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In natural environments, plants are exposed to variable light conditions, but photosynthesis has been mainly studied at steady state and this might overestimate carbon (C) uptake at the canopy scale. To better elucidate the role of light fluctuations on canopy photosynthesis, we investigated how the chlorophyll content, and therefore the different absorbance of light, would affect the quantum yield in fluctuating light conditions. For this purpose, we grew a commercial variety (Eiko) and a chlorophyll deficient mutant (MinnGold) either in fluctuating (F) or non-fluctuating (NF) light conditions with sinusoidal changes in irradiance. Two different light treatments were also applied: a low light treatment (LL; max 650 μmol m−2 s−1) and a high light treatment (HL; max 1,000 μmol m−2 s−1). Canopy gas exchanges were continuously measured throughout the experiment. We found no differences in C uptake in LL treatment, either under F or NF. Light fluctuations were instead detrimental for the chlorophyll deficient mutant in HL conditions only, while the green variety seemed to be well-adapted to them. Varieties adapted to fluctuating light might be identified to target the molecular mechanisms responsible for such adaptations.
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INTRODUCTION

Photosynthesis has been extensively studied since the beginning of the 20th century (Stirbet et al., 2019) also to improve it through genetic engineering with the aim of increasing yield potential of crops (Sinclair et al., 2019; Yoon et al., 2020). However, most of the studies and models on photosynthesis have considered steady-state and/or extremely controlled conditions (Rascher and Nedbal, 2006). This has facilitated the reliability and reproducibility of the data and the elaboration of important conceptual frameworks, but the results of these studies are referring to situations far from the ones occurring in natural environments (Matsubara, 2018). In particular, one of the most variable conditions is the incident light (Pearcy, 1990), which forces the processes of photosynthesis to continuously change to optimize the use of the incoming energy and to avoid photo-inhibition (Kaiser et al., 2018a). The understanding of the mechanisms of adaptations to such dynamic conditions is fundamental to improve photosynthesis in the field and enhance the overall crop yield (Foyer et al., 2017), by reducing the possible limiting processes (Taylor and Long, 2017) or by selecting or creating varieties well-adapted to fluctuating light environments (Alter et al., 2012; Acevedo-Siaca et al., 2020; Kaiser et al., 2020).

The understanding of the general effect of fluctuating light on photosynthesis (the so-called “dynamic photosynthesis”) and on the overall carbon (C) uptake by plants is complicated by the fact that the effect has been evaluated on different species measured under different growth conditions. Several studies at leaf scale have proposed that light fluctuations may decrease the daily integral C assimilation (e.g., Morales and Kaiser, 2020), whereas others (e.g., Graham et al., 2017) have suggested that specific fluctuations periods and intensities might even enhance photosynthesis. Fluctuations of light force plants to constantly be in unsteady-state conditions and their ability to promptly respond to such variations mainly depends on the efficiency of antenna complexes (Kaiser et al., 2018a). The light-harvesting complex II (LHCII) mainly regulates the energy distribution between PSI and PSII and the thermal dissipation of excess absorbed energy (Horton et al., 1996; Flexas et al., 2012). In order to investigate proper strategies to improve dynamic photosynthesis and increase plant production, Kaiser et al. (2019) have proposed three main possible approaches to enhance dynamic photosynthesis: (i) the acceleration of relaxation rates of photoprotection; (ii) the acceleration of Calvin–Benson–Bassham enzyme activation/deactivation; (iii) the acceleration of stomatal dynamics. However, experiments have given controversial results. For example, as far as the first approach is concerned, Kromdijk et al. (2016) reported an increase in C uptake in tobacco plants under fluctuating light by stimulating a faster onset of photoprotection. On the contrary, Garcia-Molina and Leister (2020) found a decrease in biomass accumulation after applying the same approach in Arabidopsis. However, most of the abovementioned studies have been performed at the leaf level and/or on plants grown under homogeneous light conditions and then suddenly exposed to fluctuating light (Marler, 2020). Thus, even though they have been fundamental to unravel the molecular mechanisms of photosynthesis and possible strategies to improve it under fluctuating light, they can be hardly scaled up to the entire canopy (Matsubara, 2018). Therefore, it is fundamental to focus on what it is happening at canopy level under natural fluctuating environmental conditions. Only more recently, some studies have been simulating natural light conditions at canopy level by either artificial fluctuations (i.e., alternating low and high light, Suorsa et al. (2012); short light flecks, Kaiser et al. (2018a); sinusoidal variations of light, Matthews et al. (2018)) or by simulating natural occurring light fluctuations (Vialet-Chabrand et al., 2017a; Ferroni et al., 2020), but more experiments are needed in this direction. Moreover, the understanding of the mechanisms behind dynamic photosynthesis is also limited by some technical constraints. Canopy gas exchange measurements can be based on the use of micro-meteorological techniques (i.e., eddy covariance) or remote sensing (i.e., chlorophyll fluorescence). All these methods can give interesting results, but they can suffer of some weaknesses. For example, specific environmental conditions are needed for eddy covariance to obtain reliable data (Wang et al., 2010), whereas remote sensing approaches still necessitate a validation with C uptake measurements (Mohammed et al., 2019). On the other hand, growth chambers (Wang et al., 2018) and/or ecotrons (Roy et al., 2021) have become standard tools to simulate different environmental conditions and disentangle their influences on the canopy or even ecosystem functioning.

To better elucidate the role of light fluctuations on canopy photosynthesis, we investigated how the chlorophyll content, and therefore the different absorbance of light, would affect the quantum yield in fluctuating light conditions. We hypothesized that in fluctuating light conditions leaves with less chlorophyll would undergo smaller changes in incident light intensities (simply by absorbing less light) and consequently would stress less the photoprotective machinery, which is thought to interfere with the velocity of photochemical quenching induction/relaxation dynamics in fluctuating conditions (Kromdijk et al., 2016). To test this hypothesis, we assessed the response of two soybean cultivars grown in controlled conditions (Salvatori et al., 2021) and exposed to different light conditions (constant and fluctuating light): a green cultivar (Eiko) and a chlorophyll deficient mutant (MinnGold). In particular, we tested if MinnGold and Eiko showed the same net primary production (NPP) at canopy scale under non-fluctuating light and if Eiko showed a more pronounced decrease in NPP under fluctuating light.



MATERIALS AND METHODS


Plant Materials and Growth Conditions

We grew a commercial green soybean variety (Eiko, Asgrow, United States) and the chlorophyll deficient mutant MinnGold (Campbell et al., 2015) in a growth chamber system (DYNAMISM; Salvatori et al., 2021). MinnGold is the result of a non-synonymous substitution in a magnesium chelatase ChlI subunit leading to plants with a “yellow” or “golden” phenotype with approximately 80% less chlorophyll than the green varieties (Campbell et al., 2015; Sakowska et al., 2018). DYNAMISM is composed of twelve 0.54 m3 open-top growth chambers, equipped with a dimmable LED system, for instantaneous net canopy CO2 flux (A; μmol CO2 m−2 s−1) and evapotranspiration (E; mol H2O m−2 s−1) measurements at canopy scale. Plants were sown in pots (13 × 13 × 18 cm) with siliceous sand thus to have an inert substrate without any microbial contribution to instantaneous CO2 fluxes (heterotrophic respiration = 0).

Two separate experiments were done to assess the different responses of the two varieties under non-fluctuating (NF) and fluctuating (F) light conditions with (HL) or without (LL) saturating photosynthetic photon flux (PPFD) at noon (Supplementary Figure S1; Sakowska et al., 2018). In LL, the LED system was set to simulate a fixed daily profile (June 21st in Udine, Italy; latitude: 46.07 N; longitude: 13.23 E) with a maximum PPFD at noon of 650 μmol m−2 s−1 in six chambers (three MinnGold and three Eiko; non-fluctuating light treatment—NF), whereas in the other six chambers light was fluctuated every minute ±20% around the hourly value set in NF (fluctuating light treatment—F). In HL, the light was set to reach saturating light intensity at noon with a maximum PPFD of 1,000 μmol m−2 s−1 in NF and fluctuations around the hourly value were increased up to ±50% in F. The 1-min fluctuations have been chosen to stress the photosynthesis itself (in particular the light phase) rather than other processes, such as stomatal conductance whose responses are an order of magnitude slower (Vialet-Chabrand et al., 2017b). In both experiments, all the plants received the same amount of daily PPFD (14 h per day). Transmitted light (tPPFD) was continuously measured within each chamber using a solar bar placed horizontally at the bottom of the canopy. Each bar was made of eight photodiodes in parallel (model S1087-01, Hamamatsu Photonics, Japan) with a 100 Ω resistance and was calibrated against a reference quantum sensor (Li-190R, Licor, United States) before setting up the system (Salvatori et al., 2021). Albedo (i.e., the ratio between reflected and incident radiation) was weekly measured. Then, adsorbed radiation (aPPFD) was computed as:
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We placed eights pots per chamber in the LL treatment and 16 pots per chamber in HL. In LL only 8 pots were placed within the chambers since the used MinnGold seeds had a lower germination rate probably due to their previous storage. Measurements were run for a total of 24 days in LL and 4 weeks in the HL starting from germination. During the measurements, plants were regularly watered with the addition of a Hoagland solution twice per week (Supplementary Table S1).

At the end of the experiment, all plants within each chamber were sampled in LL, while four randomly selected plants per chamber were harvested in HL. Leaf area was measured using a LI-3000 (Licor, United States), roots were separated from stems and gently washed to remove the sands. Leaves, stems, roots, and pods were then dried at 70°C for 48 h and weighed to determine the final dry biomass which was finally scaled to the square meter.

Canopy net CO2 flux (A) and evapotranspiration (E) were continuously monitored (Salvatori et al., 2021): each chamber was sampled once per hour for 290 s and A was calculated as an average between 110 and 290 s, thus to not consider the tube’s purging after chamber switch (110 s). At the end of every hour, a matching procedure was applied to compute the difference in CO2 and H2O concentration between cell A and B of the LI-7000 gas analyzer and correct the measured data. The specific equations used to compute A and E are reported in the Supplementary material. As we used an inert substrate, the measured A correspond to NPP (i.e., heterotrophic respiration was cancelled). Air temperature and transmitted light across the canopy were monitored every second within each chamber using thermistors and a solar bar (Salvatori et al., 2021).

Based on flux measurements, water use efficiency (WUE) was calculated according to Bramley et al. (2013):
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where A is expressed in gCO2 and E is expressed in gH2O. Stomatal conductance was calculated as the ratio between E and vapor pressure deficit (vpd; Monteith and Unsworth, 2013) calculated as:
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where es is the saturation vapor pressure (kPa), [image: image] is the relative humidity (%) and P is the air pressure (kPa). These variables were calculated according to the following equations:
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where H2Ochamber is the instantaneous water concentration within the chamber (mmol H2O m−3). In all these calculations, leaf temperature ([image: image]) was assumed to be equal to the air temperature within the chamber even though we are aware that this assumption might not be completely fulfilled when considering varieties with different albedo.



Induction Curves at Canopy Level

In HL, before the end of the experiment, we performed a two-day light induction experiment using the plants grown in NF to estimate the time needed by the canopy to adjust to light changes and therefore reach steady-state C assimilation. Differently from the imposed growing conditions, we simulated what is usually measured at leaf level when performing a light induction curve. Plants were dark-adapted overnight and then the light was turned on and kept constant at 1000 μmol m−2 s−1 for 90 min. The induction curves were determined by fitting the following curve on the measured data:
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where A is net C assimilation, t is time (seconds), a, b and c are fitting parameters. The time needed to reach a steady state was calculated as:
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All the fittings were done in MATLAB2019 (fminsearch).



Gas Exchange and Fluorescence Measurements at the Leaf Level

Before final harvest, we randomly selected three plants grown in NF for either LL or HL. Three fully expanded leaves were selected to measure leaf gas exchanges using a LI-6400 (Licor Biosciences, Nebraska, United States) equipped with infrared gas analyzers (IRGA) coupled with pulse-amplitude modulation (PAM) fluorometer. Before the measurements, all plants were dark-adapted overnight. We first measured the light response curves (A/PPFD) for both varieties by measuring A at different decreasing PPFD levels (3,000; 2,500; 2,000; 1,500; 1,200; 900; 600; 300; 150; 100; 50; and 0 μmol m−2 s−1). During the measurements, CO2 concentration within the cuvette was maintained constant at 400 ppm, vpd at 1.8 kPa, and leaf temperature at 25°C. Then, we did a second experiment aimed at quantifying the light induction curves at leaf level under fluctuating light. Plants were dark-adapted overnight and then a fluctuating light was applied to the leaf for 60 min: 520–780 μmol m−2 s−1 with a period of 60 s in LL; 500–1,500 μmol m−2 s−1 with a period of 60 s in HL. Again, CO2 concentration within the cuvette was maintained constant at 400 ppm, vpd at 1.8 kPa, and leaf temperature at 25°C. Throughout the protocol a saturating light of >6,000 μmol m−2 s−1 was pulsed on to the leaf sample for 800 ms every 20 s, enabling the quantification of maximal fluorescence in the light ([image: image]) and dark ([image: image]). The maximal efficiency of PSII (Fv/Fm) was calculated according to (Kitajima and Butler, 1975)

[image: image]

The operating efficiency of the photosystem 2 ([image: image]) was calculated using (Genty et al., 1989)
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where [image: image] is the steady-state Fyield recorded after the measuring beam under actinic light. The non-photochemical quenching (NPQ) was instead calculated using the following equation:

[image: image]

adopted from (Bilger and Björkman, 1990) based on the Stern–Volmer method.

Finally, the electron transport rates estimated by fluorescence (ETR) were calculated as follows (Krall and Edwards, 1992)

[image: image]

ETR is a function of the incident light ([image: image]), the fraction of absorbed light received by the photosystem 2 ([image: image]) which is normally set to 0.5 (Baker, 2008) and the absorbance coefficient (α) which was set to 0.55 for MinnGold and 0.78 for Eiko as calculated in the growth chambers (Salvatori et al., 2021).

The same equations used for the canopy level data have been used to fit the data and calculate the time to reach steady state ([image: image]) both in the light induction and in the high light–low light transitions (relaxation time).



Analysis of the Data and Statistical Analysis

All the raw data have been pre-processed and analyzed with Stata10 to calculate final fluxes and derived variables according to the methodology described in Salvatori et al. (2021). The statistical analyses (t-test or one-way ANOVA with Duncan test) and all the graphs have been done using R.




RESULTS

DYNAMISM allowed continuous flux measurements under quite constant and homogenous environmental conditions (temperature and humidity) among the applied treatments (Supplementary Figure S2).

In LL, no statistical difference in total NPP was found among F and NF light conditions, as well as between the two varieties, 24 days after germination (p > 0.05; Figure 1A). On the contrary, a significant difference was found under NF light conditions in HL (Figure 1B; Supplementary Table S2). As well, a reduction in cumulative NPP under fluctuating light (F) was evident in both the varieties even though it was significant in MinnGold only (Figure 1B; Supplementary Table S2).

[image: Figure 1]

FIGURE 1. Total net primary production (NPP) for MinnGold and Wildtype (Eiko) in non-fluctuating and fluctuating light conditions in LL (A) and HL (B). MGNF, MinnGold in non-fluctuating light; MGF, MinnGold in fluctuating light; WTNF, Wildtype (Eiko) in non-fluctuating light; WTF, Wildtype (Eiko) in fluctuating light. Different letters indicate a significant difference (one-way ANOVA followed by Duncan test). Vertical bars are standard error (n = 3).


These differences were even more clear when looking at the canopy’s light curves: No significant difference between the two varieties and light regimes was found for the LL experiment (Figure 2A; statistics in Supplementary Table S3), while a lower light curve was determined for MinnGold with a significant reduction in CO2 under F light conditions in HL experiment (Figure 2B; statistics in Supplementary Table S3).

[image: Figure 2]

FIGURE 2. Canopy light curves based on absorbed light as an average of 4 days with similar absorbed light in LL (A) and HL (B). The absorbed light values are averaged in classes of 50 μmol m−2 s−1 (horizontal error bars not shown for graphical reasons). The full line indicates the mean, the vertical bars indicate the standard error. The lines represent both MinnGold (light green) and Eiko (dark green) in non-fluctuating (continuous line, circular dots) and fluctuating (dashed line, triangular dots) light.


Looking in more detail at the daily CO2 assimilation during the HL experiment, the treatments started diverging, with a higher net C uptake in Eiko than in MinnGold, and in the NF compared to the F (Figure 3A; statistics in Supplementary Table S4), 2 weeks after emergence. Similarly, a divergence in E was also observed, with MinnGold having higher transpiration rates than Eiko (Figure 3B; statistics in Supplementary Table S4). This led to a higher WUE (Figure 3C; statistics in Supplementary Table S4) for Eiko in NF when compared to all the other treatments.

[image: Figure 3]

FIGURE 3. (A) Average daily net CO2 exchange rate (NECR; gCO2 m−2 d−1), (B) evapotranspiration (E; mm H2O d−1), and (C) water use efficiency (WUE) for all the experimental period in high light experiment (HL) for MinnGold (light green) and Eiko (dark green) in non-fluctuating (continuous line) and fluctuating (dashed line) light.


To explain the different behavior of total NPP between LL and HL (Figure 1), we selected three representative days in the beginning, in the middle, and at the end of the experimental period in both LL and HL. Looking at those data, while the hourly net CO2 exchange was similar between the two varieties in LL either at the beginning or the end of the experiment (Figure 4), a clear difference between the varieties in the two periods was evident in HL. In fact, at the beginning of the experiment (i.e., 9 days after germination), no difference occurred during the day (Figures 5A,C), whereas a significant difference was evident during the morning starting from the 16th day after germination. Such a difference was exacerbated in the last day of the experiment (i.e., 28 days after germination; Figures 5B,D): a clear hysteresis was observed in MinnGold with higher C uptake in the afternoon than in the morning given the same amount of light (Supplementary Figure S3).

[image: Figure 4]

FIGURE 4. Incident PPFD and hourly net CO2 exchange for MinnGold (light green) and Eiko (dark green) under non-fluctuating light in the LL experiment, 9 (A,C) and 28 (B,D) days after germination. Asterisks indicate a statistical difference between the two varieties determined with a t-test. Vertical bars indicate standard errors (n = 3).


[image: Figure 5]

FIGURE 5. Incident PPFD and hourly net CO2 exchange for MinnGold (light green) and Eiko (dark green) under non-fluctuating light in the HL experiment, 9 (A,C) and 28 (B,D) days after germination. Asterisks indicate a statistical difference between the two varieties determined with a t-test. Vertical bars indicate standard errors (n = 3).


The difference in C assimilation during the morning could be due to a different adjustment of the leaves inside the canopy after the light is turned on, with an impact on absorbed radiation and then on photosynthesis. However, the velocity by which the two varieties reached minimum light transmittance 1 h after the light was turned on was not significantly different (Supplementary Figure S4).

We then investigated the possible impact of photosynthetic induction. In fact, even though the two varieties showed similar light curves (Supplementary Figure S1), we could not exclude that they behave differently in dark–light transitions. Therefore, we performed an induction experiment at both leaf and canopy scales to estimate the time to reach steady-state C assimilation (τ). No significant difference between MinnGold and Eiko was found either in terms of velocity of induction or in terms of steady-state values of C assimilation at both leaf and canopy scales (Table 1).



TABLE 1. Results of the induction experiment on MinnGold and Eiko plants grown in HL without light fluctuations (NF) at leaf (n = 4) and canopy (n = 3) scale.
[image: Table1]



DISCUSSION

The effect of dynamic photosynthesis on the overall carbon (C) uptake is still a matter of discussion. Photosynthesis under fluctuating light is in a “roller coaster ride” (Kaiser et al., 2018b), which is generally thought to reduce the daily integral C assimilation. For this reason, several efforts have been taken to find suitable methods to accelerate the most limiting process in photosynthesis (Armbruster et al., 2014; Kromdijk et al., 2016; Kaiser et al., 2019; Papanatsiou et al., 2019), but still with contrasting results (Kromdijk et al., 2016; Garcia-Molina and Leister, 2020). In the present paper, we investigated the effect of fluctuating light in both low (LL) and high light (HL) for a soybean wildtype and a chlorophyll deficient soybean variety.

Under non-fluctuating light conditions (NF), the two cultivars showed no differences in total C uptake (Figure 1A), as well as in their canopy light curves, in LL (Figure 2A). On the contrary, a significant difference was found in HL (Figures 1B, 2B): the two varieties started diverging 2 weeks after germination and instantaneous fluxes showed a significant difference early in the morning only (Figure 5D). These contradictory results were unexpected since the two varieties showed similar light curves (Supplementary Figure S1), A/Ci curves (Sakowska et al., 2018), and photosynthetic induction curves (Table 1) at both leaf and canopy scale. These measurements at both LL and HL would exclude a different velocity in Rubisco activation, which is usually considered limiting in the light-saturated phase (Murchie and Ruban, 2019). Nevertheless, it is worth mentioning that in certain conditions MinnGold is found to have a slower induction curve than Eiko (Salvatori et al., 2022), and therefore this needs to be further investigated. Our further measurements related to light transmission through the canopy (Supplementary Figure S4) showed that the changes in transmitted light are faster in Eiko than in MinnGold (but not significantly) and therefore the detected difference in C assimilation during the morning could have been due, to a small extent, to a different adjustment of the leaves inside the canopy as suggested by (Kaiser et al., 2014; Morales et al., 2018). Furthermore, the measured reduction in total C assimilation in MinnGold in HL, but not in LL, might be related to a higher photo-inhibition. In fact, Ferroni et al. (2020) have reported that changes in photosystem stoichiometry in chlorophyll deficient wheats might be a reason for a reduced photoprotection. In this regard, Minngold is known to have a large truncation in the PSII antennae compared to PSI leading to higher chl a/b and PSII/PSI ratios (Slattery et al., 2017). This impairment can disturb the assembly of the light-harvesting (LH) component (Falbel et al., 1996) and entail an altered electron transport (Ferroni et al., 2020). In the Chl-deficient mutant, we found a significantly lower non-photochemical quenching (NPQ) in both LL and HL (Supplementary Figure S5). This low NPQ would allow MinnGold to have the same quantum yield (and related C assimilation) as Eiko in non-saturating light intensities (LL), but it might not be sufficient to protect plants from photo-inhibition in saturating light conditions (HL). In other words, this means that, in absence of any photo-inhibition, the two varieties have a similar control on the light phase of photosynthesis (Murchie and Ruban, 2019). Nevertheless, when calculating the maximal efficiency of PSII (Fv/Fm), a reduction was found for MinnGold (in particular in HL), even if not significant (Supplementary Table S5). As previous studies have shown that enhancing the capacity for NPQ resulted in increased yield and biomass in rice (Hubbart et al., 2018), a similar approach aimed at increasing NPQ in MinnGold might eventually reduce the negative effects of photo-inhibition at the whole plant level, also in HL. Nevertheless, we cannot exclude that this observed difference is only due to a lower absorbed light causing a non-detectable difference in LL (Figure 1A), which becomes evident only in HL conditions (Figure 1B). Furthermore, all these results call for the hypothesis that several processes are limiting C assimilation in MinnGold, and an unambiguous mechanism cannot be identified.

It is in general thought that light fluctuations reduce the overall C gain because of the lagging response of the photosynthetic machinery (Kaiser et al., 2018a; Slattery et al., 2018). Kromdijk et al. (2016) have also shown that the bioengineered acceleration of the recovery from photo-inhibition increases the overall C uptake under fluctuating light in tobacco plants. On the contrary to our second working hypothesis, our experimental data support the idea that dynamic photosynthesis is not really detrimental in green varieties continuously grown under fluctuating light (Vialet-Chabrand et al., 2017a; Marler, 2020), either in LL or HL (Figure 1B), because of possible plants’ dynamic and developmental acclimations to ensure optimum resource use changes in their environment (Gjindali et al., 2021). Li et al. (2021) have also shown that photosynthetic different acclimation strategies in wheat can maximizes C assimilation under intermittent high light conditions, and this might also be the case for soybean.

A different pattern in MinnGold was found when compared to Eiko. In fact, while we found no effect of light fluctuations on biomass accumulation in LL (Figure 1A), we measured a further decrease in cumulative C uptake for MinnGold in HL (Figure 1B). Leaf level data and models (Salvatori et al., 2022) taken in fluctuating LL confirmed that no difference is expected in such conditions, while the measured reduction in C uptake in MinnGold in HL might be due to several processes, such as lack of acclimation; chloroplasts movements within the leaves (Kaiser et al., 2014; Dutta et al., 2015; Semer et al., 2018); photoprotective mechanisms to prevent photo-inhibition (Eberhard et al., 2008; Yamori, 2016); leaf movement within the canopy (Gamon and Pearcy, 1989; Huang et al., 2014; Kaiser et al., 2014); different NPQ relaxation upon transition to low light (Zhu et al., 2004; Sakowska et al., 2018); and lower NPQ in the low light–high light transitions causing photo-inhibition (Yamori, 2016). Even though our experimental setup was not able to clearly elucidate the role of all these possible mechanisms, combining our results under LL and HL (i.e., photosynthetic rates, leaf movements, induction curves) with previous findings (Sakowska et al., 2018; Ferroni et al., 2020) suggests that the truncation in the PSII would impair the global reprogramming of photosynthetic gene expression. Therefore, even if MinnGold endures smaller abrupt changes in light intensity, the truncation in PSII might induce a less efficient electron transport and slower NPQ induction/relaxation dynamics which might have an important role on photo-inhibition and C assimilation in MinnGold.



CONCLUSION

Contrarily to our initial hypothesis, dynamic photosynthesis seems to be detrimental to overall C uptake at canopy scale only for the chlorophyll deficient variety (MinnGold) in high light conditions, while the green variety (Eiko) seems to be well-adapted to light fluctuations in both low and high light. The fact that fluctuating light has been often reported to decrease C uptake in plants might be due to artifacts in the adopted protocols, which were not able to properly isolate the effects of dynamic light (Marler, 2020). Our experiment did consider these last only and support the idea of new and more promising opportunities for the selection of greater crop photosynthetic efficiency by focusing on the variation in non-steady-state efficiency (Acevedo-Siaca et al., 2020).

These preliminary findings call for further experiments at the canopy level involving different green species and, possibly, their chlorophyll deficient isolines. Further experiments investigating other varieties and fluctuations regimes are necessary to unravel the role of the chlorophyll content in the adaptation to light fluctuation. Furthermore, to allow a better comparison between varieties and to improve photosynthesis in such crops under natural conditions, it would be necessary to obtain data relative to their antenna structure. Finally, identifying varieties already well adapted to fluctuations of light serves both to target those phenotypes with improved growth rate in field conditions, and to target the genes responsible for the global reprogramming of the photosynthetic machinery in fluctuating light environments is needed.
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