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Although photosynthetic response to light has been extensively studied at the single-leaf level, little is known about the response at the whole-plant level. The present study aims to reveal the differences in the photosynthetic response to light under steady and non-steady states between the single leaf and whole plant in Arabidopsis thaliana and to investigate the mechanisms underlying these differences with respect to leaf aging. First, we developed an open system for gas exchange measurement of the whole plant of Arabidopsis. It enabled the photosynthetic response to dynamic environmental changes to be directly compared between the single leaf and whole plant. The photosynthetic response to the fluctuating light did not differ significantly between the single leaf and whole plant. This result is partly confirmed by the fact that the leaves at different ages showed no difference in the photosynthetic induction after a step change in light. On the other hand, light response analysis for steady-state photosynthesis showed a higher apparent quantum yield in the whole plant than in the single leaf. This difference might be attributed to the difference in the efficiency of light absorption and/or utilization of absorbed light among the leaves at different ages.
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1 Introduction

Photosynthesis has been an attractive target for enhancing plant growth and yield, owing to its physiological role that determines biomass production in plants (Long et al., 2006). In field conditions, environmental factors including temperature, humidity, light intensity, and CO2 concentration dynamically change over short to long terms. Over a short term, environmental factors can fluctuate on a time scale from seconds to hours, which impacts photosynthetic performance and, consequently, biomass production in plants (Yamori, 2016). Thus, there have been efforts to elucidate the photosynthetic response to environmental fluctuations as well as its regulatory mechanisms in plants. This knowledge can provide promising pathways toward improving biomass production by plants in the field through a genetic engineering approach (Kromdijk et al., 2016).

Given the critical role of light as a primary driver of photosynthesis, previous studies have investigated the photosynthetic response to light intensity and quality (Ögren and Evans, 1993; Loreto et al., 2009; Terashima et al., 2009). During crop growing seasons, light intensity often exceeds 2,000 µmol photons m-2·s-1 on clear days, with fluctuations occurring within less than seconds to minutes due to the changes in solar angle, cloud cover, and self- or mutual shading by plant canopies (Tanaka et al., 2019). This motivated previous researchers to investigate the photosynthetic response to light under steady and non-steady states. Following a step increase in light, the CO2 assimilation rate reaches the steady state with a gradual increase, which is commonly referred to as “photosynthetic induction” (Pearcy and Seemann, 1990). It was simulated that the potential loss of daily carbon gain due to photosynthetic induction can exceed 20% in crops in fields (Taylor and Long, 2017; Tanaka et al., 2019). Importantly, faster photosynthetic induction contributed to greater carbon gain and biomass production in Arabidopsis [Arabidopsis thaliana (L.)] under fluctuating light conditions (Papanatsiou et al., 2019; Kimura et al., 2020; Sakoda et al., 2020). These facts emphasize the need to elucidate the photosynthetic response to light under steady and non-steady states for understanding the physiological basis of biomass production of plants in fields.

Most previous studies analyzed the photosynthetic response to light at the single-leaf level, so little is known about the response at the whole-plant level (Eyland et al., 2021). Land plants typically consist of many leaves differing in age and spatial arrangement. It has been reported that the apparent quantum yield based on the light response curve of steady-state photosynthesis and the speed of photosynthetic induction differ among leaves at different ages in tomatoes [Solanum lycopersicum (L.)] (Zhang et al., 2022). Moreover, photosynthetic response to the fluctuating light differs among leaves at different positions within a rice [Oryza sativa (L.)] canopy (Acevedo-Siaca et al., 2021). Several studies have shown that the speed of leaf photosynthetic induction differs when a single leaf or whole plant is illuminated, which evidences the systemic-regulatory mechanisms of photosynthetic induction (Guo et al., 2016; Shimadzu et al., 2019). These results suggest that the observable photosynthetic response to light can differ between the single leaf and whole plant. To bridge the gap between the knowledge at the single-leaf and whole-plant levels, the difference in photosynthetic response to light under steady and non-steady states and the underlying mechanisms need to be revealed. This has the potential to provide a novel insight into the biomass production by field-grown plants, because the biomass production depends on the combined carbon gain through photosynthesis in all leaves rather than in a single leaf (Long et al., 2006).

The objective of the present study is to reveal the photosynthetic response to light under steady and non-steady states in the whole plant and its difference from the single-leaf response in plants. To achieve this, we first developed a custom chamber for the whole plant of Arabidopsis that can be connected to an open gas-exchange measurement system. This enables the direct comparison of photosynthetic response to dynamic environmental changes between the single leaf and whole plant. The photosynthetic response to the fluctuating light was compared in the single leaf and whole plant under singular and repeatedly changing light conditions. The light response curve of steady-state photosynthesis (i.e., A-Q curve) was also analyzed to evaluate the apparent quantum yields. Furthermore, we investigated the photosynthetic induction and A-Q curve in the single leaf through the aging process to discuss the mechanisms underlying the difference in the photosynthetic response to light between the single leaf and whole plant.




2 Materials and methods



2.1 Plant materials and cultivation

The present study used Columbia-0 (CS60000) of Arabidopsis. In the growth chamber, Arabidopsis plants were grown in equivalent mixtures of vermiculite and nutrient soil (Metro-Mix; Sun Gro Horticulture, Agawam, MA, USA) at an air humidity of 70% and a photosynthetic photon flux density (PPFD) of 100 µmol photons m-2 s-1. The day/night length was 10/14h with a constant air temperature of 22°C. Throughout the growth period, a plant distribution in the growth chamber was randomly arranged every 3-4 days to minimize the spacing effects. The plants at 33-66 days after the sowing were used for the gas exchange measurements before they began bolting.




2.2 Chamber specifications for gas exchange measurement at a single leaf and whole plant in Arabidopsis

For gas exchange measurement of a single leaf, we used the clear-top chamber (leaf chamber) with a volume of 102 cm3 connectable to an open gas-exchange measurement system, LI-6800 (LI-COR, Lincoln, NE, USA) (Supplementary Figure S1A). The top of the leaf chamber is covered by Propafilm with a high transparency. Moreover, we constructed the specialized chamber (whole plant (WP) chamber) to measure gas exchange in a whole plant of Arabidopsis (Figure 1). The chamber with a volume of 2495.5 cm3 is made of acrylic and consists of two parts: (1) a cylindrical cover with an opened bottom and (2) a circular base plate. A thickness of a cylindrical cover is 0.5 cm. The base plate is equipped with an O-ring to prevent gas leaks. The cylindrical cover is equipped with an air-mixing fan where the rotation speed can be controlled depending on the applied voltage as shown in Supplementary Figure S2. In addition, it has two holes for an air inlet and outlet connected to LI-6800 via a silicone tube.




Figure 1 | The design of the whole plant chamber for gas exchange measurements. (A) 3D picture of the chamber for gas exchange measurements with the whole plant of Arabidopsis. The chamber consists of two parts: (B) a cylindrical cover with an opened bottom and (C) a circular base plate. The cylindrical cover is equipped with an air-mixing fan where the rotation speed can be controlled depending on the applied voltage. In addition, it has two holes for an air inlet and outlet connected to an open gas exchange measurement system via a tube. The base plate is equipped with an O-ring to prevent gas leaks.



We measured spectral properties of a direct light from the light-emitting diodes (LEDs) in the growth chamber and the light transmitted through Propafilm and acryl used for the leaf and WP chambers, respectively, by using a spectroradiometer (USR45, Ushio Inc., Tokyo, Japan) (Supplementary Figure S1).




2.3 Evaluation of the effects of fan speed and flow rate on photosynthetic response to light

The leaf and WP chambers largely differ in terms of air-mixing speed and volume. The wind speed was previously demonstrated to affect the leaf boundary layer conductance and, subsequently, CO2 assimilation rate (Kitaya et al., 2003). The difference in an air-mixing speed controlled by the fan results in the difference in wind speed, which can affect the evaluation of photosynthetic response to light. Furthermore, the volume difference between two chambers leads to differential gas-replacement speeds at an equivalent flow rate. This potentially induces the difference in the detection sensitivity to [CO2] changes due to photosynthesis and, in turn, can affect the evaluation of photosynthetic response. Considering these facts, we first examined the effects of the differences in a fan speed and flow rate on the photosynthetic response at a single leaf level. The CO2 assimilation rate per unit leaf area (A) was measured using the leaf chamber at 10-sec intervals after a step increase in light from a PPFD of 100 for 5 min to 500 µmol photons m-2 s-1 for 15 min at a flow rate of 120, 200, or 300 µmol s-1 and a fan speed of 8000 rpm, or a fan speed of 3000, 5000, or 8000 rpm and a flow rate of 300 µmol s-1, with [CO2] of 400 µmol mol-1, relative humidity (RH) of 55-75%, and air temperature of 26°C. Moreover, A was measured using the WP chamber at wind speeds of 0.35, 0.59, or 0.75 m s-1, respectively, with a flow rate of 1600 µmol s-1, under the same conditions of light, [CO2], RH, and air temperature in the single leaf measurement. Arabidopsis plants were illuminated under a PPFD of 100 µmol photons m-2 s-1 for more than 60 min before the measurements.




2.4 Comparison of gas-replacement speeds between the leaf and whole-plant chambers

To compare the rapidity of photosynthetic response to the fluctuating light using leaf and WP chambers, the flow rates at which the gas-replacement speed becomes equivalent between two chambers need to be clarified. For this objective, the change in [CO2] of the sample gas ([CO2S]) was measured at 10-sec intervals for 10 minutes when targeted [CO2] of the reference gas ([CO2R]) was changed between 300 and 400 μmol mol-1 at flow rates of 100, 125, 150, 175, and 200 μmol s-1 for the leaf chamber and 800, 1000, 1250, 1500 and 1600 μmol s-1 for the WP chamber. For the measurements conducted using the WP chamber, a dummy object with the same volume as a soil-filled pot (≒284 cm3) was placed in the chamber. Subsequently, we calculated the time when [CO2S] reached 350 μmol mol-1, defined as t50_CO2S. For each chamber, t50_CO2S was calculated when [CO2R] changed from 400 to 300 μmol mol-1 or 300 to 400 μmol mol-1, and it was plotted against the flow rates. The functions representing t50_CO2S as a variable of the flow rate were derived through curve fitting for each chamber. Employing these curve-fitted functions, we calculated the flow rate at which t50_CO2S is equal between two chambers. Curve fitting was performed by using the curve fitting tool in the SciPy optimize module of Python (Python Software Foundation, Wilmington, DE, USA).




2.5 Evaluation of photosynthetic response to light under the steady and non-steady states at single-leaf and whole-plant levels

Gas exchange measurements were performed inside the growth chamber maintained at a RH of 50%, and air temperature of 26℃ for the single leaf measurement and 22℃ for the whole plant measurement (Supplementary Figure S1). In addition, the air conditions blown into leaf and WP chambers were targeted at [CO2] of 400 μmol mol-1 and a temperature of 26℃. The flow rates were 122 and 1600 μmol s-1 for the leaf chamber and WP chamber, respectively, where the gas-replacement speed becomes equivalent between two chambers. The fan speed was 3000 rpm for the leaf chamber, and the wind speed was 0.35 m s-1 for the WP chamber. For the leaf chamber measurements, the largest and undamaged leaf was selected from each plant. Singular and repeatedly changing light conditions were generated by LED lights placed at the top and side of the growth chamber. (Supplementary Figure S1). The singular changing light condition comprised darkness for 5 min and a PPFD of 500 μmol photons m-2 s-1 for 80 min (Supplementary Figure S3A). The repeatedly changing light condition comprised darkness for 5 min at the beginning, followed by 10 cycles of a PPFD of 60 and 500 μmol·photons·m-2·s-1 for 3 min (Supplementary Figure S3B). In addition, the repeatedly changing light condition was followed by a PPFD of 500 μmol·photons·m-2·s-1 for 20 min to achieve the full A induction. The A was recorded at 10-sec intervals under two light conditions. After A reached a steady state under a PPFD of 500 μmol·photons·m-2·s-1, A was measured under PPFD changed in the order of 150, 125, 100, 75, 60, and 0 μmol·photons·m-2·s-1 at 3 min intervals to analyze the light response curve of a steady-state A (i.e., A-Q curve) at [CO2R] of 400 and 1000 μmol·mol-1. Before all the measurements, Arabidopsis plants were left overnight to adapt them to darkness. To avoid the effect of systemic regulation on the A measurement at the single leaf, the whole part not only the measured leaf was illuminated under a PPFD of 500 μmol·photons·m-2·s-1.

As for the WP chamber measurements, the observed CO2 assimilation rate includes the CO2 emissions from the soil and roots. To eliminate the effect of these CO2 emissions, gas exchange measurements with the whole plant were followed by the measurement with the soil and roots after cutting off the above-ground parts of plants. The CO2 assimilation rate for a whole plant was calculated by subtracting the values obtained from the soil and root measurements from those obtained from the whole-plant measurements (Supplementary Figure S4). The A was calculated by dividing the CO2 assimilation rate for whole plant by the total leaf area. Here, we first examined the relationship between the projected leaf area (PLA) and actual leaf area (ALA) measured by the destruction of the plant to separate each leaf. The PLA and ALA (cm2) were measured by using imaging analysis software, ImageJ (NIH, Bethesda, MD, USA). The relationship between PLA and ALA clearly fits the linear regression described as ALA = 1.1264 x PLA -1.5221 (Supplementary Figure S5A). Using this equation, we estimated ALA from the PLA and then calculated A on the basis of ALA.

To examine the leaf-aging effect on photosynthetic response to light at the single leaf level, we conducted gas exchange measurements under the singular changing light condition and A-Q curve analysis on the same leaf at seven-day intervals over a period of four weeks (Supplementary Figure S6). In addition to A, the stomatal conductance (gs) and intercellular CO2 concentration (Ci) was recorded during the measurements. To evaluate the induction of A corrected for stomatal limitation, A assuming Ci = 300 μmol mol -1 (A*) was calculated during the photosynthetic induction as described in Soleh et al., 2016. The assumed Ci value can be set within the dynamic range of Ci during the measurement. The present study assumed Ci = 300 μmol mol -1 because Ci mostly ranged within 200 to 400 μmol mol -1 during the measurements.




2.6 Definition of the parameters related to photosynthetic response to light

To evaluate induction kinetics of A, A*, and gs, we calculated the normalized values of each parameter (Aind, A*ind, and gsind) defined as the following equations as described by Sakoda et al. (2020):

	

where Xmin represents the steady-state values under darkness or a PPFD of 100 µmol photons m-2 s-1 prior to the high-light illumination, Xmax represents the maximum values under a PPFD of 500 μmol·photons·m-2 s-1, and Xt represents values at a given time after a step change in light intensity. We evaluated the time when Xind reached the closest values of 50%, 60%, 70%, 80%, and 90% to the maximum values (t50 - t90) under the singular and repeatedly changing light conditions. For the repeatedly changing light condition, Aind was compared between the single leaf and whole plant at 1, 2 and 3 min after the light transient from low to high light in 1-10 cycles. The cumulative CO2 assimilation (CCA) was calculated by summing A under the repeatedly changing light condition. In the A-Q curve analysis, we calculated the initial slope as the apparent quantum yield between A and light intensities under a PPFD of 60, 75, 100 µmol photons m-2 s-1. In addition, the maximum rate of increase in gs (dgs/dtmax) and a lag in time for dgs/dt to reach dgs/dtmax (λ) were calculated to evaluate the stomatal opening speed during the photosynthetic induction, as described in Sakoda et al. (2021).




2.7 Statistical analysis

The significance of variation in each parameter was evaluated between the single leaf and whole plant by one-way analysis of variance (ANOVA) or among the leaves at different ages by repeated measures ANOVA at p< 0.05 and 0.01. The correlation among the parameters was analyzed by a using tool in the Seaborn libraries of Python. These analyses were conducted with the individual replicates for each parameter. The significance of correlations among the parameters was evaluated using Pearson’s correlation analysis at p< 0.05 and 0.01. Statistical analyses were performed by using R version 4. 3. 3 (R Foundation for Statistical Computing, Vienna, Austria).





3 Results



3.1 Effects of the fan speed and flow rate on the photosynthetic response to light

First, we investigated the effect of the fan speed and flow rate on the evaluation of the photosynthetic response to light under steady and non-steady states. The time course of the Aind change and steady state A after step increase in light from a PPFD of 100 to 500 µmol m-2 s-1 was evaluated at three different fan speeds and flow rates using the leaf chamber, and three fan speeds using the WP chamber (Figures 2A, B, Supplementary Figure S3). As for the single-leaf measurements, t50A- t90Aand steady state A did not differ significantly among the three fan speeds (Figures 2C, E). In contrast, higher flow rates resulted in lower t50A-t80A and slightly lower steady state A under a PPFD of 100 µmol m-2 s-1 (p<0.05) (Figures 2D, F). As for the whole-plant measurements, t50A- t90Adid not differ significantly among the three wind speeds, while higher wind speed resulted in slightly lower steady state A under a PPFD of 100 µmol m-2 s-1 (p<0.05) (Supplementary Figure S7). These results demonstrate that the flow rate has a major effect on the evaluation of the photosynthesis under non-steady state not but steady state, while the wind speed has a minor effect under both states.




Figure 2 | The effect of the fan speed and flow rate on the photosynthetic response to light at the single-leaf level. The change in the CO2 assimilation rate (A) and steady state A was measured after a step increase in light from a PPFD of 100 to 500 µmol photons m-2 s- in several (A) fan speed and (B) flow rate conditions: the fan speeds of 3000, 5000, and 8000 rpm at the flow rate of 300 µmol s-1, and the flow rates of 122, 200, and 300 µmol s-1 at the fan speed of 8000 rpm. We calculated the relative values of the time for A to reach 50-90% to maximum value (t50 - t90) and steady state A at (C, E) the fan speeds of 3000 and 5000 to 8000 rpm, and (D, F) the flow rates of 122 and 200 to 300 µmol s-1. Each boxplot represents 3 replicates. Different letters indicate significant differences among the fan-speed or the flow-rate conditions at p< 0.05.






3.2 Evaluation of the gas-replacement speed and leak effect on A calculation for the leaf and whole-plant chambers

We evaluated the time course of the [CO2S] changes when the targeted [CO2R] was changed between 300 and 400 µmol mol-1 or vice versa in both leaf and WP chambers (Figure 3A). In both chambers, higher flow rates led to faster gas replacement. The functions representing t50_CO2S as a variable of flow rate could be expressed as an exponential function for the leaf chamber and as a quadratic function for the WP chamber (Figure 3B). Based on these functions, t50_CO2S will be equivalent between the two chambers when the flow rate is 1600 μmol s-1 for the WP chamber and 120-122 μmol s-1 for the leaf chamber. These flow rate settings are expected to equalize the gas-replacement speed between two chambers and thus were adopted to the gas exchange measurement to compare the photosynthetic response to light between the single leaf and whole plant.




Figure 3 | Comparison of gas-replacement speed between the leaf and whole-plant chambers. (A) The change in [CO2] of sample gas ([CO2S]) was compared at the flow rates of 100, 125, 150, 175, and 200 µmol s-1 for the leaf chamber and 800, 1000, 1250, 1500, and 1600 µmol s-1 for the whole-plant (WP) chamber when [CO2] of reference gas ([CO2R]) was changed between 300 and 400 µmol mol-1. (B) The time for [CO2S] to reach 50% of the targeted value (t50_CO2S) is plotted against the flow rates. The functions representing t50_CO2S as a variable of the flow rate are shown as the dashed line for the leaf and WP chambers.



To evaluate the leak effect on calculated A for two chambers, we compared the difference in [CO2R] and [CO2S] (ΔCO2) when [CO2R] is stable at 300 or 400 μmol mol-1 under the flow rate of 125 μmol s-1 for the leaf chamber and 1600 μmol s-1 for the WP chamber without the plants (Supplementary Figure S8). When [CO2R] was changed from 300 to 400 μmol mol-1, ΔCO2 was -0.32 μmol mol-1 at [CO2R] of 300 μmol mol-1 and -0.17 μmol mol-1 at [CO2R] of 400 μmol mol-1 for the leaf chamber and -0.38 μmol mol-1 at [CO2R] of 300 μmol mol-1 and 0.13 μmol mol-1 at [CO2R] of 400 μmol mol-1 for the WP chamber. When [CO2R] was changed from 400 to 300 μmol mol-1, ΔCO2 was -0.31 μmol mol-1 at [CO2R] of 300 μmol mol-1 and -0.27 μmol mol-1 at [CO2R] of 400 μmol mol-1 for the leaf chamber and -0.38 μmol mol-1 at [CO2R] of 300 μmol mol-1 and -0.12 μmol mol-1 at [CO2R] of 400 μmol mol-1 for the WP chamber. Moreover, we calculated the percentage of ΔCO2 derived from the leak to ΔCO2 during the photosynthetic induction under the singular changing light condition. ΔCO2 derived from the leak was assumed to be -0.32 μmol mol-1 for the leaf chamber and -0.38μmol mol-1 for the WP chamber. The percentage was stable at 18.5% for the leaf chamber and 6.5% for the WP chamber under the initial darkness and subsequently increased and decreased substantially during the photosynthetic induction. Importantly, the percentage was less than 5% at 1.5 min after a step increase in light, confirming the minor leak effect on calculated A under steady and non-steady states, except for that under darkness.




3.3 Photosynthetic responses to steady and fluctuating light conditions at single-leaf and whole-plant levels

We compared A under steady and non-steady states between the single leaf and whole plant under the singular and repeatedly changing light conditions (Figures 4, 5). Amax was significantly lower in the whole plant than in the single leaf, whereas the difference in Amin was not significant (Figure 4B). On the other hand, the A-Q curve analysis showed that steady-state A under a PPFD ranging from 0 to 150 μmol·photons·m-2·s-1 was significantly higher in the whole plant than in the single leaf, and the initial slope value was higher in the whole plant (Figure 5). In addition, A-Q curves obtained at the single leaf and whole plant level was quite similar under [CO2R] of 400 and 1000 µmol mol-1. These results indicate that the apparent quantum yield is higher in a whole plant than in a single leaf under low-light conditions, independent of the stomatal limitation.




Figure 4 | Comparison of photosynthetic response to light between the single leaf and whole plant. (A) The changes in A and (B) steady state A were measured after a step increase in light from darkness to a PPFD of 500 µmol photons m-2 s-1 in the single leaf and whole plant. (C) The changes in the induction state of A (Aind) and (D) the time for Aind to reach 50-90% to maximum value were compared between the single leaf and whole plant. In addition, (E) the changes in A and (F) cumulative CO2 assimilation (CCA) under a repeated changing light conditions between a PPFD of 60 (gray boxes) and 500 µmol photons m-2 s-1 were measured. (G) The changes in Aind and (H) Aind at 3 min after high-light illumination at each cycle were compared between the single leaf and whole plant. Each boxplot represents 4-6 replicates. * indicates significant differences between the single leaf and whole plant at p< 0.05.






Figure 5 | Comparison of A-Q curve between the single leaf and whole plant. The light response of steady state A was measured at PPFDs of 0, 60, 75, 100, 125, and 150 µmol photons m-2 s-1, and the apparent quantum yield was compared between the single leaf and whole plant under [CO2R] of (A, B) 400 and (C, D) 1000 µmol mol-1. The plots in A-Q curve and boxplot represent 3-6 replicates. Vertical bars in panel (A) and (C) indicate the standard error. * and ** indicate significant differences between the single leaf and whole plant at p< 0.05 and 0.01, respectively.



Under the singular changing light condition, the speed of photosynthetic induction was not significantly different between the single leaf and whole plant (Figures 4C, D). The equivalence in the RH is confirmed for two chambers since RH varied from 60.9 to 74.0% in the leaf chamber and from 63.8 to 77.5% in the WP chamber, respectively, during the measurements (Supplementary Figure S9). Under the repeatedly changing light condition, A under a PPFD of 500 μmol·photons·m-2·s-1 was higher in the single leaf than in the whole plant, while A under a PPFD of 60 μmol·photons·m-2·s-1 was higher in the whole plant, resulting in no significant difference in CCA between the single leaf and whole plant (Figures 4E, F). There was no significant difference in the speed of photosynthetic induction after a step increase in light between the single leaf and whole plant as Aind at 3 min under a high light was similar in all the cycles (Figures 4G, H).




3.4 Effect of leaf aging on photosynthetic response to light

We investigated the effect of leaf aging on the photosynthetic response to light (Figures 6–8). Under the singular changing light condition, Amax reduced through leaf aging, although the variation among the four stages was not significant (Figures 6A, B). Amin changed little, while it showed the significant variation among the four stages. There was no significant variation in t50A- t80A among the four stages (Figures 6C, D), but there was significant variation at W4. The A-Q curve analysis showed A reduced under a PPFD ranging from 60 to 150 µmol m-2 s-1 (not significant) and the initial slope significantly reduced through leaf aging (Figures 6E, F).




Figure 6 | The leaf aging effect on the photosynthetic response to light under steady and non-steady states. (A) The changes in A and (B) steady state A were measured after a step increase in light from darkness to a PPFD of 500 µmol photons m-2 s-1 in the single leaf at the four aging stages (W1-W4). (C) The changes in Aind and (D) the time for Aind to reach 50-90% to maximum value were evaluated. The light response of steady state A and the apparent quantum yield were evaluated at the four stages, as described in Figure 4. The plots in A-Q curve and boxplot represent 5-6 replicates. Vertical bars in panel (A, C, E) indicate the standard error. The n.s. indicates no significant difference among the four stages. * and ** indicate significant differences among the four stages at p< 0.05 and 0.01, respectively.






Figure 7 | The leaf aging effect on the light response of stomatal and non-stomatal limitations under steady and non-steady states. (A, B) The changes in a stomatal conductance (gs) and (E, F) A corrected for stomatal limitation (A*) and their steady-state values were measured after a step increase in light from darkness to a PPFD of 500 µmol photons m-2 s-1 in the single leaf at the four aging stages (W1-W4). (C, G) The change in the induction state of gs (gsind) and A* (A*ind), and (D, H) the time for gsind and A*ind to reach 50-90% to maximum value was evaluated. The boxplot represents 5-6 replicates. Vertical bars in panels (A, C, E, G) indicate the standard error. The n.s. indicates no significant difference among the four stages. * indicates significant differences among the four stages at p< 0.05.






Figure 8 | Heatmap of correlation co-efficient among the parameters related to photosynthetic response to light through leaf aging. The Pearson’s co-efficient was evaluated among the parameters related to the photosynthetic response to light under steady and non-steady states. The parameters were obtained in the single leaf at the four aging stages (W1-W4). The parameters are as follows: Amax and Amin are maximum and steady-state values of A under a PPFD of 500 µmol m-2 s-1 and darkness, respectively; t50_A, t60_A, t70_A, t80_A, t90_A are the time for A to reach 50-90% to maximum value during induction; gsmax and gsmin are maximum and steady-state values of gs under a PPFD of 500 µmol m-2 s-1 and darkness, respectively; t50_gs, t60_gs, t70_gs, t80_gs, t90_gs are the time for gs to reach 50-90% to maximum value during induction; dgs/dtmax is maximum value of the rate of increase in gs (dgs/dt) and a lag in time for dgs/dt to reach dgs/dtmax (λ) during induction; A*max is maximum value of A* under a PPFD of 500 µmol m-2 s-1; t50_A*, t60_A*, t70_A*, t80_A*, t90_A* are the time for A* to reach 50-90% to maximum value during induction. * and ** indicate significant correlation between the parameters at p< 0.05 and 0.01, respectively.



gsmax significantly reduced through leaf aging, while gsmin changed little (Figures 7A, B). Similar to A, A* reduced through leaf aging but the variation was not significant among the four stages. There was no significant variation in the speed of gs induction, and that of A* induction among all four stages (Figures 7C, D, G, H). The gs induction tended to be faster at W4 than at the other stages, but this could be considered as an apparent rapid response of gs, likely due to the relatively small increase in gs. Although the dgs/dtmax and λ was not significantly different among the four stages, the dgs/dtmax and λ tended to be higher at W1 and W4, respectively, than at the other stages (Supplementary Figure S10).

We conducted a correlation analysis among the parameters related to the photosynthetic response to light under the process of leaf aging. There were significantly positive or negative correlations between the tested parameters (Figure 8). The strong correlation between Amax and gsmax (R = 0.954) suggests that the Amax reduction through leaf aging can be largely attributed to the degraded performance of CO2 diffusion via stomata. t50_A, t60_A, and t70_A strongly correlated with t50_A*, t60_A*, and t70_A*, while t80_A and t90_A strongly correlated with t50_gst90_gs. Although gsmin did not significantly correlate with t50_At90_A, it did with t50_A*t90_A*.





4 Discussion



4.1 Novelty of the whole-plant gas exchange measurement system

The biomass production of plants depends on the sum of CO2 assimilation for all the photosynthetic apparatuses (Long et al., 2006). This fact has driven previous researchers to develop (1) closed, (2) semi-closed, and (3) open systems for gas exchange measurement with the whole plant (Takahashi et al., 2008). The closed system (Katsura et al., 2006) is suitable for the measurements with large plants, but it is not applicable to a sequential measurement for evaluating the photosynthetic response to short-term environmental changes. Several studies proposed open systems to evaluate the photosynthetic response (van Iersel and Bugbee, 2000; Kölling et al., 2015; Jauregui et al., 2018), but these cannot provide enough time-resolution to capture the photosynthetic induction that typically occurs in a time scale from seconds to hours. The open system employing the small chamber can realize the measurements with the high time-resolution (Tocquin and Périlleux, 2004; Brazel et al., 2024), while it encloses the small plants such as Arabidopsis seedlings and does not enable the photosynthetic response to be compared between the single leaf and whole plant in the same plant. When constructing an open system using larger chamber for larger plants, challenges can arise associated with the environmental regulation (e.g. air temperature and humidity, flow rates, light intensity, [CO2]…) inside the chamber. The larger chamber should make more difficult to homogenize environmental conditions spatiotemporally. In the present study, we designed the WP chamber to be connectable to LI-6800 and to be installable in the growth chamber, enabling the highly precise control of environmental conditions. The developed open system can be applied for gas exchange measurement with the whole plant of Arabidopsis with a diameter ≦ 17 cm, which enables the photosynthetic response to be directly compared between the single leaf and whole plant (Figures 1-4). It has the potential to extend our understanding of the photosynthetic response to short-term environmental changes from the single-leaf level to the whole-plant level.




4.2 Difference in the photosynthetic response to light under steady and non-steady states between the single leaf and whole plant

The photosynthetic response to light under steady and non-steady states has been extensively investigated at the single-leaf level in various plant species (Lawson et al., 2012; Sakoda et al., 2022). However, little is known about the photosynthetic response at the whole-plant level. Land plants typically consist of many leaves differing in terms of spatial position and age. Different photosynthetic responses to the fluctuating light were reported between leaves at different ages (Fukayama and Uchida, 1998) and positions (Acevedo-Siaca et al., 2021) in the same plant. These differences possibly lead to the difference in the observable photosynthetic response between the single leaf and whole plant. Importantly, the present study is the first to reveal the whole-plant photosynthetic response to light under steady and non-steady states and its difference from the single-leaf response. The photosynthetic response to the fluctuating light does not significantly differ between the single leaf and whole plant (Figure 4). Arabidopsis forms rosette leaves so that the light environment experienced by each leaf is similar. In addition, the photosynthetic induction was not significantly affected by leaf aging (Figure 6). Therefore, it is possible that there is no large difference in the photosynthetic response to fluctuating light among the leaves at different positions and ages, which results in the similar response between the single leaf and whole plant in Arabidopsis. Note that this consideration does not necessarily apply to the plant species that exhibit vertical stem elongation and leaf expansion.

It was previously shown in soybeans that steady state A under the saturated light conditions was higher in the whole plant than in the single leaf but that under the sub-saturated light conditions was lower (Wheeler et al., 2003). On the other hand, the present study found that steady state A under the low-light conditions and, consequently, the apparent quantum yield was higher in the whole plant than in the single leaf of Arabidopsis (Figure 5). The apparent quantum yield is largely determined by the efficiency to absorb the light by photosynthetic pigments (Gabrielsen, 1948; Leverenz, 1987), and to utilize the absorbed light for CO2 fixation (Skillman, 2008). The efficiency to utilize the absorbed light is affected by the photorespiration and non-photochemical quenching (NPQ), which consumes the light energy in ways that do not contribute to photosynthesis. Considering these facts, the higher apparent quantum yield in the whole plant than the single leaf is hypothesized to be attributed to the following aspects: the higher light absorption efficiency due to the higher chlorophyll content, and/or the higher light utilization efficiency due to lower energy consumption by photorespiration and NPQ, in young leaves than old leaves in Arabidopsis. This hypothesis is partly supported by the fact that the apparent quantum yield linearly reduced through leaf aging in Arabidopsis (Figure 6). In addition, young leaves showed a lower photorespiration level than old leaves in tobacco [Nicotiana tabacum (L.)] and several species of genus citrus (Salin and Homann, 1971), and the lower NPQ level in Arabidopsis (Bielczynski et al., 2017) and barley [Hordeum vulgare (L.)] (Shimakawa et al., 2022).

In the present study, it is necessary to acknowledge the limitations in the comparison of single leaf and whole plant measurements, which are associated with (1) leaf temperature, (2) mutual leaf shading, and (3) boundary layer conductance. Both single leaf and whole plant measurements were conducted under the similar air temperature and light conditions, leading to the expectation that leaf temperatures would be similar between both the measurements. ALA/PLA was higher at the later growth stage compared to the early growth stage (Supplementary Figure S5), indicating that the degree of mutual leaf shading was greater in the later growth stage. As growth progressed, mutual leaf shading might cause the light intensity on some leaves to be lower than on other positions, potentially affecting the A evaluation in the whole plant measurements. Indeed, there was no significant change in A for the whole plant throughout the growth period. It suggests that mutual leaf shading would have a minor impact on the A evaluation with the whole plant. In addition, the differences in wind speed resulted in a slight change in the photosynthetic response to light under steady and non-steady states in the single-leaf and whole-plant measurements, respectively (Figure 2, Supplementary Figure S7). This result suggests that the differences in boundary layer conductance would not be a major factor underlying the differences in the photosynthetic response to light between a single leaf and whole plant. In addition, the difference in the light conditions for the plant cultivation (a PPFD of 100 µmol m-2 s-1) and gas exchange measurement (a PPFD of 60 to 500 µmol m-2 s-1) can affect the evaluation of photosynthetic characteristics in the present study, although often overlooked in other previous studies. Future research is desirable to test this potential effect on photosynthesis in plants.




4.3 Leaf aging effect on photosynthetic response to light under steady and non-steady states

The leaf aging effect has been investigated on photosynthesis under steady and non-steady states. Leaf aging decreases steady state A, accompanied by the reduction in gs, and the activity of biochemical processes related to RuBP carboxylation and regeneration in plants (Makino et al., 1984; Vos and Oyarzún, 1987; Jiang et al., 1993; Loreto et al., 1994), as shown in the present study (Figures 6-8). It was previously shown that leaf aging delayed the photosynthetic induction owing to the increased stomatal and non-stomatal limitations in tomatoes (Zhang et al., 2022). On the other hand, the faster photosynthetic induction was reported in an older leaf than in an younger leaf, associated with the lower ratio of ribulose-1,5-bisphospate carboxylase/oxygenase (Rubisco) to Rubisco activase contents in rice (Fukayama and Uchida, 1998). In Arabidopsis, leaf aging had little impact on the speed of A induction as well as gs and A* inductions (Figures 6, 7). These results suggest that the leaf aging effect on the photosynthetic response under non-steady state would differ among the plant species, depending on the changing pattern of the stomatal and non-stomatal limitations during the aging process.

The present study partly confirms that the photosynthetic response to light in the whole plant depends on the temporal variation in the photosynthetic response of the single leaf, which might be applicable to other plant species. In order to test for this hypothesis, it is required (1) to develop the open system which enables the whole-plant measurement with larger plants, and (2) to evaluate the temporal variation in the single-leaf photosynthetic response in several plant species. In future, further research is expected to tackle these challenges.






Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.





Author contributions

KS: Conceptualization, Data curation, Formal analysis, Investigation, Methodology, Resources, Validation, Visualization, Writing – original draft. SI: Writing – review & editing. AS: Writing – review & editing.





Funding

The author(s) declare that no financial support was received for the research, authorship, and/or publication of this article.




Acknowledgments

We are grateful to Mr. Kazuo Takahashi, Hitoshi Aoki, Shuichiro Inagaki for their help in the plant cultivation, to Mr. Ayumu Sakai, Aoba Nakamoto, Koharu Akiba, Sousuke Kondo, and Yosuke Ishikawa for their help in the gas exchange measurements and data analysis, and to Dr. Joji Yamaguchi for his help in the spectral analysis.





Conflict of interest

Authors KS, AS and SI were employed by the NTT Corporation.





Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2025.1532522/full#supplementary-material




References

 Acevedo-Siaca, L. G., Dionora, J., Laza, R., Paul Quick, W., and Long, S. P. (2021). Dynamics of photosynthetic induction and relaxation within the canopy of rice and two wild relatives. Food Energy Secur. 10, 1–17. doi: 10.1002/fes3.286

 Bielczynski, L. W., Łącki, M. K., Hoefnagels, I., Gambin, A., and Croce, R. (2017). Leaf and plant age affects photosynthetic performance and photoprotective capacity. Plant Physiol. 175, 1634–1648. doi: 10.1104/pp.17.00904

 Brazel, A. J., Turck, F., and Ó’Maoiléidigh, D. S. (2024). Measuring CO2 assimilation ofArabidopsis thaliana whole plants and seedlings. bioRxiv, 2024.01.22.576682. doi: 10.1101/2024.01.22.576682

 Eyland, D., van Wesemael, J., Lawson, T., and Carpentier, S. (2021). The impact of slow stomatal kinetics on photosynthesis and water use efficiency under fluctuating light. Plant Physiol. 186, 998–1012. doi: 10.1093/PLPHYS/KIAB114

 Fukayama, H., and Uchida, N. (1998). Light dependent activation of CO2 assimilation and the ratio of Rubisco activase to Rubisco during leaf aging of rice (Oryza sativa). Physiologia Plantarum 104, 541–548. doi: 10.1034/j.1399-3054.1998.1040404.x

 Gabrielsen, E. K. (1948). Effects of different chlorophyll concentrations on photosynthesis in foliage leaves. Physiologia Plantarum 1, 5–37. doi: 10.1111/j.1399-3054.1948.tb07108.x

 Guo, Z., Wang, F., Xiang, X., Ahammed, G. J., Wang, M., Onac, E., et al. (2016). Systemic induction of photosynthesis via illumination of the shoot apex is mediated sequentially by phytochrome B, auxin and hydrogen peroxide in tomato. Plant Physiol. 172, 1259–1272. doi: 10.1104/pp.16.01202

 Jauregui, I., Rothwell, S. A., Taylor, S. H., Parry, M. A. J., Carmo-Silva, E., and Dodd, I. C. (2018). Whole plant chamber to examine sensitivity of cereal gas exchange to changes in evaporative demand. Plant Methods 14, 97. doi: 10.1186/s13007-018-0357-9

 Jiang, C. Z., Rodermel, S. R., and Shibles, R. M. (1993). Photosynthesis, rubisco activity and amount, and their regulation by transcription in senescing soybean leaves. Plant Physiol. 101, 105–112. doi: 10.1104/pp.101.1.105

 Katsura, K., Maeda, S., Horie, T., and Shiraiwa, T. (2006). A multichannel automated chamber system for continuous measurement of carbon exchange rate of rice canopy. Plant Production Sci. 9, 152–155. doi: 10.1626/pps.9.152

 Kimura, H., Hashimoto-Sugimoto, M., Iba, K., Terashima, I., and Yamori, W. (2020). Improved stomatal opening enhances photosynthetic rate and biomass production in fluctuating light. J. Exp. Bot. 71, 2339–2350. doi: 10.1093/jxb/eraa090

 Kitaya, Y., Tsuruyama, J., Shibuya, T., Yoshida, M., and Kiyota, M. (2003). Effects of air current speed on gas exchange in plant leaves and plant canopies. Adv. Space Res. 31, 177–182. doi: 10.1016/S0273-1177(02)00747-0

 Kölling, K., George, G. M., Künzli, R., Flütsch, P., and Zeeman, S. C. (2015). A whole-plant chamber system for parallel gas exchange measurements of Arabidopsis and other herbaceous species. Plant Methods 11, 48. doi: 10.1186/s13007-015-0089-z

 Kromdijk, J., Głowacka, K., Leonelli, L., Gabilly, S. T., Iwai, M., Niyogi, K. K., et al. (2016). Improving photosynthesis and crop productivity by accelerating recovery from photoprotection. Science 354, 857–861. doi: 10.1126/science.aai8878

 Lawson, T., Kramer, D. M., and Raines, C. A. (2012). Improving yield by exploiting mechanisms underlying natural variation of photosynthesis. Curr. Opin. Biotechnol. 23, 215–220. doi: 10.1016/j.copbio.2011.12.012

 Leverenz, J. W. (1987). Chlorophyll content and the light response curve of shade-adapted conifer needles. Physiologia Plantarum 71, 20–29. doi: 10.1111/j.1399-3054.1987.tb04611.x

 Long, S. P., Zhu, X.-G., Naidu, S. L., and Ort, D. R. (2006). Can improvement in photosynthesis increase crop yields? Plant Cell Environ. 29, 315–330. doi: 10.1111/j.1365-3040.2005.01493.x

 Loreto, F., Di Marco, G., Tricoli, D., and Sharkey, T. D. (1994). Measurements of mesophyll conductance, photosynthetic electron transport and alternative electron sinks of field grown wheat leaves. Photosynthesis Res. 41, 397–403. doi: 10.1007/BF02183042

 Loreto, F., Tsonev, T., and Centritto, M. (2009). The impact of blue light on leaf mesophyll conductance. J. Exp. Bot. 60, 2283–2290. doi: 10.1093/jxb/erp112

 Makino, A., Mae, T., and Ohira, K. (1984). Changes in photosynthetic capacity in rice leaves from emergence through senescence. Analysis from ribulose-1,5-bisphosphate carboxylase and leaf conductance. Plant Cell Physiol. 25, 511–521. doi: 10.1093/oxfordjournals.pcp.a076740

 Ögren, E., and Evans, J. R (1993). Photosynthetic light-response curves. Planta 189, 182–190. doi: 10.1007/BF00195075

 Papanatsiou, M., Petersen, J., Henderson, L., Wang, Y., Christie, J. M., and Blatt, M. R. (2019). Optogenetic manipulation of stomatal kinetics improves carbon assimilation, water use, and growth. Science 363, 1456–1459. doi: 10.1126/science.aaw0046

 Pearcy, R. W., and Seemann, J. R. (1990). Photosynthetic induction state of leaves. Plant Physiol. 94, 628–633. doi: 10.1104/pp.94.2.628

 Sakoda, K., Adachi, S., Yamori, W., and Tanaka, Y. (2022). Towards improved dynamic photosynthesis in C3 crops by utilizing natural genetic variation. J. Exp. Bot. 73, 3109–3121. doi: 10.1093/jxb/erac100

 Sakoda, K., Taniyoshi, K., Yamori, W., and Tanaka, Y. (2021). Drought stress reduces crop carbon gain due to delayed photosynthetic induction under fluctuating light conditions. Physiologia Plantarum 2007. doi: 10.1111/ppl.13603

 Sakoda, K., Yamori, W., Shimada, T., Sugano, S. S., Hara-Nishimura, I., and Tanaka, Y. (2020). Higher stomatal density improves photosynthetic induction and biomass production in arabidopsis under fluctuating light. Front. Plant Sci. 11. doi: 10.3389/fpls.2020.589603

 Salin, M. L., and Homann, P. H. (1971). Changes of photorespiratory activity with leaf age 1. Plant Physiol. 48, 193–196. doi: 10.1104/pp.48.2.193

 Shimadzu, S., Seo, M., Terashima, I., and Yamori, W. (2019). Whole irradiated plant leaves showed faster photosynthetic induction than individually irradiated leaves via improved stomatal opening. Front. Plant Sci. 10. doi: 10.3389/fpls.2019.01512

 Shimakawa, G., Krieger-Liszkay, A., and Roach, T. (2022). ROS-derived lipid peroxidation is prevented in barley leaves during senescence. Physiologia Plantarum 174, e13769. doi: 10.1111/ppl.13769

 Skillman, J. B. (2008). Quantum yield variation across the three pathways of photosynthesis: not yet out of the dark. J. Exp. Bot. 59, 1647–1661. doi: 10.1093/jxb/ern029

 Soleh, M. A., Tanaka, Y., Nomoto, Y., Iwahashi, Y., Nakashima, K., Fukuda, Y., et al. (2016). Factors underlying genotypic differences in the induction of photosynthesis in soybean [Glycine max (L.) Merr. Plant Cell Environ. 39, 685–693. doi: 10.1111/pce.12674

 Takahashi, N., Ling, P. P., and Frantz, J. M. (2008). Considerations for accurate whole plant photosynthesis measurement. Environ. Control Biol. 46, 91–101. doi: 10.2525/ecb.46.91

 Tanaka, Y., Adachi, S., and Yamori, W. (2019). Natural genetic variation of the photosynthetic induction response to fluctuating light environment. Curr. Opin. Plant Biol. 49, 52–59. doi: 10.1016/j.pbi.2019.04.010

 Taylor, S. H., and Long, S. P. (2017). Slow induction of photosynthesis on shade to sun transitions in wheat may cost at least 21% of productivity. Philos. Trans. R. Soc. B: Biol. Sci. 372. doi: 10.1098/rstb.2016.0543

 Terashima, I., Fujita, T., Inoue, T., Chow, W. S., and Oguchi, R. (2009). Green light drives leaf photosynthesis more efficiently than red light in strong white light: Revisiting the enigmatic question of why leaves are green. Plant Cell Physiol. 50, 684–697. doi: 10.1093/pcp/pcp034

 Tocquin, P., and Périlleux, C. (2004). Design of a versatile device for measuring whole plant gas exchanges in Arabidopsis thaliana. New Phytol. 162, 223–229. doi: 10.1046/j.1469-8137.2004.01000.x

 van Iersel, M. W., and Bugbee, B. (2000). A multiple chamber, semicontinuous, crop carbon dioxide exchange system: design, calibration, and data interpretation. J. Am. Soc. Hortic. Sci. jashs 125, 86–92. doi: 10.21273/JASHS.125.1.86

 Vos, J., and Oyarzún, P. J. (1987). Photosynthesis and stomatal conductance of potato leaves—effects of leaf age, irradiance, and leaf water potential. Photosynthesis Res. 11, 253–264. doi: 10.1007/BF00055065

 Wheeler, R., Sager, J., Prince, R., Knott, W., Mackowiak, C., Stutte, G., et al. (2003). Crop production for advanced life support systems - observations from the kennedy space center breadboard project.

 Yamori, W. (2016). Photosynthetic response to fluctuating environments and photoprotective strategies under abiotic stress. J. Plant Res. 129, 379–395. doi: 10.1007/s10265-016-0816-1

 Zhang, Y., Kaiser, E., Li, T., and Marcelis, L. F. M. (2022). NaCl affects photosynthetic and stomatal dynamics by osmotic effects and reduces photosynthetic capacity by ionic effects in tomato. J. Exp. Bot. 73, 3637–3650. doi: 10.1093/jxb/erac078




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2025 Sakoda, Sakurai and Imamura. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fpls-16-1532522-g003.jpg
[CO,S] (umol mol)

[CO,S] (umol mol7)

410
400
390
370
350
330
310

300
290

Time (min)

Leaf chamber

flow=100

- flow=125
——flow=150
——flow=175
——flow=200

- flow=125
——flow=150

——flow=175
——flow=200

WP chamber
410
390
370
350 =i o o
flow=800
330 = flow=1000
1/t ——flow=1250
,/ ——flow=1500
310 ——flow=1600
D0 [P s e e s e
290

Time (min)

410

400 \

390 " flow=800

\ ——flow=1000

——flow=1250

370 ——flow=1500
——flow=1600

350

330

310

300

290

Time (min)

(B)

tso cozs (Min)

tso cozs (Min)

400 800 1200
Flow rate (umol s)

400 800 1200
Flow rate (umol s1)

1600

1600





OEBPS/Images/fpls.2025.1532522_cover.jpg
& frontiers | Frontiers in Plant Science

Difference in single-leaf and whole-plant
photosynthetic response to light under
steady and non-steady states in Arabidopsis
thaliana





OEBPS/Images/fpls-16-1532522-g008.jpg
max

Anin 15 Arin

ts0_a . . ts0_a

feo_a . - teo_a

tro o L [ [ I 0

too_a [ 0 5 B oo

too_a . . . . too_a
gsmex I I I IO 0 Gamx

Gsmin . . Gsmin

ts0_gs . . . fs0_gs

feo_gs . . . . leo_gs

tro_gs - HR ] e
fs0 g5 Il EEN:.
too gs Hi‘ . . WT“ . . . . foo_gs

|

dgs/dtmax

A
* |
Ao I EEEEET BE
o - [ O [=] fs0_se

fuo, 45 EEE
t70_as e ] ]

tao_ae AEEE 2 ...fsoA
too_a- 111111111 R EE

-1 -0.75 -0.5 -0.25 0 0.25 0.5 0.75 1
14 16
® W1 . O
12 F@W2 )
~ o W3 & o » 12 L
» 10 FO W4 ‘0
o @ = ©
E sy - £
= . | o6 RE=09105 = 8 t o °
= P 3 oo @ RZ=0.1959
e 4 5 4 L e,
< o o O ®-.9 o
2+ RO © o B
0 0 1 !
0 01 02 03 04 0.02 0.04 0.06 0.08
Jsmax (MmMol M2 s77) Jsmin (WMol M2 s7)
16
O
12 L R>=0.7041 . o®
e . e - &‘?
E ; E R2=0.8326 .’
T 8 T @ s @ <
g 3 y ®
. .,/,. O ~—
4t 2
0@
o@gqi
0
0 4 8 12

tso A (min) ts0 os (min)





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Difference in single-leaf and whole-plant photosynthetic response to light under steady and non-steady states in Arabidopsis thaliana

      

        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Plant materials and cultivation

          



          		

            2.2 Chamber specifications for gas exchange measurement at a single leaf and whole plant in Arabidopsis

          



          		

            2.3 Evaluation of the effects of fan speed and flow rate on photosynthetic response to light

          



          		

            2.4 Comparison of gas-replacement speeds between the leaf and whole-plant chambers

          



          		

            2.5 Evaluation of photosynthetic response to light under the steady and non-steady states at single-leaf and whole-plant levels

          



          		

            2.6 Definition of the parameters related to photosynthetic response to light

          



          		

            2.7 Statistical analysis

          



        



        



        		

          3 Results

        

          		

            3.1 Effects of the fan speed and flow rate on the photosynthetic response to light

          



          		

            3.2 Evaluation of the gas-replacement speed and leak effect on A calculation for the leaf and whole-plant chambers

          



          		

            3.3 Photosynthetic responses to steady and fluctuating light conditions at single-leaf and whole-plant levels

          



          		

            3.4 Effect of leaf aging on photosynthetic response to light

          



        



        



        		

          4 Discussion

        

          		

            4.1 Novelty of the whole-plant gas exchange measurement system

          



          		

            4.2 Difference in the photosynthetic response to light under steady and non-steady states between the single leaf and whole plant

          



          		

            4.3 Leaf aging effect on photosynthetic response to light under steady and non-steady states

          



        



        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Generative AI statement

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fpls-16-1532522-g005.jpg
25 50 75 100 125 150
PPFD (umol photon m? s-T)

[CO,R]=1000 umol mot!

25 50 75 100 125 150
PPFD (umol photon m? s

CY

0.06
O
2 0.055
c
2 0.05
S
>
S 0.045
C
2
s 0.04
Q.
S
2 0.035
|_

0.03

(D)
0.06
°
2 0.055
£
2 0.05
&
)
S 0.045
C
Q
S 0.04
o
40]
2 0.035
|_
0.03

[CO,R] =400 pmol mof

B leaf
Bl plant

%k

[CO,R]=1000 umol mot!






OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls-16-1532522-g001.jpg
(A) 3D picture of the whole-plant (WP) chamber (B) Cross section image of the cylindrical cover

o i i — flow
Cylindrical K<—————————————— 18em ————————————————> — gas flo

cover
Outlet tube
Air mixing fan
Inlet tube

—>

—>

—>
Acrylic

""" plate

11.5 cm

Outlet tube
Pot-grown
plants

Inlet tube

Circular base plate

(C) Cross and longitudinal-cross section images of the base plate

A‘/ cover part \’>
: ; Acrylic
v v

plate

< 20em ———————————— O-ring

% 18.02 cm %i





OEBPS/Images/fpls-16-1532522-g004.jpg
14
B leaf
12 Bl plant
10
N
£
e 6
£
<
0 Lo
2
0 10 20 30 40 50 60 70 80 PPFD
Time (min) 0
(D)
60 1
50
— 40
£
£
o 30}
S
= 20} '
N
. — i
0 10 20 30 40 50 60 70 80 tson teon troa b tooa
Time (min)
(E) (F)
14 25
12
10 ‘ A ‘ ‘ ‘ 20 _—
wog T
£ / ’ ‘ ‘ 5
5 6 =
= E 10
= 4 | <
< O
0 j
2 0
0 6 12 18 24 30 36 42 48 54 60
Time (min)
(G) (H)
1 1
0.8 A { < 09 L
’ £5
U
0.6 & c 08 +
E c E
< £ 3
0.4 mg 0.7 r
0.2 / <j:E 06 -
0 0.5
0 6 12 18 24 30 36 42 48 54 60 12345678910

Time (min) Cycle number





OEBPS/Images/fpls-16-1532522-g007.jpg
9s (mOI m-2 3'1)

(€)

gsind

~—
m
~

RN - -

o N N

A* (umol m2 s1)

k3
A ind

“ 40 60 80

Time (min)

A i
I 1;‘\; A

—_— W1
—_ W2

' T e W3

— W4

20 40 ” .
Time (min)

20 40 80 50

Time (min)

9s (mOI m-2 3'1)
o
—
(@)}

(B)
0.35

—_—

A* (umol m2 s)

(H)

0.08
= \WA1
m= W2 | 0.07
mm \W3
i w w4 | 0.06
0.05
0.04 Illlfiij
0.03
E;;} 0.02
- 0.01
' n.s.
0
PPFD = 500 darkness
n.s.
n.s.
n.s. lj
n.s. F
t50 t60 t70 t80 tgo
- \WA1
— —_—
mm \W3
W4
n.s.
PPFD = 500
n.s.
n.s
n.s
n.s.
B
t50 t60 t70 t80 tgo






OEBPS/Images/logo.jpg
, frontiers ‘ Frontiers in Plant Science





OEBPS/Images/fpls-16-1532522-g006.jpg
A (umol nm2 s-1)

A (umol nm2 s-1)

12
10

SO NP~ O

20 40
Time (min)

60

0 50 100

PPFD (umol photon m2 s-1)

150

80

0.015}

The apparent quantum yield
o
o
No
(On

0.01+

Time (min)

707
60 |
50 |
40
30
20 |
10 F

mm \V1
mm V2
s W3
W4

n.s.

PPFD =500

=

*

darkness






OEBPS/Images/M1.jpg





OEBPS/Images/fpls-16-1532522-g002.jpg
(A)

(B)
1.2

6 9

0 3 6 9

fan=3000

——fan=5000
—fan=8000

flow=122
—flow=200
—flow=300

12 15

12 15

1.2

0.8

0.6

0.4

0.2

0.8

0.6

0.4

0 3 6 9

Time (min)

0 3 6 9

Time (min)

12 15

12 15

1.2

0.8

0.6

0.4

0.2

0.8

0.6

0.4

0.2

0

e
0 3 6 9
0 3 6 9

12 15

12 15

(C)

1.8

16|

Relative time

0.8 "

(D)

1.8

1.6 |

1.2

Relative time

0.8

1.4}

1.2}

1.4 |

= fan=3000
= fan=5000
m fan=8000
aaa
aaa aaa aaa aaa
t50 t60 t70 t80 t90
= flow=120
aabb aaa aaa = flow=200
a a agm flow=300
aaa
t50 2‘60 t70 t80 2‘90

(E)
1.8

1.6

1.4

1.2

Relative value of
steady state A

0.8

(F)
1.8

1.6

1.4

1.2

Relative value of
steady state A

0.8

= fan=3000
= fan=5000
m fan=8000
a a a a a a
He=— =B
PPFD 100 PPFD 500
= flow=120
= flow=200
m flow=300
a ab b a a a
[ ]
e —
PPFD 100 PPFD 500






