of Electron Transport Limitation in Photosystem I Was Similar Between Low-Light- and High-Light-Grown Wheat Plants

Y(ND) indicates the photosynthetic electron transport limitation at the donor side of PSI, and the increase in Y(ND) indicates the accumulation of oxidized P700 (P700+) in PSI (Klughammer and Schreiber, 1994). In LL-grown wheat cultivars, Y(ND) increased from approximately 100 μmol photons m−2 s−1 of light intensity and showed a saturation of approximately 0.6 at the maximum light intensity (Figure 4). On the other hand, Y(ND) in the HL-grown wheat cultivars hardly increased until the light intensity reached 250 μmol photons m−2 s−1 (Figure 4). Furthermore, Y(ND) was linearly increased with the rise of illuminated light intensity in the HL-grown wheat cultivars. At the maximum light intensity, the HL-grown wheat plants showed lower Y(ND) than the LL-grown wheat cultivars (Figure 4). A similar effect of growth light conditions on Y(ND) was reported by Schumann et al. (2017). As with the response of Y(I), the significant cultivar differences in Y(ND) in each wheat plant grown under LL and HL conditions were not observed (Supplementary Figures S1E,F).
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FIGURE 4. The response of Y(ND) to light intensity in six wheat cultivars grown under LL (open symbol) and HL (closed symbol) conditions. The measurement was conducted under atmospheric conditions (21 kPa O2, 40 Pa CO2) at 25°C. Data were expressed as mean ± SD of three to five independent experiments. Red squares indicate the results of CS, orange circles indicate the results of Bob, dark yellow triangles indicate the results of Haru, blue inverted-triangles indicate the results of M808, green diamonds indicate the results of N61, and purple stars indicate the results of Aka.
 

Y(NA) indicates the photosynthetic electron transport limitation at the acceptor side of PSI (Klughammer and Schreiber, 1994). The increase in Y(NA) indicates the risk of ROS production within PSI (Munekage et al., 2002; DalCorso et al., 2008; Suorsa et al., 2012; Shimakawa et al., 2017; Takagi et al., 2017b; Takagi and Miyake, 2018). The light response of Y(NA) was similar among the studied wheat cultivars and growth light conditions even under maximum light intensity, and Y(NA) did not show the cultivar difference in each wheat plant grown under LL and HL conditions (Figure 5, Supplementary Figures S1G,H). These results indicated that the wheat cultivars were capable of maintaining the reduction state of PSI even under different growth light conditions and illuminated light intensities.
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FIGURE 5. The response of Y(NA) to light intensity in six wheat cultivars grown under LL (open symbol) and HL (closed symbol) conditions. The measurement was conducted under atmospheric conditions (21 kPa O2, 40 Pa CO2) at 25°C. Data were expressed as mean ± SD of three to five independent experiments. Red squares indicate the results of CS, orange circles indicate the results of Bob, dark yellow triangles indicate the results of Haru, blue inverted-triangles indicate the results of M808, green diamonds indicate the results of N61, and purple stars indicate the results of Aka.
 

High-Light Acclimation Provides Tolerance to Photosystem I Photoinhibition Depending on Wheat Cultivars and Independently of P700 Oxidation

Next, we studied the effect of growth light conditions on the susceptibility of PSI to its photoinhibition using rSP illumination in the dark under ambient air conditions at 25°C (Sejima et al., 2014; Takagi et al., 2017a). The rSP illumination in the dark stimulates electron accumulation within the thylakoid membranes and causes O2-dependent PSI photoinhibition (Sejima et al., 2014; Takagi et al., 2016a, 2017a,b). The relative photoinhibitory effect in PSI during rSP illumination was shown by the relative decrease in Y(I), and the averaged Y(I) for first 1 min was set as “1” according to our previous study (Takagi et al., 2017a). Figure 6A shows the relative change in Y(I) in the dark under ambient air conditions in both LL- and HL-grown wheat cultivars. Interestingly, at the beginning of rSP illumination, we observed the rapid change in relative Y(I) in all wheat cultivars (initial spike; Figure 6A). This phenomenon was also observed in land plants previously (Takagi et al., 2017a). To evaluate whether this initial change in Y(I) indicates the PSI photoinhibition in wheat cultivars, we studied the recovery of this initial change in Y(I) by using CS and M808 grown under LL and HL conditions (Supplementary Figure S2). We confirmed that the rapid change in Y(I) at the beginning of rSP illumination was similar between two wheat cultivars and between LL and HL growth conditions, and the decrease in Y(I) was rapidly recoverable in both LL- and HL-grown wheat cultivars when pulse illumination intervals were prolonged (Supplementary Figure S2). Therefore, the initial change in Y(I) does not show PSI photoinhibition because the recovery of PSI photoinhibition takes several days (Sonoike, 2011; Zivcak et al., 2015). This could indicate the electron accumulation in electron acceptors following P700+ by illuminating pulse illumination. It is noteworthy that the decrease in Y(I) during rSP illumination was more suppressed in the HL-grown wheat cultivars compared to the LL-grown ones; however, the effect of HL acclimation varied between the wheat cultivars (Figure 6A). For example, CS showed a similar decrease in Y(I) during rSP illumination in both HL- and LL-grown wheat plants (Figure 6A). On the other hand, the N61 plants grown under HL conditions showed a large alleviation of the decrease in Y(I), compared to those grown under LL conditions (Figure 6A). The relative change in Y(II) during rSP illumination was also studied (Supplementary Figure S3). Similar to the results of Y(I), the decrease in Y(II) was also suppressed in the HL-grown wheat cultivars, compared to that in the LL-grown wheat cultivars (Supplementary Figure S3). The effect of HL acclimation on the change in Y(II) was also cultivar-dependent, but was smaller than that on the change in Y(I). After rSP illumination for 1 h, we evaluated the change in Pm and Fv/Fm in the wheat cultivars grown under HL and LL conditions to study the extent of photoinhibition in both PSI and PSII (Sejima et al., 2014; Takagi et al., 2016a, 2017a). Compared to the Pm before rSP illumination, the steady-state value of oxidized P700 induced by far-red light (FR) was suppressed in all wheat cultivars after rSP illumination for 1 h, and Pm obtained by FR and pulse illumination was also decreased after rSP illumination (Supplementary Figure S4). Among the LL-grown wheat cultivars, the decrease in Fv/Fm and Pm was not different between the wheat cultivars (Figure 6B, Supplementary Figure S4). On the contrary, significant differences were observed among the HL-grown wheat cultivars. N61 showed the smallest decrease in Pm after rSP illumination, and CS showed the largest decrease in Pm after rSP illumination (Figure 6B, Supplementary Figure S4). Furthermore, the HL-grown wheat cultivars, except for CS and Aka, suppressed the decrease in Pm before and after rSP illumination compared to the LL-grown wheat cultivars (Figure 6B). The change in Fv/Fm was also significantly different among the wheat cultivars grown under HL conditions. However, the effect of growth light conditions on the change in Fv/Fm after rSP illumination was smaller than that on the change in Pm after rSP illumination. This is because the rSP illumination mainly targets PSI to induce photoinhibition; therefore, the lesser photoinhibitory effect was observed on PSII in intact leaves (Sejima et al., 2014; Zivcak et al., 2015; Takagi et al., 2016a, 2017b).
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FIGURE 6. The susceptibility of PSI photoinhibition to repetitive short-pulse (rSP) illumination in wheat cultivars grown under LL and HL conditions. (A) Time-course analysis of the relative change in Y(I) during rSP illumination under atmospheric conditions (21 kPa O2, 40 Pa CO2) at 25°C. Before rSP illumination, wheat plants were adapted in the dark for at least 1 h. Wheat leaves were illuminated every 10 s with a saturating pulse (300 ms, 20,000 μE m−2 s−1) for 1 h in the dark. Data were expressed as mean ± SD of three to five independent experiments. Black line indicates the mean result of LL-grown wheat cultivars and gray shadow indicates the SD of the results of the LL-grown wheat cultivars. Red line indicates the mean results of the LL-grown wheat cultivars and pink shadow indicates the SD of the results of the HL-grown wheat cultivars. The change in Fv/Fm and Pm between before and after rSP illumination are shown in (B). After rSP illumination, wheat cultivars were kept in the dark for 30 min, and Fv/Fm and Pm were measured. Data were normalized to the Fv/Fm and Pm before rSP illumination. Data were expressed as mean ± SD of three to five independent experiments. Different letters above the bars indicate a significant difference between those wheat cultivars (ANOVA and Tukey-Kramer HSD test, p < 0.05). Red bars indicate the results of CS, orange bars indicate the results of Bob, dark yellow bars indicate the results of Haru, blue bars indicate the results of M808, green bars indicate the results of N61, and purple bars indicate the results of Aka.
 

After rSP illumination to induce PSI photoinhibition, we measured the photosynthetic activities of the wheat cultivars grown under LL and HL conditions. In both LL- and HL-grown wheat cultivars, the values of Y(II) after rSP illumination were lower than those before rSP illumination (Figure 7). The LL-grown wheat cultivars showed similar values of Y(II) among the studied wheat cultivars; however, significant differences were observed among the HL-grown wheat cultivars, with N61 showing the highest Y(II) and CS showing the lowest Y(II) after rSP illumination (Supplementary Figures S5A,B).
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FIGURE 7. The response of Y(II) to light intensity in six wheat cultivars grown under LL (open symbol) and HL (closed symbol) conditions after rSP illumination for 1 h. The measurement was conducted under atmospheric conditions (21 kPa O2, 40 Pa CO2) at 25°C. Data are expressed as mean ± SD of three to four independent experiments. Red squares indicate the results of CS, orange circles indicate the results of Bob, dark yellow triangles indicate the results of Haru, blue inverted-triangles indicate the results of M808, green diamonds indicate the results of N61, and purple stars indicate the results of Aka.
 

Furthermore, the Y(I) value after rSP illumination was significantly lower than that before rSP illumination in all wheat cultivars, hardly showing any change toward the illuminated light intensity (Figure 8). These results agreed with the previous report (Zivcak et al., 2015). Similar to the result of Y(II), the LL-grown wheat cultivars showed similar Y(I) (Figure 8, Supplementary Figures S5C,D). However, among the wheat plants grown under HL conditions, N61 showed the highest Y(I) and CS showed the lowest Y(I) after rSP illumination (Supplementary Figures S5C,D). The results of Y(I) were consistent with those of Y(II) (Figure 7).
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FIGURE 8. The response of Y(I) to light intensity in six wheat cultivars grown under LL (open symbol) and HL (closed symbol) conditions after rSP illumination for 1 h. The measurement was conducted under atmospheric conditions (21 kPa O2, 40 Pa CO2) at 25°C. Data are expressed as mean ± SD of three to four independent experiments. Red squares indicate the results of CS, orange circles indicate the results of Bob, dark yellow triangles indicate the results of Haru, blue inverted-triangles indicate the results of M808, green diamonds indicate the results of N61, and purple stars indicate the results of Aka.
 

Next, we compared Y(ND) and Y(NA) after rSP illumination in both LL- and HL-grown wheat cultivars (Figures 9, 10). Y(ND) hardly responded to the illuminated light intensity, and the increase in Y(ND) was greatly inhibited (Figure 9). Furthermore, the LL- and HL-grown wheat cultivars showed similar Y(ND) values under illumination (Figure 9, Supplementary Figures S5E,F). Y(NA) in LL-grown wheat cultivars showed similar values after rSP illumination, and the values after rSP illumination were higher than those before rSP illumination (Figure 10, Supplementary Figures S5G,H). These results indicated that rSP illumination triggered the photoinhibition at the acceptor side of PSI and suppressed the photosynthetic electron transport reaction at that site as reported previously (Sejima et al., 2014; Zivcak et al., 2015; Takagi et al., 2016a). Compared to the results of LL-grown wheat cultivars, HL-grown wheat cultivars showed lower Y(NA) and the cultivar differences in Y(NA) were observed among the wheat cultivars after rSP illumination (Figure 10, Supplementary Figures S5G,H). N61 showed the lowest Y(NA) value and CS showed the highest Y(NA) value after rSP illumination (Supplementary Figures S5G,H). These results indicated that N61 showed lower susceptibility of PSI to its photoinhibition compared to CS. To understand the detailed mechanism that rSP illumination caused cultivar difference in Y(I) and Y(NA) among wheat cultivars, we studied the P700+ kinetics, from which the Y(I), Y(ND), and Y(NA) were determined (Supplementary Figure S6). As shown in Figure 4, the steady-state level of P700+ was higher in LL-grown wheat plants compared to that in HL-grown wheat plants before rSP illumination (Supplementary Figure S6). However, after rSP illumination, the steady-state level of P700+ was greatly lowered in both LL- and HL-grown wheat plants, which corresponded to the results of Y(ND) (Figure 9). The cultivar difference in Y(I) and Y(NA) was simply estimated by the difference from the pulse-induced P700+ to determine Y(I) and Y(NA) (Supplementary Figure S6).
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FIGURE 9. The response of Y(ND) to light intensity in six wheat cultivars grown under LL (open symbol) and HL (closed symbol) conditions after rSP illumination for 1 h. The measurement was conducted under atmospheric conditions (21 kPa O2, 40 Pa CO2) at 25°C. Data are expressed as mean ± SD of three to four independent experiments. Red squares indicate the results of CS, orange circles indicate the results of Bob, dark yellow triangles indicate the results of Haru, blue inverted-triangles indicate the results of M808, green diamonds indicate the results of N61, and purple stars indicate the results of Aka.
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FIGURE 10. The response of Y(NA) to light intensity in six wheat cultivars grown under LL (open symbol) and HL (closed symbol) conditions after rSP illumination for 1 h. The measurement was conducted under atmospheric conditions (21 kPa O2, 40 Pa CO2) at 25°C. Data are expressed as mean ± SD of three to four independent experiments. Red squares indicate the results of CS, orange circles indicate the results of Bob, dark yellow triangles indicate the results of Haru, blue inverted-triangles indicate the results of M808, green diamonds indicate the results of N61, and purple stars indicate the results of Aka.
 

To address whether the susceptibility of PSI to its photoinhibition is determined by P700 oxidation during pulse illumination, we analyzed the P700 oxidation kinetics during one pulse illumination (Takagi et al., 2017a). As with the previous study, we studied the P700 oxidation kinetics at the beginning of rSP illumination to evaluate the effect of P700 oxidation kinetics on PSI photoinhibition (Takagi et al., 2017a). In LL-grown wheat cultivars, the rapid P700 oxidation was observed at the onset of pulse illumination (Figure 11). Subsequently, P700+ was reduced even under strong illumination. These results were similar to the results of our previous study on angiosperms (Takagi et al., 2017a). In the HL-grown wheat cultivars, P700 was also rapidly oxidized at the onset of pulse illumination; however, P700+ was not maintained in the oxidized state similar to that in the LL-grown wheat cultivars (Figure 11). Importantly, the LL-grown wheat cultivars showed partially higher P700+ at the end of pulse illumination (Figure 11). To check the statistical difference in the extent of P700+ during pulse illumination, we compared the P700+ value at the initial peak and at 100, 200, and 300 ms during the pulse illumination between LL- and HL-grown wheat cultivars. We found that LL-grown wheat plants showed higher P700+ especially at the end of pulse illumination (Figure 11). At the same time, we compared the extent of P700+ among wheat cultivars grown under LL and HL conditions respectively. Subsequently, we confirmed that P700+ kinetics during one pulse illumination did not show cultivar differences among LL- and HL-grown wheat cultivars respectively (ANOVA, p > 0.05). Therefore, the HL acclimation response and cultivar differences in susceptibility to PSI photoinhibition cannot be attributed to the P700 oxidation during pulse illumination.


[image: image]

FIGURE 11. Effect of growth light intensity on the P700+ kinetics of wheat cultivars during the one-pulse illumination in rSP illumination. Black lines and gray shadows show the results of wheat cultivars grown under LL conditions, and red lines and pink shadows show the results of wheat cultivars grown under HL conditions. Experiments were performed three times independently, and the data were expressed as mean (solid line) ± SD (shade area). Before measurement, the leaves were kept in the dark for at least 1 h. Pulse illumination (20,000 μmol photons m−2 s−1, 300 ms) was applied to the leaves every 10 s in the dark at 25°C. Pulse was illuminated from the time “0” in this figure. Dark gray bars indicate the dark conditions and yellow bars indicate the pulse illumination. The difference in the extent of P700+ between LL- and HL-grown wheat plants was statistically analyzed at the times 100, 200, and 300 ms during pulse illumination, and peak value (Student’s t-test). Asterisks indicate the significant difference in the P700+ induction between LL- and HL-grown wheat plants (p < 0.05). The cultivar difference in P700+ kinetics was also analyzed among LL- and HL-grown wheat cultivars by Tukey-Kramer HSD test; however, no significant difference was detected.
 

DISCUSSION

When land plants grow under LL intensity, they develop light-harvesting mechanisms for effective light absorption (De la Torre and Burkey, 1990; Bailey et al., 2001; Oguchi et al., 2003; Walters et al., 2003; Dietz, 2015; Bielczynski et al., 2016; Schumann et al., 2017). This is because photosynthesis is limited by light absorption under LL conditions (Roach and Krieger-Liszkay, 2014). On the other hand, for surviving under the strong light environment, land plants improved their electron sink capacities and photoprotective mechanisms in PSII (Miyata et al., 2015; Ware et al., 2015; Schumann et al., 2017). These responses contribute to escaping excessive electron accumulation in the photosynthetic electron transport chain and reducing the risk of ROS production and oxidative damage in chloroplasts. In this study, we characterized the effect of HL acclimation on the susceptibility of PSI to its photoinhibition by using rSP illumination (Sejima et al., 2014; Takagi et al., 2016a). Subsequently, we found that HL acclimation lowered the susceptibility of PSI to PSI photoinhibition depending on wheat cultivars (Figure 6). In general, the photosynthetic electron transport activity exceeds the electron sink capacity under HL illumination (Roach and Krieger-Liszkay, 2014). The excessive accumulation of electrons on the thylakoid membranes stimulates ROS production within PSI and causes oxidative damage to the photosynthetic apparatus in order to inhibit CO2 fixation (Zivcak et al., 2015). A decrease in the susceptibility of PSI to its photoinhibition would be a physiological mechanism to escape the risk of ROS-dependent oxidative damage. Until now, the effects of growth light conditions on PSI photoprotective mechanisms have been rarely studied (Sonoike et al., 1995a,b; Sonoike, 1996a, 1998; Ivanov et al., 1998), although the effects of HL acclimation on the photoprotective mechanisms in PSII have been greatly focused on. This would be due to the difficulty in evaluating the susceptibility to PSI photoinhibition compared to that of PSII. As discussed later, the effects of rSP illumination on PSI photochemistry and the chilling treatment on PSI photochemistry certainly resembled. Based on these facts, we suggest the possibility that rSP illumination would reproduce the effect of chilling stress on PSI photoinhibition independent of chilling temperature. Therefore, the results of this study would provide the opportunity to analyze the relationship between the photoprotective mechanisms of PSI and growth light conditions in the future.

The susceptibility of PSI to its photoinhibition was not differentiated between the spring-type and winter-type wheat plants. Several studies reported that the winter-type wheat plants showed an increase in photoprotective mechanisms in PSII by acclimating to HL or cold temperature (Hurry et al., 1995; Gray et al., 1996, 1997; Savitch et al., 2000; Pocock et al., 2001). However, we found no clear difference in the HL acclimation response to the susceptibility of PSI to its photoinhibition between the spring-type and winter-type wheat cultivars (Figure 6). In general, a difference of the two growth habits, spring-type and winter-type, is determined by vernalization requirement for a transition from the vegetative phase to the reproductive phase in wheat, and this phenotypic difference is mainly controlled by Vrn1 on the long arms of group 5 chromosomes (Fu et al., 2005). Genetic factors controlling frost and freezing tolerance might be present in the Vrn-1 chromosomal regions (Galiba et al., 2009), and the winter-type wheat cultivars should provide frost and freezing tolerance. It is still under discussion whether Vrn-1 itself could be a regulator of frost and freezing tolerance in wheat. The results of this study indicated that the Vrn-1 allelic differences between the spring-type and winter-type wheat cultivars are irrelevant to the acclimation response of PSI photoprotective mechanisms.

The photoinhibitory effects of rSP illumination would reproduce the PSI photoinhibition in chilling-sensitive plants under chilling treatment. Havaux and Davaud (1994) reported that chilling-stressed potato leaves decrease the P700 oxidation efficiency by illuminating FR light in addition to the maximum oxidizable P700, and the Emerson enhancement of photosynthetic O2 evolution is stimulated compared to non-chilling stressed leaves. Sonoike (1999) also showed a similar result by using cucumber leaves in vivo, and P700 oxidation was much slower under FR light illumination compared to non-stressed cucumber leaves. These results indicated that the quantum efficiency in PSI is lowered after PSI photoinhibition in chilling-sensitive plants by chilling treatment besides the decrease in P700 content. Here, we also observed the decrease in the light responsiveness of Y(I) after rSP illumination in all wheat leaves (Figure 8; Zivcak et al., 2015). These results correspond to the lower quantum efficiency in PSI (Terao and Katoh, 1996). Moreover, the quantum efficiency evaluated from dichlorophenolindophenol (DCIP) and methyl-viologen (MV)-dependent O2 absorption by PSI is also lowered in isolated chloroplasts causing PSI photoinhibition by rSP illumination (Takagi et al., 2016a). Based on these observations, the effects of chilling stress on PSI in chilling-sensitive plants and the effect of rSP illumination on PSI in land plants could be similar. In the previous reports, the decrease in the quantum efficiency in PSI has been explained as the stimulation of charge recombination reaction due to the higher acceptor side electron transport limitation (Havaux and Davaud, 1994) and the stimulation of CEF-PSI (Sonoike, 1999). In addition to those, the possibility that the antenna system of PSI is injured during PSI photoinhibition cannot be discarded (Scheller and Haldrup, 2005; Benson et al., 2015; Yamatani et al., 2018). Kok et al. (1965) showed that 77 K fluorescence emission corresponding to PSI-light harvesting complex (LHC) I was decreased after PSI photoinhibition. Furthermore, Rajagopal et al. (2005) reported that LHCI is target by ROS produced in PSI, and Tiwari et al. (2016) reported that the direct light absorption by PSI-core but not by LHCI is increased during the progress of PSI photoinhibition by using PROTON GRADIENT REGULATION 5 mutant (pgr5) in Arabidopsis thaliana which is susceptible to PSI photoinhibition (Munekage et al., 2002). Here we should note that we only evaluated the PSI photoinhibition by absorbance change in P700+ based on non-stressed leaves, and we calculated the redox parameters of PSI after rSP illumination based on the Pm before rSP illumination (see Materials and Methods). In this case, we cannot distinguish the cause of the change in PSI redox parameters by a qualitative change in electron transport within PSI (Sonoike et al., 1995a,b; Tiwari et al., 2016) or a quantitative change in PSI-LHCI complex and its subunits (Sonoike, 1996b; Tjus et al., 1999). In this study, we cannot conclude the cause of lowering the quantum yield of PSI after PSI photoinhibition. However, the general aspect of PSI photoinhibition to PSI photochemistry now can be addressed by using rSP illumination.

We proposed that two independent mechanisms operate for protecting PSI from its ROS-triggered photoinhibition. Recently, we suggested that the P700 oxidation system is important for reducing the risk of PSI photoinhibition in various photosynthetic organisms (Shimakawa et al., 2016, 2017, 2019; Takagi et al., 2016b, 2017a; Takagi and Miyake, 2018). The stimulation of P700 oxidation by P700 oxidation systems is achieved by limiting electron transport from PSII to PSI or stimulating an outflow of electrons from PSI (Shimakawa et al., 2016, 2017, 2019; Takagi et al., 2016b, 2017a). In this study, we analyzed the P700 oxidation kinetics during pulse illumination (Figure 11). However, compared to HL-grown wheat cultivars, LL-grown wheat cultivars showed higher P700+ during one pulse illumination, although the change in Pm after rSP illumination was greater in LL-grown wheat plants than HL-grown wheat plants (Figure 6). Moreover, we cannot detect the significant difference in the extent of P700+ during one pulse illumination between wheat cultivars grown under HL conditions (Figure 11). Therefore, the susceptibility of PSI to its photoinhibition cannot be explained by P700+ oxidation. The effect of HL acclimation on the susceptibility of PSI photoinhibition evaluated by rSP illumination agrees with the previous reports which showed the acclimation response of the susceptibility of PSI to its photoinhibition by using chilling stress and chilling-sensitive plants (Sonoike et al., 1995a,b; Sonoike, 1996a; Ivanov et al., 1998). Ivanov et al. (1998) proposed that the susceptibility of PSI to its photoinhibition depends on the down-regulation of PSII activity. This is a novel PSI protection mechanism to avoid the electron accumulation within PSI (Sonoike, 1996b; Tikkanen et al., 2014). However, during rSP illumination, wheat plants which maintained higher Pm after rSP illumination also maintained higher Y(II) during rSP illumination, and the change in Fv/Fm was also minor (Figure 6B, Supplementary Figure S3). Therefore, although the acclimation response of the susceptibility of PSI to its photoinhibition identified in this study is similar to previous reports (Ivanov et al., 1998), the protection mechanism of PSI which can be addressed by rSP illumination would be different from those addressed by chilling treatment. On the basis of P700+ kinetics during pulse illumination, the electron accumulation within PSI would be higher in HL-grown wheat cultivars than that in LL-grown wheat cultivars during rSP illumination (Figure 11). When we focused on the cause of PSI photoinhibition attributing to [image: image], the difference in the susceptibility of PSI to photoinhibition should be caused by [image: image] production efficiency or the [image: image] scavenging activity within the thylakoid membranes. On the other hand, the production of 1O2 within PSI cannot be monitored from the P700 oxidation kinetics. In fact, a 1O2 scavenger suppresses PSI photoinhibition induced by rSP illumination without affecting the P700+ kinetics during pulse illumination in isolated chloroplasts (Takagi et al., 2016a). The suppression of the charge separation from P700 to P700+ during pulse illumination increases the risk that excited P700 (*P700) within PSI triggers 1O2 production through 3P700 (Takagi et al., 2016a). From this view, we additionally suggest that the difference in the susceptibility of PSI to its photoinhibition might be determined by the 1O2-scavenging or quenching mechanisms of *P700 or 3P700 to suppress the production of 1O2 (Telfer et al., 1994; Rajagopal et al., 2005; Cazzaniga et al., 2012; Dall’Osto et al., 2012; Ballottari et al., 2014). In summary, we propose a new photoprotective mechanism in PSI whose capacity is modulated by growth light environment, and this PSI photoprotective mechanism would cooperate with P700 oxidation system to reduce the risk of PSI photoinhibition caused by ROS.

We suggest that leaf chlorophyll content would be one important determinant of the susceptibility of PSI to its photoinhibition. Unfortunately, we cannot distinguish the susceptibility of PSI to its photoinhibition from the acclimation response of Y(II), Y(I), Y(ND), and Y(NA). This is because all wheat cultivars showed a similar change in these photosynthetic parameters toward the LL and HL growth conditions (Figures 2–5, Supplementary Figure S1). We also examined the non-photochemical quenching (NPQ) in both LL- and HL-grown wheat cultivars (Supplementary Figure S7). In LL-grown wheat plants, all wheat cultivars showed similar NPQ in the light curve analysis (Supplementary Figure S7). HL-grown wheat cultivars showed lower NPQ in the light curve analysis compared to LL-grown wheat cultivars, and also showed cultivar differences in the light curve analysis (Supplementary Figure S7). Generally, electron sink capacity is increased when land plants grow under HL conditions as observed in Figures 2, 3 (Bailey et al., 2001; Oguchi et al., 2003; Dahal et al., 2012; Schumann et al., 2017). Therefore, the induction of NPQ would be lowered in HL-grown wheat cultivars compared to LL-grown wheat cultivars under strong illumination (Ballottari et al., 2007). In addition to the change in electron sink capacity during HL acclimation, PSII:PSI ratio, PSII:LHCII ratio, and the protein contents which are involved in NPQ like PsbS, violaxanthin de-epoxidase (VDE), and zeaxanthin epoxidase (ZE) are also changed depending on the growth light (Bailey et al., 2001; Ballottari et al., 2007; Kouřil et al., 2013). These changes might be caused by the cultivar differences grown under HL conditions. In spite of the cultivar difference in NPQ in the light curve analysis, NPQ induction was not different between wheat cultivars during rSP illumination (Supplementary Figure S8). During rSP illumination, NPQ was slowly induced (Supplementary Figure S8). This would be due to the progress of PSII photoinhibition as observed in the decrease in Y(II) during rSP illumination (Supplementary Figure S3). From these observations, we suggest that the susceptibility of PSI to its photoinhibition cannot be determined by the NPQ kinetics in the light curve analysis and during rSP illumination. With the responses of photosynthetic parameters to the growth light conditions, the total chlorophyll contents and chlorophyll a/b ratio showed significant differences among the wheat cultivars grown under HL conditions (Figure 1). Based on this observation, we plotted the relationship between the total chlorophyll contents, chlorophyll a/b ratio, and the susceptibility of PSI to photoinhibition. Subsequently, we observed a positive linear relationship between the total chlorophyll content and the residual activity of PSI after rSP illumination, although the chlorophyll a/b ratio showed no significant relationship to the residual activity of PSI after rSP illumination (Figure 12). Therefore, the light acclimation response of the susceptibility of PSI to photoinhibition would be changed with the change in chlorophyll content in leaves in wheat cultivars. Such correlation has not been observed before (Sonoike et al., 1995a,b). This would be a hint for elucidating the molecular mechanism to determine the susceptibility of PSI to photoinhibition for future research. Alboresi et al. (2009) reported that the susceptibility of PSI to its photoinhibition depends on the PSI-LHCI complex formation. The binding of carotenoids in LHCI is also an important factor to determine the ROS production (Cazzaniga et al., 2012; Dall’Osto et al., 2012; Ballottari et al., 2014). As discussed above, LHCI is a possible target of PSI photoinhibition. Therefore, LHCI is likely involved in PSI photoinhibition. Furthermore, because the chlorophyll a/b ratio is higher in LHCI (1.8–5.5) than in LHCII (1.15–1.5) (Hemelrijk et al., 1992; Morosinotto et al., 2003), the quantity of LHCI hardly affects the leaf chlorophyll a/b ratio (Wientjes et al., 2009; Yamatani et al., 2018). If our hypothesis mentioned above is correct, exploration of the interaction between susceptibility to PSI photoinhibition, LHCI content and energy transfer from LHCI to PSI core should certainly lead to the elucidation of the detailed mechanisms of the PSI photoinhibition in planta.


[image: image]

FIGURE 12. The relationship between the change in Pm by rSP illumination for 1 h and total chlorophyll content in leaves (A) and between the change in Pm by rSP illumination for 1 h and chlorophyll a/b ratio (B). The data of the change in Pm after rSP illumination were used from Figure 6B, the data of the total chlorophyll content were used from Figure 1B, and the data of the total chlorophyll a/b ratio were used from Figure 1C. Data were expressed as mean ± SD of three to five independent experiments. R2 represents the determination coefficient of the linear regression analysis. R2 and p were determined by fitting a linear regression model (see section Materials and methods). The linear regression line determined by the statistical analysis is shown as the black broken line.
 

In addition to the change in the susceptibility of PSI to its photoinhibition in leaves, we found that the wheat plants grown under both LL and HL conditions keep Y(NA) low and maintain similar values under the illumination (Figure 5). The value of Y(NA) is determined by the balance of electron inflow and outflow within PSI (Klughammer and Schreiber, 1994; Shimakawa et al., 2016, 2017, 2019; Takagi et al., 2016b, 2017a; Takagi and Miyake, 2018). In other words, when wheat plants possess electron sink capacities lower than photosynthetic electron transport reactions, they build up Y(ND) to decrease Y(NA) (Figures 4, 5; Takagi et al., 2016b, 2017b; Wada et al., 2018). On the other hand, when wheat plants possess large electron sink capacities, they relax Y(ND) and stimulate energy production for driving photosynthesis as can be judged from the change in Y(I) (Figure 3; Takagi et al., 2016b, 2017b; Wada et al., 2018). This would be modulated by P700 oxidation systems (Shimakawa et al., 2016, 2017, 2019; Takagi et al., 2016b, 2017a; Takagi and Miyake, 2018). We propose that a P700 oxidation system could respond to growth light intensity and flexibly control the redox state of PSI at the steady state photosynthesis to reduce the risk of ROS.

Here, we proposed that rSP illumination is a useful method to elucidate the mechanism of PSI photoinhibition in vivo. In the present study, rSP illumination showed an HL acclimation effect on PSI photoinhibition and cultivar differences in PSI photoinhibition after HL acclimation among the studied wheat cultivars. To our knowledge, this is the first study that showed the growth light acclimation response of the susceptibility of PSI to its photoinhibition by using rSP illumination. Therefore, rSP illumination enables the researchers to explore the new world of PSI photoprotection mechanisms by applying rSP illumination to various plant species more easily. At this stage, we have not yet identified the key factor underlying the difference in PSI photoinhibition among the studied wheat cultivars. However, it would be possible to isolate the causative gene by the forward genetic experiments like the quantitative trait locus (QTL) analysis combined with rSP illumination because the HL acclimation response of the susceptibility of PSI showed cultivar differences. We also suggest the combined analysis of rSP illumination and chilling treatment would contribute to elucidating the general protection mechanisms of PSI to its photoinhibition. Under chilling treatment, PSI photoinhibition can be easily caused by low light illumination in intact leaves (Sonoike and Terashima, 1994; Terashima et al., 1994; Sonoike, 1999). At that time, various changes in the temperature-dependent biochemical reaction would cause the susceptibility of PSI to its photoinhibition (ex. Lipid fluidity or enzyme stabilities/activities) (Sonoike, 1996a, 1998). On the other hand, rSP illumination can cause PSI photoinhibition under room temperature. The two PSI photoinhibitory treatments could distinguish photoprotective mechanism of PSI, which is involved in temperature-dependent components or temperature-independent components. For example, under chilling treatment, the uncoupling of chloroplastic ATP synthase stimulates the PSI photoinhibition through the over-reduction of PSI by suppressing ΔpH-dependent photosynthetic electron transport regulation (Terashima et al., 1991a,b). In contrast, PSI photoinhibition induced by rSP illumination in the dark does not affect the ΔpH formation ability because short pulse cannot build up enough ΔpH during rSP illumination under the dark conditions (Takagi et al., 2017b). We hope that our present results trigger a wide range of interest in PSI photoinhibition as well as PSII photoinhibition and the key factor to be identified in the future.
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