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Abstract

:

In response to decreases in the assimilation efficiency of CO2, plants oxidize the reaction center chlorophyll (P700) of photosystem I (PSI) to suppress reactive oxygen species (ROS) production. In hydro-cultured sunflower leaves experiencing essential mineral deficiencies, we analyzed the following parameters that characterize PSI and PSII: (1) the reduction-oxidation states of P700 [Y(I), Y(NA), and Y(ND)]; (2) the relative electron flux in PSII [Y(II)]; (3) the reduction state of the primary electron acceptor in PSII, QA (1 − qL); and (4) the non-photochemical quenching of chlorophyll fluorescence (NPQ). Deficiency treatments for the minerals N, P, Mn, Mg, S, and Zn decreased Y(II) with an increase in the oxidized P700 [Y(ND)], while deficiencies for the minerals K, Fe, Ca, B, and Mo decreased Y(II) without an increase in Y(ND). During the induction of photosynthesis, the above parameters showed specific responses to each mineral. That is, we could diagnose the mineral deficiency and identify which mineral affected the photosynthesis parameters.
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1. Introduction


Yield increases for main crops, such as cassava, corn, potatoes, rice, soybeans, and wheat, are required to help support our increasing global population. Bioengineering methods to increase growth potentials have included the introduction of critical phenotypes, such as those for environmental stress tolerances, including drought, higher and lower temperatures, and salinity, both alone and in combination. This has been done using traditional breeding and cutting-edge molecular biology techniques that use specific genes to convey tolerance. In the present study, we have proposed a new method to diagnose nutrient deficiencies in the early stages of plant growth, prior to the typical symptoms of mineral deficiencies that occur in intact plant leaves. This could enable us to improve the growth conditions of crops before they suffer damage that may lead to retarded growth. This method is based on the physiological responses of photosynthetic parameters, as described below. All oxygenic photosynthetic organisms show the same response of suppressing reactive oxygen species in chloroplasts.



C3-plants, angiosperms, show a tight coupling of their light and dark reactions, including both the Calvin–Benson–Bassham cycle (CBB cycle) and the photorespiratory carbon-oxidation pathway (photorespiration) in their net CO2 assimilation [1,2,3,4,5,6,7]. The chemical energy compounds nicotinamide adenine dinucleotide phosphate (NADPH), ferredoxin (Fd), and adenosine triphosphate (ATP), which are produced in the light reaction of the photosynthetic electron transport system, drive the CBB cycle to regenerate ribulose 1,5-bisphosphate (RuBP), one of the substrates of RuBP carboxylase/oxygenase (Rubisco), and photorespiration, which also contributes to the regeneration of RuBP. Under atmospheric conditions, Rubisco catalyzes both the carboxylation and oxygenation of RuBP, which are the primary reactions of both the CBB cycle and photorespiration. The dark reactions use Fd and NADPH as reductants for the regeneration of RuBP and drive the Fd photo-reduced oxidation reaction in photosystem I (PSI) [7,8]. Furthermore, the dark reactions use ATP produced in the catalytic reaction of ATP synthase [6,9,10,11], which consumes the proton motive force induced in the light reaction [12,13]. These are the molecular mechanisms that support the tight coupling of the light reaction with dark reactions in net CO2 assimilation [5,6]. While the light reaction drives the dark reaction, it is inversely, caused by a dark reaction.



The tight coupling of the light and dark reactions carries a potential risk of oxidative damage. Net CO2 assimilation is suppressed by exposure to environmental stresses, such as drought, extreme low/high temperatures, and nutrient deficiencies [14,15]. The suppression of dark reactions lowers the utilization of the Fd, NADPH, and ATP produced in the light reaction, which could directly affect light reactions by reducing the use efficiency of the electrons produced in the photosynthetic electron transport system [14,16,17]. As a result, the accumulation of electrons in the photosynthetic electron transport system can quickly cause PSI photoinactivation [18]. In the dark, the repetitive short-pulse (rSP) illumination treatment for the leaves of angiosperm plants selectively inactivates PSI but not PSII [18,19]. The accumulation of electrons in PSI induced by the rSP-illumination treatment enhances superoxide radical production, which is a reactive oxygen species (ROS) [14,20]. The inactivation of PSI in C3-plants, such as Arabidopsis, barley, cucumber, potato, and spinach, has been reported when stress conditions cause electrons to accumulate in the photosynthetic electron transport system [21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40].



Oxygenic photosynthetic organisms have acquired PSI protection mechanisms from ROS attacks during their evolution [14,18,41]. The scavenging system of ROS (the water-water cycle) functions near PSI in the thylakoid membranes. Superoxide dismutase (SOD), ascorbate peroxidase (APX), monodehydroascorbate radical reductase (MDAR), dehydroascorbate reductase (DHAR), and glutathione reductase (GR) contribute to the removal of superoxide radicals and hydrogen peroxide [14,16,17,42,43,44,45]. Furthermore, all oxygenic photosynthetic organisms have mechanisms to suppress ROS production in PSI [18,46]. Under illuminated conditions, the rSP-illumination treatment does not inactivate PSI in the intact leaves of angiosperms [18]. Actinic light illumination oxidizes the reaction center chlorophyll P700 in PSI [18]. P700 is then photoexcited to P700* and donates electrons to the electron carriers in PSI, producing oxidized P700 (P700+). P700+ is then reduced to the ground state by electrons from photosystem II (PSII). The turnover of P700 in the photo-oxidation reduction cycle catalyzes the electron flow from plastocyanin to Fd in PSI. The accumulation of P700+ in the cycle reduces the ratio of P700*, which can donate electrons to O2, producing superoxide radicals [5,6]. This is the suppression mechanism of ROS in PSI, which all oxygenic photosynthetic organisms have [18,46].



As described above, in C3-plants, the electron flux in the light reaction (or the dark reaction) has a negative linear relationship with the existence probability of P700+ [11,18,46]. This is a physiological response of PSI, which lowers the efficiency of photosynthesis to suppress ROS production. We have focused on the phenomenon of P700 oxidation for the usage of the new biomarker for the stress degree in plants, which can be measured non-destructively. There has been a large amount of research on P700 oxidation in PSI, and specifically, for photosynthetic organisms exposed to conditions that reduce photosynthetic efficiency, such as high light, low temperature, and drought [47,48,49,50,51,52,53,54,55]. With regard to the nutrient deficiencies, however, there is insufficient information on how these stresses influence the photosynthetic electron transport reaction. In the present study, we tested P700 oxidation in sunflower leaves exposed to various nutrient deficiencies. Some nutrient deficiencies decrease photosynthetic activity, and prolonged deficiencies can lower productivity and reduce plant yields [15,56,57,58]. Sunflower plants were cultivated from seedlings under control conditions and then transferred to nutrient-deficient conditions. We then confirmed the robustness of P700 oxidation in response to the suppressed photosynthesis activity due to nutrient deficiencies at the steady state, except for the B, Ca, Fe, K, and Mo deficiencies. We found that the photosynthetic parameters of PSII and PSI had diverse responses during the induction period of photosynthesis in response to the nutrient deficiencies. Based on these facts, we propose that photosynthetic parameters can be utilized for the early diagnosis of nutrient deficiencies in the future.




2. Materials and Methods


2.1. Plant Materials and Growth Conditions


Sunflower (Helianthus annuus) plants were grown in a controlled chamber (14 h light at 27 °C/10 h dark at 25 °C; light intensity 300–400 µmol photons m−2 s−1; relative humidity 50–60%). Seeds of sunflower, purchased from TAKII & Co., Ltd. (Kyoto, Japan), were germinated in flowing tap water for five days in the controlled chamber. Five-day-old seedlings were planted in pots filled with a hydroponic solution of 1/2 strength of Hoagland solution for three days. The plants were then transferred to the hydroponic solution of the original Hoagland solution for four days. The composition of the original Hoagland solution contained the following macronutrients [NH4NO3 (2 mM), KH2PO4 (0.8 mM), CaCl2 (0.6 mM), and MgSO4 (0.5 mM)]; and micronutrients [H3BO4 (50 µM), MnSO4 (9 µM), ZnSO4 (0.7 µM), CuSO4 (0.3 µM), Na2MoO4 (0.25 µM), and NaFeEDTA (45 µM)]. The pH of the nutrient solution was adjusted to 5.3–5.5, by adding 10 mM MES (2-morpholinoethanesulfonic acid) during cultivation. The plants were then transferred to the original Hoagland solution deprived of essential minerals (N, P, K, S, Ca, Zn, Mo, B, Fe, Mn, Cu, and Mg) for one week. Then, in the one-week period after the one week of exposure to the treatment, the measurements of each sample were taken. The solutions were renewed once a week and always aerated with air. For all experiments, we measured the second leaves from the top of the plants.




2.2. Measurements of PSI and PSII Parameters


P700+ absorbance and chlorophyll fluorescence were simultaneously measured using a Dual-PAM/F instrument (Walz, Effeltrich, Germany) with a closed leaf-type chamber (Bunkoukeiki Co., Ltd., Tokyo, Japan), in which expiratory air (assumed to be CO2 saturated air) was filled and the temperature was set at 25 ± 0.1 °C using a Peltier controller system (Bunkoukeiki Co., Ltd. Tokyo, Japan). Leaf discs (3.4 cm2) from dark-adapted sunflowers were placed in the chamber and actinic light (AL; 630 nm, 650 µmol m−2 s−1) was applied to the leaves.



The transmittance changes in P700+ were estimated. The photosynthetic parameters of PSI were obtained as follows [59]: the relative amount of maximal photo-oxidizable P700 by saturated pulse illumination (SP, 300 ms of duration, 16,500 µmol photons m−2 s−1) under AL, Y(I) = Pm’/Pm, the relative amount of oxidized P700 under AL, Y(ND) = P/Pm; the rest state of P700 under AL, which reflects the electron pressure at the acceptor side of P700, Y(NA) = (Pm–Pm’)/Pm: Pm, total amount of photo-oxidizable P700; Pm’, the maximal photo-oxidizable P700 by SP illumination under AL; and P, the photo-oxidized P700 under AL. For the determination of Pm, SP illumination was applied after 10 s of illumination with far-red light (820 nm).



The photosynthetic parameters of PSII were calculated from the chlorophyll fluorescence as follows [60]: the maximal quantum yield of PSII, Fv/Fm = (Fm − Fo)/Fm the effective quantum yield of PSII, Y(II) = (Fm’ − Fs)/Fm; the ratio of photo-induced non-photochemical quenching of absorbed light energy, Y(NPQ) = [(Fm − Fm’)/Fm’]’ (Fs/Fm); the fraction of closed chlorophyll center of PSII, which reflects the reduction level of QA, the primary electron acceptor of PSII, (1 – qL) = 1 – (Fm’ − Fs)/(Fm’ − Fo’)’ (Fo’/Fs) or = 1 – [Y(II)/(1 − Y(II))]’ [(1 − (Fv/Fm))/(Fv/Fm)]’ (Fm/Fm’) [61]: Fm, the maximal chlorophyll fluorescence of dark-adapted leaves under SP illumination; Fo, the basal level of chlorophyll fluorescence only under weak pulse-modulated measuring light illumination (ML, 620 nm, 0.2 µmol photons m−2 s−1); Fm’, the maximal chlorophyll fluorescence under AL; Fs, the stationary level of chlorophyll fluorescence under AL; and Fo’, the basal level of chlorophyll fluorescence under AL.



In this study, we calculated the original parameters for diagnosis as follows; Y(ND)/Y(II)N, Y(NA)/Y(II)N, Y(NPQ)/Y(II)N, and (1 − qL)/Y(II)N. Subscript N means “normalized”, where the values of these parameters were divided by the maximum values.




2.3. Analysis of Minerals in Plants


A raw leaf blade (3.4 cm2) was homogenized in 50 mM sodium-phosphate buffer (pH 7.2) containing 120 mM 2-mercaptoethanol, 1 mM iodoacetic acid, and 5% (v/v) glycerol at a leaf:buffer ratio of 1:9 (g/mL) in a chilled mortar and pestle. The total chlorophyll (Chl) and leaf nitrogen contents were measured from a part of this homogenate. Absorbances at 720, 663, and 645 nm were measured to calculate the chlorophyll content by the Arnon method. The Chl content in leaves was represented on a leaf-area basis [62]. The total leaf nitrogen content was determined using Nessler’s regent in a digestion solution after the addition of potassium sodium tartrate [63]. The homogenate was decomposed by 60% (v/v) sulfuric acid and 30% (v/v) H2O2 with heat. The decomposing leaf solution was mixed with distilled water, 10% (w/v) potassium sodium tartrate solution, and 2.5 N NaOH, and Nessler’s reagent was immediately added to the mixture. The nitrogen content was determined by measuring the change in the absorbance at 420 nm.



Oven-dried and finely cut leaves were subjected to HNO3/HClO4 digestion on a block digester (Digi PREP MS, SCP SCIENCE, Baie-d’Urfé, Quebec, QC, Canada) for elemental analysis of the leaves. The concentrations of K, Ca, Zn, Mo, Fe, Mn, and Mg in each digestion solution were analyzed using inductively coupled plasma mass spectrometry (ICP-MS NEXION300D, PerkinElmer, Waltham, MA, USA), and P, B, Cu, and S in each digestion solution were analyzed using inductively coupled plasma optical emission spectrometry (ICP-OES SPS3100, Hitachi High-Tech Science, Tokyo, Japan).




2.4. Analysis of the Minerals in the Soils


The soil pH was determined using a glass electrode in a 1:2.5 ratio of the soil to solution mixture. Soil electrical conductivity (EC) was determined using an EC electrode in a 1:5 ratio of soil to water mixture. Available nitrogen was determined using the phosphate buffer extraction method [64]. Available phosphorous was determined using the Trough method [65]. Exchangeable K, Mg, and Ca were determined using the ammonium acetate extraction method [66]. Available iron, zinc, manganese, and copper were determined using the DTPA-TEA extraction method [67]. Easily reducible manganese was determined using the ammonium acetate-hydroquinone solution extraction method [68].




2.5. Statistical Analysis


Statistical analyses of the corresponding data in Supplementary Figure S1 and Supplementary Tables S1–S4 (ANOVA, ANCOVA, Student’s t-test, and Dunnett’s test) were performed using the commercial software JMP8 (ver. 14.2.0, SAS Institute Inc. Cary, NC, USA). The number of biological replicates was 3–4.





3. Results


3.1. Characterization of the Nutrient Deficiency-Treated Plants


We examined the effects of nutrient deficiencies for each of the following essential minerals: N, P, K, S, Ca, Zn, Mo, B, Fe, Mn, Cu, and Mg, in the intact leaves of sunflower plants (Supplementary Table S1). Each mineral deficiency treatment decreased the corresponding mineral content in the leaves when compared with the control plants. We then analyzed the nutrient deficiency-treated plants.



The essential mineral deficiencies had different effects on the chlorophyll content, based on the leaf area of the sunflower plants (Supplementary Table S2). The Ca, B, Fe, Mg, Mn, N, and S deficiencies significantly decreased the chlorophyll content when compared to the control plants (p < 0.05).



The essential mineral deficiencies also affected the nitrogen content in the sunflower leaves (Supplementary Table S2). The Ca- and K-deficiency treatments increased the nitrogen content, while the N deficiency-treated plants significantly decreased the nitrogen levels compared with the control plants (p < 0.05).



The essential mineral deficiencies affected the maximum quantum yield of PSII (Fv/Fm) in the sunflower plants (Supplementary Table S2). Plants treated with Mg and Mn deficiencies had significantly decreased Fv/Fm values when compared to the control plants (p < 0.05). The other nutrient-deficient plants showed no effects on the Fv/Fm values.



The essential mineral deficiencies affected the maximum photo-oxidizable P700 content (Pm) in the sunflower leaves (Supplementary Table S2). Plants treated with Fe, Mg, Mn, N, and S deficiencies had significantly decreased Pm in comparison with the control (p < 0.05).




3.2. Steady-State Analysis of P700 Oxidation


To understand the response of the P700 redox state to the nutrient deficiencies, we measured the changes in chlorophyll fluorescence parameters: Y(II), Y(NPQ), (1 − qL), and the P700 redox states: Y(I), Y(NA), and Y(ND) during the induction of photosynthesis (Figure 1).



We plotted the steady-state values of Y(ND) against Y(II) for the leaves of the sunflower plants, which were cultivated under nutrient-deficient conditions (Figure 2). Viewed as a whole, we divided the distribution of the plots into three groups: high P700 oxidation, middle P700 oxidation, and low P700 oxidation. The high P700 oxidation group consisted of the N, P, Mn, Ca, and S deficiency-treated sunflower plants (Figure 2, Supplementary Figure S1). The middle P700 oxidation group consisted of the Zn and Mg deficiency-treated sunflower plants (Figure 2, Supplementary Figure S1). The high and middle oxidations for the P700 were statistically discriminated into two groups using ANCOVA analysis (p < 0.05) (Supplementary Figure S1). The low P700 oxidation group consisted of Fe, K, Mo, B, and Cu and showed the lowest increase in P700 oxidation, even with a decrease in Y(II) (Figure 2). In other words, the P700 oxidation system did not function.




3.3. Induction Analysis of the Photosynthesis Parameters for PSI and the Electron Flux in PSII


The P700 redox state parameters showed different responses depending on the nutrient-deficiency treatments, during the induction of photosynthesis after actinic light exposure (AL, 650 µmol photons m−2 s−1) (Figure 3). Y(I) shows the existing probability of the ground state of P700 in its photo-oxidation reduction cycle during saturated-pulse illumination. Y(ND) shows the existing probability of the oxidized form of P700 and the extent of the reduction of P700+ in the photo-oxidation reduction cycle of P700. Y(NA) shows the existing probability of the photoexcited state of P700 and the extent of the oxidation reaction of P700* in the photo-oxidation reduction cycle of P700 [59]. Y(II) shows the relative electron flux in PSII and the photosynthetic linear electron flow activity [60].



To compare the responses of these parameters to the nutrient deficiencies, we plotted them against time on the radar chart after the AL was turned on (original plots, Figure 3). Plus, we plotted the differences of the original parameters between control plants and nutrient-deficient plants in order to extract the characteristics of the influences on those parameters by the nutrients-deficiency treatments (difference original plots, Figure 4).



In the control plants, Y(NA) rapidly reached the maximum value, and this was sustained for approximately 2.5 min. Then, the photosynthetic linear electron flow started to increase, as observed in Y(II). With the increase in Y(ND), Y(I) became more extensive than Y(II). At the steady state, Y(I) was much higher than Y(II), and Y(II) was more extensive than Y(ND).



N and P deficiency-treated plants showed the same Y(NA)-relief time as the control plants, but each parameter value was different from that of the control plants (Control induction time type: Type-I). In type I plants, Y(NA) values at 2.5 min were not significantly different from in control plants (p > 0.05), and 5 min or later after the illumination, Y(NA) values were not significantly different or smaller when compared to the control plants (Figure 3 and Figure 4 and Supplementary Table S3). In the N deficiency-treated plants, both Y(II) and Y(I) significantly decreased after 5 min of illumination when compared to those in the control plants (Supplementary Table S3). Instead, Y(ND) increased and complemented the decrease in Y(I), which had the same tendency in its Y(NA) behavior as the control plants (p > 0.05, Supplementary Table S3). In the P deficiency-treated plants, Y(ND) was largely induced after 5 min of illumination, which was larger than that in the control plants (p < 0.01, Supplementary Table S3). Y(I) and Y(II) slightly decreased. Therefore, the increase in Y(ND) suppressed Y(NA) to nearly zero, which is a distinctive feature of the P deficiency-treated plants. At the steady state, Y(II) was almost the same as Y(ND). Y(NA) decreased and disappeared after approximately 7 min.



Unlike both the control and the P and N deficiency-treated plants, the nutrient (Ca, Zn, Mn, and S)-deficient plants showed suppressed Y(NA) in the first quarter (0–2.5 min) (Rapid Y(NA) relief type: Type-II). This feature can be seen as the hollow shapes of Y(NA) at around 2.5 min in difference original plots (Figure 4), where the Y(NA) values of type II plants were significantly smaller than that in control plants (p < 0.01, Supplementary Table S3). This could be due to the rapid induction of both Y(ND) and Y(I) (p < 0.01, Supplementary Table S3). In the Ca deficiency-treated plants, at the steady state, Y(I) was more extensive than Y(II), and Y(II) was more extensive than Y(ND), which is similar to that in the control plants. However, a rapid induction of Y(II), Y(I), and Y(ND) was observed, which suppressed Y(NA) in the first quarter. In both the Zn and Mn deficiency-treated plants, Y(I) was the same as Y(ND), both of which were larger than Y(II). In the Mn-deficient plants, the most rapid induction of Y(ND) and suppression of Y(NA) was observed. In the Zn-deficient plants, the induction of Y(I), Y(II), and Y(ND) were the slowest among the rapid Y(NA) relief-type plants. Although the S deficiency-treated plants showed suppressed Y(NA), which could be due to the enhanced Y(ND), Y(ND) was more extensive than Y(I), and Y(I) was more extensive than Y(II) at the steady state.



The rest of the nutrient (Mo, B, Cu, Fe, Mg, and K) deficiency-treated plants showed higher Y(NA) values than control plants especially after 5 min (p < 0.05, Supplementary Table S3) (High Y(NA) type: Type III). In both the Mo- and B-deficient plants, Y(NA) was highly enhanced, and the higher values were maintained after 5 or 7.5 min of AL illumination. This could be due to the delayed induction of both Y(II), Y(I), and Y(ND). In the Mo-deficient plants, Y(I) was more extensive than Y(II), and Y(II) was more extensive than Y(ND) at the steady state. In contrast to the Mo deficiency-treated plants, for the B deficiency-treated plants, Y(NA) was more extensive than the values for Y(I), Y(II), and Y(ND) for 10 min during the induction of photosynthesis. Like the B deficiency-treated plants, for the Cu deficiency-treated plants, the Y(NA) was larger than the other parameters; however, Y(NA) was lower than that in the B deficiency-treated plants. Moreover, the initial value of the Y(NA) was the lowest (approximately 0.7), and was only observed in Cu-deficient treatments. This was due to the rapid induction of Y(I) (Figure 3, Supplementary Table S3). Y(I) increased as soon as the AL was turned on. In the Fe deficiency-treated plants, the behaviors of the parameters resembled those in the Cu deficiency-treated plants. Both Mg and K deficiency-treated plants showed mild Y(NA), which started to decrease after 4–5 min. Mg deficiency-treated plants showed the highest values for Y(ND) among the high Y(NA)-type plants. K deficiency-treated plants showed the highest values of both Y(I) and Y(II).




3.4. Induction Analysis of the Parameters Focusing on the Redox Levels of Plastoquinone and P700 in PSI, and Non-Photochemical Quenching of Chlorophyll Fluorescence against the Electron Flux in PSII


As described above, the chlorophyll fluorescence and P700 redox state parameters showed different responses to the different nutrient-deficiency treatments during the induction of photosynthesis. To extract the unique responses of these parameters among the nutrient-deficient plants, we used four parameters: [Y(ND)/Y(II)N], [Y(NA)/Y(II)N], [Y(NPQ)/Y(II)N], and [(1 − qL)/Y(II)N]. All parameters were normalized by dividing with the maximal values of each parameter in each nutrient-deficiency treatment. Y(NPQ) shows the extent of the non-photochemical quenching of chlorophyll fluorescence in PSII [60]. The (1 − qL) shows the extent of the reduction state for the plastoquinone pool, where the redox level of the primary quinone acceptor (QA) in PSII is assumed to be in rapid equilibrium with the redox level of the plastoquinone pool [60,61]. We plotted these normalized parameters and the differences of them between control and nutrient-deficient plants in the induction phases of photosynthesis (Figure 5 and Figure 6).



We found different responses of the normalized parameters in the same type when compared to those in the original plots (Figure 3 and Figure 5). Even within the type II plants, we found significantly different behaviors of the normalized parameters. Ca-deficient plants showed the most rapid inductions of those parameters, where all four normalized parameters showed the peaks at 0–2.5 min (Figure 3). S-deficient plants showed the narrowest shapes of Y(NA)/Y(II)N and (1 − qL)/Y(II)N because the Y(II) values at 0 min were almost zero, which make Y(NA)/Y(II) and (1 − qL)/Y(II) values at 0 min exceedingly high. Zn deficiency-treated plants showed expanded Y(ND)/Y(II)N and Y(NPQ)/Y(II)N, which means peak-less behaviors of these parameters. Mn-deficient plants showed the most significant separation between Y(NA)/Y(II)N and (1 − qL)/Y(II)N at 0–2.5 min when compared to the other mineral-deficiency treatments.



In type III, except for Cu deficiency-treated plants, the induction of either Y(ND)/Y(II)N or Y(NPQ)/Y(II)N was largely delayed, unlike in both Type I and II (Figure 5). Cu-deficient plants showed a rapid peak of Y(ND)/Y(II)N at 1 min, which was earlier than Y(NPQ)/Y(II)N, and expanded Y(NA)/Y(II)N and (1 − qL)/Y(II)N values. Mg-deficient plants also showed the small peak of Y(ND)/Y(II)N around 1 min. However, it showed rapid relief of Y(NA)/Y(II)N and (1 − qL)/Y(II)N unlike Cu-deficient plants. Mo and B deficiency-treated plants showed expanded Y(NA)/Y(II)N and (1 − qL)/Y(II)N like Cu-deficient plants but showed the first peaks of Y(ND)/Y(II)N after 7.5 min, not around 0–2.5 min. These two nutrient-deficiency treatments led to similar behaviors of the parameters. Still, we found the difference in Y(ND)/Y(II)N around 10 min, which reduced to 0.5 in Mo deficient-treated plants while it remained high in B-deficient plants. K-deficient plants showed control-like behavior of the normalized parameters. However, we found a statistical difference in those parameters, which were higher than those of control plants after 5 min of illumination (Figure 6, Supplementary Table S4). Fe deficiency-treated plants showed noisy behavior of Y(ND)/Y(II)N because both Y(II) and Y(ND) were severely suppressed throughout the illumination. Moreover, Fe-deficient plants showed the narrowest shapes of Y(NA)/Y(II)N and (1 − qL)/Y(II)N for the same reason as S-deficient plants.





4. Discussion


In the present study, we found that the deficiencies in essential minerals decreased the apparent quantum yield of PSII [Y(II)], with an increase in the oxidation level of P700 [Y(ND)]. There was an exception, however, for the following minerals: K, Fe, Ca, B, and Mo. The negative relationship between Y(ND) and Y(II) was considered robust. However, the deficiencies of K, Fe, Ca, B, and Mo destroyed this (Figure 2). These catastrophes of this robustness were due to the enhanced Y(NA), Type-III, for K, Fe, B, and Mo deficiencies. Furthermore, we found that the diversity of the photosynthetic parameter inductions, as shown in the original plots, depended on the essential mineral deficiencies. Furthermore, we found that higher values of Y(ND)/Y(II) could be a physiological marker of poor growth unless the cultivation conditions were improved. We call the physiological marker Y(ND), the ROS marker, because P700 oxidation suppresses ROS production [18].



The changes in the photosynthetic parameters Y(NPQ), (1 − qL), Y(II), and Y(ND) were assessed using the P700 oxidation mechanism in PSI (Supplementary Figure S2) [5]. Furthermore, the behaviors of both Y(NA) and Y(I) can be described using the turnover of the photo-oxidation reduction cycle of P700 during saturated-pulse (SP) illumination [5,6].



The photosynthetic parameters in the present study were determined as follows (Supplementary Figure S2). Y(II) reflects the electron flux of the photosynthetic linear electron flow (Jf) or the electron consumption rates in both net CO2 assimilation and photorespiration (Jg), and Jf is equal to Jg [1,2,3,4]. Y(NPQ) reflects NPQ, which is determined by proton motive force (pmf). As shown in Supplementary Figure S2, pmf is regulated by gH+, Jf [12,13], and JgH+ [9]. JgH+ indicates the consumption rate of pmf. The pmf consumption rate is equal to JgH+ = gH+ × pmf = kH+ × Jf [5,6]; then, pmf = (kH+ × Jf)/gH+ = JgH+/gH+. Generally, the decrease in the net CO2 assimilation is reflected as a decrease in Y(II), accompanied by an enhanced decrease in gH+, compared to the decreases in both (kH+ × Jf) and JgH+ [7,11]. The pmf subsequently increases. Furthermore, Jf = kqL × (1 − qL) = Jg [11,46]. Then, (1 − qL) = Jf/kqL = Jg/kqL. Generally, the decrease in the net CO2 assimilation is reflected as a decrease in Y(II), accompanied by an enhanced decrease in kqL, compared to the decreases in both Jf and Jg [5,6]. kqL reflects the apparent rate constant of the oxidation activity of PQH2 by the Cyt b6/f-complex. Therefore, the suppression of net CO2 assimilation increased in both pmf and (1 − qL). Increased pmf levels induce NPQ to decrease Y(II) and lower the oxidation activity of reduced plastoquinone by the Cyt b6/f-complex [69,70,71]. Simultaneously, the enhanced reduction of plastoquinone, observed as the increase in (1 − qL), lowers the Q-cycle activity of the Cyt b6/f-complex (RISE) [11,72,73,74,75]. The suppression of the electron fluxes in both PSII and the Cyt b6/f-complex causes the reduction reaction of P700+ to be the rate-determining step of the P700 photo-oxidation reduction cycle in PSI, which increases Y(ND) [5,6]. The proportions of Y(I), Y(NA), and Y(ND) depend on the rate-determining step of the P700 photo-oxidation reduction cycle during SP illumination. Practically, the values of both Y(I) and Y(NA) were determined using the SP illumination of the leaves, where the maximum photo-oxidizable P700 (Pm’) was estimated. Importantly, the values for Pm’ depend on the oxidation level of P700, that is, the P700+ values [5,6]. At the steady state, the induction of P700+ shows the limitation of the reduction reaction of P700+ in the P700 photo-oxidation reduction cycle. Then, the Pm’ value can be overestimated by SP illumination [6]. As described above, by using the P700 oxidation model [5], we could understand the behavior of the photosynthetic parameters, as shown in both the original and normalized plots.



We observed the typical responses of a photosynthetic electron transport reaction depending on the 12 kinds of nutrient-deficiency treatments.



N-deficient plants, which were classified into type-I, showed suppressed Y(I) and Y(II), which indicated the lowered electron-sink activity probably because of the lack of an N source for biosynthesis of Rubisco, which is the largest destination of fixed nitrogen (Figure 3 and Figure 4) [63]. The imbalanced electron sink-source size leads to the enhancement of pmf, which contributes to the oxidation of P700, as we showed above.



P-deficiency plants also belonged to type-I (Figure 3). P is involved in ATP synthesis as one of the substrates and phosphorylation of the light-harvesting chlorophyll protein complexes II (LHCII) in the photosynthetic electron transport chain resulting in the state transition [76,77]. We estimate that P deficiency would suppress ATP synthesis, which caused strong acidification of the luminal side of the thylakoid membrane and suppressed Y(NA) to almost zero (Figure 3).



Mn is literally one of the components of the Mn4CaO5 cluster at PSII, which is the site of photo-oxidation of water [78]. Previously, it was reported that a 33-kD protein fragment in oxygen-evolving complex (OEC33) possesses carbonic anhydrase (CA) activity and the inhibition of CA activity of OEC33 lowers the maximal quantum yield of PSII in the isolated thylakoid membrane [79]. Moreover, it was suggested that Mn would be the co-factor of this CA activity, unlike other CAs [80]. Actually, in Mn-deficient plants, the maximal quantum yields of PSII (Fv/Fm) was severely suppressed (Supplementary Table S2). Therefore, Mn deficiency would lead to a lowered supply of electrons from PSII to PSI, while it would result in relatively small influences on the Calvin–Benson cycle (CBC), which caused the rapid suppression of Y(NA) (Figure 3).



Ca also contributes to the function of OEC, stabilizing the redox potential and the interaction around the Mn4CaO5 cluster [81,82]. Therefore, Ca-deficient plants also showed type II behavior for the same reason as the Mn deficiency. However, the contribution of Ca to the function of OEC is relatively minor when compared to Mn [83], which gave higher Y(II) and Y(I) values in Ca-deficient plants than those in Mn deficiency-treated plants (Figure 3).



S composes sulfur-containing amino acids and iron sulfur clusters. The disulfide linkages in some thiol enzymes of CBC, such as glyceraldehyde-3-phosphate dehydrogenase (GAPDH), fructose 1,6-busphosphatase (FBPase), sedoheptulose-1,7-bisphosphatase (SBPase) and phosphoribulokinase (PRK), the γ-subunit of ATP synthetase, and the redox regulator protein, thioredoxin, are the redox state-dependent switch of their activity [10,84]. S-deficient plants showed a different behavior from Fe-deficient plants, although Fe is also the essential component of iron-sulfur proteins (Figure 3). Therefore, it could be estimated that there would be a malfunction of thioredoxin-mediated redox regulation in S-deficient plants. However, it remains unclear why the rapid relief of Y(NA) and high Y(ND) were observed in S-deficient plants (Figure 3).



Zn is one of the components of a lot of enzymes in plants, including the carbonic anhydrase and Cu-Zn superoxide dismutase (SOD) [85]. Considering the CO2 saturated condition in our measurements, Zn deficiency did not seem to influence the CO2 supply to Rubisco. We could not estimate how numerous Zn deficiency-induced metabolic dysfunctions caused the specific response of photosynthetic parameters (Figure 3).



Mg is one of the components of chlorophyll and is essential for the activation of Rubisco [86,87]. Therefore, Mg-deficient plants showed lowered Fv/Fm (Supplementary Table S2) and prolonged induction of the photosynthetic parameters (Figure 3).



K, one of the three major nutrients for plants, is involved in the leaf anatomy [87,88], ionic equilibrium at intramembrane, and the activation of carboxylation activity of Rubisco [88,89]. It was reported that the anatomical alteration in leaves by K deficiency lowered the mesophyll conductance [90]. In the current study, photosynthetic measurements were carried out under CO2 saturated conditions. Therefore, the influences of a K deficiency on photosynthetic parameters are caused by other reasons, such as the delay of the activation of Rubisco and the malfunction of the ΔpH-induced regulation of the electron transport reaction, which could cause the high-Y(NA) symptom (Figure 3).



Cu is essential for the function of PC, the electron donor of PSI [91]. Actually, the Cu-deficient plants showed a low amount of photo-active PC (10% of the control plants), measured by Dual KLAS-NIR (Heinz Walz, Effeltrich, Germany) (data not shown; see [92] for the methods). We estimated that the low Y(NA) values at 0 min (approximately 0.7, Figure 3), which was the specific response observed only in Cu-deficient plants, were due to the lack of an electron donor of PSI. However, it is still unclear why such a retarded relief of Y(NA) was observed (Figure 3).



Fe is essential in the photosynthetic apparatus as the component of the electron carriers, such as Fx, FA/FB, and Fd at the acceptor side of PSI, and Cyt bL/bH, rieske Fe-S cluster and Cyt f at Cyt b6f complex [93,94]. Moreover, proto IX monomethyl ester cyclase and chlorophyllide a oxygenase, the enzymes in the chlorophyll biosynthesis pathway, contain an iron-sulfur cluster [95]. Therefore, the chlorophyll content in leaves was significantly decreased in Fe-deficient plants (Supplementary Table S2). In Fe-deficient plants, Y(ND) was suppressed to nearly zero and Y(NA) remained high throughout the illumination (Figure 3). Therefore, it could be estimated that the iron-sulfur electron acceptors of PSI would be suppressed in Fe-deficient plants. This strong acceptor-side limitation of PSI led to significant photoinhibition of PSI, as we can see in the decrease in the Pm value of Fe-deficient plants (about 20% of control plants) (Supplementary Table S2).



B is not directly involved in the photosynthetic apparatus. B is known for the components of the cell walls and contributes to the stabilization of the cell walls by borate cross-linking of pectin [96]. Therefore, B deficiency could influence the mesophyll conductance. Considering the CO2 saturated conditions in our measurements, however, the typical response of B-deficient plants cannot be fully explained (Figure 3).



Mo is also not directly involved in the photosynthetic apparatus, and is one of the components for nitrate reductase. It is known that Mo deficiency suppresses the activity of nitrate reductase, resulting in the accumulation of nitrate in plants [97]. It could be estimated that the accumulation of nitrate would somehow suppress the photosynthetic reaction, which would cause such a retarded induction of photosynthetic parameters (Figure 3).



Combining original plots and normalized plots (supplementary with the difference plots, Fv/Fm and Pm) (Figure 3, Figure 4, Figure 5 and Figure 6 and Supplementary Table S2), we confirmed that each mineral-deficient plant showed different features in the photosynthetic parameters during the induction period of photosynthesis. Importantly, we confirmed the high reproducibility of the diverse responses of the photosynthetic parameters to nutrient deficiencies in sunflower plants. If we observed the typical response to the essential mineral deficiency, we could identify which minerals were deficient during the cultivation of plants and crops. Under field conditions, plants and crops would be exposed to the deficiencies and sometimes an excess of several types of essential minerals at the same time [98]. More studies should be advanced on the applicability of this method to field-grown plants, and moreover, on the detailed mechanisms of how each mineral deficiency influences the photosynthetic electron transport reaction, directly and indirectly.




5. Conclusions


In the present research, we confirmed the typical responses of photosynthetic parameters in the 10-min induction period of photosynthesis depending on 12 kinds of nutrient deficiencies. The feasibility of the diagnosis method of the nutrient condition in plants and crops was strongly suggested by the non-destructive measurements of photosynthetic parameters, which took only 10 min. For the future study, the applicability of this method needs to be tested in field-grown plants exposed to the more complicated nutrient condition [98], and more research should be conducted on the detailed mechanisms of how each nutrient deficiency influences the photosynthetic electron transport reaction.
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Figure 1. Induction of photosynthesis parameters for photosystems I (PSI) and II (PSII) of the intact leaves of the sunflower plants (Helianthus annuus). (A) PSI parameters: Y(I), Y(NA), and Y(ND) were plotted against the actinic light (AL) illumination time. (B) PSII parameters: Y(II), Y(NPQ), and (1 − qL) were plotted against the AL illumination time. The leaves were illuminated with AL of 1000 µmol photons m−2 s−1 in the presence of 1% CO2 and 20% O2 in the chamber (25 °C). AL was turned on at 0 min. Each data set presented is a typical representation. 
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Figure 2. Relationships between Y(ND) and Y(II). The data were from the induction analysis of photosynthesis parameters, as shown in Figure 1, and the steady-state values of both Y(II) and Y(ND) were plotted. Sunflower plants (Helianthus annuus) were grown under the nutrient-deficiency conditions, as follows. Circles: red, control; orange, nitrogen deficiency (–N); pink, phosphate deficiency (–P). Diamonds: dark blue, potassium deficiency (–K); blue, iron deficiency (–Fe); purple, copper deficiency (–Cu); pale blue, magnesium deficiency (–Mg); dark purple, boron deficiency (–B); medium purple, molybdenum deficiency (–Mo); pale green, calcium deficiency (–Ca); dark green, sulfur deficiency (–S); green, zinc deficiency (–Zn); pale-green, manganese deficiency (–Mn). Sunflower plants (Helianthus annuus) were grown in the fields, as follows. Responses of Y(ND) against Y(II) were divided into three types: High P700 Oxidation, Middle P700 Oxidation, and Low P700 Oxidation. Please see the details in the text for more information (in Section 3.2). 
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Figure 3. Effects of the nutrient-deficiency treatments on the induction of the photosynthesis parameters for PSI and PSII in the intact leaves of sunflower plants (Helianthus annuus). Data are taken from Figure 1. These parameters [Y(I), blue; Y(ND), red; Y(NA), green; Y(II), black] during the induction of photosynthesis were plotted against the AL illumination time in the radar-chart plots (Original plots). Nutrient-deficiency treatments are follows: Type-I: nitrogen deficiency (–N); phosphate deficiency (–P). Type-II: calcium deficiency (–Ca); zinc deficiency (–Zn); sulfur deficiency (–S); manganese deficiency. Type-III: molybdenum deficiency (–Mo); copper deficiency (–Cu); magnesium deficiency (–Mg); boron deficiency (–B); potassium deficiency (–K); iron deficiency (–Fe). Data are shown as mean values (line) + standard deviation (shadow) and were calculated from the data collected from our four experiments. 
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Figure 4. Effects of nutrient-deficiency treatments on the photosynthesis parameters of PSI and PSII in the intact leaves of sunflower plants (Helianthus annuus). Data were calculated from Figure 3. The parameters [Y(I), blue; Y(ND), red; Y(NA), green; Y(II), black] were the difference values between the control and the nutrient deficiency (difference original plots). Nutrient-deficiency treatments are as follows: Type-I: nitrogen deficiency (–N); phosphate deficiency (–P). Type-II: calcium deficiency (–Ca); zinc deficiency (–Zn); sulfur deficiency (–S); manganese deficiency. Type-III: molybdenum deficiency (–Mo); cupper deficiency (–Cu); magnesium deficiency (–Mg); boron deficiency (–B); potassium deficiency (–K); iron deficiency (–Fe). Data presented are the differences of the means between the control plot and each mineral-deficiency plot, and were calculated from the data collected from our four experiments. The results of statistical treatments between the means of the four parameters at 0, 2.5, 5, 7.5, and 10 min by Student’s t-test are presented in each panel and Supplementary Table S3. * and ** denote statistically significant differences at p < 0.05 and p < 0.01, respectively. The colors of the asterisks correspond to those of the four parameters described above. 
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Figure 5. Effects of nutrient-deficiency treatments on the photosynthesis parameters of both photosystems PSI and PSII in the intact leaves of sunflower plants (Helianthus annuus). Data were calculated from Figure 3. The parameters [Y(NA)/Y(II)N, green; Y(ND)/Y(II)N, red; (1 − qL)/Y(II)N, blue; Y(NPQ)/Y(II)N, yellow; Y(II), black] during the induction of photosynthesis were plotted against the AL illumination time in the radar-chart plots (Normalized plots). These parameters were normalized by being divided by their maximal values, except for Y(II). Nutrient-deficiency treatments were as follows: Type-I: nitrogen deficiency (–N); phosphate deficiency (–P). Type-II: calcium deficiency (–Ca); zinc deficiency (–Zn); sulfur deficiency (–S); manganese deficiency. Type-III: molybdenum deficiency (–Mo); cupper deficiency (–Cu); magnesium deficiency (–Mg); boron deficiency (–B); potassium deficiency (–K); iron deficiency (–Fe). Data are shown as mean values (line) + standard deviation (shadow) and were calculated from the data collected from our four experiments. 
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Figure 6. Effects of nutrient-deficiency treatments on the photosynthesis parameters of PSI and PSII in the intact leaves of sunflower plants (Helianthus annuus). Data were calculated from Figure 4. The parameters [Y(NA)/Y(II)N, green; Y(ND)/Y(II)N, red; (1 − qL)/Y(II)N, blue; Y(NPQ)/Y(II)N, yellow; Y(II), black] were the differences between the control and the nutrient deficiency (difference normalized plots). Nutrient-deficiency treatments were as follows: Type-I: nitrogen deficiency (–N); phosphate deficiency (–P). Type-II: calcium deficiency (–Ca); zinc deficiency (–Zn); sulfur deficiency (–S); manganese deficiency. Type-III: molybdenum deficiency (–Mo); cupper deficiency (–Cu); magnesium deficiency (–Mg); boron deficiency (–B); potassium deficiency (–K); iron deficiency (–Fe). Data were the differences in the mean between the control plot and each mineral-deficiency plot, which were calculated from the data collected from our four experiments. The results of statistical treatments between the means of the four parameters at 0, 2.5, 5, 7.5, and 10 min by Student’s t-test are presented in each panel and Supplementary Table S3. * and ** denote statistically significant differences at p < 0.05 and p < 0.01, respectively. The colors of the asterisks correspond to those of the four parameters described above. 
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