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Editorial on the Research Topic
 Photosynthetic Efficiency Under Multiple Stress Conditions: Prospects for Increasing Crop Yields



Understanding the impact of combined stresses on photosynthesis, as occurs in nature, is likely a crucial strategy to increase crop productivity sustainably. Water and salt stresses, excess light, changes in temperature and nutritional requirements, and the co-occurrence of biotic stresses are integrated factors that are translated into complex responses adopted by plants. The subsequent adjustments are generally aimed at the efficient allocation of energy resources, plant survival, and offspring creation. In this aspect, plants have co-existed with these natural phenomena for millions of years. Their immense phenotypic plasticity guarantees effective adaptation and survival to a wide range of environmental variations, including the projected global climate changes. We humans, on the other hand, relying on few crops as our main food source, find ourselves in a more precarious situation in this chain of events. Indeed, we are already threatened by increasingly extreme weather events observed in the present. Starting from the premise that early knowledge is the only way to assure global food security in the short, medium, and long term, we set out to ask the following: what do we actually know about the photosynthetic mechanisms of plants in a systemic context (Lima Neto et al., 2021) that allows us to increase the crop yield, nutritional value, and/or land-use efficiency under field conditions?

Therefore, this was more than a plan to gather knowledge about this important issue within plant science: it was an invitation to launch a challenge to fellow researchers engaged in related projects. We were both surprised and gratified by the number of results and promising conclusions that we were able to gather in this special edition. Among the interesting review papers that we edited here, Ma et al. carried out a conceptual and functional review of the controversial NADPH dehydrogenase complex and its possible functions in regulating cyclic electron transport (CET). Interestingly, Ma et al. highlighted how much of this mechanism is still unknown, notably pointing out the need for more extensive knowledge of the mechanisms of transport and regulation of NDH-CET, especially under abiotic stress conditions. In fact, the cyclic flow of electrons in photosynthesis remains one of the most exciting and enigmatic subjects (Cerqueira et al., 2019). Above all, understanding how these processes can concretely contribute to photoprotection and energy balance in plants subjected to potentially stressful conditions can shed light on future technologies for the improvement of crop resistance.

A great difficulty in transposing interesting results observed under laboratory conditions to the field lies in the fact that in natural environments, plants face a complex network of biotic and abiotic stimuli with multiple integrative potentials associated with non-linear counter-responses in plants. In this context, Chávez-Arias et al. reviewed recent information concerning the physiological, biochemical, and molecular responses of plants to the combination of drought, heat stress, and the biotic stress associated with predatory insects of interest in the maize crop. Interestingly, although most studies approach biotic and abiotic stresses separately, in nature, their combination should be seen more as a rule than an exception, with interactive effects both positive and negative (Varela et al., 2018). In their review, Chávez-Arias et al. highlighted that the combination of some abiotic stresses and arthropod herbivory in maize might increase the production of volatile and non-volatile compounds, resulting in improved response to pest infestations.

One of the most fundamental resources to affect photosynthetic activity is the luminosity factor. Gao et al. reported that changes in light quality, especially regarding the composition of blue and white spectra, can increase defense mechanisms and photosynthetic performance in the green onion, which may elucidate effective strategies to increase the productivity of this transient plant under controlled environments. Working with rice, Xiong et al. evidenced that genotypes with smaller but highly dense stomata may present faster stomatal kinetics associated with higher biomass accumulation under fluctuating light. Stomatal kinetics is a significant feature in plants that could be better explored by breeders in the future, especially in relation to better use of the water resource in conditions of climate change. Additionally, the use of microalgae to design biotechnological strategies and obtain bioproducts of high economic value has been considered a very promising field for applying knowledge about photosynthetic regulation. In this context, Chouhan et al. exploited fatty acids accumulation in two mutants, pgrl1 and pgr5, of C. reinhardtii under high light conditions. The technological strategy, in this case, was based on the malfunction of CET and the generation of ROS as a side effect of excess light, which contributed to the improvements in fatty acid yields. Equally important, the effects of low light were also in evidence in this special edition. Gong et al. investigated the expression of genes induced by low light intensity and found that plant hormone signal transduction genes displayed an important role in the shadow acclimation response of mung beans. Also investigating shade responses in strawberries, Choi reported non-photochemical quenching (NPQ), photochemical quenching (qP), and fluorescence decline ratio under a given light condition (RFd) as important markers to test stress states of horticultural crops under a low light intensity condition, which suggest the importance of improved management strategies, such as the use of a supplemental light source to rally crop production in greenhouse conditions.

Drought stress is another important environmental condition that may impact crop yields, especially under climate change scenarios, where rainy and dry seasons became more extreme events. In the present Research Topic, Li et al. reported that WUE may be improved in tomato plants under mild and moderated drought due to ABA effects on stomatal and mesophyll conductance. Indeed, plants trigger several important protective mechanisms to cope with drought stress. Among these mechanisms, the C3-CAM shift is an exciting physiological phenomenon observed in some Bromeliaceous plants (and others). Here, Gonçalves and Mercier shed light on this process by investigating Guzmania monostachia under drought stress conditions and found that drought had a positive effect on the C3-CAM shift in the apical leaf part. Urea can positively modulate the CAM-idling photosynthesis, demonstrating an interesting integration between C and N metabolisms in this species. In addition, in the current special topic, salt stress, which also comprises an important osmotic stress component, was investigated by Zong et al. The authors reported a possible halophyte medicinal plant species, Xanthoceras sorbifolium Bunge, which exhibited optimal growth under 140 mM NaCl. The use of extremophile plants provides alternative cash crops to producers living in regions affected by unfavorable environmental conditions may also represent an essential strategy in the future.

High temperature and high levels of CO2, projected to be important abiotic conditions during global warming, were probed by several authors in the Research Topic. In this context, Suárez et al. performed a 30-year study regarding heat-resistant beans growing in the western Amazon region. The authors revealed the importance of changes in night temperature for bean productivity in this region and used several photosynthetic parameters as traits to identify the most water-efficient and heat-resistant genotypes. Another important study under field conditions was carried out by Zhou et al., evaluating simulated conditions of environmental warming in alpine plant communities of the Tibetan plateau. The authors reported that under climate warming, the photosynthetic performance and productivity of meadow communities exhibited significant increases, suggesting changes in future net plant C uptake under climate change scenarios.

Also highlighted in this Research Topic is the potential of biotechnological approaches for the optimized management of crops under high temperatures. Accordingly, Pantoja-Benavides et al. revealed the potential use of phytohormones, especially cytokinins and brassinosteroids, to mitigate heat stress in rice. In parallel, Shao et al. reported that the improved availability of magnesium may positively affect the Rubisco activation state in wheat, enhancing photosynthetic activity whilst simultaneously mitigating heat stress. These studies reveal the need for new low-cost management approaches to cope with abiotic stress in crops. Also working with wheat, Li et al. observed that elevated CO2 concentrations result in a high ear C sink strength, favoring photochemical quenching in the flag leaves. In rice, Miao et al. reported positive effects on photosynthesis induced by high CO2 concentrations, especially in the jointing stage. These authors also reported the need for better adjustment in parameters employed for estimating stomatal conductance models, which must be adjusted according to genotype and CO2 concentrations. Remarkably, all these studies concerning high CO2 and temperature simulations revealed the great complexity in understanding present and future global climate change scenarios and especially the need to investigate the combined occurrence of both phenomena deeper.

Wang et al. evaluated the photochemical responses of soybean plants exposed to combined heat and high light stresses. These authors discovered that for soybeans, the combination of stresses was potentially harmful to photosystem II activity. Interestingly, some crop species present a stable or even better response under a combination of stresses, such as cashew plants (Ferreira-Silva et al., 2011; Lima et al., 2018). This reinforces the need to investigate alternative crops to guarantee food security in more affected regions under a global climate-changing scenario. Working with maize, Correia et al. found that lower transpiration associated with high temperatures and vapor pressure deficit promoted a better physiological status in plants exposed to high temperature and/or extended drought. Equally important, studies considering the combination of biotic and abiotic stresses need to be explored in the main species of commercially important plants. In this Research Topic, Mendoza-Vargas et al. reported that drought promoted the early appearance of symptoms and negatively impacted the cape gooseberry plants exposed to fusaric acid or directly inoculated with the fungus Fusarium oxysporum f. sp. Physalis (Foph). Therefore, the interaction between stresses can generate positive cross-tolerance effects and trigger additive susceptibility responses, in both cases with great repercussions on plant physiology. Thus, to optimize productivity in these species in the future, integrative investigations of combined stress effects are fundamental.

Finally, this special edition also brought together interesting studies that reveal the importance of understanding photosynthetic mechanisms in the agronomic management of crops. Investigating the potential benefits of biochar use in peanut production, Wang et al. found that biochar application impacted positively the photosynthetic capacity and yields in peanuts, which may have been associated with a better adjustment of carbon and nitrogen metabolism induced using the compound. Working with Malus domestica, a fruit tree from temperate zones, Shah et al. raised the hypothesis that the exogenous application of salicylic acid, an important signaling molecule in plants, has the potential to affect chlorophyll synthesis and foliar photosynthetic metabolism positively, thus providing a more favorable environment for the emission of flowering signals originating from the leaves. Although further studies are still needed in this regard, these data illustrate the great complexity of understanding photosynthesis from a systemic perspective to impact crop productivity. In addition, Penzel et al., studying this same fruit species, reinforced the hypothesis that the capacity of light interception is directly associated with fruit mass and soluble solids content. Interestingly, these authors proposed using the leaf area parameter, which is proportional to the amount of light interception capacity, as an early marker for estimating plant productivity in this temperate plant species. Future studies would be very interesting to exploit this relationship in plants from an equatorial environment, where light incidence is commonly excessive.

We believe that the 136 authors who contributed to this Research Topic met the challenge posed in this special edition. Above all, the importance of integrative studies in photosynthesis and the great potential of this knowledge to generate impacts on crop productivity is more than evident here. Fostering this understanding is, therefore, imperative for food security, especially in the face of the great challenge of the 21st century, which focuses on the mitigation of the adverse effects of global warming. We are also grateful for the contribution of all reviewers who added their knowledge and efforts to the realization of this Research Topic. Hopefully, this Research Topic will serve as a basis for encouraging more researchers to take an integrative view of photosynthesis in the context of plant biology and food security.
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The active regulation of the plant growth environment is a common method for optimizing plant yield and quality. In horticulture today, light quality control is carried out using photo-selective nets or membranes to improve the yield and quality of cultivated plants. In the present study, with natural light as the control (CK), we tested different photo-selective nets (white, WN; blue, BN; green, GN; yellow, YN; and red, RN) with 30% shade for characteristics of growth, development, quality, yield, photosynthesis, and chlorophyll fluorescence, considering the antioxidant system, as well as the influence of element absorption and transformation of green onion (Allium fistulosum L.) plants at different growth stages. We found that plants under BN and WN have greater height and fresh weight than those of plants under the other nets. Plants under the BN treatment had the highest quality, yield, photosynthetic pigment content, net photosynthetic rate, transpiration rate, and stomatal conductance, whereas the intercellular CO2 concentration was the highest in plants in the YN treatment. The photosynthesis noon break phenomenon was significantly lower in plants with covered photo-selective nets than in CK plants. NPQ was the highest in the YN treatment, and Fv/Fm, ΦPSII, and qP among the plants in the other treatments were different; from highest to lowest, they were as follows: BN > WN > CK > RN > GN > YN. The active oxygen content of green onion leaves in the BN treatment was significantly lower than that in the other treatments, and their key enzyme activity was significantly increased. BN also improved the absorption and transformation of elements in various organs of green onion.

Keywords: green onion (Allium fistulosum L.), photo-selective nets, photosynthesis, product quality, plant antioxidant system


INTRODUCTION

Light is an indispensable environmental factor in the life cycle of plants and is the main factor driving plant photosynthesis (Das, 2004). Irradiation quality, quantity, and photoperiod can regulate plant growth and development, trigger physiological and morphological reactions, and affect their secondary metabolism (Kurepin et al., 2007; Jackson, 2009; Wang et al., 2018a; Yangen et al., 2019). Under appropriate light conditions, plants can increase their CO2 fixation capacity and net photosynthetic rate by increasing the absorption of light energy and electron transfer rate (Yang et al., 2018). However, excessive light inhibits photosynthesis and can even lead to the photooxidation of photosynthetic organs (Wang et al., 2018b). The response of different species to light varies greatly (Lusk and Pozo, 2002).

The effects of global warming have already begun to have a significant impact on our environment, including an increase in atmospheric CO2 concentration, which may change the internal quality of vegetable products or lead to a decrease in photosynthesis rate (Bisbis et al., 2018). Among others, the challenges brought upon by global warming include an increase in air temperature (AT) and solar radiation intensity (Hu et al., 2018). For this reason, active manipulation of the plant growth environment is often used to optimize plant yield and quality (Dueck et al., 2016). With the adjustment of industrial structure and the continuous development of facility agriculture, photo-selective nets or films have been increasingly used in crop greenhouse technology to control the quality and quantity of ambient light to improve the yield, quality, and phytochemical composition of cultivated plants and protect them against pests and physical damage (Nissim-Levi et al., 2014; Selahle et al., 2014; Carvalho et al., 2016; Abbasnia Zare et al., 2019).

Photo-selective nets are a covering net material developed by the Israeli Agricultural Research Organization, Volcani Center, and Polysack Plastics Industries in Israel in the 1990s (Shahak et al., 2004). Compared with ordinary nets, certain pigments or light scattering and reflection aids are added to photo-selective nets in the production process, which is why the light quality changes after passing through the net. These nets can change the spectral composition of light, increase the proportion of scattered light (Shahak, 2008), and change the quality and quantity of light, as well as affect the airflow, temperature, and humidity.

Numerous studies have shown that different colors of photo-selective nets have different effects on plant growth, as well as that different plants have distinct responses to photo-selective nets. Compared to the use of black nets, the use of red nets led to an increase in the production of sweet peppers (Shahak, 2008; Darázsi, 2014). Furthermore, the pearl color net increased the number of branches of the pot plant Myrtus communis (Ada et al., 2015). However, research on Pittosporum tobira showed that the number of branches on stems increased most obviously under red nets, followed by gray nets, whereas it increased the least under black and blue nets (Stamps and Chandler, 2008). Experiments on basil plants showed that after covering the plants with red and blue nets (shading level 50%) for 90–120 days, leaf thickness and stomata density decreased compared to those in plants grown in the open field (Costa et al., 2010). Compared with red and black nets, blue nets increased the biomass of Phalaenopsis leaves and roots (Leite et al., 2008).

Green onion (Allium fistulosum L.) is often consumed as a vegetable or spice condiment and has high nutritional value (Gao et al., 2021). As the most important seasoned vegetable in Asia during summer, its seedlings are easily affected by high light. If the light is too strong, the leaf fiber increases, and the leaf body ages, which reduces its edible value and quality. Therefore, it is necessary to assess the growth of green onion during midsummer. In our experiment, through studying photosynthesis, chlorophyll fluorescence characteristics, resistance, quality, and yield of green onion leaves under photo-selective net conditions, we gained an in-depth understanding of the photosynthesis reaction mechanism of green onion under different spectral conditions and shades, which provides a theoretical basis for the cultivation of green onion in summer.



MATERIALS AND METHODS


Plant Material and Sample Preparation

The experiment was conducted in the experimental field of Shandong Agricultural University (SDAU, N361.8°, E117.1°), Tai’an City, China, in 2019 based on a preliminary test in 2018. Green onion (Allium fistulosum L.) variety “Yuanzang” was originally obtained from the Tai’an Taishan Seed Industry Technology Co., Ltd. The seeds were sown on March 20, and the seedlings were about 40 cm high on June 25. They were moved to a planting ditch when they had four unfolded true leaves. The test soil was loamy with a pH of 6.72 and organic matter content of 11.09 g/kg.

In cultivation, row spacing was 80 cm, and plant spacing was 3.5–4 cm. A tent covering method was adopted for plant cultivation, that is, photo-selective nets (Fuzhou Kangsheng Knitting Textile Co., Ltd.) were placed directly on the support structure upper part of the green onion. The support structures were 2 m high, 10 m wide, and 20 m long.

The experiment involved a total of six treatments. Natural light was used as a control (CK), and the five treatments included the five colors of the photo-selective nets: white (WN), blue (BN), green (GN), yellow (YN), and red (RN; shading level 30 ± 3%). The nets were arranged randomly, and each experiment was repeated three times. The photosynthetic active radiation (PAR) of each photo-selective net was recorded with HOBO Data Loggers (MicroDAQ.com, Ltd., NH, United States) to calculate the shading level = PARNET/PARCK (Table 1; Figure 1A). The photo-selective nets were covered when the plants were being planted, and each treatment was managed in accordance with conventional production technology measures. Green onion plants were harvested on July 25, August 25, September 25, and October 25.



TABLE 1. Actual and target shade readings (%) for control (CK), white, blue, green, yellow, and red photo-selective netting.
[image: Table1]
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FIGURE 1. (A) Green onion cultivation under different photo-selective net conditions. (B) Spectral characteristics of each treatment. CK, control; BN, blue photo-selective nets; YN, yellow; WN, white; GN, green; and RN, red.




Spectral Irradiance Transmitted Through Photo-Selective Nets

In clear weather, the spectral characteristics of different photo-selective nets were measured using a UniSpec-SC spectrum analyzer (PP-SYSTEMS, United Kingdom), with a bandwidth of 300–1,100 nm and a 3.3 nm scanning interval. The spectral characteristics of each treatment are shown in Figure 1B.



Analytical Methods


Growth Parameter, Yield, and Quality Evaluation

Plant samples were taken at the seedling stage, pseudo-stem formation stage, pseudo-stem expansion stage, and harvest stage. Three plants were selected from each treatment, and the plant height, stem diameter, leaf, and pseudo-stem fresh weight (FW), and dry weight (DW) were determined. At harvest time, plants were weighted to determine yield per plant. Supplementary Text S1 describes in detail the determination method of soluble sugar, cellulose, soluble protein, free amino acid, and vitamin C (Vc) contents.



Photosynthetic Pigments and Gas Exchange System

Chlorophyll (Chl) and carotenoids (CAR) were extracted and quantified using the acetone extraction colorimetric method described in Gilmore and Yamamoto (1991). First, 0.2 g of the leaf was weighted into the test tube. Twenty milliliters of 80% acetone were added and extracted in the dark for 24 h until the leaves turned white. Then, UV spectrophotometers with wavelengths set at 663 nm, 646 nm, and 470 nm were used for colorimetry. Based on the method described in Gao et al. (2020), we used the Li-6,800 portable photosynthetic apparatus (Li-COR, United States) to measure the net photosynthetic rate (Pn), stomatal conductance (Gs), intercellular CO2 concentration (Ci), and transpiration rate (Tr) of the third functional leaf on July 25, August 25, September 25, and October 25, and the diurnal variation in photosynthetic parameters during the pseudo-stem formation stage. Throughout the experiment, leaves of the same ontogeny were evaluated for three plants, every 2 h from 7:00 to 17:00 h (Tucci et al., 2010).



Chlorophyll Fluorescence

Fluorescence parameters such as initial fluorescence (Fo), maximum fluorescence (Fm), initial fluorescence (Fo'), and maximum fluorescence (Fm') were measured using an FMS-2 portable fluorometer (Hansatech, United Kingdom). The maximum photochemical efficiency (Fv/Fm), actual photochemical efficiency (ΦPSII) = (Fm'-Fs)/Fm', photochemical quenching coefficient (qP) = (Fm'-Ft)/(Fm'-Fo'), and non-photochemical quenching coefficient (NPQ) = 1-(Fm'-Fo')/(Fm-Fo) were calculated as well, the light intensity used to calculate the yield of NPQ and ΦPSII was 1,200 μmol·m−2·s−1 (Genty et al., 1989; Roháček, 2002).



Antioxidant System

The third functional leaves of green onion plants were selected for the assessment of the antioxidant system, including antioxidant substances and antioxidant-related enzyme activities. Malondialdehyde (MDA) content is an index used for evaluating oxidative damage and is determined by the thiobarbituric acid method (Wada et al., 2011). We used nitro blue tetrazolium (NBT) to detect the accumulation of superoxide (O2−; Xia et al., 2009). The H2O2 content was determined according to Patterson et al. (1984). The assay was based on the absorbance change of the titanium peroxide complex at 415 nm. The enzyme solution was extracted according to the method described in Gong et al. (2014). The antioxidant system was evaluated by measuring the activity of superoxide dismutase (SOD), peroxidase (POD), and catalase (CAT; Roldán et al., 2008; Chapman et al., 2019).



Element Contents

During the harvest period, the roots, stems, and leaves of green onion plants were washed three times with deionized water, dried at 105°C for 15 min, and then dried to a constant weight at 70°C. From each sample, 0.2 g were ground and digested with H2SO4-H2O2, and a discrete auto-analyzer (Smartchem200, Alliance, France) was used to determine N and P contents. An inductively coupled plasma optical emission spectrometer (ICP-OES; iCAP-7,400, Thermo Scientific, United States) was used to determine the potassium content in the solution.




Data Analysis

In the present study, all plants were randomly sampled. The data were processed, plotted, and statistically analyzed in Excel 2016 and DPS software package (DPS for Windows, 2009). The differences among treatments were tested using Duncan’s new multiple range test at a significance level of p ≤ 0.05.




RESULTS


The Shading Level and Transmission Spectrum Characteristics of Different Photo-Selective Nets

Figure 1A shows the cultivation of green onion under different photo-selective net conditions. We used PAR measurements to calculate the shadow transmittance (vs. non-netted controls). We found that compared with CK, the actual shading level of WN, BN, GN, YN, and RN were 28, 32, 29, 31, and 30%, respectively (Table 1). As shown in Figure 1B, the transmission spectra of each colored photo-selective net were different. The proportion of blue and green light in BN was significantly higher than in other treatments, the proportion of green and yellow light in GN was significantly higher than other treatments, especially green light, and the proportion of green, yellow, and red light in YN was significantly increased, and the proportion of red light in RN increased.



Effects of Photo-Selective Nets on the Growth of Green Onion

Different light qualities and light intensities had different effects on the growth of plants at different growth stages. Table 2 shows the influence of different treatments on the growth of plants in different growth stages. There was no significant difference in plant growth among the treatments at the seedling stage. However, at the pseudo-stem formation stage, with the increase in plant height and stem diameter, the differences among the different treatments became significant. The plant height in BN and WN treatments increased by 9.74 and 3.38%, respectively, whereas in RN, GN, and YN treatments, it decreased by 2.34, 4.25, and 7.21%, respectively, compared with that in CK. The stem diameter in BN and WN treatments increased by 8.56 and 4.10%, respectively, whereas in RN, GN, and YN, it decreased by 5.96, 10.10, and 14.31%, respectively, compared with that in CK. The leaf fresh weight in BN and WN treatments increased by 6.71 and 1.57%, respectively, whereas in RN, GN, and YN, it decreased by 4.18, 5.41, and 10.87%, respectively, compared with that in CK.



TABLE 2. Effect of photo-selective nets on the growth of green onion.
[image: Table2]

At the pseudo-stem expansion stage, the pseudo-stem fresh weight varied significantly among the treatments. In BN and WN, it increased by 15.05 and 7.43%, respectively, compared with that in CK. Therefore, BN and WN treatments promoted the growth of green onion. At the harvest stage, the final aboveground fresh weight of plants in BN and WN treatments increased by 14.18 and 3.42%, respectively, whereas that in RN, GN, and YN treatments decreased by 5.21, 12.32, and 17.69%, respectively, compared with that in CK (Table 2). By measuring the height of the green onion plant, stem diameter, and the fresh weight of the plant, we found that from the best to the worst, the growth status of plants in the five treatments was BN > WN > RN > GN > YN (Figure 2).
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FIGURE 2. The morphology of green onion plants under different photo-selective net treatments at the harvest stage. Scale bar = 20 cm. BN, blue photo-selective nets; WN, white; CK, control; RN, red; GN, green; and YN, yellow.




Effects of Photo-Selective Nets on the Yield and Quality of Green Onion

As shown in Table 3, we calculated the yield per 1000 m2 under different treatments, and the results showed that there was a significant difference in the yield of green onion among different treatments. Compared with the yield of CK plants, the yield of plants in BN and WN treatments increased by 14.54 and 3.77%, respectively, whereas the yields of plants in RN, GN, and YN treatments decreased by 5.47, 12.39, and 16.47%, respectively. According to quality evaluation, there was no significant difference in soluble sugar and crude cellulose content among the plants in different treatments. The contents of dry matter, soluble proteins, free amino acids, and Vc from highest to lowest were BN > WN > CK > RN > GN > YN. The dry matter, soluble protein, free amino acids, and Vc contents in plants in the BN treatment increased by 9.20, 24.83, 23.91, and 30.08%, respectively, compared with those in CK plants (Table 4).



TABLE 3. Effect of photo-selective nets on the yield of green onion.
[image: Table3]



TABLE 4. Effect of photo-selective nets on the quality of green onion.
[image: Table4]



Effects of Photo-Selective Nets on Photosynthetic Pigments and Gas Exchange System of Green Onion

The chlorophyll and carotenoid contents of plants in BN and WN treatments were significantly higher than those of CK plants at different growth stages, whereas, in plants in RN, GN, and YN treatments, these contents were significantly lower than those in CK plants (Figure 3). During the experiment, the chlorophyll and carotenoid contents in green onion leaves increased at first and then decreased. The highest chlorophyll content was recorded on September 25th; compared to the chlorophyll content in CK plants, the plants in BN and WN treatments had 18.87 and 10.38% higher chlorophyll content, whereas the plants in RN, GN, and YN treatments had 4.25, 12.74, and 20.75% lower chlorophyll content, respectively (Figure 3A). Therefore, both BN and WN treatments increased the pigment content in green onion leaves. The trend of change in carotenoid content was consistent with the trend of change in chlorophyll content (Figure 3B).

[image: Figure 3]

FIGURE 3. Effect of photo-selective nets on the photosynthetic pigment contents of green onion leaves at different growth stages. (A) Chlorophyll content, (B) carotenoid content. CK, control; WN, white photo-selective nets; BN, blue; GN, green; YN, yellow; and RN, red. Values are average ± SD, n = 18. Error bars indicate standard errors. Different letters (a, b, c, d, and e) in the same column indicate significant differences among treatments at p ≤ 0.05 according to Duncan’s new multiple range test.


Figure 4 shows the effect of photo-selective nets on the gas exchange parameters of green onion leaves at different growth stages. We found that both Tr and Gs showed a trend of increasing at first and then decreasing during the growth process. The differences in Tr and Gs among the treatments were significant at the pseudo-stem formation stage and reached the highest level at the pseudo-stem expansion stage, Tr and Gs were the highest in the BN treatment (Figures 4B,C). In the pseudo-stem expansion stage on September 25th, the Pn of plants in BN and WN treatments increased by 10.86 and 6.90%, respectively, compared with that in CK, whereas in plants in RN, GN, and YN treatments, it decreased by 4.91, 10.58, and 15.12%, respectively, compared with that in CK (Figure 4A). Ci had the opposite trend than Pn, Tr, and Gs. The Ci was the highest in YN and the lowest in BN, which indicated that BN consumed more CO2, thus promoting Pn (Figure 4D).
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FIGURE 4. Effect of photo-selective nets on the photosynthetic parameters of green onion leaves at different growth stages. (A) Net photosynthetic rate (Pn), (B) transpiration rate (Tr), (C) stomatal conductance (Gs), (D) intercellular CO2 concentration (Ci). CK, control; WN, white photo-selective nets; BN, blue; GN, green; YN, yellow; and RN, red. Values are average ± SD, n = 18. Error bars indicate standard errors.


By analyzing the diurnal variation in photosynthesis in the green onion during the pseudo-stem formation stage (Figures 5A–D), we found that the differences among the treatments were consistent with the trend in the growth stage, with plants in the BN treatment being the highest in Pn, Tr, and Gs. During the course of 1 day, the Pn change trend was of the “M” type: the peak values were recorded at 11:00 and 15:00, the valley was recorded at 13:00, and the “photosynthesis noon break phenomenon” (Tucci et al., 2010) in CK plants at 13:00 was more severe than that in plants under the other treatments (Figure 5A). Compared with that in CK plants, the Pn of plants in BN, WN, and RN treatments increased by 28.60, 18.79, and 6.46%, respectively. Therefore, covering with photo-selective nets could enhance the hardiness of the green onion leaves, improve the leaf net photosynthetic rate, and reduce the occurrence of “photosynthesis noon break phenomenon.” The diurnal variation in Tr and Gs of green onion leaves in different treatments showed a single peak curve. There was a significant difference in Tr and Gs between the treatments at 11:00, and Tr peaked at 13:00 (Figure 5B). The diurnal variation in Gs with the trend of Pn reached the maximum at 11:00 and then declined (Figure 5C). The diurnal variation in Ci was characterized by the highest values in the morning, followed by those in the afternoon, and the lowest values at noon, which was essentially the opposite of Pn (Figure 5D).
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FIGURE 5. The effect of photo-selective nets on diurnal variation in photosynthetic parameters of green onion leaves during the pseudo-stem formation stage. (A) Net photosynthetic rate (Pn), (B) transpiration rate (Tr), (C) stomatal conductance (Gs), (D) intercellular CO2 concentration (Ci). CK, control; WN, white photo-selective nets; BN, blue; GN, green; YN, yellow; and RN, red. Values are average ± SD, n = 18. Error bars indicate standard errors.




Effects of Photo-Selective Nets on Chlorophyll Fluorescence of Green Onion

Furthermore, photo-selective nets significantly affected the chlorophyll fluorescence parameters of green onion leaves. From highest to lowest, the Fv/Fm, qP, and ФPSII of each treatment were BN > WN > CK > RN > GN > YN. Moreover, throughout the growth period, from the seedling stage to the pseudo-stem expansion stage, the parameters showed an upward trend, and the indicators from the pseudo-stem expansion stage to the harvest stage declined, whereas the trend of NPQ was the opposite (Figures 6A–D). In the pseudo-stem expansion stage, compared with that in CK plants, the Fv/Fm of plants in BN and WN treatments increased by 4.88 and 1.84%, whereas in RN, GN, and YN, it decreased by 2.33, 5.14, and 7.47%, respectively. The results showed that BN and WN improved the light energy conversion efficiency of the PSII reaction center and enhanced the actual light energy capture efficiency when this reaction center was partially closed, whereas YN and GN increased the heat dissipation of green onion plants.
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FIGURE 6. The effect of photo-selective nets on the fluorescence parameters of green onion leaves at different growth stages. (A) Maximum photochemical efficiency of PSII under dark adaptation (Fv/Fm), (B) actual photochemical efficiency (ΦPSII), (C) photochemical quenching coefficient (qP), (D) non-photochemical quenching coefficient (NPQ). CK, control; WN, white photo-selective nets; BN, blue; GN, green; YN, yellow; and RN, red. Values are average ± SD, n = 18. Error bars indicate standard errors.




Effects of Photo-Selective Nets on the Antioxidant System of Green Onion

As shown in Figure 7, the level of reactive oxygen species (ROS) in the leaves of plants under photo-selective nets continued to increase with the increase in plant growth. The levels of ROS in YN, GN, and RN treatments were significantly higher than those in the CK treatment (Figures 7A,B), the MDA content was consistent with the trend of ROS levels (Figure 7C). In plants, superoxide dismutase (SOD) is an important protective enzyme for removing ROS. It can effectively remove excess O2− and decrease its peroxidation effect on membrane lipids. In the present study, the activity of SOD in green onion leaves showed an upward trend followed by a downward trend during the experiment, with the highest activity on September 25. At that time, the SOD activity in the leaves of plants in BN and WN treatments was 13.34 and 4.85% higher than that in the leaves of CK plants, respectively, and in the leaves of plants in RN, GN, and YN treatments, it was 4.50, 10.90, and 18.46% lower than that in the leaves of CK plants, respectively. The trend of POD and CAT activity was similar to that of SOD activity (Figures 7D–F). BN and WN reduced the accumulation of ROS by increasing the activity of SOD, POD, and CAT to further decrease MDA levels in leaves.
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FIGURE 7. The effect of photo-selective nets on reactive oxygen, malondialdehyde (MDA) contents, and antioxidant enzyme activities of green onion leaves at different growth stages. (A) O2− (superoxide anion), (B) H2O2, (C) MDA content, (D) SOD activity, (E) POD activity, (F) CAT activity. CK, control; WN, white photo-selective nets; BN, blue; GN, green; YN, yellow; and RN, red. Values are average ± SD, n = 18. Error bars indicate standard errors.




Effects of Photo-Selective Nets on the Nutrient Content of Green Onion

Macroelements refer to the essential nutrients required for normal plant growth and development. In our experiment, we mainly determined the contents of N, P, and K in the roots, pseudo-stems, and leaves of green onion during the harvest stage. We found that the balance of nutrients in plants was significantly different under different photo-selective nets. Figure 8 summarizes the contents of various mineral elements in the roots, stems, and leaves of green onion under different treatments. We found that the nitrogen content in roots, pseudo-stems, and leaves was the highest under the BN treatment, and the trend among treatments was BN > WN > CK > RN > GN > YN. The changing trend of phosphorus and potassium content was consistent with nitrogen content.
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FIGURE 8. The effect of photo-selective nets on element content of green onion leaves, pseudo-stems, and roots during the harvest stage. (A) N content, (B) P content, (C) K content. CK, control; WN, white photo-selective nets; BN, blue; GN, green; YN, yellow; and RN, red. Values are average ± SD, n = 18. Error bars indicate standard errors. Different letters (a, b, c, d, and e) in the same column indicate significant differences among treatments at p ≤ 0.05 according to Duncan’s new multiple range test.





DISCUSSION

Photo-selective nets are considered to prevent excessive sun radiation, improve soil moisture, stabilize air temperature, and promote normal plant growth. They can also change the radiation spectrum available to plants, which results in metabolic adjustment of the photosynthesis system (Sabino et al., 2016), which may help improve the plant growth characteristics evaluated in the present study. In a study carried out in Hungary using colored shading nets on peppers, the temperature changed relatively little in response to the nets, and it decreased as the shading level increased (Ombódi et al., 2015). It was reported that coffee trees planted under red nets have higher biomass than those planted under other types of shade nets (Henrique et al., 2011). This may be because red shading nets allowed the plants to absorb more photons of red wavelength, which may be beneficial for increasing the activity of photosynthetic pigments, resulting in increased photosynthetic assimilation (Yu et al., 2017). In our experiment, plant height, stem diameter, and aboveground fresh weight of plants under BN and WN treatments were significantly higher than those in plants under CK, RN, GN, and YN treatments (Table 2). This was inconsistent with the results of previous research, suggesting possible species-specific variation. It is possible to modify desirable plant growth characteristics by combining light scattering and spectral manipulation.

Light conditions have an important impact on the quality and yield of vegetable products (Fu et al., 2017). Red and pearl nets have been shown to improve the quality of tomato fruits (Ilić et al., 2012, 2015). Compared with traditional black nets, light adjustment and microclimate conditions under pearl nets provided higher crop yields (Ilić et al., 2011). Pearl nets not only improved the yield and quality of sweet peppers but also improved the postharvest shelf life of sweet pepper fruits (Selahle et al., 2015; Díaz-Pérez et al., 2020). In our experiment, BN increased the content of dry matter, soluble proteins, free amino acids, Vc, and soluble sugars (Table 4). This may be because BN improved the yield (Table 3) by improving the water use efficiency and absorption and conversion of various elements (Figure 8).

Chlorophyll is the basis for photosynthesis in plants. The chlorophyll content of plants in BN and WN treatments was significantly higher than that of CK plants. Ilić et al. (2017a) also found that the total chlorophyll content of leaves of lettuce cultivated under blue and black nets was higher than that of leaves of lettuce cultivated under other nets. Carotenoids act as antenna pigments and transmit the absorbed light energy to chlorophyll for further photochemical reaction, and they also serve to protect the chlorophylls from too much light or the wrong light wavelengths and thus act as a selective filter (Ilić et al., 2017b). This may be the reason why Pn was higher in plants under the BN treatment than in plants under the other treatments. Blue light has been proven to promote stomata opening (Inoue et al., 2008). In our experiment, the Gs of plants in the BN treatment were significantly higher than those of plants in the other treatments, which may also be the reason for the higher Tr. Plants with higher Pn consumed more CO2, which led to a decrease in the leaf Ci concentration (Figure 4). The increase in Tr compared to the Tr of CK plants indicated that BN could improve the absorption efficiency of nutrients by plants and allocate more nutrients to the aboveground organs. Increased Gs can lead to an increase in Ci concentration, which is beneficial for improving the photosynthetic activity of leaves and promoting the increase in Pn. From the diurnal variation in photosynthetic parameters (Figure 5), it can be seen that covering the plants with BN reduced the noon photosynthetic inhibition. This may be because BN can improve plant performance by reducing the noon photosynthetic inhibition caused by high temperatures and stomatal closure (Raveh et al., 2003).

In our study, taking the pseudo-stem expansion stage as an example, the Fv/Fm, ΦPSII, and qP of plants in the BN and WN treatments were significantly higher than those of CK plants, whereas Fv/Fm was significantly reduced and NPQ increased in plants in the GN and YN treatments compared to that in plants in the other treatments. This indicated that GN and YN caused a severe decrease in the photosynthesis of green onion plants and an increase in the heat dissipation in LHCII. In addition, this mainly indicated that green onion grown under GN and YN responded to photoinhibition; this can cause the production of ROS, which also explained the higher ROS content in green onion leaves in the YN treatment than in green onion leaves in the other treatments.

Oxidative stress can lead to the inhibition of photosynthesis and respiration processes, thereby inhibiting plant growth. MDA is one of the peroxidation products of cell membranes, reflecting the antioxidant capacity of plants. As important protective enzymes of the active oxygen scavenging enzyme system in plants, the increase in SOD, CAT, and POD activity could effectively prevent the accumulation of active oxygen, thereby ensuring that the MDA content was maintained at a low level, and maintaining normal plant growth. SOD is the first line of defense against oxidative stress and lipid peroxidation, catalyzing O2− to generate H2O2 and O2, whereas POD and CAT can remove H2O2 from peroxisomes and the cytoplasm (Dewir et al., 2006; Wu, 2016). In the present study, the contents of O2−, H2O2, and MDA in plants under BN and WN were lower, whereas the activities of SOD, POD, and CAT were higher than those of plants under the other photo-selective nets (Figure 7), indicating that BN and WN could effectively improve antioxidant capacity and delay the senescence of green onion plants.



CONCLUSION

This study found that photo-selective nets, especially blue and white nets, can affect the growth of green onion by increasing the antioxidant enzyme activity, chlorophyll content, photosynthetic performance, and element absorption and transformation capabilities of green onion. In green onion cultivation, blue nets can be used to improve plant yield and quality.
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Investigating the diurnal and seasonal variations of plant photosynthetic performance under future atmospheric CO2 conditions is essential for understanding plant adaptation to global change and for estimating parameters of ecophysiological models. In this study, diurnal changes of net photosynthetic rate (Anet), stomatal conductance (gs), and photochemical efficiency of PSII (Fv′/Fm′) were measured in two rice cultivars grown in the open-top-chambers at ambient (∼450 μmol mol–1) and elevated (∼650 μmol mol–1) CO2 concentration [(CO2)] throughout the growing season for 2 years. The results showed that elevated (CO2) greatly increased Anet, especially at jointing stage. This stimulation was acclimated with the advance of growing season and was not affected by either stomatal limitations or Rubisco activity. Model parameters in photosynthesis model (Vcmax, Jmax, and Rd) and two stomatal conductance models (m and g1) varied across growing stages and m and g1 also varied across (CO2) treatments and cultivars, which led to more accurate photosynthesis and stomatal conductance simulations when using these cultivar-, CO2-, and stage- specific parameters. The results in the study suggested that further research is still needed to investigate the dominant factors contributing to the acclimation of photosynthetic capacity under future elevated CO2 conditions. The study also highlighted the need of investigating the impact of other environmental, such as nitrogen and O3, and non-environmental factors, such as additional rice cultivars, on the variations of these parameters in photosynthesis and stomatal conductance models and their further impacts on simulations in large scale carbon and water cycles.
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INTRODUCTION

Under the influence of human activities, atmospheric CO2 concentration [(CO2)] has been increasing to 415 μmol mol–1 in 2019 since the Industrial Revolution, before which the (CO2) was steadily maintained at about 280 μmol mol–1 (National Oceanic and Atmospheric Administration NOAA, 2019). It would possibly reach up to 936 μmol mol–1 in 2100 under RCP8.5 scenario (IPCC, 2014). Rice (Oryza sativa L.) has been one of the most important crops for human beings since the 1900s, especially in Asia and in the tropical and subtropical regions of Africa. Rice has the third largest planting area in the world and has been the main source of daily food for nearly half of the world’s population. With Global (CO2) rising and the increase of global population, it is critical to investigate and predict the responsive changes of the physiology and growth of rice to the increasing (CO2).

As the essential substrate for photosynthesis, the increase of (CO2) will stimulate photosynthesis and increase the biomass production and yield (Ainsworth and Long, 2005; Ainsworth and Rogers, 2007; Brito et al., 2020). Soil-Plant-Atmosphere-Research (SPAR) showed that rising (CO2) from 350 to 700 μmol mol–1 increased rice growth, grain yield and canopy photosynthesis and increased the final aboveground biomass by 29% with sufficient irrigation (Baker and Allen, 2005). The increase of air temperature at future elevated (CO2) made the CO2 effect on photosynthesis more complicated. Leaf photosynthetic rate (A) of two species, rice and soybean, were both increased under (CO2) enrichment, but this enhancement was reduced when the air temperature increased by 3°C (Vu et al., 1997). Rising (CO2) from 370 to 700 μmol mol–1 could offset the negative effect on photosynthesis due to 3.0–3.9°C warming, but had larger negative effect on photosynthetic carboxylation capacity in warming condition compared with ambient air temperature (Lamba et al., 2018). The combination of rising (CO2) and temperature increased the photosynthesis but decreased yield for rice (Cai et al., 2016). The yield reduction under the combination of 200 μmol mol–1 above ambient (CO2) and 1°C warming was reported in another research and the decrease of spikelet density might be the dominant factor (Wang W. et al., 2018).

Stomatal function is an important factor affecting photosynthesis and transpiration of plants. Lower stomatal conductance (gs) and transpiration rate (TR), therefore higher water use efficiency (WUE) due to elevated (CO2) were reported in varieties of species (Wand et al., 1999; Medlyn et al., 2001; Ainsworth and Rogers, 2007; Shimono and Bunce, 2009). Free air concentration enrichment (FACE) experiments showed an average increase of 23% in yield and a 25% reduction in gs when (CO2) increased from 360 to 627 μmol mol–1 (Ainsworth, 2008). FACE experiments in Iwate, Japan, indicated that raising (CO2) by 200 μmol mol–1 significantly decreased gs by 23% on average and doubling (CO2) made transpiration of rice reduced by 45 and 41% at full heading stage and mid-ripening stage, respectively (Shimono and Bunce, 2009; Shimono et al., 2010). Another research showed that lower gs of wheat grown under ambient (CO2) was observed compared with that under elevated (CO2) when ammonium fertilization was supplied as the sole N source, and this phenomenon disappeared when plants were set under nitrate nutrition (Torralbo et al., 2019). And EucFACE in 2017 found no significant influence on gs for one dominant C3 grass and two sympatric C3 forbs due to increasing (CO2) by 150 μmol mol–1 (Pathare et al., 2017). Therefore, the regulation of stomatal conductance by elevated CO2 could vary greatly depending on other environmental factors.

Responses of plant photosynthesis to short-term changes in environmental factors can be reflected through diurnal variations in photosynthesis. The maximum of Anet could be observed at 9 a.m. in tea [Camellia sinensis (L.) O. Kuntze] (Mohotti and Lawlor, 2002). An Conviron environmental chamber experiment for drought-tolerant plant Elaeagnus umbellata showed that Anet and gs both reached the maximum rates early in the day (around 10 a.m.) and the daily average levels decreased significantly during times of drought stress (Naumann et al., 2010). Research for maize showed that the maximum of Anet and gs occurred from 12 p.m. to 15 p.m. among two N fertilized and non-fertilized treatments, and the difference of Anet was significant due to N treatment when the light intensity was high, while the influence was found minimal on gs and Ci (Peng et al., 2014). FACE research focused on maize found no significant difference in the diurnal variation of Anet at ambient and elevated (CO2) in the early growing stage, but the difference could be observed in the late growing stage (Markelz et al., 2011). Depression of net CO2 assimilation occurred around noon due to stomatal closure and the decrease of intercellular CO2 (Ci) and elevated (CO2) could either significantly enhance the assimilation ability or weaken the midday depression (Nijs et al., 1992; Špunda et al., 2005). However, when C3 plants were exposed to elevated (CO2) for an extended period of time, the accelerated rate of photosynthesis often cannot be maintained, a phenomenon called photosynthetic acclimation to elevated (CO2) (Van Oosten and Besford, 1996). Ignoring this acclimation would possibly overestimate the magnitude of photosynthetic stimulation of elevated (CO2) concentrations compared with what was expected with the influence of short-term elevated (CO2) (Dusenge et al., 2019). Photosynthetic acclimation was usually associated with the down-regulation of stomatal conductance, Rubisco amount or activity, nitrogen concentrations or sink strength under elevated CO2 conditions (Ainsworth et al., 2004; Leakey et al., 2009; Rogers et al., 2017). For plants holding nitrogen-fixing bacteria, reduction of photosynthesis will be effectively alleviated under long-term elevated (CO2), especially under nitrogen limitation (Rho et al., 2020). Few studies have investigated the diurnal variations of photosynthetic characteristics of rice throughout the growing season. Whether the effects varied across different cultivars and growing stages requires systematic measurements of the diurnal variation of photosynthesis and stomatal conductance throughout the growing season to shed lights on both the short- and long- term effect of CO2 on photosynthetic characteristics.

Understanding and predicting large-scale carbon, water, and energy cycles requires accurate simulations in leaf photosynthesis and stomatal activities (Laisk et al., 2005). The Farquhar-von Caemmerer–Berry model (FvCB model), Ball, Woodrow and Berry (BWB model), and Medlyn model (MED model) are widely used photosynthetic and stomatal models to simulate the photosynthesis and stomatal conductance at the leaf level (Farquhar et al., 1980; Ball et al., 1987; Medlyn et al., 2012). The parameters of these models (Vcmax, Jmax, and Rd from the FvCB model, m and g0 from BWB model, g1 and g0 from MED model) are valuable for large-scale simulations and represent important physiological traits that determine plant photosynthetic potential and water-use efficiency. How do photosynthetic parameters of Vcmax, Jmax, and Rd and stomatal slope parameters vary among different rice cultivars and under different CO2 conditions require further study and analysis. Whether using cultivar-specific or environment-specific, instead of generic, model parameters can increase the accuracy of both photosynthesis and stomatal conductance simulations needs further investigation too.

In this study, diurnal changes of net photosynthetic rate (Anet), stomatal conductance (gs), intercellular CO2 concentration (Ci) and chlorophyll a fluorescence characteristics (photochemical efficiency of PSII, Fv′/Fm′; actual photochemical efficiency of PSII, ΦPSII; photochemical quenching, qP) were measured in two rice cultivars grown in the open-top-chambers at ambient (∼450 μmol mol–1) and elevated (∼650 μmol mol–1) CO2 concentrations throughout the growing season for 2 years. Seasonal variations of Vcmax, Jmax, and Rd and stomatal slope parameters were determined by Anet-Ci measurements at different growing stages. The objectives of this study were: (1) to investigate the diurnal and seasonal variations of rice photosynthetic performance under future atmospheric CO2 conditions; (2) to compare the diurnal and seasonal variations across two rice cultivars; (3) to test whether the photosynthetic and stomatal conductance models are effective under elevated CO2 conditions and whether using cultivar-, CO2- and stage- specific parameters can improve the accuracy of the photosynthesis and stomatal conductance simulations. Specifically, we hypothesized that (1) the positive effects of elevated (CO2) observed in the earlier growing season will decrease in the later growing season; (2) the extent of photosynthetic acclimation will be smaller for the more CO2-responsive cultivar; (3) the cultivar-, CO2-, and stage- specific parameters will increase the accuracy of the photosynthetic and stomatal conductance models.



MATERIALS AND METHODS


Site Description

The study site was located in the agrometeorological experimental station of Nanjing University of Information Science and Technology, in Nanjing, Jiangsu province of China (32°16′N, 118°86′E). The climate in this region characterizes subtropical monsoon season, with the annual average precipitation of 1,100 mm, the average temperature in recent years of 15.6°C and the average annual frost-free period of 237 days. The soil texture in the tillage layer was loamy clay and the clayey content was 26.1%. The bulk density of 0–20 cm soil was 1.57 g⋅cm–3 and the pH (H2O) value were 6.3. The organic carbon and total nitrogen content were 11.95 and 1.19 g⋅kg–1, respectively.



Experimental Design

Open top chambers (OTC) were used in the experiment to simulate elevated (CO2) treatments and description was provided in Supplementary Material 1. The OTCs are regular octagonal prisms with a diameter of 3.75 m, a height of 3 m, and a base area of 10 m2. There were two (CO2) treatments, ambient [a(CO2)] and elevated [e(CO2)], each with four replicative chambers. The treatment of elevated (CO2) started from the turning green stage and lasted to the end of growing season. The (CO2) concentration in the OTCs was controlled with an automatic control platform, composed of CO2 sensors, gas-supplying devices and automatic control system. Three wind-blowing fans were placed in each chamber to make the CO2 gas in the chamber evenly distributed and the top of the OTC is designed with an opening inclined 45° inward to avoid the rapid loss of CO2 gas. The CO2 sensor fed back the surrounding CO2 concentration information in the chambers to the automatic control system every 2 s. Our experiment was performed from 2019 to 2020 to make sure that the trend we observed was not a random impact. The daytime (CO2) averaged over the growing season was 641 ± 43 and 631 ± 39 μmol mol–1 in elevated (CO2) chambers and 478 ± 34 and 485 ± 33 μmol mol–1 in ambient (CO2) chambers in 2019 and 2020, respectively. The nighttime (CO2) was 667 ± 27 and 673 ± 24 μmol mol–1 in elevated (CO2) chambers and 537 ± 49 and 550 ± 36 μmol mol–1 in ambient (CO2) chambers.

Two rice cultivars, Yangdao6, a more CO2-responsive indica cultivar and Wuyunjing30, a less CO2-responsive japonica cultivar, as indicated in previous studies (Zhu et al., 2015; Tao and Wang, 2021; Wang et al., 2021), were selected in this study. Seedlings of each rice cultivar were transplanted into the eight OTCs on June 19, 2019 and June 16, 2020, and harvested on October 25, 2019 and October 28, 2020, respectively. The spacing of the hills was 16.7 cm × 25 cm (equivalent to 24 hills m–2). During the whole growing season, sufficient supplies of water and fertilizer were maintained.



Photosynthetic Measurements

Gas exchange characteristics (including net photosynthetic rate and stomatal conductance) were measured with a portable infrared gas analyzer (LI-COR 6400LCF; LI-COR, Lincoln, NE, United States) on one randomly selected and fully expanded healthy leaf of each cultivar from each chamber. The measurement was taken at jointing, booting, heading, grain-filling and maturity stage on July 24, August 18, September 8, September 28 and October 13 in 2019, and July 25, August 24, September 7, September 24 and October 20 in 2020, respectively, which were confirmed by observation and previous research (Counce et al., 2000; IRRI, 2013). During diurnal measurements, the (CO2) of the leaf chambers were set according to the OTC conditions and the temperature and light levels were set as the environmental conditions. Photochemical efficiency of PSII in light-adapted leaves (Fv′/Fm′) and photochemical quenching (qP) were measured using a Licor 6400-40 Leaf Chamber Fluorometer. The photosynthesis-CO2 response (Anet–Ci) curves were measured on the next day after the diurnal measurements were taken. During measurements, leaves were acclimated for 30–60 min before adjusting the CO2 concentrations. Thereafter, CO2 concentration was decreased in six steps (400, 300, 230, 150, 90, and 50 μmol mol–1 CO2) and then increased in four steps (400, 600, 800, and 1,000 μmol mol–1 CO2). Leaf temperature was controlled at 35, 35, 35, 30, and 25°C when Anet–Ci curve measurement was conducted at jointing, booting, heading, grain-filling, and maturity stage, respectively, and photosynthetic photon flux density (PPFD) was maintained at 2,000 μmol m–2 s–1 all the time because the light level is close to the midday light level in the region.



Assessing the Photosynthetic and Stomatal Conductance Parameters

Anet-Ci curves were fit to the FvCB models (Equations 1, 2) to solve the photosynthetic parameters including maximum ribulose 1⋅5-bisphosphate carboxylase/oxygenase (Rubisco) carboxylation rate (Vcmax, μmol m–2 s–1), potential light saturated electron transport rate (Jmax, μmol m–2 s–1), and leaf dark respiration (Rd, μmol m–2 s–1), respectively. Anet-Ci curves were then fit to the BWB (Equation 3) and Medlyn (Equation 4) models to solve the parameters of m and g1 (Wolz et al., 2017; Wang D. et al., 2018).
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where Ci is the intercellular (CO2), O is the oxygen concentration, Γ∗ is the photosynthetic CO2 compensation point without dark respiration, KC and KO are the Michaelis–Menten constants for CO2 and O2 and can be found in Bernacchi et al. (2001). Equation 1 can be used if Anet is limited by Rubisco activity [low (CO2)] and if Anet is limited by the regeneration of ribulose-1,5-bisphosphate (RuBP) at high (CO2), it can be determined as follows:
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where a and b are model parameters and are given as 4.0 and 8.0, respectively (Bernacchi et al., 2003); J is the photosynthetic electron transport rate and can be used to estimate Jmax with the non-rectangular hyperbolic model (von Caemmerer, 2000). Values of both Vcmax and Jmax would be corrected to those at 25°C after the estimation by using Arrhenius equation provided from Bernacchi et al. (2003).

For each leaf, a linear least squares regression of Equations 3 or 4 was used to estimate the intercept and slope parameters of the BWB and MED model, respectively. Biologically, the slope parameter of each model represents the sensitivity of gs to changes in Anet, Ca, and atmospheric water status and will be the focus of this analysis. A term for the y intercept of each model algorithm (g0) can be used to describe variation in minimum gs. Only simulations that provided a regression between modeled and observed stomatal conductance with an R2 > 0.8 were included in further analyses (Wolz et al., 2017).
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where gs is stomatal conductance (mol m–2 s–1), A is the net rate of photosynthetic CO2 uptake (μmol m–2 s–1), h is atmospheric relative humidity (unitless), Ca is the atmospheric CO2 concentration at the leaf surface (μmol mol–1), g0 is the y-axis intercept and m is the slope of the line.
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where D is the atmospheric vapor pressure deficit (kPa) and g1 is the model parameter related to the slope of the line. Previous study showed that whether the value of g0 is 0 does not significantly affect the linear and non-linear relationship in Equations 3, 4 (Leakey et al., 2006), so we set the value of g0 to 0 in order to focus on the variations of the stomatal slope.

The diurnal measurements of Anet and gs were used to validate the coupled FvCB photosynthetic model and BWB and MED stomatal conductance models (Wolz et al., 2017). Specific (cultivar-, CO2- and stage- specific) photosynthetic and stomatal parameters and generic parameters (the average values across all the groups) were used to test whether the specific parameters will increase the accuracy of the models.



Statistical Analysis

Four-way analysis of variance (ANOVA) was used to test the fixed effects of years, cultivars, growing stages, CO2 treatments and their interactions on Anet, gs, Fv′/Fm′, Vcmax, Jmax, Rd and stomatal slope parameters. Post hoc Tukey’s HSD tests were conducted on specific contrasts to examine significant treatment effects among groups. General linear models (GLM) were used to assess the relationship between observed and modeled parameters. For all the analysis, the normality of the residuals was tested using the Shapiro–Wilk test. All statistical testes were considered significant at P ≤ 0.05. Mean values of each variable were expressed with their standard error (SE). All analyses were conducted in R with package “plantecophys” and all figures were drawn with the “ggplot” function in package “tidyverse” (R 3.6.31).



RESULTS


Diurnal and Seasonal Variations in Environmental Parameters

The photosynthetic active radiation (PAR) usually reached its maximum from 10 a.m. to 13 p.m. (Figure 1). The maximum values of PAR varied on the measuring date across the growing season, with 1,809.96, 1,619.51, 1,519.59, 1,574.90, and 1,489.53 μmol m–2 s–1 at jointing, booting, heading, grain-filling and maturity stages in 2019 and 2,019.40, 1,919.95, 1,850.80, 1,940.95, and 1,701.12 μmol m–2 s–1 in 2020, respectively. Diurnal variations of air temperature (Tair) and vapor pressure deficit (VPD) followed the similar trend as PAR. The maximal Tair were 38.03, 32.91, 32.97, 31.06, and 25.28°C in 2019 and 34.50, 37.71, 34.62, 28.92, and 22.57°C in 2020, while those of VPD were 2.09, 1.96, 2.02, 1.72, and 1.41 kPa in 2019 and 2.29, 2.42, 2.18, 1.98, and 1.42 kPa in 2020 on the measuring date at five growing stages. Tair, VPD and PAR varied significantly across the growing season.


[image: image]

FIGURE 1. Changes of photosynthetic active radiation (A,D), air temperature (B,E), and vapor pressure deficit (C,F) with time on the measuring date at five different growing stages in 2019 and 2020.




Diurnal and Seasonal Variations in Anet and gs

In most cases, Anet increased to the maximum around noon and decreased in the afternoon and the maximum value appeared no later than 14 p.m. (Figure 2). The midday depression of Anet was observed on some of the measuring dates for both the cultivars and (CO2) treatments. On average, elevated (CO2) significantly stimulated Anet of both cultivars by 34.19% in 2019 and 47.65% in 2020 in the whole growing season, which was consistent with the impact of elevated (CO2) on intercellular (CO2) (Supplementary Material 2). The greatest stimulation of elevated (CO2) on Anet could be observed around midday at jointing stage (54.35% in 2019 and 56.12% in 2020 for Wuyunjing30; 57.95% in 2019 and 61.50% in 2020 for Yangdao6), and the enhancement of Anet of each cultivar due to elevated (CO2) at the following four growing stages were much lower than that at this stage in 2 years (Supplementary Material 3). Anet decreased significantly with the advance of growing season and there were significant (CO2) × growing stage effect on Anet (Table 1 and Supplementary Material 4). The more CO2-responsive cultivar Yangdao6 had higher Anet than Wuyunjin30 and the two cultivars responded similarly to elevated (CO2) (Supplementary Material 5).


[image: image]

FIGURE 2. Diurnal variations in net photosynthetic rate (Anet) of rice cultivar Wuyunjing30 and Yangdao6 grown at ambient and elevated (CO2) at jointing (A,F), booting (B,G), heading (C,H), grain-filling (D,I), and maturity (E,J) stages in 2019 and 2020. Values were expressed as means ± standard errors form. Values of Anet under four (CO2) × cultivar treatments at 13 p.m. at jointing stage in 2019 were deleted because of the abnormal values found by examination. Statistical analyses of multiple comparisons for five growing stages in 2 years were shown in each panels of the figure in the form of lowercase letters.



TABLE 1. The analysis of variance (ANOVA) of photosynthetic characteristics and model parameters.

[image: Table 1]The values of gs remained relatively high before 15 p.m. and started to decrease after that (Figure 3). In 2019, gs under all (CO2) × cultivars tended to decrease significantly with the advance of growing season, while a slight recovery of gs beginning at heading stage was observed for Wuyunjing30 under both (CO2) treatments (Supplementary Material 4). In 2020, gs of Yangdao6 under both (CO2) treatments slightly increased from jointing to booting stage, while that of Wuyunjing30 decreased or remained stable during this period, and gs always decreased from heading to maturity stage. Seasonal variations in gs synchronized well with those in Anet, especially in 2020. Elevated (CO2) had no significant effect on gs (Table 1 and Supplementary Material 3). The values of gs of cultivar Yangdao6 were higher than those of Wuyunjing30 (Supplementary Material 5).
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FIGURE 3. Diurnal variations in stomatal conductance (gs) of rice cultivar Wuyunjing30 and Yangdao6 grown at ambient and elevated (CO2) at jointing (A,F), booting (B,G), heading (C,H), grain-filling (D,I), and maturity (E,J) stages in 2019 and 2020. Values were expressed as means ± standard errors form. Values of gs under four (CO2) × cultivar treatments at 13 p.m. at jointing stage in 2019 were deleted because of the abnormal values found by examination. Statistical analyses of multiple comparisons for five growing stages in 2 years were shown in each panels of the figure in the form of lowercase letters.




Diurnal and Seasonal Variations in Fv′/Fm′, ΦPSII, and qP

The values of Fv′/Fm′, ΦPSII, and qP decreased to the minimum around noon and recovered to normal or even higher levels under each treatment (Figure 4 and Supplementary Materials 6, 7). Fv′/Fm′ increased with the advance of growing season and reached the maximum at heading stage or grain-filling stage, and decreased at maturity stage in 2019 (Supplementary Material 4). In 2020, Fv′/Fm′ decreased to the minimum value at booting stage at first, then increased to the maximum value at heading or grain-filling stage, and decreased till the end of the growth period. On average, elevated (CO2) significantly increased Fv′/Fm′ of both cultivars by 6.92% in 2019 and 6.41% in 2020 across the growth season, while qP was decreased by 4.30% in 2019 and 3.97% in 2020, respectively (Table 1). The greatest stimulation influences on Fv′/Fm′ due to elevated (CO2) at midday were 21.39% at heading stage in 2019 and 26.80% at the same stage in 2020 for Wuyunjing30, and 16.18% at maturity stage in 2019 and 29.27% at grain-filling stage in 2020 for Yangdao6 (Supplementary Material 3). The values of Fv′/Fm′ of cultivar Yangdao6 were significantly higher than those of Wuyunjing30 (Supplementary Material 5).
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FIGURE 4. Diurnal variations in photochemical efficiency of PSII (Fv′/Fm′) of rice cultivar Wuyunjing30 and Yangdao6 grown at ambient and elevated (CO2) at jointing (A,F), booting (B,G), heading (C,H), grain-filling (D,I), and maturity (E,J) stages in 2019 and 2020. Values were expressed as means ± standard errors form. Values of Fv′/Fm′ under four (CO2) × cultivar treatments at 13 p.m. at jointing stage in 2019 were deleted because of the abnormal values found by examination. Statistical analyses of multiple comparisons for five growing stages in 2 years were shown in each panels of the figure in the form of lowercase letters.




Seasonal Variations of Photosynthetic and Stomatal Parameters

For most treatments, Vcmax and Jmax reached the maximum at heading stage and decreased to the minimum at maturity stage (Table 2), which could also be observed in Anet-Ci curves (Supplementary Material 8). Values of Vcmax at booting stage were higher than those at jointing stage only for Yangdao6 in 2019. Values of Jmax at booting stage were lower than those at jointing stage for Wuyunjing30 grown at ambient and elevated (CO2) and Yangdao6 grown at elevated (CO2) in 2019. The values of Rd increased to the maximum at grain-filling or maturity stage. There is no significant influence of (CO2) or cultivar or the interaction on Vcmax, Jmax, and Rd (Table 2), and Anet-Ci curves showed no differences of three parameters among four (CO2) × cultivar treatments, either (Supplementary Material 9). The values of m and g1 were highest at maturity stage across (CO2) × cultivar treatments. On average, elevated (CO2) significantly decreased m and g1 of both cultivars by 7.62 and 9.82% respectively. The values of m and g1 of more CO2-responsive cultivar Yangdao6 was 10.75 and 10.87% lower than those of less CO2-responsive cultivar Wuyunjing30, respectively.


TABLE 2. Model parameters determined from Anet-Ci data in 2019 and 2020.
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The Photosynthesis and Stomatal Conductance Simulations

The predicted values of Anet and gs correlated well with the measured ones across all treatments no matter whether BWB or MED was used or specific or generic model parameters were selected (Figures 5, 6). The square of Pearson correlation coefficient (r2) between predicted and measured values was used to describe the simulation accuracy in our study. We found that the accuracy of photosynthetic simulations was higher when using the specific parameters (r2 = 0.83) than using the generic ones (r2 = 0.66). The moderate improvement of gs simulations was achieved using specific parameters (r2 = 0.45 for BWB and 0.47 for MED model), compared with using generic parameters (r2 = 0.41 for BWB and 0.37 for MED models).
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FIGURE 5. Relationships between the measured and simulated daily average net photosynthetic rate for the two rice cultivars at ambient and elevated (CO2) throughout the growing season. Net photosynthetic rate was simulated with FvCB model using either specific model parameters (A) or generic model parameters (B). p value of the correlation analysis and the square of Pearson correlation coefficient (r2) are given.
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FIGURE 6. Relationships between the measured and simulated daily average stomatal conductance for the two rice cultivars at ambient and elevated (CO2) throughout the growing season. Stomatal conductance was simulated with BWB (A,B) or MED models (C,D), using either specific model parameters (A,C) or generic model parameters (B,D). p value of the correlation analysis and the square of Pearson correlation coefficient (r2) are given.




DISCUSSION

Individual studies and meta-analysis have investigated the general tendency of elevated CO2 effects on plant physiology and production (Ainsworth and Long, 2005; Ainsworth, 2008; Wang et al., 2012). However, it remains unclear how the effects of elevated CO2 varied under short- and long- term treatment and across different rice cultivars. In this study, we took the diurnal and Anet-Ci photosynthetic measurements throughout the growing season for 2 years. Overall, we found that (1) the diurnal variation of net photosynthetic rate was mainly affected by the dynamic of photosynthetic active radiation and air temperature and the midday depression of net photosynthetic rate observed in most cases was caused by both stomatal and non-stomatal factors; (2) CO2 had a positive effect on net photosynthetic rate and the effects decreased after the booting stage and the degree of the acclimation did not vary between the two tested cultivars; (3) the photosynthetic and stomatal conductance models proved to be effective under elevated CO2 conditions and using specific parameters greatly improved the accuracy of the photosynthetic simulations and moderately improved that of stomatal conductance simulations.

In general, values of Anet were lower in the early morning and the late afternoon and the maximum occurred around noon. These unimodal or bimodal patterns were consistent with the dynamics of PAR and Tair across growing stages. In contrary, although the decrease of gs was synchronous with that of Anet in the afternoon, the variation of gs in the morning could not reflect the dynamic of Anet in this period. Therefore, light intensity as well as air temperature, rather than stomatal functions, were the dominant factors affecting the diurnal variation of Anet on daily scale (Wen et al., 1998). The midday depression of Anet was observed in most cases in these 2 years and the synchronous decline of gs could also be found when midday depression of Anet occurred, which was consistent with previous studies (Farquhar and Sharkey, 1982; Panda, 2011; Koyama and Takemoto, 2014). Short-term changes of Ci should be considered when determining whether stomatal or non-stomatal limitation caused the midday depression (Farquhar and Sharkey, 1982). Stomatal limitation would be the major factor if the reduction of Ci and gs was synchronously observed when the midday depression of Anet occurred. In contrary, if Ci kept at the stable value or even increased, non-stomatal limitation should be taken into account. In our research, for example, rapid decrease of Ci could be observed under the situation of photosynthetic midday depression for Wuyunjing30 under both ambient and elevated (CO2) at heading stage in 2019. But Ci changed little or remained unchanged, for Wuyunjing30 and Yangdao6 under ambient (CO2) at jointing stage in 2020. Meanwhile, we noticed the decrease of Fv′/Fm′ and qP around noon for each cultivar at both the (CO2) treatments and they recovered to normal or even higher values at late afternoon, proving the existence of reversible photoinhibition in rice throughout the growth season (Adams and Demmig-Adams, 1992; Demmig-Adams and Adams, 1992). Liu et al. (2020) demonstrated that the midday depression of Anet in leaves of Drepanostachyum luodianense was mainly caused by non-stomatal limitation in April, but caused by stomatal limitation in July. And in September, stomatal limitation was the dominant factor leading to the Anet depression from 10 a.m. to 12 p.m. while non-stomatal limitation dominated the depression from 12 p.m. to 13 p.m. Therefore, the midday depression of photosynthesis was caused by both the stomatal and non-stomatal limitations such as photoinhibition, and the dominant factor changed depending on the surrounding environment. While the dynamics of major environmental factors such as PAR and air temperature affected the overall trend of the diurnal variation of rice photosynthesis, stomatal closure and photoprotection of plants responding to high light intensity and other non-stomatal limitations were the dominant factors affecting the midday decrease of the photosynthesis.

The stimulation of elevated (CO2) on plant photosynthesis has been widely reported in recent decades, but the magnitude of the stimulation varied greatly depending on species, plant functional types (PFTs) and other environmental factors (Ainsworth and Long, 2005; Wang et al., 2012). In this study, elevated (CO2) enhanced Anet of rice by 34.19 and 47.65% on average throughout the growing season in 2019 and 2020, respectively, which was comparable to what was reported 33% increase in the meta-analysis studies (Wand et al., 1999; Ainsworth and Long, 2005). Higher intercellular CO2 concentration (Ci) and photochemical efficiency of PSII (Fv′/Fm′) were the main factors for the stimulation on Anet of rice at elevated (CO2). Photosynthetic acclimation to elevated (CO2) was found in crop varieties with limited sink size (Thilakarathne et al., 2015; Ruiz-Vera et al., 2017), but not in those with many large leaves (Ruiz-Vera et al., 2017) or high tillering potentials (Tausz-Posch et al., 2015). The enhancement of Anet due to elevated (CO2) was greatest at jointing stage in 2 years, but was weakened afterward and even disappeared at maturity stage in 2020, which suggested the occurrence of photosynthetic acclimation at elevated (CO2) and it could happen at the early growing season. We did not observe the less enhancement by elevated (CO2) on Fv′/Fm′ and qP at the following growing stages compared with jointing stage or any significant influence of elevated (CO2) on gs, Vcmax and Jmax which could explain the early season photosynthetic acclimation. Therefore, the down-regulation of stomatal and Rubisco enzyme functions might not be the only reasons for the photosynthetic acclimation of rice at elevated (CO2) (Chen et al., 2005). A more frequent and detailed measurement in the early growing season was required to fully understand the evident but decreased elevated CO2 effect on the net photosynthesis. The elevated CO2 effect on rice roots growth, morphology and physiology was also under investigation in this study to further discover whether the photosynthetic acclimation of rice was the added-up effects from both the above- and below- ground physiological changes. Besides, there was no significant difference of the photosynthetic acclimation between more CO2-responsive cultivar Yangdao6 and less CO2-responsive cultivar Wuyunjing30 in terms of the occurrence and the extent of the acclimation, even though higher Anet and gs were observed in Yangdao6 compared with Wuyunjing30 throughout the growing season, which was consistent with previous studies (Zhu et al., 2015).

Model parameters in FvCB model (Vcmax, Jmax, and Rd) and stomatal slope parameters in BWB model (m) and MED model (g1) varied across growing stages. The decrease of Vcmax and Jmax could be the reason for the decline of photosynthetic capacity with the advance of growth period. Vcmax, Jmax, and Rd varied not only among different species (Wullschleger, 1993), but also within single species in different environments (Bunce, 2000; Medlyn et al., 2002a; Medlyn et al., 2002b). Elevated (CO2) did not lead to significant changes of Vcmax and Jmax in our research. The response of Vcmax, Jmax, and Rd in C3 plants grown at elevated (CO2) were reported to be quite different and both stimulation and inhibition of elevated (CO2) effects had been reported in recent years (Sims et al., 1998a; Sims et al., 1998b; Ellsworth et al., 2004). Elevated (CO2) treatment as short as 7 days increased Vcmax and Jmax for cucumber by 12.0 and 14.7% without drought stresses, but the enhancement was no longer significant under mild and severe drought stresses (Liu et al., 2018). From our ANOVA analysis, Vcmax, Jmax, and Rd of rice did not vary significantly across cultivars, suggesting that photosynthetic simulations could use similar parameters at least between the two tested cultivars. For stomatal conductance models, previous research has reported significant correlation between stomatal slope parameters and environmental factors such as temperature, moisture and season and plant physiological factors such as wood density (Lin et al., 2015). And recent research has also indicated the variability of stomatal slopes in plants at species level (Wolz et al., 2017). FACE research reported no stomatal acclimation for soybean at elevated (CO2) (Leakey et al., 2009). However, the Ball–Berry slope was significantly different between ambient and elevated (CO2) grown wheat (Tausz-Posch et al., 2013). In our research, stomatal slopes (m and g1) varied across both (CO2) treatments and cultivars, demonstrating that variability of m and g1 was caused not only by the diversity of plant function groups but also by the diversity of physiological characteristics among cultivars within a single species.

Higher accuracy of simulation using specific model parameters in both photosynthesis model (Vcmax, Jmax, and Rd) and stomatal conductance model (m and g1) compared with using generic parameters was achieved in this study, suggesting that future simulations in large scale carbon and water cycles should take account of the variations of model parameters across environmental and non-environmental factors. Though we did not observe a significant impact of elevated (CO2) on Vcmax and Jmax, it should be noted that not considering the impact of mesophyll conductance (gm) might lead to the potential increased systematic errors of determining Vcmax and Jmax (Singsaas et al., 2003). And the possibility that the differences of model parameters of rice will change under other environmental conditions should not be ruled out too. Therefore, further research focusing on the diversity of model parameters are needed to confirm the existence of (CO2), cultivar and growing stage variation of photosynthesis and stomatal conductance model parameters of rice and other plant species.

In conclusion, diurnal variations of net photosynthetic rate of rice showed unimodal or bimodal patterns, which was mainly influenced by light intensity and air temperature. Meanwhile, the closure of stomata and the photoinhibition around noon were dominant factors for the short-term midday depression of net photosynthetic rate. Elevated (CO2) greatly increased net photosynthetic rate at jointing stage. This stimulation was acclimated with the advance of growing season and was not affected by either stomatal limitation or Rubisco activity. Model parameters in photosynthesis model (Vcmax, Jmax, and Rd) and two stomatal conductance models (m and g1) varied across growing stages and m and g1 also varied across (CO2) treatments and cultivars, which led to more accurate photosynthesis and stomatal conductance simulations when using these specific parameters. The results in the study suggested that further researches are still needed to investigate the dominant factors contributing to the acclimation of photosynthetic capacity under future elevated CO2 conditions. The study also highlighted the need of investigating the impact of other environmental, such as nitrogen and O3, and non-environmental factors, such as additional rice cultivars, on the variations of the model parameters in photosynthesis and stomatal conductance models and the further impacts on simulations in large scale carbon and water cycles.
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Chloroplast NAD(P)H dehydrogenase (NDH) complex, a multiple-subunit complex in the thylakoid membranes mediating cyclic electron transport, is one of the most important alternative electron transport pathways. It was identified to be essential for plant growth and development during stress periods in recent years. The NDH-mediated cyclic electron transport can restore the over-reduction in stroma, maintaining the balance of the redox system in the electron transfer chain and providing the extra ATP needed for the other biochemical reactions. In this review, we discuss the research history and the subunit composition of NDH. Specifically, the formation and significance of NDH-mediated cyclic electron transport are discussed from the perspective of plant evolution and physiological functionality of NDH facilitating plants’ adaptation to environmental stress. A better understanding of the NDH-mediated cyclic electron transport during photosynthesis may offer new approaches to improving crop yield.
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INTRODUCTION

Regulation of photosynthetic electron transport in the thylakoid membrane of chloroplasts is fundamental for the maximum photosynthetic yield and plant growth. The light reactions in photosynthesis convert light energy into chemical energy in the forms of ATP and NADPH. The reactions involve two types of electron transport in the thylakoid membrane. While linear electron transport generates both ATP and NADPH, cyclic electron transport around photosystem I (PSI) is exclusively involved in ATP synthesis without the accumulation of NADPH (Johnson, 2011; Yamori et al., 2015). The cyclic electron transport (CET) around PSI includes two distinct and partially redundant pathways in plant chloroplasts. One, i.e., antimycin A-insensitive pathway, is mediated by chloroplast NADH dehydrogenase (NDH) complex (Peltier et al., 2016; Shikanai and Yamamoto, 2017). The other is mediated by PROTON GRADIENT REGULATION5 (PGR5) and PGR5-like Photosynthetic Phenotype1 (PGRL1) protein complex which is sensitive to antimycin A (Munekage et al., 2002, 2004; Dalcorso et al., 2008). Some results have shown that NDH-dependent CET is also involved in plant response to various environmental stresses, such as drought (Munné-Bosch et al., 2005), high temperature (Wang et al., 2006), low temperature (Li et al., 2004; Leonid et al., 2011; Yamori et al., 2011; Wang et al., 2020), low light (Ishikawa et al., 2016a), and phosphorus deficiency (Carstensen et al., 2018; Shi et al., 2019). This review examines the background underlying the research of NDH. The significance of the NDH-mediated cyclic electron transport is discussed from the perspective of plant evolution and physiological functionality of NDH to understand how plants adapt to environmental stress by fine tuning their NDH-mediated cyclic electron transport.



DISCOVERY OF THE NDH COMPLEX

Arnon et al. (1954) discovered CET in spinach chloroplasts in vitro, but this did not accelerate the understanding of the NDH complex. It was not until 1986 that scientists discovered the NDH complex in the chloroplast genome sequencing of tobacco and liverwort (Marchantia polymorpha) (Ohyama et al., 1986; Shinozaki et al., 1986). There were 11 genes (NdhA∼NdhK) in their chloroplast genome that were highly homologous to the genes encoding the human mitochondrial respiratory chain NADH dehydrogenase complex (Matsubayashi et al., 1987). With these genomic similarities, the NADH dehydrogenase complex in chloroplasts was aptly named as the NAD(P)H dehydrogenase-like complex or commonly referred to as the NDH complex (Yamamoto et al., 2011).


Structure of the NDH-1 Complex in Cyanobacteria

The type I NADH dehydrogenase (NDH-1) is a multisubunit complex located in the thylakoid membrane (Ohkawa et al., 2000), which is widely found in bacteria, cyanobacteria, higher plants, and animals (Friedrich et al., 1995; Yagi et al., 1998; Friedrich and Scheide, 2000; Brandt et al., 2003; Miller et al., 2021). Previous studies have reported that NDH-2 exists widely in bacteria, some in fungi, plants, and protozoa (protist), but it is not involved in respiration and photosynthetic electron transport (Howitt et al., 1999). There are about 26 NDH subunits in cyanobacteria (Laughlin et al., 2020). Proteomic methods and cryoelectron microscopic (cryo-EM) have been used to study the different types of NDH-1 complexes in cyanobacteria, including NDH-1L, NDH1L’, NDH-1MS, and NDH-1MS’ (Figure 1; Peltier et al., 2016; Zhang et al., 2020). The NDH-1L and NDH-1L’ are involved in respiration and the cyclic electron transfer around PSI. In addition, the NDH-1MS and NDH-1MS’ are involved in the absorption of CO2 and the cyclic electron transfer around PSI (Ogawa, 1991; Ohkawa et al., 2000). In addition to the NDH-1M component, NDH-1L has two specific subunits NdhD1 and NdhF1. Nowaczyk et al. (2011) found two new subunits: NdhP and NdhQ of NDH-1L in thermophilic cyanobacteria by mass spectrometry, which are located on the membrane arm and play a major role in the stability of NDH-1L (Wulfhorst et al., 2014; Zhao et al., 2015), in which NdhP subunits are unique to NDH-1L (Wulfhorst et al., 2014). The small molecular hydrophilic subunit NdhS and NdhV subunit which can stabilize the binding of NdhS to ferredoxin (Fd) were found in Synechocystis sp. (Yamamoto et al., 2011; Zhao et al., 2014). Recently, some researchers reported the cryo-EM structure of the entire NDH-1L complex with all 19 subunits (including NdhV, a transiently associated subunit of NDH-1) and revealed the structure and arrangement of the principal oxygenic photosynthesis-specific (OPS) subunits in the NDH complex (Laughlin et al., 2019; Zhang et al., 2020). The NDH-1L’ complex contains NdhD2 subunit but not NdhD1. The expression level of the complex generally increases under the condition of carbon deficiency (Wang et al., 2004). The subunits of NDH-1MS are CupA, CupS, NdhF3, and NdhD3 (Ohkawa et al., 1998), and the complex has a high affinity for CO2, while the specific subunits of NDH-1MS’ are NdhF4, NdhD4, and CupB (Wulfhorst et al., 2014).
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FIGURE 1. The functional and structural multiplicity of the Cyanobacteria NDH-1 complexes. NDH-1L and NDH-1L′ are involved in respiration and cyclic electron transport around PSI, while NDH-1MS and NDH-1MS′ are involved in the absorption of CO2 and cyclic electron transport around PSI, in which NDH-1MS is a low CO2-induced CO2 absorption complex and NDH-1MS’ is a constitutive CO2 absorption complex (adapted from Battchikova et al., 2011; Laughlin et al., 2020; Zhang et al., 2020).




Structure of the Chloroplast NDH Complex

The chloroplast NDH complex, located in the thylakoid membrane, mediates CET and chloroplastic respiration (Laughlin et al., 2020). A recent work lists 35 subunits as the presently identified NDH subunits in chloroplasts, of which many have an unknown function. The chloroplast NDH complex is a large thylakoid protein complex composed of 11 chloroplast-encoded subunits (Ndh A∼K) and another 24 nuclear-encoded subunits (Laughlin et al., 2020). These subunits are distributed in different subcomplexes (Sirpio et al., 2009). Previous studies have shown that the NDH complex consists of subcomplex A (SubA), subcomplex B (SubB), lumen subcomplex (SubL), membrane subcomplex (SubM), and electron donor-binding subcomplex (SubE) (Figure 2; Shikanai, 2016). The formation of this supercomplex helps to maintain the stability of the NDH complex under strong light conditions (Peng and Shikanai, 2011). Three subunits of NdhS, NdhT, and NdhU in SubE have been identified through proteomic analysis of NDH-PSI supercomplex (Yamamoto et al., 2011). Fan et al. (2015) identified NdhV as a new subunit of SubE, which is a thylakoid membrane peripheral protein located on the side of the stroma. SubE binds to SubA to form a ferredoxin-binding site; the key function is to bind ferredoxin and facilitating catalysis (Yamamoto et al., 2011).
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FIGURE 2. The structure of the chloroplast NDH complex. SubA, subcomplex A; SubB, subcomplex B; SubM, membrane subcomplex; SubL, lumen subcomplex; SubE, electron donor-binding subcomplex; Stroma, thylakoid matrix; Lumen, thylakoid cavity; Lhca5/6, light harvesting pigment protein (adapted from Ifuku et al., 2011; Shikanai, 2016).





NDH-CET IN PLANT EVOLUTION


Phycophyta

While examining the NDH-CET from the perspective of plant evolution, we uncovered some salient observations in some phylogenetically primitive organisms. Mi et al. (1992) found inactivated NDH in which the electron transport chain (ETC) from the reduction product produced by the respiratory stroma and the reduction side of PSI to P700+ were completely lost in the cyanobacteria mutants. Conversely, in cyanobacterial mutants with partial inactivation of NDH, this ETC was partially inhibited. The CET in cyanobacteria (and not PGR5-CET) occurs mainly via the NDH-1 complex (Mi et al., 1995; Yeremenko et al., 2005). Meanwhile, it was found that plant PGR5 suffices to reestablish cyanobacterial cyclic electron transport, albeit less efficiently than the cyanobacterial PGR5 or the plant PGR5 and PGRL1 proteins together (Dann and Leister, 2019; Margulis et al., 2020). Despite the lack of ndhA∼K gene (encoded by chloroplasts) in Chlamydomonas reinhardtii, it still has the ability for CET (Martin et al., 2004). It is plausible that there might be another CET pathways operating in these primitive protists. However, recent data suggest that Chlamydomonas reinhardtii performs CET also through the PGR5-PGL1 pathway (Jokel et al., 2018; Yadav et al., 2020). It was proposed that in the process of CET transmission within Chlamydomonas reinhardtii, the reduction of plastoquinone (PQ) was facilitated by the NADH: PQ oxidoreductase (a type II NADH: PQ oxidoreductase, Nda2) (Desplats et al., 2009). The structure of Nda2 was considered to be simple, and the catalytic reaction was faster than that of NDH-CET (Kramer and Evans, 2011).



Plants With C3 Mode of Photosynthesis

In Arabidopsis, NDH-1 forms a supercomplex with photosystem I and light-harvesting complex I proteins Lhca5 and Lhca6 (Peng et al., 2009; Yadav et al., 2017). Furthermore, the NDH-1-PSI supercomplex has also been identified in barley (Kouřil et al., 2014). Under normal growth conditions, the content of NDH complex in C3 plants was lower than that of the thylakoid membrane protein complexes such as PSI, PSII, cytochrome b6f (Cytb6f), and ATP synthase (Pribil et al., 2014), accounting for only 1.5% of the PSII content (Burrows et al., 1998). The involvement of NDH complex in the CET process was demonstrated using chlorophyll fluorescence parameter kinetics and inhibitor blocking analysis in tobacco ndh mutants (Joët et al., 2001). Interestingly, it has been shown that damage of NDH-CET in rice causes a reduction in the electron transport rate through PSI at the low light intensity with a concomitant reduction in CO2 assimilation rate (Yamori et al., 2015). Therefore, NDH-CET plays an essential role in normal growth and yield under low light (Rantala et al., 2020).



Plants With C4 Mode of Photosynthesis

During the evolution of plants from C3 to C4, the expression of NDH increased significantly (Nakamura et al., 2013). The content of NDH in C4 plants was higher than that in C3 plants, indicating that NDH-CET have a vital role in C4 plants (Berger et al., 1993; Ishikawa et al., 2016b). Takabayashi et al. (2005) found that the content of NDH in vascular bundle sheath is 1.6 times higher than that in mesophyll cells of Scutellaria barbata. In Flaveria bidentis, the content of NDH protein in vascular bundle sheath was three times higher than that in mesophyll cells (Nakamura et al., 2013). In the NADP-ME-type of C4 plants, their vascular bundle sheath cells contained more NDH indicating a requirement for more ATP (Friso et al., 2010; Ishikawa et al., 2016b). Darie et al. (2010) not only detected the expression of a new gene (ndhE) in maize mesophyll (MS), bundle sheath (BS), and ethioplast (ET) plastids but also found that the NDH complex was divided into 300 kDa subcomplex (corresponding to membrane subcomplex, detected by the NDHE antibody) and 250 kDa subcomplex (detected by the NDHH, -J, and -K antibodies) (Darie et al., 2010). Interestingly, in NAD-ME-type C4 plants, the mesophyll cells contained an abundance of NDH protein (Kanai and Edwards, 1999). Besides, chloroplast NDH-1 contains at least 13 additional OPS subunits compared with cyanobacteria, although the current structure of the NDH-1 complex reveals the role of conserved OPS subunits (Laughlin et al., 2019, 2020; Zhang et al., 2020).




THE PHYSIOLOGICAL FUNCTIONALITY OF THE NDH COMPLEX


Providing ATP for Efficient Carbon Assimilation

Theoretically, the NADPH/ATP produced by the linear electron transport is deficient for the assimilation of CO2 at different growth stages; the CET pathway, which only produces ATP, but not NADPH, can effectively compensate for this deficiency (Shikanai, 2007; Walker et al., 2016; Nakano et al., 2019). With no NDH activity, the cyanobacteria mutants of ndhB (Ogawa, 1990), ndhH, ndhJ, ndhN, and ndhM (He et al., 2015), could not survive in normal air CO2 concentration; other mutants with partial NDH activity grew slowly in normal air CO2 concentration (He and Mi, 2016). The non-functional NDH-CET pathway was attributed to the loss of ndhB in plants (Mi et al., 1995). Ogawa (1992) proposed that the NDH-CET pathway provided energy for CO2 assimilation and inorganic carbon transport in cyanobacteria. Similarly, the NDH-CET pathway is likely to contribute to the proton motive force (pmf) and ATP in chloroplasts of higher plants (Strand et al., 2017). In Arabidopsis NDH complex defective mutants, the reduction of pmf across the thylakoid membrane led to low availability of ATP. Moreover, the pmf produced by NDH-CET was higher than that produced by PGR5/PGRL1-CET (Wang et al., 2015). It was observed that the ATP produced by NDH-CET could effectively compensate for CO2 assimilation in a changing environment (Xu et al., 2014; Pan et al., 2020). It was found that the carbon assimilation efficiency of rice mutants (with no NDH activity caused by the lack of CRR6 assembly factor of subcomplex A) is lower than normal rice plants when grown under low light, resulting in a significant decrease in biomass (Yamori et al., 2015). Meanwhile, NDH-CET is also promoted under corresponding stress conditions to adapt to the needs of ATP and ΔpH during changing environment to ensure an effective photosynthetic carbon fixation process (Quiles, 2006).



Mitigating Oxidative Stress and Stroma Overreduction

It was found that the concentration of NADPH was higher, and more H2O2 was produced on the acceptor side of PSI, when measuring the NADPH fluorescence kinetics of cyanobacteria NDH mutant (Mi et al., 2000). These observations indicated that NDH-CET plays a key role in the process of antioxidation. Specifically, the NDH-CET initiates photoprotection via downregulating electron transport in the Cytb6f complex to acidify the thylakoid lumen (Munekage et al., 2004) and induces energy-dependent quenching (qE) component of non-photochemical quenching (NPQ) in PSII to dissipate the absorbed excess light energy. Thus, the oxidative stress of chloroplast can be alleviated and the overreduction of stroma can be prevented (Li et al., 2002). The role of NDH-CET in the process of antioxidation in higher plants principally stems from the study of ndh gene knockout in tobacco plastids. Endo et al. (1999) repeatedly irradiated tobacco ndhB mutant leaves with strong light and found that the PSII in mutants produced serious photoinhibition. When tobacco leaves were subjected to anaerobic condition, the activity of NDH-CET increased significantly, indicating that it was regulated by the redox state of intersystem electron transporters (Joët et al., 2002). Wang et al. (2006) found that tobacco ndhC-J-K mutants accumulated reactive oxygen species more easily than wild types when growing under low- (4°C) or high-temperature (42°C) stress. Chloroplast NDH was able to alleviate oxidative stress in rice under fluctuating light conditions (Yamori et al., 2016), and hydrogen peroxide could be used as a signaling compound to activate NDH-CET (Strand et al., 2015). Moreover, it was shown that the NDH-1-PSI supercomplex consumed electrons for CET as quickly as possible, limiting the space required by Fdred diffusion and stabilizing PSI (Gao et al., 2016; Zhao et al., 2018). This accelerated electron consumption is thought to be an antioxidant mechanism, especially when stresses such as high light leads to increased Fd reduction (Miller et al., 2021). These studies suggested that the NDH complex get involved in alleviating the effects of photooxidative stress. Wu et al. (2011) found that a low concentration of NaHSO3 promoted NDH-CET in tobacco under a dark-light transition episode, which slowed down the damage of photooxidation while improving plant photosynthesis. These findings revealed that the NDH complex is involved in alleviating the effects of photooxidative stress.



Regulating the Photosynthetic Apparatus

Generally, PSI is more stable than PSII and less vulnerable to light damage (Sonoike, 2011). Arabidopsis (Kono and Terashima, 2016) and rice (Yamori et al., 2016) cannot grow well under fluctuating light due to photoinhibition (Kono et al., 2014); the pgr5 mutants of Arabidopsis thaliana die at the seedling stage under fluctuating light, indicating that the CET pathway has a protective effect on PSI (Suorsa et al., 2016). The relative electron transport rate (ETR) and CO2 assimilation rate of rice NDH complex-deleted mutant decreased under long-term low-light and low-temperature conditions (Peng et al., 2009; Peng and Shikanai, 2011; Kono and Terashima, 2016). Conversely, the CET had little regulation on the ratio of ATP/NADPH under high light (Yamori et al., 2015). However, Walker et al. (2014) held an opposite view that CET plays a major role during high light, such as increasing the ATP requirements. In this regard, Huang et al. (2015) deemed that the effect of CET alters in tandem and coinciding with any changes in light intensity. When subjected to subsaturated light intensity, CET is conducive for the formation of proton dynamic potential across the thylakoid membrane, activating ATP synthase to synthesize ATP, while maintaining an optimal ATP/NADPH. Under saturated light, CET provides an important photoprotective role for the activity of oxygen evolution complex (OEC) by forming the proton gradient across the thylakoid membrane (?pH) (Huang et al., 2016b), and pmf to protect PSI and PSII via the acidification of thylakoid lumen (Golding et al., 2004; Basso et al., 2020). Chilling leads to photoinhibition in cold-sensitive plants like tobacco, peanut, and cucumber which is mainly related to CET activity (Huang et al., 2016a; Liu, 2020; Song et al., 2020; Wu et al., 2020). At 4°C, CET plays a photoprotective role in PSI primarily through the acidification of thylakoid lumen (Huang et al., 2017b). The protective mechanism of CET would alter in accordance with the different growth status of the heliophyte leaves. Under strong light, immature leaves protect the photosystems mainly through the acidification of thylakoid lumen. For the mature leaves, they achieve high light protection through the formation of cross-thylakoid membrane proton gradient, activation of ATP enzyme, and lumen acidification (Huang et al., 2017a). However, Rantala et al. (2020) indicated that PGR5 and NDH-1 systems do not function as protective electron acceptors but mitigate the consequences of PSI inhibition. There is no consensus that the PGR5/PGRL1 compose a true cyclic electron pathway (i.e., acting as electron transporters) mainly due to the lack of solid molecular evidence, although PGR5/PGRL1 seems to be involved in CET at least indirectly (Nawrocki et al., 2019; Rantala et al., 2020).




FUTURE OUTLOOK

Although the energy provided by NDH-CET is lower than that of LET, it still plays a principal role in fine-tuning energy availability in plants. Besides, it plays a significant role in maintaining photosynthetic carbon fixation of algae and higher plants when encountering abiotic stress events. At present, there are several unanswered questions about NDH-CET: namely, the regulation of NDH pathway which affects the efficient operation of photosynthetic apparatus; the activation of its regulatory mechanism under abiotic stress; the electron transfer processes of NDH; and how they might influence the CO2 concentrating mechanism in algae and higher plants. Moving forward, in-depth studies about the NDH-CET pathway are required to improve the light energy utilization efficiency of plants and to further elucidate the mechanism associated with photoprotection. With the availability of newer technology, harnessing these novel and sensitive tools would improve our understanding of the NDH-CET pathway and ultimately help us to improve crop yield and quality.



AUTHOR CONTRIBUTIONS

YL, MM, and JY are responsible for the general overview of the opinions stated in the manuscript. YL, CB, and JY wrote and modified the manuscript. All authors reviewed and approved the final version of the submitted manuscript.



FUNDING

This research was funded by the National Natural Science Foundation of China (Project Nos. 31772391 and 31301842), National Peanut Research System (Project No. CARS-13-Nutrient Management), National Key Research and Development Plan (Project No. 2018YFD0201206), Sheng Jing Talents Project (Project No. RC170338), and China Scholarship Council Project.



REFERENCES

Arnon, D., Allen, M., and Whatley, F. R. (1954). Photosynthesis by isolated chloroplasts. Nature 174, 394–396. doi: 10.1038/174394a0

Basso, L., Yamori, W., Szabò, I., and Shikanai, T. (2020). Collaboration between NDH and KEA3 allows maximally efficient photosynthesis after a long dark adaptation. Plant Physiol. 184, 2078–2090. doi: 10.1104/pp.20.01069

Battchikova, N., Wei, L., Du, L., Bersanini, L., Aro, E. M., and Ma, W. (2011). Identification of novel Ssl0352 protein (NdhS), essential for efficient operation of cyclic electron transport around photosystem I, in NADPH: plastoquinone oxidoreductase (NDH-1) complexes of Synechocystis sp. PCC 6803. J. Biol. Chem. 286, 36992–37001. doi: 10.1074/jbc.M111.263780

Berger, S., Ellersiek, U., Westhoff, P., and Klaus, S. (1993). Studies on the expression of NDH-H, a subunit of the NAD(P)H-plastoquinone-oxidoreductase of higher-plant chloroplasts. Planta 190, 25–31. doi: 10.1007/BF00195671

Brandt, U., Kerscher, S., Dröse, S., Zwicker, K., and Zickermann, V. (2003). Proton pumping by NADH: ubiquinone oxidoreductase. A redox driven conformational change mechanism? FEBS Lett. 5451, 9–17. doi: 10.1016/S0014-5793(03)00387-9

Burrows, P. A., Sazanov, L. A., Svab, Z., Maliga, P., and Nixon, P. J. (1998). Identification of a functional respiratory complex in chloroplasts through analysis of tobacco mutants containing disrupted plastid ndh genes. EMBO J. 17, 868–876. doi: 10.1093/emboj/17.4.868

Carstensen, A., Herdean, A., Schmidt, S. B., Sharma, A., Spetea, C., Pribil, M., et al. (2018). The impacts of phosphorus deficiency on the photosynthetic electron transport chain. Plant Physiol. 177, 271–284. doi: 10.1104/pp.17.01624

Dalcorso, G., Pesaresi, P., Masiero, S., Aseeva, E., Schünemann, D., Finazzi, G., et al. (2008). A complex containing PGRL1 and PGR5 is involved in the switch between linear and cyclic electron flow in Arabidopsis. Cell 132, 273–285. doi: 10.1016/j.cell.2007.12.028

Dann, M., and Leister, D. (2019). Evidence that cyanobacterial sll1217 functions analogously to pgrl1 in enhancing pgr5-dependent cyclic electron flow. Nat. Commun. 10:5299. doi: 10.1038/s41467-019-13223-0

Darie, C. C., Biniossek, M. L., Winter, V., Mutschler, B., and Haehnel, W. (2010). Isolation and structural characterization of the ndh complex from mesophyll and bundle sheath chloroplasts of Zea mays. FEBS J. 272, 2705–2716. doi: 10.1111/j.1742-4658.2005.04685.x

Desplats, C., Mus, F., Cuine, S., Billon, E., Cournac, L., and Peltier, G. (2009). Characterization of Nda2, a plastoqui-none-reducing type II NAD(P)H dehydrogenase in Chlamydomonas chloroplasts. J. Biol. Chem. 284, 4148–4157. doi: 10.1074/jbc.M804546200

Endo, T., Shkanai, T., Takabayashi, A., Asada, K., and Sato, F. (1999). The role of chloroplastic NAD(P)H dehydrogenase in photopro-tection. FEBS Lett. 457, 5–8. doi: 10.1016/S0014-5793(99)00989-8

Fan, X., Zhang, J., Li, W., and Peng, L. (2015). The NdhV subunit is required to stabilize the chloroplast NADH dehydrogenase-like complex in Arabidopsis. Plant J. 82, 221–231. doi: 10.1111/tpj.12807

Friedrich, T., and Scheide, D. (2000). The respiratory complex I of bacteria, archaea and eukarya and its module common with membrane-bound multisubunit hydrogenases. FEBS Lett. 479, 1–5. doi: 10.1016/S0014-5793(00)01867-6

Friedrich, T., Steinmüller, K., and Weiss, H. (1995). The proton-pumping respiratory complex I of bacteria and mitochondria and its homologue in chloroplasts. FEBS Lett. 367, 107–111. doi: 10.1016/0014-5793(95)00548-N

Friso, G., Majeran, W., Huang, M., Sun, Q., and Wijk, K. V. (2010). Reconstruction of metabolic pathways, protein expression and homeo-stasis machineries across maize bundle sheath and mesophyll chloroplasts: large-scale quantitative proteomics using the first maize genome assembly. Plant Physiol. 152, 1219–1250. doi: 10.1104/pp.109.152694

Gao, F., Zhao, J., Chen, L., Battchikova, N., Ran, Z., Aro, E. M., et al. (2016). The NDH-1L-PSI supercomplex is important for efficient cyclic electron transport in cyanobacteria. Plant Physiol. 172, 1451–1464. doi: 10.1104/pp.16.00585

Golding, A. J., Finazzi, G., and Johnson, G. N. (2004). Reduction of the thylakoid electron transport chain by stromal reductants: evidence for activation of cyclic electron transport upon dark adaptation or under drought. Planta 220, 356–363. doi: 10.1007/s00425-004-1345-z

He, Z. H., and Mi, H. (2016). Functional characterization of the subunits N, H, J, and O of the NAD(P)H dehydrogenase complexes in Synechocystis sp. strain PCC 6803. Plant Physiol. 171, 1320–1332. doi: 10.1104/pp.16.00458

He, Z., Xu, M., Wu, Y., Jing, L., and Mi, H. (2015). NdhM is required for the stability and the function of NAD(P)H dehydrogenase complexes involved in CO2 uptake in Synechocystis sp. strain PCC 6803. J. Biol. Chem. 291, 5902–5912. doi: 10.1074/jbc.M115.698084

Howitt, C. A., Udall, P. K., and Vermaas, W. F. (1999). Type2 NADH dehydrogenases in the cyanobacterium Synechocystis sp. strain PCC 6803 are involved in regulation rather than respiration. J. Bacteriol. 181, 3994–4003. doi: 10.1128/JB.181.13.3994-4003.1999

Huang, W., Yang, Y. J., and Zhang, S. B. (2017a). Specific roles of cyclic electron flow around photosystem I in photosynthetic regulation in immature and mature leaves. J. Plant Physiol. 209, 76–83. doi: 10.1016/j.jplph.2016.11.013

Huang, W., Yang, Y. J., Hu, H., and Zhang, S. B. (2015). Different roles of cyclic electron flow around photosystem I under sub-saturating and saturating light intensities in tobacco leaves. Front. Plant Sci. 6:923. doi: 10.3389/fpls.015.00923

Huang, W., Yang, Y. J., Hu, H., and Zhang, S. B. (2016a). Moderate photoinhibition of photosystem II protects photosystem I from photodamage at chilling stress in tobacco leaves. Front. Plant Sci. 7:182. doi: 10.3389/fpls.2016.00182

Huang, W., Yang, Y. J., Hu, H., Zhang, S. B., and Cao, K. F. (2016b). Evidence for the role of cyclic electron flow in photoprotection for oxygen-evolving complex. J. Plant Physiol. 194, 54–60. doi: 10.1016/j.jplph.2016.02.016

Huang, W., Zhang, S. B., Xu, C. J., and Liu, T. (2017b). Plasticity in roles of cyclic electron flow around photosystem I at contrasting temperatures in the chilling-sensitive plant Calotropis gigantea. Environ. Exp. Bot. 141, 145–153. doi: 10.1016/j.envexpbot.2017.07.011

Ifuku, K., Endo, T., Shikanai, T., and Aro, E. M. (2011). Structure of the chloroplast NADH dehydrogenase-like complex: nomenclature for nuclear encoded subunits. Plant Cell Physiol. 52, 1560–1568. doi: 10.1093/pcp/pcr098

Ishikawa, N., Takabayashi, A., Noguchi, K., Tazoe, Y., Yamamoto, H., von Caemmerer, S., et al. (2016a). NDH-mediated cyclic electron flow around photosystem I is crucial for C4 photosynthesis. Plant Cell Physiol. 57, 2020–2028. doi: 10.1093/pcp/pcw127

Ishikawa, N., Takabayashia, A., Sato, F., and Endo, T. (2016b). Accumulation of the components of cyclic electron flow around photosystem I in C4 plants, with respect to the requirements for ATP. Photosynth. Res. 129, 261–277. doi: 10.1007/s11120-016-0251-0

Joët, T., Cournac, L., Horvath, E. M., and Peltier, M. G. (2001). Increased sensitivity of photosynthesis to antimycin A induced by inactivation of the chloroplast ndhB gene. Evidence for a participation of the NADH-dehydrogenase complex to cyclic electron flow around photosystem I. Plant Physiol. 125, 1919–1929. doi: 10.1094/PDIS.2000.84.5.594B

Joët, T., Cournac, L., Peltier, G., and Havaux, P. M. (2002). Cyclic electron flow around photosystem I in C3 plants. In vivo control by the redox state of chloroplasts and involvement of the NADH-dehydrogenase complex. Plant Physiol. 128, 760–769. doi: 10.2307/4280343

Johnson, G. N. (2011). Physiology of PSI cyclic electron transport in higher plants. Biochim. Biophys. Acta 1807, 384–389. doi: 10.1016/j.bbabio.2010.11.009

Jokel, M., Johnson, X., Peltier, G., Aro, E. M., and Allahverdiyeva, Y. (2018). Hunting the main player enabling Chlamydomonas reinhardtii growth under fluctuating light. Plant J. 94, 822–835. doi: 10.1111/tpj.13897

Kanai, R., and Edwards, G. E. (1999). “The biochemistry of C4 photosynthesis,” in C4 Plant Biology, eds R. F. Sage and R. K. Monson (San Diego, CA: Academic Press), 49–87. doi: 10.1016/B978-012614440-6/50004-5

Kono, M., and Terashima, I. (2016). Elucidation of photoprotective mechanisms of PSI against the fluctuating light photoinhibition. Plant Cell Physiol. 57, 1405–1414. doi: 10.1093/pcp/pcw103

Kono, M., Noguchi, K., and Terashima, I. (2014). Roles of the cyclic electron flow around PSI (CEF-PSI) and O2-dependent alternative pathways in regulation of the photosynthetic electron flow in short-term fluctuating light in Arabidopsis thaliana. Plant Cell Physiol. 55, 990–1004. doi: 10.1093/pcp/pcu033

Kouřil, R., Strouhal, O., Nosek, L., Lenobel, R., Chamrád, I., Boekema, E. J., et al. (2014). Structural characterization of a plant photosystem I and NAD(P)H dehydrogenase supercomplex. Plant J. 77, 568–576. doi: 10.1111/tpj.12402

Kramer, D. M., and Evans, J. R. (2011). The importance of energy balance in improving photosynthetic productivity. Plant Physiol. 155, 70–78. doi: 10.1104/pp.110.166652

Laughlin, T. G., Bayne, A. N., Trempe, J. F., Savage, D. F., and Davies, K. M. (2019). Structure of the complex I-like molecule NDH of oxygenic photosynthesis. Nature 566, 411–414. doi: 10.1038/s41586-019-0921-0

Laughlin, T. G., Savage, D. F., and Davies, K. M. (2020). Recent advances on the structure and function of ndh-1: the complex I of oxygenic photosynthesis. Biochim. Biophys. Acta Bioenerg. 1861:148254. doi: 10.1016/j.bbabio.2020.148254

Leonid, V. S., Alexander, G. I., Loreta, G. S., Norman, P. A. H., and John, S. (2011). Cold stress effects on PSI photochemistry in Zea mays: differential increase of FQR-dependent cyclic electron flow and functional implications. Plant Cell Physiol. 52, 1042–1054. doi: 10.1093/pcp/pcr056

Li, X. G., Duan, W., Meng, Q. W., Zou, Q., and Zhao, S. J. (2004). The function of chloroplastic NAD(P)H dehydrogenase in tobacco during chilling stress under low irradiance. Plant Cell Physiol. 45, 103–108. doi: 10.1093/pcp/pch011

Li, X. P., Müller-Moulé, P., Gilmore, A. M., and Niyogi, K. K. (2002). Psb S-dependent enhancement of feedback de-excitation protects photosystem II from photoinhibition. Proc. Natl. Acad. Sci. U.S.A. 99, 15222–15227. doi: 10.1073/pnas.232447699

Liu, Y. F. (2020). Calcium chemical priming might play a significant role in relieving overnight chilling- dependent inhibition of photosynthesis in crops: a review. Basic Clin. Pharmacol. Toxicol. 126, 109–110.

Margulis, K., Zer, H., Lis, H., Schoffman, H., Murik, O., Shimakawa, G., et al. (2020). Over expression of the cyanobacterial Pgr5-homologue leads to pseudoreversion in a gene coding for a putative esterase in synechocystis 6803. Life 10:174. doi: 10.3390/life10090174

Martin, M., Casano, L. M., Zapata, J. M., Guéra, A., Del Campo, E. M., Maier, R. M., et al. (2004). Role of thylakoid Ndh complex and peroxidase in the protection against photo-oxidative stress: fluorescence and enzyme activities in wild-type and ndhF-deficient tobacco. Physiol. Plant. 122, 443–452. doi: 10.1111/j.1399-3054.2004.00417.x

Matsubayashi, T., Wakasugi, T., Shinozaki, K., Yamaguchi-Shinozaki, K., and Kato, A. (1987). Six chloroplast genes (ndhA-F) homologous to human mitochondrial genes encoding components of the respiratory chain NADH dehydrogenase are actively expressed: determination of the splice sites in ndhA and ndhB pre-mR-NAs. Mol. Gen. Genet. 210, 385–393. doi: 10.1007/BF00327187

Mi, H. L., Endo, T., Asada, K., and Schreiber, U. (1992). Donation of electrons to the intersystem chain in the Cyanobacterium Synechococcus sp. PCC 7002 as determined by the reduction of P700+. Plant Cell Physiol. 33, 1099–1105. doi: 10.1093/oxfordjournals.pcp.a078361

Mi, H. L., Endo, T., Ogawa, T., and Asada, K. (1995). Thylakoid membrane-bound pyridine nucleotide dehydrogenase complex mediates cyclic electron transport in the cyanobacteria Synechocystis PCC 6803. Plant Cell Physiol. 36, 661–668. doi: 10.1093/oxfordjournals.pcp.a078807

Mi, H. L., Klughammer, C., and Schreiber, U. (2000). Light-induced dynamic of NADPH fluorescence in Synechocystis PCC 6803 and its ndh B-defective mutant M55. Plant Cell Physiol. 41, 1129–1135. doi: 10.1093/pcp/pcd038

Miller, N. T., Vaughn, M. D., and Burnap, R. L. (2021). Electron flow through NDH-1 complexes is the major driver of cyclic electron flow-dependent proton pumping in cyanobacteria. Biochim. Biophys. Acta Bioenerg. 1862:148354. doi: 10.1016/j.bbabio.2020.148354

Munekage, Y., Hashimoto, M., Miyake, C., Tomizawa, K., Endo, M., Tasakaet, M., et al. (2004). Cyclic electron flow around photosystem I is essential for photosynthesis. Nature 429, 579–582. doi: 10.1038/nature02598

Munekage, Y., Hojo, M., Meurer, J., Endo, T., and Tasaka, M. (2002). PGR5 is involved in cyclic electron flow around photosystem I and is essential for photo-protection in Arabidopsis. Cell 110, 361–371. doi: 10.1016/S0092-8674(02)00867-X

Munné-Bosch, S., Shikanai, T., and Asada, K. (2005). Enhanced ferredoxin dependent cyclic electron flow around photosystem I and α-tocopherol quinone accumulation in water-stressed ndhB-inactivated tobacco mutants. Planta 222, 502–511. doi: 10.1007/s00425-005-1548-y

Nakamura, N., Iwano, M., Havaux, M., Yokota, A., and Munekage, Y. N. (2013). Promotion of cyclic electron transport around photosystem I during the evolution of NADP-malic enzyme-type C4 photosynthesis in the genus Flaveria. New Phytol. 199, 832–842. doi: 10.1111/nph.12296

Nakano, H., Yamamoto, H., and Shikanai, T. (2019). Contribution of NDH-dependent cyclic electron transport around photosystem I to the generation of proton motive force in the weak mutant allele of pgr5. Biochim. Biophys. Acta Bioenerg. 1860, 369–374. doi: 10.1016/j.bbabio.2019.03.003

Nawrocki, W. J., Bailleul, B., Cardol, P., Rappaport, F., Wollman, F. A., and Joliot, P. (2019). Maximal cyclic electron flow rate is independent of pgrl1 in Chlamydomonas. Biochim. Biophys. Acta Bioenerg. 1860, 425–432. doi: 10.1016/j.bbabio.2019.01.004

Nowaczyk, M. M., Wulfhorst, H., Ryan, C. M., Souda, P., and Whitelegge, J. P. (2011). NdhP and NdhQ: two novel small subunits of the cyanobacterial NDH-1 complex. Biochemistry 50, 1121–1124. doi: 10.1021/bi102044b

Ogawa, T. (1990). Mutants of Synechocystis PCC6803 defective in inorganic carbon transport. Plant Physiol. 94, 760–765. doi: 10.2307/4273156

Ogawa, T. (1991). A gene homologous to the subunit-2 gene of NADH dehydrogenase is essential to inorganic carbon transport of Synechocystis PCC6803. Proc. Natl. Acad. Sci. U.S.A. 88, 4275–4279. doi: 10.1073/pnas.88.10.4275

Ogawa, T. (1992). Identification and characterization of the ictA/ndhL gene product essential to inorganic carbon transport of Synechocystis PCC6803. Plant Physiol. 99, 1604–1608. doi: 10.1104/pp.99.4.1604

Ohkawa, H., Pakrkrasi, H. B., and Ogawa, T. (2000). Two types of functionally distinct NAD(P)H dehydrogenases in Synechocystis sp strain PCC6803. J. Biol. Chem. 275, 31630–31634. doi: 10.1074/jbc.M003706200

Ohkawa, H., Sonoda, M., Katoh, H., and Ogawa, T. (1998). The use of mutants in the analysis of the CO2-concentrating mechanism in cyanobacteria. Can. J. Bot. 76, 1035–1042. doi: 10.1139/b98-076

Ohyama, K., Fukuzawa, H., Kohchi, T., Shirai, H., Sano, T., Sano, S., et al. (1986). Chloroplast gene organization deduced from complete sequence of liverwort Marchantia polymorpha chloroplast DNA. Nature 322, 572–574. doi: 10.1038/322572a0

Pan, X., Cao, D., Xie, F., Xu, F., and Li, M. (2020). Structural basis for electron transport mechanism of complex i-like photosynthetic NAD(P)H dehydrogenase. Nat. Commun. 11:610. doi: 10.1038/s41467-020-14456-0

Peltier, G., Aro, E. M., and Shikanai, T. (2016). NDH-1 and NDH-2 plastoquinone reductases in oxygenic photosynthesis. Annu. Rev. Plant Biol. 67, 55–80. doi: 10.1146/annurev-arplant-043014-114752

Peng, L., and Shikanai, T. (2011). Supercomplex formation with photosystem I is required for the stabilization of the chloroplast NADH dehydrogenase-like complex in Arabidopsis. Plant Physiol. 155, 1629–1639. doi: 10.1104/pp.110.171264

Peng, L., Fukao, Y., Fujiwara, M., Takami, T., and Shikanai, T. (2009). Efficient operation of NAD(P)H dehydrogenase requires supercomplex formation with photosystem I via minor LHCI in Arabidopsis. Plant Cell 21, 3623–3640. doi: 10.1105/tpc.109.068791

Pribil, M., Labs, M., and Leister, D. (2014). Structure and dynamics of thylakoids in land plants. J. Exp. Bot. 65, 1955–1972. doi: 10.1093/jxb/eru090

Quiles, M. J. (2006). Stimulation of chlororespiration by heat and high light intensity in oat plants. Plant Cell Environ. 29, 1463–1470. doi: 10.1111/j.1365-3040.2006.01510.x

Rantala, S., Lempiinen, T., Gerotto, C., Tiwari, A., and Tikkanen, M. (2020). PGR5 and NDH-1 systems do not function as protective electron acceptors but mitigate the consequences of PSI inhibition. BBA- Bioenergetics. 1861:148154. doi: 10.1016/j.bbabio.2020.148154

Shi, Q., Pang, J., Yong, J. W. H., Bai, C., Pereira, C. G., Song, Q., et al. (2019). Phosphorus-fertilisation has differential effects on leaf growth and photosynthetic capacity of Arachis hypogaea L. Plant Soil. 447, 99–116. doi: 10.1007/s11104-019-04041-w

Shikanai, T. (2007). Cyclic electron transport around photosystem I: genetic approaches. Annu Rev Plant Biol. 58, 199–217. doi: 10.1146/annurev.arplant.58.091406.110525

Shikanai, T. (2016). Chloroplast NDH: A different enzyme with a structure similar to that of respiratory NADH dehydrogenase. Biochim. Biophys. Acta Bioenerg. 1857, 1015–1022. doi: 10.1016/j.bbabio.2015.10.013

Shikanai, T., and Yamamoto, H. (2017). Contribution of cyclic and pseudo-cyclic electron transport to the formation of proton motive force in chloroplasts. Mol. Plant 10, 20–29. doi: 10.1016/j.molp.2016.08.004

Shinozaki, K., Ohme, M., Tanaka, M., Wakasugi, T., and Sugiura, M. (1986). The complete nucleotide sequence of the tobacco chloroplast genome: its gene organization and expression. Plant Mol. Biol. Rep. 5, 2043–2049. doi: 10.1002/j.1460-2075.1986.tb04464.x

Sirpio, S., Allahverdiyeva, Y., Holmstorm, M., Khrouchtchova, A., Haldrup, A., Battchikova, N., et al. (2009). Novel nuclear-encoded subunits of the chloroplast NAD(P)H dehydrogenase complex. J. Biol. Chem. 284, 905–912. doi: 10.1074/jbc.M805404200

Song, Q. B., Liu, Y. F., Pang, J. Y., Yong, J. W. H., Chen, Y. L., Bai, C. M., et al. (2020). Supplementary calcium restores peanut (Arachis hypogaea) growth and photosynthetic capacity under low nocturnal temperature. Front. Plant Sci. 10:1637. doi: 10.3389/fpls.2019.01637

Sonoike, K. (2011). Photoinhibition of photosystem I. Physiol. Plant. 142, 56–64. doi: 10.1111/j.1399-3054.2010.01437.x

Strand, D. D., Fisher, N., and Kramer, D. M. (2017). The higher plant plastid NAD(P)H dehydrogenase-like complex (n.d.) is a high efficiency proton pump that increases ATP production by cyclic electron flow. J. Biol. Chem. 292, 11850–11860. doi: 10.1074/jbc.M116.770792

Strand, D. D., Livingston, A. K., Mio, S. C., Froehlich, J. E., and Kramer, D. M. (2015). Activation of cyclic electron flow by hydrogen peroxide in vivo. Proc. Natl. Acad. Sci. U.S.A. 112, 5539–5544. doi: 10.1073/pnas.1418223112

Suorsa, M., Rossi, F., Tadini, L., Labs, M., Colombo, M., Jahns, P., et al. (2016). PGR5-PGRL1-dependent cyclic electron transport modulates linear electron transport rate in Arabidopsis thaliana. Mol. Plant 9, 271–288. doi: 10.1016/j.molp.2015.12.001

Takabayashi, A., Kishine, M., Asada, K., Endo, T., and Sato, F. (2005). Differential use of two cyclic electron flows around photosystem I for driving CO2 concentration mechanism in C4 photosynthesis. Proc. Natl. Acad. Sci. U.S.A. 102, 16898–16903. doi: 10.1073/pnas.0507095102

Walker, B. J., Strand, D. D., Kramer, D. M., and Cousins, A. B. (2014). The response of cyclic electron flow around photosystem I to changes in photorespiration and nitrate assimilation. Plant Physiol. 165, 453–462. doi: 10.1104/pp.114.238238

Walker, B. J., Vanloocke, A., Bernacchi, C. J., and Ort, D. R. (2016). The costs of photorespiration to food production now and in the future. Annu. Rev. Plant Biol. 67, 107–129. doi: 10.1146/annurev-arplant-043015-111709

Wang, C., Yamamoto, H., and Shikanai, T. (2015). Role of cyclic electron transport around photosystem I in regulating proton motive force. Biochim. Biophys. Acta Bioenerg. 1847, 931–938. doi: 10.1016/j.bbabio.2014.11.013

Wang, F., Yan, J., Wang, X., Bu, X., Xiang, H., Ahammed, G. J., et al. (2020). PGR5/PGRL1 and NDH mediate far-red light-induced photoprotection in response to chilling stress in tomato. Front. Plant Sci. 11:669. doi: 10.3389/fpls.2020.00669

Wang, H. L., Postier, B. L., and Burnap, R. L. (2004). Alterations in global patterns of gene expression in Synechocystis sp. PCC 6803 in response to inorganic carbon limitation and the inactivation of ndhR, a LysR family regulator. J. Biol. Chem. 279, 5739–5751. doi: 10.1074/jbc.M311336200

Wang, P., Duan, W., Takabayashi, A., Endo, T., and Mi, H. (2006). Chloroplastic NAD(P)H dehydrogenase in tobacco leaves functions in alleviation of oxidative damage caused by temperature stress. Plant Physiol. 141, 465–474. doi: 10.1104/pp.105.070490

Wu, D., Liu, Y., Pang, J., Yong, J. W. H., Chen, Y., Bai, C., et al. (2020). Exogenous calcium alleviates nocturnal chilling-induced feedback inhibition of photosynthesis by improving sink demand in peanut (Arachis hypogaea). Front. Plant Sci. 11:607029. doi: 10.3389/fpls.2020.607029

Wu, Y. X., Zheng, F. F., Ma, W. M., Han, Z. G., Gu, Q., Shen, Y. K., et al. (2011). Regulation of NAD(P)H dehydrogenase-dependent cyclic electron transport around PSI by NaHSO3 at low concentrations in tobacco chloroplasts. Plant Cell Physiol. 52, 1734–1743. doi: 10.1093/pcp/pcr109

Wulfhorst, H., Franken, L. E., Wessinghage, T., Boekema, E. J., and Nowaczyk, M. M. (2014). The 5 kDa protein NdhP is essential for stable NDH-1L assembly in Thermosynechococcus elongatus. PLoS One 9:e103584. doi: 10.1371/journal.pone.0103584

Xu, M., Shi, N., Li, Q., and Mi, H. (2014). An active supercomplex of NADPH dehydrogenase mediated cyclic electronflow around photosystem I from the panicle chloroplast of Oryza sativa. Acta Biochim. Biophys. Sin. 46, 757–765. doi: 10.1093/abbs/gmu064

Yadav, K. N. S., Semchonok, D. A., Luká, N., Kouřil, R., Fucile, G., Boekema, E. J., et al. (2017). Supercomplexes of plant photosystem I with cytochrome b6f, light-harvesting complex II and NDH. Biochim. Biophys. Acta Bioenerg. 1858, 12–20. doi: 10.1016/j.bbabio.2016.10.006

Yadav, R. M., Aslam, S. M., Madireddi, S. K., Chouhan, N., and Subramanyam, R. (2020). Role of cyclic electron transport mutations pgrl1 and pgr5 in acclimation process to high light in Chlamydomonas reinhardtii. Photosynth. Res. 146, 247–258. doi: 10.1007/s11120-020-00751-w

Yagi, T., Yano, T., Di Bernardo, S., and Matsunoyagi, A. (1998). Procaryotic complex I (NDH-1), an overview. Biochim. Biophys. Acta Bioenerg. 1364, 125–133. doi: 10.1016/S0005-2728(98)00023-1

Yamamoto, H., Peng, L., Fukao, Y., and Shikanai, T. (2011). An Src homology 3 domain-like fold protein forms a ferredoxin binding site for the chloroplast NADH dehydrogenase-like complex in Arabidopsis. Plant Cell 23, 1480–1493. doi: 10.1105/tpc.110.080291

Yamori, W., Makino, A., and Shikanai, T. (2016). A physiological role of cyclic electron transport around photosystem I in sustaining photosynthesis under fluctuating light in rice. Sci. Rep. 6:20147. doi: 10.1038/srep20147

Yamori, W., Sakata, N., Suzuki, Y., Shikanai, T., and Makino, A. (2011). Cyclic electron flow around photosystem I via chloroplast NAD(P)H dehydrogenase (NDH) complex performs a significant physiological role during photosyn-thesis and plant growth at low temperature in rice. Plant J. 68, 966–976. doi: 10.1111/j.1365-313X.2011.04747.x

Yamori, W., Shikanai, T., and Makino, A. (2015). Photosystem I cyclic electron flow via chloroplast NADH dehydrogenase-like complex performs a physiological role for photosynthesis at low light. Sci. Rep. 5:13908. doi: 10.1038/srep15593

Yeremenko, N., Jeanjean, R., Prommeenate, P., Vladimir, K., Nixon, P. J., Vermaas, W., et al. (2005). Open reading frame ssr2016 is required for antimycin A-sensitive photosystem I-driven cyclic electron flow in the cyanobacterium Synechocystis sp. PCC 6803. Plant Cell Physiol. 46, 1433–1436. doi: 10.1093/pcp/pci147

Zhang, C., Shuai, J., Ran, Z., Zhao, J., and Lei, M. (2020). Structural insights into ndh-1 mediated cyclic electron transfer. Nat. Common. 11:888. doi: 10.1038/s41467-020-14732-z

Zhao, J., Gao, F., Fan, D. Y., Chow, W. S., and Ma, W. (2018). NDH-1 is important for photosystem I function of Synechocystis sp. strain PCC 6803 under environmental stress conditions. Front. Plant Sci. 8:2183. doi: 10.3389/fpls.2017.02183

Zhao, J., Gao, F., Qiu, Z., Wang, Q. X., and Ma, W. M. (2014). Deletion of an electron donor-binding subunit of the NDH-1 complex, Ndh S, results in a heat-sensitive growth phenotype in Synechocystis sp. PCC 6803. Chin. Sci. Bull. 59, 4484–4490. doi: 10.1007/s11434-014-0596-8

Zhao, J., Rong, W., Gao, F., Ogawa, T., and Ma, W. (2015). Subunit Q is required to stabilize the large complex of NADPH dehydrogenase in Synechocystis sp. strain PCC 6803. Plant Physiol. 168, 443–451. doi: 10.1104/pp.15.00503


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Ma, Liu, Bai and Yong. 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.











	
	ORIGINAL RESEARCH
published: 29 April 2021
doi: 10.3389/fpls.2021.653186






[image: image2]

Role of Hydraulic Signal and ABA in Decrease of Leaf Stomatal and Mesophyll Conductance in Soil Drought-Stressed Tomato

Shuang Li1,2, Junming Liu1,2, Hao Liu1, Rangjian Qiu3, Yang Gao1* and Aiwang Duan1*


1Key Laboratory of Crop Water Use and Regulation, Ministry of Agriculture and Rural Affairs, Farmland Irrigation Research Institute, Chinese Academy of Agricultural Sciences, Xinxiang, China

2Graduate School of Chinese Academy of Agricultural Sciences, Beijing, China

3School of Applied Meteorology, Nanjing University of Information Science and Technology, Nanjing, China

Edited by:
Iker Aranjuelo, Superior Council of Scientific Investigations, Spain

Reviewed by:
Ismael Aranda, Instituto Nacional de Investigación y Tecnología Agroalimentaria (INIA), Spain
 Antonio Diaz Espejo, Institute of Natural Resources and Agrobiology of Seville (CSIC), Spain

*Correspondence: Yang Gao, gaoyang@caas.cn
 Aiwang Duan, duanaiwang@caas.cn

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

Received: 14 January 2021
 Accepted: 30 March 2021
 Published: 29 April 2021

Citation: Li S, Liu J, Liu H, Qiu R, Gao Y and Duan A (2021) Role of Hydraulic Signal and ABA in Decrease of Leaf Stomatal and Mesophyll Conductance in Soil Drought-Stressed Tomato. Front. Plant Sci. 12:653186. doi: 10.3389/fpls.2021.653186



Drought reduces leaf stomatal conductance (gs) and mesophyll conductance (gm). Both hydraulic signals and chemical signals (mainly abscisic acid, ABA) are involved in regulating gs. However, it remains unclear what role the endogenous ABA plays in gm under decreasing soil moisture. In this study, the responses of gs and gm to ABA were investigated under progressive soil drying conditions and their impacts on net photosynthesis (An) and intrinsic water use efficiency (WUEi) were also analyzed. Experimental tomato plants were cultivated in pots in an environment-controlled greenhouse. Reductions of gs and gm induced a 68–78% decline of An under drought conditions. While soil water potential (Ψsoil) was over −1.01 MPa, gs reduced as leaf water potential (Ψleaf) decreased, but ABA and gm kept unchanged, which indicating gs was more sensitive to drought than gm. During Ψsoil reduction from −1.01 to −1.44 MPa, Ψleaf still kept decreasing, and both gs and gm decreased concurrently following to the sustained increases of ABA content in shoot sap. The gm was positively correlated to gs during a drying process. Compared to gs or gm, WUEi was strongly correlated with gm/gs. WUEi improved within Ψsoil range between −0.83 and −1.15 MPa. In summary, gs showed a higher sensitivity to drought than gm. Under moderate and severe drought at Ψsoil ≤ −1.01 MPa, furthermore from hydraulic signals, ABA was also involved in this co-ordination reductions of gs and gm and thereby regulated An and WUEi.

Keywords: drought, leaf water potential, abscisic acid, stomatal conductance, mesophyll conductance, intrinsic water use efficiency


INTRODUCTION

Soil water scarcity is one of the major environmental constraints to the plant physiological processes and yield (Easlon and Richards, 2009; Olsovska et al., 2016). To achieve high plant water-use efficiency under a drier environment in the future, it is essential to improve crop photosynthesis and productivity with a given unit of water (Flexas et al., 2013). For C3 plants, leaf photosynthesis is strongly limited by three factors, i.e., stomatal conductance (gs), mesophyll diffusion conductance to CO2 (gm), and biochemical photosynthetic capacity (Grassi and Magnani, 2005; Cano et al., 2013). gs and gm determine the diffusion of CO2 from ambient air of leaf to sub-stomatal cavities and from the sub-stomatal cavities to chloroplast stroma, respectively (Flexas et al., 2002; Niinemets et al., 2009). Recent studies have shown that both gs and gm were the main limitations for maximum photosynthesis under drought conditions (Tosens et al., 2016; Wang et al., 2018). Therefore, revealing the mechanisms underlying the decreases of gs and gm in response to drought is necessary for enhancing our understanding of plant adaptation to water limitation.

Different regulatory mechanisms such as chemical messengers like abscisic acid (ABA), electrical signals, and hydraulic signals have been identified in the control of stomatal movement (Dodd, 2005; Ache et al., 2010; Tombesi et al., 2015; Huber et al., 2019). Despite the large list of candidates in regulating guard cells, ABA and hydraulic signals have gained most of the attention in regulating stomatal aperture. ABA is a phytohormone that has been involved in different strategies of plants to avoid excessive water loss, and many reports demonstrated its important role in stomatal control (Wilkinson and Davies, 2002; Assmann and Jegla, 2016). The decrease of gs in response to drought has been generally modulated by the accumulation of leaf ABA in a wide number of plant species including soybean, grapevine and tomato (Liu et al., 2005; Tombesi et al., 2015; Yan et al., 2017). However, stomata closed with a wide range of variations of leaf hydraulic signals, such as leaf water potential (Ψleaf), possibly due to differences of experimental plant materials and the intensity of applied drought under investigation. For example, gs decreased with decreasing Ψleaf during leaf dehydration (Kim et al., 2012; Wang et al., 2018). On the contrary, other studies showed that stomata closed with little change in Ψleaf under moderate soil drying, but both parameters decreased under severe drought (Tardieu, 1998; Yan et al., 2017), or gs decreased as Ψleaf increased under mild soil drying but then no significant relationship existed between both variables with continued soil drying (Kudoyarova et al., 2007). It is difficult to explore the response of Ψleaf and gs under a single soil water condition. Progressive soil drying, representing a natural process of soil water loss, could help us explore the dynamic responses of gs to Ψleaf during drying process.

Leaf mesophyll conductance to CO2 (gm) has been recognized to be finite, variable, and rapid acclimation to varying environmental conditions. Although a reduction in gm response to soil drought has been reported in many studies, the mechanisms underlying this reduction have not been elucidated substantially (Flexas et al., 2002; Théroux-Rancourt et al., 2014; Sorrentino et al., 2016). Recent studies on hydraulic signals suggested that the parallel decreases in gs and gm were caused by leaf hydraulic vulnerability as a result of decrease in Ψleaf (Wang et al., 2018). Similarly, gm was strongly correlated with leaf hydraulic conductance (Kleaf), as the ratio of transpiration rate to the water potential driving force across the leaf (Kleaf = transpiration/ΔΨleaf), across species under light-saturated conditions (Xiong et al., 2018). This correlation between gm and leaf hydraulic signals might be due to CO2 partially shared common diffusion pathways with H2O through mesophyll tissues (Ferrio et al., 2012). These studies confirmed that leaf hydraulic signals played an essential role in controlling gm in response to drought. However, the effects of chemical ABA signal on gm are not consistent. Vrabl et al. (2009) did not observe any reduction in gm when applied exogenous ABA in Helianthus annuus plants. In line with this, Flexas et al. (2013) found that gm was highly insensitive to endogenous ABA among ABA-insensitive and ABA-hypersensitive genotypes or to exogenous ABA application in Arabidopsis thaliana. However, several studies yielded contrasting results. For instance, Mizokami et al. (2015) compared the responses of gm to leaf ABA in wild type and ABA-deficient mutant of Nicotiana plumbaginifolia and confirmed that the increase in leaf ABA concentration was crucial for the decrease in gm under drought conditions. Still, gm reduced effectively in response to ABA in a short term in three of the four species in Sorrentino et al. (2016). Recently, Mizokami et al. (2018) examined the responses of gm to high CO2 and ABA application and revealed that gm was able to respond to high ABA levels, which was intrinsically different from the response to the elevated CO2. These contrasting results possibly due to species differences or the experimental approaches utilized to modify ABA, e.g., the exogenous ABA concentration or the applying period. In brief, it has been largely demonstrated that hydraulic signals play an important role in regulating gm, while the role of ABA on gm is still not unequivocal. Therefore, a deep understanding about the mechanisms of gm response to endogenous ABA under progressive soil drying conditions awaits further investigation.

Leaf intrinsic water use efficiency (WUEi), expressed as the ratio of net photosynthetic rate (An) to gs at leaf level, can explain instantaneous responses to environmental factors (Flexas et al., 2016; Qiu et al., 2019). Improving WUEi need increase An and decrease gs simultaneously. Using An/gs to explain the changes of WUEi would be too coarse due to the decrease in gs inevitably affect CO2 uptake and thereby limit An. gm determines the CO2 concentration at the carboxylation site in the chloroplast, increasing gm would increase An without increasing water loss. Therefore, gm might play a role in improving WUEi. Despite all of the negative impacts of drought stress on leaf gas exchange, many studies reported that drought was beneficial to improve WUEi (Liu et al., 2005; Xue et al., 2016). However, the reasons of this improvement of WUEi have not been elucidated clearly. Evidences have suggested that gm/gs played a key role on increasing WUEi in response to water limitation (Flexas et al., 2016; Han et al., 2016). Revealing the exact responses of gm/gs or WUEi to stressed signals especially ABA under progressive soil drought would be of great interest in the selection of varieties with high yield in breeding and strong adaptability under varied environmental conditions.

In this study, relationships between gs, gm, and Ψleaf or ABA were examined in tomato seedlings under progressive soil drying conditions. The objectives of this study were (i) to evaluate the effects of limiting factors of gs and gm on An in tomato plants during progressive soil drying, (ii) to investigate the responses of gs and gm to drought signals (Ψleaf and ABA) under increasing drought stress, and (iii) to reveal the effects of gs/gm on WUEi in tomato seedlings during the progressive soil drying.



MATERIALS AND METHODS


Plant Material and Soil Water Treatments

Seeds of tomato (Solanum lycopersicum L., cv. Helan108) were sown in nursery seedling plate with substrate (sphagnum peat, Pindstrup Mosebrug A/S, Ryomgaard, Denmark). When the second true leaf emerged, tomato seedlings were transplanted into 5.3 L pots (height 30 cm, diameter 15 cm). Each pot was filled with 6.5 kg air-dried sandy loam soil. The gravimetric field water capacity (θFC) and wilting point were 22% (g g−1) and 6.8% (g g−1), respectively. After transplanting, all pots were irrigated to 85% θFC with Hoagland solution [5 mM KNO3, 5 mM Ca (NO3)2 4H2O, 1 mM KH2PO4, and 1 mM MgSO4 7H2O, 1 ml l−1 micronutrients, pH = 6.0]. Seedlings were cultivated in an environment-controlled chamber [day/night air temperature 25/18°C, 50–60% relative humidity, 12 h photoperiod at 600 μmol m−2 s−1 photosynthetic photon flux density (PPFD) supplied by LED lamps from 7:00 to 19:00]. All pots were weighted daily at 8:00 a.m. to calculate daily irrigation amount. During the experiment, same volume of Hoagland solution was applied to all pots to avoid nutrient differences. Soil water content was expressed as relative soil water content (RSWC), i.e., the ratio between the current soil moisture (θC) and θFC.

Water treatments (including well-watered and progressive drought-stressed treatments) were conducted at the 27 day after transplanting (DAT). For the well-watered treatment, RSWC was maintained within the range of 70–82% θFC throughout the experiment. Plants remained well-watered acted as a control group (CK). For the drought-stressed treatment (withholding water), RSWC decreased from 82.90% θFC to 37.27% θFC from 27 to 33 DAT. On each day of the drying period (28–33 DAT), the relevant experimental indexes were measured and collected for the two treatments.



Leaf Gas Exchange and Chlorophyll Fluorescence Measurements

Leaf gas exchange and chlorophyll fluorescence were measured simultaneously using an open gas exchange system Li-Cor 6400 photosynthesis system (Li-Cor Inc., Lincoln, NE, USA) equipped with an integrated leaf fluorometer chamber (Li-Cor 6400-40) from 9:00 to 14:00 h. All measurements were recorded on the same fully expanded leaves (the 6th or 7th leaves from the base of the plant) during 28–33 DAT, using two or six replicate plants for CK and water stressed treatment, respectively. During the measurements, the PPFD was kept at 1500 μmol m−2 s−1, the sample CO2 concentration was maintained at 400 μmol mol−1 with a CO2 cylinder. Relative humidity was kept at 55%. Leaf gas exchange, chlorophyll fluorescence and leaf temperature were recorded when An was stabilized on these conditions (usually 20 min after clamping the leaf). After that, A-Ci response curves were conducted. During the measurements, the PPFD was kept as constant of 1500 μmol m−2 s−1, sample CO2 concentration was adjusted in a series of: 400, 300, 200, 150, 100, 50, 400, 400, 600, 800, 1000, 1200, 1400, 1600 μmol mol−1.

The intrinsic water use efficiency (WUEi, μmol CO2 mol−1 H2O) was calculated as the ratio of net photosynthetic rate divided by stomatal conductance:

[image: image]

where An is net photosynthesis rate (μmol CO2 m−2 s−1), gs is stomatal conductance (mol H2O m−2 s−1).

The actual photochemical efficiency of photosystem II (ΦPSII) was determined by measuring steady-state fluorescence (Fs) and maximum fluorescence ([image: image]) during a light-saturating pulse of ca. 8000 mmol m−2 s−1:

[image: image]

The electron transport rate (Jf) was then calculated as:
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where PPFD was maintained at 1500 μmol m−2 s−1 on both the well-watered and water-stressed leaves. α represents the leaf absorptance and β reflects the partitioning of absorbed quanta between photosystems II and I. α and β were assumed to be 0.84 and 0.5 in the study, respectively (Laisk and Loreto, 1996; Flexas et al., 2002).



Estimation of gm by Gas Exchange and Chlorophyll Fluorescence Method

gm was calculated by the variable J method of Harley et al. (1992), as follows:

[image: image]

where Ci represents intercellular CO2 concentration (μmol CO2 mol−1), Rd represents the light mitochondrial respiration (μmol CO2 mol−1), which was calculated as 1/2 of the dark respiration Xiong et al. (2018), Γ* is the chloroplast CO2 compensation point (μmol CO2 mol−1), a leaf temperature-dependent parameter, and estimated as:
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where c is the scaling constant (dimensionless), Ha is the energies of activation (KJ mol−1), and R is the molar gas constant (8.314 J K−1 mol−1). At the leaf temperature of 25°C, c and Ha in S. lycopersicum were equal to 12.7 and 23.2 (KJ mol−1), respectively (Hermida-Carrera et al., 2016). Tk is the leaf absolute assay temperature (K), which was recorded by the LI-6400 system and corrected to Kelvin temperature.

Given the potential errors in estimation made by the variable J method, sensitivity analyses were conducted to determine the effect of ±20% error of Rd, Γ*, Jf, and Ci on calculation of gm.



Photosynthetic Limitation Analysis

The relative photosynthesis limitations of An resulting from gs (ls), gm (lm), and biochemical photosynthetic capacity (lb) (ls + lm + lb = 1) was determined using the method of Grassi and Magnani (2005), as follows:
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where gsc is the stomatal conductance to CO2 (mol CO2 m−2 s−1), gsc = gs/1.6, gt is the total conductance to CO2 from the leaf surface CO2 to chloroplast (1/gt = 1/gsc + 1/gm). According to the Farquhar model (Farquhar, 1980), ∂A/∂Cc can be calculated as follows:
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where Kc and Ko are the Rubisco Michaelis–Menten constants for CO2 and O2, both of them were temperature-dependent and calculated as Equation (5). Specific values of these parameters in Equation (5) were obtained from Sharkey et al. (2007). O is the atmospheric O2 concentration (210 mmol mol−1). Vcmax is the maximum carboxylation capacity (μmol m−2 s−1). Vcmax was calculated from the A/Ci curve fitting method (Long and Bernacchi, 2003).



Soil and Leaf Water Potential Measurement and Shoot Sap Collection

Leaf water potential (Ψleaf) was measured on the same leaves as the measurement of gas exchange. Soil samples at the 10–12 cm under soil surface were collected to measure soil water potential (Ψsoil). Both Ψleaf and Ψsoil were measured by the WP4C Dewpoint Potentiometer (Meter Group Inc., Pullman, WA, USA) with two or six repetitions for CK and water stressed treatment. Meanwhile, the shoot part (including stem and leaf) was put into the Model 3115 pressure chamber (Plant Moisture Equipment, Santa Barbara, CA, USA). Pressure was increased gradually until sap outflowed at the cut surface. After discarding the first 1–2 drops, nearly 2 ml of sap was collected into centrifuge tube frozen in liquid nitrogen and then stored at −80°C for ABA analysis.



ABA Determination

The concentration of ABA was determined as previously described by Li et al. (2020). Briefly, sap ABA concentration was measured with a high-performance liquid chromatography-tandem mass spectrometry (Agilent Technologies Inc., Santa Clara, CA, USA), quantitated as the methods of isotope internal standard.



Statistical Analysis

All statistical analyses were performed using SPSS 16.0 (IBM Corp., Armonk, NY, United States). The significance of differences between mean values was assessed by One-way analysis of variance (ANOVA) according to Dennett's test at P < 0.05 level. Regressions were fitted by linear or non-linear models, and the model with higher regression coefficient (r2) was selected. Regression lines was shown when P < 0.05. All graphics and regressions were performed in Origin-Pro 2017 (Origin Lab, Northampton, MA, USA).




RESULTS


Dynamic of Soil Water Status

Relative soil water content (RSWC) and Ψsoil of the well-watered pots were maintained at an average of 75.13% and −0.43 MPa, indicating no water stress occurred during the experiment. By withholding irrigation from 27 to 33 DAT during the progressive drying process, RSWC in the drought treatment decreased gradually from 82.90 to 37.27% and Ψsoil decreased by 1.04 MPa correspondingly. Interestingly, significant reduction of both RSWC and Ψsoil occurred simultaneously at 29 DAT (Figure 1).


[image: Figure 1]
FIGURE 1. Dynamics of RSWC and Ψsoil in the well-watered (CK) and drought-stressed tomato seedlings during 27–33 DAT. Mean values and SD were presented (n = 6). ns indicated no significant difference and ** indicated significant difference at P < 0.01 level between drought and well-watered treatment.




Effects of Drought on Ψleaf and ABA

In the well-watered treatment, Ψleaf maintained at an average of −0.72 MPa from 27 to 33 DAT. Along with decreasing Ψsoil in the pots, Ψleaf of the drought-stressed tomato seedlings kept almost constant until Ψsoil reached to −0.71 MPa (Figure 2A). However, ABA did not statistically increase within the range of Ψsoil from −0.42 to −0.83 MPa, indicating that compared to Ψleaf, chemical signal, ABA showed a delayed response in face to mild soil drying. As soil further drying, ABA increased exponentially with Ψsoil decreasing from −1.01 to −1.44 MPa (Figure 2B). It should be noteworthy that ABA in the drought-stressed plants increased up to an average of 97.86 ng ml−1 at the end of experiment, resulting in an around 300 times higher than the well-watered treatment.


[image: Figure 2]
FIGURE 2. Leaf water potential (n = 6) (A) and shoot sap ABA concentration (n = 3) (B) in response to progressive soil water potential decrease. Colorful labels indicated significant difference at P < 0.001 level between well-watered and drought treatment.




Quantitative Analysis of Photosynthetic Limitation in Response to Soil Drying

The relative contributions of all limiting factors (ls, lm, lb) to photosynthetic capacity can be divided into three stages (Figure 3). Firstly, lb contributed to around an average of 51.46% limitation when Ψsoil was >-0.71 MPa, suggesting that photosynthetic biochemistry was the main factor under no water stressed condition. Secondly, with Ψsoil decreasing from −0.83 to −1.15 MPa, lb declined, whereas both ls and lm increased, but ls was higher than lm, which contributed solely to an almost 50.30% reduction in An, indicating that gs was the main limiting factor to photosynthetic capacity under mild and moderate drought. Thirdly, with Ψsoil decreasing to −1.44 MPa, lm contributed to 41.99% reduction in photosynthesis, followed by ls (36.93%) and lb (21.08%), showing that gm was the most important limiting factor to photosynthetic capacity under the severe drought condition.


[image: Figure 3]
FIGURE 3. Effect of soil water potential (Ψsoil) on the relative contribution of the photosynthesis capacity limiting factors: limitations of An resulting from gs (ls), gm (lm), and biochemical photosynthetic capacity (lb) after transplanting. Data were means. Different letters indicated statistically significant difference between well-watered (CK) and drought plants at P < 0.05 level.




Ψleaf and ABA in the Regulation of gs, gm, gt, and An

As compared to gs in CK, gs in the water-stressed tomato seedlings increased firstly with Ψleaf decreasing from −0.72 to −0.95 MPa and then decreased with Ψleaf decreasing from −1.05 to −1.63 MPa (Figure 4A). However, gm kept unchanged within the range of Ψleaf from −0.72 to −1.05 MPa and decreased significantly when Ψleaf was <-1.28 MPa (Figure 4C). The output of ANOVA showed that drought had significant effect on the slopes of the regression lines between gs and gm to Ψleaf (Supplementary Figure 1). In addition, under mild and moderate drought, the ratio of gs reduction was higher than gm during 30–32 DAT (Supplementary Figure 2). These results indicated that gs was more sensitive to mild and moderate drought stress than gm. In summary, there was a significant positive relationship between Ψleaf and gs (r = 0.74, P < 0.01) and gm (r = 0.76, P < 0.01) during progressive soil drying (Table 1). We also investigated the relationship between ABA and gs or gm (Figures 4B,D). gs changed with no significant increasing ABA during 28–29 DAT. As soil further dried, gs continued decreasing and gm started to decrease with significant increase in ABA (Figures 4B,D). gm was closely related to gs during drying (r2=0.59, P < 0.01) (Figure 5). Notably, gm and ABA changed concurrently at the threshold of Ψsoil = −1.01 MPa (Figures 2B, 4D). In summary, ABA was negatively related to gm (r = −0.64, P < 0.01) and gs (r = −0.55, P < 0.01) (Table 1). These results indicated that the decline of gs was regulated by Ψleaf in the early stage of drought, whereas under moderate or severe drought, gs and gm were controlled by both Ψleaf and ABA.


[image: Figure 4]
FIGURE 4. Effects of leaf water potential, ABA concentration on stomatal conductance (gs) (A,B), mesophyll conductance (gm) (C,D), total conductance (gt) (E,F), and net photosynthesis (An) (G,H). Colorful labels indicated significant difference between the well-watered (CK) and drought treatments at P < 0.01 level.



Table 1. Correlation matrix between studied parameters including intrinsic water use efficiency (WUEi), net photosynthesis (An), mesophyll conductance (gm), stomatal conductance (gs) and the ratio (gm/gs), abscisic acid (ABA), and leaf water potential (Ψleaf).
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FIGURE 5. The relationship between the stomatal conductance to H2O (gs, mol H2O m−2 s−1) and mesophyll conductance to CO2 (gm, mol CO2 m−2 s−1) in the leaves under progressive drought. Data were fitted by a linear regression with r2 = 0.59 at P < 0.01 level.


Drought significantly affected An and gt during 30–33 DAT. When Ψleaf decreased to −1.05 MPa or ABA increased to 2.04 ng ml−1, An and gt declined by 40.18 and 45.13%, respectively (Figures 4E–H). As soil further dried, i.e., Ψleaf decreasing from −1.28 to −1.63 MPa, An and gt reduced by 62.84–88.94% and 74.33–92.92% in the drought-stressed plants as compared with the well-watered plants, respectively (Figures 4E,G).



gm/gs and WUEi in Response to Ψleaf and ABA Under Progressive Soil Drying

The dynamics of gm/gs in response to Ψleaf and ABA during progressive soil drying were presented in Figure 6. Higher gm/gs was observed as Ψleaf decreased from −1.05 to −1.33 MPa or as ABA increased from 2.04 to 31.23 ng ml−1 (Figures 6A,B), indicating that gs declined more than gm under mild or moderate drought. However, no significant difference of gm/gs between CK and the intense water stress with Ψleaf = −1.63 MPa was found. WUEi in response to these signals changed in the same way as gm/gs (Figures 6C,D), it increased firstly and then decreased. In addition, WUEi was positively related to gm/gs with a logarithmic relationship (r2 = 0.62, P < 0.001) during the progressive soil drying (Figure 6E), indicating that WUEi was strongly correlated to gm/gs.
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FIGURE 6. Correlation between ratio of mesophyll conductance to stomatal conductance (gm/gs) or intrinsic water use efficiency (WUEi) and leaf water potential (A,C) or shoot sap ABA (B,D) under progressive drought. The relationship between gm/gs and WUEi was presented with a non-linear regression at P < 0.001 level (E). Colorful labels indicated significant difference between the well-watered (CK) and drought treatments at P < 0.01 level.




Sensitivity Analyses of Parameters in the Estimation gm

10% variation of Rd and Jf did not affect gm significantly, whereas Γ* has a significantly effect on gm in well-watered plants (Table 2). As compared to gm in the well-watered plants, gm in the drought treatment was unaffected by the 20% underestimation of Jf, showing that gm in the drought treatment was less sensitive to Jf than in the well-watered plants. Variation of Ci resulted in an overestimation of gm in well-watered plants, whereas gm in drought treatment was unaffected by overestimation of Ci. These results indicated that overestimation of Ci had a slighter effect on calculation of gm than underestimation in the current study.


Table 2. Sensitivity analyses of the effects of ±20% error of light mitochondrial respiration (Rd), chloroplast CO2 compensation point (Γ*), electron transport rate (Jf), and intercellular CO2 concentration (Ci) on calculation of gm in well-watered and severe drought tomato at Ψsoil = −1.44 MPa as compared with the original value of gm.
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DISCUSSION


Effects of gs and gm on An Under Soil Drought

Efficient CO2 fixation is important for plant acclimation to environmental factors. In the present study, the total diffusion conductance of CO2 (gt) and An declined synchronously under drought (Figures 4E–H). The total diffusion conductance of CO2 mainly includes gs and gm (Grassi and Magnani, 2005). Many authors have reported that CO2 diffusion from sub-stomatal cavities to chloroplasts is a significant factor determining photosynthetic capacity in C3 plants such as tomato (Han et al., 2016; Du et al., 2019; Xu et al., 2019). Our analysis showed that ls and lm increased as soil drying proceeded and contributed to an almost 68–78% reduction in An when Ψsoil was <-0.83 MPa (Figure 3). Our results, as well as those of previous studies (Niinemets et al., 2009; Wang et al., 2018), confirmed the significance of gs and gm on assimilation rate under various drought conditions. It should be acknowledged that, many authors have highlighted the effects of leaf anatomical traits on gm, such as cell thickness, cell packing and area of chloroplasts exposed to the intercellular air spaces (Sc/S) across many species including tomato (Tomas et al., 2013; Muir et al., 2014). This effect was a result of plants acclimation to the long-term stressed environmental factors lasting for weeks. However, rapid response of gm to stress could occur within minutes response to elevating CO2 (Mizokami et al., 2018) or hours response to application of ABA (Sorrentino et al., 2016). Perhaps this meant that different mechanisms of gm determination existed under short and long term drought conditions. Therefore, to minimize the effects of leaf anatomy on gm, we focused on the responses of gm to drought stress and the involvement of ABA in a short water stress cycle.



Response of gs to Ψleaf and ABA Under Soil Drought

We found that gs generally decreased as Ψleaf decreased (Figures 2A, 4A), suggesting that Ψleaf might induce stomatal closure at the early stage of drought. The mechanisms of this hydraulic regulation remain unclear, but the reduction in Ψleaf has been tightly associated with decreasing leaf hydraulic signals (leaf turgor or Kleaf) in understanding the closure of stomata (Ripullone et al., 2007; Wang et al., 2018). On the one hand, evidences have suggested that decline of leaf turgor could explain the decrease in gs within no change of ABA (Rodriguez-Dominguez et al., 2016; Huber et al., 2019), possibly due to the decrease of elastic modulus and the activity of anion channel in guard cell during leaf dehydration (Ache et al., 2010; Saito and Terashima, 2010). On the other hand, progressive drop of plant water potential might decrease xylem pressure and increase the likelihood of embolism and hydraulic failure (Martorell et al., 2014; Tombesi et al., 2015). Responding to the future unpredictable soil water availability, stomata closed to prevent water loss and avoid xylem cavitation. Here, the increase of shoot sap ABA concentration was statistically insignificant, which implied that stomatal closure was not initiated by ABA with Ψsoil not approaching to −1.01 MPa (Figures 2B, 4B). Indeed, the delayed increase in leaf ABA in the present study was consistent with the recent findings that leaf ABA did not increase until after stomata closed, which was different from the actions of leaf turgor subjected to drought stress (Huber et al., 2019). However, as soil drought proceeded, gs continued decreasing with significant changes in both ABA and Ψleaf, suggesting that Ψleaf was not solely controlling gs, but chemical ABA was also involved in the reduction of gs. A similar variation between ABA and gs was also reported by Tombesi et al. (2015), who indicated that ABA played a crucial role in maintaining stomatal closure under long and severe drought. However, it should be noteworthy that our data need to be further interpreted, as shoot sap ABA was collected in the pressurized stem and leaf tissues instead of in localized guard cells.



Response of gm to Ψleaf and ABA Under Soil Drought

The variable J method (Harley et al., 1992), as the most commonly and easily accessible approach, was used to determine gm during the dry-down stage. To obtain precise calculation of gm, the highest possible accuracy of gas exchange and chlorophyll fluorescence were required during the process of measurement. As reported previously, the decrease in gm under drought was likely to associate with an overestimation of Ci due to stomatal closure (Pons et al., 2009). However, the sensitivity analyses showed that an overestimation of Ci did not induce gm decline in drought-stressed plants (Table 2). Thus, overestimation of Ci was unlikely to have a significant effect on gm in this study, might due to the influence of other environmental variations was ruled out under controlled environment. Therefore, it is reasonable to conclude that the reduction in gm during drought was mostly attributed to the decline of gm per se rather than the overestimation of Ci.

Compared to the response of gs, gm in the drought-stressed seedlings remained almost constant with Ψleaf not decrease to −1.28 MPa (Figures 4A,C), indicating that gm was less sensitive to the decrease in Ψleaf than gs at the beginning of soil drought. This result was in agreement with an earlier study conducted by Théroux-Rancourt et al. (2014), who found that gm only responded to more negative Ψleaf or more severe soil drought, e.g., Ψsoil < −1.01 MPa in the present study. Hydraulic compartmentalization of the mesophyll cell from the transpiration stream may account for this delayed response of gm to Ψleaf (Zwieniecki et al., 2007; Théroux-Rancourt et al., 2014). This delayed response of gm under the mild soil drought might be beneficial for mesophyll cells to be buffered against little variation in leaf water status and allow plants to maintain a greater An (Figure 4G).

However, as soil drought proceeded, gm declined as Ψleaf continued decreasing (Figures 4C,D). Based on literature surveys, the causes of this decrease in gm may be influenced by three main factors: mesophyll structure, membrane permeability, and biochemical enzymes activity (Flexas et al., 2008; Evans et al., 2009; Sorrentino et al., 2016). Mesophyll structural properties may not be involved in this rapid reduction of gm under the short-term drought. Instead, it is well-established that the Kleaf-induced reduction in gm was associated with the decrease in mesophyll density or membrane permeability under drought conditions (Aasamaa et al., 2005; Xiong et al., 2018). Water moves through leaf mesophyll tissues via apoplastic, symplastic and vapor phase pathways, which shared a part of pathways of CO2 diffusion (Xiong and Nadal, 2020). The decline in hydraulic conductance under drought usually leads to reductions in water supply to the leaves, therefore affecting mesophyll cells water relations and functions. Although the effect of Kleaf on gm was not investigated in this study, we observed a strong and positive relationship between Ψleaf and gm (r2 = 0.77, P < 0.01) (Figure 4C), because Kleaf was strongly influenced by Ψleaf under drought stress (Wang et al., 2018). Therefore, the decline in Ψleaf might contribute to this decrease in gm, as CO2 diffusion and liquid water shared partly common pathways within leaves (Xiong et al., 2018).

Most notably, rapid reduction of gm occurred following with increase of ABA when Ψsoil was below −1.01 MPa in the current study. Fast fluctuations in gm have also been recorded in response to ABA application (Sorrentino et al., 2016; Mizokami et al., 2018). The concurrent responses between gm and ABA with Ψsoil decreasing from −1.01 to −1.44 MPa was not a mere coincidence. This might suggest that Ψleaf was not the only factor influencing gs and gm under drought, other signals (ABA) could be involved in this reduction. Though mechanisms for the effect of ABA on gm remain unclear, the results from both Sorrentino et al. (2016) and the current studies indicated that the reduction in gm was most likely regulated by biochemical components due to the rapid reduction of gm to ABA (Flexas et al., 2008; Kaldenhoff et al., 2008; Xiong et al., 2018). Evidences have indicated two candidates are likely to play this biochemical role: carbonic anhydrase and aquaporins. CO2 molecules passing from sub-stomatal cavities to chloroplasts diffuse through the gas phase among intercellular air spaces and the liquid phase from the cell wall to stroma. Carbonic anhydrase (CA) plays a key role on the conversion of gaseous CO2 to aqueous carbonic acid (H2CO3) (Flexas et al., 2008). Higher ABA accumulation was likely to change the extracellular pH and decrease the activity of H+-ATP-ase, an important ion transporter in plant cell plasma membrane, thus affect the CA activity (Hayat et al., 2001; Sukhov et al., 2017). Aquaporins (AQPs) are pore-forming integral membrane proteins that transport of water, CO2 and other small neutral molecules across the plasma membrane (Flexas et al., 2006; Kaldenhoff, 2012). A higher abundance of AQPs increased the cellular CO2 uptake rates several folds. Expressions of plant AQPs could be influenced by drought stress and ABA (Kapilan et al., 2018). Additionally, an indirect role of ABA on decreasing Kleaf might also be involved in regulating gm, due to the ability of ABA on inactivation bundle sheath aquaporins such as the plasma membrane intrinsic proteins (PIPs) (Shatil-Cohen et al., 2011; Pantin et al., 2013). Based on these, we considered that the reduction in gm was not attributed solely to hydraulic regulation, ABA seemed to maintain the decrease in gm under moderate or severe soil drought, e.g., Ψsoil < −1.01 MPa in the present study. The regulation of gm is complex, and regulated by many factors, including hydraulic or chemical signaling and mesophyll structure. It is still unclear the mechanism of gm response to ABA under stress, further analysis of the expressions of carbonic anhydrase and cooporin protein in membrane may elucidate the biochemical mechanisms underlying this response. Notably, gs and gm decreased as ABA significantly increased (Figures 4B,D). Pooling all the data, a strong and positive relationship between both variables was observed in Table 1. In addition, 59% of the variation in gm can be explained by gs (Figure 5). Coupled changes between gs and gm was also found in response to drought (Perez-Martin et al., 2009; Han et al., 2016; Olsovska et al., 2016) or ABA application (Mizokami et al., 2018). Therefore, it seems that drought regulated gm in order to match the variation of gs, thereby optimization balance between CO2 uptake and water loss. However, the role of gs on regulating gm response to ABA is still debated by many scientists (Sorrentino et al., 2016; Mizokami et al., 2018), further detail investigations are needed to address this issue.



Variability of WUEi Under Drought Depends on gm/gs

In this study, gm/gs and WUEi increased concurrently with Ψsoil in the range of −0.83 to −1.15 MPa with a strong correlation (Figure 6E). Our results showed that WUEi was closely related to gm/gs compared to the correlation between WUEi and gm or gs (Table 1). This result was consistent with Han et al. (2016) who also found WUEi and gm/gs were closely correlated compared to the correlation between WUEi and gs or gm. These suggested that variations in WUEi were much more sensitive to changes of gm/gs. Stomata controls the water loss and mesophyll determines the photosynthesis, thus it would be better that using gm/gs instead of An/gs explained the variations of WUEi. Interestingly, this improvement of WUEi were coupled with increase in ABA. This might due to gs reduced more in response to ABA than gm under moderate drought. Though the mechanisms of ABA improving WUEi remain largely unknown, it is likely to be one of the most promising strategies to improve WUEi by means of decoding of the ABA signaling pathway or manipulating the expression of ABA-related genes on stomatal conductance or CA activity (Flexas et al., 2016; Cardoso et al., 2020). Nonetheless, such improvement of WUEi controlled by ABA could only be beneficial for maintaining water status under short-term drought during Ψsoil reduction from −0.83 to −1.15 MPa, not for long and serious drought (Figure 6D). This was beacuse the increase in WUEi at leaf scale may not always mean an improvement of WUE at the whole plant scale under serious soil drought, as the closure of stomata restricts CO2 uptake and hence diminish plant productivity (Xue et al., 2016).




CONCLUSION

The limitation of gs and gm increased along with progressive soil drying and diffusive conductance to CO2 from ambient air to chloroplasts was the crucial constraints to photosynthesis under drought conditions. The decrease in Ψleaf triggered stomata closure at the onset of drought. As soil drying proceeded, gs and gm declined synchronously. Both hydraulic and ABA signals were involved in this consistent decrease under moderate and severe drought. WUEi improved as gm/gs increased under mild and moderated drought due to a larger reduction of gs to ABA than gm. Manipulation of ABA levels might be a promising approach to improve plant water use efficiency for breeding project. For future research, examining the influence of stomatal closure on gm response to ABA will give further detailed insight on working of gm to ABA.
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Supplementary Figure 1. Relationships between stomatal conductance (gs) or mesophyll conductance (gm) under drought during 30-33 DAT. Closed circles indicated gs, open circles indicated gm. Slope with P value indicates significant difference between the slopes of the regression lines for gs and gm to Ψleaf.

Supplementary Figure 2. The decreasing ratio of stomatal conductance (gs) or mesophyll conductance (gm) under drought compared CK during 30 to 33 DAT.
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In the original article, there was an error in Figure 1 as published. The value of Ψsoil at 33 DAT should be −1.44 MPa. The corrected Figure 1 appears here.


[image: Figure 1]
FIGURE 1. Dynamics of RSWC and Ψsoil in the well-watered (CK) and drought-stressed tomato seedlings during 27–33 DAT. Mean values and SD were presented (n = 6). ns indicated no significant difference and ** indicated significant difference at P < 0.01 level between drought and well-watered treatment.


The associated text in the Results section Dynamic of Soil Water Status has also been updated to reflect the correction to Figure 1, as described below.

The originally published sentence “By withholding irrigation from 27 to 33 DAT during the progressive drying process, RSWC in the drought treatment decreased gradually from 82.90 to 37.27% and Ψsoil decreased by 1.12 MPa correspondingly.” has been corrected to read “By withholding irrigation from 27 to 33 DAT during the progressive drying process, RSWC in the drought treatment decreased gradually from 82.90 to 37.27% and Ψsoil decreased by 1.04 MPa correspondingly.”

In the original article, there was an error in Figure 3 as published. The value of Ψsoil at 33 DAT should be −1.44 MPa. The corrected Figure 3 appears here.


[image: Figure 3]
FIGURE 3. Effect of soil water potential (Ψsoil) on the relative contribution of the photosynthesis capacity limiting factors: limitations of An resulting from gs (ls), gm (lm), and biochemical photosynthetic capacity (lb) after transplanting. Data were means. Different letters indicated statistically significant difference between well-watered (CK) and drought plants at P < 0.05 level.


The associated text in the Results section Quantitative Analysis of Photosynthetic Limitation in Response to Soil Drying has also been updated to reflect the correction to Figure 3, as described below.

The originally published sentence “Thirdly, with Ψsoil decreasing to −1.54 MPa, lm contributed to 41.99% reduction in photosynthesis, followed by ls (36.93%) and lb (21.08%), showing that gm was the most important limiting factor to photosynthetic capacity under the severe drought condition.” has been corrected to read “Thirdly, with Ψsoil decreasing to −1.44 MPa, lm contributed to 41.99% reduction in photosynthesis, followed by ls (36.93%) and lb (21.08%), showing that gm was the most important limiting factor to photosynthetic capacity under the severe drought condition.”

In the original article, there were errors in Table 2 as published. Owing to a miscalculation, the values of the parameters were incorrect. The corrected Table 2 appears here.


Table 2. Sensitivity analyses of the effects of ±20% error of light mitochondrial respiration (Rd), chloroplast CO2 compensation point (Γ*), electron transport rate (Jf), and intercellular CO2 concentration (Ci) on calculation of gm in well-watered and severe drought tomato at Ψsoil = −1.44 MPa as compared with the original value of gm.

[image: Table 2]

The associated text has also been updated to reflect to reflect the correction to Table 2, as described below.

In the Results section Sensitivity Analyses of Parameters in the Estimation gm, the originally published sentence “20% variation of Rd, Γ* did not affect gm significantly (Table 2).” has been corrected to read “10% variation of Rd and Jf did not affect gm significantly, whereas Γ* has a significantly effect on gm in well-watered plants (Table 2).”

In the Results section Sensitivity Analyses of Parameters in the Estimation gm, the originally published sentence “20% underestimation of Ci resulted in an overestimation of gm, while gm was unaffected by overestimation of Ci in both the well-watered and drought treatments.” has been corrected to read “Variation of Ci resulted in an overestimation of gm in well-watered plants, whereas gm in drought treatment was unaffected by overestimation of Ci.”

In the Discussion section Response of gm to Ψleaf and ABA Under Soil Drought, the originally published sentence “However, the sensitivity analyses showed that an overestimation of Ci did not induce gm decline neither in the well-watered nor drought-stressed plants (Table 2).” has been corrected to read “However, the sensitivity analyses showed that an overestimation of Ci did not induce gm decline in drought-stressed plants (Table 2).”

In the original article, there were errors (incorrect P-values) in the following sentence from the Results section Ψleaf and ABA in the Regulation of gs, gm, gt, and An: “In summary, ABA was negatively related to gm (r = −0.64, P < 0.001) and gs (r = −0.55, P < 0.001) (Table 1).” The sentence should have read “In summary, ABA was negatively related to gm (r = −0.64, P < 0.01) and gs (r = −0.55, P < 0.01) (Table 1).”

The authors apologize for these errors and state that they do not change the scientific conclusions of the article in any way. The original article has been updated.
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The effect of biochar application on photosynthetic traits and yield in peanut (Arachis hypogaea L.) is not well understood. A 2-year field experiment was conducted in Northwest Liaoning, China to evaluate the effect of biochar application [0, 10, 20, and 40 t ha−1 (B0, B10, B20, and B40)] on leaf gas exchange parameters, chlorophyll fluorescence parameters, and yield of peanut. B10 improved photochemical quenching at flowering and pod set and reduced non-photochemical quenching at pod set, relative to B0. B10 and B20 increased actual photochemical efficiency and decreased regulated energy dissipated at pod set, relative to B0. B10 significantly increased net photosynthetic rate, transpiration rate, stomatal conductance, and water use efficiency at flowering and pod set, relative to B0. Compared with B0, B10 significantly improved peanut yield (14.6 and 13.7%) and kernel yield (20.2 and 14.4%). Biochar application increased leaf nitrogen content. B10 and B20 significantly increased plant nitrogen accumulation, as compared to B0. The net photosynthetic rate of peanut leaves had a linear correlation with plant nitrogen accumulation and peanut yield. The application of 10 t ha−1 biochar produced the highest peanut yield by enhancing leaf photosynthetic capacity, and is thus a promising strategy for peanut production in Northwest Liaoning, China.

Keywords: biochar, chlorophyll fluorescence, plant nitrogen accumulation, photosynthetic traits, peanut yield


INTRODUCTION

Peanut (Arachis hypogaea L.) is an annual legume crop. Global peanut consumption is increasing at a rate of around 3% per annum. China produces 40% of the world’s peanuts (FAOSTAT, 2018). Liaoning Province, is one of the main areas for peanut production in China and the primary export base of high-quality peanut. The Northwest Liaoning is a competitive producing area for peanut with a typical characteristic of sand and wind in semi-arid regions of Northeast China. However, peanut production in this area is limited by poor soil water and nutrient holding capacities, and water deficiency (Bai et al., 2014). Hence, the incorporation of plastic film mulching and supplemental irrigation have been studied as an extremely effective strategy with potential for decreasing soil evaporation, and enhancing crop growth, yield, and water use efficiency (Li and Gong, 2002; Ali et al., 2018; Xia et al., 2021a). However, the enhanced productivity under plastic mulches has been reported to result in lower soil fertility, which limit the subsequent crop productivity (Li et al., 2007; Steinmetz et al., 2016).

Biochar is produced through pyrolysis of biomass under limited oxygen environment (Lehmann et al., 2011). Generally, biochar with larger specific surface area, pore structure, abundant surface functional groups, and nutrient characteristics (e.g., C, N, P, K, S, Ca, and Mg) could improve soil sustainability (Ippolito et al., 2020; Leng et al., 2020; Ye et al., 2020). Most studies have shown that biochar is an effective agricultural practice for improving water and soil conditions in farmland and increasing crop yield and fertilizer use efficiency due to its unique structure (Clough et al., 2013; Laghari et al., 2015; Haider et al., 2017; Lin et al., 2017). The porous physical structure of biochar induces a sorption capacity to inorganic nitrogen and can potentially allow the slow release of nutrients to improve plant growth (Novak et al., 2012; El-Naggar et al., 2019). Biochar impacts the soil nitrogen, and is expected to enhance leaf nitrogen and photosynthesis (Kammann et al., 2011; Ali et al., 2020). Biochar addition to soil has positive effect on photosynthesis, being an important process that affects crop yield. When biochar application improves nitrogen accumulation, it also helps to increase leaf nitrogen content and therefore increases photosynthesis (Nguyen et al., 2017; Ali et al., 2020). The photosynthetic rate was increased at 40 t ha−1 biochar addition, and this enhancement in the leaf photosynthetic rate was due to the increased nitrogen accumulation (Ali et al., 2020). Biochar amendment increased the effective photochemical quantum yield of PSII and decreased the fluorescence yield for heat dissipation, therefore improved Pn (Abideen et al., 2020).

Most studies on peanut photosynthesis have focused on photosynthetic rate changes at different growth stages (Xu et al., 2015; Sun et al., 2018; Liu et al., 2019). However, limited information is available on the biochar effect on chlorophyll fluorescence and gas exchange parameters of peanut, especially in situ in the field. Aims of our study were to evaluate the effects of biochar application on photosynthesis from the perspective of chlorophyll fluorescence parameters, leaf nitrogen content, and plant nitrogen accumulation. We hypothesized that: (1) biochar application would improve peanut yield via enhancing leaf photosynthetic traits; (2) biochar improves the photosynthetic rate due to increasing the proportion of open photosystem II reaction centers, and nitrogen accumulation at low application rates.



MATERIALS AND METHODS


Experimental Sites and Materials

The field experiment was carried out at the Scientific Observation Experimental Station in Fuxin (42.11° N, 121.65° E), Liaoning Province, China, during the 2018 and 2019 growing seasons (May to October). This area with typical sand and wind conditions of semi-arid regions in Northeast China, has cold, dry winters and hot summers according to the Köppen-Geiger climate classification (Peel et al., 2007). Average annual rainfall is about 400 mm (60% from June to August), with average annual evaporation greater than 1,800 mm. Droughts are frequent. The daily weather data during the 2018 and 2019 peanut growing seasons are shown in Figure 1. The soil texture was sandy loam with pH 5.96, 1.44 g cm–3 bulk density, 19.5% (w/w) field capacity (FC), 0.62 g kg−1 total nitrogen, 142 mg kg−1 available potassium, and 18.1 mg kg−1 available phosphorus. The biochar was derived from maize straw pyrolyzed at 600°C with pH 8.14, 18.9%, carbon content, 0.58% nitrogen content, 4.76 g kg−1 available potassium, and 0.33 g kg−1 available phosphorus.
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FIGURE 1. Daily precipitation and maximum (Max) and minimum (Min) temperatures during the 2018 and 2019 peanut growing seasons.




Experimental Design, Establishment and Maintenance

The experiment was a randomized complete block design comprising four biochar application rates (0, 10, 20, and 40 t ha−1; B0, B10, B20, and B40) and three replicates (plots). Supplemental irrigation via a plastic mulched drip system was applied during the flowering and pod setting stages when peanut growth is more sensitive to water deficit than other stages. The field was irrigated up to 90% FC when the soil moisture content dropped to ≤55% FC. The biochar was fully mixed with the upper 0–20 cm soil layer by rotary before sowing in 2018. No additional biochar was applied in the second year. Basal fertilizers were applied at the rate of 50 kg ha−1 N, 170 kg ha−1 P2O5, and 156 kg ha−1 K2O.

Peanut cultivar Baisha 1016 origing in Guangdong Province was sown on 16 May 2018 and 19 May 2019 and harvested on 21 September 2018 and 23 September 2019. A trapezoidal ridge with a width of 0.7 m was formed by plough. Two rows were sown on the ridge of each hill (167,000 hills ha−1). The ridges were covered with white plastic film (0.008 mm thick) immediately after sowing. Each plot was 1 × 7.5 m2. Groundwater was used, with the irrigation amount determined by monitoring the volumetric water meter equipped in each plot. Other field management, including weeds, insects, and diseases control, were in line with local farmer practices.



Sampling and Measurements


Chlorophyll Fluorescence Parameters

Chlorophyll fluorescence parameters of peanut were measured using the LI-6800 (LI-COR, Lincoln, NE, United States) photosynthesis measurement system with multiphase flash fluorescence (6800–01) at flowering (19 July 2018 and 16 July 2019) and pod set (8 August 2018 and 9 August 2019) on clear and cloudless days. To avoid influence of the changes in CO2 concentration in the air, the CO2 inlet of the instrument was connected to a CO2 cartridge (400 μmol mol−1). The third fully expanded leaf on the main stem were wrapped in aluminum foil. After remaining in complete darkness overnight, we measured minimal fluorescence yield (Fo) using a measuring light (0.005 μmol m–2 s−1). Maximal fluorescence yield (Fm) was measured using a 1 s saturating pulse at 8,000 μmol m–2 s−1 in dark-adapted leaves. The leaves were continuously illuminated for 20 min with an actinic light (1,400 μmol m–2 s−1) to record the steady-state yield of fluorescence (Fs). Maximal light-adapted fluorescence yield (Fm’) was determined by 8,000 μmol m–2 s−1. The actinic light was turned off, and minimal fluorescence yield (Fo’) in light-adapted state was determined after 5 s of far-red illumination. The difference between the measured values of Fm and Fo is the variable fluorescence (Fv). The chlorophyll fluorescence parameters were calculated using the following formulas (Kooten and Snel, 1990; Maxwell and Johnson, 2000; Kramer et al., 2004):
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where Fv/Fm is maximal photochemical efficiency of photosystem II (PSII), ΦPSII is actual photochemical efficiency of PSII, ΦNPQ is quantum yield for energy dissipated via Δ pH and xanthophyll-regulated processes, ΦNO is quantum yield of non-regulated energy dissipated in PSII, and qP and NPQ are photochemical and non-photochemical quenching, respectively.



Gas Exchange Parameters, Leaf Nitrogen Content and Plant Nitrogen Accumulation

Gas exchange parameters were measured on the same dates and same leaves as those for chlorophyll fluorescence parameters measurements. Net photosynthesis rate (Pn), transpiration rate (Tr), stomatal conductance (Gs), intercellular CO2 concentration (Ci), and ambient CO2 concentration (Ca) were measured with LI-6800 (LI-COR, Lincoln, NE, United States) photosynthesis measurement system. The stomatal limitation value (Ls) was calculated as 1–Ci/Ca, and WUE was calculated as Pn/Tr (Fang et al., 2018).

After the determination of gas exchange parameters, the third fully expanded leaf on the main stem of 20 plants in each pot was collected. Plant samples were collected at flowering and pod set, and were separated into various parts: roots, stems, leaves, and pods. All the samples were oven-dried at 105°C for 30 min and then at 80°C to constant weight. After weighing, these samples were ground into powder for measuring nitrogen content. The full-automatic KjelFlex K-360 analyzer (BUCHIK, Switzerland) was used to determine nitrogen content. Plant nitrogen accumulation was calculated by multiplying total nitrogen concentration in roots, stems, leaves, and pods with respective dry matter at flowering and pod set stages.



Yield and Yield Components

Peanuts were harvested from 1 m2 in the center of each plot. The pods were air-dried for about 1 week before being measured for peanut yield, kernel yield, 100-pod weight, and 100-kernel weight (Tan et al., 2018). The shelling percentage was calculated as (kernel weight/pod weight) × 100% (Luo et al., 2017).



Statistical Analysis

SPSS 19.0 statistic software (SPSS Inc., Chicago, IL, United States) was used to perform the statistical analysis. Year and biochar application were assumed to be fixed factor and the replicates were assumed to be random factors. Error bars in the figures represent standard errors of the mean. Least significant differences were used to separate treatment means at the 5% probability level. Regression analysis was used to evaluate the relationships between leaf nitrogen content and net photosynthetic rate, net photosynthetic rate and peanut yield. The responses of chlorophyll fluorescence parameters, gas exchange parameters, leaf nitrogen content, yield, and yield components to biochar application were further analyzed with the principal component analysis in R studio version 1.1.442 using the Factoextra package (Kassambara, 2015).



RESULTS


Chlorophyll Fluorescence Parameters

Year, biochar application, and Y × B interaction had no significant effects on Fv/Fm at flowering or pod set (Table 1 and Figures 2A,G). Biochar application had a significant effect on ΦPSII at flowering and pod set, but there were no significant differences for year or Y × B interaction (Table 1). B10 increased ΦPSII at flowering by 7.1 in 2018 and 8.8% in 2019, relative to B0 (Figure 2B). At pod set, B10 increased ΦPSII by 13.0 in 2018 and 14.9% in 2019, and B20 increased ΦPSII by 13.0 in 2018 and 12.8% in 2019, relative to B0 (Figure 2H). Among the four biochar treatments, B10 had the highest ΦPSII values at flowering and pod set each year.


TABLE 1. Leaf chlorophyll fluorescence parameters and gas exchange parameters at the flowering and pod set in peanut with four rates of biochar in the 2018 and 2019 growing seasons.
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FIGURE 2. Chlorophyll fluorescence parameters at the flowering (A–F) and pod set (G–L) in peanut with four rates of biochar in the 2018 and 2019 growing seasons. Fv/Fm, maximal efficiency of PSII photochemistry after dark adaptation; ΦPSII, actual efficiency of PSII photochemistry after light adaptation; ΦNPQ, quantum yield for energy dissipated via Δ pH and xanthophyll-regulated processes; ΦNO, quantum yield of non-regulated energy loss in PSII; qP, photochemical quenching; and NPQ, non-photochemical quenching. B0, B10, B20, and B40 represent biochar application rates at 0, 10, 20, and 40 t ha−1, respectively. For each parameter in each year, mean data with different letters denote significant difference among treatments at P < 0.05.


Biochar application had a significant effect on ΦNPQ at pod set but not at flowering (Table 1 and Figures 2C,I). Year and Y × B interaction had no significant effect on ΦNPQ at flowering or pod set. There were no significant effects of biochar application, year, or Y × B interaction on ΦNO at flowering or pod set (Table 1 and Figures 2D,J). At pod set, ΦNPQ decreased with increasing biochar application rate to B10 and then increased. B10 and B20 decreased ΦNPQ by 30.0 and 26.7% in 2018, and 27.6 and 24.1% in 2019, respectively, as compared to B0.

Biochar application had a significant effect on qP at flowering and pod set, but there were no significant differences for year or Y × B interaction (Table 1). At flowering, B10 enhanced qP by 11.7 and 7.6% in 2018 and 2019, respectively, relative to B0 (Figure 2E). At pod set, B10, B20, and B40 enhanced qP by 8.7, 7.2, and 5.8% in 2018, respectively, as compared to B0, but there were no significant differences between these treatments (Figure 2K). In 2019, B10 enhanced qP by 10.3%, relative to B0. Biochar application had a significant effect on NPQ at pod set but not at flowering. No significant differences were observed for year or Y × B interaction of NPQ at flowering or pod set (Table 1 and Figure 2F). At pod set, B10 and B20 decreased NPQ by up to 31.1% in 2018 and B10 decreased NPQ by 27.4% in 2019, as compared to B0 (Figure 2L).



Gas Exchange Parameters and Leaf Nitrogen Content

Biochar application had a significant effect on Pn at flowering and pod set, but there were no significant effects for year or Y × B interaction (Table 1). B10 increased Pn at flowering by 16.1% in 2018, relative to B0 (Figure 3A). B10 and B20 increased Pn at flowering by up to 16.7% in 2019, as compared to B0. At pod set, B10 increased Pn by 19.6% in 2018 and 25.8% in 2019, relative to B0 (Figure 3G). B10 had the highest Pn at flowering and pod set in both years.
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FIGURE 3. Gas exchange parameters at flowering (A–F) and pod set (G–L) in peanut applied with four biochar rates in 2018 and 2019 growing seasons. Y and B represent year and biochar application, respectively. Pn, net photosynthetic rate; Tr, transpiration rate; Gs, stomatal conductance; Ls, stomatal limitation; WUE, water-use efficiency; and LNC, leaf nitrogen content. B0, B10, B20, and B40 represent biochar application rates of 0, 10, 20, and 40 t ha−1, respectively. For each parameter in each year, mean data with different letters denote significant differences among treatments at P < 0.05.


Application of biochar had significant effect on Tr at flowering and pod set. There were no significant effects of year or Y × B interaction on Tr during these two stages (Table 1). Compared with B0, B10 increased Tr at flowering by 6.1% in 2018. B10 and B20 increased Tr at flowering by up to 6.1% in 2019, relative to B0 (Figure 3B). B10 increased Pn at pod set by 12.5% in 2018 and 17.5% in 2019, relative to B0 (Figure 3H). Among the four biochar treatments, B10 had the highest Tr at flowering and pod set in both years.

The Gs was significantly affected by biochar application at both flowering and pod set stages. No significant differences in year or Y × B interaction of Gs were observed at both stages (Table 1). At flowering, B10 and B20 increased Gs by up to 20.8% in 2018 and 21.6% in 2019, relative to B0 (Figure 3C). B10 increased Gs at pod set by 19.2% in 2018 and 23.6% in 2019, as compared to B0 (Figure 3I). Among the four biochar treatments, B10 had the highest Gs at flowering and pod set in both years.

Application of biochar had a significant effect on Ls at flowering and pod set. There were no significant differences in year or Y × B interaction of Ls during these two stages (Table 1). Compared with B0, B10 increased Ls at flowering by 17.5% in 2018 and 18.6% in 2019, and at pod set by 23.8% in 2018 and 25.8% in 2019 (Figures 3D,J). The highest value of Ls at flowering and pod set in both years were appeared in B10.

Biochar application significantly affected WUE at flowering and pod set, but there were no significant effects for year or Y × B interaction (Table 1). At flowering, B10 and B20 increased WUE by up to 9.4% in 2018, as compared to B0 (Figure 3E). B10 increased WUE by 10.0% in 2019, as compared to B0. At pod set, B10 increased WUE by 6.3% in 2018 and 7.1% in 2019, relative to B0 (Figure 3K). B10 had the highest mean value of WUE at flowering and pod set in both years.

The LNC was significantly affected by biochar application at flowering and pod set. No significant differences in year or Y × B interaction were observed (Table 1). At flowering and pod set, with increasing biochar application rates, LNC increased to B10 and then decreased (Figures 3F,L). Among the four biochar treatments, B10 had the highest LNC at flowering and pod set in both years.



Nitrogen Accumulation and Distribution

The effects of biochar application on root, stem, leaf, and total nitrogen accumulation were significant at flowering, but there were no significant effects for year or Y × B interaction (Table 2). B10 and B20 improved total nitrogen accumulation by 22.5 and 18.6% in 2018, 24.6 and 23.6% in 2019, relative to B0. Compare with B0, B10 and B20 improved root nitrogen accumulation by up to 25.6% in 2018 and 30.8% in 2019. The stem nitrogen accumulation in B10 improved by 21.6% in 2018, relative to B0. B10 and B20 improved stem nitrogen accumulation by up to 28.5% in 2019, as compared to B0. B10 improved leaf nitrogen accumulation by 26.4% in 2018 and 29.0% in 2019.


TABLE 2. Nitrogen accumulation and distribution at the flowering in peanut with four rates of biochar in the 2018 and 2019 growing seasons.

[image: Table 2]The root, stem, leaf, pod and total nitrogen accumulation were significantly affected by biochar application at pod set. No significant differences in year or Y × B interaction of root, stem, leaf, pod, and total nitrogen accumulation were observed at pod set (Table 3). The total nitrogen accumulation for B10 and B20 were higher than that of B0 by 25.0 and 15.3% in 2018, 23.7 and 20.3% in 2019, respectively, as compared to B0. B10 improved root nitrogen accumulation by 30.4% in 2018, relative to B0. Compared with B0, B10, and B20 improved root nitrogen accumulation by up to 30.0% in 2019. The stem nitrogen accumulation for B10 was 21.0% in 2018 and 17.8% in 2019 higher than that of B0. B10 and B20 improved leaf nitrogen accumulation by up to 24.0% in 2018 and 24.3% in 2019, relative to B0. Compared with B0, B10 improved pod nitrogen accumulation 27.0% in 2018. B10 and B20 improved pod nitrogen accumulation by 26.3% and 20.6% in 2019, as compared to B0.


TABLE 3. Nitrogen accumulation and distribution at the pod set in peanut with four rates of biochar in the 2018 and 2019 growing seasons.
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Yield and Yield Components

Peanut yield, kernel yield and shelling percentage were significantly affected by year and biochar application (Table 4). There was a significant Y × B interaction for shelling percentage, but not for peanut yield or kernel yield. B10 and B20 increased peanut yield by 14.6 and 10.7% in 2018, 13.7 and 11.3% in 2019, respectively, relative to B0. B10 increased kernel yield by 20.2% in 2018 and 14.4% in 2019, relative to B0. B10 and B20 had similar shelling percentages to B0, while B40 had 4.4% lower shelling percentage than B0. Among the four biochar treatments, B10 had the highest peanut yield in both years. No significant differences occurred between years, biochar application, or Y × B interaction for 100-pod weight or 100-kernel weight.


TABLE 4. Yield and yield components of peanut applied with four rates of biochar in the 2018 and 2019 growing seasons.
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Relationship Between Net Photosynthetic Rate, Leaf Nitrogen Content, and Peanut Yield

The regression analysis indicated that Pn had a significant linear correlation with plant nitrogen accumulation at flowering and pod set in 2018 and 2019 (Figures 4A,B). Plant nitrogen accumulation explained 57.1 and 59.5% of the variation in Pn at flowering and pod set in 2018, and 60.2 and 70.3% in 2019, respectively. Positive correlations occurred between Pn at flower and pod set and peanut yield in both years (Figures 4C,D), explaining 74.3 and 86.7% of the variation in peanut yield in 2018, and 71.5 and 85.3% in 2019, respectively.
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FIGURE 4. Relationship between plant nitrogen accumulation and photosynthetic rate, and yield and photosynthetic rate at flowering (A,C) and pod set (B,D) in peanut applied with four rates of biochar in the 2018 and 2019 growing seasons. B0, B10, B20, and B40 represent biochar application rates at 0, 10, 20, and 40 t ha−1, respectively. Pn, net photosynthetic rate; **represents significant correlations at the P < 0.01 level.




PCA Analysis for Yield and Photosynthetic Traits of Peanut

The PCA results show that PC1 and PC2 explain 95.9% of the variation in functional traits (Table 5). PC1 explains 83.6% of the variability, and accounted mainly for chlorophyll fluorescence parameters (Fv/Fm, ΦPSII, ΦNPQ, ΦNO, qP, and NPQ), gas exchange parameters (Pn, Tr, Gs, Ls, and WUE), LNC, plant nitrogen accumulation and yield and yield components (kernel yield, 100-pod weight, and 100-kernel weight; Figure 5). PC2 explains 12.3% of the variability and accounts for shelling percentage. The loadings for qP, ΦPSII, gas exchange parameters, LNC, plant nitrogen accumulation, yield, and yield components are in quadrant I and IV, and ΦNPQ, ΦNO, and NPQ are in quadrants II and III, and ΦNPQ, ΦNO, and NPQ represent limitations in photosynthetic capacity. ΦPSII, ΦNPQ, and ΦNO are distributed in different quadrants, indicating compensation effects of photochemical efficiency for dissipation by regulated and non-regulated energy losses. B10 and B20 are located in quadrants I and IV, which have a significant effect on peanut productivity, while B40 and B0 are in quadrant II and III, where absorbed light energy is lost by heat dissipation. The loading arrow of B10 is longer than that of B20. Thus, B10 in quadrant IV is an appropriate biochar application rate for relatively high photosynthetic capacity and peanut productivity.


TABLE 5. Variable loading scores of 18 parameters for four biochar application rate and the proportion of variation of each principal component.
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FIGURE 5. Principal component analyses of chlorophyll fluorescence parameters, gas exchange parameters, leaf nitrogen content, yield, and yield components of peanut in response to four biochar application rates. Means for flowering and pod set are for 2 years. Fv/Fm, maximal efficiency of PSII photochemistry after dark adaptation; ΦPSII, actual efficiency of PSII photochemistry after light adaptation; ΦNPQ, quantum yield for energy dissipated via Δ pH and xanthophyll-regulated processes; ΦNO, quantum yield of non-regulated energy loss in PSII; qP, photochemical quenching; NPQ, non-photochemical quenching; Pn, net photosynthetic rate; Tr, transpiration rate; Gs, stomatal conductance; Ls, stomatal limitation; WUE, water use efficiency; and LNC, leaf nitrogen content; B0, B10, B20, and B40 represent biochar application rates of 0, 10, 20, and 40 t ha−1, respectively.




DISCUSSION


Effect of Biochar on Gas Exchange Parameters of Peanut

Peanut is a C3 crop with high potential for photosynthetic capacity. Therefore, exploring the photosynthetic capacity of peanut is an effective method for improving its productivity (Zelitch, 1982). Some studies have shown that biochar might improve the photosynthetic capacity of crop leaves (Rehman et al., 2016, 2019; Abbas et al., 2017). Biochar application improved leaf photosynthetic rate, which was due to the amelioration of soil physicochemical properties that ultimately increased nitrogen accumulation, and consequently enhanced photosynthetic rate (Liu et al., 2018; Huang et al., 2019; He et al., 2020). In our study, B10 enhanced Pn, Tr, Gs, Ls, and WUE at critical periods of peanut growth. In contrast, 40 t ha−1 biochar decreased these parameters, relative to 10 t ha−1 biochar (Figure 3), indicating that more biochar is not always beneficial for leaf photosynthesis. Differences in Pn among the four biochar rates could be due to the positive correlation between nitrogen accumulation and Pn at flowering and pod set in both years, as biochar application increased plant nitrogen accumulation. Plant nitrogen accumulation was higher in B10 and B20, but decreased in B40 at flowering and pod set (Tables 2, 3). The highest rate of biochar (40 t ha−1) may limit plant nitrogen accumulation which decreased leaf photosynthesis, which was likely attributed to nitrogen immobilization caused by the high C/N ratio (Asai et al., 2009). Photosynthetic rate had a positive relationship with LNC (Evans, 1989). In this study, B10 improved LNC at flowering (vegetative growth) by up to 6.6%. The significant increase in LNC at pod set was modest and may be due to reduction at pod set (reproductive growth), with more nitrogen transformed to pod (Tables 2, 3). Furthermore, the increase in dry matter production may have decreased leaf nitrogen due to the dilution effect (Guo et al., 2021). This enhancement of leaf photosynthetic rate could be explained by increased Gs and Tr after biochar application (Figure 3). The improving Gs and Tr may be associated with the increased soil water holding capacity, which might be resulting from the porous physical structure of biochar (Laghari et al., 2015; He et al., 2020). Additionally, some evidences suggested that biochar benefited root morphological development, including increased root volume, surface area and root density, to acquire more nutrients and water for enhancing photosynthesis (Bruun et al., 2014; Xiang et al., 2017). In fact, our study observed that 10 t ha−1 biochar promoted root morphology of peanut (Xia et al., 2021b). Hence, 10 t ha−1 biochar improved the nitrogen accumulation and photosynthetic rate, and consequently peanut yield.



Effect of Biochar on Chlorophyll Fluorescence Parameters of Peanut

Chlorophyll fluorescence is an important photosynthetic parameter that reflects the absorption and utilization of light energy in PSII. Fv/Fm represents the conversion efficiency of primary light energy in the PSII reaction center. Decreases in Fv/Fm are often observed when plants are exposed to abiotic and biotic stresses in the light (Baker, 2008). In our study, Fv/Fm did not significantly differ between treatments at flowering and pod set in either year (Figures 2A,G), which is consistent with Marks et al. (2016). ΦPSII is an indicator of the electron transport rate in leaves, and higher ΦPSII indicates a higher capacity of leaves to convert photon energy into chemical energy (Li et al., 2010). ΦNPQ is an important indicator of photo-protection energy dissipation, and higher ΦNPQ value shows a higher capacity to eliminate redundancy light energy by regulatory heat dissipation mechanism. ΦNO is the combined pathway of radiative and non-radiative deexcitation reactions, and higher ΦNO indicates that the absorbed light energy cannot be consumed completely through photochemical energy conversion and protective regulation mechanisms (Kramer et al., 2004; Klughammer and Schreiber, 2008; Chen et al., 2017). In this study, no significant difference in ΦNO occurred between treatments at flowering or pod set in either year (Figures 2D,J). In terms of energy distribution, B10 promoted photosynthetic activity in peanut leaves, significantly increasing ΦPSII, and decreasing ΦNPQ and ΦNO at flowering and pod set in both years (Figure 2). B0 and B40 decreased ΦPSII and increased ΦNPQ, indicating that an increase in regulated heat dissipation could protect the photosynthetic apparatus. qP represents the proportion of open PSII reaction centers (Hazrati et al., 2016). NPQ mainly comprises regulated and non-regulated energy dissipation and indicates that the light energy absorbed by PSII antenna pigments cannot be used for photochemical electron transfer, which dissipates as heat (Long et al., 2013; Perkins et al., 2018). Tang et al. (2020) reported that biochar pyrolyzed at 600°C increased qP and decreased NPQ, relative to the no-biochar treatment. Our results showed that B10 and B20 improved qP at flowering and pod set, and reduced NPQ at pod set in both years (Figure 2). It shown that 10 and 20 t ha−1 biochar enhanced the proportion of open PSII reaction centers and photosynthetic electron transfer rates in peanut leaves and reduced heat dissipation, which enable full use of the light energy absorbed in leaves for photosynthesis, and increased peanut yield. Our results are in agreement with those of Ali et al. (2020), who reported that appropriate rate of biochar increased qP and decreased NPQ at maturity stage. Biochar application improved nitrogen uptake from the soil (Sadaf et al., 2017), and a higher nitrogen concentration increased ΦPSII, qP and decreased NPQ (Lin et al., 2013). Additionally, it’s probably because biochar application enhanced leaf chlorophyll content (Feng et al., 2021), which ensured the synthesis of various enzymes and electron transporter in photosynthetic carbon assimilation, and consequently ameliorate photosynthetic function in leaves (Hou et al., 2021). Thus, the light energy absorbed by leaf was more used in photochemical processes, which led to the increase of qP and decrease of NPQ. In Summary, these results confirmed the potential of biochar for improving chlorophyll fluorescence traits. The internal mechanisms for biochar improving chlorophyll fluorescence traits merit further investigation.



Effect of Biochar on Peanut Yield

Significant differences of pod yield were observed at least 20–40 t ha−1 biochar application in pot experiment (Xu et al., 2015). In our study, 10 t ha−1 biochar produced the maximum peanut yield (and kernel yield and shelling percentage; Table 4), as reported by Ye et al. (2019). Yamato et al. (2006) reported that 10 t ha−1 biochar application combined with fertilizer in infertile soil increased peanut yield by 50%. Similarly, the biochar application rate of 10 t ha−1 significantly increased peanut pod yield by 23% compared to the inorganic fertilizer only treatment (Agegnehu et al., 2015). In another study, rice husk and cottonseed husk biochar applications at 50 t ha−1 increased peanut yields by 16.8 and 14.4%, respectively, relative to the no-biochar amendment treatment (Tan et al., 2018). In this study, B40 decreased peanut yield, relative to B10 (Table 4). Some studies have reported that high rates of biochar can cause nitrogen immobilization and decrease nitrogen accumulation due to the high C/N ratio, reducing yield (Lehmann et al., 2002; Asai et al., 2009; Li et al., 2018; Yan et al., 2019). Despite the variation between studies, legumes generally respond better to biochar than other crops. For example, biochar application increased the yields of legumes, wheat, maize, and rice by about 30, 11, 8, and 7%, respectively, Liu et al. (2013). Biochar has strong potential to improve crop productivity, especially in drought and poor soils (Batool et al., 2015; Haider et al., 2017; Hussain et al., 2017). The large interannual variability in rainfall is the main climatic factor during pod formation period, causing fluctuations in peanut yield (Craufurd et al., 2006). High soil moisture content is conducive to pod filling in peanut. In our study, August 2019 had more rainfall than August 2018 (Figure 1), and the peanut yields differed accordingly.

The pod setting stage is critical for peanut yield formation. In our study, B10 significantly improved the photosynthetic capacity of peanut at pod set (Figure 4), ensuring reproductive growth during the critical growth period and increasing peanut yield. The regression coefficient between Pn and peanut yield was higher at pod set than at flowering in both years (Figure 4), indicating that photosynthetic capacity at pod set had a positive effect on yield. Overall, the increased yield at 10 t ha−1 biochar might be due to an enhanced photosynthetic capacity of functional leaves (Figure 5).



CONCLUSION

Biochar application had a significant positive effect on photosynthetic capacity and yield in peanut. Maximum photochemical efficiency, actual photochemical efficiency, photochemical quenching, gas exchange parameters, leaf nitrogen content, plant nitrogen accumulation, yield, and yield components of peanut with increasing biochar application rate to 10 t ha−1 (B10). B10 significantly enhanced ΦPSII and qP in functional leaves of peanut due to the transfer of more absorbed energy to photochemical reactions, ensuring a higher photosynthetic capacity at flowering and pod set and higher peanut yield than the other biochar rates. These results are in agreement with our hypothesis. Therefore, 10 t ha−1 biochar is recommended for increasing peanut yield in Northwest Liaoning, China. The results from this study enhances our understanding of the effects of biochar application on peanut photosynthesis and yield.
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The objective of this study was to investigate characteristics of phenotypic parameters such as physiology, yield, and fruit quality responses of strawberry (Fragaria × ananassa Duch.) to various light intensity conditions (VLICs), and to determine the correlations among these phenotypic parameters. Strawberry plants were cultivated in a smart greenhouse separated into four areas, three of which were completely shaded by curtains from 20:00 until 10:00 (3 hS), 12:00 (5 hS), and 14:00 (7 hS), respectively. The fourth area was a non-shaded control treatment (0 hS). The ambient light intensities during the experimental period for the 0, 3, 5, and 7 hS treatments were 1,285, 1,139, 770, and 364 mol⋅m–2, respectively. Strawberry plants grown under low light intensity conditions experienced decreases in photosynthetic rate, stomatal conductance, and sugar accumulation compared to the 0 hS. Petiole generation and fruit yield were also sharply decreased in proportion to the degree of decrease in light intensity. In contrast, photosynthetic pigment content was shown to increase under low light conditions. Organic acid contents (excluding acetic acid) and leaflet size did not change significantly under low light conditions compared to the 0 hS. Changes to light intensity are considered to induce changes to the phenotypic characteristics of strawberry plants to favor growth using the energy and carbon skeletons obtained through respiration and photosynthesis. In the 7 hS treatment, where light intensity was drastically reduced, NPQ, qP, and RFd values as chlorophyll a fluorescence parameters were significantly lowered, which could indicate their measurement as an important technique to check the stress response of plants grown in low light conditions.
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INTRODUCTION

Various environmental factors are important for plant growth, such as light, temperature, carbon dioxide, and nutrients. Among these, light is particularly important, as it initiates photosynthesis through the photo-dissociation of water. Decreasing hours of sunlight in winter can negatively affect plant growth. In Korea, where there are many mountainous regions, the average number of hours of sunlight during the winter season (January and February) varies greatly from 2.3 to 8.0 h, depending on the region (Moon et al., 2016). Most plants experience many fluctuations in sunlight from full sun to shade throughout the day. Under these conditions, stomatal and photosynthetic responses vary dramatically related with growth status (Knapp and Smith, 1990). Horticultural crop growth and harvest are greatly reduced in areas with low winter sunlight intensity. Though not common, building infrastructure for social overhead capital, such as railroads and overpass construction, can block sunlight from reaching surrounding horticultural crop cultivation areas. Correspondingly lowered yields can then lead to lawsuits between the government and farmers (Lee et al., 2012). Zhu et al. (2017) indicated that low light is a pervasive abiotic stress in plant breeding and cultivation. In addition, the occurrence of abnormal sunlight conditions arising from global warming can have negative effects on crop cultivation (Suzuki et al., 2014; Raza et al., 2019). Generally, higher levels of light than are necessary for crop growth cause photostress, leading to photoinhibition, which reduces growth and decreases the efficiency of the quantum yield in reaction centers (RCs) of photosystem II (PSII) (Szymańska et al., 2017; Lima-Melo et al., 2019). In contrast, low light conditions during the cultivation of field crops and protected horticultural crops have been reported to not only reduce photosynthesis and plant growth, but also cause yield loss and quality degradation (Yu et al., 2016; Gao et al., 2017; Zhu et al., 2017; Lu et al., 2019).

Strawberry (Fragaria × ananassa Duch.) is a horticultural crop in the family Rosaceae that is cultivated around the world and can be grown under low-temperature conditions. Strawberries are produced commercially in 76 countries, followed by China, United States, Mexico, Turkey and Spain as the top five producing nations (Simpson, 2018). Strawberry is a popular fruit-vegetable and functional food its excellent activities and potential health benefits (Giampieri et al., 2014). The growth of strawberry plants in greenhouses is worldwide a widespread cultivation method to provide a suitable environment conditions to cultivate as excellent functional food (Tang et al., 2020). In Korea, strawberry production has reached to 208,699 tons in 2017 and the total area of production is about 6,435 (Wei et al., 2020) and strawberry plants are usually grown in greenhouses from September through April. However, in recent decades, there has been much variation in ambient light intensity during the cultivation period in different regions, resulting in some regions experiencing serious issues with strawberry growth due to insufficient light (Lee et al., 2020).

Many methods are available to confirm the physiological plant growth responses to various environmental conditions. Because plants are photoautotrophs and use photosynthesis for growth, parameters such as photosynthetic rate, stomatal conductance, and transpiration rate are often used (Zuo et al., 2018; Zheng et al., 2019). Chlorophyll a (Chl a) fluorescence has also been used to determine crop growth under different environmental conditions, as this is a non-destructive method for diagnosing plant stress through the photo-physiological response. Values that are frequently used as parameters of Chl a fluorescence include the minimal fluorescence when all PSII RCs are open (Fo), the maximal fluorescence when all PSII RCs are closed (Fm), the maximum quantum yield of PSII photochemistry (Fv/Fm), non-photochemical quenching of maximal fluorescence (NPQ), the fluorescence decline ratio under a given light condition (RFd), and photochemical quenching of variable fluorescence (qP) (Choi et al., 2016; Calvo et al., 2017; Wang et al., 2017). The accumulation of substances in the fruits of strawberry plants also varies greatly depending on the environment (Cervantes et al., 2019; Talukder et al., 2019). Soluble sugars can be easily used as a respiration source for the production of energy, while organic acids are used as precursors to various secondary metabolites (Pant et al., 2015). Therefore, analyzing the levels of these substances in the fruit is an important method for assessing the quality of horticultural crops grown under various environmental conditions.

When growing commercial strawberries, the lack of light intensity for various reasons can significantly reduce productivity and deteriorate quality of fruit. In terms of supplemental light under lack of light intensity, a number of recent studies have focused effects of LED light to increase productivity and quality of strawberry fruit (Talukder et al., 2018; Kepenek, 2019; Zheng et al., 2019). However, studies on the photo-physiological properties, yield and fruit quality of strawberry according to different light intensity levels are rare. Therefore, the aim of this study was to confirm the correlation among phenotypic parameters, such as photosynthetic rate, stomatal conductance, transpiration rate, and Chl a fluorescence of the leaves, and the yield and quality of strawberry fruits in response to various light intensity conditions (VLICs) adjusted by artificial shading.



MATERIALS AND METHODS


Plant Cultivation and Materials

Strawberry plant seedlings (Fragaria × ananassa Duch. “Selhyang”) were planted in a high-floor bench bed system filled with a commercial medium (Tosille Medium; Shinan Grow Co., Jinju, South Korea) in a smart greenhouse (automatic control using Wi-Fi communication) at Kongju National University, South Korea. The smart greenhouse was divided into four areas using an automated opening and closing curtain system, and the strawberry plants (seedlings age around 65 days) were planted on October 24, 2018. During cultivation, the plants were supplied with water and a nutrient solution [Research Station for Floriculture and Glasshouse Vegetables (PBG) nutrient solution; macro-elements N:P:K:Ca:Mg:S = 12.5:3.0:5.5:6.5:2.5:3.0 me⋅L–1; micro-elements Fe:B:Mn:Zn:Cu:Mo (1.12:0.27:0.55:0.46:0.05:0.05 mg⋅L–1; electrical conductivity (EC) = 1.0 dS⋅m–1; hydrogen ion concentration (pH) (5.5–6.0)] via a drip irrigation system at 2-min intervals, up to five times per day. The greenhouse temperature was controlled by heating when the ambient temperature was below 10°C, and by opening ventilators when the temperature was above 25°C. Photosynthetically active radiation levels were recorded at 1-h intervals using LI-190 quantum sensors (Licor, NE, United States) installed 100 cm below the curtain parallel to the height of the strawberry plants at the central position in each of the four areas of the greenhouse. Light levels in the four areas were controlled using automatic 100% shading curtains, which were closed at 20:00 each day and sequentially opened in three of the areas at 10:00, 12:00, and 14:00, respectively. The fourth area was left unshaded as a control. Strawberry plants were acclimated in the same environmental conditions for a period of 60 days after planted and then the shading treatments were applied from December 23, 2018 until March 31, 2019. During the experiment periods, the sunrise times were 07:20 in late-December, 07:30 in January, 07:10 in February and 06:40 in March. The approximate sunrise time from December to March after shading treatments was 07:10. Thus, four light intensity conditions were created in the greenhouse for this experiment: non-shading as a control (0 hS), three hours of shading until 10:00 (3 hS), five hours of shading until 12:00 (5 hS), and seven hours of shading until 14:00 (7 hS). The total light intensity according to the shading treatment of 0, 3, 5, and 7 hS was 1,285 mol⋅m–2, 1,139 mol⋅m–2, 770 mol⋅m–2, 364 mol⋅m–2, respectively (Figure 1).
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FIGURE 1. Ambient light intensities under different shading treatments and aerial environmental conditions in a smart greenhouse used for strawberry (Fragaria × ananassa) cultivation. (A) distribution of light intensity on sunny days by month; (B) daily light integral by month; (C) monthly light intensity; (D) total light intensity during the experimental period; (E) relative humidity inside the smart greenhouse from January to March 2019; (F) temperature inside the smart greenhouse from January to March 2019. 0 hS, non-shading treatment (control); 3 hS, three hours of shading until 10:00; 5 hS, five hours of shading until 12:00; 7 hS, seven hours of shading until 14:00.




Analysis of Photosynthesis and Chlorophyll Fluorescence

Photosynthesis and Chl a fluorescence parameters were measured in nine different 20-day-old strawberry leaves per treatment from February 6–10, 2019. In addition, the photosynthetic rate, stomatal conductance, and transpiration rate of the leaves were measured in the smart greenhouse using a portable photosynthesis system (LI-6800; Licor, NE, United States) on clear mornings (08:00–10:00). The chamber conditions of the LI-6800 were set as follows: chamber flow 500 μmol⋅s–1, chamber overpressure 0.1 kPa, fan speed 10,000 rpm, RH 50%, photon flux density 1,000 μmol⋅m–2⋅s–1, chamber temperature 25°C, and CO2 400 μmol⋅mol–1.

To analyze the pulse-amplitude-modulated Chl a fluorescence, strawberry leaves were harvested at 7:00 on a clear day and sealed in a dark bottle, then swiftly moved to the laboratory to minimize water stress, and subjected to measurement with a fluorometer (FluorCam FC 800; Photon Systems Instruments, Drasov, Czechia) after 20-min of dark adaptation.



Analysis of the Photosynthetic Pigment, Soluble Sugars, Organic Acid Contents

Strawberry leaves and fruits were harvested on January 24, February 26, and March 24, 2019. Photosynthetic pigment content of the leaves and soluble sugar and organic acid contents of the fruit were measured for each treatment. To analyze the photosynthetic pigment content, six leaf disks (1 g fresh weight) were punched out of each leaf (30 ± 5 days old) with a cork borer and macerated in 15 mL of acetone (containing 100 mg of CaCO3) with a homogenizer (PT-3100; Kinenatica AG, Switzerland). The homogenate was then poured into a solvent-resistant microfuge tube, spun for 5-min, and the resulting supernatant was collected. The extract was filtered and the absorbance was measured at 661.6, 644.8, and 470 nm with a UV-VIS spectrophotometer (Evolution 300; Thermo Fisher Scientific, MA, United States), as described by Lichtenthaler (1987):
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To analyze the soluble sugar and organic acid contents, strawberry fruits were crushed into fruit juice using a homogenizer (PT-3100; Kinenatica AG, Switzerland) and each crushed extract was centrifuged at 16,000 g for 30 min at 4°C (64R Centrifuge; Beckman Coulter Inc., CA, United States). The supernatant was then filtered through Whatman No. 2 filter paper and immediately frozen and stored at -70°C. Prior to analysis, the frozen samples were defrosted and filtered through 0.45 μm syringe filter.

The soluble sugars were then analyzed with a high-performance liquid chromatography system (YL9100; Younglin Co., Anyang, South Korea) equipped with a Sugar-Pak (4.6 mm × 240 mm, Supelco, PA, United States) column and RI detector (YL9170, Younglin Co., Anyang, South Korea). The separation was conducted at 30°C with the mobile phase of acetonitrile: water (75:25, v/v) at a flow rate of 1 mL⋅min–1. The identification of the sugars in the fruits was completed by comparing the retention times of the individual sugars in the reference vs. tested solution. Several carbohydrates, such as fructose, glucose, and sucrose, were quantitatively assayed. The contents of these compounds were calculated by comparing the pear areas obtained in the examined samples with those from the reference solution, as described by Choi et al. (2015).

The organic acid contents in the extracts of the fruits were analyzed with an ion chromatography system (ICS 5000, Dionex, CA, United States) equipped with Ion-Pac column (9 mm × 250 mm ICE-AS6, Dionex, NY, United States) and a suppressor (AMMS ICE300, Dionex, NY, United States). The mobile phase was 0.4 mM heptaflurobutyric acid and the flow-rate was 1 mL⋅min–1. The anion self-regenerating suppressor was provided with 5.0 mN tetrabutyl ammonium hydroxide and 5.0 psi N2 in recycle mode to reduce eluent background conductivity. Oxalic acid, citric acid, and malic acid were identified by comparing their spectra with those of standards. Total organic acid content was calculated by combining the respective amount of those three acids, according to Choi et al. (2015).



Yield and Aerial Growth Measurement

Fully ripe fruits were harvested at weekly intervals from January through March to determine the yield of each treatment group. Aerial growth, including the number of petioles, petiole length, leaflet length, leaflet width, and crown diameter, was measured using a microcaliper (Mitutoyo 500, Mitutoyo Co., Tokyo, Janpan) on the last Wednesday of each month from December 2018 through March 2019.



Experimental Design and Statistical Analysis

This experiment used a randomized block design that included four blocks, each comprising 30 plants grown using a high bench bed system with hydroponics. There were three replicates per block. Photosynthesis and chlorophyll fluorescence parameters were measured in nine replicates (plants) per treatment, while all other parameters were analyzed in three replicates (blocks) per treatment. Results related with phytochemicals are expressed as the mean ± standard deviation of three measurements. To confirm differences among the treatment groups, the data were analyzed using one-way analysis of variance with Duncan’s multiple range test using a significance level of p ≤ 0.05 in SAS (SAS Institute Inc., NC, United States). Phenotypic parameters coefficients of correlation were analyzed using Pearson’s correlation in SAS software.




RESULTS


Environments Condition in the Smart Greenhouse

The ambient light intensities of the 0, 3, 5, and 7 hS treatments administered in a smart greenhouse are shown in Figure 1. The distribution of light intensity on sunny days from January through March is also shown (Figure 1A). In the smart greenhouse, daytime lasted approximately 8 h in January and February, and approximately 12 h in March. During the 99-day treatment period, there were 81 days of clear weather and 18 days of cloudy weather (Figure 1B). The amount of light entering the smart greenhouse was approximately twice as high in March (606 mol⋅m–2) as in January (320 mol⋅m–2) (Figure 1C). The 3, 5, and 7 hS treatments received total light intensity levels of 88.6, 59.9, and 28.3%, respectively, of the 0 hS (1,285 mol⋅m–2) level of 100% (Figure 1D). The nighttime relative humidity in the greenhouse was 75–85% during the whole experiment periods, but the daytime relative humidity was around 35% until mid-February, and dropped sharply after mid-February (Figure 1E). During the experimental period, the nighttime temperature in the greenhouse was maintained at around 8°C. The daytime temperature was lowest in January and highest in March, when some days were over 30°C (Figure 1F).



Changes in Phenotypic Parameters Related Photosynthesis

Strawberry leaf contents of the photosynthetic pigments Chl a, chlorophyll b (Chl b), and carotenoids changed under VLICs (Figure 2). In all treatments, the photosynthetic pigment content was higher in February than in January or March. However, the photosynthetic pigment content of the leaves in March was significantly reduced in the 0 hS compared to the other treatments. Overall, photosynthetic pigment content increased as light intensity decreased; however, there was a significant decrease in the photosynthetic pigment content when the light intensity fell to the level of 5 hS. The Chl a, Chl b, and carotenoid contents of the strawberry leaves across the various treatments ranged from 29–35, 10–16, and 14–20 g⋅kg–1, respectively.
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FIGURE 2. Photosynthetic pigment contents of strawberry (Fragaria × ananassa) leaves (30 ± 5 days old) grown under various light intensity conditions in a smart greenhouse. Vertical bars represent standard deviations. Different letters above the bars indicate significant differences among treatments (Duncan’s multiple range test, p < 0.05, n = 3). 0 hS, non-shading treatment (control); 3 hS, three hours of shading until 10:00; 5 hS, five hours of shading until 12:00; 7 hS, seven hours of shading until 14:00. FW, fresh weight.


Values of the photosynthetic rate, stomatal conductance, and transpiration rate in strawberry leaves grown under VLICs are shown in Figure 3. The photosynthetic rate of the strawberry leaves was 29, 42, and 62% higher under 0 hS conditions (18 μmol CO2⋅m–2⋅s–1) than under 3, 5, and 7 hS, respectively. Similarly, the stomatal conductance of the leaves was 23, 29, and 67% higher under 0 hS conditions (3.39 100 mmol H2O⋅m–2⋅s–1) than under 3, 5, and 7 hS, respectively. However, transpiration rate did not differ significantly among treatments.
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FIGURE 3. Photosynthesis parameters of strawberry (Fragaria × ananassa) leaves grown under various light intensity conditions in a smart greenhouse. Vertical bars represent standard deviations. Different letters above the bars indicate significant differences among treatments (Duncan’s multiple range test, p < 0.05, n = 9). 0 hS, non-shading treatment (control); 3 hS, three hours of shading until 10:00; 5 hS, five hours of shading until 12:00; 7 hS, seven hours of shading until 14:00.


To confirm the state of strawberry leaves grown under VLICs, Chl a fluorescence was measured as an indicator of stress (Figure 4). There was no significant difference in the Fo and Fm values of the strawberry leaves under VLICs. There was likewise no significant difference in Fv/Fm values, which ranged from 0.79 to 0.75, under VLICs. However, NPQ, qP, and RFd showed significant differences among treatments, with NPQ and RFd being higher under 3 hS (2.01 and 3.10, respectively) than under the 0, 5, and 7 hS treatments. The qP was significantly higher in leaves grown under 0 hS conditions as 0.4 ± 0.02 than under the three shading treatments. In addition, the values of all three parameters fell sharply under 7 hS compared with the other treatments.
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FIGURE 4. Chlorophyll a fluorescence of strawberry (Fragaria × ananassa) leaves grown under various light intensity conditions in a smart greenhouse. 0 hS: non-shading treatment (control); 3 hS, three hours of shading until 10:00; 5 hS, five hours of shading until 12:00; 7 hS, seven hours of shading until 14:00; Fo, minimum fluorescence when all photosystem II (PSII) reaction centers (RCs) are open; Fm, maximal fluorescence when all PSII RCs are closed; Fv/Fm, maximum quantum yield of PSII photochemistry; NPQ, non-photochemical quenching of maximal fluorescence; qP, photochemical quenching of variable fluorescence; RFd, fluorescence decline ratio in light. Average values included standard deviation followed by different lower-case letters within a column are significantly different (Duncan’s multiple range test, p < 0.05, n = 9).




Changes in Growth of the Aboveground Part of Plant

Figure 5 shows changes in the growth of the aboveground part of strawberry plants from before the experiment began in December, and then in January, February, and March while grown under VLICs. In December, the strawberry plants had consistent number of petioles, petiole length, leaflet length, leaflet width, and crown diameter, with no significant differences detected among the treatment groups. However, after treatment with VILCs, the number of petioles and crown diameter were significantly lower in plants grown under 7 hS. In addition, in March, when the difference in the light intensity according to shading treatment was wider (Figure 1C), the growth of the aboveground part of plants under 0 and 7 hS showed a very significant statistical difference (Figure 5). Crown diameter of plants in the 0 hS steadily increased with increasing light intensity from December to March. However, under 3, 5, and 7 hS, crown diameter only increased until January, and then decreased in February and March.
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FIGURE 5. Growth of aboveground part of the strawberry (Fragaria × ananassa) plants grown under various light intensity conditions in a smart greenhouse. Vertical bars represent standard deviations. Different letters above the bars indicate significant differences among treatments (Duncan’s multiple range test, p < 0.05, n = 3). 0 hS, non-shading treatment (control); 3 hS, three hours of shading until 10:00; 5 hS, five hours of shading until 12:00; 7 hS, seven hours of shading until 14:00.




Commercial and Non-commercial Fruit Yield

The yields of commercial (single fruit weight (10 g) and non-commercial (single fruit weight < 10 g and malformed fruit) strawberry fruit produced under VLICs are shown in Tables 1, 2. From January to March, the average commercial-grade fruit weight was 22 g and the total commercial fruit yield was 482 g per plant under 0 hS conditions. Commercial yields under the 3, 5, and 7 hS treatments were 69, 43, and 24% lower than the 0 hS, respectively. The weight of commercial fruit was also found to increase proportionally with increasing light intensity. In contrast, the non-commercial fruit yield increased as light intensity decreased, with 70% more non-commercial fruit being harvested under 7 hS compared with the 0 hS group. Non-commercial fruit harvested in the 0 hS was less than 10% of the commercial fruit, but the proportion of non-commercial fruit increased as the light intensity decreased. Under 7 hS, the non-commercial fruit yield was over 50% greater than the commercial fruit yield.


TABLE 1. Commercial fruit yield of strawberry (Fragaria × ananassa) grown under various light intensity conditions in a smart greenhouse.
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TABLE 2. Non-commercial fruit yield of strawberry (Fragaria × ananassa) grown under various light intensity conditions in a smart greenhouse.
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Soluble Sugars and Organic Acid Contents of the Fruit

The soluble sugar contents of strawberry fruits grown under VLICs are shown in Table 3. Soluble sugar content was higher under the 0 and 3 hS conditions than under the 5 and 7 hS conditions in January and March, but not in February. In all 3 months, the soluble sugar content was significantly lower under 5 and 7 hS than under the 0 hS. Soluble sugar content was the highest in January and the lowest in March for all treatments excluding 3 hS in February.


TABLE 3. Soluble sugar contents of strawberry (Fragaria × ananassa) fruit grown under various light intensity conditions in a smart greenhouse.
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Unlike the soluble sugar content, the organic acid content of the fruit did not show a tendency to increase or decrease according to light intensity (Table 4). However, the organic acid content of the fruit was higher when the light intensity was highest in March. When the organic acids were separated into their components, the acetic acid content was higher in fruit grown under the 0 hS conditions in all harvested months, whereas the malic acid content tended to be highest in fruit grown under 7 hS in January and February when there was a lower light intensity.


TABLE 4. Organic acid contents of strawberry (Fragaria × ananassa) fruit grown under various light intensity conditions in a smart greenhouse.
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Correlation Among Phenotypic Parameters

A correlation analysis was performed among the phenotypic parameters of strawberry plants by calculating the Pearson product-moment correlation (Pearson, 1895; Figure 6). The correlation coefficient was a quantification using the analyzed data by all shading treatments for the overall experiment period. Citric acid was found to have a positive correlation with malic acid (r = 0.86, p < 0.01), Fo (r = 0.46, p < 0.05), and Fm (r = 0.49, p < 0.05). Acetic acid was positively correlated with photosynthetic rate (r = 0.58, p < 0.01) and stomatal conductance (r = 0.45, p < 0.05). The soluble sugars fructose, glucose, and sucrose not only showed with each other a positive correlation at a 99% significance level, but also had a high positive correlation with Fm, NPQ, RFd, photosynthetic rate, and stomatal conductance. On the other hand, soluble sugars were negatively correlated with the photosynthetic pigments Chl a, Chl b, and carotenoids at the 99% significance level. In addition, these photosynthetic pigments showed a high negative correlation with Fm, NPQ, RFd, photosynthetic rate, and stomatal conductance with 99% significance. The photosynthetic pigments also showed a high positive correlation at the 99% significance level reciprocally. NPQ was strongly positively correlated not only with parameters related to chlorophyll fluorescence, but also with photosynthetic rate (r = 0.48, p < 0.05), stomatal conductance (r = 0.55, p < 0.01), petiole number (r = 0.69, p < 0.01), and crown diameter (r = 0.52, p < 0.05). RFd showed a high positive correlation with petiole number (r = 0.61, p < 0.01) and crown diameter (r = 0.64, p < 0.01). Stomatal conductance showed a high positive correlation with photosynthetic rate (r = 0.74, p < 0.01) and transpiration rate (r = 0.74, p < 0.01), but there was no correlation between photosynthetic rate and transpiration rate. Photosynthetic rate was positively correlated with petiole number (r = 0.50, p < 0.05). Stomatal conductance was negatively correlated with petiole length (r = −0.55, p < 0.01). Transpiration rate was negatively correlated with leaflet length (r = −0.69, p < 0.01), leaflet width (r = −0.58, p < 0.01), and crown diameter (r = −0.49, p < 0.05). Phenotypic parameters related to the aerial parts of strawberry plants were not correlated with metabolites such as organic acids, soluble sugars, and pigments.
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FIGURE 6. Correlation coefficients among phenotypic parameters of strawberry (Fragaria × ananassa) plants grown under various light intensity conditions in a smart greenhouse. Significant differences are shown at the 5 and 1% levels (n = 9), respectively, using Pearson correlation coefficients. **Dark blue box: positive correlation of 99%, **red box: negative correlation of 99%, *light blue box: positive correlation of 95%, *pink box: negative correlation of 95%, white box: non-significant correlation. CA, citric acid; MA, malic acid; AA, acetic acid; FT, fructose; GC, glucose; SC, sucrose; Chl a, chlorophyll a; Chl b, chlorophyll b; CT, carotenoids; Fo, minimum fluorescence when all photosystem II (PSII) reaction centers (RCs) are open; Fm, maximal fluorescence when all PSII RCs are closed; Fv/Fm, maximum quantum yield of PSII photochemistry; NPQ, non-photochemical quenching of maximal fluorescence; qP, photochemical quenching of variable fluorescence; RFd, fluorescence decline ratio in light; Pr, photosynthetic rate; Tr, transpiration rate; Sc, stomatal conductance; PN, petiole number; PL, petiole length; LL, leaflet length; LW, leaflet width; CD, crown diameter.


The graph pattern according to the ratio change of phenotypic parameters of strawberry plants for each light intensity level was used the statistically analyzed mean values in Tables 1, 3, 4 and Figures 2–5 (Figure 7). Among the various phenotypic parameters, the sugar content of strawberry fruit, commercial fruit yield, and photosynthetic efficiencies of leaves such as photosynthetic rate and stomatal conductance linearly decreased as the light intensity reduced.
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FIGURE 7. Relationship of graph patterns among phenotypic parameters of strawberry (Fragaria × ananassa) plants based on the 0 hS (100%). The graph pattern according to the ratio change of phenotypic parameters of strawberry plants for each light intensity level was used the statistically analyzed mean values in Tables 1, 3, 4, and Figures 2–5. Chl a, chlorophyll a; Chl b, chlorophyll b; Fo, minimum fluorescence when all photosystem II (PSII) reaction centers (RCs) are open; Fm, maximal fluorescence when all PSII RCs are closed; Fv/Fm, maximum quantum yield of PSII photochemistry; NPQ, non-photochemical quenching of maximal fluorescence; qP, photochemical quenching of variable fluorescence; RFd, fluorescence decline ratio in light. 0 hS: non-shading treatment (control); 3 hS, three hours of shading until 10:00; 5 hS, five hours of shading until 12:00; 7 hS, seven hours of shading until 14:00.





DISCUSSION

As photoautotrophs, plants grow by converting energy from the sun into their own energy source using photosynthetic pigments in the chloroplasts, such as Chl a, Chl b, and carotenoids. Consequently, changes in the chlorophyll contents of plants can indicate physiological responses to various environmental conditions. Chloroplasts can move to evade the short-term absorption of strong light, allowing them to avoid light-induced damage to PSII and any consequent photoinhibition (Kong et al., 2013; Szymańska et al., 2017). However, in the present study, changes in the Chl a, Chl b, and carotenoid contents were measured instead of chloroplast movement to determine the long-term effects of light intensity, rather than the temporary effects of different light levels. In this study, the Chl a, Chl b, and carotenoid contents of strawberry leaves continued to increase under low light intensity conditions in January and February, and decreased significantly as the light intensity reached its highest level in March (Figures 1, 2). It was determined that the photosynthetic pigment content of the leaves increased to efficiently absorb more light energy when grown under a low light intensity, similar to findings for Physocarpus alternans, which exhibits an increased chlorophyll content under long-term low light conditions (Zhang et al., 2016). Thus, it is thought that plant chlorophyll levels change to accommodate the continuous absorption of large amounts of light, as similarly reported by Feng et al. (2019).

During photosynthesis, carbon dioxide is fixed to produce sugars; therefore, photosynthetic rate can be used to investigate the physiological responses of plants to various environmental conditions (Korotaeva et al., 2018; Feng et al., 2019). Stomatal conductance and photosynthesis are linked by the ability of the stomata to enhance photosynthesis by their operation, while also avoiding dehydration induced damage (Hubbard et al., 2001). Under the conditions used in the present study, the photosynthetic rate and stomatal conductance of strawberry leaves increased proportionally with increasing light intensity (Figures 1, 3). This supports previous findings that increased stomatal conductance induces a rapid change in photosynthetic rate in response to light conditions (Yamori et al., 2020), and that there is a linear relationship between photosynthetic rate and stomatal conductance over a broad range of environmental conditions (Ball et al., 1987; Miner et al., 2017). Photosynthetic rate and stomatal conductance of strawberry leaves were also highly positively correlated (Figure 6). It is known that transpiration rate regulates the flow of carbon dioxide and its evaporation through the stomata, and is related to photosynthetic efficiency (Tuzet et al., 2003). In contrast, photosynthetic rate did not correlate with the transpiration rate of strawberry leaves under the VLICs examined in the present study (Figure 6), indicating that while there was a difference in the supply of carbon dioxide through the stomata, there was no significant difference in the transpiration of moisture through the stomata. It has previously been reported that crops show a large change in transpiration rate with changes in temperature (Ben-Asher et al., 2008). It was found that the experimental conditions in the present study, such as temperature and relative humidity, did not cause moisture stress in strawberry plants, and so did not affect the transpiration rate (Figure 1).

It is devised that photosynthetic rate is related to the dark reactions of photosynthesis, and Chl a fluorescence is related to the light reactions. Pulse-amplitude modulated Chl a fluorometry is related to photosynthetic efficiency and is widely used to confirm how efficiently plants can transport electrons in PSII under various environmental conditions. For most plants, the Fv/Fm ratio is close to 0.83 in a stress-free environment, and lower than this under stressful conditions (Kalaji et al., 2017). In the present study, Fv/Fm tended to decrease under low light intensity conditions, though these differences were not statistically significant (Figure 4). This finding is similar to previous reports on the stress levels of plants in different environments (Jamil et al., 2007; Choi et al., 2016). It has been reported that RFd can be used to determine the stress state of plants under high irradiance (Lichtenthaler et al., 2005), and that there are strong correlations between salt tolerance and Chl a fluorescence parameters such as NPQ and qP in tomato leaves (Zribi et al., 2009). In the present study, NPQ, qP, and RFd of the Chl a fluorescence reaction in the PSII RCs of strawberry leaves sharply decreased when grown under 7 hS compared with the other treatments, suggesting that strawberry plants are under low light stress when they receive a light intensity below 5 mmol⋅m–2⋅d–1 (Figures 1, 4). Yuan et al. (2017) reported that plants grown in low light conditions have decreased stomatal conductance and photosynthesis, as well as restricted electron transport in the chloroplasts, leading to a stressful state. NPQ has been shown to be positively correlated with photosynthetic rate and stomatal conductance in VLICs (Figure 6), which could make it an important parameter for confirming the stress state of plants in extremely low light conditions.

The aerial growth of strawberry plants differed significantly among treatments beginning in February, after 1 month or more of the shading treatment had occurred. These results indicate that crown diameter growth in strawberry plants is very closely related to light intensity, deteriorating when the light intensity is below a certain level, and that the growth of strawberry leaves is also proportionally related to light intensity (Figure 5). Kim et al. (2004) reported that light conditions have a large influence on the growth of chrysanthemum plantlets. Similarly, Fletcher et al. (2002) found that the aerial growth of strawberry plants was reduced with increasing shading. However, Demirsoy et al. (2007) did not observe this effect. Therefore, it seems likely that plants respond in different ways to create an optimal leaf shape under a given set of environmental conditions.

In this study, it confirmed that the commercial fruit yield of strawberries increased proportionally with an increase in light intensity (Table 1). In contrast, the non-commercial fruit yield increased proportionally with decreased light intensity (Table 2). The commercial fruit yield in our study matches previous reports that likewise found a positive correlation between light intensity and strawberry fruit yield (Choi et al., 2016). This is because strawberry plants grown in low light intensity do not achieve sufficient photosynthesis, causing decreased synthesis of soluble sugars such as glucose, fructose, and sucrose, which are necessary for fruit development.

The accumulation of soluble sugars in the fruit was affected by not only light intensity, but also seasonal factors. The soluble sugar content of the strawberry fruits was much lower in fruit harvested in March than in January. This was caused by increasing temperatures as the season changed from winter to spring (Table 3; Figure 1), supporting previous findings that increased growing temperature results in decreased soluble sugar content in strawberry fruits (Wang and Camp, 2000).

Unlike the soluble sugar content, the fruit organic acid content increased from winter to spring, likely due to increased temperature. According to Ruiz-Nieves et al. (2021), the organic acid content of tomatoes increased corresponding to rising greenhouse temperature. These traits are important in evaluating the quality of strawberry fruit; the combination of low light intensity and high temperature leads to fruit with decreased soluble sugar content and increased organic acid content, resulting in poor taste.

In plants, the distribution of energy produced by photosynthesis is described as sink and source relationship. As the light that plants can absorb decreases, photosynthesis eventually decreases; this is highly correlated with decreased sources of soluble sugars, which are products of photosynthesis. Conversely, as light intensity decreases, the photosynthetic pigment content increases; these pigments are negatively correlated with the photosynthetic rate, which is understood as an increase in the pigment content to allow more light absorption (Figure 6). Similar findings have been reported in the literature about lettuce grown under different light intensity condition (Fu et al., 2012). The contents of citrate and malate, two intermediates in the Krebs cycle of cell respiration, did not change significantly even when the light intensity was reduced, indicating that their abundance was not correlated with photosynthesis (Figure 6). Maintenance respiration is considered to remain constant, even when photosynthesis is reduced under low light intensity conditions. Strawberries that were grown under an environment with reduced light intensity compared to the 0 hS showed a sharp decrease in soluble sugar content, acetic acid content, petiole length, photosynthetic rate, and stomatal conductance. On the other hand, there were no significant changes in chlorophyll content and organic acid content (Figure 7).

According to Finkemeier and Sweetlove (2009), malate is a central metabolite of the plant cell with important roles in plant physiology and metabolism and is controller in plant homeostasis. This literature on the malate homeostasis in plants is explained to support this result in which malic acid remained steady without decreasing under low light intensity conditions. In terms of sink and source relationship for the distribution of soluble sugars produced by photosynthesis of strawberries grown under VLICs, these results are thought to induce changes to phenotypic characteristics in favor of growth using energy and carbon skeletons obtained through cell respiration and photosynthesis (Figures 7, 8). Future studies will be required to ascertain the correlation among the growth, production, and metabolic homeostasis by plants under VLICs.
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FIGURE 8. Schematic diagram of the degree of changes of phenotypic parameters of strawberry (Fragaria × ananassa) plants according to light intensity. 0 hS, non-shading treatment (control); 3 hS, three hours of shading until 10:00; 5 hS, five hours of shading until 12:00; 7 hS, seven hours of shading until 14:00.


Considering the phenotypic change due to energy distribution of strawberry plants under VLICs (Figure 8), plants choose whether to use the energy synthesized through photosynthesis to produce more biomass or to increase fruit yields or to maintain basic homeostasis. It is confirmed if the light intensity is insufficient, the strawberry plant consumes a relatively large amounts of energy to synthesize photosynthetic pigments, absorbing more light and maintain basic biomass levels. It is believed that sustaining current life is more important to plants than increasing fruit yields in the future. Eventually, when the ambient light intensity increases to the light saturation point, it can be expected to increase fruit yield and improve quality in strawberry plants. However, the recent ambient environment is changing unfavorably to the cultivation of horticultural crops. In recent studies, when artificial light sources are used for crop cultivation, it has been reported that the yield of crops can be increased (Kozai, 2016; Gómez and Izzo, 2018; Bambara and Athienitis, 2019). Therefore, it is judged that it is effective to use an artificial light source up to the level of obtaining an economic effect when growing strawberry.

In conclusion, as a result of analyzing changes in the phenotypic characteristics of strawberry plants grown under light intensity conditions in the ranging of 5–25 mol⋅m–2⋅d–1, I would like to state the following 3 points: (1) This study confirms that the change in light intensity did not have a significant effect on the leaflet size and organic acid content of strawberry plants, but had a positive correlation in photosynthetic rate, petiole formation, fruit yield, and sugar content. On the other hand, there was a negative correlation in photosynthetic pigments such as Chl b and carotenoid; (2) It is that NPQ, qP, and RFd values in Chl a fluorescence parameters can be suggested as an important indicator to confirm stress state of horticultural crops under low light intensity condition; (3) It is proposed to use a supplemental light source within the range of economic effect in order to stably produce crops under insufficient light intensity condition in a greenhouse.
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Magnesium Application Promotes Rubisco Activation and Contributes to High-Temperature Stress Alleviation in Wheat During the Grain Filling
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Inhibited photosynthesis caused by post-anthesis high-temperature stress (HTS) leads to decreased wheat grain yield. Magnesium (Mg) plays critical roles in photosynthesis; however, its function under HTS during wheat grain filling remains poorly understood. Therefore, in this study, we investigated the effects of Mg on the impact of HTS on photosynthesis during wheat grain filling by conducting pot experiments in controlled-climate chambers. Plants were subjected to a day/night temperature cycle of 32°C/22°C for 5 days during post-anthesis; the control temperature was set at 26°C/16°C. Mg was applied at the booting stage, with untreated plants used as a control. HTS reduced the yield and net photosynthetic rate (Pn) of wheat plants. The maximum carboxylation rate (VCmax), which is limited by Rubisco activity, decreased earlier than the light-saturated potential electron transport rate. This decrease in VCmax was caused by decreased Rubisco activation state under HTS. Mg application reduced yield loss by stabilizing Pn. Rubisco activation was enhanced by increasing Rubisco activase activity following Mg application, thereby stabilizing Pn. We conclude that Mg maintains Rubisco activation, thereby helping to stabilize Pn under HTS.
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INTRODUCTION

Wheat is a C3 crop that grows during the winter and spring seasons, with an optimum grain filling temperature of 20–24°C (Paulsen, 1994; Shah and Paulsen, 2003; Li et al., 2012). The temperature threshold for grain filling in winter wheat is 25°C (Porter and Gawith, 1999; Wahid et al., 2007). When day/night temperatures increase to 30°C/25°C, the filling duration is shortened and dry matter accumulation decreases (Huebner and Bietz, 1988; Khan et al., 2020). However, the temperature often rises above 30°C in late spring, during the middle or late grain filling late stage, around the middle to lower reaches of the Yangtze River (World Weather Information Service). Grain yield can decrease by up to 30% at temperatures exceeding 32°C (Al-Khatib and Paulsen, 1990; Djanaguiraman et al., 2020). Global warming has increased the occurrence of intense high-temperature events (IPCC, 2020); as a result, high-temperature stress (HTS) on winter wheat during the grain filling stages restricts wheat production (Lesk et al., 2016).

Under favorable conditions, approximately 70–90% of the final grain yield is obtained from photosynthates produced during grain filling (Austin et al., 1977; Makunga et al., 1978; Chaudhuri et al., 2017). Longer leafing duration and higher photosynthetic activity contribute to yield increases in most major crops (Richards, 2000). However, high temperatures during post-anthesis restrict grain yield by reducing grain filling time and photosynthesis efficiency (Farooq et al., 2011). Photosynthesis is the basis of biomass production and is the physiological process that is most sensitive to elevated temperature, often showing inhibition before all other cellular functions at high temperatures (Berry and Bjorkman, 1980). Several photosynthetic pigment components of photosystem II (PSII), Rubisco carboxylation activity, stomatal opening, and other associated processes, are highly susceptible to HTS (Mathur et al., 2014). Damage to any of these components and processes is sufficient to interrupt the general photosynthetic mechanism (Ashraf and Harris, 2013; Mathur et al., 2014). However, the effects of HTS on the photosynthesis process during the wheat post-anthesis stage remain further understood.

Many studies have suggested that the loss of Rubisco activation is the main factor limiting the net photosynthesis rate under moderate HTS (Demirevska-Kepova and Feller, 2004; Salvucci and Crafts-Brandner, 2004b). Rubisco catalyzes the assimilation of CO2 during photosynthesis, and its catalytic limitations compromise photosynthesis efficiency (Parry et al., 2008; Lobo et al., 2019). Rubisco binds easily with inhibitors that block its active sites (Parry et al., 2008; Lobo et al., 2019). Rubisco activation state is defined as the fraction of active sites with catalytic activity and is regulated by Rubisco activase (RCA) (Boexfontvieille et al., 2014; Scafaro et al., 2016; Perdomo et al., 2017). Phosphate inhibitors can be removed from Rubisco active sites (carbamylated or not) via RCA activity in an ATP-dependent reaction (Streusand and Portis, 1987; Bracher et al., 2017). Under HTS, when Rubisco deactivation speeds up and photosynthesis is inhibited, the role of RCA becomes increasingly evident (Portis, 2003; Ristic et al., 2009; Scafaro et al., 2016; Perdomo et al., 2017). RCA is extremely sensitive to temperature (Kurek et al., 2007), but thermally stable RCA maintains high Rubisco activation levels and increases CO2 fixation efficiency (Kurek et al., 2007; Scafaro et al., 2016, 2019; Shivhare and Mueller-Cajar, 2017; Degen et al., 2020, 2021). Thus, improving RCA activity may be an effective method for maintaining a higher photosynthesis rate under HTS.

Magnesium (Mg) is involved in several physiological and biochemical processes of plant growth and development (Waraich et al., 2011). Up to 15–35% of total Mg in plants is located in chloroplasts (Karley and White, 2009; Chen et al., 2018), where it is involved in photophosphorylation and CO2 fixation (Cakmak and YaziCi, 2010). Mg mainly plays roles in Rubisco activation and RCA catalysis (Parry et al., 2008). Mg deficiency adversely affects CO2 fixation, leading to reduced photosynthesis rates (Andersson, 2008), whereas adequate Mg has been shown to alleviate adverse effects of HTS in wheat and maize seedlings (Mengutay et al., 2013). Thus, Mg may play a significant part in carbon reactions, representing a possible mechanism for stabilizing the net photosynthesis rate under HTS.

High-temperature stress frequently occurs during the grain filling stage; however, few studies have examined Mg functions involved in photosynthesis under HTS during the grain filling stage. We hypothesized that under HTS, Mg application would enhance Rubisco activation, contributing to HTS alleviation. Therefore, we examined variation in Rubisco content and Rubisco activation state, light energy utilization efficiency under HTS to evaluate the effects of Mg application on Rubisco carboxylation activity, and electron transport capacity under HTS.



MATERIALS AND METHODS


Plant Culture and Growth Conditions

We conducted pot experiments at the Pailou Experimental Station of NAU, China (32°04′N, 118°76′E), during the 2016–2018 growing season. The local widely grown cultivar of Yangmai-16 (Triticum aestivum L.) was grown in plastic pots with a volume of 0.015 m3 (height, 30 cm; diameter, 25 cm), each with three holes at the bottom. Every pot was filled with 9 kg of air-dried and uniformly mixed clayey loam soil sieved through a 0.5-mm mesh. The soil contained 11.78 g kg–1 organic matter, 0.87 g kg–1 total nitrogen (N), 81.37 mg kg–1 available potassium (K), 19.25 mg kg–1 available phosphate (P), and 110.9 mg kg–1 available Mg. After soil filling, 5 g of compound fertilizer (15% N, 15% P, and 15% K) was applied to each treatment. At the jointing (Feekes 6.0) and booting stages (Feekes 10.0) (Miller, 1992), 0.45 g of N was applied to each pot. Each pot was sowed with 18 seeds, and then seedlings were scattered to eight in each pot at the three-leaf stage.



Treatment Application and Management

Magnesium fertilizer in the form of MgSO4⋅7H2O was applied at 0.85 g per pot (0.11 g⋅kg–1) at the booting stage (Feekes 10.0), and pots without additional Mg application were used as controls (CK). The pots were moved to climate-controlled chambers set at a different temperature for 16–20 days after anthesis (DAA). HTS of the air temperature was simulated at 32°C/22°C, and 26°C/16°C was applied as the optimal temperature (OT). The temperature setting during treatment days and the leaf temperature are shown in Supplementary Figure 1. Relative humidity in the chambers was at 65%, under a light intensity of 1500 μmol photons m–2 s–1 with a photoperiod of 16 h. Each pot was watered about 2–4 l each morning and evening during post-anthesis. Following treatment, pots were relocated in the OT growth chamber until maturity. Thus, the four treatments were CK-OT (control fertilizer with optimal temperature), CK-HT (control fertilizer with HTS), Mg-OT (additional Mg fertilizer with optimal temperature), and Mg-HT (additional Mg fertilizer with HTS).



Plant Sampling and Measurements

Plant sampling were conducted at 15DAA (prior to HTS treatment), 17DAA (2 days after treatment), 20DAA (5 days after treatment), and 25DAA. The flag leaves were detached from five randomly selected pots for each treatment and immediately submerged in liquid nitrogen for fresh sample measurements. Dry samples were collected from whole plants in five randomly selected pots of each treatment. We manually cut the plants at ground level using pruning scissors and then dried the samples at 105°C for 15 min in the oven, followed by 70°C until constant weight. The dried samples were ground for N and Mg content determination. Yield measurements at the maturity stage were tracked using the same five pots in each treatment.



Gas Exchange and Fluorescence Measurements


Gas Exchange Measurements

The gas exchange parameters were measured in flag leaves using the red and blue light source chamber (LI6400-02B) of a gas exchange machine (Li-Cor 6400, Li-Cor Inc., United States) in this study. The gas exchange parameter measurements were according to the methods by Gao et al. (2018) with modifications. Measurements were performed from 9:00 to 11:00 am under a light level of 1500 μmol photons m–2 s–1. The vapor pressure deficit was between 0.5 and 1.0 kPa. The reference CO2 conference level was set at 400 μmol mol–1, and the relative humidity of the leaf chamber was set to 55–65%. The temperature of the leaf chamber was set according to real-time temperature in the growth chamber. The equipment was preheated for 0.5 h prior to measurement, and data were recorded three times after cuvette acclimatization for at least 5 min.

The net photosynthesis rate/intercellular CO2 concentration (A–Ci) curve was determined according to Gao et al. (2018). Measurements were conducted using the red and blue light source chamber of the Li-Cor 6400 photosynthesis instrument. The setting of light level and relative humidity was the same with the previous setting. A CO2 injection system was used to control the CO2 concentration. Leaves were placed in the chamber for 10 min for adaptation. The CO2 concentration in the leaf chamber was then adjusted to values of 400, 200, 100, 50, 100, 150, 200, 400, 600, 800, 1000, 1200, and 1600 μmol mol–1, and data were recorded for about 3 min per setting. Plotting Pn as the vertical coordinate and Ci as horizontal coordinate, the initial slope of the curve (Ci < 200 μmol mol–1) represented carboxylation efficiency (CE). The Rubisco maximum carboxylation rate (VCmax) and maximum electron transport rate (Jmax) were calculated according to modified equations (Long and Bernacchi, 2003; Li et al., 2009; Gao et al., 2018). The A–Ci curve is shown in the Supplementary Figure 2.



Chlorophyll Fluorescence Measurements

The fluorescence parameters were determined using the machine of CF Imager, Technologia Ltd, Colchester, United Kingdom. Following the methods of Gao et al. (2018), we selected leaves that had been adapted to the light for more than 30 min and recorded the steady-state fluorescence (Fs) and then applied a flash (∼8000 μmol photons m–2 s–1) to record the maximum fluorescence under light (Fm’). We maintained the leaves in the dark for 3 s, turned on the far-red light, then measured the initial fluorescence Fo’ under the light. Next, the leaves were shaded and dark-adapted for more than 30 min, and the minimum (Fo) and maximum (Fm) chlorophyll fluorescence were recorded. Then, we calculated PSII efficiency (ΦPSII) as ΦPSII = (Fm’ – Fs)/Fm’, maximum fluorescence as Fm = Fm – F0/Fm (Genty et al., 1989), photoinhibitory quenching (qL) as qL = F0’/Fs × (Fm’ – Fs)/(Fm’ – F0’) (Kramer et al., 2004), and the electron transport rate (ETR) as ETR = (Fm’ – Fs)/Fm’ × PPFD × 0.85 × 0.5 (Li et al., 2009).



Physiological Measurements and Chemical Analysis


N and Mg Content Determination

We used 100 mg ground dried samples to determine Mg content. The samples were extracted using 5 mL of HNO3 and HCl solution (1:1 v/v) for 4 h at 50°C, and then the volume was adjusted to 20 mL using ddH2O. Five biological repeats were conducted separately. Mg content was analyzed using the ICP-OES, Optima 8000.

Total N analyses were conducted with the method from micro-Kjeldahl (Santos and Boiteux, 2013). Dried samples (0.2 g) from flag leaves were used. Five biological repeats were performed independently.



Chlorophyll Content Measurements

Chlorophyll concentrations were measured spectrophoto metrically according to Arnon (1949). We used 0.05 g of fresh flag leaves and 25 mL of a mixture of acetone and absolute ethanol (volume ratio 1:1) to extract leaf pigments. The samples were placed in a 30°C incubator for about 24 h, and the extract was mixed several times. The absorbances at 470, 645, and 663 nm were measured to calculate the Chl a and Chl b concentrations, respectively. The chlorophyll concentration is the sum of Chl a and Chl b.



Rubisco and Rubisco Activase (RCA) Content Determination

Rubisco content was measured using SDS-PAGE following the methods of Makino et al. (1985) with modifications. We ground 10-cm2 frozen leaf samples and extracted each sample in 5 mL of buffer solution prepared according to the methods. Then, we centrifuge the mixture at 15,000 × g for 15 min at 4°C and mixed the crude enzymatic extract with 5 × loading buffer. We boiled 1 mL of the mixture for 1 min prior to electrophoresis. The amount of each sample was 10 μL used in the electrophoresis which was at 100 V for about 8 h. After that, the gels were stained with 0.25% (w/v) Coomassie Blue R-250. The gels were destained with 25% ethanol and 8% glacial acetic acid solution. Subunits of 55 and 15 kDa were put into a container with 2 mL of formamide. Then, the samples were kept in a 50°C water bath overnight. The absorbance at 595 nm (OD595) was measured. The calibration curve is shown in the Supplementary Figure 3.

Rubisco activase content was determined using an RCA Kit [Plant Rubisco Activase Enzyme-linked Immunoassay Assay (ELISA) Kit, Jianglai Biotechnology Co., Ltd., Shanghai] according to the manufacturer’s instructions. The double-antibody sandwich method was used to determine the RCA content of the plant according to Choi and Roh (2003) with modifications. Ten microliters of crude enzymatic extract with 40 μL sample diluent was added with 100 μl of rabbit anti-Rubisco activase antiserum in a 96-well microtiter plate, which were precoated with the RCA capture antibody. Then, the plate was incubated at 37°C for 60 min. After washing the plate five times, 100 μL peroxidase substrate was added. After mixing, the plate was kept in the dark for 15 min at room temperature. Finally, 1 M HCl was added to terminate the reaction. We measured OD450 within 15 min after adding the termination solution.



Rubisco and RCA Activity Determination

Rubisco activity was determined following the method of Sharwood et al. (2016). We measured the rate of NADH oxidation at 340 nm. The NADH-linked assays retrieve lower values of Rubisco activity compared with the 14CO2 fixation assay, but the NADH-linked assays were correlated strongly with the radiometric assay (Sales et al., 2020). NADH-linked assay is widely used in Rubisco activity, but microtiter plate-based assays may decrease the accuracy of the results (Sales et al., 2020), so we utilized cuvettes to measure the change in absorbance in a spectrophotometer. The recipes of extract buffer solution [5 ml pH 8.0 buffer solution (50 mM pH 7.5 Tris–HCl), 10 mM β-mercaptoethanol, 12.5% (v/v glycerol, 1 mM EDTA-Na2, 10 mM MgCl2, 1% (m/v) polyvinylpyrrolidone)], assay buffer solution (100 mmol EPPS-NaOH pH 8.0, 10 mmol MgCl2, 1 mmol EDTA, 0.2 mmol NADH, 20 mmol NaHCO3, 5 mmol dithiothreitol, 5 mmol ATP, 10 U⋅ml–1 creatine phosphokinase, 10 U⋅ml–1 3-phosphoglyceric phosphokinases, 10 U⋅ml–1 glyceraldehyde-3-phosphate dehydrogenases, and 5 mmol phosphocreatine), and activating solution (50 mM Tris–HCl pH 7.5, 40 mM MgCl2, 20 mM NaHCO3) were according to Gao et al. (2018). We ground 10-cm2 frozen leaf samples and extracted each sample using 5 mL of pH 8.0 buffer solution. The mixture was centrifuged at 15,000 × g for 1 min at 4°C. The initial Rubisco activity was measured using a cuvette containing 100 μL of the crude enzymatic extract, 700 μL of assay buffer, and 200 μL of 10 mmol RuBP. The change in absorbance at 340 nm was monitored for 60 s (3 s per measurement) at room temperature. To determine the total Rubisco activity, 100 μL of crude enzymatic extract was activated for 10 min at 25°C in RuBP assay buffer by adding 100 μL of activating solution. Next, 100 μL of this mixture was added with 700 μL of assay buffer and 200 μL of 10 mmol RuBP sequentially, and the OD value at 340 nm was monitored for 1 min (3 s per measurement). The ratio of the initial activity over the total activity was calculated as the Rubisco activation state.

Rubisco activase activity measurements were processed following the process from Carmo-Silva and Salvucci (2011). The uncarbamylated Rubisco in the desalt extracts promoted the formation of the inactive Rubisco–RuBP complex. Frozen leaves were rapidly extracted at 4°C with 5% PEG3350 and 4 mM RuBP and then incubated for 5 min at 4°C. Next, the extract was added to two parallel (A and B) reactions at 25°C. The recipes of the A and B solutions were according to Carmo-Silva and Salvucci (2011). In these reactions, the RuBP concentration was 3.6 mM. Rubisco activation was tracked by evaluating Rubisco activity in aliquots taken at every half minute till 5 min after initiation of reaction. The rate of Rubisco activity was the increase in the fraction of Rubisco active sites from 1.5 to 3 min by determining the Rubisco activity in reactions without ATP.



ATP and ADP Content Determination

We used ATP and ADP Bioluminescence Assay Kit (Beyotime, Jiangsu, China) to determine ATP and ADP contents, respectively, following the manufacturer’s instructions. Twenty milligrams of wheat leaf samples were collected in 200 μL pre-chilled lysis buffer, and a glass homogenizer was used to fully lyse the leaf tissue. The samples were centrifuged at 10,000 × g for 2 min at 4°C. The supernatant was collected. The ATP detection working solution was prepared according to the kit protocol. To each well, we added 100 μL of extract, followed by 100 μL of working solution. The luciferase signals were detected for 30 s using a multifunctional microplate reader (SpectraMax M2). A standard ATP concentration curve ranging from 1 pM to 1 M was prepared by gradient dilution. ADP concentration measurements were conducted by conversion to ATP.



Statistical Analysis

All data were analyzed using the SPSS ver. 10.0 software (SPSS Inc., United States). Two-way analysis of variance was performed for all data, and the means were compared using Duncan’s multiple-comparison tests at a significance level of P < 0.05. We used a minimum of three biological replicates. All graphs presented were produced using the GraphPad Prism 9 (GraphPad Software, San Diego, CA, United States), and tables were produced using Microsoft Excel 2016 (Microsoft, Redmond, WA, United States).



RESULTS AND DISCUSSION


Results


Grain Filling Duration, Biomass, and Yield

High-temperature stress treatment significantly affected the 1000-grain weight of wheat plants, resulting in decreased yield (Table 1). The 1000-grain weight was reduced by 8.37 and 8.48% in the CK-HT treatment and by 5.01 and 5.51% in the Mg-HT treatment, during 2016–2017 and 2017–2018, respectively. Grain yield was reduced by 10.28 and 10.89% in the CK-HT treatment and by 6.6 and 7.9% in the Mg-HT treatment during 2016–2017 and 2017–2018, respectively. Mg treatment reduced the loss in grain weight and yield caused by HTS.


TABLE 1. Effect of Mg application on the grain filling duration (days), post-anthesis biomass (PAB, g pot–1), biomass at maturity (MB), 1000-kernel weight (TKW, g), and grain yield (g pot–1) of wheat under high-temperature stress (HTS) during grain filling.

[image: Table 1]After anthesis, CK-HT and Mg-HT treatment durations were shortened by about 3 days due to HTS (Table 1). However, the duration of Mg-OT treatment was prolonged by about 3 days compared to CK-OT. As a result of HTS, biomass accumulation after anthesis declined more in CK-HT (12.91 and 16.12%, 2016–2017 and 2017–2018, respectively) than in Mg-HT treatment (8.03 and 7.92%) (Table 1). Biomass at maturity decreased under HTS treatment by 4.48 and 5.75% in CK-HT, and 2.94 and 2.89% in the Mg-HT treatment during both years (Table 1). These results indicate that Mg application enhanced biomass accumulation and reduced the loss induced by HTS.



Mg and N Content

The effects of Mg application on Mg and N content in flag leaves under HTS are shown in Figure 1. Mg application promoted increases in Mg and N content in flag leaves at 15DAA. Mg and N content did not change significantly in plants under HTS (CK-HT) relative to control plants (CK-OT) at 17DAA, but a reduction in N content was observed at 20DAA. At 25DAA, Mg and N contents in flag leaves of CK-HT decreased significantly. However, in Mg-treated plants, the Mg content of flag leaves increased dramatically at 20DAA and decreased at 25DAA in Mg-HT, although these differences were not significant compared to the Mg-OT treatment. The N content of flag leaves remained stable at 20DAA and decreased significantly at 25DAA in Mg-HT plants. These results indicate that Mg treatment increased the Mg and N content of flag leaves and reduced N loss induced by HTS.
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FIGURE 1. Effect of Mg application on magnesium content (mg⋅g–1 DW) (A) and nitrogen content (mg⋅g–1 DW) (B) under high-temperature stress during the grain filling. Treatments: CK-OT, control fertilizer + optimal temperature; CK-HT, control fertilizer + high temperature; Mg + OT, Mg fertilizer + optimal temperature; Mg + HT, and Mg fertilizer + high temperature. The shaded area indicates the high -temperature treatment period. Two-way analysis of variance was performed, and the means were compared using Duncan’s multiple-comparison tests. Different lowercase letters indicate significant variations within the same day at P < 0.05; the error bars represent standard error (SE) of three biological replicates.




Photosynthesis and Related Attributes

The Pn of wheat flag leaves under all treatments generally decreased during growth (Figure 2). HTS decreased Pn (9.93%), transpiration rate (Tr) (5.64%), leaf stomatal conductance (Gs) (2.64%), and chlorophyll content (3.33%) and increased Ci (8.84%) at 17DAA, although the changes in Gs, Tr, and chlorophyll contents were not significant. At 20DAA, Pn, Gs, Tr, and chlorophyll contents decreased under HTS by 17.89, 9.14, 13.11, and 9.57%, respectively, compared with CK-OT, whereas Ci increased significantly, by 11.10%. Similar trends were observed at both 25DAA and 30DAA. At 17DAA in the Mg-HT treatment, Pn (4.30%), Gs (2.08%), Tr (4.25%), and chlorophyll contents (2.63%) were decreased and Ci (2.34%) was increased, but not significantly. At 20DAA, Mg-HT treatment stabilized Ci (4.91% increase, less than CK-HT), and Pn, Gs, Tr, and chlorophyll contents decreased by 9.92, 7.33, 8.55, and 6.10%, respectively, compared to Mg-OT. Plants were also less affected by HTS in the Mg-HT treatment than in the CK-HT treatment at 25DAA and 30DAA. The above results indicated that Mg could enhance the photosynthetic capability and stabilize that under HTS.
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FIGURE 2. Effect of Mg application on net photosynthesis rate (Pn) (A), intercellular CO2 concentration (Ci) (B), stomatal conductance (Gs) (C), transpiration rate (Tr) (D), and chlorophyll content (E) under high-temperature stress during the grain filling. Vertical bars above mean indicate the SE of five replicates at P < 0.5.


HTS decreased CE (27.27%) and VCmax (21.71%) at 17DAA in CK-HT and also decreased Jmax (5.02%), but not significantly (Table 2). CE, VCmax, and Jmax decreased significantly at 20DAA and 25DAA. These findings indicate that CE and VCmax were inhibited earlier than Jmax under HTS. At 15DAA, Mg application improved CE and VCmax. Moreover, compared with CK-HT, VCmax and CE did not change significantly following Mg treatment at 17DAA under HTS. At 20DAA and 25DAA, CE, VCmax, and Jmax remained at higher levels in the Mg treatment than in CK. The difference responses between CK-HT and Mg-HT at 17DAA suggested the Mg function in the photosynthesis process under HTS.


TABLE 2. Effects of Mg application on carboxylation efficiency (CE), light-saturated potential rate of electron transport (Jmax, μmol⋅m–2⋅s–1), maximum carboxylation rate limited by Rubisco (VCmax, μmol⋅m–2⋅s–1) under HTS during the grain filling stage.
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Light Energy Utilization and ETR

Light-dependent reactions showed that HTS did not decrease the maximum photochemical efficiency (Fv/Fm) at 17DAA, but ΦPSII and ETR decreased due to a reduction in qL in the CK-HT treatment (Table 3). Higher non-photochemical chlorophyll fluorescence quenching (NPQ) was observed in CK-HT at 17DAA. ΦPSII, qL, Fv/Fm, and ETR decreased significantly at 20DAA and 25DAA, and NPQ increased. Mg-treated plants showed significantly higher ΦPSII, qL, and ETR at 15DAA, which was consistent with Pn and its attributes. ΦPSII, qL, ETR, and Fv/Fm were reduced at 20DAA and 25DAA in both CK-HT and Mg-HT, but smaller reductions were observed in Mg-HT plants. A small reduction in NPQ was also observed in Mg-treated plants under HTS. These results indicated that compared with the control, Mg-treated plants had a stronger light energy utilization ability and maintains electron transfer under HTS.


TABLE 3. Effects of Mg application on actual photochemical efficiency of PSII in the light (ΦPSII), photochemical quenching (qL), the maximum quantum efficiency of PSII (Fv/Fm), electron transport rate (ETR), and non-photochemical quenching (NPQ) under HTS during the grain filling stage.
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Rubisco Content and Activation State

Rubisco content and total activity decreased significantly under HTS at 20DAA and 25DAA (Figures 3A,B), but they did not change significantly at 17DAA. HTS led to significantly decreased initial activity at 17DAA, 20DAA, and 25DAA (Figures 3C,D). Mg-OT plants showed higher Rubisco content (Figure 3A), total and initial activity (Figures 3B,C), and activation state (Figure 3D) compared to CK-OT at 15DAA. Rubisco content, total activity, and initial activity were higher in Mg-OT plants than CK-OT at 17DAA, 20DAA, and 25DAA. Interestingly, the initial Rubisco activity and the activation state were maintained in Mg-treated plants relative to CK-HT plants at 17DAA, although decreasing trends were observed in Mg-HT plants at 20DAA and 25DAA. Mg-HT plants showed a smaller decrease in initial Rubisco activity and activation state than CK-HT plants at 20DAA and 25DAA. This result was consistent with the result in Table 2.
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FIGURE 3. Effect of Mg application on Rubisco content and activity under HTS during the grain filling stage. Two-way analysis of variance was performed; each bar is the mean ± SE of five replications. Different lowercase letters indicate significant variations within the same day at P < 0.5 (Duncan’s multiple-comparison tests). (A) Rubisco content, (B) Total Rubisco activity, (C) Initial Rubisco activity, (D) Rubisco activation state.




RCA Concentration and Activity

The initial Rubisco activity and activation state depend on RCA activation. In our study, the total RCA pool was measured without distinguishing isoforms. The RCA concentration did not change significantly at 17DAA but decreased significantly in the CK-HT treatment at 20DAA and 25DAA (Figure 4A) and in the Mg-HT treatment at 25DAA. This result was consistent with our Rubisco content results. RCA activity in the Mg treatments was significantly higher than in CK at all stages (Figure 4B). Interestingly, HTS decreased RCA activity significantly at 17DAA in CK-HT but did not significantly affect that in the Mg-HT treatment. However, RCA activity decreased significantly under HTS in both CK and Mg treatments at 20DAA and 25DAA.
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FIGURE 4. Effect of Mg application on Rubisco activase concentration and activity under HTS during the grain filling stage. Two-way analysis of variance was performed; each bar is the mean ± SE of five replications. Different lowercase letters indicate significant variations within the same day at P < 0.5 (Duncan’s multiple-comparison tests). (A) Rubisco activase concentration, (B) Rubisco activase activity.




ATP and ADP Content and ATP/ADP

Mg application increased the ATP content and ATP/ADP ratio compared with CK in the OT treatment (Figure 5). However, there was no significant variation in ADP content between CK and Mg. HTS inhibited ATP synthesis, whereas Mg-HT sustained the ATP synthesis and high ATP/ADP ratios. The reduction in the content in ATP corresponded to the electron transfer rate. ATP and ADP content and the ATP/ADP ratio decreased under HTS at 20DAA and did not recover at 25DAA, indicating that the plants had reached senescence at 25DAA. Together, these results indicate that HTS inhibits ATP and ADP production and decreases the ratio of ATP over ADP but that Mg alleviates these losses.
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FIGURE 5. Effects of Mg application on ATP content, ADP content, and ATP/ADP in flag leaves of wheat under HTS during grain filling. Two-way analysis of variance was performed; each bar is the mean ± SE of five replications. Different lowercase letters indicate significant variations within the same day at P < 0.5 (Duncan’s multiple-comparison tests). (A) ATP content, (B) ADP content, (C) ATP/ADP.




Correlations Among the Rubisco Activities, RCA Activity, and ATP/ADP Ratio

The initial Rubisco activity and the total Rubisco activity were positively correlated with Rubisco activation state (Figure 6A), while the initial activity contributed more to increased Rubisco activation state than to total Rubisco activity. The RCA activity was also positively correlated with the activation state and the ATP/ADP ratio (Figures 6B,C). This implied that a higher ATP/ADP ratio was closely related to the enhancement of the RCA activity, and then the activation state was also improved by higher Rubisco initial activity and RCA activity.
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FIGURE 6. Relationships between Rubisco activities, RCA activity, ATP/ADP ratio, and Rubisco activation state. Values of Rubisco activities, RCA activity, ATP/ADP ratio, and Rubisco activation state are from individual sample values in Figures 3–5 (n = 70). “●” Represents values of CK-OT, “▲” represents CK-HT, “■” represents Mg-OT, and “◆” represents Mg-HT. The asterisks represent the statistical significance at the P level shown in the figure, respectively. (A) ATP content. (B) ADP content. (C) ATP/ADP.




Discussion


Yield

Global warming is a significant cause of HTS, which poses a serious threat to wheat production in many countries, especially during the reproductive and grain filling phases (Farooq et al., 2011; Khan et al., 2020). Wheat yield reduction under HTS is correlated with fewer spikes and smaller grains (Gibson and Paulsen, 1999; Lesk et al., 2016), whereas grain weight is significantly reduced by high temperatures in the middle and late stages of grain filling (Tahir and Nakata, 2005; Wajid et al., 2018). Assimilate transport from flag leaf to grain is substantially reduced by temperatures above 30°C (Plaut et al., 2004). In this study, HTS shortened the duration of the post-anthesis stage and decreased biomass accumulation (Table 1), seed weight, and grain yield. It has been proposed that grain weight was sensitive to the amount of the Mg in the soil (Potarzycki, 2008; Szulc, 2010; Grzebisz, 2013). In this study, the application of Mg fertilizer promoted crop growth and yield formation, which has also been alleviated under HTS. Leaf symptoms in Mg-deficient plants are similar to those of senescent leaves but can be recovered by sufficient Mg application (Uchida, 2000; Tanoi and Kobayashi, 2015). In this study, Mg application extended the duration of the grain filling stage and produced more biomass after anthesis under HTS, leading to higher grain weight and yield formation.



Mg and N Content

Under normal conditions, Mg content accounts for 0.15–0.35% of the dry weight of vegetative plant parts (Marschner, 1995; Tanoi and Kobayashi, 2015). During early vegetative growth, the critical whole-shoot Mg concentration is 0.1% for wheat (Jones and Wolf, 1991). In this study, Mg-treated plants alleviated yield loss under HTS and increased yield under normal temperature conditions, perhaps because Mg concentrations in the flag leaves of Mg-treated plants were at adequate levels (Mengutay et al., 2013), whereas CK plants were near the threshold of Mg deficiency. The most significant change during senescence is the breakdown of chloroplasts, which account for more than 70% of total N (Bascunan-Godoy et al., 2018). The rate of senescence and the remobilization of leaf N are related to the plant N nutrition status (Hortensteiner and Feller, 2002; Nehe et al., 2020). Previous studies have suggested that Mg application supports N uptake (Peng et al., 2019). Our findings also demonstrated that Mg promotes N accumulation, which were consistent with those of Peng et al. (2019). Additionally, HTS accelerates N degradation in flag leaves, whereas Mg stabilized N content, which suggests that Mg alleviates senescence in flag leaves under HTS during the filling stage.



Photosynthesis and Related Attributes

Photosynthesis is pivotal to crop yield production, and photosynthetic capacity decreases gradually during plant senescence. Leaf photosynthesis is the physiological process that is most sensitive to HTS (Sabater and Martín, 2013), which significantly affects Pn, Gs, Tr, and Ci (Greer and Weedon, 2012; Jahan et al., 2019). Reduced Pn under HTS appears to be caused by non-stomatal factors, because the stomata remain open and Ci is not reduced when the photosynthetic structure is damaged (Mathur et al., 2014). In this study, Gs and Tr were not inhibited, but Pn decreased at 17DAA, indicating that the reduction in Pn under HTS in the early stages was not due to stomatal factors. Stabilization of leaf transpiration may be a way for wheat to improve leaf overheating (Yang et al., 2012). However, Ci increased significantly, indicating that HTS reduced CO2 utilization efficiency. Mg treatment improved Pn prior to HTS treatment. Pn has been found to be higher in Mg-sufficient plants than in Mg-deficient plants (Laing et al., 2000). In this study, Pn and Tr were stabilized in Mg-treated plants at 17DAA under HTS, compared with the CK. Similar Mg effects have been reported in Torreya grandis seedlings under toxic lead (Pb2+) stress (Shen et al., 2016). Mg application also kept high levels of Gs, which may be attributed to Mg playing a role in the regulation of anion–cation balance and cell turgor in cells along with K (Gerendás and Führs, 2013; Hasanah, 2018). In this study, photosynthetic capacity gradually decreased with wheat leaf senescence, and its inhibition by HTS was more significant at 25DAA and 30DAA, even in the Mg treatments, indicating that HTS irreversibly accelerates senescence during the grain filling stage in wheat.

The factors directly limiting photosynthesis at different degrees of HTS remain controversial because the photosynthetic system produces varying responses at different temperature ranges (Salvucci and Crafts-Brandner, 2004b; Yamori et al., 2013). CE, VCmax, and Jmax decreased under HTS (Weston and Bauerle, 2007; Ferguson et al., 2020). VCmax decreased earlier than Jmax at 17DAA, whereas both decreased synchronously at 20DAA and 25DAA; thus, Jmax decreased after VCmax inhibition. Under Mg application, VCmax did not decrease at 17DAA, indicating that Mg stabilized Rubisco carboxylation capacity under HTS. Even at 20DAA and 25DAA, these levels were higher under Mg treatment; thus, HTS may directly inhibit Rubisco carboxylation activity and electron transfer during the photosynthetic light reaction, whereas Mg stabilizes VCmax under short-term HTS, promoting carbon reactions.



Light-Dependent Reaction

The light system of plant leaves absorbs light energy and converts it into ATP and NADPH (Ashraf and Harris, 2013). When these processes are impaired, electron leakage damages the chloroplast structure (Wang et al., 2015). Fv/Fm is a measure of photosynthetic capacity and can be used to verify the integrity of the PSII (Gregersen et al., 2014). In this study, under short-term HTS (17DAA), the Fv/Fm of the light reaction system did not change, indicating that the photosynthetic light system of wheat leaves was not damaged under HTS, and the light reaction center retained its ability to self-regulate the photosynthetic system. This finding is consistent with our Jmax results. HTS also led to PSII closure in control plants by decreased qL and increased NPQ, which is a strategy for protecting the photosynthetic system under stress conditions (Maxwell and Johnson, 2000). However, PSII remained open in Mg-treated plants under HTS at 17DAA, and higher ETR and Fv/Fm values were observed at 20DAA and 25DAA, indicating that Mg application under HTS in the grain filling stage promotes light energy utilization and electron transfer, which are beneficial to the synthesis of ATP and NADPH.



Rubisco Activation

Photosynthesis inhibition in wheat leaves under HTS is mainly caused by decreased Rubisco carboxylation activity (Scaligero, 2004; Sharwood et al., 2016; Scafaro et al., 2019; Degen et al., 2020, 2021). However, Rubisco is actively degraded during leaf senescence (Imai et al., 2008). In this study, higher Rubisco content was found in Mg-treated plants, which may be related to the uptake of N by applying Mg (Peng et al., 2019), and the Rubisco content is positively correlated with leaf-N content (Makino, 2003). Also, previous studies indicated that total Rubisco activity increased linearly with increasing leaf N (Cheng and Fuchigami, 2000). Therefore, the loss of the total Rubisco activity under HTS at 20DAA and 25DAA may be due to the reduction in the Rubisco amounts caused by accelerated senescence in the flag leaves. Mg stabilized the N content in the leaves, which alleviated the loss of Rubisco amount as well as the total Rubisco activity. However, in this study, under short-term HTS (17DAA), Rubisco content and total activity did not significantly decrease, whereas initial Rubisco activity and activation state were inhibited; this result suggests that Rubisco activation state and activity are sensitive to HTS. Various studies indicated that the decrease in the Rubisco activation state was the main cause of photosynthetic inhibition under moderate heat stress (Salvucci and Crafts-Brandner, 2004a; Degen et al., 2021) and a decrease in the activation state of Rubisco was thought to reflect a loss of carbamylation due to changes in stromal pH and Mg2+ concentration (Weis, 1981). In the present study, the initial Rubisco activity decreased earlier at 17DAA and decreased more at 20DAA compared with the total Rubisco activity, which is the reason for the reduction in the Rubisco activation state under HTS. Moreover, previous study has proposed that the decrease in Mg2+ level in chloroplast caused a significant reduction in Rubisco activity (Lasa et al., 2000). The Rubisco activation obviously depends on the Mg2+ concentration (Tcherkez, 2013). In the chloroplast, where Mg2+ total concentration is around 10–20 mM, the RuBP concentration at least twice as high as the concentration in Rubisco sites leads to an activation level of about 90% (Von Caemmere, 1985; Tcherkez, 2013). In our results, Mg treatment significantly increased Rubisco activation state by increasing Rubisco activity, and the Rubisco activation state was stabilized under HTS at 20DAA and 25DAA. Further, in the analysis shown in Figure 6, a significant loss of the Rubisco amount caused reductions in the total Rubisco activity at 25DAA, and the initial Rubisco activity decreased significantly at that time. In contrast to previous observations (Perdomo et al., 2017; Degen et al., 2021), Rubisco activation state and Rubisco content were positively correlated, possibly due to the interplay between heat stress and the onset of leaf senescence. The Rubisco activation state and the total Rubisco activity were decreased synchronously after HTS during the late senescence stage. However, higher initial activity was more closely related to improvements in activation state.

Previous studies have shown that Rubisco enzymes bind easily with sugar phosphate or other substances, which inhibit its function (Parry et al., 2008, 2012; Scafaro et al., 2019; Degen et al., 2020, 2021). RCA and ATP can relieve Rubisco enzyme activity inhibition; therefore, RCA activity is important for stabilizing Rubisco activation (Parry et al., 2008). RCA is directly influenced by temperature (Carmo-Silva and Salvucci, 2012), and it showed the same trend between photosynthetic rate and RCA activity under HTS (Law and Craftsbrandner, 1999). The RCA activity is closely related to the heat tolerance level of wheat (Kumar et al., 2019). In the present study, HTS decreased RCA activity and concentration, but Mg treatment significantly increased RCA activity, which is consistent with the findings of previous studies (Liang et al., 2008; Kuriata et al., 2014; Hazra et al., 2015). Additionally, the RCA activity was also positively correlated with the Rubisco activation state (Figure 6B). Together, our results suggest that Mg promotes RCA activity, thereby stabilizing Rubisco activation under HTS during the wheat grain filling stage.



Carboxylation and Light-Dependent Reactions Are Interrelated

The CO2 assimilation reactions (Calvin–Benson cycle) consume ATP and NADPH to regenerate NADP+ and ADP, reducing the light-dependent reaction and accepting transferred electrons during stable forward photosynthesis (Parry et al., 2008). Under HTS, ATP and ADP contents decreased, indicating the blockage of photoreaction ATP synthesis. Mg-treated plants had higher ATP content, which is consistent with the findings from Busch and Ninnemann (1997). We monitored RCA activity in terms of the ratio of ATP to ADP (Carmo-Silva et al., 2015). The positive correlation between the RCA activity and the ATP/ADP ratio implied that a higher ATP/ADP ratio was closely related to the enhancement of the RCA activity (Figure 6C). HTS directly inhibited Rubisco activity, which influenced NADP+ and ADP reduction. Next, electron transfer was inhibited, which led to photoinhibition (Parry et al., 2008; Carmo-Silva and Salvucci, 2011; Mathur et al., 2014). Therefore, the photosynthetic system was damaged by an increase in redundant electrons. At 25DAA, ATP, and ADP contents remained higher in Mg-treated plants than in CK plants, and ATP/ADP increased significantly, indicating that Rubisco activation was maintained through Mg application, such that light energy utilization and electron transfer were relatively stabilized during the light reaction.



CONCLUSION

The results of the present study indicate that HTS caused a decrease in Rubisco carboxylation activity which inhibited photosynthesis during the wheat senescence stage, whereas Mg application maintained Rubisco carboxylation by enhancing its activation state and stabilizing the electron transfer rate. Thus, photosynthesis was sustained by Mg application under HTS. These results suggest that Mg plays an indispensable role in sustaining photosynthesis during grain filling by improving Rubisco activation state under HTS conditions.
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The Tibetan Plateau is highly sensitive to elevated temperatures and has experienced significant climate warming in the last decades. While climate warming is known to greatly impact alpine ecosystems, the gas exchange responses at the leaf and community levels to climate warming in alpine meadow ecosystems remain unclear. In this study, the alpine grass, Elymus nutans, and forb, Potentilla anserina, were grown in open-top chambers (OTCs) for 3 consecutive years to evaluate their response to warming. Gas exchange measurements were used to assess the effects of in-situ warming on leaf- and community-level photosynthetic carbon assimilation based on leaf photosynthetic physiological parameters. We introduced a means of up-scaling photosynthetic measurements from the leaf level to the community level based on six easily measurable parameters, including leaf net photosynthetic rate, fresh leaf mass per unit leaf area, fresh weight of all plant leaves in the community, the percentage of healthy leaves, the percentage of received effective light by leaves in the community, and community coverage. The community-level photosynthetic carbon assimilation and productivity all increased with warming, and the net photosynthetic rate at the leaf level was significantly higher than at the community level. Under elevated temperature, the net photosynthetic rate of E. nutans decreased, while that of P. anserina increased. These results indicated that climate warming may significantly influence plant carbon assimilation, which could alter alpine meadow community composition in the future.

Keywords: alpine meadow, climate warming, photosynthesis, plant communities, up-scaling


INTRODUCTION

The global average air temperature has increased continuously since the industrial revolution (IPCC, 2013). High-latitude and high-altitude ecosystems are exceptionally sensitive to rising temperatures and experience greater increases in amplitude (Yang et al., 2010). The Tibetan Plateau have experienced rapid climate warming (0.4°C per decade for the past 50 years), exceeding the global mean value, and the warming is expected to increase by 0.6–0.9°C per decade in the 2015–2050 period (Ma et al., 2017). Climate warming has a significant impact on ecosystem carbon cycles, causing both positive and negative feedbacks to future climates (Brient and Bony, 2013). Alpine meadow is a typical vegetation type in the Tibetan Plateau that is fragile and sensitive to human activities and climate change (Peng et al., 2015). A significant component of alpine meadow ecosystems is alpine plants, which are specially adapted to tolerate long-term low temperatures and are highly temperature-responsive (Yu et al., 2010; Che et al., 2014). Climate warming leads to elevated air and soil temperatures, which can directly or indirectly affect plant photosynthesis and growth rates.

Plants are the basis of the carbon cycle. They are not only the source of photosynthetic carbon in ecosystems but are also the key regulators of carbon dioxide (CO2) release into the atmosphere from the ecosystem. A large number of simulated warming experiments have demonstrated that climate warming impacts the physiological and ecological characteristics of plants, causing changes in plant phenology, biomass, growth, and reproduction, as well as other characteristics. In cold habitats, temperature is a limiting factor for plant photosynthesis, and species living in these colder regions benefit more from warming than those living in warmer climates (Parmesan, 2007). Due to the temperature dependence of plants, physiological variables such as photosynthesis may be one of the variables most affected by climate change (Luo, 2007). Photosynthesis is the fundamental basis for plant carbon accumulation and is also one of the vital physiological processes easily impacted by environmental changes (Magaña Ugarte et al., 2019). Although leaf temperature may occasionally reach the optimal temperature for photosynthesis in alpine areas, it is typically lower than the optimal temperature throughout most of the growing season, indicating that the photosynthesis of alpine plants is often limited by low temperature (Sáez et al., 2018). Our previous study reported that air temperature is an important factor that affects the photosynthesis of alpine plants (Zhou et al., 2017). Understanding the response of photosynthesis to temperature changes is important for predicting the carbon balance of terrestrial ecosystems and the geographical distribution of vegetation under climate change scenarios.

Photosynthesis is typically described in terms of CO2 assimilation capacity, which can be described at the leaf or canopy (or community) level. Community apparent photosynthetic (CAP) reflects the behavior of groups of leaves or individual plants (Gao et al., 2010). Studying CAP can provide a basis for the assessment of the carbon cycle at regional and even global scales. Leaf net photosynthesis provides an overall reflection of physiological processes and is used to compare differences between individuals, while CAP is useful for evaluating competition and mutual benefits among different species. Many studies have discussed the response of leaf and community level photosynthesis to climate change, but warming effects on plant photosynthesis remain controversial. At the leaf level, different species have different responses to warming. Yang et al. (2011) demonstrated that alpine plants displayed a higher photosynthetic capacity and photosynthetic nitrogen use efficiency under warming. Elmendorf et al. (2012) discovered that the response to long-term warming was opposite by grasses, sedges, and rushes. Liang et al. (2013) used a meta-analysis to estimate the effects of warming on leaf photosynthesis of terrestrial plants, and found that the effect of warming on grass was greater than that of forbs, indicating that forbs may accumulate lower biomass and have less competitive than grasses under climate warming. At the community level, some researchers found that warming had no significant effect on gross primary production (GPP) in an alpine meadow on the Qinghai-Tibetan Plateau (Fu et al., 2013), but others thought that experimental warming leading to an increase in GPP in a typical alpine meadow (Peng et al., 2014; Chen et al., 2017). Synchronous observations of carbon assimilation in plants at the leaf and community levels could improve our understanding of the response and adaptability of alpine ecosystems to climate warming.

The gas exchange chamber method is presently commonly used to measure gas exchange at community scales. Models that are used at large spatial scales are typically based on leaf-level gas exchange responses (Lombardozzi et al., 2015; Wehr et al., 2016). CAP can be estimated using canopy-scale models, such as the biochemical modeling of leaf photosynthesis (Farquhar et al., 1980), the big-leaf model (Sellers et al., 1992), the multi-layer model (Leuning et al., 1995), and the two-leaf model (Wang and Leuning, 1998). These models are all based on a model that combines physiological and biochemical indicators (such as phloem migration rate, carboxylation rate, and transport conductance) and involves many parameters and complicated observations (Tang et al., 2015). This led us to speculate on whether leaf photosynthesis and other easily observable parameters could be used to deduce community photosynthesis, and furthermore, the relevant factors that should be considered in the conversion process.

Most studies that have used leaf photosynthesis to evaluate community photosynthesis have focused on crops and forest ecosystems (Ellsworth and Reich, 1993; Seidl et al., 2013; Sanz-Sáez et al., 2017). Ellsworth and Reich (1993) reported that leaf traits such as LMA, N and Amax per unit area are strongly correlated with the cumulative leaf area above the leaf position in the canopy. Hirose (2005) proposed a functional model that integrates the leaf area, solar radiation, canopy structure, canopy microclimate, and photosynthesis capacity. Zhu et al. (2013) developed a photo-acclimation model that links electron photosynthesis and leaf nitrogen concentration for the distribution of nitrogen in the main photosynthetic proteins in leaves. Song et al. (2017) used canopy architecture, a ray tracing algorithm, and C3 photosynthetic metabolism to develop a new integrated canopy photosynthesis model. Singh and Parida (2019) divided canopy into sunlit and shaded with three layers (top–mid–bottom). Based on observations on LAI and light penetration, leaf photosynthesis was then used to compute canopy photosynthesis. In conclusion, all the parameters of these models cannot be obtained by actual measurements or simple arithmetic averages. In the present study, we attempted to find a simplified method for estimating community photosynthesis, and to achieve the up-scaling studies from leaf to community photosynthesis.

The photosynthetic responses of alpine plants to climate change will determine their survival and performance and, consequently, their competitive ability. We hypothesized that the effects of climate warming on the photosynthesis of different alpine plants would differ, which would impact the photosynthesis and species composition of the community. Our objectives were to elucidate the following: (1) the influence of warming on the photosynthesis of an alpine grass and forb; and (2) the relationship between leaf and community photosynthesis using synchronous field observations. The differential responses of different species to photosynthesis under increasing temperature could alter their carbon accumulation, which in turn could impact their competitiveness, community structure, and composition. Therefore, understanding the photosynthetic response at the leaf and community level is critical for predicting the effect of future climate changes and for determining the response mechanism of alpine plants to climate change.



MATERIALS AND METHODS


Study Site

The study site was located at the Zoige Alpine Wetland Ecosystem Research Station (33°51′52″N, 102°08′46′E, 3,440 m) on the eastern Tibetan Plateau. The region has a plateau continental semi-humid climate, with no absolute frost-free period throughout the year. From 1967 to 2010, the annual mean air temperature was 1.7°C and the annual mean precipitation was 600 mm, with 80% of precipitation falling between June and September. The soil is classified as silt clay loam, which is composed of 31.2% sand, 56.0% silt, and 12.8% clay in the top 30 cm soil layer based on the classification of the US Department of Agriculture. Soil organic carbon content, total carbon, and total nitrogen in the top 30 cm layer are 44.5, 46.2, and 4.3 g kg–1, respectively. The pH value of the 0–10 cm soil layer is 7.7 (Su et al., 2018). The area is dominated by the perennial plant Elymus nutans Griseb., which is an important forage species with high yield and good reproductive capacity. Other common plants include Potentilla anserina L., Roegneria nutans (Keng) Keng & S. L. Chen, Poa pratensis L., Kobresia setschwanensis Hand.-Mazz., Leymus secalinus (Georgi) Tzvel, Plantago depressa Willd., and Ajania tenuifolia (Jacq.) Tzvel. These species together account for ∼90% of the aboveground biomass (g m–2). In this study, two dominant herbaceous species (E. nutans and P. anserina) were selected for leaf photosynthesis physiological trait analysis. Potentilla anserina is a cosmopolitan species and miscellaneous forb in alpine meadows that is able to reproduce asexually and also exhibits great colonization ability and morphological plasticity.



Experimental Design

In April 2015, three open-top chambers (OTCs) were built to evaluate the effects of warming on the alpine meadow ecosystem. The OTCs possessed underground anti-lateral seepage treatment, and warming can be adjusted by the ancillary facilities. Each OTC comprised an aluminum frame fitted with 8-mm-thick transparent plexiglass boards with a light transmittance >92%. Each unit covered an area of 6.4 m2, with a bottom side length of 1.15 m, and was shaped as a regular octagon with an outer diameter of 3 m. The height of OTCs is higher than others (2 vs. 0.5 m) (Li et al., 2019; Chen et al., 2020), and the sides are perpendicular to the ground in order to reduce the effect of precipitation on soil moisture. Window and door were arranged in the north and south sides, which could reduce the amplitude of warming and to avoid excessive overheating in the middle of the day. Open areas (OAs) were established as control areas with similar characteristics to those where the OTC was placed. The layout of the experimental design was shown in Figure 1. We installed microclimate data loggers (HOBO U23-002, RH/Temp Onset, Pocasset, MA, United States) in the center of the OTCs and OAs at 1.5 m height and recorded the air temperature (°C) and relative humidity (%) at 30 min intervals. An ECH2O-TE sensor and EM50 data acquisition system were used to monitor the soil temperature and moisture at 5-cm depth at 30 min intervals. Individuals of both species growing in OTCs and OAs were randomly selected for growth measurements and photosynthesis during the growing seasons.
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FIGURE 1. Layout of the experiment design.




Leaf Gas Exchange

Due to the late start of the growing season, plants in the study area began to turn green in May and turned yellow and went dormant by late September, and thus the photosynthetic parameters of the plants were usually relatively stable from July to August. The leaf gas exchange parameters of E. nutans and P. anserina were measured three times per month in July 2016 and 2017. We used a LI-6400 portable photosynthesis system (LI-COR, Lincoln, NE, United States) to measure the leaf net photosynthetic rate (Pn). For E. nutans, three leaves were fastened side by side to a flat surface with adhesive tape at both ends in order to cover the entire leaf chamber of the infrared gas analyzer and to avoid overlap of the leaves. The leaves were then collected, and their areas were measured with Image J for accurate calculations.

The measurement days were bright and clear with no wind, with hourly measurements from 08:00 to 18:00 h. Measurements were repeated three times. As the local time delay is 72 min from Beijing time, local time was used in the analyses.



Light and CO2 Response of Photosynthesis

To determine the effect of photosynthetic photon flux density (PPFD) levels on photosynthesis, standard light response curves were constructed using a LI-6400 portable photosynthesis system with a LI-6400-02 LED source. An automatic procedure was used to measure Pn at leaf temperatures of 15, 20, and 25°C, respectively. The ambient CO2 concentration (380 μmol mol–1) was controlled by the LI-6400 CO2 injecting system. The PPFD started at 2,000 and decreased to 0 μmol m–2 s–1. The response of net photosynthesis CO2 uptake (Pn) to varying substomatal CO2 concentration (Ci) was determined from Pn–Ci curves. After pre-induced in leaves for 30 min under saturated light intensity (1500 μmol m–2 s–1), and followed by the CO2 concentration levels from 1,500 to 30 μmol mol–1 in turn. The Pn was measured within 3–5 min to complete the photosynthesis measurement at each CO2 level.

Light and CO2 responses were taken from 08:00 to 13:30 h during mid-July. Each species was measured in triplicate. Afterward, all the leaves were collected, and the areas were measured with Image J to re-compute the photosynthesis data.



Community Gas Exchange Measurements

A LI-8100 carbon flux (LI-COR) measurement system and a modified assimilation chamber (0.5 × 0.5 × 0.5 m) (Beijing Ecotek Ltd. Co., Beijing, China) were used to measure community gas exchange. In order to seal the canopy chamber to the soil surface, we installed a 0.5 × 0.5 m square aluminum frame into the soil at a depth of 3 cm, which provided a plane interface between them. During measurements, two small fans were installed diagonally inside the chamber and fanned continuously to mix the atmosphere. The measurements were synchronized with the leaf gas exchange measurements (within three times per month in July 2016 and 2017). The measurements were taken once-hourly between 08:00–18:00 h, using a 5-min measurement that was repeated three times to obtain average values. The CAP rate (μmol CO2 m–2 s–1) was calculated as follows based on the measurement principle of Gao et al. (2010):
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where A is the total leaf area of the plant canopy (m2), VA is the total volume of the community photosynthesis measurement system, which is the product of the height of the assimilation chamber (0.5 m) and the soil surface (0.25 m3) equal to 0.125 m3, [image: image] is the rate of chamber CO2 change (μmol CO2 mol–1 s–1), [image: image] is the rate of chamber CO2 change in soil respiration measurements (μmol CO2 mol–1 s–1), P is the atmospheric pressure (Pa), T is the air temperature inside the chamber (°C), and R is the gas constant (8.314 Pa m3 mol–1 K–1).



Upscaling the Photosynthesis Measurements From the Leaf to the Community

Alpine meadow plants have obvious stratified structures. The upper layer was dominated by grass, and accounting for nearly 60% of the total coverage. The lower layer was dominated by sedge and forb with over 40% of the total coverage. In this study, we selected E. nutans and P. anserina to represent the upper and lower layer species. Elymus nutans is a grass (Gramineae) and is the dominant species in alpine meadows, while P. anserina is a forb (Rosaceae) and is widespread and common. We used the community-weighted mean (CWM) to calculated a given trait (t). CWMt was calculated as follows (Vitra et al., 2019):
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where CWMt is the community-weighted mean value of a given traits, pi is the relative abundance of the ith species (%), xi is the mean trait value of species i, and n is the number of species.

Considering the degree of shading between the plants and the angle of the leaves, the parameter r (the percentage of received effective light by leaves in the community) was used in the estimation of community photosynthetic capacity. As for the different leaf maturities in the community, we used the parameter k to represent the percentage of healthy leaves.
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where CAPd is the deduced value of the community photosynthetic rate from leaf level, CWMpn is the community-weighted mean value of Pn (μmol m–2 s–1), Pn is the leaf photosynthetic rate with different plants in the community (μmol m–2 s–1). CWMA is the community-weighted mean value of fresh leaf mass per unit leaf area (m2 g–1), A was determined as the ratio of the leaf area to its fresh weight. The leaf area of the fresh leaves was analyzed using Image J. m is the fresh weight of all plant leaves in the community (g m–2), using weighting method to measurement the fresh leaf weight of all plants in 0.25 m2. k and r are the correction parameters, and c is the community coverage (%). The three parameters were measured using quadrat survey with a 50 cm × 50 cm frame. All the parameters were measured after community gas exchange measurements with three replicates.



Plant Biomass

At the end of the growing seasons in 2016–2018 (late September), plant above-ground biomass (AGB) was investigated in the OTCs and OAs. The above-ground plants growing within a 50 × 50 cm quadrat were cut and weighed. Three replicates were tested.



Statistical Analysis

Analysis of light and CO2 response curves involved calculations of the following parameters: Pnmax (max net photosynthetic rate), Rd (dark respiratory rate), AQY (apparent quantum yield), LCP (light compensation point), LSP (light saturation point), Vcmax (maximum carboxylation rate of Rubisco), and Jmax (RuBP regeneration capacity). The light response curve used the modified model of non-rectangular hyperbola (Ye, 2010), and the CO2 response curve used Photosynthesis Assistant (Dundee Scientific, Dundee, United Kingdom), which implements a biochemical model describing photosynthetic rate (Farquhar et al., 1980).

All data were analyzed using SPSS 20.0 (Armonk, NY, United States) and the means and standard error (±SE) were computed. We used a paired t-test to examine the significance of warming on air temperature, air relative humidity, soil temperature, soil moisture, CAP and the AGB in OTCs and OAs. We used one-way ANOVAs to explicitly assess the effects of the warming on photosynthetic parameters (Pn, Pnmax, Rd, AQY, LCP, LSP, Vcmax, and Jmax) and interannual change of AGB. When ANOVA results were significant at p = 0.05, differences among the means were tested using Duncan’s multiple range tests. We used linear regression to test the relationships between Pn, CAP, and CAPd.



RESULTS


Microclimatic Conditions

Air and soil temperatures increased in the OTCs. The mean ground surface temperatures at 1.5 m during the vigorous growth periods were 14.2 and 13.3°C in the OTCs and OAs, and the air temperatures in the OTCs was increased by 0.9°C (p < 0.05, Table 1). The mean soil temperatures at 5 cm depth were 17.3 and 16.8°C in the OTCs and OAs, respectively. Air relative humidity and soil water content were all decreased in the OTCs. The mean daily air relative humidity was very similar between OTCs and OAs (78.1 vs. 78.3%, respectively). The soil water content was significantly lower in the OTCs than in the OAs, and were 22.3 and 24.3%, respectively (p < 0.05).


TABLE 1. Mean daily air temperature (°C) and relative air humidity (%) at 1.5 m aboveground, mean daily soil temperature (°C) and soil moisture (%) at 5 cm depth in OTCs and OAs in growing period.
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Diurnal Variation in Leaf Photosynthesis

Each measurement day was divided into three periods, including the morning (8:00–11:00), noon (12:00–14:00), and the afternoon (15:00–18:00). In July, the diurnal changes in leaf photosynthesis of the two dominant species were similar, gradually decreasing from 8:00 to 18:00 (Figure 2). In the OAs, the Pn of E. nutans was higher than that of P. anserina. Warming decreased the Pn of E. nutans but increased that of P. anserina. For E. nutans, the daily Pn average in the OTCs and OAs was 3.7 and 4.3 μmol m–2 s–1, and the daily Pn average of P. anserina in the OTCs and OAs as 4.1 and 3.3 μmol m–2 s–1, respectively. The maximum Pn for E. nutans and P. anserina occurred at 9:00 AM local time.


[image: image]

FIGURE 2. Diurnal changes of net photosynthetic rate (Pn) in alpine meadow at simulated warming. The values are the means ± SE, and are the average of 2 years. * represents a significant correlation at the 0.05 level.




Light and CO2 Response Characteristics Under Different Temperatures

Significant differences in photosynthesis parameters between the OAs and OTCs were detected in both species. A higher Pnmax and LSP were recorded in E. nutans (Figure 3 and Table 2). At 15°C air temperature, the Pnmax of E. nutans and P. anserina were 7.39 and 7.34 μmol m–2 s–1, while at 20°C air temperature, E. nutans had the highest Pnmax, LSP, Rd, and AQY values. With the increase in air temperature to 25°C, the Pnmax, LSP, Rd, and AQY decreased, while the LCP increased in comparison to 20°C in E. nutans. In P. anserina, the increased air temperature was associated with increased Pnmax, LCP, LSP, and Rd.
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FIGURE 3. Net photosynthetic rate (Pn) responses to different photosynthetic photon flux density (PPFD) in E. nutan (A) and P. anserina (B), and to different intercellular CO2 concentration (Ci) in E. nutan (C) and P. anserina (D). (mean ± SE; n = 3).



TABLE 2. Light and CO2 response characteristics under different temperatures.

[image: Table 2]From 15 to 25°C, the Vcmax and Jmax of E. nutans increased significantly (Figures 3C,D and Table 3, p < 0.05], while in P. anserina, Jmax was highest at 15°C.


TABLE 3. Upscaling of the photosynthesis from leaf to community.
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Diurnal Variation in Alpine Meadow Community Photosynthesis

The diurnal variation in the photosynthetic rate in the alpine meadow community exhibited a decreasing trend. Inside the OTCs, the average CAP was greater than in the OAs (Figure 4, 2.1 μmol CO2 m–2 s–1 in OTCs and 1.6 μmol CO2 m–2 s–1 in OAs). The maximum values of CAP in the OTCs and OAs were observed at 10:00 AM with 3.3 and 2.9 μmol CO2 m–2 s–1, respectively. The simulated warming increased the net photosynthetic rate of the alpine meadow communities by up to 48%, and the difference is significantly (p < 0.05).


[image: image]

FIGURE 4. Diurnal changes of community apparent photosynthetic rate (CAP) in alpine meadow at simulated warming. The values are the means ± SE, and are the average of 2 years. * represents a significant correlation at the 0.05 level; ** represents a very significant correlation at 0.01 level.




Upscaling and Correlation of the Photosynthesis From the Leaf to Community Level

We used CWMPn to represent the leaf level photosynthesis with different plants in the community. Linear fitting of the net photosynthetic rate of the leaves and communities of the alpine plants indicated a significant positive correlation between the leaves and communities under in-situ warming. The net photosynthetic rate of the community was significantly lower than that of the leaves. The CAP in the OTCs and OAs accounted for 53.0 and 41.4% of the leaf photosynthetic rate, respectively. The overall regression equation for the net photosynthetic rate of the leaves and communities was: CAP = 0.311 CWMPn + 0.659 (n = 22, R = 0.74, p < 0.05) (Figure 5A). It can be seen from Figure 5B and Table 3 that there was a significant correlation between the derived CAP and the measured CAP. The derived value in the OTCs was lower than the measured value, while the derived value in the OAs was greater than the measured value. The difference in CAP between the derived value and the measured value was generally not significant (0.03 μmol CO2 m–2 s–1).
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FIGURE 5. The linear fitting of leaf photosynthetic rate (Pn) and community apparent photosynthetic rate (CAP) (A), and the derived CAP and the measured CAP (B) under in-situ warming.




Biomass Changes in Alpine Meadow Ecosystems

Changes in AGB were observed under simulated warming (Figure 6). After three consecutive years of elevated temperature, the AGB of the alpine vegetation increased. In 2016, the AGB with an average of 413.7 and 266.8 g m–2 in the OTCs and OAs, respectively. The differences of AGB were not significant between OTCs and OAs, but a significant increase in biomass was observed in different years (p < 0.05). In 2018, a more significant increase in biomass was observed in the OTCs with an average of 578.0 g m–2.
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FIGURE 6. Above-ground biomass (AGB) changes in alpine grassland under simulated warming in 2016–2018. * represents a significant correlation at the 0.05 level among years.




DISCUSSION


In-situ Warming and Its Differential Effect on the Photosynthetic Performance of Two Dominant Species

Climate change is altering the structure and function of alpine ecosystems. The air temperature of the Tibetan Plateau is forecast to increase by 0.6–0.9°C from 2015 to 2050 (Ma et al., 2017), which is within the simulated warming in our experimental setup (Table 1). Under certain circumstances, warming can meet the growth requirements of plants. However, it can also change the microclimatic environment of the plant community and directly or indirectly affect plant photosynthetic physiological processes in a variety of ways. Warming increase the temperature of air and soil, and reduce soil water content, finally leading to dramatic ecological effects on plants (Allison et al., 2018; Samaniego et al., 2018). Many studies found that warming-induced decrease in soil moisture might be the major reason of photosynthesis inhabitation (Reich et al., 2018; Shen et al., 2020). In our study, the decrease of soil moisture in OTCs did not cause soil drought (22.3%), so the presence of an OTC was not an additional source of drought stress (Pugnaire et al., 2020).

Photosynthesis is a key process for the development and carbon assimilation of plants, and can directly influence the productivity and fitness of plants (Lin et al., 2015). Although increased temperature in cold ecosystems, such as our study area, may promote plant growth (Figure 6), it may also increase interspecific competition. The responses of different plants to climate warming differ, and these responses determine the adaptive capacity of species to future climate warming as well as their competitive ability (Elmendorf et al., 2012). In our study, Pn in E. nutans was higher than P. anserina in the OAs (Figure 2). Interestingly, the Pn of E. nutans decreased with increased temperature, while that of P. anserina increased. Shen et al. (2020) also found that the Pn of L. secalimus significantly decreased under warming, suggesting that warming can negatively limit plant photosynthesis. This is because the air temperature was high in the growing season (July), and thus the leaf temperature of E. nutans exceeded its optimal temperature, leading to a decrease in Pn. However, E. nutans could provide shading for P. anserina due to their taller individuals, and thus resulted in lower heat stress for P. anserina growth.

Photosynthetic parameters are very important for estimating the alpine C budget. Previous studies showed that warming would increase plant C uptake by providing optimal temperature conditions (Sage and Kubien, 2007; Niu et al., 2008). In our study, P. anserina had a higher photosynthetic rate than E. nutans under warming (Figures 2, 3). Shi et al. (2015) suggested that forbs (Vicia unijuga and Allium atrosanguineum) would adapt better to future climate warming than grasses (E. nutans and Koeleria macrantha) in alpine meadows, which is consistent with our findings. In cold climates or in areas with no water restrictions, species will change their optimal photosynthetic temperature to increase photosynthesis under warming (Gunderson et al., 2010; Peñuelas et al., 2013). A temperature increase from 15 to 20°C resulted in increased Pnmax, LSP, Rd, and AQY in E. nutans, while a decrease was observed at 25°C. This suggests that 20°C is the approximate optimum growth temperature for E. nutans. Conversely, Pnmax, LCP, LSP, Rd, and Vcmax all increased with increased temperature in P. anserina, which implies that P. anserina can survive at a higher temperature. Similar responses have also been reported by Shi et al. (2010), who found that elevated temperature increased the photoinhibition of E. nutans but reduced the photoinhibition of P. anserina. In the present study, E. nutans demonstrated the highest Pnmax at 20°C, which thereafter decreased at 25°C, but was still higher than in P. anserina. A higher Pnmax is associated with higher photosynthetic gain, suggesting that E. nutans had a greater photosynthetic gain. E. nutans have greater photosynthetic gain, while P. anserina can survive at a higher temperature, suggesting that the community structure of alpine meadow may change from grass to forb with climate warming. CO2 utilization during photosynthesis is indicative of photosynthetic efficiency, and a higher Rd is indicative of greater consumption of photosynthetic products. Vcmax and Jmax increased with increased temperature in both species, which might be related to the changes in nitrogen distribution and photosynthetic enzyme activity in the leaves (Fauset et al., 2019).



Community Photosynthetic Carbon Assimilation and Its Relationship With Leaf-Level Carbon Assimilation

The leaf is the smallest unit of a plant community, and a plant community is the basic component of an ecosystem. CAP represents the photosynthesis of both the top and bottom leaf layers. In the present study, we offer a simplified approach for estimating community photosynthesis. We used six easily measurable parameters to calculate the community photosynthesis and compared these with the observed results (Eq. 3, Figure 5). Ellsworth and Reich (1993) suggested that LMA is an effective means of combining the effects of canopy structure and light environment on leaf photosynthetic performance. In our study, we used fresh leaf mass per unit leaf area (A) and fresh weight of all plant leaves (m) in the scale conversion. Using our equation, the result agrees with the observations under natural conditions (Table 3).

Leaf position, leaf age, and different leaf orientations or growth angles (horizontal and vertical) also influence the photosynthetic rate of the leaves (Zhang et al., 2005). Alpine meadow plants have obvious stratified structures. Grasses (such as E. nutans) largely grow in full-sun conditions, while sedges and forbs (such as P. anserina) mostly grow in shaded environments. In the canopy, the light absorbed by the upper leaf layer is usually more than its saturation level, and the excess light energy is dissipated primarily by heat dissipation, while the lower layer leaves are usually limited by available light (Keenan and Niinemets, 2016). Considering the degree of shading between the plants and the angle of the leaves, the parameter r (the percentage of received effective light by leaves in the community) was used in the estimation of community photosynthetic capacity. As for the different maturity of leaf maturities in the community, we used the parameter k to represent the percentage of healthy leaves, and these parameters were successfully incorporated in the model.

In alpine regions, lower temperatures and a short growing season are the main limiting factors for plant growth and ecosystem productivity. Studies have shown that in temperature-limited ecosystems, the extension of the growing season under long-term warming will significantly improve net primary productivity by increasing photosynthetic capacity (Jarvis et al., 2004; Xu et al., 2012). Peng et al. (2017) concluded that alpine ecosystems with low temperature and relatively high soil moisture tend to absorb more C in a warmer climate. AGB is a comprehensive index to reflect growth status and adaptive capacity of plants (Xu et al., 2015; Sanaei et al., 2018). In our study, the AGB of the alpine vegetation increased under three consecutive years of warming, which is consistent with the increase in community photosynthesis under warming conditions (Figure 4). Climate warming increased the AGB of the arctic willow Salix arctica, which had a positive feedback on its photosynthetic activity (Sullivan et al., 2008). Under warming, the tested alpine meadow plants increased their AGB due to the increased community photosynthetic rate, which is consistent with Chapin et al. (1995).



CONCLUSION

This study linked leaf- and community-level photosynthetic parameters and revealed the effects of warming on the photosynthesis and productivity of alpine plants. The responses of different plants to climate warming differ, which is associated with differential adaptability and competitiveness. Under a temperature increase from 15 to 25°C, the net photosynthetic rate of E. nutans increased at 20°C and then decreased, suggesting that 20°C is the optimum growth temperature for E. nutans. For P. anserina, an increase in air temperature was associated with increased photosynthetic capacity, suggesting that P. anserina may have a wider range of temperature adaptations. The net photosynthetic rate of the community was significantly lower than that of the leaves. Under climate warming, the photosynthetic capability and productivity of the alpine meadow communities all increased, suggesting that an increase in temperature under climate warming may have a significant influence on net plant C uptake. Furthermore, we used six easily measurable parameters to scale up from leaf-level to community-level photosynthesis, and the difference in CAP between the derived value and the measured value was not significant.
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The capacity of apple trees to produce fruit of a desired diameter, i.e., fruit-bearing capacity (FBC), was investigated by considering the inter-tree variability of leaf area (LA). The LA of 996 trees in a commercial apple orchard was measured by using a terrestrial two-dimensional (2D) light detection and ranging (LiDAR) laser scanner for two consecutive years. The FBC of the trees was simulated in a carbon balance model by utilizing the LiDAR-scanned total LA of the trees, seasonal records of fruit and leaf gas exchanges, fruit growth rates, and weather data. The FBC was compared to the actual fruit size measured in a sorting line on each individual tree. The variance of FBC was similar in both years, whereas each individual tree showed different FBC in both seasons as indicated in the spatially resolved data of FBC. Considering a target mean fruit diameter of 65 mm, FBC ranged from 84 to 168 fruit per tree in 2018 and from 55 to 179 fruit per tree in 2019 depending on the total LA of the trees. The simulated FBC to produce the mean harvest fruit diameter of 65 mm and the actual number of the harvested fruit >65 mm per tree were in good agreement. Fruit quality, indicated by fruit's size and soluble solids content (SSC), showed enhanced percentages of the desired fruit quality according to the seasonally total absorbed photosynthetic energy (TAPE) of the tree per fruit. To achieve a target fruit diameter and reduce the variance in SSC at harvest, the FBC should be considered in crop load management practices. However, achieving this purpose requires annual spatial monitoring of the individual FBC of trees.

Keywords: apple, carbon balance, lidar, respiration, precision horticulture, growth, canopy photosynthesis model


INTRODUCTION

In fruit production, the number of apples per tree is negatively correlated to the mean fruit fresh mass (FM), coloration (Palmer et al., 1997), soluble solids content (SSC) (Link, 2000; Serra et al., 2016), and flower set in the following season (Handschack and Schmidt, 1991). Each individual apple tree may initiate up to 2,000 flowers, which significantly exceeds the commercially desired number of fruit at harvest (Penzel et al., 2021). Although a high percentage of flowers and later fruitlets will be naturally shed in flower or fruit abscission, often too many fruit remain on the tree. High crop load results in low-quality fruit whereas low crop load may reduce yield. Furthermore, the distribution of fruit throughout the canopy may not be uniform, which is one reason for the variability of fruit quality within the tree. Additionally, the position of the fruit in the cluster (Jakopic et al., 2015), the position and light exposure of the bearing branch as well as the number and proximity of leaves and other fruit affect fruit quality (Belhassine et al., 2019; Reyes et al., 2020). Consequently, crop load management is required to adjust the number of fruit per tree. Various strategies to obtain one to two fruit per flower cluster widely distributed in the canopy exist, targeting a high percentage of high-quality fruit and, thus, high crop value in the current and sufficient flower bud initiation for the subsequent growing season (Costa et al., 2018). However, for developing efficient crop load management, the information on the optimal number of fruit per tree is crucial.

Much work has been done to evaluate the effects of the number of fruit per tree on apple quality parameters. ‘Gala’ apples have a high economic importance worldwide and are well described in crop load experiments. Commercial ‘Gala’ strains show a variability in mean fruit FM per tree up to 90 g affected by crop load (McArtney et al., 1996; Pilar Mata et al., 2006; Xia et al., 2009). The SSC of apples is an additional important internal quality parameter largely influencing the acceptance and buying decision of consumers. Crop load can also slightly affect the mean SSC of ‘Gala’ apples at harvest (Pilar Mata et al., 2006; Yuri et al., 2011). So far, different techniques have been applied to estimate the number of fruit per tree, which would lead to a desired fruit quality. These methods capture continuous yield recording in the orchard (Handschack and Schmidt, 1991) or the assessment of the crop load in relation to the trunk cross-sectional area (Iwanami et al., 2018). Also, the leaf area (LA) per fruit has been identified as an important determinant of fruit quality (Poll et al., 1996; Palmer et al., 1997).

Generally, trees can be considered as a collection of semiautonomous organs (DeJong, 2019), where each organ has a genetically determined, organ-specific development pattern and growth potential (Reyes et al., 2016), which is achieved according to the individual carbon supply conditions. Because only leaves perform net carbon assimilation, the exposed LA of a tree reflects the growth capacity of the tree to intercept solar radiation and serves therefore as a proxy of the fruit-bearing capacity (FBC). Lakso et al. applied LA estimates in carbon balance modeling (Lakso and Johnson, 1990). In their approach, the light interception of each individual shoot was scaled up to the canopy level by considering the tree's total LA as one big leaf, which receives the average irradiance of the canopy (De Pury and Farquhar, 1997). This approach is valuable as it combines existing knowledge in a modeling approach, providing the potential to simulate the optimum crop load. However, it may lead to an overestimation of the photosynthetic capacity of a tree because the light environments within a tree's canopy can be highly variable (Zhang et al., 2016). The photosynthesis of the exposed leaves and leaves in sun flecks is mostly light saturated whereas the photosynthetic response of shaded leaves to irradiance is linear (De Pury and Farquhar, 1997). Charles-Edwards (1982) demonstrated the validity of the big-leaf approach for hedgerow apple orchards. Furthermore, this approach was validated by recording the CO2 exchange of whole trees enclosed in a canopy chamber (Lakso et al., 1996). Nevertheless, the spatial variability of individual LA of trees was not taken into account in CO2 balance so far.

Indeed, vegetative and reproductive growths vary spatially in orchards. Variability in the trunk cross-sectional area (Manfrini et al., 2020), number of flower clusters (Vanbrabant et al., 2020; Penzel et al., 2021), yield, mean FM, and the fruit maturity stage of each individual tree (Manfrini et al., 2020) within the same orchard was described. Consequently, both the individual LA (Sanz et al., 2018) and the LA index (Poblete-Echeverría et al., 2015) and the associated FBC of each individual tree may vary spatially. It can also be assumed that such variability in each individual tree affects the optimum number of fruit per tree when targeting a homogenous fruit quality throughout the orchard. However, the actual number of fruit per tree was not yet evaluated in relation to the variable LA and associated FBC.

The mapping of canopy and yield parameters within an orchard can be performed by georeferencing each tree and the application of remote sensing, e.g., based on photogrammetry (Mu et al., 2018), time-of-flight reading (Coupel-Ledru et al., 2019; Tsoulias et al., 2019), or thermal imaging (Huang et al., 2020). Most recently, the number of flower clusters (Vanbrabant et al., 2020) and fruit per tree (Apolo-Apolo et al., 2020; Tsoulias et al., 2020a) were mapped in pome fruit orchards by analyzing the point clouds generated from RGB images or a light detection and ranging (LiDAR) analysis. The sensors may be mounted on various platforms, i.e., ground or aerial vehicles, or satellites, and the measurements carried out throughout the growth season (Zude-Sasse et al., 2016). Indeed, frequent studies of georeferencing and sensing the data of each individual tree are available, but the developed approaches lack further application in decision-support models, which can be utilized for the precise management of crop load.

Recently, the LA of each individual tree was analyzed (Penzel et al., 2020) to quantify the variability of FBC in two apple orchards. LA estimated with LiDAR compared to manual readings was obtained with high coefficient of determination (R2 = 0.96) by considering fully expanded leaves in mid-season. The authors showed that tree-adapted crop load management potentially increases the marketable yield of an orchard by 5%. Carbon balance of each individual tree would enable the adjustment of thinning intensity to each individual tree, introducing the term “variable rate application” (VRA) in crop load management. For this purpose, prototypes of precise thinning systems have been developed (Wouters, 2014; Lyons et al., 2015; Pflanz et al., 2016), but these have not been commercialized to date (Verbiest et al., 2020). This is, besides economic considerations, due to the lack of suitable models to evaluate the actual crop load of a tree in comparison to the tree's FBC.

For VRA in flower or fruit thinning, it would be advantageous to estimate FBC before full bloom or within subsequent three weeks when fruit are most susceptible to the thinning agents. For this purpose, historical data of FBC in a fully developed canopy could be analyzed, applying the previous years' data for decision-making in the current year. In viticulture, Taylor et al. (2019) proposed to utilize the crop load information from one year for crop load management decisions in the consecutive year. However, it has not yet been evaluated whether this approach can be transferred to apple production. In addition, knowledge on the effects of the absorbed light on fruit quality is lacking.

The aim of the present study was to characterize the effect of VRA in crop load management on fruit quality. The objectives were (1) to analyze the inter-year variability in LA and FBC of each individual tree considering their spatial position within a commercial orchard and (2) to generate the minimum thresholds of absorbed photons per fruit for each individual tree to achieve a desired mean fruit size and SSC.



MATERIALS AND METHODS


Experimental Site and Trial Design

In 2018 and 2019, trials were carried out on trees of Malus x domestica Borkh. ‘Gala’ strain ‘Baigent’ (Brookfield®)/M.9 planted in 2006 in a commercial orchard in the fruit-growing region of Brandenburg, Germany (52.607 N, 13.818 E). The 2.3-m slender-spindle trained trees planted at a spacing of 3.2 × 1.0 m, with 3.2 m2 allotted orchard surface per tree (Gallotted). Trees were drip-irrigated (<4 L tree−1 d−1), and managed according to the federal regulations of integrated production preventing any symptoms of nutrient- or water-deficit stress. Soil information were published earlier (Tsoulias et al., 2020b). Trees of five rows (199–200 trees row−1) of the orchard were labeled and analyzed. In the green bud stage, trees (2018: n = 100; 2019: n = 70) were randomly selected and the number of flower clusters per tree was counted. All trees were thinned chemically with ammonium thiosulphate (20% N; 15 kg ha−1) at full bloom (April 29, 2018 to April 24, 2019) and with 6-benzyl adenine (500 g ha−1) three weeks after full bloom. Subsequently, to generate variable numbers of fruit per tree, 60 trees of the selected samples were hand thinned to low (60 fruit tree−1), medium (100 fruit tree−1), and high (140 fruit tree−1) crop load each year. The average annual yield of the previous years was 50 t ha−1, which would equal to 106 fruit per tree on the 3,125 trees per hectare when targeting a fruit of 150 g FM at harvest.

At time intervals of 13–30 d during fruit development, starting 30 d after full bloom (DAFB) in both years until harvest, 30 randomly chosen apples from random trees were picked in the early afternoon and stored at 10 ± 2°C until the next morning when respiration rate, dry matter, and C content were measured for estimating the daily carbon requirements during fruit development.

At commercial harvest (September 3, 2018 to September 9, 2019), randomly selected apples (2018: n = 180; 2019: all fruit from nine trees, n = 1,240) were picked on one day and stored at 10 ± 2°C until the next morning for measuring fruit quality. Additionally, each apple of labeled trees (2018: n = 100; 2019: n = 70) was harvested and measured by using a commercial grading line.

During both seasons, the leaf CO2 gas exchange rate was recorded several times on the trees also sampled for fruit analysis. When the canopies were fully developed in July, the total LA per tree from all trees of the five rows (n = 996) was estimated from the three-dimensional (3D) point clouds recorded with a tractor-mounted LiDAR laser scanner. The estimations were based on a regression model of LiDAR points per tree (PPT) and the manually measured total LA of 16 trees with a LA meter (Tsoulias et al., 2021).



Analyses of Fruit Growth, CO2 Gas Exchange, and Quality

Fruit diameter (D) and FM were measured by electronic caliper (Type 1108, INSIZE, Suzhou, China) and an electronic balance (CPA22480CE, Sartorius AG, Goettingen, Germany), respectively. The CO2 release rate providing the dark respiration rate (RdT) of 30 apples was measured by an IR CO2 gas analyzer (FYA600CO2, Ahlborn Mess- und Regelungstechnik GmbH, Holzkirchen, Germany) in a self-build closed system (Linke et al., 2010; Huyskens-Keil and Herppich, 2013). RdT was measured at various temperatures (2018: 10 ± 2°C; 20 ± 2°C; 2019: 10 ± 2°C; 20 ± 2°C at 50 DAFB, 5 ± 2°C−25 ± 2°C in five°C-steps at 56, 103, and 138 DAFB) after 2 h of temperature acclimation between the measurements.

To quantify the daily amount of C respired per fruit, the dark respiration rates measured in the lab were utilized to generate a model of RdT of DAFB and Tmean. The rate of in field fruit respiration (Rd;field) was estimated by using the model for the temperature measured in the field (Tmean), neglecting diurnal variations Rd;field, which was used to calculate the daily respiratory C losses per fruit (RCdaily, g d−1) with a factor 0.27 representing relative mass contribution of C in CO2 (Equation 1).
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Subsequently, the fruit was dried to constant mass (dry mass, DM) at 80°C. From DM and FM, the dry matter fraction (DMrel) was calculated as the ratio of FM to DM.

Dry matter samples were homogenized by using a mixer mill (MM400, Retsch Technology, Haan, Germany), and aliquots (10 mg) of the homogenized DM were analyzed for their relative C contents (Crel) with an element analyzer (Vario EL III, Elementar Analysensysteme GmbH, Hanau, Germany) at an operational temperature of 1,150°C. The absolute C content per fruit (Cfruit, g) was calculated as
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In commercial harvest, the SSC of individual fruit was analyzed with a digital refractometer (DR-301-95, Krüss, Hamburg, Germany) and fruit flesh firmness with a texture analyzer (TA.XT, Stable Micro Systems Ltd., Godalming, UK; 11.1 mm Magness-Taylor probe). Flesh firmness was obtained as the maximum force (N) at 10 mm penetration.

In addition, fruit harvested from the labeled trees (2018: n = 100; 2019: n = 70) were analyzed to capture fruit mass, color, yield per tree, and the number of fruit per tree with a commercial grader (GeoSort, Greefa, Tricht, The Netherlands).



Leaf CO2 Gas Exchange

In both seasons (2018: 25, 58, 82, and 99 DAFB; 2019: 40, 47, 97, and 113 DAFB), light responses of steady-state leaf gas exchange were measured on three mature spur leaves from the bearing shoots of three randomly selected trees from each of the three crop load classes (n = 9 leaves per measurement date) with a portable gas exchange system (LI-6400 XT with the LI-6400-40 red/blue LED light source, LI-COR Inc., Lincoln, USA). At ambient leaf temperature (Tleaf), relative humidity, and a constant CO2 mole fraction (400 μmol mol−1 in the reference gas), analyses were performed at photosynthetic photon flux rate (PPFR) of 2,000, 250, 100, 50, 20, and 0 μmol m−2 s−1 with the minimum waiting time of 100 s before each measurement. Maximum quantum yield (maxα, mol mol−1) and the rate of light saturated CO2 gas exchange (maxJCO2, μmol m−2 s−1) were analyzed (Matyssek and Herppich, 2017).



Measurement of LA per Tree

Bud break was recorded on March 22, 2018 and on March 18, 2019. The canopy LA was assumed to be fully developed after 1,200 growing degree days after bud break (base temperature = 4°C; Doerflinger et al., 2015) on July 13, 2018, 80 DAFB and July 7, 2019, 84 DAFB. In the stage of fully developed canopy, all trees (n = 996) of the five labeled rows were scanned by using a mobile two-dimensional (2D) LiDAR laser scanner (LMS511 pro model, Sick, Düsseldorf, Germany) at a scanning frequency of 25 Hz and a vertical scanning angle of 270°. The LiDAR laser scanner was mounted on a tractor at 1.6 m height, together with an inertial measurement unit (MTi-G-710, XSENS, Enschede, The Netherlands) and an RTK-GNSS positioning system (AgGPS 542, Trimble, Sunnyvale, CA, USA) as described previously (Tsoulias et al., 2019). The sensor system was driven (0.13 m s−1) along both sides of the trees, acquiring the 3D point cloud of each individual tree for the five rows.

For tree segmentation, the position of each tree trunk was located from the bivariate density histograms of LiDAR points with an in-house developed (Tsoulias et al., 2019) Matlab script (Version 2018b, The Mathworks Inc., Natick, MA, USA). A vertical cylinder with a radius of 50 cm was projected based on the trunk position. The points within the cylinder boundaries were considered to belong to this tree and referred to as LiDAR PPT. Reference trees were defoliated after LiDAR scanning, and the area of each individual leaf was measured by using a LA meter (CI-203, CID Bio-Science, Camas, WA, USA). The regression model to convert PPT into total LA per tree (LALiDAR, m2) from Tsoulias et al. (2021), which was established from the PPT of reference trees (n = 6 in 2018; n = 7 in 2019) and the manually measured total LA (Equations 3 and 4), was utilized to convert PPT of each tree into LALiDAR.
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Modeling of Fruit FM and C-Requirement for Target Fruit Diameter

Seasonal changes of FM and Cfruit were interpolated over time (DAFB) by using a sigmoid-growth model. To derive the growth curves of apples by considering four harvest fruit diameters (65, 70, 75, and 80 mm), the growth equations based on the mean fruit FM and Cfruit were normalized with the measured mean FM and Cfruit at harvest. The growth curves of FM and Cfruit for target fruit diameters (D) were obtained (Equations 5 and 6) by multiplying the normalized growth functions with the target fruit diameter at harvest and a conversion regression equation from D to FM (Supplementary Figure 1).
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The first derivation of the resulting growth functions provided the absolute growth rates (AGR, g d−1) considering FM (AGRFM) and Cfruit (AGRC). The integral of AGRC over time in DAFB provided the amount of C representing the fruit growth. The sum of AGRC and RCdaily denotes the daily C-requirement per fruit. The LA “demanded” (LAdemand, cm2) to assimilate ∑RCdaily+ AGRC was estimated (Equation 7; Penzel et al., 2020) for each tree sampled in the orchard and modeled for varying LA per tree (3.6, 5.5, and 7.7 m2 represented the 5th, 50th, and 95th percentile of the measured LALiDAR, respectively). Daily fluctuations in LAdemand were smoothed by a Savitzky–Golay filter, using the R-Package “signal” (Ligges et al., 2015; sgolayfilt, filter order = 1, filter length = 9). Pdaily (g m−2 d−1) reflects the C assimilated per unit soil area per day (Equation 8).

Pdaily was calculated (Equation 8) as reported earlier (Lakso and Johnson, 1990; Penzel et al., 2020). Pdaily was scaled up for the whole tree (Ptree, g d−1) by multiplying it with Gallotted, which was 3.2 m2 in equal planting distance of the orchard. Cpart is a variable carbon-partitioning factor for the fraction of the assimilated carbohydrates partitioned to fruit; it was set to 0.8 when the foliage of trees was fully developed (Xia et al., 2009; Lakso, pers. communication). ∑RCdaily + AGRC was generally reduced by 5% to roughly correct for fruit photosynthesis (Jones, 1981).
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The daily integral of solar radiation (S, MJ m−2 d−1) was recorded by using a pyranometer (CMP 3, Kipp & Zonen, Delft, The Netherlands) in the spectral range of 300–2,800 nm. The day length (DL, s) was obtained by considering the daily hours with S > 0. The seasonal means of maxα and maxJCO2 were converted into energy units with the conversion factor of PPFR to S in direct sun light (0.4376; McCree, 1972). PT (Equation 9) is a correction for the temperature dependence of maxJCO2, which was provided by Lakso (pers. communication), utilizing the mean temperature of the daily hours when S > 0 (Tmean, day). The fraction of light intercepted by the canopy (LI) was calculated (Equation 10) by considering the canopy light extinction coefficient (k) and the fraction of total radiation incidence on the canopy (LImax), which were set to 0.5 (Poblete-Echeverría et al., 2015) and 0.7 (Doerflinger et al., 2015), respectively. The individual LA index of trees in the orchard (LAIorchard) was calculated by dividing LALiDAR with Gallotted (Equation 11).
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Modeled FBC

The FBC (Equation 12) of 996 trees was calculated by considering the LAdemand for the four target fruit diameters, and the actual LA was analyzed by using LiDAR (LALiDAR). The ratio was built for the relevant time of 15 d before and after the climax of fruit growth.
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Total Absorbed Photosynthetic Energy

The total absorbed photosynthetic energy (TAPE, MJ; Equation 13) of each tree was considered for the period of fully developed canopy (FDC) LA until harvest. TAPE was divided by the number of fruit per tree for obtaining the TAPE per fruit (MJ fruit−1).
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The incident photosynthetic active photon flux rate was estimated by multiplying LI for each individual tree (Equation 10) with the integral of solar radiation, S, with the assumed fraction of PAR on solar radiation (0.5; Szeicz, 1970), and with Gallotted (3.2 m2 in the present orchard).



Statistical Analyses

Descriptive analysis capturing regression analysis and ANOVA were carried out in R (Version 3.4.1, R Core Team, 2018). CI of 95% was used. The value of p < 0.05 was considered as significant. The FBC of each individual tree was visualized by Getis–Ord's analysis at confidence levels ≥90% (c.f. Peeters et al., 2015) calculated in ArcGIS (v.10.2.1, ESRI, Redlands, CA, USA). Hot spot and cold spot analysis (Peeters et al., 2015) indicate trees or clusters of trees having either a very high (hot spot) or a very low (cold spot) Z score, either < -1.96 or >1.96, reflecting low and high FBC, respectively.




RESULTS


Fruit Development and Its C-Requirement

Fruit development from full bloom to harvest in the beginning of a climacteric peak lasted 11 d longer in 2019 (127 d) than in 2018. Nevertheless, the mean fruit FM at harvest was similar in both years (2018: 145 g; 2019: 150 g). Sigmoid-growth functions were applied to interpolate the measured values of FM and Cfruit and model the increase of FM and Cfruit during fruit development (Supplementary Equations 1, 2). From the normalized equations, sigmoid-growth curves were calculated by considering the four target fruit diameters. The simulated growth curves showed a horizontal shift explaining the difference of fruit FM and C content multiplicative distributed over the season (Figure 1).
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FIGURE 1. Fresh mass (FM) (A,B) and absolute C content (Cfruit) (C,D) of ‘Gala’/M.9 apples during the season (black circle, n = 30) and at harvest (blue circle, 2018: n = 180; 2019: n = 1,240) in days after full bloom (DAFB) in 2018 (A,C) and 2019 (B,D). Symbols represent the measured means, error bars show the SD, and solid lines show the sigmoid-growth functions simulated for the fruit with 65, 70, 75, and 80 mm diameter at harvest (from the bottom to top).


Some data necessary for modeling the FBC, but not relevant to point out the new findings on the effect of measured LA on FBC, were presented in the Supplementary Material: The fraction of DM on fruit FM with a mean of 0.15 in both seasons (Supplementary Figure 2). The carbon content in the fruit DM, Crel, decreased from 0.51 at 30 DAFB to 0.48 at harvest (Supplementary Equation 3 and Supplementary Figure 2). The maximum values of the absolute fruit growth rate considering C content, AGRC, were found at 101 DAFB in 2018 and 92 DAFB in 2019 (Supplementary Figure 3). The fruit dark respiration rate decreased during fruit development and increased with temperature (Supplementary Figure 4). At the last measurement date of harvest, RdT was slightly enhanced in comparison to the two measurement dates before, indicating the onset of a climacteric rise in fruit respiration. Temperature-corrected RCdaily increased during fruit development due to enhanced temperature in the orchard. However, the respiration-related fraction, RCdaily, showed a high daily fluctuation (Supplementary Figure 5) ranging from 5 to 15% in 2018 and from 3 to 28% in 2019. Considering fruit of the same target diameter, the modeled total amount of respiratory C loss from 50 DAFB till harvest was in a similar range for 2018 (0.57–1.11 g) and 2019 (0.65–1.26 g). This fruit respiration accounted for 7% (2018) and 10% (2019) of the carbon requirement of fruit in the considered period.

The total carbon requirement of apples (Figure 2) was calculated by the sum of respiratory C loss and fruit growth, which considers four target diameters in the period after cell division till harvest. A horizontal shift of the sum of AGRC + RCdaily appeared for the four target fruit diameters when assuming a similar fruit growth over the season. The total fruit carbon requirement was slightly higher in 2018 than in 2019 (Table 1). The seasonal maximum in the carbon requirements per fruit appeared at 92 and 101 DAFB in 2018 and 2019, respectively (Figure 2). The period ±15 d from the seasonal maximum in the carbon requirements per fruit in both years (Figure 2) was considered for estimating the FBC of the trees.


[image: Figure 2]
FIGURE 2. Seasonal course of the sum of the C-based daily fruit growth rate (AGRC, g d−1) and daily respired C per fruit (RCdaily, g d−1) of ‘Gala’/M.9 apples with target diameters of 65, 70, 75, and 80 mm (from the bottom to top) during the DAFB in 2018 (A) and 2019 (B) in DAFB. The dotted vertical lines represent the period ±15 d of the fruit's highest daily C-requirement (2018: 86–116 DAFB; 2019: 77–107 DAFB).



Table 1. Total fruit C demand calculated from the sum of absolute C-based growth rates (AGRC) and respiratory C loss (RCdaily) of ‘Gala’/M.9 apples of the four targeted fruit diameters for the period of 50 d after full bloom (DAFB) till harvest in 2018 and 2019.

[image: Table 1]



LA and Canopy Carbon Assimilation

The maximum quantum efficiency of leaf photosynthesis (maxα) was not affected by either crop load, leaf temperature, season or the actual leaf-to-air partial pressure deficit for water vapor (Δw) in both years (not shown) and varied marginally during the season as well as between both seasons (Figure 3A). Therefore, the overall mean of maxα 0.054 mol mol−1 was considered in all calculations (Equation 8). The seasonal variation of maxJCO2 (Figure 3B) was slightly higher than that of maxα, due to the stomatal effects mainly caused by pronounced seasonal changes in Δw (data not shown). In 2019, at 40 and 46 DAFB, the ratio between leaf internal (ci) and ambient CO2 concentrations (ca), pointing to the degree of stomatal limitation of maxJCO2, was lower (0.06–0.22) than the ratio of the measured 77 and 97 DAFB (0.62–0.85). A regression of maxJCO2 against stomatal conductance showed non-stomatal limited maxJCO2 at 19.8 μmol m−2 s−1, which was applied in both years.


[image: Figure 3]
FIGURE 3. Seasonal course (DAFB) of means (± SD; n = 9) of (A) the maximum quantum efficiency of photosynthesis (maxα, circles), (B) light saturated maximum CO2 gas exchange rate (maxJCO2, triangles) and leaf temperature (Tleaf, squares) of fully developed ‘Gala’/M.9 apple spur leaves in 2018 (closed symbols, solid lines) and 2019 (open symbols, dashed line).


The mean LiDAR-estimated total LA per tree (LALiDAR) was slightly higher in 2018 (5.8 m2) than that in 2019 (5.3 m2) (Figure 4A), which corresponds to the slightly enhanced mean daily assimilated C in 2018. The estimated fraction of incident light intercepted by the canopy (LI) estimated in Equation (10) ranged between 0.3 and 0.6 in 2018, and 0.2 and 0.6 in 2019, with a mean of 0.5 for both years. The temporal mean of assimilated C (g) was analyzed for each tree to point out the impact of LA on carbon gain without considering the fruit. Ptree was calculated for each tree in mean conditions (2018: DL = 14 h, S = 17.5 MJ m2 d−1, Tmean;day = 25.7°C; 2019: DL = 15 h, S = 17 MJ m2 d−1, Tmean;day = 21°C) for the period of the maximum fruit carbon requirement ±15 d (Figure 4B). The data on daily carbon gain per tree reflect the varying LALiDAR of each individual tree (Figure 4).


[image: Figure 4]
FIGURE 4. Total leaf area (LA) per tree estimated with light detection and ranging (LiDAR) (LALiDAR) of a fully developed canopy (A) and mean daily assimilated C per tree (Ptree) in the period of maximum daily fruit carbon requirement (B) of ‘Gala’/M.9 apple trees in two consecutive years. Lower and upper hinges of boxplots correspond to the first and third quartile, the dash inside the box to the median, and the dot to the mean value.


The daily integral of solar radiation (S) was highly fluctuating in both years (Figure 5A). Consequently, the daily carbon gain of the trees (Ptree) fluctuated pronouncedly during the relevant period of maximum carbon requirement by the fruit in both years (Figures 5B,C) with maximum values of 24 (2018) and 25 g d−1 (2019) considering the overall mean LA of 5.5 m2. Figure 5 points out the impact of low, mean, and high LA on the daily Ptree. However, this analysis ignores the shading effects within the canopy.


[image: Figure 5]
FIGURE 5. Daily integrated solar radiation (S) in 2018 (solid lines) and 2019 (dashed lines) (A) and daily C gain per tree (Ptree) of ‘Gala’/M9 during the time of maximum daily fruit C-requirement (2018: 86–116 DAFB; 2019: 77–107 DAFB) (B: 2018; C: 2019). Ptree was calculated for the trees of 3.6, 5.5, and 7.7 m2 total LA (lines from the bottom to top), which represents the 5, 50, and 95th percentile of LALiDAR of all 996 trees measured during both years.




LA Demand and FBC Considering Target Fruit Diameters

The LA demand per fruit (LAdemand) varied during fruit development according to RCdaily and Pdaily, which are affected by temperature and solar radiation (Figure 6). Assuming a uniform LAdemand for all trees in the orchard and one target fruit diameter, the daily LAdemand during the period of maximum fruit C-requirement was slightly higher in 2018 than in 2019.


[image: Figure 6]
FIGURE 6. Daily LA demand [LAdemand (cm2)] per fruit estimated for the four target fruit diameters (lines from bottom to top: 65, 70, 75, and 80 mm) of ‘Gala’/M.9 trees considering the orchard's mean total LA of 5.5 m2 during the period 15 d before and after maximum daily fruit C-requirement in (A) 2018 and (B) 2019. Dashed lines represent the estimated daily values and solid lines are the values that are smoothed by using a Savitzky–Golay filter.


Regression analyses were carried out to quantify the relationship between the mean LAdemand and the actual range of measured LA using LiDAR. The regression models provide the LAdemand necessary for the target fruit diameter in 2018 and 2019 (Table 2). LAdemand increased with the target fruit diameter (Figures 6, 7). Additionally, LAdemand was enhanced with increased actual LALiDAR (Figure 7). It can be assumed that a hyperbolic response of light interception to LALiDAR and the associated canopy density (Equation 10) caused this non-linearity.


Table 2. Regression equations of the relationship between the mean LAdemand and the light detection and ranging (LiDAR)-measured leaf area (LALiDAR) for the estimation of the LA necessary to yield fruit of the target diameter (D) in 2018 and 2019.
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FIGURE 7. Mean LA demand per fruit (2018LAdemand, 2019LAdemand, cm2) considering the four target fruit diameters (D) of ‘Gala’/M.9 apple in 2018 (gray circle, dotted line) and 2019 (black triangle, solid line) for the trees with different total LAs (LALiDAR, m2) in the period of 15 d before and after the highest daily C-requirement per fruit (2018: 86–116 DAFB; 2019: 77–107 DAFB).


The mean LA of each individual leaf, capturing the data from both years, was 21 cm2. Consequently, the number of leaves necessary per fruit would range from 12 to 57 leaves per fruit.

The FBC, calculated for each tree by the ratio of LALiDAR and LAdemand conferring all four target fruit diameters, ranged from 43 to 168 apples per tree (2018) and 28 to 179 apples per tree (2019) (Figure 8). A maximum difference of 11 apples in FBC between both years for the trees with the same LALiDAR and fruit diameter was obtained.


[image: Figure 8]
FIGURE 8. Mean fruit-bearing capacity [FBC (fruit tree−1)] considering the four target fruit diameters (D) of the ‘Gala’/M.9 apple in 2018 (open box plots) and 2019 (gray box plots) for 996 trees per year in the period of 15 d before and after the highest daily fruit C-requirement (2018: 86–116 DAFB; 2019: 77–107 DAFB).


In the present orchard, the number of flower clusters per tree was highly variable with 50–220 in 2018 and 73–296 in 2019, sufficient for each tree to meet the FBC when assuming that a tree can generate one to two fruit per cluster at harvest. Trees (n = 996) were classified according to their FBC with D = 65 mm to locate the trees having a FBC65 below (cold spots) or above (hot spots) the majority of trees. The values of Z between −1.96 and 1.96 represented the majority of the trees having a mean FBC65 of 130 and 135 fruit tree−1 in 2018 and 2019, respectively. Cold spots showed a mean FBC65 of 110 and 106 fruit tree−1 whereas the trees representing hot spots had a mean FBC65 of 156 and 155 fruit tree−1 in 2018 and 2019, respectively (Figure 9). Despite the findings of high variability of LA and FBC in the orchard, the mean values of low, mean, and high crop load were similar. However, cold and hot spots were found in different locations by comparing both years. To conclude, the LA of a certain year cannot be used for predicting hot and cold spots of the following year.


[image: Figure 9]
FIGURE 9. Maps of z-scores in Getis–Ord's analysis applied to FBC for the mean fruit diameter of 65 mm (FBC65), considering 996 trees of ‘Gala’/M.9 per year in (A) 2018 and (B) 2019. Red indicates significant spatial clusters of high values (a hot spot), black indicates significant spatial clusters of low values (a cold spot), and white indicates random distribution with no spatial clustering.


The modeled FBC was validated by using measurements in a commercial grader at harvest, considering each individual tree (2018: n = 100; 2019: n = 70). The expected fruit diameter from the modeled FBC was compared to the measured values of fruit diameter in the grader: in both years, the actual number of fruit per tree having D > 65 mm and the calculated FBC, considering the actual average fruit diameter and LALiDAR per tree were similar as shown by their ratio (Table 3). The high SD, however, pointed out a high percentage of trees with crop load above or below the FBC.


Table 3. The ratio between the actual number of fruit per tree with diameter (D) >65 mm considering all fruit measured when harvesting whole trees and modeling fruit-bearing capacity (FBC) for the actual average fruit diameter at harvest of ‘Gala’ trees in 2 years.
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Fruit Quality

The effect of TAPE considering LALiDAR of each individual tree per fruit (Equation 13) on fruit quality was analyzed in the laboratory. FM and diameter were enhanced with increasing TAPE per fruit (Figure 10A). The FM of individual fruit showed high SD, which increased with average FM (Figure 10B). A high percentage of apples with D > 65 mm was found in all nine trees analyzed completely in the laboratory (Figure 10C).


[image: Figure 10]
FIGURE 10. Relationships between FM (mean ± SD) per tree (n = 9) harvested completely and the number of fruit per TAPE per fruit (TAPE* fruit−1) (A); SD of FM and mean FM (B); percentage of a fruit with D > 65 mm and TAPE fruit−1 (C) in: ‘Gala’ apples in 2018 [closed triangle, solid line; (A) R2 = 0.16; (B) R2 = 0.38; (C) not significant] and 2019 [open triangle, dashed line; (A) R2 = 0.23; (B) R2 = 0.77; (C) R2 = 0.89] (2018: 80–127 DAFB; 2019: 84–138 DAFB).


Fruit flesh firmness at harvest was 67 ± 9 N in 2018 and 86 ± 9 N in 2019, with a range between maximum and minimum values of 76 N (2018) and 86 N (2019) (Supplementary Table 2). TAPE per fruit had no effect on firmness in both years. In contrast, TAPE per fruit affected SSC but to a different extent comparing both years. The SSC was generally lower in 2019 than in 2018 (Figure 11). The SD of SSC was not related to the mean SSC at harvest (Figure 11B). Enhanced TAPE per fruit caused an increased percentage of fruit having SSC ≥ 12% from 30 to 80% in 2019 while the effect was less pronounced in 2018 (Figure 11C).


[image: Figure 11]
FIGURE 11. Relationships between the soluble solids content [SSC (%)] and the total absorbed photosynthetic energy (TAPE)* per fruit (A); SD and mean SSC (B); the percentage of fruit with SSC > 12% per tree according to TAPE per fruit (C) of ‘Gala’ fruit from each individual tree (n = 9) in 2018 [closed triangle, solid line; (A) R2 = 0.16; (C) ns] and 2019 [open triangle, dashed line; (A) R2 = 0.23; (C) R2 = 0.73] (2018: 80–127 DAFB; 2019: 84–138 DAFB).


When all fruit per tree (2018: n = 100; 2019: n = 70) were analyzed on the sorting line, a correlation of total yield per tree and TAPE based on the LALiDAR was found. The R2 was enhanced in 2018 compared to 2019 (Figure 12A). Additionally, the percentage of fruit with D > 65 mm was correlated with TAPE per fruit (Figure 12B). In enhanced TAPE per fruit, more than 60% of the apples had a marketable fruit D > 65 mm. The slope of the curve indicated over 80% (2018) and 90% (2019) of the marketable fruit at 7.5 and 5.9 MJ fruit−1, respectively (Figure 12B).


[image: Figure 12]
FIGURE 12. Relationship between the total yield per tree and TAPE* (MJ) (A); the percentage of the marketable fruit with D > 65 mm and TAPE per fruit (MJ fruit−1) (B) of ‘Gala’ in 2018 [closed triangle, solid line, (A) R2 = 0.40; (B) R2 = 0.25] and 2019 [open triangle, dashed line, (A) R2 = 0.63; (B) R2 = 0.58] (2018: 80–127 DAFB; 2019: 84–138 DAFB).


High quality, considering the blush color, was defined as the fruit showing ≥60% red blush of the entire fruit surface measured with a commercial grader (Supplementary Table 2). In 86% of the trees, high-quality blush color occurred in 80% of the entirely harvested fruit. In 95% of the trees, at least 60% of the fruit showed a high-quality red blush. However, no effect of TAPE per fruit was found on blush color of the red ‘Gala’ strain in both years.




DISCUSSION


Variability of FBC

This study aimed to model the FBC of each individual tree in a commercial orchard for two consecutive years. A considerable range of LA was found in the present study (Figure 4A). The LA differences correspond to the associated mid-season range of photosynthetic performance (Figures 4B, 5B) and, hence, the growth capacity of each individual tree to produce fruit. The FBC for the desired mean fruit diameter varies between 65 and 80 mm (Figure 8). The FBC was calculated by considering the period of seasonal maximum in fruit growth and the resulting maximum daily fruit C-requirement. In this period, the LA of the canopy is already fully developed.

The measured input data of the FBC model (fruit growth rate, fruit and leaf CO2 gas exchange rates) are in close agreement with the ranges reported in the previous studies on apple (Yuri et al., 2011; Baïram et al., 2019; Penzel et al., 2020). Enabling fruit to meet their maximum growth potential, which frequently refers to sink limited fruit growth (Reyes et al., 2016), is commercially always avoided. For maximum fruit growth rates, low crop loads are required, which lead to low yield and possible physiological disorders of fruit (Ferguson et al., 1999). Moreover, low crop load may negatively affect the net CO2 exchange rate of apple leaves (Palmer et al., 1997; Pallas et al., 2018). In “Braeburn”/M.26 trees, planted at 5 m × 2.5 m, mean mid-season leaf net CO2 exchange rate was reduced when the LA per fruit (LA:F) of the whole tree exceeded 830 cm2 (Palmer et al., 1997). In the present study, however, crop load did not have any effect on maxJCO2 (Figure 3), presumably because the LA:F, ranging from 340 cm2 to 780 cm2 (data not shown), did not exceed this threshold. Consequently, the reduction of photosynthetic performance can be assumed as a marginal influence on the present findings.

The feasibility of the FBC model was confirmed by comparing the modeled FBC of each individual tree and the measured mean fruit diameter of the trees as a reference diameter. The ratio obtained was close to 1, proving that the model meets the real-world conditions. Consequently, the FBC provides a concept for simulating the optimum crop load for each tree. The application of FBC for evaluating the actual crop load of each individual tree and addressing the precise management of orchards is potentially based on the decision of each individual tree.

Nevertheless, in the commercial orchard, crop load exceeded the estimated FBC in a considerable number of trees without any negative effects on the mean fruit diameter. It can be assumed that the model fails to account completely for the difference in canopy light extinction coefficient between the trees (Poblete-Echeverría et al., 2015). Actually, a few physiologically based tree metrics are available for tree design and annual pruning (Breen et al., 2021). Breen et al. (2021) reported that by means of the standardized six limbs per meter of vertical canopy height, light penetration into the inner parts of apple canopies can be increased without any negative consequences on light interception. This improves especially the percentage of a premium class fruit, and reduces variability among the fruit. In the present study, the number of limbs per meter of vertical canopy height varied between 6.6 and 21.3, exceeding the proposed ideal number.

The approach of modeling the LA demand to meet the carbon requirement of developing fruit to specific fruit sizes can provide an additional application. It may contribute to understand the effect of variable LA:F ratios on fruit mass, which was investigated on either whole trees of a similar size or exposed girdled branches (Palmer et al., 1997; Baïram et al., 2019). Remote sensing provides a new tool to study the LA demand per fruit for specific diameters in different planting systems. However, one limitation is that the LA demand is an average value of the whole tree, not representing the individual types of leaves and distances between leaves and fruit. Consequently, no conclusions about the fruit size distribution in the individual branch level can be made.



Modeling the LA Demand for Different Fruit Sizes

To meet the consumer's preferences, commercial fruit quality requirements demand a minimum fruit diameter of 65 mm while at least 60% of the fruit surface must be covered with red blush. The firmness of a high-quality ‘Gala’ fruit should be below 62 N (Harker et al., 2008) and SSC at least 12% (Saei et al., 2011). In the present study, most of the fruit met these consumer preferences when the number of fruit per tree was in the range of the FBC estimated for the target fruit diameters (Figures 8, 10–12 and Supplementary Table 2). With the present approach, an assessment method for the optimum number of fruit per individual tree targeting a certain fruit size becomes available. For applying the FBC in a VRA or field-uniform thinning measure, a few variables are requested: The conversion factor for turning fruit diameter into FM can be obtained on the farm. The LA needs to be known, and here more methods and commercial services are becoming available at present (Tsoulias et al., 2021). For a field-uniform assessment, the mean LA of 5.5 m2, found in the present study can be applied as an example (Table 4). With target FM or diameter, known LA, fruit respiration rate from extension service or literature, and weather data from satellite or weather station, the calculation of FBC is enabled (Equation 12). The FBC for the desired fruit diameter can serve as the target crop load in thinning measures (Table 4), e.g., to evaluate whether and to what extent thinning practices are required. In order to account for the production system of the orchard, the TAPE can be considered additionally.


Table 4. FBC considering the four target fruit diameters (D) converted into fresh mass (FM) of ‘Gala’/M.9 apple trees in 2018 and 2019 of trees with a mean of 5.5 m2 total LA; the total absorbed photosynthetic energy (TAPE) (MJ fruit−1) per fruit considering the FBC; the measured FM receiving this TAPE per fruit, the ratio between the targeted fruit FM and measured FM.
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A previous work indicated a lower firmness in apples grown on trees with high crop load compared to low crop load trees (Link, 2000; Serra et al., 2016). Therefore, it was expected that fruit firmness would respond to TAPE per fruit, as did FM and SSC. However, this was not found in the present study.

Both yield and average mass of fruit were directly affected by TAPE and TAPE per fruit confirming the validity of the concept of modeling the FBC of apple trees. With a similar approach, Wünsche et al. (1996) explained differences in productivity of apple growing systems by the amount of intercepted radiation capturing a 2-weeks period. Furthermore, a high TAPE per fruit (2018: 7.4 MJ fruit−1; 2019: 5.5 MJ fruit−1, Figure 11B) is required for the trees to achieve a high percentage of fruit with D > 65 mm. At this TAPE per fruit, representing a LA:F ratio of approx. 550 cm2, 80% of the apples reached D > 65 mm in both years. Thus, this LA:F can be seen as a threshold target for crop load management to achieve a marketable average fruit mass in the present orchard. The threshold is expected to differ in other orchards.

When the number of fruit per tree appeared in the range of FBC, the TAPE per fruit was above the 7.4 MJ fruit−1 only when targeting D > 70 mm in 2018; and above 5.5 MJ fruit−1 when targeting D > 65 mm in 2019 (Table 4). The modeled FBC slightly underestimated the actual FBC. However, with the presented empirical model (Figures 7, 8) a target fruit diameter for specific markets can be approached.

The SD of SSC in 2018 was negatively correlated with TAPE per fruit, indicating that differences in SSC can be reduced by the precise management of crop load. The maximum between-tree variability in the mean SSC was 1.4%, which was similar to the data previously reported for ‘Gala’ apples (Hoehn et al., 2003; Pilar Mata et al., 2006). Within-tree SSC is additionally influenced by the fruit position in the canopy (Nilsson and Gustavsson, 2007) and, thus, fruit exposure to sunlight (Zhang et al., 2016), distance to the leaves, and other sink organs. In ‘Gala’/M.26 apples, the mean SSC between fruit from the inner and outer part of canopies differed up to 1.4% (Feng et al., 2014).

The estimation of FBC of each individual tree can be applied to develop VRAs of thinning. Mechanical VRA in thinning based on the flower set of the trees avoided over-thinning of each individual tree with a low flower set, which could increase the fruit yield by 1.4–7.6 t ha−1 (Penzel et al., 2021). Knowledge on the actual FBC of each individual tree may prevent overestimation and underestimation of thinning intensity and yield as confirmed in two commercial apple orchards earlier. The number of fruit per tree of 23%, 31% of the considered trees were below the FBC, although the per tree flower cluster numbers would have enabled to meet the FBC (Penzel et al., 2020). Yield reduction due to the uniform thinning of trees with variable FBC may be avoided by the knowledge on FBC.

However, for a precise VRA in crop load management of each individual tree, FBC needs to be analyzed each year since the FBC of each individual tree differs between the years (Figure 9). Individual LA of trees of the fully developed canopies may be estimated from the early season LA or the number of spurs and extensions that shoots in a growth model of growing degree days (Lakso and Johnson, 1990). Furthermore, when the actual crop load data of each individual tree will become available (Apolo-Apolo et al., 2020; Tsoulias et al., 2020a), the difference between FBC and the actual crop load will provide a decision support for each individual tree, enabling VR thinning.




CONCLUSION

The overall variability of LA per tree and the associated FBC were found in two consecutive years. This finding points to potentially erratic crop load management when field-uniform thinning intensity is applied.

The number of photons per fruit intercepted by the tree during the growing season determined fruit mass and SSC. To produce 80% of the fruit with a D > 65 mm, ≥7.4 MJ fruit−1 (2018), and ≥5.5 MJ fruit−1 (2019) were needed. Such values represented the LA to fruit ratio above 550 cm2 in the present orchard. The mean LA of 5.5 m2 provided the FBC ranging from 66 to 139 fruit when targeting varying harvest fruit diameters (65–80 mm). The corresponding TAPE per fruit ranged from 5.4 to 10.8 MJ fruit−1.

Consequently, the FBC to produce a desired mean fruit diameter per tree can be feasibly estimated based on the availability of LA data per tree. The branch autonomy considering source-to-sink and sink-to-sink distances needs to be further investigated, potentially by combining related models and advanced LiDAR readings distinguishing the type of leaf and fruit. With the carbon balance and new sensor data, the variable rate thinning adjusting the thinning intensity for each tree can, therefore, be supported.
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In the external coincidence model, internal and external molecular signals, provided by the circadian clock and sunlight, respectively, are required to induce flowering. Salicylic acid (SA) applications during floral induction have multiple effects. In the current study, Malus × domestica plants were exposed to SA during the flower-induction stage to analyze the effect on various health markers and flowering. A total of 56 equal-sized Fuji/M9 trees that were about 7 years old were randomly divided into two groups. The first group (SA-treated) was sprayed with 4 mM SA solution, while the second group was sprayed with distilled water which served as control (CK). The SA applications increased various leaf pigments. Abiotic stress markers were increased in CK during the flower-induction stage. In the SA-treated group, non-enzymatic antioxidants increased, whereas in the control group, enzymatic antioxidants increased during the flower-induction stage. Histo-morphometric properties of leaves were significantly improved in the SA-treated group. The relative expression of the mRNA levels of MdMED80, −81, −3, and −41 were significantly increased in SA-treated leaves, leading to an early and increased flowering phenotype. Thus, SA increased leaf expansion and health-related marker levels, which lead to early induction of flowering in M. domestica. Overall, our work established a role for leaf health assessments in the regulation of flowering in M. domestica.

Keywords: apple, antioxidant, chlorophyll, flowering, leaf pigments, mediator, porphyrin


INTRODUCTION

Salicylic acid (SA) is a natural phenolic plant hormone that is a leading candidate for improving salinity tolerance (Nazar et al., 2015). It plays vital physiological roles in nutrient uptake, growth, development, thermogenesis, ion absorption, flower induction, transport, stomatal movement, photosynthesis, and transpiration, which affect plant performance (Vlot et al., 2009; Hayat et al., 2010). Moreover, SA applications induce antioxidative enzyme activity, which in turn increases plant resistance to NaCl-related toxicity (He and Zhu, 2008). Exogenous SA sprays improve the morphometric properties of some vegetables, such as cucumber (Yildirim et al., 2008), tomato (Stevens et al., 2006), and summer squash (Elwan and El-Shatoury, 2014). Salicylic acid is also involved in endogenous signal transduction and mediates defense system responses against pathogens (Hayat and Ahmad, 2007) by upregulating disease-related proteins (Van Huijsduijnen et al., 1986). Therefore, it is important to understand the roles of exogenous SA applications during the flower-induction stage (FIS) in Malus × domestica.

Malus domestica is a fruit tree that is grown commercially in temperate regions worldwide (Velasco et al., 2010). However, alternate bearing in “Fuji”/”M9” trees results in the buds failing to regulate flowering during the FIS. Many approaches have been used to generate genetic, hormonal, physiological, and morphological indices of buds during the FIS. During the FIS, the initial flowering signal initiates at the leaf vasculature and then passes through the phloem to the buds (Corbesier et al., 2007). Leaf health-related markers represent salient traits that regulate whole-plant vigor and produce the primary signal for flower initiation. Healthy leaves readily detect any changes in photoperiod or exogenous/endogenous stimuli and transmit signals to the shoot apical meristem (SAM) (An et al., 2004; Corbesier and Coupland, 2006; Turck et al., 2008). The SAM is configured by changes in cell division, resulting in the floral primordia forming flowers rather than leaves. When Arabidopsis is exposed to long-day conditions it activates flowering, confirming that signals from leaves initiate flowering (Fornara et al., 2010). In maize, the presence of four to six leaves is required for the meristem to produce flowers, whereas in impatiens, the continued assembly of an inductive signal from leaves is required (Irish and Nelson, 1991; Irish and Jegla, 1997; Pouteau et al., 1997). It is important to understand the roles of exogenous SA applications during the FIS in M. domestica leaves. In addition, the primary tissues in which flowering-time genes are required to activate flowering have not been extensively studied in M. domestica. However, genes that initiate in leaves, and those that initiate in the meristem of pea and maize, have been distinguished (Colasanti and Sundaresan, 1997; Weller et al., 1997). Thus, we hypothesized that leaf health is a prominent factor in photoperiodic flowering. Healthier leaves capture more light to activate the primary gene signal in the leaf vasculature, and the signal passes through the phloem to the SAM to induce flowering (Corbesier et al., 2007).

Leaves are the most important and exposed parts of plants, and they support the plant’s growth and developmental functions. Leaves also sense a variety of environmental stimuli, such as light and temperature, to initiate flowering. Mediator proteins are found in all eukaryotes (Boube et al., 2002; Kornberg, 2005; Bäckström et al., 2007), being required for the transcriptional regulation of RNA polymerase II (Blazek et al., 2005). Previously, mediator proteins were biochemically purified from Arabidopsis (Bäckström et al., 2007) and rice (Bourbon, 2008; Mathur et al., 2011). The mediators phytochrome and flowering time 1 (PFT1) and cryptic precocious (CRP) have been reported as novel flower regulatory genes in Arabidopsis (Imura et al., 2012; Iñigo et al., 2012). Phytochrome proteins found in leaves encode light-absorbing pigments that control photo morphogenetic features in plants, such as stem elongation, seed germination, pigment formation, leaf expansion, chloroplast development, and flowering. Among these photoreceptors, PFT1 is a key component of the light-quality pathway, and it works downstream of phytochrome B (PhyB) to adjust the expression of flowering locus T (FT), which regulates flowering time in plants (Cerdán and Chory, 2003). In response to light, the photoperiodic pathway genes gigantea (GI) and constans (CO) induce flowering (Kim et al., 2008; Wollenberg et al., 2008), whereas PFT1 promotes flowering through CO-dependent and -independent mechanisms (Iñigo et al., 2012). Additionally, CRP is a newly discovered mediator gene for flowering that works with FT both downstream and upstream of the key flowering genes (Imura et al., 2012) in the leaves (Takada and Goto, 2003; Kobayashi and Weigel, 2007; Adrian et al., 2010; Imaizumi, 2010). The FT protein is expressed in the leaf, moves through the phloem to the SAM, and then, it triggers several positive floral regulators to set flower formation (Corbesier et al., 2007; Jaeger and Wigge, 2007; Mathieu et al., 2007; Notaguchi et al., 2008). CRP is required for regulation of fruitfull, suppressor of overexpression of constans 1, apetala1, twin sister of FT, FT, and bZIP protein FD, as well as the downregulation of flowering locus C (Imura et al., 2012).

Accurate daylight signals upregulate the FT protein, which triggers flowering (Xing et al., 2016, 2019). Three factors contribute to a high FT protein production. First, the coordinated expression of flavin-binding (FKF1), and GI by the circadian clock. Second, the stabilization of the FKF1–GI complex by light, and finally, the stabilization of the CO protein by light (Song et al., 2014). However, this whole process takes place in the leaves. Once FT is produced, it moves toward the buds and triggers the developmental processes that lead to flowering induction (Nelson et al., 2000; Sawa et al., 2007; Song et al., 2014). Thus, the leaf maintains the most important key signal that instructs buds when and how much to flower. However, leaf morphometric health assessments in response to SA applications during the FIS have been ignored in M. domestica. We hypothesized that SA treatments positively affect the leaf morphometric and health-related markers, thereby improving flowering induction. Therefore, this study was designed to investigate the roles of SA’s effects on morphometric and health-related markers of M. domestica leaf in regulating flowering time during the FIS.



MATERIALS AND METHODS


Experimental Site and Climatic Condition

The experimental site is located at Haisheng Modern Agriculture Company, Limited (Qianyang County, Baoji, Shaanxi, 34° 64′ N, 107° 13′ E) (Fan et al., 2019). Qianyang in the Shaanxi region of China has the best apple,-growing areas, where climatic conditions are favorable for apple production. In Qianyang, summers are humid, warm, and partly cloudy. Winters are dry, very cold, and mostly clear. Around the year, the temperature typically varies from −6.11°C to 29.44°C and is rarely below −10.55°C or above 33.88°C. Detailed monthly meteorological data of the experimental site is represented in Supplementary Table 2.



Experimental Design, Plant Treatment, and Sampling

A total of 56 equal-sized Fuji/M9 trees that were about 7 years old were selected in the apple farm. The trees were randomly and equally divided into two groups. We collected the fresh leaf samples adjacent to the buds at each time point of days after full bloom (DAF). We calculated 4-mM salicylic acid for 10 l of distilled water by using the 2021 GraphPad QuickCalcs tool1. The samples from day 0 from both groups were collected, and then the first group (SA treated) was sprayed with 4 mM SA solution, while the second group was sprayed with distilled water which served as control (CK). Both groups were sprayed two times on April 5, 2018, and 2 days later on April 7, 2018. Fresh leaves were collected eight times from each group at 10 days interval starting from 0 to 70 DAF. Half of the freshly collected leaves were directly frozen in liquid nitrogen and stored at −80°C. The remaining leaves were stored at 4°C for morphometric studies.



Morphometric Studies

Fresh leaf samples were harvested and sent to the laboratory at College of Horticulture, Northwest A&F University, Yangling, China for morphometric analysis. A total of 10 leaves from each group at each DAF were scanned using an Epson Perfect scanner (Model: V330 Photo, Epson, Indonesia) and then Leaf Auto-Compute software was used to calculate leaf width (cm), length (cm) and leaf area (cm2). An Ohaus digital scale (OHAUS Scale Corporation, Florham Park, NJ, United States) was used to observe leaf weight. In addition, leaves were placed in an oven at 60°C for 24 h to measure dry matter content (DMC).



Stress Marker Analysis

Freeze dried leaf samples were crushed into fine powder and stress marker were analyzed in the samples (Velikova et al., 2000).



Determination of Hydrogen Peroxide (H2O2) Content

Hydrogen Peroxide content was measured according to the previous protocol (Sergiev et al., 1997; Shi et al., 2005). A total of 0.5 g leaf tissue was homogenized and the absorbance of the supernatant at 390 nm was determined by using a spectrophotometer (Model: UV-1201, Shimadzu Spectrophotometer, Japan). The standard y-curve was used to calculate the H2O2 concentration.



Determination of Malondialdehyde (MDA) Content

MDA was assessed to determine lipid peroxidation by thiobarbituric acid in leaves tissue (Velikova et al., 2000).



Enzymatic Antioxidant

To measure enzymatic antioxidants, 0.5 g of leaves were crushed, homogenized with 5 mL of potassium phosphate buffer (10 mM, pH 7.0) and polyvinylpyrrolidone (4% w/v), and centrifuged at a rate of 12,000 × g, 4°C for 30 min (Sorvall ST16R, Thermo, United States). The upper phase was used to determine CAT (Gong et al., 2001), POD (Fernández-Trujillo et al., 2003) and SOD (Agarwal and Shaheen, 2007). POD activity was calculated by spectrophotometer and the increased absorbance at 470 nm was detected in phosphate buffer containing guaiacol (1 mM) and H2O2 (0.5 mM). One unit of POD is the amount of enzyme that increases the absorbance by 0.01/min. CAT activity was measured by observing a decrease in absorbance of phosphate buffer (50 mM, pH 7.5) with H2O2 (20 mM) at 240 nm. One unit of CAT is the amount of enzyme used at 1 mM H2O2 per min. The unit of SOD is the amount that reduces the absorbance value to 50% compared to the control (without enzyme).



Non-enzymatic Antioxidants

The concentration of ascorbic acid in leaves was measured according to the previous protocol (Tausz et al., 2004). Briefly, leaf tissue was homogenized with 1.5% (w/v) metaphosphoric acid containing 1 mM ethylenediaminetetraacetic acid, and the extract was subjected to HPLC analysis using water/methanol (3/1, v/v) with 0.05% (w/v) sodium dihydrogen phosphate monohydrate (pH 3.6), 1 mM hexadecylammonium bromide at a flow rate of 1 mL/min for 20 min and photodetection at 248 nm.



Leaf Pigment Analysis

For leaf pigments analysis, we used an acetone reagent to extract the leaf pigments and perform the extraction under subdued light as described in our previous report (Shah et al., 2017, 2018, 2019a,b, 2020).



Histology and Microscopy

Histological analysis of leaves was performed as described in our previously published reports (Shah et al., 2019a, 2020).



RNA Extraction, cDNA Synthesis, and mRNA Expression Analysis by RT-qPCR

Next we extracted total RNA from leaf samples by Plant Total RNA Isolation Kit Plus (Foregene, Chengdu, China) following the manufacturer’s instructions. RNA concentration was determined using a Nano-drop (1000 spectrophotometer NanoDrop Technologies, Wilmington, DE, United States). First strand cDNA was produced using 1 μg total RNA by using a PrimeScript RT Reagent Kit with gDNA Eraser (Takara Bio, Shiga, Japan). cDNA concentration was determined and diluted to 200 μg. PFT1 (MdMED80 and MdMED81) and CRP (MdMED3 and MdMED41) are highly involved in flowering (Imura et al., 2012; Iñigo et al., 2012), according to our phylogenetic analysis (unpublished) (Supplementary Figure 2), MdMED80, MdMED81, MdMED3, and MdMED41 were clustered within same phylogeny clade, possessing close homology with MdMED2, MdMED7, and MdMED72, and these genes were selected for RT-qPCR analysis. We designed primers using Premier 6.0 Biosoft International (Supplementary Table 1) and protein modeling and prediction analysis were constructed (Supplementary Figure 3) using Phyre2 web portal http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index (Kelley et al., 2015). The RT-qPCR reactions were prepared with SYBR Green qPCR Kit (TaKaRa) and Bio-Rad CFX 134 Connect Real-Time PCR Detection System (Bio-Rad, Hercules, CA, United States) with cycling protocol were as 95°C for 3 min, 40 cycles at 95°C for 15 s, 58°C for 20 s, and 72°C for 20 s. For normalization, the apple ACTIN gene was used (Wang et al., 2020; Tahir et al., 2021). Three biological replicates were performed for each sample with three technical replicates and the 2–Δ Δ Ct method was used to calculate relative gene expression (Livak and Schmittgen, 2001).



Statistical Analysis

We use GraphPad PRISM version 7.00 for windows GraphPad Software, San Diego, CA, United States, www.graphpad.com to statistically analyze our data. Student t-test was used to analyze the data. Results were expressed as means ± SD, significance values were presented as: ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001; ****p < 0.0001; while non-significant (ns) (p > 0.05).



RESULTS


Leaf Morphology

We primarily investigated the morphometric aspects of the leaf in response to SA treatment. At 0–20 DAF, we observed no significant difference in leaf weight (Figure 1A), width (Figure 1B), dry matter content (Figure 1D), and area (Figure 1E) between CK and SA treated groups, while these parameters were significantly increased at 30–70 DAF in SA treated group. Leaf length was not influenced by SA at 0–10 DAF, while at 20–70 DAF the leaf length was significantly increased in SA treated group (Figure 1C). These results suggested that SA has enhanced leaf growth during FIS. Since the leaf in CK treated groups showed reduced growth, we next examined the abiotic stress marker such as H2O2 and MDA.
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FIGURE 1. Effects of salicylic acid treatments on Malus × domestica leaf morphology during the flower-induction stage. (A) Leaf weight (mg), (B) Leaf width (cm), (C) Leaf length (cm), (D) Leaf DMC (mg), and (E) Leaf area (cm2). Results were expressed as means ± SD (n = 10), significance values were presented as: *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; while non-significant (ns) (p > 0.05).




Abiotic Stress Markers

Next, we sought to determine H2O2 and MDA contents in leaves of CK and SA treated plants. We found no significant difference in H2O2 (Figure 2A) and MDA content (Figure 2B) of CK and SA treated groups at 0–20 days of DAF, while at 30–70 DAF, H2O2, and MDA were significantly increased in the CK group. This indicated that the leaves of CK plants were experiencing some environmental stress such as heat and ultraviolet radiation (Supplementary Table 2) during the FIS. To confirm this phenomenon, we next sought to analyze antioxidant activity in leaves which might be affected in response to the increased ROS activity in CK treated groups.
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FIGURE 2. Quantification of hydrogen peroxide and malondialdehyde in salicylic acid-treated and control Malus × domestica leaves during the flower-induction stage. (A) H2O2 (μmole/g) and (B) Malondialdehyde (μmole/g). Results were expressed as means ± SD (n = 3), significance values were presented as: *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; while non-significant (ns) (p > 0.05).




Enzymatic Antioxidant

The release of enzymatic antioxidants is a dynamic process in plants that can prevent damage associated with various stressors (Gill and Tuteja, 2010). Initially, we found no significant difference in the SOD- (Figure 3A), POD- (Figure 3B), and CAT-content (Figure 3C) between CK and SA treated groups at 0–20 DAF. However, at 30–70 DAF, SOD- (Figure 3A), POD- (Figure 3B), and CAT-contents (Figure 3C) were significantly upregulated in CK treated plants. This showed that the control group M. domestica leaves in native field conditions were in stress during the FIS.
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FIGURE 3. Quantification of enzymatic antioxidants and non-enzymatic antioxidants in salicylic acid treated and control Malus × domestica leaves during the flower-induction stage. (A) Superoxide dismutase (U/g), (B) Peroxidase (U/g), (C) Catalase (U/g), (D) Ascorbic acid (mg/g) dry weight. Results were expressed as means ± SD (n = 3), significance values were presented as: *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; while non-significant (ns) (p > 0.05).




Non-enzymatic Antioxidant

Stability between ROS and non-enzymatic antioxidants is essential for maintaining plant health. Ascorbic acid take a significant part in plant leaf adaptation to a variety of physiological responses by regulating a cascade of spontaneous oxidation (Khan et al., 2011). Initially at 0–30, no significant difference was observed between CK and SA treated plants, whereas in SA treated group it was significantly upregulated at 40–70 DAF (Figure 3D).



Leaf Physiological Parameters

After observing the morphological influences of a leaf treated with SA, we sought to detect the leaf physiological parameters such as leaf chlorophyll pigments and their derivatives.



Chlorophyll Content

Weak chloroplast pigments are the primary consequence of plants indicating stunted leaf health and growth. Next, we examined various leaf pigments in the leaves of CK and SA treated plants at 30–70 DAF. We found that SA treatment upregulated the level of different leave pigments. Chlorophyll-a (Figure 4A), chlorophyll-b (Figure 4B), and total chlorophyll (Figure 4C) were significantly upregulated in SA treated plants from 30 to 70 DAF.
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FIGURE 4. Chlorophyll contents of Malus × domestica leaves in salicylic acid treated and control group during flower-induction stage. (A) Chlorophyll-a (μg/ml), (B) Chlorophyll-b (μg/ml), and (C) Total chlorophyll (μg/ml). Results were expressed as means ± SD (n = 3), significance values were presented as: *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; while non-significant (ns) (p > 0.05).




Porphyrin Content

Protoporphyrin, magnesium protoporphyrin, and protochlorophyllide are collectively called porphyrin, are critically important for chlorophyll biosynthesis. Protoporphyrin- (Figure 5A), magnesium protoporphyrin- (Figure 5B), and protochlorophyllide-contents (Figure 5C) were significantly upregulated in SA treated plants compared to CK from 30 to 70 DAF, except protoporphyrin at 30 DAF, which was not significant.
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FIGURE 5. Porphyrin contents of Malus × domestica leaves in salicylic acid treated and control group during flower-induction stage. (A) Protoporphyrin (nMole), (B) Magnesium protoporphyrin (nMole), (C) Protochlorophyllide (nMole). Results were expressed as means ± SD (n = 3), significance values were presented as: *p < 0.05; ***p < 0.001; ****p < 0.0001; while non-significant (ns) (p > 0.05).




Chlorophyllide Contents

Chlorophyllide-a and chlorophyllide-b are biosynthetic precursors of chlorophyll-a and chlorophyll-b, respectively. Therefore, the main interest of these compounds lies in the biosynthesis of chlorophyll in plants. Consequently, we analyzed the level of chlorophyllide contents in leave of M. domestica treated with SA and CK. Chlorophyllide-a (Figure 6A) and chlorophyllide-b (Figure 6B) were found significantly upregulated in SA treated plants at 30–70 DAF.
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FIGURE 6. Chlorophyllide content of Malus × domestica leaves in salicylic acid treated and control group during flower-induction stage. (A) Chlorophyllide-a (mMole) and (B) Chlorophyllide-b (mMole). Results were expressed as means ± SD (n = 3), significance values were presented as: **p < 0.01; ***p < 0.001; ****p < 0.0001; while non-significant (ns) (p > 0.05).




Pheophytin Content

Pheophytins are formed by weak acidification from chlorophyll, which lacks Mg2+ at the center. We observed a significant upregulation of pheophytin-a (Figure 7A) and pheophytin-b levels (Figure 7B) in SA treated plants at 40–70 DAF compared to CK.
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FIGURE 7. Pheophytin contents of Malus × domestica leaves in salicylic acid treated and control group during flower-induction stage. (A) Pheophytin-a (μg/ml), (B) Pheophytin-b (μg/ml). Results were expressed as means ± SD (n = 3), significance values were presented as: **p < 0.01; ***p < 0.001; while non-significant (ns) (p > 0.05).




Carotenoid Contents

We found significantly higher levels of carotenoids in SA treated plants from 30 to 70 DAF compared to CK (Figure 8A). While no-significant difference was found in polar carotenoid at 30 DAF and non-polar carotenoid at 30–40 DAF. The rest polar carotenoid and non-polar carotenoid were significantly upregulated in SA treated plants (Figures 8B,C).
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FIGURE 8. Carotenoid contents of Malus × domestica leaves in salicylic acid treated and control group during flower-induction stage. (A) Carotenoid (μg/ml), (B) Polar carotenoid (μg/ml), (C) Non-polar carotenoid (μg/ml). Results were expressed as means ± SD (n = 3), significance values were presented as: *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; while non-significant (ns) (p > 0.05).




Leaf Histology

To elucidate the response of SA to cell-based phenotypic traits during the flower-induction phase, histological analysis of leaves was performed to observe the micro phenotypes at the cellular level. The CK and SA treated laves cross sections of leaf blade are shown in Figure 9D. We observed the upregulation of leaf thickness 238.9 μm (Figure 9A), midrib width 1,090 μm (Figure 9B), and midrib area 1,234,351 μm2 (Figure 9C) in SA treated plants, while the minimums of 133.4 μm, 881.3 μm, and 713,890 μm2 were observed in CK treated plants, respectively. Figure 9D represents the anatomical images of CK and SA treated leaves. We used ImageJ software to measure various variables such as leaf thickness, midrib width, and midrib area.
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FIGURE 9. Leaf histological comparison between salicylic acid-treated and control Malus × domestica leaves at 70 days after full bloom during the flower-induction stage. (A) Leaf thickness (μm) (n = 16), (B) Midrib width (μm) (n = 6), (C) Midrib area (μm2) (n = 3), and (D) Anatomical histology of transverse section of the CK (left) and SA treated (right) leaf at 70 DAF with scale 200 μm at top left corner. Results were expressed as means ± SD, significance values were presented as: ∗∗∗p < 0.001; ****p < 0.0001; while non-significant (ns) (p > 0.05).




Gene Expression Pattern

MdMED80 and MdMED81 are known to be involved in the regulation of flowering time in response to light quality (Aukerman et al., 1997; Devlin et al., 1998; Cerdán and Chory, 2003). To elucidate the response of leaf expansion carried by SA, we performed the RT-qPCR of potential homologs of PFT1 and CRP genes. The relative expression pattern revealed the confirmatory evidences that support our hypothesis regarding floral induction. MdMED2 (Figure 10A) was found upregulated in CK treated plants at 30 DAF, however, it was significantly increased in SA treated plants at 40–50 DAF. MdMED7 (Figure 10C) and MdMED72 (Figure 10E) was significantly upregulated at 30 DAF in CK treated plants and became non-significant at 40–70 DAF. The MdMED80 (Figure 10F), and MdMED81 (Figure 10G) were significantly upregulated in SA treated plants at 30–70 and 50–70 DAF, respectively. MdMED3 (Figure 10B) and MdMED41 (Figure 10D) homologs of CRP was significantly increased at 60 DAF in SA treated plants. This demonstrated that under photoperiodic flowering, leaf health and expansion is key factor that contributes to absorption of accurate ratio of red to far-red light signal and activate flowering.
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FIGURE 10. Quantification of gene expression levels in salicylic acid treated and control Malus × domestica leaves during the flower-induction stage. (A) MdMED2, (B) MdMED3, (C) MdMED7, (D) MdMED41, (E) MdMED72, (F) MdMED80, and (G) MdMED81. Results were expressed as means ± SD (n = 3), significance values were presented as: *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; while non-significant (ns) (p > 0.05).




DISCUSSION

The growth and expansion of leaves enables plants to capture the appropriate ratio of red to far-red light signals and triggers a variety of processes, such as plant growth, photosynthetic mechanisms, and flowering. Leaf vigor and growth involve responses of many cell types to various environmental and internal cues (Shah et al., 2020). Here, SA-treated plants showed greater dry matter contents, which ultimately triggered leaf growth and expansion during the FIS (Figure 1). Salicylic acid treatments promote leaf growth in barley (Pancheva et al., 1996), leaf weight, leaf number (Hayat et al., 2005), leaf area and DMC in wheat (Hussein et al., 2007), as well as leaf pigments and the photosynthetic rate in maize (Khodary, 2004). Moreover, the leaf growth-promoting properties of SA are associated with changes in hormonal level in rosemary (Najafian et al., 2009), wheat (Shakirova et al., 2003), soybean (Gutiérrez-Coronado et al., 1998), and maize (Gunes et al., 2007).

Pattern recognition receptors identify conserved motifs in pathogens and represent systemic acquired resistance, which triggers an immune response through the activation of pathogenesis-related genes that require an SA accumulation (Conrath, 2006). This supports our findings regarding abiotic stress markers (Figure 2) and enzymatic antioxidative activities (Figure 3) in SA-treated plants that regulate leaf growth and increase the leaf area (Van Huijsduijnen et al., 1986; Hayat and Ahmad, 2007). Enhanced leaf growth, along with increased carotenoid and anthocyanin contents, result from the parallel increase in total leaf antioxidative activity (Eraslan et al., 2007).

Owing to the slow growth, small size and delicacy of CK-treated leaves during the FIS, stress-related marker increased (Figure 2), which increased the leaf temperature and caused heat stress. However, SA functions as a plant growth regulator and alleviates temperature under heat-stress conditions by influencing various physiological processes and biochemical reactions (Raskin, 1992; Wang et al., 2010; Nazar et al., 2011). During the FIS, CK plants underwent abiotic stress, as assessed by H2O2 and MDA levels; however, SA applications inhibited this effect. Ultraviolet radiation during FIS as shown in Supplementary Table 2 is proof of environmental stress that M. domestica plants suffer during FIS at native conditions. The SA treatment alleviate the stress in M. domestica plants caused by ultraviolet radiation and positively regulate leaf pigments and inhibit abiotic stress (Mahdavian et al., 2008a,b). The SA-treated leaves maintain cellular redox homeostasis (Durner and Klessig, 1995, 1996; Slaymaker et al., 2002); therefore, SA protects the chlorophyll structure and decreases lipid peroxidation (Uzunova and Popova, 2000), and loss of photosynthetic activity.

The biosynthesis of photosynthetic pigments is linked. The SA-treated group accumulated protoporphyrin by triggering the production of aminolevulinic acid, which is further converted to mg-protoporphyrin by the incorporation of magnesium into the center of the pyrrole ring. Next, the assembly of protochlorophyllide occurs by the reduction of the fourth pyrrole ring, which is then converted to chlorophyllide derivatives by the enzyme protochlorophyllide reductase (Reinbothe and Reinbothe, 1996). Chlorophyll and pheophytin are further synthesized from these derivatives, which initiate electron transfer (Shah et al., 2019a). Salicylic acid also increases the carotenoid content that chains light-absorbing phytochrome machinery and photoprotection. These circumstances enable the leaf to operate photosynthetic functions and initiate ascorbic acid production. This combined effect regulate leaf weight, leaf expansion and early photoperiodic fulfillment, which triggered MdMED80, −81, −3, and −41 (Figure 10), MdMED80, and MdMED81 to induce flowering in response to light quality (Bäckström et al., 2007). We also hypothesized that, owing to the positive regulation of health-related markers and leaf expansion, the canopy density increases, resulting in a decreased ratio of red to far-red light. The ability of an alteration in light quality to trigger a series of responses is termed shade avoidance syndrome. During this response, the stems lengthen at the expense of leaf expansion, and flowering is triggered (Halliday et al., 1994; Ballaré, 1999). PhyB is a photoreceptor for red/far-red light and plays an important role in response to light protection. The PhyB signal is transmitted to MdMED80 and MdMED81, and it regulates FT expression under appropriate light conditions (Aukerman et al., 1997; Devlin et al., 1998; Cerdán and Chory, 2003). In our results (Figure 10), the MdMED3 and MdMED41 homologs of CRP were significantly upregulated soon after the SA treatment, which supports the early flowering phenotype (Supplementary Figure 1). MdMED3 and MdMED41 are newly identified flowering-regulator genes having regulatory target steps both downstream and upstream of the key flowering regulators as well as the FT florigen (Imura et al., 2012) in leaf tissues (Takada and Goto, 2003; Kobayashi and Weigel, 2007; Adrian et al., 2010; Imaizumi, 2010). The FT florigen protein is expressed in the leaf, goes through the phloem to the SAM, and then stimulates several positive floral regulatory genes to initiate flower formation (Corbesier et al., 2007; Jaeger and Wigge, 2007; Mathieu et al., 2007; Notaguchi et al., 2008). MdMED3 and MdMED41 are required for the proper regulation of fruitfull, suppressor of overexpression of constans 1, apetala1, twin sister of FT, FT, and bZIP protein FD as well as the downregulation of flowering locus C (Imura et al., 2012). Three factors contribute to the high levels of FT protein production. First, there is the coordinated expression of FKF1 and GI, which is caused by the circadian clock. Second, there is the stabilization of the FKF1–GI complex by MdMED80 and MdMED81. Finally, there is the stabilization of the CO protein by MdMED80 and MDMED81. This whole process takes place in the leaves. Once FT is produced, it migrates to the buds, where it triggers the developmental processes that lead to flower production. Therefore, the enhanced regulation of leaf health-related markers, as well as increased leaf growth and expansion, allow the capture of sufficient light to stimulate MdMED80 and MdMED81 signaling and, in turn, initiate the flowering process. This was in strong agreement with our flowering phenotype observations (Supplementary Figure 1). This implies that maximum leaf pigmentation and expansion result in vigorous and profuse flowering during the FIS.

In our histological study (Figure 9), maximum leaf thickness, midrib width and area in SA-treated plants during the FIS confirmed the enhanced leaf morphological indices and photosynthetic pigment levels. These may have resulted from SA, xyloglucan endotransglucosylase/hydrolase, a potential target of angustifolia, MdMED80 and MdMED81 genes that regulate leaf width through cell-wall loosening and cell expansion (Kim et al., 2002; Rose et al., 2002; Xu and Li, 2011). In summary, SA applications enhanced M. domestica leaf micromorphology to produce signals involved in the flowering process, as shown in Figure 11.


[image: image]

FIGURE 11. Schematic illustration of the effects of salicylic acid treatments on leaf health-related markers, expansion and early flowering induction in Malus × domestica during the flower-induction stage. Green and red arrows represent upregulation and downregulation, respectively, while black arrowheads point toward the next biological phase.


Plants are complex systems that require a whole range of processes to satisfy their needs and increase their yield. Some specific functions vary from plant to plant, such as flowering behavior in M. domestica, which is related to growth behavior. The flowering behavior of annual plants is different than those of biennial and perennial plants. Similarly, long-day and short-day plants may bear flowers owing to different physiological behaviors. Therefore, plant species do not flower at the same time of year (Jung and Müller, 2009; Xing et al., 2014; Morente-López et al., 2018). Consequently, plants flower in all four seasons, such as Iris germanica in summer (Xu et al., 2017), Chrysanthemum indicum in fall (He et al., 2016), the Galanthus nivalis in winter (Weryszko-Chmielewska and Chwil, 2016) and tulip in spring (Sagdic et al., 2013). The plant’s foliage gathers information from consistent seasonal environmental factors, with day length being the most predictable. The duration of daylight increases in spring and summer before decreasing in fall and winter. This pattern depends on the earth’s motion around the sun, which occurs the same way at the same time every year. Because photoperiod is so predictable, it is the main signal that plant leaves rely on to keep track of the seasons and to flower at the appropriate time. Lorenzo et al. (2019) reported that shade delays flowering, but under normal consistent light conditions, the next most predictable factor that delays flowering is lower leaf health and expansion, because these leaves cannot capture the required light quantity. Thus, SA acts as a potential regulator of leaf health during the FIS and may influence flowering.



CONCLUSION

In summary, the current study showed that SA improved leaf health-related marker and leaf growth, which are critical during the FIS in M. domestica. We showed that, during the FIS, CK plants exhibited alternate bearing and a late flowering phenotype owing to stunted leaf growth, increase ROS production, deteriorated plant pigments, and weak histological traits, confirming the poor performance of M. domestica leaves during the FIS and hence delayed flowering phenotype. Salicylic acid applications during the FIS induced flowering and overcame the alternate bearing and late flowering phenotype. This study helped to explore the roles of SA and importance of leaf assessments during the FIS. We recommend that improvement of leaf profile be used as a primary tool of plant breeders to assess floral induction in plants.
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Does a Large Ear Type Wheat Variety Benefit More From Elevated CO2 Than That From Small Multiple Ear-Type in the Quantum Efficiency of PSII Photochemistry?
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Recently, several reports have suggested that the growth and grain yield of wheat are significantly influenced by high atmospheric carbon dioxide concentration (CO2) because of it photosynthesis enhancing effects. Moreover, it has been proposed that plants with large carbon sink size will benefit more from CO2 enrichment than those with small carbon sink size. However, this hypothesis is yet to be test in winter wheat plant. Therefore, the aim of this study was to examine the effect of elevated CO2 (eCO2) conditions on the quantum efficiency of photosystem II (PSII) photochemistry in large ear-type (cv. Shanhan 8675; greater ear C sink strength) and small multiple ear-type (cv. Early premium; greater vegetative C source strength) winter wheat varieties. The experiment was conducted in a free air CO2 enrichment (FACE) facility, and three de-excitation pathways of the primary reaction of PSII of flag leaf at the anthesis stage were evaluated under two CO2 concentrations (ambient [CO2], ∼415 μmol⋅mol–1, elevated [CO2], ∼550 μmol⋅mol–1) using a non-destructive technique of modulated chlorophyll fluorescence. Additionally, the grain yield of the two varieties was determined at maturity. Although elevated CO2 increased the quantum efficiency of PSII photochemistry (ΦPSII) of Shanhan 8675 (SH8675) flag leaves at the anthesis stage, the grain number per ear and 1,000-kernel weight were not significantly affected. In contrast, the ΦPSII of early premium (ZYM) flag leaves was significantly lower than that of SH8675 flag leaves at the anthesis stage, which was caused by an increase in the regulatory non-photochemical energy dissipation quantum (ΦNPQ) of PSII, suggesting that light energy absorbed by PSII in ZYM flag leaf was largely dissipated as thermal energy. The findings of our study showed that although SH8675 flag leaves exhibited higher C sink strength and quantum efficiency of PSII photochemistry at the anthesis stage, these factors alone do not ensure improved grain yield under eCO2 conditions.

Keywords: elevated CO2, chlorophyll fluorescence, quantum efficiency, PSII photochemistry, winter wheat variety


INTRODUCTION

According to the IPCC (The Intergovernmental Panel on Climate Change) report, atmospheric CO2 concentration has been on an increase since the industrial revolution and is predicted to increase to 550 μmol⋅mol–1 in 2,050 and 1,020 μmol⋅mol–1 (RCP8.5) by the end of the century (Stocker et al., 2013; Dier et al., 2019). Atmospheric CO2 is an essential environmental factor necessary for photosynthesis, and it is commonly believed that photosynthesis is stimulated by elevated CO2 (eCO2) in C3 crops, because the ribulose-1,5-bisphosphate carboxylase-oxygenase (RuBisCO) is not substrate-saturated under the current ambient CO2 (aCO2) concentrations (Long et al., 2006; Aranjuelo et al., 2013). As one of the most important C3 food crop, wheat (Triticum aestivum L.) has been demonstrated to be highly sensitive to climatic and environmental variations (Misra and Chen, 2015; Pandey et al., 2018; Urban et al., 2018). Several studies have examined the effects of eCO2 on wheat photosynthesis; however, most of the studies focus on the dark phase of photosynthesis. Moreover, the effect of eCO2 on the primary reaction of photosystem II (PSII) in wheat is not fully understood. Primary reactions of photosystems mainly involve converting light energy into a primary form of chemical energy (Mathis and Rutherford, 1987). Effective photosynthesis involves optimum light absorption by the photosystem and the use of absorbed light quanta in subsequent oxygen-evolving reactions (Barber, 2016). Therefore, there is a need to examine the primary reaction of PSII in wheat photosynthetic organs under future eCO2 environments for sustainable wheat production.

Earlier studies on crop responses to elevated CO2 suggested significant genotypic variability in growth and yield (Ziska et al., 2012; Tausz et al., 2013; Tausz-Posch et al., 2015; Erice et al., 2019). The differences in light energy dissipative mechanisms between varieties in response to eCO2 might offer opportunities for the selection and breeding of high grain yield varieties for future production conditions. In cereals, it has been suggested that the source-sink relationship is a key factor for photosynthetic efficiency response to elevated CO2 (Uddling et al., 2008; Tausz et al., 2013). It has been proposed that plants are capable of avoiding photosynthetic downregulation because of their ability to increase C sink strength (Aranjuelo et al., 2009). It is of great interest to know how elevated CO2 will influence photosynthetic CO2 fixation, photoassimilates metabolism, and source-sink relationships in different varieties.

In wheat plants, photoassimilates accumulate mainly in the form of starch in the steams and in the form of sucrose in the flag-leaf before heading. After heading, the stored sugar is remobilized and transported to the ears, the new sink organs. The contribution of carbohydrate assimilated before anthesis to grain yield is in the range of 20∼40% of grain yield (Cock and Yoshida, 1972). However, little information has been reported on the carbon metabolism and allocation of photoassimilates in wheat varieties with different ear types and sizes under elevated CO2. Identifying wheat varieties that can permit full utilization of photosynthetic capacity is crucial for breeding high-photosynthesis potential varieties that are suitable for growth under elevated CO2 environments. Hence, the main objective of this study was to analyze the responses of large ear type and small multiple ear-type winter wheat varieties to elevated CO2 concentrations using modulated chlorophyll fluorescence detection technology.

The modulated chlorophyll fluorescence detection technology can rapidly capture fluorescence signals originating only from the plants and highly sensitive physiological responses to plant physiological status, particularly the responses of PSII activity to environmental changes (Feng et al., 2015; Goltsev et al., 2016; Banks, 2018; Osipova et al., 2019). Moreover, it can also identify the physiological conditions of plants at larger spatial and temporal scales (Zarco-Tejada et al., 2002). Additionally, chlorophyll fluorescence detection can explain the stepwise flow of energy through PSII from light absorption, dissipation, and electron transport for photochemical reactions (Kalaji et al., 2014). Therefore, in the present study, we adopted chlorophyll fluorescence detection technology to explore the effects of eCO2 on the quantum efficiency of PSII photochemistry in large ear and small multiple ear-type wheat varieties. The objectives of the study were: (i) to analyze the effect of eCO2 on chlorophyll fluorescence, photochemistry, and thermal dissipation in large ear and small multiple ear-type wheat varieties; (ii) to determine whether large ear type winter wheat variety with greater ear C sink strength (var. Shanhan 8675) possess higher quantum efficiency of PSII than that does the small multiple ear-type variety (cv. Early premium) under eCO2 environment; and (iii) to analyze the correlation between yield parameters and photosynthetic parameters, and to explore their responses to eCO2. The main hypothesis of this study is that the PSII primary photochemistry reaction of large-ear wheat variety responds positively (higher quantum efficiency of PSII photochemistry and lower non-photochemical energy dissipation quantum) to elevated CO2.



MATERIALS AND METHODS


Experimental Site and Mini-FACE System

The experiment was conducted in a wheat-maize rotation mini-free air carbon dioxide enrichment system of Chinese Academy of Agricultural Sciences (CAAS-FACE system) in Changping (40°10′N, 116°14′E), Beijing, China, from 2016 to 2017. The soil (0–0.20 m) used for the study was a clay loam with pH (soil:water ratio of 1:5) of 8.4, organic C content of 14.10 g⋅kg–1, total N of 0.82 g⋅kg–1, available phosphorus of 19.97 mg⋅kg–1, and ammonium acetate extractable potassium of 79.77 mg⋅kg–1. The mean rainfall and temperature during the wheat growth period were 203 mm and 8.0°C, respectively (Figure 1). The Mini-FACE system consisted of 12 experimental plots, including six eCO2 rings (550 ± 17 μmol⋅mol–1) and six ambient CO2 (aCO2) rings (415 ± 16 μmol⋅mol–1), each with a diameter of 4 m. The experimental plots were at least 14 m apart to minimize cross-contamination of CO2 between the experimental treatments (Han et al., 2015). The CO2 enrichment treatment was accomplished using eight steel release pipes arranged like octagon corners, which released CO2 gas (Figure 2). In the case of eCO2 treatment, CO2 enrichment commenced 1 week after sowing and terminated at maturity. The CO2 concentration was maintained at 550 ± 17 μmol⋅mol–1 throughout the study period.
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FIGURE 1. Rainfall (mm) and daily temperature (°C) at the wheat-maize rotation CAAS-FACE system in Changping, Beijing, China, from sowing of winter wheat until maturity during 2016–2017 experiment years.
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FIGURE 2. Mini-free air carbon dioxide enrichment system of Chinese Academy of Agricultural Sciences (CAAS-FACE system) in Changping, Beijing, China.




Plant Material and Fertilization

Two winter wheat (Triticum aestivum L.) varieties, SH8675 and ZYM, were selected for this study. According to the ear traits and harvest index (HI), SH8675 is regarded as a large-ear variety, while ZYM is regarded as a small-ear variety (Table 1). The winter wheat varieties were sown in each of the CO2 treatment plots at the same time, with a plot area of 3.75 m2. The planting density of SH8675 and ZYM wheat was 333 plants per square meter and rows interval was 20 cm in elevated CO2 rings (∼550 μmol⋅mol–1) and ambient CO2 rings (∼415 μmol⋅mol–1), with three replicates per treatment. The varieties were planted randomly in each plot to minimize the effects of soil variation. Granular urea (N, 46%), diammonium phosphate (N:P2O5 13:44%), and potassium chloride (K2O, 60%) were applied as basal fertilizers at the rates of 100 kg⋅hm–2, 165 kg⋅hm–2, and 90 kg⋅hm–2, respectively. At the jointing stage, granular urea was applied as side dressing at a rate of 100 kg⋅hm–2 on April 28, 2017. Irrigation was applied twice during the entire growing season of the winter wheat: the wintering irrigation at a rate of 750 m3⋅hm–2 on November 23, 2016, and spring irrigation at a rate of 750 m3⋅hm–2 was applied at the jointing stage after side dressing fertilization.


TABLE 1. Ear traits and the ratio of harvest index of SH8675 and ZYM wheat varieties.
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Chlorophyll Fluorescence Measurements

Chlorophyll fluorescence parameters were measured using a pulse amplitude modulation fluorometer (MINI-PAM, Heinz Walz, Germany). Chlorophyll fluorescence measurements were performed using intact flag leaves (three plants from each CO2 treatment) at 9:00–11:30 at half-way anthesis stage (DC 65) (Zadoks et al., 1974). Generally, SH8675 reaches anthesis (213 d) earlier than ZYM (216 d). However, in the present study, both varieties reached anthesis on the same day under CO2 and eCO2 conditions. The leaves were dark-adapted for 20 min with leaf clips to determine the ambient temperature fluorescence of dark-adapted leaf when all reaction centers are open and closed (Fo and Fm, respectively). Fo was measured under a weakly modulated measuring light (< 1μmol photons m–2s–1), and the leaves were immediately illuminated with an intense saturating pulse light (8,000 μmol photons m–2s–1, pulse time, 1s) to obtain Fm. The leaves were then light-adapted for 20 min, then turn on the actinic irradiation until the fluorescence reaches a steady state, the steady-state chlorophyll fluorescence (Fs) was measured, and Fm′ in the light-adapted state was estimated under saturated pulse light. According to previous studies, other parameters were calculated using the formulae given in Table 2.


TABLE 2. Legends and formulae for the calculation of chlorophyll fluorescence parameters.

[image: Table 2]


NSC Measurement and Calculation

Non-structural carbohydrates (NSC) were extracted from plants at the anthesis stage. Leaf samples were placed in paper bags, deactivated at 150°C, and then dried at 80°C to a constant weight. The samples were ground and sieved through a 0.5 mm sieve. Sucrose and starch contents were measured using a resorcinol reagent and 3,5-dinitrosalicylic acid colorimetry reagent according to the procedures described by Wang et al. (2019). The sucrose and starch contents of the samples were determined spectrophotometrically using a multimode microplate reader (Infinite 200 PRO Nano Quant, Tecan, Switzerland). In this study, sugar and starch concentrations were estimated for NSC (Pan et al., 2011).



Statistical Analysis

Statistical analysis of the data generated in this study was performed using SPSS 18.0 and EXCEL 2016. The experiment was arranged in a split-plot design with the plots arranged in randomized complete blocks; and the CO2 concentrations (ambient or elevated CO2) were the whole-plot treatment and the winter wheat varieties with different ear-types were the split-plot treatment. A general linear model was used to estimate the main effects of CO2 and variety, as well as their interactions. Analysis of variance (ANOVA) was used to test for statistical significance to determine the differences between treatment means. Mean values were compared using the least significant difference (LSD) test and the means were considered significant at p < 0.05.




RESULTS


Chlorophyll Fluorescence Yield and Attenuation

There was a 24.7% decrease (p < 0.05) in the Fm′ of ZYM and a 14.0% decrease (p < 0.05) in the Fs of SH8675 under eCO2 condition (Table 3). However, there were no significant differences in the Fm′ and Fs of the two varieties under eCO2 condition (Table 3). There was a 14.8 and 15.4% decrease (p < 0.05) in the ΔFv and ΔFv/Fo ratio of ZYM, respectively, under eCO2 condition; moreover, the ΔFv/Fo ratio of ZYM was significantly lower (p < 0.05) than that of SH8675 under eCO2 condition (Table 3). There was a 10.9% increase (p < 0.05) in the Rfd of SH8675 under eCO2 condition (Table 3); however, there was no significant difference in the Rfd of the two varieties under eCO2 condition (Table 3).


TABLE 3. Effects of elevated CO2 on chlorophyll fluorescence emission and attenuation of two winter wheat varieties.
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Chlorophyll Fluorescence Quenching Coefficients

Elevated CO2 had no significant effect on the qP of the two winter wheat varieties; moreover, the effect of the varieties on qP was not significant (Figure 3A). However, eCO2 increased (p < 0.05) the qN of ZYM and SH8675 by 130.3 and 64.8%, respectively. Moreover, the qN of ZYM was significantly higher (p < 0.05) than that of SH8675 (Figures 3B,C), indicating that eCO2 significantly increased the thermal dissipation potential (more light energy absorbed by PSII was dissipated thermally) of ZYM compared with that of SH8675.


[image: image]

FIGURE 3. Effects of eCO2 on the qP and qN of two winter wheat varieties (A–C). Measurements were carried out on intact flag leaves. Data represent the mean of three plants from each plot ± SD (standard error) bars. ANOVA results with * indicate significance at p < 0.05. Vertical bar in Figure 3B indicates LSD (p < 0.05) for qN. Differences in the qN of the varieties in response to eCO2 is showed in Figure 3C.




Non-photochemical Excitation Energy Dissipation

ΦNPQ and ΦNO are positively related to light energy utilization in photochemical reactions. Elevated CO2 increased (p < 0.05) the ΦNPQ of ZYM and SH8675 by 106.4 and 50.9%, respectively (Figure 4A). However, the ΦNPQ of ZYM was significantly higher than that of SH8675 (Figure 4C), indicating that eCO2 significantly increased the thermal dissipation of ZYM, which resulted in lower quantum efficiency of PSII photochemistry. While elevated CO2 had no significant effect on the ΦNO of ZYM and SH8675 (Figures 4B,D).
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FIGURE 4. Effects of elevated CO2 on non-photochemical dissipation of two winter wheat varieties. Measurements were carried out on intact flag leaves. Data represent the mean of three plants from each variety plot ± SD (standard error) bars. ANOVA results with * indicate significance at p < 0.05. Vertical bars in (A,B) indicate LSD (p < 0.05) for ΦNPQ and ΦNO, respectively. Differences of ΦNPQ and ΦNO between varieties in responses to eCO2 are shown in (C,D), respectively.




Photosynthetic Activity of PSII

Elevated CO2 did not significantly affect the Fv/Fm ratio of the two varieties (Figure 5A). However, elevated CO2 increased the ΦPSII of SH8675 by 16.3% (p < 0.05), but decreased that of ZYM by 9.9%.
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FIGURE 5. Effects of elevated CO2 on the ΦPSII and Fv/Fm ratios of two winter wheat varieties (A–C). Measurements were carried out on intact flag leaves. Data represent the mean of three plants from each plot ± SD (standard error) bars. ANOVA results with * indicate significance at p < 0.05. Vertical bars in (B,C) indicate LSD (P < 0.05) for ΦPSII and Fv/Fo ratio, respectively. Differences of ΦPSII between varieties in responses to eCO2 are shown in (C).




Carbohydrate Contents of Flag Leaves and Biomass at Anthesis Stage

For the large-ear variety, the levels of sucrose increased by 15.9% and the levels of starch in the flag leaves declined by 18.6% under elevated CO2 for SH8675. Contrast with the small multiple ear variety-ZYM, a larger amount of starch accumulated in the high-CO2 grown leaves than in the controls, while the sucrose contents were decreased by CO2 enrichment (Table 4). Additionally, there was a significant increase in the ear weight per unit area of the two varieties under eCO2 condition. However, the ear weight per unit area of SH8675 was 30.2% higher (p < 0.05) than that of ZYM (Table 4).


TABLE 4. Effects of elevated CO2 on agronomic characters of two wheat varieties at anthesis stage.
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Grain Number per Ear and 1,000-Kernel Weight

There were no significant differences in the grain number per ear and 1,000-kernel weight between the varieties under eCO2 condition (Figure 6A). However, the grain number per ear of SH8675 was 31.1% higher (p < 0.05) than that of ZYM (increased by 16.3%) under eCO2 condition (Figure 6A). Although, aCO2 did not significantly affect grain numbers per ear and 1,000-kernel weight of the two varieties, SH8675 had a greater 1,000-kernel weight than that did ZYM under the two CO2 treatments (Figure 6B).
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FIGURE 6. Effects of elevated CO2 on grain number per ear and 1,000-kernel weight of two winter wheat varieties (A,B). Measurements were carried out at maturity stage. Data represent the mean of three plants from each plot ± SD (standard error) bars. ANOVA results with * indicate significance at p < 0.05.





DISCUSSION

In the present study, we examined the effect of elevated CO2 on the primary reaction of PSII and carbon allocation in two winter wheat varieties with different ear C sink strengths. The results of the study showed that the greater ear C sink strength of SH8675 was beneficial for improved quantum efficiency of PSII photochemistry (ΦPSII) and the carbon allocation of the flag leaf under eCO2 at the anthesis stage. The carbohydrate content response to elevated CO2 varied in different ear type wheat varieties. For the high CO2 grown leaves, the starch content of SH8675 was significantly lower than that of the control, while that of ZYM was opposite. These results suggest that the high-CO2 grown leaves may function as stronger sinks for small multiple ear variety than the control leaves. It seems that excess carbohydrates produced by ZYM exposed to elevated CO2 and originally destined for storage in the stems and ears might be accumulated in the flag leaves, which are normally weak sinks.

However, the grain number per ear and 1,000-kernel weight of the wheat plants were not significantly affected by CO2 concentrations or varieties (Figure 6). In contrast, a lower ΦPSII was observed in the flag leaf of ZYM at the anthesis stage, which was caused by an increase in the ΦNPQ of PSII, suggesting that light energy absorbed by PSII in ZYM flag leaf was largely dissipated as thermal energy compared to that utilized for photochemical reaction. Furthermore, the results of correlation analysis showed that although eCO2 induced significant changes in the quantum efficiency of PSII photochemistry, these changes were not significantly correlated with grain number per ear and 1,000-kernel weight at the maturity stage in both wheat varieties (Figure 7). This result indicates that large ear type with high ear C sink strength alone does not necessary ensure effective utilization of eCO2 for grain yield. However, at the anthesis stage, ear C sink strength improved the quantum efficiency of PSII photochemistry of flag leaf in response to eCO2 condition (Figures 7, 8).
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FIGURE 7. Correlations between grain number per ear (GNE), 1,000-kernel weight (GW), ΦPSII, Fv/Fm, ΦNO, ΦNPQ, Fo, Fm, Fo′, Fm′, Fs, ΔFv, Rfd, and ΔFv/Fo in SH8675. Spearman’s rank correlation coefficient-based correlograms of the measured parameters on plants grown under elevated CO2. The color of each square indicates the value of the correlation coefficient for each pair of traits following the color scale of the vertical color bar. The red and blue circles indicate negative or positive correlations between parameters, respectively.
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FIGURE 8. Correlations between grain number per ear (GNE), 1,000-kernel weight (GW), ΦPSII, Fv/Fm, ΦNO, ΦNPQ, Fo, Fm, Fo′, Fm′, Fs, ΔFv, Rfd, and ΔFv/Fo in ZYM. Spearman’s rank correlation coefficient-based correlograms of the measured parameters on plants grown under elevated CO2. The color of each square indicates the value of the correlation coefficient for each pair of traits following the color scale of the vertical color bar. The red and blue circles indicate negative or positive correlations between parameters, respectively.


Light absorption by PSII is converted into energy, and most of the excitation energy is used for photosynthesis, a portion of the excitation energy is dissipated as heat, and a small percentage is emitted in the form of fluorescence (Maxwell and Johnson, 2000). Previous research has reported that elevated CO2 significantly increases PSII photochemical activity in cereal crops (Wang et al., 2015). Besides that, eCO2 led to decreases in both photorespiration rates and oxidative pressure was reported frequently (Leakey et al., 2009; Marçal et al., 2021). In the present study, the PSII photochemical activities of the two varieties in response to elevated CO2 were different (Figure 4C). There was a significant decrease in the ΦPSII of ZYM under eCO2 condition (Figure 5B), which was caused by an increase in the qN of ZYM (Figure 3B), as indicated by the high ΦNPQ of the flag leaves of ZYM (Figure 4A). Increased thermal dissipation in light-harvesting complexes competes with photochemistry for absorbed excitation energy, resulting in a decreased ΦPSII (Yamamoto, 2016; Chen et al., 2018; Li et al., 2019). Therefore, it can be speculated that a large proportion of absorbed excitation energy of PSII in ZYM was dissipated as thermal energy, with lesser amount of energy used in photochemical processes. In contrast, eCO2 caused a 11.9 and 10.3% decrease in ΦNPQ and ΦNO of SH8675, respectively (Figures 4A,B); the ΦPSII of SH8675 increased with increase in CO2 concentration from 415 μmol⋅mol–1 to 550 μmol⋅mol–1 (Figure 5B). Additionally, the Rfd value of SH8675 was significantly increased by eCO2, indicating that the potential photosynthetic activity of SH8675 was higher under eCO2 than that under CO2. Rfd is a vital indicator of the photosynthetic activity of plant leaf (Tuba et al., 1994), with a higher Rfd value indicating a higher photosynthetic rate (Lichtenthaler et al., 2005). Previous research has shown that plants increase non-photochemical quenching, with a down-regulation of PSII activity that causes a decrease in the photosynthetic carbon metabolism (Aljazairi et al., 2014; Mathobo et al., 2017). However, in this study, although eCO2 reduced the ΦPSII of the flag leaf of ZYM at the anthesis stage, the grain number per ear and 1,000-kernel weight did not change significantly. Similarly, although eCO2 increased the ΦPSII of the flag leaf of SH8675 at anthesis stage, the number per ear and 1,000-kernel weight were not significantly affected. These results lead us to ask if the responses of three de-excitation pathways to elevated CO2 differ due to different ear types in winter wheat varieties. The quantum efficiency of PSII photochemistry (ΦPSII) can be used to estimate the photosynthetic performance of the two varieties under both CO2 concentrations. In the present study, the wheat varieties were sensitive to eCO2. The ΦPSII of SH8675 and ZYM were positively and negatively affected by elevated CO2, respectively. Hence, when CO2 increased to 550 μmol⋅mol–1, the PSII of SH8675 had a higher energy conversion efficiency than that did ZYM (Figures 5B,C). By analyzing the agronomic characteristics of these two winter wheat varieties, we found that the ear and leaf weights of SH8675 had the same response trend to elevated CO2 as that of ΦPSII (Table 4). Additionally, eCO2 increased the sucrose ratio of the NSC of SH8675 flag leaf, but reduced the starch ratio (Table 4). Sucrose is the primary product of the source and substrate sink, and plays an important role in NSC metabolism and transfer into the ear (Griffiths et al., 2016; Weichert et al., 2017). Therefore, the above results indicated that under elevated CO2 condition, the flag leaf of the large-ear variety exhibited enhanced capacity for light energy utilization and an efficient translation of carbohydrates into the ear at the anthesis stage. Thus, efficient carbohydrate transport is important for the efficient utilization of light energy by winter wheat flag leaves, which is necessary for sustainable wheat farming under future climate change scenario. This is confirmed by the results of previous studies, which showed that sink-source imbalance can cause an accumulation of total non-structural carbohydrates (soluble sugar and starch) in source leaves, leading to a decrease in the photosynthetic capacity of leaves (Kasai, 2008; Daisuke et al., 2019). However, for the small multiple-ear variety, ZYM, a large quantity of energy absorbed by the flag leaves was largely dissipated as thermal energy, with limited amount being utilized for photochemical reaction under eCO2 condition. This could also be explained by the carbohydrate transfer theory, in which we analyzed NSC data and found that eCO2 increased the starch ratio of the NSC content of ZYM flag leaf, which can cause a decrease in the translocation of carbohydrates and subsequently, a decrease in ear weight (Table 4).

Furthermore, the effect of eCO2 on the ear weight of the two varieties at anthesis did not reflect in the grain number per ear and 1,000-kernel weight of the varieties at maturity stage. The reasons for this will be subject to further research. The methods need to be improved to explore the enzymatic activities of carbon metabolism and metabolites produced in photorespiration pathway, this is the limitations of the approach used in this study.



CONCLUSION

In summary, the findings of the present study suggest that the high ear C sink strength of SH8675 improved the quantum efficiency of PSII photochemistry of the flag leaf in response to elevated CO2 and the translation of carbohydrates into the ear at the anthesis stage. In contrast, light energy absorbed by PSII in the ZYM flag leaf was largely dissipated as thermal energy, with relatively lesser amount being utilized for photochemical reaction; this resulted in a decrease in the translocation of carbohydrate to the ear and consequently a decrease in ear weight at the anthesis stage. However, the improvement in the quantum efficiency of PSII photochemistry of SH8675 flag leaf was not significantly correlated with grain number per ear and 1,000-kernel weight at maturity stage. Overall, the findings of our study indicate that high light utilization and high C sink strength alone does not necessarily ensure increased grain yield in wheat under eCO2 conditions.
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Maize (Zea mays L.) is one of the main cereals grown around the world. It is used for human and animal nutrition and also as biofuel. However, as a direct consequence of global climate change, increased abiotic and biotic stress events have been reported in different regions of the world, which have become a threat to world maize yields. Drought and heat are environmental stresses that influence the growth, development, and yield processes of maize crops. Plants have developed dynamic responses at the physiological, biochemical, and molecular levels that allow them to escape, avoid and/or tolerate unfavorable environmental conditions. Arthropod herbivory can generate resistance or tolerance responses in plants that are associated with inducible and constitutive defenses. Increases in the frequency and severity of abiotic stress events (drought and heat), as a consequence of climate change, can generate critical variations in plant-insect interactions. However, the behavior of herbivorous arthropods under drought scenarios is not well understood, and this kind of stress may have some positive and negative effects on arthropod populations. The simultaneous appearance of different environmental stresses and biotic factors results in very complex plant responses. In this review, recent information is provided on the physiological, biochemical, and molecular responses of plants to the combination of drought, heat stress, and the effect on some arthropod pests of interest in the maize crop.
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INTRODUCTION

Plants are exposed to a wide range of abiotic and biotic stresses that induce a disruption in plant metabolism (Atkinson and Urwin, 2012; Zhang and Sonnewald, 2017; Vemanna et al., 2019) which, in turn, leads to a reduction in growth and yield (Rejeb et al., 2014; Pandey et al., 2017). These types of stresses are common in many agricultural areas around the world, and represent one of the main threats of interest to crop productivity worldwide (Sewelam et al., 2014; Chojak–Koźniewska et al., 2018). Drought (water deficit in the soil or plant water scarcity), heat (elevated air temperature), cold, salinity, high light intensity, high CO2 concentrations, weeds, diseases, and pests are some of the abiotic and biotic stresses that have been studied the most (Suzuki et al., 2014; Pandey et al., 2017). The majority of the studies on the different types of stresses have been carried out individually and under controlled conditions, whereas field studies generally show the effect of the combination of such factors (Mittler, 2006; Suzuki, 2016a). The combination of two or more types of stress is common in many agricultural areas of the world, causing considerable reductions in crop yields (Table 1; Suzuki et al., 2014; Ahmad et al., 2019).


TABLE 1. Impact of the different combinations of environmental stresses on the plant.

[image: Table 1]In recent decades, global warming due to climate change has been accelerated by the higher concentration of CO2 in the atmosphere. This phenomenon is generating an increase in the average temperature, alterations of precipitation patterns, and reduction of arable land and water resources in agricultural areas of the world (Ahmad et al., 2019; Dong et al., 2020). Additionally, complex combinations of abiotic stresses such as drought and salinity, salinity and heat, and drought and extreme temperatures due to climate change are expected to occur in many agricultural areas across the globe (Table 1; Suzuki et al., 2014; Wijewardene et al., 2020). On the other hand, the behavior of some arthropod pests may also be influenced by climate changes and abiotic stresses (Nguyen et al., 2016; Bonnet et al., 2017). Copolovici et al. (2014) reported that changes in plant metabolic processes driven by abiotic stress can affect the response of plants to attack generated by arthropod pest herbivory.

As a result of climate change, the most limiting abiotic factors for crop productivity and food security are drought and heat (Fahad et al., 2017; Hussain et al., 2019). Studies on the effect of drought and heat on plant cultivation have been widely documented (Zhou et al., 2017; Guo et al., 2018; Haworth et al., 2018; Osmolovskaya et al., 2018). However, research on the combination of heat stress and drought is not common even though these two types of abiotic stresses usually appear simultaneously under field conditions and generate harmful effects on crop growth and productivity (Table 1; Suzuki et al., 2014; Raja et al., 2020). The combination of water deficit (drought) and heat (increases in average air temperature above the optimum) stresses can alter physiological, biochemical, and molecular processes in plants (Prasad et al., 2008; Lamaoui et al., 2018).

In general, the combination of drought and high daytime temperatures reduces the photosynthetic efficiency, stomatal conductance, leaf area, water use efficiency (WUE), and yield of plants (Sattar et al., 2020). The effect of the combination between drought and heat has been reported in some crops of agricultural interest such as lentil (Lens culinaris Medikus; Sehgal et al., 2017), chickpea (Cicer arietinum L.; Awasthi et al., 2014), tomato (Solanum lycopersicum L.; Zhou et al., 2017), wheat (Triticum aestivum L.; Liu et al., 2018), Jatropha curcas L. (Silva et al., 2010), and citrus trees (Zandalinas et al., 2017). These reports show that the combined effect of drought and heat on plant growth and productivity is more severe than the individual effects of these factors (Awasthi et al., 2014; Urban et al., 2018).

Plants are subject to the herbivory of a wide range of phytophagous arthropods during their growth and development; therefore, this factor is one of the main types of biotic stress affecting crop growth (Zhou et al., 2015; Bonnet et al., 2017). Several studies indicate that environmental stresses, such as drought or high temperatures, can make plants more susceptible to arthropod feeding and attack because of a drop in plant defense mechanism (DeLucia et al., 2012; Gutbrodt et al., 2012; Weldegergis et al., 2015; Havko et al., 2020; Table 1). The combination of the effects of drought or high temperatures and the presence of herbivorous arthropods has been investigated in plants such as mountain Avens (Dryas octopetala; Birkemoe et al., 2016), tomato (Havko et al., 2020), arabidopsis (Arabidopsis thaliana L.; Davila Olivas et al., 2016), apple (Malus x domestica Borkh.; Gutbrodt et al., 2012), and bittersweet nightshade (Solanum dulcamara L.; Nguyen et al., 2016).

Maize (Zea mays L.), along with wheat and rice, is one of the main staple foods in the world with a global production of more than 1 × 109 t since 2013 (Noman et al., 2015; Zampieri et al., 2019). Maize is grown for various purposes, such as human consumption, animal feed, forage production, and renewable energy (bioenergy; Aslam et al., 2015; Ai and Jane, 2016). In many regions of the world, maize is commonly grown in semi-arid environments characterized by low water availability and high daytime temperatures, two environmental factors that usually occur simultaneously in the field (Hu et al., 2015; Zhao et al., 2016). Maize crops are extremely sensitive to heat and drought stresses (Zhao et al., 2016). According to Hussain et al. (2019), world maize yield and production are projected to decline by 15–20% per year due to heat and drought conditions, with these two factors becoming major threats to this crop. On the other hand, a reduction in maize yield of 6–19% caused by arthropods and other herbivores has also been reported (Block et al., 2019). Rachiplusia nu (Guennée; Lepidoptera: Noctuidae; Russo et al., 2019), fall armyworm [Spodoptera frugiperda (JE Smith; Lepidoptera: Noctuidae)] (Pannuti et al., 2016), black cutworm [Agrotis ípsilon (Hufnagel; Lepidoptera: Noctuidae)] (Yan et al., 2020), cotton bollworm [Helicoverpa armígera (Hübner; Lepidoptera: Noctuidae)] (Gomes et al., 2017), corn earworm [Helicoverpa zea (Boddie; Lepidoptera: Noctuidae)], and thrips [Frankliniella williamsi (Thysanoptera: Thripidae)] (Manandhar and Wright, 2016) are some of the main pests reported for this crop.

The results of studies on the responses and adaptations of maize plants exposed to abiotic and biotic stresses have been well documented separately (Zhao et al., 2016; Block et al., 2019). However, the information available remains limited to physiological responses of maize plants exposed to the combination of multiple abiotic and biotic stress factors, such as drought, high temperature and arthropod pest herbivory. Therefore, more studies are necessary to continue understanding the effects of these multiple combinations. Due to the complexity of the combinations of drought, heat, and arthropod pests, this review aimed to report the effects of the combination of abiotic (drought and heat) and biotic (herbivory) stresses on the physiological, biochemical, and molecular mechanisms of maize plants.



PHYSIOLOGICAL RESPONSES TO THE COMBINATION OF HEAT AND DROUGHT STRESS IN MAIZE

Plant responses to the combination of drought and heat depend on the intensity, frequency, and duration of the interaction between both stresses, as well as the stage of phenological development of the crop (Prasad et al., 2008; Fahad et al., 2017). The individual and combined effects of drought and heat on the physiological response of maize plants have been widely documented, which are summarized in Table 2. The combined effects of these two environmental stresses have a greater negative impact on plant growth compared to the effect of each individual factor (Killi et al., 2017; Hussain et al., 2019).


TABLE 2. Summary of the impact of heat and drought stress (individual or in combination) on the physiological responses of maize (Zea mays L.) plants.

[image: Table 2]The physiological responses of maize plants to drought and heat can be classified into three different mechanisms: escape, avoidance, and tolerance (Figure 1). In the escape mechanism, the plant tries to complete the reproductive stage before the stress became more severe (Aslam et al., 2015; Khan et al., 2019). Avoidance mechanisms are mainly morphological and physiological changes that allow reducing exposure to the combination of drought and heat (Figure 1; Zhang et al., 2016; Lamaoui et al., 2018). Avoidance of drought or heat stress damage can be achieved by increasing root system to maintain water uptake (Aslam et al., 2015). Also, the effects of any of the two stresses can be avoided by changing plant architecture. Some of these changes may include a lower leaf angle, reduced leaf rolling, compact tassel, and efficient cuticle wax biosynthesis to reduce direct sunlight exposure and evapotranspiration rates (Aslam et al., 2015; Tiwari and Yadav, 2019), and reduced leaf stomatal number and conductance to avoid water losses to keep water status (Figure 1; Aslam et al., 2015; Lamaoui et al., 2018). Finally, tolerance to the combination of heat and drought stress is the ability to keep growth and development through cellular and biochemical modifications. These changes include the accumulation of compatible osmolytes [proline, glycine betaine, soluble sugars, and inorganic ions (K+, Na+, Ca2+, Mg2+, Cl–, and NO3–)] to support plant water status through osmotic adjustment (Blum, 2017; Lamaoui et al., 2018) and the activation of the enzymatic and non-enzymatic antioxidant system [superoxide dismutase (SOD), catalase (CAT), peroxidase (POD), and ascorbate peroxidase (APX)] (Aslam et al., 2015; Hussain et al., 2019) and growth regulators (plant hormones) such as abscisic acid (ABA; Aslam et al., 2015; Lamaoui et al., 2018). Other modifications also include the activation of transcription factors (TFs) that regulate expression levels of genes sensitive to the combination of drought and high temperatures (Lamaoui et al., 2018) and the overexpression of stress proteins such as heat shock proteins (HSP), late embryogenesis abundant (LEA) proteins, and aquaporins (that intervene in the movement of water under stress; Figure 1; Khan et al., 2019; Tiwari and Yadav, 2019).
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FIGURE 1. Mechanisms of morphological, physiological, biochemical, and molecular responses to the combination of drought and heat in maize (Zea mays L.) plants. Adapted from Aslam et al. (2015) and Tiwari and Yadav (2019). Words in italics represent physiological, biochemical and molecular plant mechanisms, non-italicized words represent biological processes affected by abiotic stresses.


In maize, the combination of drought and heat reduces the photosynthetic rate, stomatal conductance, leaf area, and WUE (Sehgal et al., 2017). Plant water status parameters such as relative water content (RWC), leaf water potential (Ψh), osmotic potential (Ψs), and turgor potential (Ψt) decrease progressively under drought and exposure to high temperatures (>35°; Shah and Paulsen, 2003). Hussain et al. (2019) reported a greater reduction in RWC values in two maize hybrids subjected to the combination of drought and heat, compared to the individual effects of each abiotic stress. Under water shortage, root hydraulic conductivity can be reduced to avoid water losses in the plant. This effect can be more severe under heat stress, causing roots damage (Lamaoui et al., 2018).

Photosynthesis in C4 plants is more sensitive to drought periods due to stomatal closure and the reduction in the activity of photosynthetic enzymes compared to C3 plants (Ghannoum, 2009; Lipiec et al., 2013). Under thermal stress, photosynthesis in C4 plants shows a greater tolerance than in plants with C3 metabolism, associated with the accumulation of oxaloacetic acid within the bundle sheath cells. This process effectively concentrates CO2 at the carboxylation site of Rubisco, suppressing photorespiration (Killi et al., 2017, 2020). Water scarcity is known to affect the electron transport chain through inhibition of D1 synthesis and damages to the oxygen-evolving complex in the PSII and in the reaction centers of both PSII and PSI (Dalal and Tripathy, 2018; Wang et al., 2018). Also, water deficit reduces the abundance of proteins involved in Calvin-Benson-Bassham cycle, such as ribulose 1,5-bisphosphate carboxylase (RuBisCO), Fructose 1,6-bisphosphate aldolase, triosephosphate isomerase, and glyceraldehyde phosphate dehydrogenase A (Burgess and Huang, 2016; Dalal and Tripathy, 2018). On the order hand, heat stress affects photosynthesis since it could cause a lesion on the thylakoid membranes (Ivanov et al., 2017), directly damage the photosynthetic apparatus, such as the PSI and PSII reaction centers, and in the cytochrome b6f (Cytb6f) complex, and decrease the activity of Rubisco (Hu et al., 2020). Perdomo et al. (2017) found a decrease in the Rubisco activity and the electron transport rate in maize plants subject to drought and high daytime temperatures evaluated individually.

Photosynthesis rate is extremely sensitive to the combination of heat and drought stresses (Perdomo et al., 2015). This sensitivity can be a consequence of the stomatal closure induced by the combination of these stresses, but it can also be attributed to non-stomatal limitations such as decreased leaf expansion, lower content of photosynthetic pigments, and inadequate functioning of the photosynthetic machinery (Fahad et al., 2017; Lamaoui et al., 2018). Hussain et al. (2019) observed a decrease in the photosynthetic rate of two maize hybrids; this drop is associated with the reduction in the total chlorophyll content and stomatal conductance values under the combination of drought and heat. Under high daytime temperatures, C4 plants, such as maize, open stomata to cool leaves by increasing the transpiration rate (Perdomo et al., 2015). However, the combination with drought generates a reduction in the values of stomatal conductance and transpiration in the same species (Hussain et al., 2019; Sabagh et al., 2020).

Regarding the phytochemical machinery, the activity of PSII and its maximum quantum efficiency (Fv/Fm) decrease after exposure to the combination of drought and heat (Alhaithloul, 2019). Killi et al. (2017) recorded a reduction in the Fv/Fm ratio and actual quantum yield of PSII (ΦPSII), and an increase in non-photochemical quenching in two maize varieties that are susceptible and tolerant to drought when subjected to the combination of high temperatures and drought stress. These responses may also be associated with the disturbance of the integrity and fluidity of thylakoid membranes, and inhibition of electron transfer due to oxidative stress damage in the plant (Tian et al., 2013; Mathur et al., 2014; Talaat, 2020). Chlorophyll a fluorescence (an indicator of PSII performance) has been used as a quantitative measure of the impact of drought and heat on the functionality of thylakoid membranes in crops (Sehgal et al., 2017; Killi et al., 2020).

The reproductive stage is more sensitive to the combination of drought and heat than the vegetative stages (Obata et al., 2015; Sehgal et al., 2017). The reproductive processes most susceptible to the combination of heat and drought stress are pollen and stigma viability, pollen tube growth, early embryo development, flowering and seed filling, and number of kernels (Zandalinas et al., 2017; Lamaoui et al., 2018; Sehgal et al., 2019). Shah and Paulsen (2003) reported that stress during the reproductive phase also induces the abortion of kernels, possibly by decreasing the supply of carbohydrates and negatively affecting plant yield. In maize plants subjected to heat stress and drought, yield parameters such as kernels⋅ear–1, 100-kernel weight, kernel yield⋅plant–1, and harvest index were significantly reduced (Hussain et al., 2019).



BIOCHEMICAL AND MOLECULAR RESPONSES TO THE COMBINATION OF HEAT AND DROUGHT STRESS IN MAIZE

The genes expression related to water channel proteins and ion transporters is a combined strategy to reduce the impact generated by environmental stress factors (Afzal et al., 2016; Kido et al., 2019). These strategies also rely on genes related to the protection of membranes and essential proteins such as chaperones, HSP and osmoprotectant osmolytes (Bandyopadhyay et al., 2019; Kido et al., 2019). The accumulation of compatible osmolytes in plants subjected to stress due to drought, heat and their combination has been linked to the protection of protein structures and the stabilization of cell membranes to restore homeostasis (Lamaoui et al., 2018). The main osmoprotectants are those derived from polyamines, amino acids, soluble carbohydrates (e.g., glucose), betaines (e.g., glycine betaine), and sugar alcohols (Lamaoui et al., 2018; Kido et al., 2019). Proline is one of the most studied osmolytes under water deficit and heat stresses periods. It is a proteinogenic amino acid involved as an osmoprotectant of membranes and proteins. Proline also generates scavenging of reactive oxygen species (ROS) and is considered a compatible osmolyte for the osmotic adjustment of cells (Zouari et al., 2019; Zulfiqar et al., 2020). Ayub et al. (2020) reported the accumulation of proline and total soluble sugars in four maize hybrids subjected to the combination of drought and high temperatures. The proline synthesis and accumulation have been used as a tolerance trait to abiotic stresses (Lamaoui et al., 2018).

Another tolerance mechanism that plants have to adapt to heat and drought stresses is the induction of antioxidant enzymes such as CAT, glutathione peroxidase, total superoxide dismutase (T-SOD), POD, APX, and glutathione reductase (GR). Additionally, plants induce non-enzymatic antioxidants such as glutathione (GSH) and ascorbate to control ROS concentration (Zandalinas et al., 2017). In maize, lower concentrations of ROS [as superoxide anion (O2–), hydrogen peroxide (H2O2), and hydroxyl free radical (OH–)] and malondialdehyde (as a by-product of lipid peroxidation) have been reported with the increase in the activity of enzymatic antioxidants such as T-SOD and POD, and non-enzymatic antioxidants such as GSH in two maize materials under the combination of drought and heat (Hussain et al., 2019).

Plant hormones are also involved in the regulation of tolerance to environmental stresses (drought and heat; Lamaoui et al., 2018). ABA is the most important plant hormone that intervenes in the regulation of plant acclimation to drought and heat (Zandalinas et al., 2017). The increase in ABA accumulation is also associated with tolerance to the combination of heat and drought since it regulates stomatal opening and closure, and activates antioxidant defense systems. It also stimulates the production of dehydrins and LEA proteins that participate in osmotic adjustment and other plant protection mechanisms (Haider et al., 2018; Lamaoui et al., 2018; Zhang et al., 2019). However, the previous responses mediated by the endogenous accumulation of ABA are associated with plant tolerance to the abiotic stress factor studied individually and not in combination (Hu et al., 2010). In maize, an endogenous accumulation of ABA has been reported in two cultivars (tolerant and sensitive to drought) after 12 days of exposure to drought (Zhang et al., 2012). Also, Cheikh and Jones (1994) reported an increase in ABA levels in the female inflorescence (ear) of maize plants exposed to a temperature of 35°C for 8 days. Plant hormones such as cytokinins and auxins play an important role in responses to abiotic stress (Bielach et al., 2017). These hormones are related to the stimulation of cell division and the control of plant growth and development. Additionally, their ability to crosstalk promotes adaptive responses to different types of stress (Dobra et al., 2010; Bielach et al., 2017). For example, Bedada et al. (2016) reported an increase in endogenous levels of cytokinins through the expression of IPT genes that encode the activity of the enzyme isopentenyltransferase. This enzyme catalyzes the synthesis of cytokinins, which may be related to an increase in tolerance to water deficit in maize plants.

Cell molecular events can be affected by environmental stresses (Aslam et al., 2015; Guo et al., 2016). Plant survival strategies under drought and high daytime temperatures periods occur through the modification of gene expression, which results in the generation of certain proteins known as stress proteins (Aslam et al., 2015; Shafqat et al., 2021). Water channel proteins such as aquaporins (AQP), LEA, and HSP are some of the proteins that play an important role in plant tolerance to stress caused by drought, heat, and their combination (Priya et al., 2019). AQP are integral proteins found in tonoplasts, plasma membranes, and other intracellular membranes that are abundantly expressed in roots (Shafqat et al., 2021). Under water shortage, they preserve cell homeostasis by preventing water loss and increase membrane permeability. AQP also play a role in maintaining the WUE and signaling at the whole plant level by interacting with ROS in response to external signals (Aslam et al., 2015; Priya et al., 2019). Tonoplast intrinsic proteins, membrane intrinsic proteins, nodulin-like proteins (NIP), and plasma membrane intrinsic proteins (PIP) are subfamilies of AQP that promote water transport and tolerance to water and heat stress in maize plants (Aslam et al., 2015; Hu et al., 2015). Hu et al. (2015) found that aquaporin PIP2-7 and the integral membrane protein of NIP type showed a positive regulation under the combination of drought and heat in maize plants.

Under combined stresses (water deficit and high daytime temperatures), it is possible for plants to induce the transcription of proteins related to cell protection against dehydration (Nagaraju et al., 2019). LEA are some of the proteins involved in resistance to environmental stresses, mainly drought, as they accumulate in stressed tissues (Magwanga et al., 2018). They can also act as chaperones, preventing dehydration in some developmental stages susceptible to water limitation such as seed, pollen grain, shoot, and root development under drought (Pedrosa et al., 2015; Kaur and Asthir, 2017). Li and Cao (2016) identified a total of 32 genes related to LEA proteins in maize plants subjected to drought stress.

The expression of HSP is an adaptation strategy to combined stresses (drought and heat), and their accumulation correlates with stress tolerance in plants (Grigorova et al., 2011; Lamaoui et al., 2018). HSP act as molecular chaperones, preventing the aggregation of denatured proteins, stabilizing membrane proteins, facilitating protein folding, and allowing the renewal of normal cellular and physiological activities which contribute to a higher level of tolerance to stress (Priya et al., 2019; Khan and Shahwar, 2020). In maize plants, two types of HSP families, HSP90 and HSP100, have been reported in response to drought stress. These two families are located in the cytosol, nucleus and endoplasmic reticulum of the cell and have role in the translocation of proteins, regulation of steroid hormone receptors, and folding of proteins (Khan and Shahwar, 2020). Hu et al. (2010) found a strong correlation between the accumulation of proteins sHSP17.2, sHSP17.4, and sHSP26 and tolerance of the whole plant to the combination of drought and heat. Hussain et al. (2019) also reported a greater accumulation of HSP in two maize hybrids subjected to the combination of drought and high temperatures.

Drought and heat also generate changes in the cell plasma membrane, damaging the permeability of this cell structure (ElBasyoni et al., 2017). Damage to cell membrane permeability due to these abiotic stress conditions may be caused by membrane protein denaturation and enzyme inactivation, and results in the cell being unable to maintain its organic composition (ElBasyoni et al., 2017; Nijabat et al., 2020). The alteration in the permeability and integrity of the cell membrane generates a lower ion flow and higher electrolyte leakage. It also causes imbalances in the RWC, increases in the production of toxic compounds, and alterations of homeostasis. These changes inhibit cell viability, which is reflected in lower growth and development of plants exposed to drought and high daytime temperatures (Alhaithloul, 2019; Nijabat et al., 2020). Electrolyte leakage is a technique that has been used to evaluate cell membrane stability as a mechanism of tolerance to heat and drought stresses (Bajji et al., 2002; Ilík et al., 2018). Increased cell membrane damage expressed as higher electrolyte leakage has been reported in maize plants subjected to drought (Chen et al., 2010) and high daytime temperatures (Takele, 2010).

The TFs responsive to stress are the main cellular mechanisms related to plant tolerance to environmental adverse conditions (Zandalinas et al., 2017). TFs have been isolated from different genes related to abiotic stress and can regulate various complex pathways by modifying metabolite fluxes to improve stress tolerance (Aslam et al., 2015; Lamaoui et al., 2018). The main families of stress-related TFs include DREB, ERF, WRKY, MYB, bHLH, bZIP, DOF, and NAC (Lamaoui et al., 2018). Shi et al. (2017) observed that overexpression of the ZmARGOS1 gene in maize plants improved tolerance to drought. The overexpression of OsMYB55 in maize plants has led to an increase in the tolerance to the combination of drought and heat, which resulted in better growth and yield of plants under this environmental interaction (Casaretto et al., 2016).



MAIZE PLANT RESPONSES TO ARTHROPOD HERBIVORY

Plants and arthropods have coevolved for more than 350 million years (Zhu et al., 2014). Arthropods have evolved to be able to locate host plants and oviposit using physical and chemical cues from those plants (Wu and Baldwin, 2010). Arthropod herbivory is a major biotic stress under natural conditions. For this reason, plants have developed different types of defenses, such as constitutive and inducible defenses, to resist or reduce the effects of arthropod attacks (Bonnet et al., 2017).

The plant has two defense strategies against herbivory attack: (i) resistance, which occurs when the plant prevents arthropod herbivores from feeding, and (ii) tolerance, which occurs when plant traits reduce the negative effect of herbivore damage (Gatehouse, 2002; Mitchell et al., 2016). One of the traits or responses related to crop resistance to arthropod herbivory is the chemical deterrence of pest settling and feeding (Mitchell et al., 2016). The deterrence of herbivore feeding is caused by the mixture of volatile and non-volatile compounds (War et al., 2012). Herbivore induced plant volatiles play an important role in defending the plant against the attack of arthropod pests by attracting the natural enemies of arthropod herbivores and acting as deterrents of their feeding and/or oviposition (War et al., 2012; Mitchell et al., 2016). The most common volatiles are green leaf volatiles (aldehydes, alcohols, and esters), aromatic compounds, and terpenes (Qi et al., 2018). In maize, aromatic compounds such as indole and methyl salicylate have been detected reducing the consumption and oviposition of arthropod herbivores (Qi et al., 2018). Ortiz–Carreon et al. (2019) identified the emission of three types of volatiles (α-pinene, α-longipinene, and α-copaene) after the damage of S. frugiperda larvae. Additionally, the emissions of these compounds attracted females of the endoparasitoid Chelonus insularis Cresson (Hymenoptera: Braconidae).

Structural traits of the plant such as trichomes, spines, waxy cuticles, or sclerophylly, can play the role of physical barriers to prevent the attachment, feeding and/or oviposition of arthropod pests (Santamaria et al., 2013). Trichome density and plant cuticle are the most studied traits in crop protection (Mitchell et al., 2016). Trichomes can prevent the attachment of arthropod pests and decrease their movement in crops (Andama et al., 2020). Trichomes also play a role in the interaction between plants and abiotic stresses, reducing heat loss from plants and increasing plant resistance to drought damage (Zhang et al., 2020). On the other hand, cuticular waxes can form slippery films or crystals that impede the attachment of pests to the plant surface (Mitchell et al., 2016). Additionally, wax deposition has also been reported as a plant response to abiotic stress, since it is considered a tolerance trait to drought and heat (Dhanyalakshmi et al., 2019). Moya–Raygoza (2016) recorded less damage in the teosinte Zea perennis (Hitchc.) and Zea mays ssp. parviglumis (H. H. Iltis & Doebley) caused by S. frugiperda (Lepidoptera: Noctuidae) when a higher density of trichomes was found in the upper leaf blade.

Another plant mechanism of response to the attack of arthropod herbivores is reducing plant palatability through the production of compounds that are toxic or harmful to the intestinal function of arthropods (War et al., 2012). The compounds that have been studied the most are alkaloids, benzoxazinoids, and terpenoids (Mithöfer and Boland, 2012). Benzoxazinoids are a group of compounds that play a defensive role in maize plants against arthropod herbivores (Qi et al., 2018). Yan et al. (1999) demonstrated that DIMBOA (2,4-dihydroxy-7-metoxy-1,4-benzoxazin-3-one), a benzoxazinoid metabolite, is toxic to the Asian corn borer [Ostrinia furnacalis (Guenée); Lepidoptera: Crambidae]. Maize plants have been shown to have a defense system against the attack of Spodoptera littoralis and S. frugiperda. This defense system consists of the accumulation and emission of HDMBOA (2-hydroxy-4, 7-dimetoxy-1, 4-benzoxazin-3-one), which is a toxic compound for these both herbivorous arthropods (Glauser et al., 2011).

The mechanisms of tolerance to biotic stress by herbivory are related to the alteration of physiological processes such as photosynthetic activity and growth, the plant phenological stage, and the use of nutrients stored in the plant (Mitchell et al., 2016). Partial defoliation due to arthropod herbivory can lead to an increase in the photosynthetic rate in the remaining tissues (Redondo–Gómez, 2013; Mitchell et al., 2016). A higher supply of leaf or root cytokinins due to partial defoliation can increase CO2 fixation and nutrient transport and assimilation (Redondo–Gómez, 2013). Additionally, there may be increases in the production of the Rubisco enzyme and the chlorophyll content of the remaining leaf tissue, which could improve the photosynthetic rate (Turnbull et al., 2007; Redondo–Gómez, 2013). Mitchell et al. (2016) mentions the activation of dormant buds after damage to reproductive or vegetative meristems as a tolerance mechanism that allows the plant to recover from the attack of arthropod herbivores. In maize plants, the delay in the allocation of resources (carbohydrates and nutrients) can generate tolerance to the attack of the western corn rootworm (Diabrotica virgifera virgifera LeConte; Coleoptera: Chrysomelidae; Robert et al., 2015).



RESPONSES OF MAIZE PLANTS TO THE COMBINATION BETWEEN DROUGHT OR HIGH TEMPERATURES AND ARTHROPOD HERBIVORY

Climate models predict a continuous increase in temperature and greater rainfall variability, with increments in drought and extreme temperature periods in the future (Gutbrodt et al., 2012; Grinnan et al., 2013). Global climate change is expected to affect the interaction between arthropods and plants through alterations in the physiology, behavior, and life cycle parameters of arthropod pests, and morphological, physiological, and biochemical changes in host plants (Cornelissen, 2011). Increases in temperatures are highly correlated with changes in phenology, distributions, abundance, and interactions between species and help to improve arthropod survival during extreme environments (Grinnan et al., 2013; Bansal, 2015). On the other hand, water shortage episodes can generate negative or positive effects on herbivore populations, depending on the intensity and frequency of stress (Bansal, 2015). Drought periods are associated with high temperatures that can accelerate the metabolism of insects, increasing their growth rate, consumption, and development (Neven, 2000; Bansal, 2015). Loss of turgor due to severe drought conditions could limit the availability of nitrogen-containing compounds for arthropods that feed on sap, reducing their performance (Gely et al., 2020).

Increases in temperature and drought can cause more frequent and severe outbreaks of herbivorous arthropod populations (Grinnan et al., 2013). These environmental stresses can cause a reduction in plant defense compounds against arthropods. The drop in these compounds increases the availability of nitrogen and proteins which can lead to more palatable food for some herbivorous arthropods (Gutbrodt et al., 2011). The synergistic combination between environmental stresses (drought or heat) and the increase in arthropod pest populations could lead to a reduction in plant yield (Grinnan et al., 2013). On the other hand, water deficit can cause an increase in the concentrations of secondary metabolites in some plant species, limiting the performance of herbivorous arthropods (Nguyen et al., 2018). Exposure to multiple environmental and biotic stress factors (arthropods) can have interactive effects on secondary metabolites such as volatile or non-volatile compounds since they share metabolic pathways with hormones such as jasmonic acid and salicylic acid (Scott et al., 2019). Copolovici et al. (2014) observed an interactive response between drought and herbivory mediated by methyl salicylate (derived from salicylic acid), resulting in a faster emission of compounds such as β-ocimene and 4,8-dimethyl-1,3,7-nonatriene (DMNT) in drought-stressed plants.

The accumulation of non-protein amino acids such as 5-hydroxynorvaline under herbivory and drought has been observed in maize (Yan et al., 2015). These types of compounds are defense metabolites to protect the plant against arthropod herbivores due to their poor incorporation during protein synthesis and/or the inhibition of biosynthetic pathways in primary metabolism (Huang et al., 2011). The accumulation of 5-hydroxynorvaline has been reported during the herbivory of corn leaf aphids (Rhopalosiphum maidis) and beet armyworm (Spodoptera exigua; Yan et al., 2015). These same authors observed a greater accumulation of non-protein amino acid 5-hydroxynorvaline under water deficit in plants under the herbivory of the corn leaf aphid and beet armyworm. The inhibition mainly of the aphid’s reproduction indicates that this secondary metabolite can have a defense function in maize plants (Yan et al., 2015). On the other hand, the accumulation of antimicrobial compounds of low molecular weight (terpenoid phytoalexins) has also been reported in response to the combination of biotic and abiotic factors in plants (Schmelz et al., 2014). In maize, two new families of terpenoid phytoalexins, zealexins, and kauralexins have been identified. These families show high antifungal and anti-feedant activity for insects; however, little is known about their role in responses to abiotic factors (Block et al., 2019). The accumulation of phytoalexins, mainly in roots, may be mediated by ABA signaling (Yang et al., 2012). Vaughan et al. (2015) showed a greater accumulation of zealexins and kauralexins (non-volatile terpenoid compounds) in maize roots exposed to herbivory by Diabrotica balteata under water shortage. The production of zealexins and kauralexins in plants is a defense response to biotic stresses that affects directly the growth and reproduction of arthropod pests in maize crops (Block et al., 2019). Finally, the benzoxazinoids production has also been reported as one of the main metabolites of direct defense in maize plants under drought, insect herbivory, or their combination. These stress factors favor the accumulation of benzoxazinoids through the systemic signaling of ABA (Vaughan et al., 2015).



CONCLUSION AND FUTURE PERSPECTIVES

Plants face the combination of different types of abiotic and biotic stresses. The physiological, biochemical, and molecular responses of maize plants to drought, high daytime temperatures, and the effect on some arthropod herbivores are summarized in a concept model (Figure 2). Maize plants show a wide range of responses to drought and heat that generate alterations in plant growth and morphology. Plants have developed different strategies to survive under hot and dry environments. Escape, avoidance, and tolerance are the mechanisms that work under the combination of these two environmental stresses (Figure 2).


[image: image]

FIGURE 2. Concept model of the morphological, physiological, biochemical, and molecular responses of maize plants (Zea mays L.) to the impact of the combination of drought, heat stress, and arthropod herbivory. PN, net photosynthesis rate; gs, stomatal conductance; E, plant transpiration; TChl, total chlorophyll content; Fv/Fm, maximum quantum efficiency of PSII; NPQ, non-photochemical quenching; ROS, reactive oxygen species; SOD, superoxide dismutase; CAT, catalase; LEA, late embryogenesis abundant proteins; HSPs, heat shock proteins; and RWC, relative water content. Dotted arrows highlight responses and tolerance mechanisms of plants to single (drought, heat, or herbivory arthropod) or combined stresses. Blue or red arrows represent increase or decrease of plant responses at physiological, biochemical and molecular levels, respectively.


Early maturation, changes in stomatal regulation, root system, and plant architecture constitute the responses related to escape and avoidance. A decrease in photosynthesis associated with stomatal closure, low plant water content, low photochemical activity of PSII, and degradation of photosynthetic pigments are responses to the combination of drought and heat, with the reproductive phase being the most sensitive to this combination. Tolerance is regulated by biochemical and molecular mechanisms such as compatible osmolyte synthesis, increased enzymatic activity, accumulation of plant growth regulators, increased expression of water transporting and stress proteins, and TFs (Figure 2). The presence of arthropod herbivores generates resistance responses in maize plants, such as synthesis of volatile and non-volatile compounds, structural traits such as trichomes and cuticle waxes, and the production of toxic compounds such as benzoxazinoids. Tolerance traits to arthropod herbivory are related to an improvement in the photosynthetic efficiency and regulation of the plant’s phenological cycle. Finally, the combination of environmental stresses and arthropod herbivory in maize plants can increase the production of secondary metabolites such as volatile and non-volatile compounds, improving the defense response of maize to arthropod pest infestations (Figure 2).

There is still a lack of knowledge about the combination of environmental factors such as drought and high temperatures on arthropod pest behavior and its effect on the physiology of the maize crop. Therefore, it is necessary to design and carry out experiments that can reveal different aspects of the combinations between stresses. To do this, it is required to adjust protocols for the exposure of plants to each type of stress so that they consider the same combination of factors that occur under field conditions. It is also recommended to evaluate agronomic strategies to improve tolerance to the combination of abiotic and biotic stresses. Some of these strategies may include soil management, irrigation practices, selection of the most appropriate crop varieties, and the application of genome and transgenic editing tools and technologies.
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Rice yield has decreased due to climate variability and change in Colombia. Plant growth regulators have been used as a strategy to mitigate heat stress in different crops. Therefore, this study aimed to evaluate the effect of foliar applications of four growth regulators [auxins (AUX), brassinosteroids (BR), cytokinins (CK), or gibberellins (GA)] on physiological (stomatal conductance, total chlorophyll content, Fv/Fm ratio, plant canopy temperature, and relative water content) and biochemical (Malondialdehyde (MDA) and proline contents) variables in two commercial rice genotypes exposed to combined heat stress (high day and nighttime temperatures). Two separate experiments were carried out using plants of two rice genotypes, Fedearroz 67 (“F67”) and Fedearroz 2000 (“F2000”) for the first and second experiments, respectively. Both trials were analyzed together as a series of experiments. The established treatments were as follows: absolute control (AC) (rice plants grown under optimal temperatures (30/25°C day/nighttime temperatures), heat stress control (SC) [rice plants only exposed to combined heat stress (40/30°C)], and stressed rice plants and sprayed twice (5 days before and after heat stress) with a plant growth regulator (stress+AUX, stress+BR, stress+CK, or stress+GA). The results showed that foliar CK sprays enhanced the total chlorophyll content in both cultivars (3.25 and 3.65 mg g−1 fresh weight for “F67” and “F2000” rice plants, respectively) compared to SC plants (2.36 and 2.56 mg g−1 fresh weight for “F67,” and “F2000” rice plants, respectively). Foliar CK application also improved stomatal conductance mainly in “F2000” rice plants compared to their heat stress control (499.25 vs.150.60 mmol m−2s−1). Foliar BR or CK sprays reduced plant canopy temperature between 2 and 3°C and MDA content in plants under heat stress. The relative tolerance index suggested that foliar CK (97.69%), and BR (60.73%) applications helped to mitigate combined heat stress mainly in “F2000” rice plants. In conclusion, foliar BR or CK applications can be considered an agronomic strategy to help to ameliorate the negative effect of combined heat stress conditions on the physiological behavior of rice plants.

Keywords: stomatal conductance, Fv/Fm ratio, high daytime and nighttime temperature, lipid peroxidation, plant acclimatization


INTRODUCTION

Rice (Oryza sativa) belongs to the Gramineae family and is one of the most cultivated cereals around the world together with maize and wheat (Bajaj and Mohanty, 2005). Rice occupied 617,934 ha with a national production volume of 2,937,840 t and an average yield of 5.02 t ha−1 in 2020 (Federarroz (Federación Nacional de Arroceros), 2021).

Rice crops are being affected by global warming, causing different types of abiotic stress, such as high temperatures and drought periods (Wassmann et al., 2009; Chandio et al., 2020). Climate change has increased the global temperature around the world; it has been predicted that temperature will increase by 1.0–3.7°C during the twenty-first century, which will potentially increment the frequency and magnitude of heat stress events (IPCC, 2013). This increase in environmental temperatures has affected rice, generating a decrease between 6 and 7% in crop production (Lesk et al., 2016). On the other hand, climate variability has also generated adverse environmental conditions in crops such as periods of intense drought or high temperatures in the tropical and subtropical regions (Feller and Vaseva, 2014). Additionally, variability phenomena such as the “El Niño” phenomenon can cause heat stress conditions and aggravate the damage on crops in some tropical regions (Iizumi et al., 2014; Amanullah et al., 2017). In Colombia, rice-producing areas will expect increases in temperatures between 2 and 2.5°C by 2050, reducing rice yields and making an impact on product flows to markets and supply chains (Ramirez-Villegas et al., 2012).

The majority of rice crops are grown in regions where temperatures are close to the optimum range for crop growth (Shah et al., 2011). It has been reported that the optimal average temperatures for rice growth and development are usually 28 and 22°C for day and night, respectively (Kilasi et al., 2018; Calderón-Páez et al., 2021). Temperatures above those thresholds can cause moderate or severe heat stress periods during sensitive rice development stages (tillering, anthesis, flowering, and grain filling), negatively affecting grain yield (Shah et al., 2011). These yield reductions have been mainly associated with prolonged heat stress periods (more than 7 days) that affect plant physiology (Shah et al., 2011; Sánchez-Reinoso et al., 2014). Heat stress can cause a series of irreversible damages in plant metabolism and development due to the interaction of different factors such as the stress duration, or the maximum temperature reached (Porch Clay and Hall, 2013; Zhou et al., 2014).

Heat stress affects different physiological and biochemical processes in plants (Bita and Gerats, 2013; Chavez-Arias et al., 2018). Leaf photosynthesis is one of the most susceptible processes to heat stress in rice plants since the photosynthetic rate can decrease by 50% when daytime temperatures exceed 35°C (Restrepo-Diaz and Garces-Varon, 2013). The physiological response varies according to the type of heat stress in rice plants. For example, the photosynthetic rate and stomatal conductance are inhibited when plants are exposed to high day temperatures (33–40°C) or to a combination of high day and night temperatures (35 to 40°C for day, and 28 to 30°C for night) (Lü et al., 2013; Fahad et al., 2016; Chaturvedi et al., 2017). A high nighttime temperature (30°C) caused a moderate inhibition of photosynthesis but enhanced nighttime respiration (Fahad et al., 2016; Alvarado-Sanabria et al., 2017). Heat stress also affects leaf chlorophyll content, the ratio of variable to maximum chlorophyll fluorescence (Fv/Fm), and the activation of Rubisco in rice plants regardless of the period of stress (Cao et al., 2009; Yin et al., 2010; Sánchez-Reinoso et al., 2014).

Biochemical changes are another aspect of plant acclimatization to heat stress (Wahid et al., 2007). Proline content has been used as a biochemical indicator of stress in plants (Ahmed and Hassan, 2011). Proline plays an important role in plant metabolism since it acts as a source of C or N and as a membrane stabilizer under high temperature conditions (Sánchez-Reinoso et al., 2014). High temperatures also affect membrane stability by lipid peroxidation, leading to malondialdehyde (MDA) production (Wahid et al., 2007). Therefore, the MDA content has also been used to know the structural integrity of cell membranes under heat stress (Cao et al., 2009; Chavez-Arias et al., 2018). Finally, combined heat stress [37/30°C (day/night)] increased the electrolyte leakage percentage and MDA content in rice plants (Liu et al., 2013).

The use of plant growth regulators (GRs) has been evaluated to mitigate the negative effects of heat stress since these substances are actively involved in plant responses or mechanisms to develop physiological protection against this kind of stress (Peleg and Blumwald, 2011; Yin et al., 2011; Ahammed et al., 2015). The exogenous application of GRs has shown a positive response in plant tolerance to heat stress in different crops. Studies have observed that plant hormones such as gibberellins (GA), cytokinins (CK), auxins (AUX), or brassinosteroids (BR) have caused an increase in different physiological and biochemical variables (Peleg and Blumwald, 2011; Yin et al., 2011; Mittler et al., 2012; Zhou et al., 2014). In Colombia, the exogenous application of GRs and their effects are still not well-elucidated or studied in rice crops. However, a previous study showed that foliar BR applications enhanced rice tolerance by improving leaf gas exchange properties, chlorophyll, or proline content in rice seedlings (Quintero-Calderón et al., 2021).

Cytokinins mediate plant responses to abiotic stress, including heat stress (Ha et al., 2012). Also, it has been reported that exogenous applications of CK can reduce heat damages. For example, exogenous applications of zeatin improved the photosynthesis rate, chlorophyll a and b contents, and electron transport efficiency during heat stress in creeping bentgrass (Agrotis estolonífera) (Xu and Huang, 2009; Jespersen and Huang, 2015). Exogenous applications of zeatin also improved the antioxidant activity and enhanced the synthesis of different proteins, decreasing the damage of reactive oxygen species (ROS), and the production of malondialdehyde (MDA) in plant tissues (Chernyad'ev, 2009; Yang et al., 2016; Kumar et al., 2020).

Gibberellic acid applications have also exhibited a positive response to heat stress. Studies have shown that GA biosynthesis mediates different metabolic pathways and enhances tolerance under high temperature conditions (Alonso-Ramirez et al., 2009; Khan et al., 2020). Abd El-Naby et al. (2020) found that exogenous foliar application of GA (25 or 50 mg*L) increased the photosynthetic rate and antioxidant activity in heat-stressed orange plants compared to control plants. It has also been observed that the exogenous application of GA enhanced the relative water content, chlorophyll and carotenoids content, and diminished lipid peroxidation in date palm (Phoenix dactylifera) under heat stress (Khan et al., 2020). Auxins also play an essential role in regulating adaptive growth responses to high temperature conditions (Sun et al., 2012; Wang et al., 2016). This growth regulator works as a biochemical marker during different processes such as the synthesis or degradation of proline under abiotic stress (Ali et al., 2007). Also, AUX enhance the antioxidant activity, causing a decrease in MDA in the plant because of lower lipid peroxidation (Bielach et al., 2017). Sergiev et al. (2018) observed that the proline content increased when garden pea (Pisum sativum) plants were treated with auxin analogs [1-(2-chloroethoxycarbonyl –methyl)-4-naphthalene sulfonic acid calcium salt (TA-12) and 1-(2-dimethylaminoethoxicarbonylmethyl) naphthalene chlormethylate (TA-14)] under heat stress. In the same experiment, they also observed that the MDA levels were lower in treated plants compared to plants without AUX application.

Brassinosteroids are another group of growth regulators that have been used to mitigate the effects of heat stress. Ogweno et al. (2008) reported that exogenous BR sprays increased the net photosynthetic rate, stomatal conductance, and maximum carboxylation rate of Rubisco in tomato (Solanum lycopersicum) plants under heat stress for 8 days. The foliar spray of epibrassinosteroid caused a higher net photosynthetic rate in cucumber (Cucumis sativus) plants under heat stress (Yu et al., 2004). Also, exogenous applications of BR delayed chlorophyll degradation and enhanced water use efficiency and maximum quantum yield of PSII photochemistry in heat-stressed plants (Holá et al., 2010; Thussagunpanit et al., 2015).

Rice crops are facing periods of high day and night temperatures due to climate change and variability (Lesk et al., 2016; Garcés, 2020; Federarroz (Federación Nacional de Arroceros), 2021). In plant phenotyping, the use of plant nutrients or biostimulants has been studied as a strategy to mitigate heat stress in rice-cultivating areas (Alvarado-Sanabria et al., 2017; Calderón-Páez et al., 2021; Quintero-Calderón et al., 2021). Additionally, the use of biochemical and physiological variables (leaf canopy temperature, stomatal conductance, chlorophyll fluorescence parameters, chlorophyll and relative water contents, malondialdehyde and proline synthesis) are reliable tools to screen rice under heat stress at local and international levels (Sánchez-Reinoso et al., 2014; Alvarado-Sanabria et al., 2017; Sarsu et al., 2018). However, research on the use of foliar plant hormone sprays in rice plants is still scarce at the local level. Therefore, the study of physiological and biochemical responses to the use of plant growth regulators is important to propose practical agronomic strategies to ameliorate the negative effects of combined heat stress periods in rice. In consequence, the objective of this research was to evaluate the effect of the foliar applications of four plant growth regulators (AUX, CK, GA, and BR) on the physiological (stomatal conductance, chlorophyll fluorescence parameters, and relative water content) and biochemical (photosynthetic pigments, malondialdehyde, and proline content) variables of two commercial rice genotypes subjected to combined heat stress (high day/nighttime temperatures).



MATERIALS AND METHODS


General Growth Conditions and Plant Material

Two separate experiments were carried out in this study. Rice seeds of genotypes Fedearroz 67 (F67: genotype bred under high-temperature conditions in the last decade) and Fedearroz 2000 (F2000: genotype bred in the last decade of the twentieth century that shows tolerance to White Leaf Virus) were used in the first and second experiments, respectively. Both genotypes are widely grown by Colombian farmers. Seeds were sown in 10 L trays (39.6 cm length × 28.8 cm width × 16.8 cm height), containing sandy loam soil with 2% organic matter. Five pregerminated seeds were planted in each tray. The trays were set in a greenhouse at the Faculty of Agricultural Sciences of the Universidad Nacional de Colombia, Bogotá campus (43°50′56″ N, 74°04′051″ W), at an altitude of 2,556 m above sea level (m.a.s.l.), from October to December 2019 for the first experiment (Fedearroz 67), and in the same season in 2020 for the second experiment (Fedearroz 2000).

The environmental conditions in the greenhouse during each sowing season were as follows: 30/25°C day/night temperature, 60–80% relative humidity, and a natural photoperiod of 12 h (photosynthetically active radiation of 1,500 μmol (photons) m−2 s−1 at noon). At 20 days after seed emergence (DAE), plants were fertilized following the amounts of each element according to Sánchez-Reinoso et al. (2019): 670 mg of N per plant, 110 mg of P per plant, 350 mg of K per plant, 68 mg of Ca per plant, 20 mg of Mg per plant, 20 mg of S per plant, 17 mg of Si per plant, 10 mg of B per plant, 17 mg of Cu per plant, and 44 mg of Zn per plant. Rice plants were maintained under those conditions up to 47 DAE in each experiment as rice plants reached the phenological stage V5 during that period. Previous studies have shown that this phenological stage is an appropriate time to perform heat stress studies in rice plants (Sánchez-Reinoso et al., 2014; Alvarado-Sanabria et al., 2017).



Heat Stress and Plant Hormone Treatments

Two separated applications of foliar growth regulators were performed in each experiment. The first group of foliar plant hormone sprays was performed 5 days before heat stress treatments (42 DAE) to prepare plants for environmental stress. Then, the second foliar sprays were carried out 5 days after subjecting plants to stress conditions (52 DAE). Four plant hormones were used, and the characteristics of each active ingredient sprayed in this study are mentioned in Supplementary Table 1. The concentrations of the foliar growth regulators used were as follows: (i) auxins (1-Naphthaleneacetic acid: NAA) at 5 × 10−5 M; (ii) gibberellins (Gibberellic acid: GA3) at 5 × 10−5 M; (iii) cytokinins (Trans-Zeatin) at 1 × 10−5 M; and (iv) brassinosteroids [Spirostan-6-one, 3,5-dihydroxy-, (3b,5a,25R)] at 5 × 10−5 M. These concentrations were selected since they showed a positive response and increased plant tolerance to heat stress (Zahir et al., 2001; Wen et al., 2010; El-Bassiony et al., 2012; Salehifar et al., 2017). Rice plants without any plant growth regulator sprays were only treated with distilled water. All rice plants were sprayed using a hand sprayer. The application volume was 20 ml H2O per plant, wetting the upper and lower leaf surfaces. All foliar applications were performed with an agricultural adjuvant (Agrotin, Bayer CropScience, Colombia) at a dose of 0.1% (v/v). The distance between the pot and the atomizer sprayer was 30 cm.

Heat stress treatments were carried out 5 days after the first foliar sprays (47 DAE) in each experiment. Rice plants were transferred from the greenhouse to growth chambers of 294 L of capacity (MLR-351H, Sanyo, Illinois, US) to establish heat stress or continue with the previous environmental conditions (47 DAE). The combined heat stress treatment was performed by setting the chambers with the following day/nighttime temperatures: a period of high daytime [40°C for 5 h (from 11:00 to 16:00)] and nighttime [30°C for 5 h (from 19:00 to 24:00)] for 8 consecutive days. Stress temperatures and exposure time were selected based on previous studies (Sánchez-Reinoso et al., 2014; Alvarado-Sanabria et al., 2017). On the other hand, a group of plants transferred to the growth chamber was kept at the same temperature of the greenhouse (30°C day/25°C night) for 8 consecutive days.

At the end of the experiment, the following groups of treatments were obtained: (i) growth temperature conditions + distilled water applications [absolute control (AC)], (ii) heat stress conditions + distilled water applications [heat stress control (SC)], (iii) heat stress condition + auxins (AUX) applications, (iv) heat stress condition + gibberellins (GA) applications, (v) heat stress condition + cytokinins (CK) applications, and (vi) heat stress condition + brassinosteroids (BR) applications. These groups of treatments were used in both genotypes (F67 and F2000). All treatments were arranged in a completely randomized design with five replicates, and each replicate consisted of one plant. Each plant was used for readings of the variables determined at the end of the experiment. The experiment lasted 55 DAE.



Stomatal Conductance and Relative Water Content (RWC)

Stomatal conductance (gs) was determined using a portable porometer (SC-1, METER Group Inc., USA) with a range from 0 to 1,000 mmol m−2s−1, and a sample chamber aperture of 6.35 mm. Measurements were taken by clipping the sensor of the porometer onto a fully expanded mature leaf from the main tiller of the plant. gs readings were taken between 11:00 and 16:00 h on three leaves per plant in each treatment, and values were averaged.

The RWC was determined following the method described by Ghoulam et al. (2002). A fully expanded leaf used to determine gs was also used to measure RWC. The fresh weight (FW) was immediately determined after harvesting using a digital balance. Subsequently, leaves were placed inside plastic recipients with water under dark conditions and room temperature (22°C) for 48 h. Then, they were weighed on a digital balance to record the turgid weight (TW). Turgid leaves were dried in an oven at 75°C for 48 h and their dry weight (DW) was registered.



Relative Chlorophyll Content and Chlorophyll α Fluorescence Parameters

The relative chlorophyll content was determined using a chlorophyll meter (atLeaf meter, FT Green LLC, US) and expressed as atLeaf units (Dey et al., 2016). The readings of maximum quantum efficiency of PSII (Fv/Fm ratio) were recorded using a continuous excitation chlorophyll fluorimeter (Handy PEA, Hansatech Instruments, UK). Before taking Fv/Fm measurements, leaves were adapted to darkness using leaf clips for 20 min (Restrepo-Diaz and Garces-Varon, 2013). After leaf adaptation in the dark, Baseline (F0) and maximum fluorescence (Fm) were measured. The variable fluorescence (Fv = Fm – F0), the ratio of variable to maximum fluorescence (Fv/Fm), the maximum quantum yield of PSII photochemistry (Fv/F0), and the Fm/F0 ratio were calculated based on these data (Baker, 2008; Li et al., 2017). The readings of relative chlorophyll and chlorophyll fluorescence parameters were taken on the same leaves used for gs readings.



Biochemical Variables: Leaf Photosynthetic Pigments, Lipid Peroxidation (Malondialdehyde-MDA), and Proline

Approximately 800 mg of leaf fresh weight was collected for biochemical variables. Then, leaf samples were homogenized in liquid nitrogen and stored for further analysis. The spectral determination method used to estimate chlorophyll a, b, and carotenoid content on tissue was based on the methodology and the equations described by Wellburn (1994). Leaf tissue samples (30 mg) were collected and homogenized in 3 mL of 80% acetone. Then, the samples were centrifuged (Model 420101, Becton Dickinson Primary Care Diagnostics, USA) at 5,000 rpm for 10 min to remove particles. The supernatant was diluted to a final volume of 6 ml by adding 80% acetone (Sims and Gamon, 2002). Chlorophyll content was determined at 663 (chlorophyll a) and 646 (chlorophyll b) nm, whereas carotenoids were estimated at 470 nm using a spectrophotometer (Spectronic BioMate 3 UV-vis, Thermo, USA).

The thiobarbituric acid (TBA) method described by Hodges et al. (1999) was used to estimate membrane lipid peroxidation (MDA). Approximately 0.3 g of leaf tissue was also homogenized in liquid nitrogen. The samples were centrifuged at 5,000 rpm, and then the absorbances were measured at 440, 532, and 600 nm with the spectrophotometer. Finally, an extinction coefficient (157 M·ml−1) was used to obtain the MDA concentration.

Proline content was determined for all treatments using the method described by Bates et al. (1973). Ten milliliters of a 3% aqueous solution of sulfosalicylic acid was added to the stored samples, which were then filtered with Whatman paper (No. 2). Subsequently, 2 mL of this filtrate was reacted with 2 mL of ninhydrin acid and 2 mL of glacial acetic acid. The mixture was placed in a water bath at 90°C for 1 h. The reaction was stopped by incubation on ice. The resulting solution was dissolved in 4 mL of toluene by shaking the test tubes vigorously using a vortex shaker. Absorbance readings were determined at 520 nm with the same spectrophotometer used in the quantification of photosynthetic pigments (Spectronic BioMate 3 UV-Vis, Thermo, Madison, WI, USA).



Plant Canopy Temperature and Crop Stress Index (CSI)

The methodology described by Gerhards et al. (2016) was used to calculate plant canopy temperature and CSI. Thermal photographs were taken with a FLIR 2 camera (FLIR Systems Inc., Boston, MA, USA) with an accuracy of ±2°C at the end of the stress period. A white surface was placed behind plants for photography. Similarly, two plants were considered as the reference pattern. These plants were placed on a white surface; one of them was covered with an agricultural adjuvant (Agrotin, Bayer CropScience, Bogotá, Colombia) to simulate the opening of all stomata [wet pattern (Twet)], and the other was a leaf without any application [dry pattern (Tdry)] (Castro-Duque et al., 2020). The photography was taken with a distance of 1 m between the camera and the pot.



Relative Tolerance Index (RTI)

The relative tolerance index was calculated indirectly to determine the tolerance of the treated genotypes evaluated in this research, using the stomatal conductance (gs) of treated plants in relation to control plants (plants without stress treatment and application of growth regulators). RTI was obtained using the equation adapted from Chávez-Arias et al. (2020).

All physiological variables described above were determined and recorded at 55 DAE in each experiment using fully expanded leaves collected from the upper portion of the canopy. Also, the measurements were carried out inside the growth chamber to avoid altering the environmental conditions in which the plants were grown.



Experimental Design and Data Analysis

Data from the first and second experiments were analyzed together as a series of experiments. Each treatment group consisted of five plants, and each plant was an experimental unit. An analysis of variance (ANOVA) was performed (P ≤ 0.05). When significant differences were found, the comparative Tukey post hoc test was used at P ≤ 0.05. Percentage values were transformed using the arcsine function. Data were analyzed using the Statistix v 9.0 software (Analytical Software, Tallahassee, FL, USA), and SigmaPlot (version 10.0; Systat Software, San Jose, CA, USA) was used for the figures. A principal analysis of components was performed with InfoStat 2016 software (analytical software, Universidad Nacional de Córdoba, Argentina) to identify the better plant growth regulators in the study.




RESULTS

Table 1 summarizes the analysis of variance that shows the effect of the experiments, the different treatments, and their interaction on leaf photosynthetic pigments (chlorophyll a, b, total content, and carotenoids), malondialdehyde (MDA) and proline contents, stomatal conductance (gs), relative water content (RWC), chlorophyll content, chlorophyll α fluorescence parameters, plant canopy temperature (PCT) (°C), crop stress index (CSI), and relative tolerance index of rice plants at 55 DAE.


Table 1. Summary of the analysis of variance between experiment (genotypes) and heat stress treatments on the physiological and biochemical variables of rice plants.
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Leaf Photosynthetic Pigments, Relative Chlorophyll Content, and Chlorophyll α Fluorescence Parameters

Differences (P ≤ 0.01) in the interaction between experiments and treatments on leaf photosynthetic pigments, relative chlorophyll content (Atleaf readings), and the chlorophyll α fluorescence parameters are shown in Table 2. High day/nighttime temperatures improved the total chlorophyll and carotenoids contents. Rice seedlings without any foliar plant hormone sprays (2.36 mg g−1 for “F67,” and 2.56 mg g−1 for “F2000”) showed a lower total chlorophyll content compared to plants grown at optimal temperature conditions (2.67 mg g−1 for “F67,” and 2.80 mg g−1 for “F2000”) in both experiments. Additionally, rice seedlings under heat stress and treated with AUX and GA sprays also showed a decrease in the chlorophyll content in both genotypes (AUX = 1.96 mg g−1 and GA = 1.45 mg g−1 for “F67;” AUX = 2.24 mg g−1 and GA = 1.43 mg g−1 for “F2000”) under heat stress conditions. Foliar BR treatments caused a slight increase in this variable in both genotypes under heat stress conditions. Finally, foliar CK sprays showed the highest photosynthetic pigment values of all treatments (AUX, GA, BR, SC, and AC treatments) in genotypes F67 (3.24 mg g−1) and F2000 (3.65 mg g−1). The relative chlorophyll content (Atleaf units) was also diminished by the combined heat stress. The highest values were also recorded in plants sprayed with CK in both genotypes (41.66 for “F67”, and 49.30 for “F2000”). The Fv and Fv/Fm ratio showed significant differences between the treatments and cultivars (Table 2). In general, the cultivar F67 was less affected by heat stress than “F2000” in these variables. The Fv and Fv/Fm ratio were more affected in the second experiment. Stressed “F2000” seedlings without any plant hormone sprays registered the lowest Fv (2120.15) and Fv/Fm ratio (0.59) values; however, foliar CK sprays helped these variables to recover (Fv: 2591.89, and Fv/Fm ratio: 0.73), obtaining similar readings to those recorded in “F2000” plants grown under optimal temperature conditions (Fv: 2955.35, and Fv/Fm ratio: 0.72). There were no significant differences in the initial fluorescence (F0), maximum fluorescence (Fm), maximum quantum yield of PSII photochemistry (Fv/F0), and the Fm/F0 ratio. Finally, BR showed similar trends to those observed with the application of CK (2545.06 for Fv and 0.73 for Fv/Fm ratio).


Table 2. Effect of combined heat stress (40°/30°C day/night) on leaf photosynthetic pigments [total chlorophyll (Chl total), chlorophyll a (Chl a), chlorophyll b (Chl b) and carotenoids Cx+c)], relative chlorophyll content (Atleaf units), and chlorophyll fluorescence parameters (initial fluorescence (F0), maximum fluorescence (Fm), variable fluorescence (Fv), maximum efficiency of PSII (Fv/Fm), maximum quantum yield of PSII photochemistry (Fv/F0), and the Fm/F0 ratio) in plants of two rice genotypes [Fedearroz 67 (F67) and Fedearroz 2000 (F2000)] at 55 days after emergence (DAE).
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Relative Water Content (RWC), Stomatal Conductance, MDA Production, and Proline Content

The relative water content (RWC) of rice plants subjected to the different treatments showed differences (P ≤ 0.05) in the interaction between experiments and foliar treatments (Figure 1A). The SC treatment registered the lowest values in both genotypes (74.01% for F67 and 76.6% for F2000). A significant increase in RWC was registered in rice plants of both genotypes treated with different plant hormones under heat stress. In general, the foliar CK, GA, AUX or BR applications enhanced RWC, reaching similar values to those of plants grown under optimal conditions during the experiments. The values recorded for the absolute control and foliar sprayed plants were around 83% for both genotypes. On other hand, gs also showed significant differences (P ≤ 0.01) in the interaction between experiments and treatments (Figure 1B). Absolute control plants (AC) also registered the highest values in each genotype (440.65 mmol m−2s−1 for F67 and 511.02 mmol m−2s−1 for F2000). Rice plants only subjected to combined heat stress showed the lowest gs values for both genotypes (150.60 mmol m−2s−1 for F67 and 171.32 mmol m−2s−1 for F2000). gs was also enhanced by foliar applications of all plant growth regulators. The effects of foliar plant hormone sprays were more notorious in “F2000” rice plants sprayed with CK. This group of plants did not show differences compared to the absolute control plants (511.02 for AC and 499.25 mmol m−2s−1for CK).
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FIGURE 1. Effect of combined heat stress (40°/30°C day/night) on the relative water content (RWC) (A), stomatal conductance (gs) (B), malondialdehyde production (MDA) (C), and proline content (D) in plants of two rice genotypes (F67 and F2000) at 55 days after emergence (DAE). The treatments evaluated in each genotype were: absolute control (AC), heat stress control (SC), heat stress + auxins (AUX), heat stress + gibberellins (GA), heat stress + cytokinins (CK), and heat stress + brassinosteroids (BR). Each column represents the mean of five data ± standard error (n = 5). Bars followed by different letters indicate statistically significant differences according to the Tukey test (P ≤ 0.05). Equal letters indicate that means are not statistically significant ( ≤ 0.05).


MDA (P ≤ 0.01) and proline (P ≤ 0.01) contents also showed significant differences in the interaction between experiments and plant hormone treatments (Figures 1C,D). An increase was observed in lipid peroxidation in SC treatments in both genotypes (Figure 1C); however, plants treated with foliar growth regulator sprays showed a decrease in lipid peroxidation for both genotypes. In general, the use of plant hormones (CK, AUX, BR, or GA) caused a reduction in lipid peroxidation (MDA content). Differences were not obtained between AC plants and plants under heat stress and sprayed with plant hormones in both genotypes (observed values between 4.38 and 6.77 μmol g−1 of FW in “F67” plants and 2.84 and 9.18 μmol g−1 of FW “F2000” plants). On the other hand, proline synthesis was lower in “F67” plants than in “F2000” plants under combined stress. The foliar AUX or BR applications also caused a higher proline production in rice plants subjected to heat stress in both experiments. It was observed that the use of these hormones notoriously increased the amino acid content (30.44 and 18.34 μmol g−1 of FW for AUX and BR, respectively) in “F2000” plants (Figure 1D).



Plant Canopy Temperature, Relative Tolerance Index (RTI), and Crop Stress Index (CSI)

The effect of foliar plant growth regulator sprays and combined heat stress on plant canopy temperature, and relative tolerance index (RTI) is shown in Figures 2A,B. AC plants registered temperatures close to 27°C on the plant canopy whereas SC plants showed a canopy temperature around 28°C for both genotypes. It was also observed that foliar CK and BR treatments caused a higher decrease in the plant canopy temperature between 2 and 3°C compared to SC plants (Figure 2A). The RTI showed similar behavior to the other physiological variables, showing significant differences (P ≤ 0.01) in the interactions between experiments and treatments (Figure 2B). SC plants showed lower plant tolerance in both genotypes (34.18 and 33.52% for “F67” and “F2000” rice plants, respectively). The foliar application of plant hormones improved the RTI in plants exposed to stressful temperatures. This effect was more notorious in “F2000” plants sprayed with CK, registering an RTI of 97.69. On the other hand, significant differences were only observed on the crop stress index (CSI) of rice plants subjected to the stress condition (P ≤ 0.01) in the factor foliar sprays (Figure 2C). Rice plants only exposed to combined heat stress showed the highest stress index values (0.816). The stress index was lower (values between 0.6 and 0.67) when rice plants were sprayed with the different plant hormones. Finally, rice plants grown under optimal conditions showed a value of 0.138.
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FIGURE 2. Effect of combined heat stress (40°/30°C day/night) on plant canopy temperature (A), the relative tolerance index (RTI) (B), and crop stress index (CSI) (C) of two commercial rice genotypes (F67 and F2000) exposed to different heat treatments. The treatments evaluated in each genotype were: absolute control (AC), heat stress control (SC), heat stress + auxins (AUX), heat stress + gibberellins (GA), heat stress + cytokinins (CK), and heat stress + brassinosteroids (BR). The combined heat stress consisted of exposing rice plants to high day/nighttime temperatures (40°/30°C day/night). Each column represents the mean of five data ± standard error (n = 5). Bars followed by different letters indicate statistically significant differences according to the Tukey test (P ≤ 0.05). Equal letters indicate that means are not statistically significant ( ≤ 0.05).




Biplot Analysis of Physiological and Biochemical Responses to Combined Heat Stress Management With Growth Regulators

The principal component analysis (PCA) showed that the variables evaluated at 55 DAE explained 66.1% of the physiological and biochemical responses of heat-stressed rice plants and treated with growth regulator sprays (Figure 3). Vectors represent the variables, whereas points identify plant growth regulators (GR). The vectors of gs, chlorophyll content, maximum quantum efficiency of PSII (Fv/Fm), and biochemical readings (TChl, MDA, and proline) have angles close to the origin, showing that there is a high correlation between plant physiological behavior and these variables. The rice seedlings grown at optimal temperatures (AC) and F2000 plants treated with CK and BR form a single group (V). Also, most of the plants treated with GR form another single group (IV), and the GA treatment in F2000 forms a single group (II). In contrast, heat-stressed rice seedlings without any foliar plant hormone sprays (SC for both genotypes) (group I and III) are located in the sector opposite to group V, showing a negative effect of heat stress on plant physiological and biochemical responses.
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FIGURE 3. Effect of combined heat stress (40°/30°C day/night) on the biplot analysis of plants of two rice genotypes (F67 and F2000) at 55 days after emergence (DAE). Abbreviations: AC F67, absolute control F67; SC F67, heat stress control F67; AUX F67, heat stress + auxins F67; GA F67, heat stress + gibberellins F67; CK F67, heat stress + cytokinins F67; BR F67, heat stress + brassinosteroids F67; AC F2000, absolute control F2000; SC F2000, heat stress control F2000; AUX F2000, heat stress + auxins F2000; GA F2000, heat stress + gibberellins F2000; CK F2000, heat stress + cytokinins, and BR F2000, heat stress + brassinosteroids F2000.





DISCUSSION

Variables such as chlorophyll content, stomatal conductance, Fv/Fm ratio, CSI, MDA, RTI, and proline content are useful to understand the rice genotypes acclimatization and evaluate the impact of agronomic strategies under heat stress (Sarsu et al., 2018; Quintero-Calderón et al., 2021). The objective of the experiment was to evaluate the effect of the application of four growth regulators on the physiological and biochemical variables of rice seedlings subjected to combined heat stress. The seedling test is a simple and rapid method that allows the simultaneous evaluation of rice plants depending on the size or conditions of the available infrastructure (Sarsu et al., 2018). The results of this study showed that the combined heat stress caused different physiological and biochemical responses on both rice genotypes, indicating an acclimatization process. These results also showed that the foliar growth regulator sprays (principally cytokinins and brassinosteroids) helped rice acclimatization to combined heat stress since gs, RWC, and Fv/Fm ratio, photosynthetic pigments, and proline content were mainly favored.

The application of growth regulators helped the plant water status of rice plants under heat stress conditions, which can be associated with a higher gs and lower plant canopy temperature. This study showed that rice plants treated mainly with CK or BR registered higher gs values and lower PCT than SC treatment in “F2000” plants (susceptible genotype). Previous studies have also found that gs and PCT are accurate physiological indicators to determine the acclimatization response of rice plants and the effect of agronomic strategies to heat stress (Restrepo-Diaz and Garces-Varon, 2013; Sarsu et al., 2018; Quintero-Calderón et al., 2021). Foliar CK or BR enhanced gs under stress conditions since these plant hormones can help the stomatal opening by interacting with the synthesis of other signaling molecules such as ABA (stomatal closing promoter under abiotic stress) (Macková et al., 2013; Zhou et al., 2014). Stomatal opening promotes leaf cooling and helps to decrease canopy temperature (Sonjaroon et al., 2018; Quintero-Calderón et al., 2021). For these reasons, plant canopy temperature could be lower in rice plants sprayed with CK or BR under combined heat stress.

The high-temperature stresses diminish the content of photosynthetic pigments in leaves (Chen et al., 2017; Ahammed et al., 2018). In this study, the photosynthetic pigments tended to decrease in both genotypes when rice plants were under heat stress conditions and without any plant growth regulator sprays (Table 2). Feng et al. (2013) also reported a substantial decrease in the leaf chlorophyll content in two wheat genotypes exposed to heat stress. Exposure to high temperatures usually results in low chlorophyll content that can be caused by decreased chlorophyll biosynthesis, pigment degradation, or their combined effect under heat stress (Fahad et al., 2017). However, rice plants mainly treated with CK and BR increased the leaf photosynthetic pigment concentration under heat stress. Similar results were found by Jespersen and Huang (2015) and Thussagunpanit et al. (2015) who observed that leaf chlorophyll values increased after the application of Zeatin and epibrassinolide hormones in creeping bentgrass and rice plants exposed to heat stress, respectively. A plausible explanation why CK and BR helped the leaf chlorophyll content under combined heat stress is because CK can up-regulate the initiation of continuous induction of expression promoters (such as senescence-activated promoter (SAG12) or HSP18 promoter), reducing leaf chlorophyll loss, delaying leaf senescence, and enhancing plant heat resistance (Liu et al., 2020). BR can protect leaf chlorophyll and improve leaf chlorophyll content by activating or inducing the synthesis of enzymes involved in chlorophyll biosynthesis under stress (Sharma et al., 2017; Siddiqui et al., 2018). Finally, both plant hormones (CK and BR) also help the expression of heat shock proteins, improving different metabolic acclimatization processes such as the increase in chlorophyll biosynthesis (Sharma et al., 2017; Liu et al., 2020).

The parameters of chlorophyll a fluorescence are a fast and non-destructive technique that allows estimating the plant's tolerance or acclimatization to abiotic stress conditions (Chaerle et al., 2007; Kalaji et al., 2017). Parameters such as the Fv/Fm ratio have been used as plant acclimatization indicators to stressful conditions (Alvarado-Sanabria et al., 2017; Chávez-Arias et al., 2020). In this research, SC plants showed the lowest values of this variable, mainly in “F2000” rice plants. Yin et al. (2010) also found that the Fv/Fm ratio significantly decreased at temperatures higher than 35°C in rice leaves at maximum tillering. According to Feng et al. (2013), a low Fv/Fm ratio under heat stress suggests a decrease in the capture and conversion rate of excitation energy by PSII reaction centers, indicating disorganization of PSII reaction centers under heat stress conditions. This observation allows us to infer that the disorder in the photosynthetic machinery appeared to be more pronounced in sensitive cultivars (Fedearroz 2000) than in resistant ones (Fedearroz 67).

The use of CK or BR mainly enhanced PSII efficiency under combined heat stress. Similar results were obtained by Thussagunpanit et al. (2015), who observed that the application of BR enhanced the PSII efficiency under heat stress in rice plants. Kumar et al. (2020) also found that chickpea plants treated with CK (6-Benzyladenine) and exposed to heat stress increased the Fv/Fm ratio, concluding that foliar CK application helped the activity of PSII by activating the operation of the zeaxanthin pigment cycle. Also, foliar BR sprays favored the PSII photosynthetic machinery under combined stress conditions, suggesting that the application of this plant hormone resulted in lower dissipation of excitation energy in the PSII antennae and promoted the accumulation of chloroplastic small heat shock proteins (Ogweno et al., 2008; Kothari and Lachowiec, 2021).

The MDA and proline content generally increased when plants were under abiotic stress compared to plants grown under optimal conditions (Alvarado-Sanabria et al., 2017). Previous studies also identified that MDA and proline levels are biochemical makers used to understand the acclimatization process or the effect of agronomic practices in rice plants under high day or nighttime temperatures (Alvarado-Sanabria et al., 2017; Quintero-Calderón et al., 2021). Those studies also reported that MDA and proline contents were generally higher in rice plants exposed to high night or daytime temperatures, respectively. However, the application of foliar CK and BR helped to decrease MDA and increase proline levels, mainly in the tolerant genotype (Fedearroz 67). CK sprays could help the overexpression of cytokinin oxidase/dehydrogenase that increased the content of protective compounds such as betaine, proline, etc. (Liu et al., 2020). BR promote the induction of osmoprotectants such as betaines, sugars, and amino acids, including free proline, maintaining cell osmotic balance under many unfavorable environmental conditions (Kothari and Lachowiec, 2021).

The crop stress index (CSI) and relative tolerance index (RTI) are used to determine if the treatments evaluated help to mitigate different stresses (abiotic and biotic) and have a positive effect on plant physiology (Castro-Duque et al., 2020; Chávez-Arias et al., 2020). CSI values can range between zero and one, representing the non-stressed and stressed conditions, respectively (Lee et al., 2010). The values of heat-stressed plants (SC) showed a CSI between 0.8 and 0.9 (Figure 2C), suggesting that rice plants were negatively affected under combined stress. However, foliar BR (0.6) or CK (0.6) sprays mainly caused a decrease in this index under abiotic stress compared to SC rice plants. In “F2000” plants, the RTI showed a higher increase with the use of CK (97.69%), and BR (60.73%) compared to SC (33.52%), suggesting that these plant growth regulators also helped to improve rice tolerance to combined heat stress. These indexes have been suggested for the management of stressful situations in different species. Studies performed by Lee et al. (2010) showed that two cotton cultivars under moderate water stress had a CSI around 0.85, whereas well-irrigated cultivars registered CSI values between 0.4 and 0.6, concluding that this index is an indicator of the cultivar adaptability to water stress conditions. Additionally, Chávez-Arias et al. (2020) evaluated the effect of synthetic elicitors as a strategy to mitigate combined stress in cape gooseberry plants, finding that plants sprayed with these compounds displayed a higher RTI (65%) compared to plants only exposed to combined stress (biotic and abiotic stress). Based on the above, CK and BR can be considered an agronomic strategy to induce rice tolerance to combined heat stress, since these plant growth regulators caused positive biochemical and physiological responses.

In the last years, rice studies in Colombia have focused on the evaluation of genotypes with resistance to high day or nighttime temperatures using physiological or biochemical traits (Sánchez-Reinoso et al., 2014; Alvarado-Sanabria et al., 2021). However, the analysis of practical, economic, and profitable techniques has gained importance in the last years in order to propose crop integrated management to ameliorate the effects of combined heat stress periods in the country (Calderón-Páez et al., 2021; Quintero-Calderón et al., 2021). For this reason, the physiological and biochemical responses of rice plants to combined heat stress (40°C day/30°C night) observed in this study indicate that the foliar CK or BR sprays may be an appropriate crop management technique to mitigate the adverse effects of moderate heat stress periods. These treatments increased the tolerance (low CSI and high RTI) of the two rice genotypes, showing common trends in the physiological and biochemical responses of plants under combined heat stress. The principal responses of rice plants were a decrease in gs, total chlorophyll, Chl α and β, and carotenoids content. Additionally, plants registered an increase in the damage of the PSII (reducing the values of chlorophyll fluorescence parameters such as Fv/Fm ratio), and lipid peroxidation. On the other hand, these negative effects were mitigated and the proline content increased when rice plants were treated with CK and BR (Figure 4).


[image: Figure 4]
FIGURE 4. Concept model of the impact of the combined heat stress and foliar plant growth regulators sprays in rice plants. Red arrows and blue arrows indicate the negative or positive effect of interaction between combined heat stress and foliar BR (brassinosteroids) and CK (cytokinins) applications on the physiological and biochemical responses, respectively. gs: stomatal conductance; Total Chl: total chlorophyll content; Chl α: Chlorophyl α content; Chl β: Chlorophyl β content; Cx+c: Carotenoids content.


In summary, the physiological and biochemical responses of this study revealed that Fedearroz 2000 rice plants were more susceptible to the combined heat stress period than Fedearroz 67 rice plants. All growth regulators evaluated in this research (auxins, gibberellins, cytokinins, or brassinosteroids) demonstrated a certain level of mitigation of combined heat stress. However, cytokinins and brassinosteroids induced better plant acclimatization, since both plant growth regulators increased the chlorophyll content, chlorophyll α fluorescence parameters, gs, and RWC and decreased MDA content and canopy temperature, compared to rice plants without any application. The foregoing allows us to conclude that the use of plant growth regulators (cytokinins and brassinosteroids) is a useful tool for managing stress conditions due to severe heat stress in rice crops when periods of high temperatures are expected.
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Increasing temperatures and extended drought episodes are among the major constraints affecting food production. Maize has a relatively high temperature optimum for photosynthesis compared to C3 crops, however, the response of this important C4 crop to the combination of heat and drought stress is poorly understood. Here, we hypothesized that resilience to high temperature combined with water deficit (WD) would require efficient regulation of the photosynthetic traits of maize, including the C4–CO2 concentrating mechanism (CCM). Two genotypes of maize with contrasting levels of drought and heat tolerance, B73 and P0023, were acclimatized at high temperature (38°C versus 25°C) under well-watered (WW) or WD conditions. The photosynthetic performance was evaluated by gas exchange and chlorophyll a fluorescence, and in vitro activities of key enzymes for carboxylation (phosphoenolpyruvate carboxylase), decarboxylation (NADP-malic enzyme), and carbon fixation (Rubisco). Both genotypes successfully acclimatized to the high temperature, although with different mechanisms: while B73 maintained the photosynthetic rates by increasing stomatal conductance (gs), P0023 maintained gs and showed limited transpiration. When WD was experienced in combination with high temperatures, limited transpiration allowed water-savings and acted as a drought stress avoidance mechanism. The photosynthetic efficiency in P0023 was sustained by higher phosphorylated PEPC and electron transport rate (ETR) near vascular tissues, supplying chemical energy for an effective CCM. These results suggest that the key traits for drought and heat tolerance in maize are limited transpiration rate, allied with a synchronized regulation of the carbon assimilation metabolism. These findings can be exploited in future breeding efforts aimed at improving maize resilience to climate change.
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INTRODUCTION

Maize is one of the most important crops worldwide, representing 39% of the total cereal production and 27% of the total harvest area for all grain crops (FAOSTAT, 2020). According to the intergovernmental panel for climate change (IPCC), water restrictions and heat waves are among the main regional risks for food production in some of the most populated areas around the globe (Mbow et al., 2019). Without major crop improvements, each degree-Celsius increase in global mean temperature can reduce, on average, the global yield of maize by 7.2% (Zhao et al., 2017). To improve the maize yield in a changing climate, and ensure food security for the increasing world population, it is essential to comprehend how maize plants respond to fluctuations in temperature and water availability, unravel the traits that confer resilience to heat and drought stress, and develop genotypes expressing those traits.

Crop production is intimately dependent on a fine-tuned stomatal regulation since a trade-off between carbon uptake and water saving is always present. Furthermore, when subjected to high temperatures, plants usually use evaporative cooling to reduce leaf temperature, that otherwise could be detrimental to photosynthetic processes (Carmo-Silva et al., 2012; Costa et al., 2013; Lawson et al., 2018). However, in response to water shortage, higher plants close stomata to limit water losses by transpiration (Chaves et al., 2003; Nunes et al., 2009; Duque et al., 2013).

It is generally accepted that plants with C4 photosynthesis, as maize, evolved from C3 plants in response to the increase in temperature, a decrease of CO2 concentration in the atmosphere, and episodes of drought or salinity (Edwards et al., 2001, 2004; Sage, 2004). The revolutionary factor that allowed the success of C4 plants under these conditions was the anatomical and biochemical differentiation that led to the development of a CCM that increases CO2 concentrations at the catalytic sites of ribulose-1, 5 bisphosphate carboxylase/oxygenase (Rubisco) (Edwards et al., 2001, 2004; Sage, 2004). First, this development allowed the increase of photosynthetic efficiency by decreasing the oxygenation activity of Rubisco, and consequently photorespiration (Sage et al., 2010). Second, the increase of the optimum photosynthetic temperature, in large part by surpassing the decrease in CO2 solubility relative to O2 caused at high temperature (Sage and Kubien, 2007; Dwyer et al., 2007). Ultimately, this enables C4 plants to use low stomatal conductance (gs) as a water-conservative mechanism, by increasing the ratio of CO2 fixated per water loss through transpiration (Ghannoum et al., 2010; Osborne and Sack, 2012).

Maize uses mainly a NADP-malic enzyme (NADP-ME) type C4 photosynthesis, where CO2 is fixed in the mesophyll cells (MCs) by phosphoenolpyruvate carboxylase (PEPC, EC 4.1.1.31), leading to the formation of oxaloacetate, later reduced to malate and transported into the bundle sheath cells (BSCs). There, CO2 is released by NADP-ME, EC 4.1.1.31 for refixation in the Calvin–Benson–Bassham cycle (CBBC) through Rubisco, EC 2.1.1.127 (Hatch, 1987; Edwards et al., 2004).

The regulatory and catalytic properties of enzymes involved in CCM contribute to the acclimation and optimization of photosynthetic efficiency when exposed to high temperatures and drought. The activation state of C4-PEPC generally increases when plants are exposed to water deficit (WD) (Foyer et al., 1998; Bernardes da Silva et al., 1999; Marques da Silva and Arrabaça, 2004; Carmo-Silva et al., 2008) and the sensitivity to L-malate decreases (Carmo-Silva et al., 2008). Conversely, PEPC activity is generally not affected under high temperature (Crafts-Brandner and Salvucci, 2002; Dwyer et al., 2007) and the sensitivity to L-malate slightly increases (Crafts-Brandner and Salvucci, 2002). Usually, C4-NADP-ME activity decreases or is not affected under WD (Du et al., 1996; Marques da Silva and Arrabaça, 2004; Carmo-Silva et al., 2008). The activation state of Rubisco was reported to mainly decrease at high temperature, in isolation, or in combination with WD (Crafts-Brandner and Salvucci, 2002; Salvucci and Crafts-Brandner, 2004a; Perdomo et al., 2017). The decline is mainly due to the thermal sensitivity catalytic chaperone of Rubisco, Rubisco activase (Rca), that otherwise promotes the release of inhibitory sugar phosphates from active sites of Rubisco (Portis, 2003; Salvucci and Crafts-Brandner, 2004a; Carmo-Silva and Salvucci, 2011; Carmo-Silva et al., 2015).

Differentiation between MC and BSC localization and functions also altered their specific energy requirement. The MCs are characterized by high grana-containing chloroplasts with higher photosystem II (PSII) activities and linear electron flow, producing ATP and most of the reducing power (NADPH). The BSCs primarily produce the ATP required in CBBC, via cyclic electron flow around photosystem I (PSI), and grana stacks are rare in these chloroplasts (Woo et al., 1970; Walker and Izawa, 1979; von Caemmerer and Furbank, 2016). Environmental regulation of the PSII levels in the BSCs chloroplasts has not been extensively examined (Meierhoff and Westhoff, 1993; Omoto et al., 2009). However, balancing the energetic capacity of the two compartments might be a requirement for the plasticity of the decarboxylating process under varying environmental conditions (Chapman and Hatch, 1981; Furbank, 2011; von Caemmerer and Furbank, 2016; Arrivault et al., 2017). The effects of high temperature and WD on the electron transport capacity can also limit the photosynthetic efficiency mainly by the impairment of the physical integrity of electron transport components of the photosynthetic apparatus (Salvucci and Crafts-Brandner, 2004a).

Previous studies focused on C4 photosynthesis under isolated or rapidly imposed stresses. Thus, there is scarce information about the regulation of CCM in acclimatized plants under high temperature in isolation or combination with WD. Moreover, as great diversity is observed between C4 metabolic types (Carmo-Silva et al., 2008; Furbank, 2011; Rao and Dixon, 2016), and even between genotypes of the same species, depending on breeding history and genome-environmental interactions (Lopes et al., 2011; Khoshravesh et al., 2020), it is crucial to study the response of genotypes with contrasting behavior.

In this study, the contrasting levels of tolerance to drought and heat of two maize genotypes, B73 and P0023, were explored to (1) characterize the combined effects of high temperature and WD on maize photosynthesis, (2) test the hypothesis that CCM efficiency is a major player in the tolerance to these conditions, and (3) ultimately unravel mechanisms that can help the improvement of maize growth under high temperatures and extended drought. The B73 genotype is heat and drought-sensitive (Petolino et al., 1990; Chen et al., 2012; Yang et al., 2018), the most widely used inbred line in breeding programs (Duvick et al., 2010; Chen et al., 2012) and one of the first maize genotypes to be sequenced (Schnable et al., 2009; Jiao et al., 2017). The P0023 genotype is a drought-tolerant Pioneer Optimum AQUAmaxTM hybrid line (DuPont Pioneer). The AQUAmax hybrids were developed in a long-term improvement program to increase maize yield for the US corn-belt, by applying multi-environment phenotyping and molecular markers-based selection (Cooper et al., 2014; Gaffney et al., 2015). The effects of long-term growth WD (WD25), high temperature (well-watered plants at 38°C, WW38), and their combination (WD38) on the photosynthetic efficiency was assessed by steady-state gas exchange and chlorophyll a fluorescence and related to (1) biomass production, (2) leaf evaporative cooling system and water balance, (3) the catalytic activity of key enzymes involved in maize CCM, (4) kinetics of photosynthetic electron transport, and (5) leaf tissue spatial heterogeneity of PSII activity.



MATERIALS AND METHODS


Plant Material and Growth Conditions

Based on the evidence of contrasting drought and heat tolerance in previous studies (Chen et al., 2012; Cooper et al., 2014; Gaffney et al., 2015; Yang et al., 2018), two Zea mays L. (maize) genotypes were selected: B73, a heat and drought-sensitive line, and P0023, a drought-tolerant Pioneer Optimum AQUAmaxTM hybrid line (DuPont Pioneer). Plants of both genotypes were grown from seeds in a controlled environment chamber (Fitoclima 5000 EH, Aralab) in 2 L pots containing horticultural substrate (Compo Sana Universal, Compo Sana). The light was provided by fluorescent lamps (Osram Lumilux L 58W/840 cool white lamps) placed at specific distances from the plants to obtain an average photosynthetic photon flux density (PPFD) of ~300 μmol m–2 s–1 at the top of the canopy, with a photoperiod of 16 h. All plants were initially grown under a control temperature (25/18°C day/night), with 50% relative humidity (RH) for 21 days (21 days after sowing, DAS). For experiments under control temperature, plants remained at 25/18°C (day/night) with 50% RH throughout the experiment. Following 21 DAS, plants were randomly assigned to two irrigation treatments: five plants per cultivar were maintained well-watered (WW; minimum 80% field capacity, WW25) throughout the experiment and five plants were subjected to WD (WD25) for 7 days. For experiments under elevated temperature, the 21 DAS plants were also exposed to high temperatures (38/31°C day/night) with 60% RH and were randomly assigned to the irrigation treatments: five plants per cultivar were maintained WW (80±5% field capacity, WW38) and five plants were subjected to WD (WD38), for 5 days. Water deficit was established by withholding watering and sustaining a minimum of 30±5% field capacity. The water stress period was reduced to 5 days under high temperature to compensate for the higher evapotranspiration demand. The soil water content was determined gravimetrically by weighing the pots and irrigation was provided to compensate for evapotranspiration and maintain field capacity in the WW and WD pots. Leaf samples collection for biochemical analyses occurred at the end of the respective temperature and irrigation treatment, 5–7 h after the start of the photoperiod. Samples were rapidly frozen into liquid nitrogen and stored at −80°C.



Leaf Water Status

The plant water status was estimated by leaf water content (LWC) following the methodology described by Gameiro et al. (2016). A fresh leaf sample (3–4 cm2) was collected at the same time as the leaf samples collected for biochemical analyses, the leaf fresh weight (LFW) was immediately measured on an electronic scale (Sartorius BP221S) and the leaf dry weight (LDW) was measured after oven drying samples at 70°C for 48 h, and LWC calculated as follows:
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The leaf water potential (LWP) was measured with a C-52 thermocouple chamber (Wescor), 20 mm2 leaf disks were cut and equilibrated for 30 min in the chamber before the readings were recorded by a water potential datalogger (PSYPRO, Wescor) operating in the psychrometric mode.



Above-Ground Biomass and Growth Rate

At the end of the experiment, plants were harvested to measure above-ground biomass in the form of fresh weight (FW) and dry weight (DW). The FW was directly measured in an electronic scale (Sartorius BP221S) and the DW measured after oven drying samples at 70°C for 52 h. Additionally, to assess the relative growth rate (RGR) during the acclimatization period, the above-ground biomass was measured in a random group of plants before stress imposition (21 DAS, n = 5). The RGR for each plant, based on the DW, was estimated as:
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where W1 and W2 are the DW of each plant at time points T1 (21 DAS) and T2 at the end of the acclimatization period.



Thermal Imaging

Thermal images were obtained using a thermal camera (Flir 50bx, FLIR Systems Inc.) with emissivity set at 0.95 and at, approximately, 1 m distance from the plants. Prior to each set of measurements, the background temperature was determined by measuring the temperature of a crumpled sheet of aluminum foil in a similar position to the leaves of interest with the emissivity set at 1.0 following the methodology described by Costa et al. (2013). Thermal images were analyzed with the software FLIR Tools (FLIR Systems, Inc.). The temperature of each plant was determined from the temperature of five leaves using the function area.



Steady-State Gas Exchange and Chlorophyll a Fluorescence

Parallel measurements of photosynthetic gas exchange and chlorophyll a fluorescence were performed in a non-detached fully expanded leaf from each plant with a portable fluorescence and gas exchange system (Li-6400-40, Li-Cor Inc.), in the climatic growth chamber. The control air temperature was set to the growth temperature, 25°C (WW25 and WD25) or 38°C (WW38 and WD38), PPFD at the leaf level (I) set to 600 μmol m–2 s–1 and the CO2 concentration in the leaf chamber set to 400 μmol CO2 mol–1, allowing the leaf to reach steady-state assimilation rate (A) and stomatal conductance (gs). All the photosynthetic parameters were calculated by the Li-6400-40 software. A, gs, and transpiration rate (E) were calculated according to von Caemmerer and Farquhar (1981). The PSII effective quantum yield (ΦPSII) was obtained according to Genty et al. (1989) and electron transport rate (ETR) was then calculated as:
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Chlorophyll a Fluorescence Induction

The kinetics of the rapid rise in fluorescence induction was recorded on fully expanded dark-adapted leaves (10 min) exposed to a saturating light pulse (3,500 μmol m–2 s–1) for 1 s, in order to obtain the OJIP Chl a fluorescence transient rise (Handy PEA, Hansatech Instruments). The fluorescence parameters derived from the extracted data, namely specific energy fluxes per QA-reducing PSII reaction center and photosynthetic performance indexes were calculated according to Strasser and collaborators (Strasser et al., 2004; Tsimilli-Michael and Strasser, 2008) with the nomenclature presented in Stirbet and Govindjee (2011).



Chlorophyll a Fluorescence Imaging and Rapid Light Curves

Chlorophyll a fluorescence rapid light curves (RLCs) were measured with a chlorophyll fluorescence imaging system (Imaging-PAM M-series Mini version, Heinz Walz GmbH) and images analyzed using the Imaging Win analytical software (Heinz Walz GmbH). The measurements were recorded in full dark-adapted leaves (10 min) with an eight-step protocol (0, 43, 111, 223, 402, 624, 782, 996 μmol m–2 s–1) with light irradiance increasing at 90 s intervals. The ETR values were extracted from representative areas of interest (AOI) for the total leaf area (L ETR), mid-veins (MV ETR), and regions between mid-veins (BMV ETR). The data were fitted to a three-parameter photosynthesis-irradiance model (Platt et al., 1982) using a derivative-free optimization by the quadratic approximation algorithm (bobyqa) in the R package phytotools (Silsbe and Malkin, 2015). The maximum ETR (ETRmax) was estimated by the following equation:
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where Ps is a scaling factor defined as the maximum potential ETR, α the initial slope of the RLC before the onset of saturation and β the slope of the downturn of the curve characterized by photoinhibition. As leaf ETR (L ETR) was extracted in an AOI exclusively containing MVs and BMVs, the contribution of MV and BMV ETR to the L ETR was calculated by normalizing the data to L ETR under WW25 and expressed as a relative percentage (% of WW25 L ERT).



Enzymes Extraction

Soluble enzymes were extracted by grinding frozen leaf samples (0.1–0.3 g FW) in a cold mortar with quartz sand, 1% (w/v) insoluble polyvinylpyrrolidone (PVP), ice-cold extraction medium (1/10 FW per mL) containing 50 mM Bicine–KOH pH 8.0, 1 mM ethylenediaminetetraacetic acid (EDTA), 5% (w/v) PVP25000, 6% (w/v) polyethylene glycol (PEG4000), 10 mM 1,4-dithiothreitol (DTT), 50 mM β-mercaptoethanol, and 1% (v/v) protease inhibitor cocktail for plant extracts (Sigma-Aldrich), as described in Carmo-Silva et al. (2008). The leaf extracts were then centrifuged at 14,000 g and 4°C for 3 min, supernatants were used for enzymatic activity assays and maintained on ice until all measurements were completed. The total soluble protein (TSP) content was quantified according to the Bradford method (Bradford, 1976) using BSA Fraction V as standard protein.



Phosphoenolpyruvate Carboxylase Activity and Sensitivity to Malate Inhibition

The PEPC activity was measured by coupling the carboxylase reaction with malate dehydrogenase (MDH) NADH-dependent, as described by Carmo-Silva et al. (2008). The maximal activity (Vmax), was determined under optimal pH (pH 8.0), saturating substrates and cofactor conditions, and 5–20 μL of leaf extract. The physiological activity (Vphysiol) was determined under similar conditions but at sub-optimal pH (pH 7.3) and PEP concentration (2.5 mM PEP). The reaction mixtures, with all the components except NADH and extract, were allowed to equilibrate at 25 or 38°C; then the enzyme extract was added, and the reaction started by the addition of NADH. The activation state of PEPC was calculated as:
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For the determination of PEPC sensitivity to L-malate inhibition, a sub-sample of protein extract was desalted by gel filtration (Sephadex G-25, Sigma-Aldrich) and assayed in the same conditions as described for the Vphysiol, with 40–60 μL of the desalted extract and by measuring the activity in the absence and increasing concentrations of L-malate. The malate sensitivity was estimated by the calculation of half-maximal inhibitory concentration (IC50) and used to evaluate PEPC phosphorylation state. Reactions were measured in continuous assays by monitoring absorbance at 340 nm and carried out in triplicates.



NADP-Malic Enzyme Activity

The NADP-ME activity was determined, according to Carmo-Silva et al. (2008). The maximal activity (Vmax), was determined under optimal pH (pH 8.0), saturating substrates and cofactor conditions, and 10–20 μL of leaf extract. The physiological activity (Vphysiol) was determined under similar conditions but with the leaf extract L-malate endogenous concentration. The reaction mixture, with all the components except NADP+ (Sigma-Aldrich), L-malate, and extract, was allowed to equilibrate at 25 and 38°C. Then the protein extract and NADP+ was added and the reaction started by the addition of L-malate (Vmax) or by the endogenous L-malate (Vphysiol). The activation state of NADP-ME was calculated as the ratio of Vphysiol to Vmax, as previously presented for PEPC. The reactions were measured in continuous assays by monitoring absorbance at 340 nm and carried out in triplicates.



Rubisco Activity

The rubisco activities were measured by the incorporation of 14CO2 into acid-stable products at 25 and 38°C, following the protocol described in Parry et al. (1997) with modifications. The reaction mixture contained 100 mM Bicine–NaOH pH 8.2, 40 mM MgCl2, 10 mM NaH14CO3 (7.4 kBq μmol–1), and 0.4 mM ribulose 1,5-bisphosphate (RuBP, Sigma-Aldrich). The Rubisco initial activity (Vi) was determined by adding the supernatant to the mixture and stopping the reaction after 60 s with 10 M HCOOH. Total activity (Vt) was measured after incubating the same volume of extract for 1 min with all the reaction mixture components except RuBP in order to allow carbamylation of all the Rubisco available catalytic sites. The reaction was then started by adding RuBP and stopped as above. All measurements were carried out in triplicate, and control reactions were quenched with HCOOH prior to the addition of RuBP. The mixtures were completely dried at 70°C overnight and the residues re-hydrated in 0.5 mL ddH2O, then mixed with 5 mL scintillation cocktail (Ultima Gold, Perkin-Elmer). Radioactivity due to 14C incorporation in the acid-stable products was measured by liquid scintillation counting (LS7800, Beckman). The activation state of Rubisco was calculated as the ratio,
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All measurements were carried out in triplicate.



Statistical Analysis

The statistical significance of trait variation was tested by factorial ANOVA, and post hoc comparison between treatments was performed with Duncan test (P < 0.05) using IBM SPSS Statistics, Version 25 (IBM, United States). The t-test (P < 0.05) was used to analyze significant differences between experimental temperatures in the same genotypes and condition. To link the activity of enzymes involved in CCM with photosynthetic performance, a regularized canonical correlation analysis (rCCA, González et al., 2008) was employed and Clustered Image Maps (CIM or heatmaps) computed, as implemented in González et al. (2012). The analysis was performed using the mixOmics R package v 6.10.9 (Rohart et al., 2017). In this approach, a pair-wise similarity matrix is computed as the correlation between the two types of projected variables onto space spanned by the three first components retained in the analysis, and the values in the similarity matrix can be seen as a robust approximation of the Pearson correlation (González et al., 2008).




RESULTS


Effects of Drought and High Temperature on Maize Photosynthetic Efficiency

Steady-state photosynthetic gas exchanges and chlorophyll a fluorescence were assessed to quantify the photosynthetic performance of B73 and P0023 under high temperature and drought. The WD plants had significantly lower net photosynthesis assimilation rate (A), stomatal conductance (gs), and ETR compared to the WW plants (Figures 1A–C). However, under WW, the genotypes modulated gs/A differently in response to high temperature. The B73 genotype increased gs to maintain A at similar levels as control (WW25) when the temperature increased and P0023 could achieve similar assimilation, as control, maintaining the same gs (Figures 1A,B). Under WD38, P0023 demonstrated a slightly higher A and significantly greater ETR than B73 (Figures 1B,C). The maximal quantum efficiency of PSII (Fv/Fm) was highly affected by the increase of temperature in B73 (Figure 1D). In this genotype, the decrease in FV/Fm with temperature was more pronounced under WD (WD38), whereas in P0023, the Fv/Fm decreased similarly in both irrigation regimes at 38°C (Figure 1D).
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FIGURE 1. Steady-state photosynthesis in two maize genotypes (B73, P0023) grown under WW and WD conditions and acclimatized to 25 or 38°C. (A) Net CO2 assimilation, (B) stomatal conductance, (C) ETR and (D) maximum quantum yield of primary PSII photochemistry (Fv/Fm) were measured at 600 μmol m–2 s–1 and 400 μmol CO2 mol–1 in fully expanded leaves from 4-week-old maize plants. Values are means ± SEM (n = 5 biological replicates). Different letters denote statistically significant differences between treatments (Duncan analysis, p < 0.05).




Leaf Water Status and Biomass Allocation Under Drought and High Temperatures

To characterize the water status of B73 and P0023 plants, LWC and LWP were estimated at the end of each experimental condition (Figures 2A,B). Well-watered (WW) plants presented LWC (Figure 2A) and LWP (Figure 2B) around or above 85% and −1 MPa, respectively, suggesting good cellular hydration. The WD conditions led to a decrease in LWC and LWP values (around or lower than 80% and lower than −1 MPa, respectively, Figures 2A,B), revealing a decrease in hydration and a considerable driving force for water uptake by the plant. Under WD38, P0023 presented a higher water content than B73, even though no significant differences were found for LWP, showing the capacity of this genotype to maintain cellular hydration under these conditions. The above-ground biomass was higher in P0023 in all the conditions and increased in both cultivars when subjected to high temperatures (WW38, Figure 2C). Under WD25, the biomass decreased in both genotypes, however, under WD38 only P0023 showed a decrease in biomass relative to WW25 (Figure 2C). To assess the biomass allocation under stress conditions, the RGR between the first day of stress and the end of the experiment were determined. The RGR was higher in P0023 in all WW conditions and decreased under WD to a similar magnitude in both genotypes.
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FIGURE 2. The water status and biomass of two maize genotypes (B73, P0023) grown under WW and WD conditions and acclimatized to 25 or 38°C. (A) Water content (LWC), (B) water potential (LWP) of fully expanded leaves, and (C) above-ground biomass of 4-week-old maize plants. (D) RGR during the acclimatization period. Values are mean ± SEM (n = 5 biological replicates). Different letters denote statistically significant differences between treatments (Duncan analysis, p < 0.05).




Effects of Drought and High Temperature on the Leaf Evaporative Cooling System

To understand the effect of stress conditions on the leaf evaporative cooling system, transpiration rate (E) and leaf temperature (LeafT) were measured at end of the experimental conditions. The leaf transpiration decreased significantly under WD conditions and was higher under elevated temperature (WW38, Figure 3A), in accordance with soil water availability and stomatal conductance, as assessed by leaf temperature (Figure 3B). The leaf temperature increased significantly in both genotypes under WD (Figures 3B–E) and increased in both cultivars when subjected to high temperatures (Figure 3C). Under 25°C, P0023 showed a lower LeafT than B73 in all conditions (Figure 3B), although the temperature relatively increased to 38°C for B73 (Figure 3C), in accordance with the decrease of transpiration (Figure 3A). However, the increase of leaf temperature in P0023 at 38°C did not impair the assimilation rate (Figure 1A) and ETR (Figure 1C).
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FIGURE 3. The leaf evaporative cooling system of two maize genotypes (B73, P0023) grown under WW and WD conditions and acclimatized to 25 or 38°C. (A) Transpiration rate, (B) leaf temperature at 25°C and (C) leaf temperature at 38°C. (D,E) Representative thermographic images from the leaves of 4-week-old maize plants under WW (D) and WD (E) conditions, exposed to 25°C. Values are mean ± SEM (n = 5 biological replicates). Different letters denote statistically significant differences between treatments (Duncan analysis, p < 0.05).




Effects of Drought and High Temperature on the CO2 Concentration Mechanism and Calvin–Benson–Bassham Cycle

To characterize the combined effects of increased temperatures and WD on CCM and CBBC, the activity of key photosynthetic enzymes was assessed, namely PEPC, NADP-ME, and Rubisco (Supplementary Figures 1–3). A multivariate canonical correlation analysis was then used to correlate enzyme activity (maximal/total activity and activation state) with photosynthetic activity and stomatal conductance (A, gs, Fv/Fm, ETR) (Figure 4 and Supplementary Figure 4).
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FIGURE 4. The PEPC, NADP-ME, and Rubisco activation state of two maize genotypes (B73, P0023) grown under WW and WD conditions and acclimatized to 25 or 38°C. The heatmap represents the correlation between the activation state of key photosynthetic enzymes and steady-state chlorophyll a fluorescence or gas-exchange parameters of two maize genotypes (B73, P0023). The canonical correlations were determined according to the effect of (A,B) WD at 25°C (WD25), (C,D) high temperatures (WW at 38°C, WW38), and (E,F) WD combined with high temperatures (WD38), relative to control plants (WW25). The PEPC, NADP-ME, and Rubisco activities, gs, A and ETR were measured at the respective growth temperature (25 or 38°C), in fully expanded leaves and respective extracts from 4-week-old maize plants. Differences in the catalytic activity are represented as percentage changes relative to control (WW25) in extracts measured at the same temperature (25°C for WD25 and 38°C for WW38 and WD38, Supplementary Figures 1–3). The arrow direction indicates activity increase or decrease. The different colors denote positive (red) or negative (blue) correlations between variables (n = 4–5 biological replicates).


The ratio of physiological activity to enzyme capacity was used as a proxy of the adjustment of CCM and CBBC function in response to drought and high temperature (Figure 4 and Supplementary Figures 1–3).

Under WD25, the PEPC activation state increased in both genotypes at different rates, leading to a negative correlation to the photosynthetic parameters (Figures 4A,B). While B73 showed an increase in PEPC activation state (37%, Figure 4A), by maintaining a similar Vmax (Supplementary Figure 4A) and increasing Vphysiol (Supplementary Figure 1B), P0023 increased the PEPC activation state (76%, Figure 4B) by a more pronounced decrease of Vmax (59%, Supplementary Figure 4B) relative to Vphysiol (Supplementary Figure 1B). On the other hand, both genotypes decreased the activation state of NADP-ME (Figures 4A,B) by a marked decrease of Vphysiol (Supplementary Figure 2B) and a minor decrease of Vmax (Supplementary Figures 4A,B). Regarding Rubisco, B73 and P0023 increased its activation state (Figures 4A,B) by a more marked increase of Vinitial (Supplementary Figure 3B) than Vtotal (Supplementary Figures 4A,B). Overall, B73 showed a higher positive correlation between the NADP-ME activation state (Figure 4A) and the decrease of the photosynthetic parameters (Figures 1A–C). In comparison, P0023 showed a stronger negative correlation between the activation state of PEPC (Figure 4B) and gs (Figure 1B).

Under WW38, both genotypes showed a decrease of the activation state in the carboxylation and decarboxylation enzymes (Figures 4C,D), as Vphysiol increased less than Vmax (Supplementary Figures 1, 2). Minor changes were also observed in the Rubisco activation state in both genotypes (Figures 4C,D). Strong positive correlations were observed between ETR and the activation states of PEPC in B73 (Figure 4C) and Rubisco in P0023 (Figure 4D). Moreover, a strong negative correlation was identified between gs and NADP-ME in B73 (Figure 4C).

Under WD38, a different regulation of the enzymes operating in the MCs or BSCs was observed between genotypes. The P0023 genotype increased PEPC activation state to a greater extent than B73 (50 and 15%, respectively, Figures 4E,F), with a stronger negative correlation to the decrease of photosynthetic parameters. Both genotypes decreased NADP-ME and Rubisco activation state, however, B73 showed a higher correlation to the photosynthetic parameters (Figures 4A–F).

The PEPC phosphorylation state was evaluated by the sensitivity of PEPC inhibition to L-malate. Overall, significantly lower sensitivity was observed in P0023 compared to B73 only in WD38, when assayed at 25 and 38°C (Figure 5). Moreover, the results showed that sensitivity to L-malate decreased with WD at 25°C (Figure 5) and was maintained at the same level of WW25 when analyzed at 38°C but increased when assayed at 25°C (Figure 5).


[image: image]

FIGURE 5. Sensitivity of PEPC activity to the inhibitor L-malate in two maize genotypes (B73, P0023) grown under WW and WD conditions and acclimatized to 25 or 38°C. The IC50 was measured at 25°C (open symbols) and 38°C (closed symbols) in extracts of fully expanded leaves from 4-week-old maize plants. Asterisks denote statistically significant differences between experimental temperature in the same genotypes and condition (t-test, p < 0.05), and hash between two genotypes in the same condition and experimental temperature (t-test, p < 0.05), n = 4–5 biological replicates.




Photosynthetic Performance Across Leaf in Response to Drought and High Temperature

Chlorophyll a fluorescence imaging at increasing irradiance (RLCs) was used to assess the topographic variation of the photosynthetic response across the leaf (L), MVs, and area BMVs when subjected to high temperature and drought (Figure 6A).
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FIGURE 6. The leaf photosynthetic heterogeny of two maize genotypes (B73, P0023) grown under WW and WD conditions and acclimatized to 25 or 38°C. (A) Leaf (L), MVs, and BMVs AOI from a representative chlorophyll a fluorescence image. (B) Maximal ETR and (C,D) growth irradiance ETR extracted from AOIs in fully expanded leaves from 4-week-old maize. ETRmax estimated from a three-parameter photosynthesis-irradiance model (Platt et al., 1982), n = 5 biological replicates, (C,D) data normalized to L ETR under WW25.


The ETRmax of photosynthesis varied between leaf zones, genotypes, and growth conditions (Figure 6B). In B73 at WW25, ETRmax was higher at MV ETR areas, with equal contribution between MV ETR and the inner space BMV ETR to L ETR, although in P0023 in the same conditions a higher ETR and contribution to L ETR was detected in BMV areas (Figure 6B). In WD38, both genotypes decreased the ETRmax in all zones. In WW38, a higher ETR was observed in B73 MV areas with the minor contribution to L ETR and in P0023 all the leaf zones behaved similarly (Figure 6B). Under WD38, besides ETRmax decrease in B73, the relation between the different leaf zones ETR was the same. In P0023 the difference between the three zones was less evident, but LETR showed an intermediary maximal ETR, showing a similar contribution from MVs and BMVs to total L ETR (Figure 6B).

When measured at the growth irradiance (Figures 6C,D), in B73, WD25 all the areas showed the same ETR as Leaf, but P0023 showed a slightly decrease in BMV areas (Figures 6C,D). Under stress conditions, particularly under WD38, MV areas maintained a more stable or higher ETR than the other zones. In P0023, MVs contributed more to the total L ETR than BMVs under WD38.

Additionally, under high temperature conditions, P0023 maintained a more stable quantum yield of the electron transport flux until PSI electron acceptors (OJIP data, Supplementary Figure 5A), which is highly correlated with the maintained variable fluorescence at I level measured by the chlorophyll a transient induction (Figure 5B).




DISCUSSION


Limited Transpiration Under High Temperature/VPD as a Stress Avoidance Mechanism When Water Deficit Co-occurred With High Temperature

Two maize genotypes, B73 and P0023, were studied for their ability to withstand WD and high temperatures, in isolation or combination. Under WD at 25°C (WD25), photosynthesis was highly affected in both genotypes, reducing assimilation rate (Figure 1A), gs (Figure 1B), and ETR (Figure 1C) to the same level. Under these stress conditions, P0023 losses its capacity to grow faster, highly penalizing its RGR (Figure 2C) and biomass allocation (Figure 2D). With the data obtained, we conclude that under our experimental conditions, 7 days of WD at 25°C, P0023 did not show higher tolerance to WD, when compared to B73.

When WW plants were subjected to high temperature (WW38), both genotypes maintained near the same photosynthetic capacity (Figures 1A,C) and growth rate (Figure 2D) as control plants (WW25). However, P0023 maintained the same stomatal conductance, whereas B73 increased gs (Figure 1B). Concomitantly, the lower gs in P0023 was accompanied by a lower transpiration rate under WW38, albeit no differences were observed between genotypes under WW25 (Figure 3A). Therefore, P0023 showed low transpiration rates in response to high temperature and vapor pressure deficit (VPD), since under the WW38 experimental condition, plants were exposed to constant high VPD (2.5–4.0 kPa).

A broad genetic variation of the trait related to transpiration response to VPD conditions was extensively investigated by Sinclair and collaborators in several crops, including maize (Sinclair, 2017, 2018; Sinclair et al., 2017). Using an experimental system that allowed precise control of VPD (VPD chamber, Gholipoor et al., 2013), it was found that some maize genotypes showed early closure of stomata as VPD increases, decreasing transpiration (TRlim) and saving soil water. The trait TRlim was considered beneficial for maize production under limited water supply and therefore was genetically incorporated in the DuPont Pioneer AQUAmax hybrids (e.g., P0023, Gaffney et al., 2015). However, TRlim was found to be thermal sensitive in maize plants grown at high temperature (32°C versus 25°C, Yang et al., 2012), and in another study, some genotypes lost this characteristic when exposed for 2 days at 38°C (Shekoofa et al., 2016).

Our results demonstrated that a reduced transpiration rate was maintained in plants of P0023 acclimated to high temperature/VPD without substantial damage to carbon assimilation. Moreover, this characteristic acted beneficially as a stress avoidance mechanism when WD was associated (WD38), by maintaining high leaf hydration (Figure 2A) and photosynthetic efficiency (Figure 1).

Giuliani et al. (2005) found that maize lines with a greater concentration of roots in shallow soil layers had increased the leaf abscisic acid concentration, causing reduced stomatal conductance. Consequently, TRlim could be associated with changes in the root system, as plants with a more robust root system can explore and obtain water from deeper soil layers (Hammer et al., 2009; Adee et al., 2016). The decrease of above-ground biomass and RGR in P0023 under WD38 (Figures 2C,D) besides higher photosynthetic efficiency than B73 can also suggest that photosynthetic resources in P0023 are being used in root development.

Furthermore, aquaporins can also be associated with the regulation and expression of the TRlim trait (Choudhary et al., 2015), as several authors proposed aquaporins in the same way as key players in converting chemical signals (e.g., ABA) to hydraulic response and transmembrane CO2 transport (Flexas et al., 2006; Shatil-Cohen et al., 2011; Sade et al., 2014; Moshelion et al., 2015; Grondin et al., 2015; Secchi et al., 2017; Ding et al., 2020).



Phosphoenolpyruvate Carboxylase Activation and Phosphorylation Status Contributed to the Maintenance of Photosynthesis Efficiency Under Water Deficit at High Temperature

A possible throwback of decreasing the transpiration rate under high temperature is the potential harmful increase in leaf temperature, as generally, plants use evaporative cooling to reduce it (Carmo-Silva et al., 2012; Costa et al., 2013). It is generally accepted that enzymes of CCM and Rubisco are unaffected by changes in the range of temperatures faced by plants in our experiment (Casati et al., 1997; Crafts-Brandner and Salvucci, 2002; Salvucci and Crafts-Brandner, 2004b). However, the decrease of the Rubisco activation state is usually associated with high temperatures due to an increase in catalytic misfire inhibition and decline of the regulation by heat-sensitive Rca (Salvucci and Crafts-Brandner, 2004c; Carmo-Silva and Salvucci, 2011).

Under WW38, no significant changes on the Rubisco activation state were observed (Figures 4C,D), which can be explained by the fact that in maize Rubisco is exclusively located in the chloroplast of BSC, surrounding the vascular tissue, that can offer a superior exposure to the evaporative cooling capacity, buffering the BSC temperature rise (Lundgren et al., 2014; Pignon et al., 2019). Another possible explanation is that the long-term acclimation to high temperature experienced by these plants allowed the expression of Rca isoforms more active under high temperature repairing catalytic misfire inhibition, as reported in other studies (Crafts-Brandner and Salvucci, 2002; Yin et al., 2014; Zhang et al., 2019; Kim et al., 2021).

On the other hand, the catalytic activity of carboxylating and decarboxylating enzymes was modulated by WW38 on both genotypes relative to WW25, but more extensively in B73 (Supplementary Figures 4C,D and Figures 4C,D). A possible reason for the decrease of the PEPC activation state was inhibition of physiological activity due to increased sensitivity to the inhibitor L-malate (Figure 5 and Supplementary Figure 1A), known to be mainly regulated by the PEPC kinase phosphorylation (Jiao et al., 1991; Bakrim et al., 1992; Nimmo, 2003). Nevertheless, in B73 a strong negative correlation between the PEPC maximal capacity (Vmax) and the maximum quantum yield of PSII (Fv/Fm, Supplementary Figure 4C) and a positive correlation between PEPC activation and ETR (Figure 4C) can also suggest a relation to the decline of ATP production and possible reduction of PEP regeneration by pyruvate phosphate dikinase (PPDK) in the chloroplast of the MCs, that is ATP dependent (Edwards et al., 1985; Chastain et al., 2011; Chen et al., 2014). The higher NADP-ME maximal activity (Supplementary Figures 4C,D) and lower activation state (Figures 4C,D) at high temperature mimic the changes in PEPC enzymatic capacities and respond to carbon supply and flux between MCs and BSCs (Maier et al., 2011; Wang et al., 2014). Moreover, the more considerable extent of increase of the PEPC maximal capacity than NADP-ME in both genotypes (Supplementary Figures 4C,D) can suggest that PEPC activity can be involved in the carboxylation of CO2 from other sources than atmospheric provenance, as the recycling of CO2 from BSC leakage or photorespiratory processes, usually associated with exposure to high temperatures (Hatch et al., 1995; Sage et al., 2010; Kromdijk et al., 2014).

Under WD38, when compared to WW25, both genotypes presented a decreased Rubisco activation state, due to the initial lower activity relative to total activity (Figures 4E,F and Supplementary Figure 3). This might be due to the slightly increased leaf temperature (Figure 3C), caused by the decline of gs and evaporative cooling (Figures 1B, 3), making the increase in the Rubisco catalytic activity insufficient to overcome enzyme inactivation (Crafts-Brandner and Salvucci, 2002). The substantial decrease of ETR (Figure 1C) and the consequent decline in the ADP:ATP ratio in the chloroplast might have also contributed to the observed decrease in Rubisco activation, as the repair of misfire inhibition by Rca is ATP dependent (Salvucci and Crafts-Brandner, 2004c; Carmo-Silva and Salvucci, 2011), also supported by the correlation between the Rubisco activation state and ETR in B73 (Supplementary Figure 4E). Nevertheless, P0023 increased the total activity and B73 maintained near the same as WW25 (Supplementary Figures 3, 4E,F), showing a higher physiological capacity in P0023. There was low correlation between the decrease of activation and the reduction of net photosynthetic assimilation and ETR in this genotype than B73 (Figures 1A, 5E,F).

The increase in the PEPC activation state in P0023 (Figures 4E,F) corresponds to the decrease in the sensitivity to malate (Figure 5), suggesting a different level of PEPC phosphorylation between genotypes and higher physiological functionality of PEPC in P0023. Regulation of PEPC activity by phosphorylation has been hypothesized to provide a possible link between PEPC activity and coordination of CCM upon drought and salt stress in C4 plants (Foyer et al., 1998; García-Mauriño et al., 2003; Marques da Silva and Arrabaça, 2004; Carmo-Silva et al., 2008). Increase of PEPC phosphorylation and activity under WD38 in P0023 suggest a higher CO2 sequestration efficiency, maintaining the carboxylation rate in MCs and the supply of C4 acids to BSCs adequate for Rubisco activity. Therefore, an increase in PEPC phosphorylation could be regarded as a regulatory mechanism to maintain high photosynthetic activity under WD38. Nonetheless, the differences between PEPC catalytic activity can be explained by other regulatory mechanisms, such as other post-translational modifications (Luís et al., 2016; Ruiz-Ballesta et al., 2016).

The NADP-ME maximal activity was reduced by half, relative to WW38, demonstrating the negative effect of drought at 25°C (Supplementary Figures 4A,B) and 38°C (Supplementary Figures 4C,D relative to Figures 4E,F). Several authors reported the decrease of NADP-ME activity under WD (Du et al., 1996; Marques da Silva and Arrabaça, 2004; Carmo-Silva et al., 2008), but to the best of our knowledge, no changes in NADP-ME activity have been previously reported in maize plants acclimatized to high temperature and subjected to WD. Nevertheless, the plasticity of the decarboxylating process in maize plants under stress conditions was identified by other authors (Chapman and Hatch, 1981; Wingler et al., 1999; Bellasio and Griffiths, 2014), and alternative decarboxylating processes, as the synthesis of aspartate as a major translocated C4 acid, can compensate the decrease of NADP-ME decarboxylating activity under our experimental conditions (Furbank, 2011; von Caemmerer and Furbank, 2016).



Electron Transport Rate Stability Near Vascular Tissues Contributed to the Supply of Chemical Energy for an Effective CO2 Concentrating Mechanism Under Water Deficit at High Temperature

The P0023 genotype showed a higher maximum quantum yield of PSII (Figure 1D) and stable quantum yield of the electron transport flux until the PSI electron acceptors (Supplementary Figure 5A) under high temperatures and a higher contribution of MV ETR to whole L ETR under WD38 (Figure 6C). These results demonstrated the higher efficiency in producing chemical energy (ATP and reduction power) in this genotype under higher temperature. The maize MVs are anatomically characterized by highly differentiated BSCs surrounded by MCs, forming concentric circles around the vasculature (Lundgren et al., 2014). Adenosine triphosphate and reduction power are cofactors of most photosynthetic enzymes, and reduction power is moved from MCs to BSCs through malate decarboxylation (Furbank, 2011) and the shuttle of 3-PGA and triose phosphate (Hatch, 1987; Bräutigam and Weber, 2010). Thus, the observed superior ETR stability in these zones (MVs) and the maintenance of the physical integrity components of the photosynthetic apparatus in MCs and BSCs can be regarded as crucial for successful acclimation of photosynthesis to high temperature conditions. Moreover, reduction of stomatal conductance under high temperature as a water-saving mechanism in P0023 and maintenance of hydraulic conductance can also act preventing desiccation and maintenance of highly productive MCs and BSCs surrounding the vascular tissues (Figures 1B, 6D; Sunita et al., 2014; Sade et al., 2014; Moshelion et al., 2015).




CONCLUSION

In summary, the limited transpiration rate under high temperature/VPD, together with higher efficiency in the regulation of CCM contributed to the maintenance of a better physiological status in P0023 under high temperature and/or extended drought. These characteristics can allow water conservation in initial periods of soil drying, without substantial crop production damage. Genotypes with the same traits may be suitable for crop production in environments with high temperature that experience regular water shortage periods. Furthermore, high throughput screening of maize hybrids under similar experimental settings, but mimicking field light conditions, can select genotypes with the same characteristics and potential for more stable production in warmer and drier conditions, helping to overcome future throwbacks in food production.
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Cape gooseberry production has been limited by vascular wilt caused by Fusarium oxysporum f. sp. physali (Foph). Fusaric acid (FA) is a mycotoxin produced by many Fusarium species such as F. oxysporum formae speciales. The effects of the interaction between this mycotoxin and plants (such as cape gooseberry) under biotic stress (water deficit, WD) have been little explored. Three experiments were carried out. The objectives of this study were to evaluate (i) different Foph inoculum densities (1 × 104 and 1 × 106 conidia ml−1; experiment (1); (ii) the effect of times of exposure (0, 6, 9, and 12 h) and FA concentrations (0, 12.5, 25, 50, and 100 mg L−1; experiment (2), and (iii) the interaction between Foph (1 × 104 conidia mL−1) or FA (25 mg L−1 × 9 h), and WD conditions (experiment 3) on the physiological (plant growth, leaf stomatal conductance (gs), and photochemical efficiency of PSII (Fv/Fm ratio) and biochemical [malondialdehyde (MDA) and proline] responses of cape gooseberry seedling ecotype Colombia. The first experiment showed that Foph inoculum density of 1 × 106 conidia ml−1 caused the highest incidence of the disease (100%). In the second experiment, gs (~40.6 mmol m−2 s−1) and Fv/Fm ratio (~0.59) decreased, whereas MDA (~9.8 μmol g−1 FW) increased in plants with exposure times of 9 and 12 h and an FA concentration of 100 mg L−1 compared with plants without FA exposure or concentrations (169.8 mmol m−2 s−1, 0.8, and 7.2 μmol g−1 FW for gs, Fv/Fm ratio and MDA, respectively). In the last experiment, the interaction between Foph or FA and WD promoted a higher area under the disease progress curve (AUDPC) (Foph × WD = 44.5 and FA × WD = 37) and lower gs (Foph × WD = 6.2 mmol m−2 s−1 and FA × WD = 9.5 mmol m−2 s−1) compared with plants without any interaction. This research could be considered as a new approach for the rapid scanning of responses to the effects of FA, Foph, and WD stress not only on cape gooseberry plants but also on other species from the Solanaceae family.

Keywords: abiotic stress, biotic stress, growth and development, mycotoxin, vascular wilt


INTRODUCTION

Cape gooseberry (Physalis peruviana) is a species from the South American Andes. This plant is mainly cultivated in the highlands of the Andean region and other subtropical areas around the world (Fischer et al., 2014; Thomas and Sepúlveda, 2014). This crop represents an important alternative in the economy of countries such as Colombia, Kenya, Zimbabwe, Australia, New Zealand, and Ecuador, since its fruits can be exported as a fresh product because of their nutritional characteristics (Fischer et al., 2014). Additionally, P. peruviana can be considered a source of bioactive compounds with a positive role in human health and applications in the medical industry (Thomas and Sepúlveda, 2014). In Colombia, this species faces an important phytosanitary problem caused by the fungus Fusarium oxysporum f. sp. physali (Foph) (vascular wilt) (Thomas and Sepúlveda, 2014; Simbaqueba et al., 2018). Vascular wilt has caused crop losses of up to 50% in affected production areas and migration to new sites since infective propagules can remain in the soil for long periods (Gordon and Martyn, 1997; Fischer et al., 2014, 2021; Husaini et al., 2018). Therefore, vascular wilt is the main constraint for cape gooseberry crop sustainability (Fischer and Miranda, 2012; Forero, 2014).

Fusarium oxysporum (Fo) is a widely distributed and important soil pathogen that can affect large numbers of plant species (Gordon and Martyn, 1997; Dean et al., 2012). This microorganism affects the growth, development, physiology, and biochemistry of its hosts. Fo generates the obstruction and damage of the vascular system; this affectation initially reduces water uptake and nutrient translocation and then causes wilting, chlorosis, and death in plants (Gordon and Martyn, 1997; Dean et al., 2012; Husaini et al., 2018). According to the plant host, different formae speciales of this pathogen have been reported (Kant et al., 2011). Foph was reported in 2018 in cape gooseberry (Simbaqueba et al., 2018, 2021). Foph causes disease symptoms such as chlorosis of lower leaves, plant wilting, leaf senescence, and, finally, plant death. These symptoms may appear only on one side of the plant (Forero, 2014; Giraldo-Betancourt et al., 2020; Fischer et al., 2021). In Colombia, the disease is currently present in most production areas where main crop regions (Department of Cundinamarca) show wilt incidence of over 50% (Forero, 2014).

Fungi of the genus Fusarium produce several mycotoxins that may promote vascular wilt in plant hosts (Berestetskiy, 2008; Wu et al., 2008a). Additionally, these mycotoxins can contribute to pathogenesis or virulence and competition with other organisms (Bell et al., 2003). Beauvericin, bikaverin, enniatins, fusarin C, isoverrucarol, moniliformin, naphthoquinone pigments, sambutoxin, wortmannin, fusaric acid, and fumonisins are some of the mycotoxins reported in Fo (Jennings, 2007; Srinivas et al., 2019; Zuriegat et al., 2021). Fusaric acid (FA, 5-n-butyl-2-pyridine carboxylic acid) is involved in the progression of vascular wilt in various crops, such as bananas (Liu et al., 2020; Portal-González et al., 2021) watermelon (Wu et al., 2008a), cucumber (Wang et al., 2014, 2015), tomatoes (Singh et al., 2017), faba beans (Li et al., 2021), and chickpea (Maharshi et al., 2021). FA induces programmed cell death, increases ROS production and lipid peroxidation (Jiao et al., 2014; Singh and Upadhyay, 2014), alters electrolyte leakage, and reduces photosynthetic pigments (Wu et al., 2008a,b; Singh et al., 2017). FA is considered a virulence factor, since low levels of this mycotoxin are associated with a drop in vascular wilt severity (Ding et al., 2018; López-Díaz et al., 2018; Gurdaswani et al., 2020; Liu et al., 2020; Shao et al., 2020). Some of the symptoms caused by FA include leaf turgor and chlorophyll loss, vascular tissue browning, and necrosis (Wu et al., 2008b; Singh et al., 2017). More pathogenic Fo strains may produce higher FA concentrations than those reported in studies under laboratory conditions (which range between 90 and 320 μg g−1 FA) (Bacon et al., 1996; Venter and Steyn, 1998). However, little is known about the role of FA in the Fo—P. peruviana interaction and the development of vascular wilt. Nevertheless, a study conducted by Izquierdo-García and Moreno-Velandia in 2018 (personal communication) confirmed the in vitro production of FA by Foph strain MAP5 in potato broth dextrose (PBD) media.

The understanding of the cape gooseberry-Foph interaction and its effects on plant physiological behavior have been studied during the last years (Enciso-Rodríguez et al., 2013; Simbaqueba et al., 2018; Chaves-Gómez et al., 2019; Cháves-Gómez et al., 2020). In the last decade, research about the interaction between water deficit and fusarium wilt incidence has also gained importance, since crop plants (such as cotton, tomato, and banana) have shown more severe disease development under water stress conditions (Ghaemi et al., 2011; Meddich et al., 2018; Orr and Nelson, 2018). Recent studies have been focused mainly on the effect of waterlogging and its impact on Foph incidence in cape gooseberry plants (Villarreal-Navarrete et al., 2017; Chávez-Arias et al., 2019, 2020). Those reports concluded that waterlogging caused a higher vascular wilt incidence, and that the physiological (stomatal conductance, Fv/Fm ratio) and biochemical (MDA, and proline content) variables can be useful to evaluate the effect of single or combined stresses on this plant species. Environmental conditions such as temperature, water activity, and CO2 can modulate the production of Fusarium mycotoxins (fusaric and fusarinolic acids) (Fumero et al., 2020; Ladi et al., 2020). Also, water and salinity stress conditions affect Fo virulence, increasing FA production, and disease severity (Nurcahyani et al., 2019; Maharshi et al., 2021).

Climate change has generated more frequent drought events, affecting yields in multiple crop systems in Colombia (Ramírez-Gil and Morales-Osorio, 2018). Water deficit reduces plant growth, leaf expansion, biomass accumulation, chlorophyll content, and leaf gas exchange parameters (photosynthesis, stomatal conductance, and plant transpiration), and increases leaf temperature and trichome density in cape gooseberry plants (Segura-Monroy et al., 2015; Fischer and Melgarejo, 2020). However, information remains scarce regarding the role of FA as a virulence factor and its interaction with vascular wilt under water deficit conditions in cape gooseberry plants. FA has been used mainly in studies conducted to select materials with resistance to Fo under in vitro evaluations in carnation, celery, orchid, tomato, etc. (Svabova and Lebeda, 2005; Kant et al., 2011; Nurcahyani et al., 2019). Studies on FA may also be carried out to understand the influence of toxin-related damage or toxin-producing fungi on plant disease development.

It is necessary to develop methodologies that allow the rapid evaluation of infection processes by Fo in cape gooseberry plants. The evaluation of the effects of FA as a virulence factor to simulate pathogen infections may contribute to elucidate cape gooseberry responses to Fo–host interactions under water stress conditions. This way, FA can be used as a plant biomarker in studies on abiotic and biotic stress interactions in plants (Suharyanto et al., 2015). For this reason, the objectives of this study were to evaluate (i) different Foph inoculum densities (experiment 1); (ii) the effect of times of exposure and FA concentrations (experiment 2), and (iii) the interaction between Foph or FA (with the latter as a plant biomarker) and WD stress conditions (experiment 3) on the physiological (plant growth, gas exchange parameters, and photochemical efficiency of PSII) and biochemical (MDA and proline) responses of cape gooseberry seedling ecotype Colombia.



MATERIALS AND METHODS


General Growth Conditions and Pathogen Inoculation

For all the experiments, a hydroponic system in 2.8-L glass containers was utilized, using a nutrient solution based on liquid 40N-4P-20K fertilizer containing micronutrients (NutriPonic, Walco S.A., Bogotá D.C., Colombia) at a rate of 2.5 ml L−1. The pH of the solution ranged from 5.5 to 6, and its concentration was as follows: 2.08 mM Ca (NO3)2·4H2O, 1.99 mM MgSO4·7H2O, 2 mM NH4H2PO4, 10.09 mM KNO3, 46.26 nM H3BO3, 0.45 nM Na2MoO4·2H2O, 0.32 nM CuSO4·5H2O, 9.19 nM MnCl2·4H2O, 0.76 nM ZnSO4·7H2O, and 19.75 nM FeSO4·H2O. The nutrient solution was refilled every 3 days to maintain a constant volume (2.5 L) in each container and was always aerated by an electric air pump.

We used cape gooseberry ecotype Colombia seedlings with three to four fully expanded leaves and purchased at a local nursery. The plants were arranged in the system using an expanded polystyrene sheet. Five plants were arranged in each container using an oxygen diffuser with a capacity of 7.8 L min−1 (Active Aqua Air Pump, Hydrofarm, Petaluma, CA, United States). The system was established under growth room conditions, with an average temperature of 22°C ± 0.8, 75% ± 5 relative humidity, and a 12 h artificial photoperiod using incandescent lamps supplying 800 μmol m−2 s−1 photosynthetically active radiation (PAR). The plants were kept in the containers with distilled water for 4 days before starting the treatments in each of the experiments for plants to adapt to the experimental conditions.

Fusarium oxysporum f. sp. physali (Foph) strain MAP5 (Laboratory of Biological Control, Agrosavia) was used as the pathogen source. The strain underwent previous morphological, molecular, and pathogenic characterization on cape gooseberry plants (Simbaqueba et al., 2018; Chaves-Gómez et al., 2019; Chávez-Arias et al., 2020). The pathogen was multiplied in malt extract (ME) liquid medium (Oxoid®, Thermo Fisher Scientific, Waltham, MA, United States) with constant stirring at 125 rpm, under darkness at 25°C for 10 days. Vascular damage in cape gooseberry plants was determined by the observation of cross-sections of the root-stem transition zone of each treatment. The presence of Foph in inoculated and non-inoculated plants was confirmed by isolating the pathogen in potato dextrose agar (PDA) (Oxoid®, Thermo Fisher Scientific, Waltham, MA, United States) medium from roots, tissue from the basal stem zone, and the root-stem transition region, previously subjected to a disinfection process (Narayanasamy, 2001). Petri dishes were incubated at 25°C. In all the experiments, a cape gooseberry plant was considered the experimental unit.



Experiment 1. Evaluation of Cape Gooseberry Responses to F. oxysporum f. sp. physali Inoculum Densities

The plants were exposed to a permanent inoculum of Foph in the hydroponic system solution. This procedure was carried out by adding microconidia of the pathogen to each of the containers. Microconidia were obtained by the procedure of Foph multiplication in ME media (previously explained). Two inoculum densities, 1 × 104 and 1 × 106 conidia ml−1, were evaluated according to results obtained in previous studies (Urrea et al., 2011; Ding et al., 2014; Mayorga-Cubillos et al., 2019). These two Foph inoculum densities were considered to determine the more suitable to be used in the following experiments. The inoculum concentration for each treatment was adjusted by hemocytometer counting (Neubauer, VWR, Darmstadt, Germany). The response variables were evaluated at 0, 3, 7, 10, and 13 days after treatment (DAT), considering one cape gooseberry plant as the experimental unit, with three replicates per treatment and non-inoculated plants as control. Three replicates were used per treatment, and the experiment was conducted with a completely randomized design (CRD).



Experiment 2. Evaluation of Exposure Times and Fusaric Acid Concentrations

Four FA (Sigma-Aldrich®, St. Louis, MI, United States; Merck, Kenilworth, NJ, United States) concentrations (12.5, 25, 50, and 100 mg L−1) and three exposure times (6, 9, and 12 h) were evaluated according to the reports of Wang et al. (2013) and Wang et al. (2014) to estimate the physiological behavior of cape gooseberry plants to the toxin. The FA solutions were prepared in 500 ml of sterile distilled water and stirred for 10 min. Right after the adaptation period, the plants were exposed to FA by root dipping in a glass beaker (500 ml) for the time required according to the treatments. Then, the FA-treated plants were transferred to containers with the nutrient solution until the end of the experiment (9 DAT). Plants without exposure to FA were only dipped in sterile distilled water and used as control. The experiment was established randomly in a 3 × 2 complete factorial arrangement with three replicates and one cape gooseberry plant as an experimental unit. The response variables were assessed at 0, 3, 6, and 9 DAT, except for the biochemical response variables, which were measured at the end of the experiment (9 DAT).



Experiment 3. Conditions of Water Deficit and Exposure to Fusaric Acid and Fusarium

The plants were initially preconditioned with 5% polyethylene glycol (PEG 6000®, PanReac, Barcelona, Spain) to simulate water deficit (WD) by the addition of the compound to the nutrient solution in the containers for 6 days. The PEG concentration was selected, as it simulates a water deficit condition in plants (DeLaat et al., 2014; Sánchez-Reinoso et al., 2018). Subsequently, the nutrient solution with PEG was replaced with the nutrient solution without PEG in the containers, where the plants remained until the end of the trial (12 DAT). According to the results from experiments 1 and 2, pathogen inoculation was performed using permanent inoculum in the hydroponic system (1 × 104 conidia ml−1), and plant roots were exposed to 25 mg L−1 of FA for 9 h. The established treatments were as follows: (i) plants with WD, (ii) plants with FA, (iii) plants with Foph, (iv) plants with combined stress (FA + WD); (v) plants with combined stress (Foph + WD), and (vi) plants without exposure to FA, Foph, and WD as control. In the FA + WD treatment, root dipping in FA and plant set was carried out as mentioned in experiment 2. Then, the FA-treated plants were placed in the containers with nutrient solution + PEG (WD). For the Foph + WD treatment, the inoculation of the pathogen was carried out 3 days before the start of the WD condition. Day zero of the experiment was considered as the time when the exposure of the plants to the water stress condition started. The experiment concluded 15 DAT when the Foph + WD plants displayed wilting symptoms or death. The response variables were evaluated at 0, 3, 6, 9, 12, and 15 DAT except for biochemical response, which was measured at the end of the experiment (15 DAT). Three replicates were used per treatment, and the experiment was established in a completely randomized design with a 2 × 2 factorial arrangement.



Determination of Area Under the Disease Progress Curve and Vascular Browning

In all the experiments, the visual expression of the alterations caused by the three stress conditions (Foph, AF, and WD) was evaluated by monitoring the following symptoms: discoloration of lower leaf edges, hyponasty of lower leaves, turgor loss, leaf curling, wilting, and defoliation.

In experiment 1, symptoms of turgor loss and discoloration associated with Foph infection were assessed in the cape gooseberry plants. Based on such symptoms, the number of diseased plants (Pd) was determined considering the total number of plants (Pt). With the obtained data, disease incidence was calculated using Equation 1 (Madden et al., 2007).
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In experiment 3, disease intensity in each treatment was estimated by calculating the area under the disease progress curve (AUDPC) by the trapezoidal integration method according to Jones (1998) using Equation 2,
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where n is the number of evaluations, yi and yi+1 are the values of the severity scale that were observed at each time of evaluation, and (ti + 1 – ti) is the time interval between evaluations.

Vascular browning was assessed at 0, 3, 6, 9, 12, and 15 DAT in cross stem sections taken from the base of the plants in each treatment. The percentage of browning of vascular bundles was estimated using a five-grade scale where 1 = no vascular browning; 2 = 1–25% vascular browning; 3 = 26–50% vascular browning; 4 = 51–75% vascular browning; 5 ≥ 75% vascular browning (Mandal et al., 2008; Chávez-Arias et al., 2020).



Physiological Variables: Stomatal Conductance, Relative Water Content, Leaf Temperature, Plant Growth, and Biochemical Analysis

Leaf stomatal conductance (gs) was measured with a porometer (SC-1, Decagon Devices Inc., Pullman, WA, United States) in all the three experiments. A continuous excitation fluorometer (Handy PEA, Hansatech, Kings Lynn, United Kingdom) was used to determine the ratio of variable to maximum chlorophyll fluorescence (Fv/Fm). The Fv/Fm ratio was obtained by keeping the leaf under evaluation in the dark for 15 min before each assessment (Maxwell and Johnson, 2000). All variables were measured on the third leaf in three plants per treatment in all the experiments. Finally, the Fv/Fm readings registered in the second experiment were used to estimate the decrease in the maximum quantum efficiency of PSII (DQE). DQE was calculated using Equation 3 (Cháves-Gómez et al., 2020):
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where CP represents control plants (without exposure to FA) and FA represents plants exposed to FA concentrations.

The number of leaves and plant height were registered as plant growth variables. The plant height was recorded from the root neck to the apical meristem of the stem with a vernier caliper. All plant expanded leaves were considered to determine the number of leaves.

Leaf temperature and relative water content (RWC) were only measured in the third experiment (WD experiment). Leaf temperature was measured by an infrared thermometer (Cole-Parmer 800, Vernon Hills, IL, United States) on the same leaves used in gs and Fv/Fm ratio. The RWC was calculated by cutting a portion of tissue from the third leaf with a hole punch. The plant material was weighed (fresh weight, Fw) and brought to a humid chamber in a refrigerator at 4°C for 18 h; then, it was weighed again (turgid weight, Tw). Subsequently, the sample was taken to an oven at 65°C until reaching constant mass (dry weight, Dw). With the data obtained, the RWC was calculated using Equation 4 (Smart and Bingham, 1974).

[image: image]

The variables lipid peroxidation (malondialdehyde, MDA) and proline content were determined in the second and third experiments. The MDA content was estimated using the methods described by Hodges et al. (1999), and the method described by Bates et al. (1973) was used for proline production. For the determination of proline, 0.5 g of leaves used to assess physiological variables was macerated in liquid nitrogen and then added to 10 ml of 3% sulfosalicylic acid. The solution was filtered through filter paper; then, 2 ml of the filtrate was added to 2 ml of acidic ninhydrin plus 2 ml of acetic acid in a test tube for 1 h at 100°C, and the reaction was stopped with ice. Subsequently, toluene was added, and the solution was centrifuged at 3,000 g for 20 s. The supernatant was collected, and the absorbance was measured at 520 nm with a spectrophotometer (Spectronic BioMate 3 UV-vis, Thermo, Madison, WI, United States) using toluene as blank. Proline concentration was determined from the calibration curve. The thiobarbituric acid (TBA) method described by Hodges et al. (1999) was used to estimate membrane lipid peroxidation (MDA). Approximately 0.3 g of leaf tissue was homogenized in liquid nitrogen. Then, the samples were centrifuged at 5,000 rpm, and later the absorbances were measured at 440, 532, and 600 nm with the spectrophotometer. Finally, an extinction coefficient (157 M ml−1) was used to determine MDA concentrations.



Data Analysis

Analyses of variance were performed on the data to compare the effect of the different treatments on the three experiments. A completely randomized design was utilized in the first experiment. The second and third experiments were analyzed with a factorial design. All percentage values were transformed using the arcsine function before analysis. If a significant F-test was observed, mean separation between treatments was obtained by the Tukey's test. Data were analyzed using the free software R 4.0.4 (R Core Team, 2021) (PBC, Boston, MA, United States).




RESULTS


Experiment 1. Cape Gooseberry Plant Responses to Fusarium oxysporum f. sp. physali Inoculation

Typical symptoms of the disease such as leaf turgor loss, wilting, drying, and defoliation were observed in the Foph-inoculated plants. The incidence of the disease caused by Foph was progressive, and the cape gooseberry plants showed symptoms as early as 3 DAT. Regarding the evaluated inoculum densities, the greatest disease values were obtained with an inoculum density of 1 × 106 conidia ml−1 compared with 1 × 104 conidia ml−1 at 3 and 5 DAT. However, the incidence of vascular wilt reached 100% for both treatments at 7 DAT (Figure 1A). The presence of the pathogen in inoculated plants was confirmed at 9 DAT by isolates obtained on PDA medium. Neither Fusarium wilt symptoms nor isolates of the pathogen on the PDA medium were observed for control plants. Regarding plant height, seedlings inoculated at 1 × 104 conidia ml−1 did not show differences compared with control plants throughout experiment 1. However, plants exposed to a high inoculum density (1 × 106 conidia ml−1) showed lower values in contrast to seedlings inoculated with 1 × 104 conidia ml−1 and control plants at the end of experiment 1 (control: 6.9 cm, 1 × 104 conidia ml−1: 5.7 cm, 1 × 106 conidia ml−1: 4.4 cm) (Figure 1B). Also, Foph inoculation with both inoculum densities reduced stomatal conductance (gs) compared with the control plants throughout the experiment, observing that the seedlings inoculated with 1 × 106 conidia ml−1 registered the lowest gs at the end of experiment 1 (control: 312.8. mmol m−2 s−1, 1 × 104 conidia ml−1: 83.3 mmol m−2 s−1, 1 × 106 conidia ml−1: 56.1 mmol m−2 s−1) (Figure 1C). Finally, the quantum yield of photosystem II (Fv/Fm ratio) of inoculated plants was generally lower in contrast to the control at all sampling points. At 9 DAT, the concentration of 1 × 106 conidia ml−1 caused a higher drop in this ratio compared with the other treatments (control: 0.8, 1 × 104 conidia ml−1: 0.79, 1 × 106 conidia ml−1: 0.66) (Figure 1D).
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FIGURE 1. Development of vascular wilt caused by Fusarium oxysporum f. sp. physali (Foph) in cape gooseberry plant ecotype Colombia and variables of growth and plant physiology in a hydroponic system. (A) Incidence of disease under two inoculum densities, (B) plant height, (C) stomatal conductance (gs), and (D) quantum yield of photosystem II (Fv/Fm). Each bar or point chart represents the mean of three values ± standard error (n = 3). Bars or points followed by different letters indicate statistically significant differences according to the Tukey test (P ≤ 0.05).




Experiment 2. Response of Cape Gooseberry Plants to Different Fusaric Acid Concentrations and Exposure Periods

Figure 2 shows that differences were found between FA concentrations and exposure periods on stomatal conductance (gs) (P = 0), number of leaves (P = 0.002), Fv/Fm ratio (P = 0.004), MDA (P = 0), and proline contents (P = 0) during experiment 2. In general, gs and number of leaves significantly diminished when the FA concentration and time of exposure increased. The variables gs (~40.6 mmol m−2 s−1) and number of leaves (~2.5) were lower in cape gooseberry plants subjected to different periods (6, 9, and 12 h) and at a concentration of 100 mg L−1 of FA. At a concentration of 50 mg L−1 of FA, the plants showed intermediate values of gs and number of leaves with exposure periods of 6 and 12 h, respectively (average values of 50.1 mmol m−2 s−1 for gs and 2.9 for number of leaves). Finally, plants grown with different FA concentrations (12.5, 25, 50, and 100 mg L−1) and recently established in the nutrient solution (without exposure period) showed the highest gs (169.9 mmol m−2 s−1) and number of leaves (7.4) (Figures 2A,B).
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FIGURE 2. Effect of four concentrations (12.5, 25, 50, and 100 mg L−1) of fusaric acid (FA) and three exposure periods (6, 9, and 12 h) on the development of cape gooseberry plant ecotype Colombia in a hydroponic system 9 days after treatment. (A) Stomatal conductance (gs), (B) number of leaves (C) quantum yield of photosystem II (Fv/Fm), (D) maximum efficiency of PSII (DQE), (E) malondialdehyde (MDA) production, and (F) proline content. Bars related to 0 h exposure period correspond to control treatment for each evaluated FA concentration. Chart bars represent the mean of three values ± standard error (n = 3). Bars followed by different letters indicate statistically significant differences according to the Tukey test (P ≤ 0.05).


The Fv/Fm ratio also decreased significantly in plants grown at a concentration of 100 mg L−1 with exposure periods of 6 (0.6) and 9 (0.54) h compared with plants without any FA exposure time (with readings around 0.8) (Figure 2C). The decrease in the maximum efficiency of PSII (DQE) corroborated that high FA concentrations caused a greater affectation on PSII efficiency, since this group of plants showed percentage values between 25 and 35%. DQE values in the range between 25 and 45% indicate that the plants showed moderate damage (Figure 2D).

Low membrane lipid peroxidation (MDA) and proline synthesis were observed when the cape gooseberry plants were subjected to different FA concentrations. An increase in the MDA content was observed mainly in plants grown with FA concentrations of 12.5 and 100 mg L−1 and exposure periods of 6 and 12 h (13.4 and 10.3 μmol g−1 FW), respectively (Figure 2E). On the other hand, proline content was higher in cape gooseberry plants exposed to a FA concentration of 100 mg L−1 for 12 h (48.8 μmol g−1 FW) (Figure 2F). Finally, Figure 3 shows the effects of the FA concentrations and exposure periods on root and shoot growth of the cape gooseberry seedlings.
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FIGURE 3. Effect of four concentrations (12.5, 25, 50, and 100 mg L−1) of fusaric acid and three exposure periods (6, 9, and 12 h) on the development of symptoms of cape gooseberry plant ecotype Colombia in a hydroponic system 9 days after treatment.




Alteration in Plants Under Conditions of Water Deficit, Fusaric Acid, and Fusarium oxysporum f. sp. physali

Plants mainly subjected to FA + WD, Foph + WD, and WD started to show slight symptoms of leaf chlorosis, hyponasty, and dehydration between 3 and 9 DAT. Then, the evolution of symptoms showed that almost all treatments (FA, FA + WD, Foph, and Foph + WD) displayed strong leaf chlorosis and plant necrosis at the end of the experiment (15 DAT). Higher vascular browning was also observed in plants mainly exposed to FA and Foph (with or without WD) (Figure 4A). These symptoms in stems are related to the vascular browning index. Plants treated with FA or inoculated with Foph showed the highest values of this index (average from four values) at 12 DAT (Figure 4B). At the end of this experiment (15 DAT), plants exposed to Foph + WD were the only ones that died from those displaying wilt symptoms. The presence of the pathogen in inoculated plants was confirmed at 9 DAT by isolates obtained on the PDA medium. Neither Fusarium wilt symptoms nor isolates of the pathogen were observed on the PDA medium for control plants. The AUDPC analysis corroborated that this treatment (Foph + WD) showed the highest values of the disease (44), whereas the lowest values were observed in plants exposed to FA with a mean value of 21.5 (Figure 4C).
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FIGURE 4. Effect of fusaric acid (FA), F. oxysporum f. sp. physali (Foph) and water deficit (WD) on cape gooseberry ecotype Colombia in a hydroponic system for 15 days. (A) Plant symptoms and their vascular bundles, (B) vascular browning index, and (C) area under disease progress curve (AUDPC). In (B) and (C), neither vascular browning nor disease symptoms were observed in control plants; therefore, their values for each evaluated variable were 0. DAT, days after treatment. Chart bars represent the mean of four values ± standard error (n = 3). Bars followed by different letters indicate statistically significant differences according to the Tukey test (P ≤ 0.05).


Stomatal conductance (gs) was reduced in plants under WD, FA, FA + WD, Foph, and Foph + WD treatments compared with control plants at 3 and 9 DAT. It was also found that gs decreased in plants under conditions of combined stress [FA + WD (5.5 mmol m−2 s−1)] or Foph inoculation (3.1 mmol m−2 s−1) in contrast to the control plants (136.8 mmol m−2 s−1) at the end of experiment 3 (Figure 5A). The variable foliar temperature confirmed what was found for gs, since plants treated with WD, FA, FA + WD, Foph, or Foph + WD showed higher values of foliar temperature (26.5–28.5°C) compared with the control (24.5–25.5°C) at different sampling points (Figure 5B).
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FIGURE 5. Effect of water deficit (WD), exposure to fusaric acid (FA), and inoculation with F. oxysporum f. sp. physali (Foph) on physiological variables of cape gooseberry plant ecotype Colombia in a hydroponic system. (A) Stomatal conductance, (B) leaf temperature, (C) leaf relative water content (RWC), (D) number of leaves, (E) plant height at 15 DAT, and (F) quantum yield of photosystem II (Fv/Fm) at 6 DAT. Bars represent the standard error. Different letters show significant differences (P ≤ 0.05). Chart bars represent the mean of four values ± standard error (n = 3). Bars followed by different letters indicate statistically significant differences according to the Tukey test (P ≤ 0.05). ND, not determined.


The RWC was lower mainly in plants under FA + WD in experiment 3 at 9 (66.6%), 12 (65.86%), and 15 (45.2%) DAT, respectively (Figure 5C). Regarding plant growth parameters, the combined stresses (FA + WD or Foph + WD) or only Foph inoculation caused the most negative effects on the number of leaves and plant height at the end of the experiment (Figures 5D,E). In terms of Fv/Fm, significant differences (P = 0) were found among the treatments, where plants under FA + WD showed the lowest mean value of 0.76 compared with the other evaluated treatments at 6 DAT (Figure 5F).

Plants under WD showed the highest proline content compared with the other treatments (Figure 6A). On the other hand, MDA content also showed significant differences (P = 0.014) for this variable. Plants grown under FA, Foph, or Foph + WD treatments produced 10% more MDA than the control plants (Figure 6B).
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FIGURE 6. Effect of water deficit (WD), exposure to fusaric acid (FA) and F. oxysporum f. sp. physali (Foph) inoculation and combination of WD and FA and WD and Foph on proline and malondialdehyde contents in cape gooseberry plant ecotype Colombia under hydroponic system conditions at 12 DAT. (A) Proline and (B) malondialdehyde (MDA) contents. Chart bars represent the mean of four values ± standard error (n = 3). Bars followed by different letters indicate statistically significant differences according to the Tukey test (P ≤ 0.05).





DISCUSSION

Cape gooseberry crops are severely affected by Fusarium wilt caused by Foph in most production areas in Colombia. Recent studies have contributed to the understanding of cape gooseberry plant responses to waterlogging and Foph infection (Chaves-Gómez et al., 2019; Chávez-Arias et al., 2020). Nevertheless, plant responses to drought and Foph exposure had not been evaluated before. The results of the three experiments conducted helped to elucidate the interaction between Foph and cape gooseberry under normal or stress conditions (single or combined). Visual and physiological plant reactions to these stresses were characterized. Additionally, this study allowed to expand the knowledge of the use of FA as a virulence factor to determine possible physiological and biochemical plant responses as acclimatization mechanisms under combined stress (Foph and water deficit). Predicting the effects of water stress under Foph infection in a climate change scenario is necessary to develop crop management strategies to mitigate the negative impact of abiotic and biotic stress conditions.

Plant wilting and defoliation were the main responses to both inoculum densities in cape gooseberry (experiment 1). These plant symptoms were the result of pathogen infection and its influence on water uptake and transport from roots to shoots (Husaini et al., 2018; Chaves-Gómez et al., 2019; Zumaquero et al., 2019; Chávez-Arias et al., 2020). An inoculum concentration of 1 × 106 conidia ml−1 caused the highest plant wilting and defoliation. Studies carried out by Martyn and McLaughlin (1983) and Moreno-Velandia et al. (2019) found that an inoculum level of 1 × 106 conidia ml−1 caused similar plant symptoms to those described above. These authors also consider this inoculum density to be suitable for ranking susceptible or tolerant genotypes or evaluating agronomic strategies to manage Fo.

Fusaric Acid caused leaf chlorosis and loss of turgor, stem necrosis, root damage, and a decrease in plant biomass (experiment 2). Plants exposed to this toxin may have shown effects similar to those of Fo infection, such as necrosis, chlorosis, and curling of upper leaves (Bouizgarne et al., 2006; Dong et al., 2012, 2014; Wang et al., 2015). As a consequence, according to the symptoms observed, the results confirmed that healthy cape gooseberry plants developed wilt disease symptoms when exposed to the mycotoxin FA. This finding fulfills one of the two conditions stated by Aducci et al. (1997) to consider a toxin a disease determinant. In Foph, the presence of SIX (secreted in xylem) homologous and putative effectors clarified the interaction between Foph and cape gooseberry (Simbaqueba et al., 2021). In this study, mechanisms that contribute to Foph pathogenicity and virulence were elucidated. Brown et al. (2012, 2015) reported FA biosynthesis to be mediated by FUB genes (FUB1–FUB12). Nine of these genes are involved in FA biosynthesis, but they have not been studied in Foph. As the biosynthesis mechanisms of FA in Foph were not determined in this research, further studies are needed to deepen in the role of this phytotoxic secondary metabolite in vascular wilt in cape gooseberry plants. As FA is (i) reported in formae specials of Fo such as F. oxysporum f. sp. cubense (Liu et al., 2020), F. oxysporum f. sp. lycopersici (Yun et al., 2019) F. oxysporum f. sp. lilii (Curir et al., 2000), F. oxysporum f. sp. albedinis (Bouizgarne et al., 2004), F. oxysporum f. sp. vasinfectum (Stipanovic et al., 2011), F. oxysporum f. sp. benincasae (Xie et al., 2011), F. oxysporum f. sp. medicagenis (Geraldo et al., 2010), F. oxysporum f. sp. gladioli (Nosir et al., 2011), F. oxysporum f. sp. niveum (Chunli et al., 2000), F. oxysporum f. sp. cucumerinum (Wang et al., 2015), F. oxysporum f. sp. physali [strain MAP5 used in this study, according to Izquierdo-García and Moreno-Velandia, (2018) (personal communication)] and many Fusarium species, and (ii) is a non-specific toxin (Bacon et al., 1996; Niehaus et al., 2014), the findings may be considered as the first approach to the study of the role of FA in cape gooseberry wilt caused by Foph.

Singh and Upadhyay (2014) also mentioned that the disease symptoms caused by FA depend on concentration and exposure time. Results from experiment 2 showed that FA caused a phytotoxic effect and physiological affectations (low stomatal conductance and high MDA content) after an exposure period of 6 h at all evaluated concentrations. Singh et al. (2017) observed differences in stomatal conductance and MDA content after an exposure of 4 h in FA-treated tomato plants. These authors also stated that the Fusarium toxin damages the photosynthetic apparatus because of the development of oxidative stress. Lipid peroxidation has been used as a marker of oxidative stress indicating damage to the plasma membranes of cells by MDA production (AbdElgawad et al., 2016; Gonçalves et al., 2017). Therefore, the findings show that exposure to the treatment with FA led to an increase in lipid peroxidation (expressed as a higher MDA content). These observations match the plant alterations observed in this study, with the most severe symptoms being associated with the increase in FA concentration (Boari et al., 2003).

Chlorophyll fluorescence parameters in terms of Fv/Fm ratio can be used as a fast and non-destructive method that allows the assessment of plant tolerance estimation or acclimatization to biotic stress conditions (Chávez-Arias et al., 2019). Fv/Fm ratio reflects the complete PSII functioning, and a decrease in its values is related to the impairment of PSII under stress conditions (Cháves-Gómez et al., 2020). In this study, Fv/Fm was severely reduced by Foph inoculation (experiment 1) and FA exposure (experiment 2). These results are in accordance with the findings of Dong et al. (2012). These authors reported a significant reduction in Fv/Fm ratio in banana plants with FA exposure. Similarly, Cháves-Gómez et al. (2020) reported a reduction in Fv/Fm values after Foph inoculation in cape gooseberry plants. A decrease in the Fv/Fm ratio due to Foph inoculation and FA exposure suggests damage at the chloroplast level caused by oxidative stress. This oxidative stress may promote a down-regulation of the electron transport process and photodamage at the PSII reaction centers. Additionally, CO2 assimilation (reduction of photosynthesis activity) in plant leaves may be observed as a secondary effect of this stress (Nogués et al., 2002; Pshibytko et al., 2006; Dong et al., 2012).

The development of vascular wilt caused by Fo in plants blocks vascular bundles, inducing their necrosis (Husaini et al., 2018; Chaves-Gómez et al., 2019; Zumaquero et al., 2019; Chávez-Arias et al., 2020). This was also observed in cape gooseberry plants inoculated with Foph. These results appeared simultaneously with visual symptoms of the disease and vascular bundle colonization by the pathogen, confirmed by Foph isolation from diseased plant tissues on PDA medium. Browning of vascular bundles was also observed in plants exposed to FA as reported by several authors (Bacon et al., 1996; Bouizgarne et al., 2006; Dong et al., 2012; Singh et al., 2017). Necrosis or browning are caused by cell death induced by FA, since this phytotoxin causes membrane permeability changes, dysfunctions of mitochondrial activity, and inhibition of respiration (Singh et al., 2017).

The severity of damage was higher in Foph-inoculated or FA-treated plants under WD conditions (experiment 3). WD causes a decrease in the water potential of the root growth medium, which reduces water availability for the plant (Farooq et al., 2009). This effect was reflected in low RWC levels for the FA + WD, Foph + WD, and WD treatments. Plant height and number of leaves in cape gooseberry seedlings were altered under both biotic conditions (toxin and pathogen) and worsened under WD conditions. These results are similar to those reported in melon plants inoculated with F. oxysporum f. sp. melonis under WD conditions (Jorge-Silva et al., 1989). This may suggest that WD conditions accelerate the appearance and intensity of symptoms in cape gooseberry plants. The results obtained in this study are consistent with research carried out in other plant species (Wu et al., 2008b). Additionally, physiological alterations (low stomatal conductance) have been reported in plant species under biotic stress (FA or FO) (Dong et al., 2012, 2014; Wang et al., 2012). However, WD conditions caused a higher stomatal closure in cape gooseberry plants exposed to biotic stresses 12 DAT. A higher decrease in stomatal conductance in plants under combined stress conditions may be due to the fact that the plant seeks to minimize water loss through transpiration and maintain cellular homeostasis (Farooq et al., 2009), which in turn generates an increase in leaf temperature. Finally, water stress also induces a higher MDA synthesis in plants exposed to biotic stress (FA- or Foph-treated plants). Ma et al. (2015) stated that drought could greatly favor the spread of Fusarium and observed that a high level of MDA was detected in all the plants under WD conditions and Fusarium presence.

The responses of P. peruviana “Colombia” plants to two biotic and abiotic stresses (experiments 1, 2, and 3) are summarized in Figure 7. The results show common trends of the physiological responses of cape gooseberry plants to five stress conditions. Under stress caused by a single factor (Foph, FA, or WD) as scenario 1 (purple area), plant responses were similar to those detected when P. peruviana was exposed to combined stress conditions (Foph + DW, FA + DW). In both cases (single or combined exposure), gs, Fv/Fm, RWC, and NL decreased as plants remained under the exposure. In contrast, DQE, VB, LT, and MDA showed an increasing trend regardless of the type of stress. From the macroscopic level, Foph, FA, and WD caused high, medium, and low negative impacts, respectively, on cape gooseberry plants. In this scenario, the strongest negative effect was caused by Foph. This result shows that other virulence factors may be involved in vascular wilt development, although FA plays an important role in pathogenesis. On the other hand, a marked negative effect was observed on plant physiology responses under combined stress conditions in scenario 2 (green area in Figure 7). The results obtained revealed that WD triggers a stronger negative effect on cape gooseberry plants under Foph or FA exposure, with a lower impact of FA + WD compared with Foph + WD.


[image: Figure 7]
FIGURE 7. Schematic representation of Physalis peruviana ecotype Colombia responses to Fusarium oxysporum f. sp. physali (Foph) inoculation and water deficit (WD, polyethylene glycol) as potential biotic and abiotic plant stress scenarios. The model includes fusaric acid (FA) as one of the main Fusarium toxins involved in pathogenesis to visualize its role in plant disease development. The central cape gooseberry plant represents a healthy plant. Scenario 1 (purple area) is related to biotic stress caused by Foph and FA. Scenario 2 (green area) includes abiotic stress (WD) and its interaction with FA and Foph. Visual expression of the symptoms followed by plant physiological responses to each stress condition is shown. Physiological parameters that increase and decrease under each stress condition are clustered in red and blue dotted line boxes, respectively. From left to right: responses to (i) Foph Map5 strain, (ii) FA exposure, (iii) WD stress condition, (iv) WD stress condition under FA exposure, and (v) WD stress condition under Foph Map5 presence. VB, vascular browning; gs, stomatal conductance; Fv/Fm; quantum yield of photosystem II; DQE, maximum quantum efficiency of PSII; MDA, malondialdehyde; LT, leaf temperature; NL, number of leaves.


In this study, WD promoted the early appearance of symptoms and increased the negative effect on the physiology of cape gooseberry plants exposed to FA or inoculated with Foph. The findings are a contribution to the knowledge of the cape gooseberry-Foph pathosystem, and the effect of biotic and abiotic stress factors and their combination on the physiological response of plants of this species. Additionally, the results derived from this study bring out the potential effect of the two main abiotic and biotic stresses that impair growth and development in cape gooseberry plants. Among these stresses, Foph may be considered the main threat to this crop and, combined with WD, could become a limiting factor for crop sustainability. Therefore, crop management strategies should be driven to avoid the concurrent risk of these conditions or to mitigate their negative effect on plant physiology.
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Xanthoceras sorbifolium Bunge is priced for its medical and energetic values. The species also plays a key role in stabilizing ecologically fragile areas exposed to excess soil salinity. In this study, the effects of salinity on the growth, physiological, and photosynthetic parameters of X. sorbifolium Bunge were investigated. The X. sorbifolium seedlings were subjected to five salt treatments: 0 (control, CK), 70, 140, 210, and 280 mM of sodium chloride (NaCl) solutions. NaCl caused a decrease in plant height, specific leaf area, biomass, and root parameters. Leaf wilting and shedding and changes in root morphology, such as root length, root surface area, and root tips were observed. This study found that X. sorbifolium is tolerant to high salinity. Compared with the CK group, even if the concentration of NaCl was higher than 210 mM, the increase of the relative conductivity was also slow, while intercellular CO2 concentration had a similar trend. Moreover, NaCl stress caused an increase in the malondialdehyde (MDA), soluble proteins, and proline. Among the enzymes in the plant, the catalase (CAT) activity increases first and decreased with the increase in the intensity of NaCl stress, but the salt treatment had no significant effect on superoxide dismutase (SOD) activity. The peroxidase (POD) showed an increasing trend under salt stress. It was found that the photosynthesis of X. sorbifolium was notably impacted by saline stress. NaCl toxicity induced a noticeable influence on leaf net photosynthetic rate (Pn), stomatal conductance (Gs), intercellular CO2 concentration (Ci), transpiration rate (E), and water use efficiency (Wue). As salt concentration increased, the content of chlorophyll decreased. It can be found that a low concentration of NaCl induced the increase of photosynthetic capacity but a high-intensity exposure to stress resulted in the reduction of photosynthetic efficiency and SOD activity, which had a positive correlation. In summary, salt-induced ionic stress primarily controlled root morphology, osmotic adjustment, and enzyme activities of salt-treated X. sorbifolium leaves, whereas the low salt load could, in fact, promote the growth of roots.

Keywords: Xanthoceras sorbifolium Bunge, photosynthetic parameter, ion homeostasis, saline stress, antioxidant enzymes


INTRODUCTION

High salinity is a major problem in arid and semiarid tropics (Allard et al., 1998; Mahajan and Tuteja, 2005). Salt-affected soils are distributed worldwide, and every continent is faced with this challenge (Brady and Weil, 2016). Approximately, 20% of the total cultivated area of the world and nearly 50% of irrigated lands have been degraded by salinity (Yeo, 1999; Tuteja, 2007). With the increase of the population pressure, these problems also occur in China; therefore, the improvement and utilization of saline-alkali land have become a focus for the economic development of agriculture production in China. Therefore, it is increasingly necessary to cultivate salt-tolerant plants using cost-effective strategies that can be applied at a large scale.

Xanthoceras sorbifolium Bunge, also known as a yellow horn, is a kind of deciduous perennial shrubs or small trees of the Sapindaceae family and the monotypic genus Xanthoceras (Wang et al., 2018). It is one of the unique ecological oil species in northern China and is listed as one of the important tree species for biomass energy production. Having outstanding energy values, medicinal values, and greening values, X. sorbifolium Bunge can be pressed for oil and is edible, medicinal, and ornamental. The species is considered an important bioenergy tree for biomass energy production due to its abundant content of seed kernel oil (55–65%), which is rich in unsaturated fatty acids (85–93%) (Wang et al., 2015). It has vigorous vitality and can grow healthily under various environments (Zhou and Cai, 2018). The plant could develop and complete its life cycle normally under the saline and alkaline soil (above 70 mmol·L−1 monovalent salt) in northern China, where the temperature can be below −40°C, making it suitable for wide use in a wretched environment. At present, many developing regions are facing the problem of “larger population and less land.” As a consequence, the development of biomass energy is restricted by the reduction of cultivated land resources. If X. sorbifolium Bunge can be widely planted in saline soils, it would provide valuable solutions for addressing the challenges of energy and ecology security.

Numerous studies have reported on the effect of salt stress on leaves and roots, and their results revealed that salt stress exerted distinct effects on growth, photosynthesis, membrane permeability, osmotic adjustment substance, enzyme activity, and so on (Sorkheh et al., 2012; Kargbo et al., 2019; Yang et al., 2020). In addition, researchers have provided important insights into salt and saline-alkali stress tolerance of yellow horn (X. sorbifolium) on physiological and transcriptomic levels (Wang et al., 2020). In the study, Zhang X. Y. et al. (2013) compared the effects of five concentrations of sodium chloride (NaCl) on X. sorbifolium, and it was found that the plant could alleviate the osmotic stress induced by NaCl solution, proving the salt tolerance of the species. Another study (Chen, 2017) also reported that the different damage of lipid membranes of X. sorbifolium may be explained by different saline-alkaline treatment and duration time, as the plants under 200 mM NaCl had higher electrolyte leakage than the control (CK) group. However, the property of salinity tolerance is not a simple attribute, but it is an outcome of various features that depend on different physiological interactions, which are difficult to determine. In this study, the growth conditions, root morphology, enzyme activities, and photosynthesis were focused on, according to the abovementioned studies. There will be a comprehensive investigation on the salt tolerance of this plant in the long term.

Many strategies have been used to improve the salt tolerance of plants. Attempts have been made in the past to understand the effects of salinity by observing plant growth regulators. The root system is the key vegetative organ connecting a plant and its underground environment. Not only can the root system anchors plants and absorbs and transports water and nutrients (Miao et al., 2020) but also it plays an important role in sensing salt stress. Generally, salt-tolerating plants are characterized by low transportation rates of sodium ion (Na+) to the shoot, keeping aboveground parts receiving Na+ as free as possible (Munns et al., 2000). The relationship between shoot and root of plants was observed in this study. In addition, it has been reported that the osmotic and water-deficit-inducing effects of salinity lead to a reduction of leaf photosynthesis and growth, which can be overcome by osmolyte accumulation such as proline and soluble proteins (Munns et al., 2012). Moreover, peroxidase (POD), catalase (CAT), and superoxide dismutase (SOD) are enzymes responsible for the scavenging of reactive oxygen species (ROS) (Apel and Hirt, 2004). It is proved that the physiological parameters can reflect the overall condition of plants under salt stress, so relevant explorations were also arranged in the experiment. Photosynthesis is one of the primary processes to be affected by salt stress (Chaves et al., 2009), and relative symptoms can be witnessed easily on the leaves.

The salt-induced reduction of photosynthesis has been reported to be associated with several factors (Mishra and Das, 2004), which can be roughly classified into stomatal factors and non-stomatal factors. It was found that the photosynthesis decline of lettuce under salt stress is mainly caused by non-stomatal factors (Xie et al., 2018), and this regulation was also tested in the experiment.

Taking into account prior studies, the major objective of this study was as follows:

(1) To observe the physiological, photosynthetic, root, and overall responses of X. sorbifolium Bunge plant to salt stress and the salt-tolerance mechanisms and to understand whether the changes of these parameters could be related to their degree of salt tolerance.

(2) To select the most suitable salt concentration for the growth of the plant and to discuss how this plant can be used to improve saline land.



MATERIALS AND METHODS


Site Description, Plant Materials, and Growth Conditions

The experiment was conducted in a seedling nursery land in Zhengzhou (113″80′ E, 34″80′ N), northern China, from December 2018 to August 2019. The climate of Zhengzhou is semi-humid with an average of 220 frost-free days. Approximately, 80% of the annual precipitation of 640.9 mm falls from May to September, and the mean annual temperature is 14.4°C. The seeds were bought from YangLing Jinshan Agricultural Science and Technology Co. Ltd. and then were buried in the sand at low temperature. The seeds are called “Xanthoceras sorbifolium Bunge 1,” and the accession number is 6853202 (http://www.jinshan01.com/wgg/237713.html).

Xanthoceras sorbifolium Bunge seeds were sowed in December 2018. In March 2019, the healthy and homogenous seedlings were dug up and transferred to 2-kg plastic flowerpots (inner diameter: 28 cm; height: 20 cm; comprising a bottom pierced with holes; one seedling per pot) containing 1.865 kg of the substrate (volume ratio of peat to perlite is 6:1). Then, they were placed in the rain shelter, with unified management and regular weeding and watering.



NaCl Treatment

After a period of cultivation, 45 seedlings with optimal growth conditions and the same growth potential and plant height of about 30 cm were randomly selected for saline exposure in July 2019. The seedlings were divided into five groups according to the salt concentration treatments, with three replications assigned to each treatment. They were exposed to five NaCl stress treatments as follows: 0 (CK), 70, 140, 210, and 280 mM. The stress time was calculated from the last day of adding the salt solution, which sustained a total of 50 days. The CK group was watered with distilled water, and the treatment groups were added with the corresponding treatment solution (irrigated three times, once in every 3 days, and 300 ml per pot for each time). To help avoid solution loss, the pot tray was used so that solutions permeated through the pots can be poured back. The duration of the treatments was 50 days, and all the plants survived till the end of the treatments.



Plant Growth Parameters and Ion Characters

Relative height rate was calculated from the increase in plant height measured at the beginning and end of the salinity stress, where H is the plant height and T1–T0 is the time interval or relief periods (Tattini et al., 2002).
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To determine the biomass production, all the potted plants were completely pulled out of the pots, and the shoot and root tissues were cleaned with running water. Each plant sample was divided into three parts, namely, leaf blade, stem (including the leaf sheath), and root. The specific leaf area was calculated by dividing the leaf area by the corresponding fresh leaf weight. Three plants from each treatment group were randomly taken to measure the root biomass and shoot biomass. Dry weight (DW) was recorded after fully drying at 80°C for 48 h. The average values of these parameters were calculated, and the root–shoot ratio was calculated using the following formula:
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Concentrations of Na+ and K+ were determined following the method of Chen et al. (2017) and Chen J. et al. (2017). In brief, oven-dried roots were finely ground in a sample mill (model Label, Miser LM-Plus; Osaka Chemical Co., Ltd., Japan), and the fine power was acid-digested with 8 ml of HNO3 + 2 ml of HClO4. The Na+ and K+ concentrations of the extracts were then measured using a flame photometer (ANA 135; Tokyo Photoelectric; Tokyo, Japan).



Root Morphology Analysis and the Activity of the Root System

Three plants of each treatment were used to determine the values of the root parameters. A piece of absorbent paper was used to wipe the surface of the root, and its weight was recorded as the fresh weight (FW). Then, each root system was scanned by using the EPSON TWAIN PRO root scanner (32 bit, Canada Regent Instrument Inc., Canada) and analyzed its length, surface area, system volume and tips, diameter, and projected area (WinRHIZO 2005, a root analysis software).

Root activity was determined using the 2,3,5-triphenyltetrazolium chloride (TTC) method (Berry et al., 2010). In brief, the root sample (0.1 g) was taken as the CK, to which 2 ml of sulfuric acid (H2SO4, 1 M) was added. Other samples (0.1 g) were mixed with 5 ml of 0.4% (w/v) TTC and 5 ml of potassium phosphate buffer (66.7 mM, pH 7.0), and the mixed liquids and CK group were incubated at 37°C for 4 h. Later, sulfuric acid was added to the mixed liquids to stop the reaction. Fifteen minutes later, the root samples were dried and placed in clean tubes with 10 ml of 95% (w/v) ethanol for 24 h until the roots turned white. The absorbance of extract solution was measured at 485 nm, and the root activity was calculated according to the standard curve which was prepared in advance.



Lipid Peroxidation and Membrane Permeability

For the measurement of electrolyte leakage, fresh leaves were punched and soaked in sterile water at 4°C for 2 h. The first conductivity value was measured using a conductivity meter DDS-307 (Leici Corporation, China) and named L1. The homogenate was boiled at 100°C in a water bath for 20 min and cooled down to room temperature. Then, the second conductivity value was recorded and named L2 (Ahmad et al., 2018). The relative electrical conductivity (REC), representing the degree of electrolyte leakage, was calculated by using the following formula:
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The method suggested by Garriga et al. (2015), with slight modifications, was used to estimate malondialdehyde (MDA). In brief, 0.5 g of a fresh sample of the leaf was homogenized in 10 ml of 0.1% trichloroacetic acid solution (TCA). The extract obtained was then centrifuged at 14,000 × g for 7 min. Of note, 1.5 ml was taken from the supernatant, thoroughly mixed with 0.5% of thiobarbituric acid and 6 ml of 20% TCA, heated up to 95°C for 30 min, and then cooled on an ice bath. The mixture was then centrifuged at 10,000 × g for 10 min, and the absorbance of the supernatant was recorded at 532 and 660 nm.



Antioxidant System and Soluble Accumulation

The leaf samples were ground with a mortar and pestle under chilled conditions in a homogenization buffer. The homogenate was centrifuged at 10,000 × g for 20 min at 4°C, and the supernatants were used for the enzymatic assays. POD activity in the leaves was estimated with a method described by Thomas et al. (1982) using guaiacol as the substrate. In brief, the guaiacol POD activity was measured with guaiacol as the substrate in a total volume of 3 ml. The reaction mixture consisted of 50 mM potassium phosphate buffer (pH 6.1), 1% guaiacol, 0.4% H2O2, and enzyme extract. The increase in the absorbance due to the oxidation of guaiacol was measured at 470 nm. One unit of POD activity was defined as the 470 nm value reduced by 0.01 in 1 min.

The activity of CAT was determined by following the method of Luck (1974). The activity of CAT was calculated using the extinction coefficient of 36 × 103 mM·cm−1 and expressed as enzyme unit (EU) g−1 protein. The SOD activity was measured using the o-methoxy-phenol method suggested by Van Rossum et al. (1997). SOD activity is inversely proportional to the Nitro Blue Tetrazolium Chloride monohydrate (NBT) reduction. SOD unit is the amount of protein that restricts 50% of the photoreduction of NBT. SOD activity was expressed as EU mg−1 protein.

Soluble protein content was determined following the method of Lowry et al. (1951), using bovine serum albumin as the standard. In brief, 0.5 g of a fresh sample was taken, and 2 ml of distilled water was added for grinding. After the homogenate was ground, the mortar was washed with 6 ml of distilled water. The washing liquid was collected in the same centrifuge tube and centrifuged at 4,000 × g for 10 min. The resulting supernatant was transferred into a 10-ml volumetric flask, which was then filled with water and then shaken evenly. Later, 0.1 ml of the sample extract was aspirated into a stopper tube. A solution of 5 ml of Coomassie bright blue G-250 was added and mixed thoroughly. After being placed for 2 min, the absorbance was measured at 595 nm by using a multiple wavelength spectrophotometer (UV-2100, UNIC, USA).

The proline content in matured leaves was measured by using the rapid colorimetric method as suggested by Bates et al. (1973). Proline was extracted from 0.5 g of leaf samples by grinding in 10 ml of 3% sulphosalicylic acid, and the mixture was then centrifuged at 10,000 × g for 10 min. Then, 2 ml of this supernatant and 2 ml of freshly prepared acid-ninhydrin solution were added into each test tube. These tubes were incubated in a water bath at 90°C for 30 min. The reaction was terminated in an ice bath. The proline concentration in the sample was determined from a standard curve using analytical grade proline (SRL, Mumbai, India) and calculated on the FW basis.



Photosynthetic Parameters and Photosynthetic Pigments

Net photosynthetic rate (Pn), stomatal conductance (Gs), transpiration rate (E), and intercellular CO2 concentration (Ci) of the leaves were determined at 08:30–10:30 on fully expanded leaves, using photosynthesis-apparatus Li-6400 (LI-COR Inc., Lincoln, NE, USA) that maintains photosynthetic photon flux density (PPFD) at 1,200 μmol·m−2·s−1 and CO2 concentration at 400 μmol·mol−1 (Zhang et al., 2015; Kiyomizu et al., 2018).

The chlorophyll content in the leaves was measured using previously established methods (Li et al., 2015). The third or fourth leaves below the plant buds were taken for pigment sampling at the end of the experiment. The Chla, Chlb, and Car contents were determined in 80% acetone extract using a UV-2100 spectrophotometer (UNIC, USA).



Statistical Analyses

Three technical repeats were performed for each assay, and the results were reported as mean and SE. The data were processed using SPSS 25.0 software (SPSS, Chicago, USA) for statistical and principal component analyses. One-way ANOVA was performed to identify statistically significant differences among treatments, followed by Duncan's multiple range test at P < 0.05. Pearson's correlations were drawn between physiological and photosynthetic parameters. These data were also included in principal component analyses, and the charts were made using Origin 8.0 software (ORIGIN, Massachusetts, USA).




RESULTS


Growth Characteristics

Salinity significantly (P < 0.05) adversely affected the growth of X. sorbifolium Bunge (Figure 6), as indicated by changes in parameters such as the biomass production, root–shoot ratio, shoot DW, root DW, and relative height rate. The response of plant growth to salinity stress varies with NaCl concentrations (Table 1). Compared with the control values, the biomass production of the plant was obviously inhibited under the treatment of the high concentration of salt. Additionally, with the increase of salt concentration, shoot DW, root DW, and the increasing rate of plant height all showed a trend of reduction, while the specific leaf area did not show any significant change (P > 0.05). Under the treatment of 280 mM salt, shoot DW, root DW, relative height rate, and total DW was 11.9, 23.7, 56.4, and 16.4%, respectively, lower than those of the control samples. Under the treatment of 210 mM salt, the highest reduction was observed in biomass (15.7%), followed by shoot DW (11.4%) compared with controls. Furthermore, the root–shoot ratio of X. sorbifolium increased as salt concentration increased, and the increase was statistically significant (P < 0.05), suggesting that NaCl stress inhibits the stem and leaves more than the roots.


Table 1. Effect on some growth parameters of Xanthoceras sorbifolium seedlings under sodium chloride (NaCl) stress.

[image: Table 1]



Root Morphology Parameters and Ion Toxicity

A similar manner of results was investigated for the root parameters. With NaCl supplement, the highest values were all observed in the 70 mM group. Furthermore, the minimum reduction in the root length was recorded in 140 mM (7.9%) followed by 210 mM (29.6%), and the maximum reduction was observed in 280 mM (37.6%) as compared with their respective controls (Table 2).


Table 2. Effect on some root parameters of X. sorbifolium seedlings under NaCl stress.

[image: Table 2]

High salinity levels induced significant (P < 0.05) increases in the Na+ content over the CK group. In addition, the K+ content in the root showed a remarkable increase under the low salinity level (70 and 140 mM), with the maximum observed at 140 mM. After salt treatment, the K+/Na+ content of the plant roots decreased significantly, by 68.4% (Table 3), as compared with the CK group.


Table 3. Effect on root K+, Na+, and K+/Na+ ratio of X. sorbifolium seedlings under NaCl stress.
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Cell Damage and Osmotic Adjustment

An increase in the concentration of salt caused a gradual increase in the relative conductivity of the leaf. The result proved that even under a higher concentration of salt, the value of relative conductivity was also stable (Figure 1A). Similarly, under the controlled condition, the significant influence was noticed for the MDA content under different salt concentrations (Figure 1B), with 140 and 210 mM of NaCl exhibiting the largest MDA (8.61 and 8.21 μmol·g−1, respectively). Seedlings were grown under the CK condition induced the lowest MDA content.


[image: Figure 1]
FIGURE 1. Levels of relative electrolyte conductivity (A), malondialdehyde content (B), proline (C), soluble protein (D) subjected to different levels of salt stress [0, 70, 140, 210, and 280 mM sodium chloride (NaCl)]. Means (n = 6 per treatment ± SE) with at least one same letter are not significantly different at P < 0.05.


Proline is one of the most common osmotic adjustment substances, whose content depends on the concentration of NaCl in this experiment. Results (Figure 1C) indicated that leaf proline concentration enhanced notably with increasing salt stress. The content of soluble protein, an osmotic adaptive parameter, was also assayed, and the results showed that the highest (3.724 mg·g−1) and lowest (0.732 mg·g−1) values occurred at 280 and 0 mM of NaCl, respectively (Figure 1D).



Antioxidant Enzyme Activities

Antioxidants play an essential role in responding to salt stress by inhibiting oxidation. Salt-stress substantially enhanced the POD activity of seedling leaves, and the largest value occurred at 280 mM. When the salt concentration varied from 70 to 210 mM, the POD activity significantly (P < 0.05) increased by 20.4, 31.2, 40.0, and 62.9%, (Figure 2B) respectively, as compared with control, indicating that salt stress may have induced the plant to produce a certain amount of POD to remove excessive peroxide, consequently improving the salt tolerance of the plant.


[image: Figure 2]
FIGURE 2. Levels of superoxide dismutase (A), peroxidase (B), and catalase (C) subjected to different levels of salt stress (0, 70, 140, 210, and 280 mM NaCl). Means (n = 6 per treatment ± SE) with at least one same letter are not significantly different at P < 0.05.


Catalase activity under NaCl stress was higher than that in the CK group across all treatments (Figure 2C). It can be seen that 70 and 140 mM of NaCl treatments enhanced CAT activity by 23.8 and 30.7%, respectively, in comparison with the CK group. From 70 to 210 mM of NaCl treatment, a continuous increase was observed in CAT activity; but when NaCl treatment further increased to 280 mM, CAT activity dropped to a level below that of 70 mM treatment but still significantly above the CK group. It can be seen that SOD did not change significantly under high NaCl concentration (Figure 2A), but the POD and CAT did. It could be concluded that higher activities of POD and CAT in salt-stressed leaves may protect the plant tissues from membrane oxidative damage under salt stress, thus alleviating salt toxicity and improving the growth of the plant.



Photosynthetic Parameters and Photosynthetic Pigments

Salt stress has a significant impact on the photosynthesis of X. sorbifolium. As shown in Figure 3, Pn, Gs, and transpiration rate (E) were highest at 140 mM NaCl and then notably (P < 0.05) decreased when the concentration was greater than it. The pattern of change is similar for these photosynthetic parameters, and the maximum values of them were 28.72, 43.32, and 24.38%, respectively, higher, as compared with the control values. The change of Ci is not significant across the concentrations (P > 0.05). Moreover, water use efficiency (Wue) also reached the highest point under the 140 mM NaCl treatment.


[image: Figure 3]
FIGURE 3. Levels of net photosynthetic rate (A), stomatal conductance (B), transpiration rate (C), intercellular CO2 concentration (D), water use efficiency (E) subjected to different levels of salt stress (0, 70, 140, 210, and 280 mM NaCl). Statistics as shown in Figure 1.


With the increase of salt concentration, Chla and Chlb significantly decreased by 32.2 and 49.2%, respectively, compared with the CK (Table 4). At 70 mM, the content of car and total chlorophyll increased slightly, and Chla/b increased significantly, which may be caused by the promoting effect of low concentration of salt on the plant.


Table 4. Effect on photosynthetic pigment of X. sorbifolium seedlings under NaCl stress.
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Principal Component Analysis and Pearson's Correlation Analysis

Figure 4 shows the correlation coefficients between physiological and photosynthetic indices by Pearson's correlation analysis. In this study, SOD was positively correlated with CAT and Pn, while POD was negatively correlated with REC, proline, and soluble proteins. In addition, REC, Ci, MDA, and Gs also showed a significant positive correlation.


[image: Figure 4]
FIGURE 4. Correlation analysis of physiological, photosynthetic, and antioxidant enzyme activities of Xanthoceras sorbifolium Bunge seedlings in response to salt stress. *Significant at the 5% levels and color depth represents the correlation coefficient.


Principal component analysis (PCA) was conducted that picked out two principal components from 12 indices where the first and second components were 46.4 and 24.6% of the total variance (71.0%) as biplots (Figure 5, Supplementary Tables 1, 2). Salt-treated groups at the level of 0 and 70 mM were mostly located at the left side of the plot and had a strong negative correlation with the first component. The salt-treated group at the level of 140 mM was located on the upper right side of the plot while those treated with 210 and 280 mM of NaCl were mostly located on the lower right side of the plot. The salt-stressed group that was located at the first ellipse (140 mM) had a highly negative correlation with the second component. The first component had positive correlations with other parameters except for Wue. The second component had strong positive correlations with Wue, Pn, Gs, SOD, MDA, E, and CAT and had negative correlations with Ci, soluble proteins, POD, proline, and REC. The groups that had a positive correlation with the first and second components were considered to be more tolerant to salt stress. In this study, the 140 mM-treated group was the unique one that had a positive correlation with both components. In other words, it was found that the plant species grew better and expressed various best-performing indicators under the 140 mM salt treatment.


[image: Figure 5]
FIGURE 5. Principal component analysis for physiological, photosynthetic, and antioxidant enzyme activities under salt stress. “SP” represents soluble protein. “PRO” represents proline. Mean values for each species were used for the analysis (n = 3). “A” represents the 70 mM NaCl treatment group, “B” represents the 140 mM NaCl treatment group, “C” represents the 210 mM NaCl treatment group, and “D” represents the 280 mM NaCl treatment group.



[image: Figure 6]
FIGURE 6. Leaves of X. sorbifolium Bunge seedlings grown under various NaCl concentrations (0, 70, 140, 210, and 280 mM).





DISCUSSION

It is generally recognized that salt stress plays an important role in various aspects of physiology and biochemistry (Gottschalk, 1994). Disturbance of ionic balance resulting from Na+ overload inside of cells causes osmotic stress and growth restriction (Pessarakli, 1999). Plants can deal with the saline condition either by tolerating it or by avoiding it (Xie et al., 2008). In this study, the growth parameters, morphology, photosynthetic capacity, and physiology characteristics were examined to scan the salt tolerance of X. sorbifolium.

The response of plants to excessive salt is usually characterized by a decline in plant growth (Hauser and Horie, 2010). The interference of various physiological and biochemical processes at the cell, tissue, or whole plant levels, such as photosynthesis, nutrient uptake and accumulation of compatible solutes, and enzyme activity, has a massive impact on the growth and survival of plants (Fu, 2004; Sofo et al., 2005; Munns and Tester, 2008). The results of this study indicated that the DW and relative height rate were significantly hindered under salinity stress, while the specific leaf area was not. It was speculated that the NaCl stress mainly caused leaf wilting rather than a decrease in leaf area since the leaf area of X. sorbifolium is small as compared with other trees.

Although the growth reduction was noticed in both the shoot weight and root length at the high salinity level, it can be seen that the low level of salt (70 mM) can promote the increase of the root length and root tip, while the root surface area and root volume have a similar trend. A recent study also showed that under conditions of brackish water drip irrigation, the leaching of salt from the root zone was improved and a wider and deeper root system developed (Berezniak et al., 2017). This suggested that a low concentration of NaCl is beneficial to the growth of root, or more exactly, fibrous roots, which is more efficient to improve absorption activity. Furthermore, the Na+, K+ in the root, and the origin of ionic stress can reflect the salt tolerance of the plant. It was found that Na+ increased rapidly, while K+ has a significant reduction with the increase of NaCl concentration. In another study, it is the high concentration of Na+ in the soil environment that inhibits the absorption of K+ and promoted the outflow of K+ (Daneshmand et al., 2010). As the most direct part to cope with the salinity, roots could regulate and balance their functions under NaCl stress. This study found that the root surface area of the root system reduced, likely to limit the absorption of Na+ that could lead to the occurrence of ion poisoning due to the salt stress. The ability of the root system to absorb water and transport nutrients was limited, thus affecting plant growth (Patel and Pandey, 2008).

Meanwhile, the contents of REC, MDA, proline, soluble proteins, and antioxidant enzyme activities increased differently under salt stress. MDA, resulting from the lipid peroxidation of polyunsaturated fatty acids, is an indicator of free radical production and consequent tissue damage (Mahajan and Tuteja, 2005). Under stress conditions, the plant cell membrane is damaged by salt stress, and a great quantity of MDA is produced. In addition, ROS formation occurs during photosynthetic light reactions, and the process of scavenging ROS could arise from oxidative damage (Wang et al., 2004). In this study, the MDA content was notably larger under salt stress than the CK group that was not treated with salt and reached the lowest value under 280 mM, indicating greater damage by ROS. At this time, the protective enzyme systems (i.e., SOD, POD, CAT, etc.) of the products are activated, and as free radical purifiers, they can eliminate the free radicals and peroxides of ROS produced under salt stress, avoid the oxidation of these substances on the cell plasma membrane and fatty acid, and thus ensure the integrity of the plasma membrane (Gottschalk, 1994). In this study, when the salt stress concentration is low, the activities of SOD, POD, and CAT increased with the intensification of the salt stress. These three enzymes cooperated with the scavenging of oxygen free radicals and jointly played the role of protecting X. sorbifolium. In different plants, SOD activity may be different in response to salt stress. Mahmut et al. observed that the range of SOD activity in almonds is very small compared with that of other antioxidant enzymes after exposure to 20 days of salt stress (Mahmut et al., 2005). Similar results were found in the study of Hossain of two mangrove plants (Hossain et al., 2017). Therefore, we believed that POD and CAT play a critical role in scavenging oxygen free radicals and ROS under salt stress for X. sorbifolium species. To protect themselves under salt stress, plants can also synthesize soluble compounds, such as carbohydrates, proline, and betaine, to adjust cellular osmotic conditions and maintain membrane integrity and functions (Lee et al., 2008; Benzarti et al., 2014). Results showed that the proline and soluble protein contents were higher along with the increase of salt concentration, which suggests that the adjustment of osmotic substances played an important role in resisting salt stress. The accumulation of ROS induced by salt also caused increases in antioxidant enzyme activities; in particular, SOD has been suggested to catalyze the conversion of superoxide radicals to molecular oxygen and H2O2 (Shi et al., 2006). In conclusion, under the condition of salt stress, X. sorbifolium can alleviate the damage of reactive oxygen free radicals by increasing the activities of SOD, POD, CAT, and other protective enzymes. There was a certain correlation between the activity of protective enzymes and the lipid peroxidation product MDA. When the stress degree is low, the synergistic effect of protective enzymes in plants keeps the degree of lipid peroxidation at a low level. Once the tolerance limit is exceeded, the activity of protective enzymes will be inhibited, leading to the large production of lipid peroxidation product MDA, which was similar to the findings suggested by Xie et al. (2008).

Another important factor that relates to the salinity response of plants is photosynthesis. The functioning of the photosynthetic apparatus can respond sensitively to environmental disturbances. Therefore, several main photosynthesis-related parameters, such as net photosynthesis rate, Gs, Ci, E, and Wue, have been used to evaluate photosynthesis. Pn usually decreases with rising stress intensity (Koyro, 2006; Wei et al., 2006), whereas in this study, it was found that moderate salt stress could clearly enhance Pn, which may be an adaptive response to salt stress (Yang et al., 2008). Moderate salt could also stimulate the enzyme activity of the scavenging system and promote the photosynthetic capacity. It was also inferred that the high concentration of Na+ and Cl− may activate the activity of phosphoenolpyruvate carboxylase and change the pathway of C3 to CAM so that it can adapt to the saline stress better (Beer et al., 1980; Niewiadomska et al., 2004). The reduction of plant Pn under salt stress is generally considered to be the result of a reduction of intracellular CO2 concentration caused by stomatal closure, or by non-stomatal factors (Qin et al., 2010). Stomata regulate the uptake of CO2 for photosynthesis and the loss of water vapor during transpiration (Belin et al., 2009). Therefore, the decrease in Ci indicates that stomatal limitations are predominant when the NaCl concentration is lower than 140 mM. This kind of disturbance in the stomatal behavior partially resulted from the interruption of water status (Polash et al., 2019). This study proved that Ci truly reduced with Wue. However, the non-stomatal factors depend mainly on the cumulative effects of factors such as leaf water content and osmotic potential, biochemical constituents (Sultana et al., 1999), contents of photosynthetic pigments (Koyro, 2006), and ion toxicity in the cytosol (Ismail et al., 2014). Results showed that under 210 and 280 mM of NaCl, Gs decreased while Ci increased. It indicated that high salt stress might destroy the chloroplast structure in plants and have an influence on the assimilation of CO2 and reduction of Pn (Martínez-Ballesta et al., 2000; Apostol et al., 2004; Navarro et al., 2007). This phenomenon further proved that non-stomatal factors become the main factor for the decline in Pn under high salt stress, and there is a strong correlation between the reduction of Pn and POD. It is essential to clarify this coordination between photosynthesis and enzyme activity for evaluating the photosynthetic response to salinity. Consequently, the reduction of Pn is mainly due to the stomatal closure under moderate salt stress, but photosynthesis was seemingly controlled by non-stomatal limitations under the high concentration of NaCl.

According to the correlation analysis and PCA, it can be concluded that there is a strong correlation between enzyme activity, osmotic adjustive substance, and photosynthetic parameters due to salt stress conditions, which consists of a whole response system. Apart from the relation among these different aspects, 140 mM NaCl was considered to be the most suitable condition for the growth of X. sorbifolium seedlings. In summary, the data indicated that the growth values of the plant were highest under the CK condition, whereas they can also grow almost normally under the low concentration of NaCl.

Compared with other trees tolerant to salinity, there is some uniqueness of X. sorbifolium. First, the growth and root morphology have shown some similar trends under different NaCl concentrations. Leaf wilting and shedding of X. sorbifolium seedlings were observed with increasing NaCl salinity, and a decline in plant performance was observed in terms of relative height rate and biomass. Similar results were seen in the study by Bidalia et al. (2016). The root–shoot ratio increased as well with increasing salinity (Meloni et al., 2004). The difference is that the specific leaf area did not change significantly, and more importantly, the root length, root tip, root surface area, and root volume increased under low NaCl stress, indicating the tolerance of roots to salinity (Wu et al., 2010). Our findings in the ion contents are similar to those of a previous study on Broussonetia papyrifera under salt stress (Zhang M. et al., 2013). The physiological responses were mostly similar to the study of Zhao et al. (2019), but the change of REC is small and the MDA decreased under high NaCl concentrations. What is more, the change of SOD activity is small as well, and only the POD activity continually increased with increasing salinity. This showed that the enzyme system of X. sorbifolium is different from other trees, and the activities of the three enzymes changed in a distinct pattern. The photosynthetic responses are similar to the study of Sun et al. (2011). Compared with high concentrations, low NaCl stress led to the increase in the Pn, Gs, and E, yet decreases the Ci. It can be found that low concentrations of NaCl induced the increase of Pn, Gs, and E but high concentrations of NaCl resulted in the reduction of them. It is a general phenomenon and could indicate the salt tolerance of the plant species. Citrus is not tolerant to salinity, with Pn, Gs, and E continually decreased with increasing salinity (Wu et al., 2010).



CONCLUSION

The findings demonstrated in this investigation revealed that X. sorbifolium grows better under moderate salt treatment. In brief, even if the concentration was higher than 140 mM, the growth, physiological, and photosynthetic indices of the plant were greatly affected. In particular, 70 mM NaCl promoted the increase of root length and root tips, while Pn reached a maximum value at 140 mM NaCl. Moreover, the plant had the ability of adaptation to the high concentration of NaCl stress, which showed that the proportion of growth in root and aboveground was optimized, antioxidation defense system active was mobilized, as well as membrane lipid peroxidation was effectively inhibited. There is a need to explore for a more concrete correlation among these different response systems to salinity. By the analysis, X. sorbifolium performed the best under the 140 mM NaCl treatment. In summary, X. sorbifolium Bunge could cope with the salt stress by osmotic, enzyme, and photosynthesis regulations, which could effectively alleviate the damage and provide valuable information that can be used in the popularization of X. sorbifolium under a saline environment.
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Most epiphytes are found in low-nutrient environments with an intermittent water supply. To deal with water limitation, many bromeliads perform crassulacean acid metabolism (CAM), such as Guzmania monostachia, which shifts from C3 to CAM and can recycle CO2 from the respiration while stomata remain closed during daytime and nighttime (CAM-idling mode). Since the absorbing leaf trichomes can be in contact with organic (urea) and inorganic nutrients (NO3−, NH4+) and the urea hydrolysis releases NH4+ and CO2, we hypothesized that urea can integrate the N and C metabolism during periods of severe drought. Under this condition, NH4+ can be assimilated into amino acids through glutamine synthetase (GS), while the CO2 can be pre-fixated by phosphoenolpyruvate carboxylase (PEPC). In this context, we evaluated the foliar transcriptome of G. monostachia to compare the relative gene expression of some genes involved with CAM and the N metabolism when bromeliads were submitted to 7days of drought. We also conducted a controlled experiment with an extended water deficit period (21days) in which bromeliads were cultivated in different N sources (urea, NH4+, and NO3−). Our transcriptome results demonstrated an increment in the expression of genes related to CAM, particularly those involved in the carboxylation metabolism (PEPC1, PPCK, and NAD-MDH), the movement of malate through vacuolar membrane (ALMT9), and the decarboxylation process (PEPCK). Urea stimulated the expression of PEPC1 and ALMT9, while Urease transcripts increased under water deficit. Under this same condition, GS1 gene expression increased, indicating that the NH4+ from urea hydrolysis can be assimilated in the cytosol. We suggest that the link between C and N metabolism occurred through the supply of carbon skeleton (2-oxoglutarate, 2-OG) by the cytosolic isocitrate dehydrogenase since the number of NADP-ICDH transcripts was also higher under drought conditions. These findings indicate that while urea hydrolysis provides NH4+ that can be consumed by glutamine synthetase-cytosolic/glutamate synthase (GS1/GOGAT) cycle, the CO2 can be used by CAM, maintaining photosynthetic efficiency even when most stomata remain closed 24h (CAM-idling) as in the case of a severe water deficit condition. Thus, we suggest that urea could be used by G. monostachia as a strategy to increase its survival under drought, integrating N and C metabolism.

Keywords: CAM, ICDH, malate, N nutrition, PEPC, PEPCK, PPCK, urea


INTRODUCTION

Most epiphytic bromeliads inhabit oligotrophic environments with intermittent water and nutrient availability (Benzing, 2008). Periods of severe drought are frequent in the canopy, and it is important to understand how each species copes with harsh environments. One of the principal morphologic/anatomic features of bromeliads to face water and nitrogen (N) scarcity is the formation of a tank by the arrangement of leaves, such as a rosette; this structure is capable of accumulating water and dissolved nutrients, including organic N source, such as urea provided by the excrement of animals (Benzing and Bennett, 2000; Cambuí and Mercier, 2006). Highly efficient absorbing trichomes are distributed along the leaf blade following a gradient in which the basal part has the largest density and also the highest degree of cellular structure specialization (Kleingesinds et al., 2018). Alternatively, the apex has fewer trichomes and a greater number of stomata, thus playing an important role to take up CO2 from the atmosphere. A relevant adaptative physiological characteristic of many epiphytic tank bromeliads to face water stress is the crassulacean acid metabolism (CAM) photosynthesis because this process confers a higher carboxylation efficiency (Luttge, 2004) and a greater Rubisco (Ribulose-1,5-Biphosphate Carboxylase-Oxygenase) efficiency (Matiz et al., 2013; Gonçalves et al., 2020a).

To deal with nutrient scarcity of the canopy, the leaves of epiphytic tank bromeliads acquired the function of the roots of terrestrial plants. The leaf became the principal vegetative organ responsible for plant survival (Zotz, 2013), showing a spatial and functional division due to its ability to uptake nutrients, mainly in the basal region that is in contact with the tank solution, and to perform photosynthesis, mainly in the apical portion (Freschi et al., 2010; Takahashi and Mercier, 2011). Highly efficient uptake and great storage capacity of nutrients is another important physiological feature of the epiphytic tank bromeliads (Zotz and Asshoff, 2010). Effective leaf N uptake has been demonstrated for NH4+ and urea, which are the preferable N sources for Vriesea gigantea and Guzmania monostachia (Inselsbacher et al., 2007; Gonçalves et al., 2020b). Urea, after its intracellular hydrolysis by urease enzyme, provides NH4+ and CO2 to the leaf tissues (Miflin and Lea, 1980). Low and high affinity N transporters have been detected along the leaf blade of G. monostachia. At the base, for example, a significant increase of gene expression of NH4+ (AMT1.2) and urea (DUR3 and PIP1.2) transporters were measured (Gonçalves et al., 2020b). Considering N assimilation, the highest activity of glutamine synthetase (GS) was found at the apex, while urease can be found at the base, indicating the importance of the apical foliar portion for amino acid production (Gonçalves et al., 2020b). Transcriptional analysis of G. monostachia leaf showed that the apex and middle portion had differentially expressed genes related to amino acid metabolism and photosynthesis, while the base showed responses to nutrients, particularly N (Mercier et al., 2019).

In its natural environment, G. monostachia can survive several months with the empty tank (Maxwell et al., 1995). To deal with water limitation, many bromeliad tanks exhibit CAM. This metabolism is a photosynthetic pathway that can be divided into four phases, in which CO2 is obtained overnight when stomata open (phase I) and it may be assimilated by the enzyme phosphoenolpyruvate carboxylase (PEPC), providing oxaloacetic acid (OAA) and subsequently forming malate by the cytosolic malate dehydrogenase (NAD-MDH; Luttge, 2004). Afterwards, malate is transported into the vacuoles through the aluminum-activated malate transporter (ALMT) family (Pereira et al., 2018) where it can be accumulated. At dawn (phase II), both PEPC and Rubisco are able to fix carbon while the stomata are still open (Matiz et al., 2013). In the subsequent light period (phase III), malic acid is remobilized to the cytosol and decarboxylated through NAD-MDH and phosphoenolpyruvate carboxykinase (PEPCK), producing CO2 that is consumed by Rubisco while stomata remain closed (Luttge, 2004). At dusk (phase IV), PEPC activity increases and Rubisco decreases while stomata reopen enabling CO2 assimilation (Luttge, 2004). In G. monostachia, for example, the isoform ALMT9 is involved in the transport of both malate and fumarate to the vacuole (Pereira et al., 2018). During the subsequent light period, stomata remain closed while malic acid is remobilized from the vacuoles to the cytosol where it can be decarboxylated to phosphoenolpyruvate (PEP) and CO2 which is used for refixation in the C3 cycle (Luttge, 2004). Guzmania monostachia, as a facultative CAM species, can shift from C3 to CAM under drought and absorbs CO2 in the dark period (Medina et al., 1977). There is a variant of normal full CAM called CAM-idling in which stomata remain closed during night and day when water availability is unfavorable, like in a dry season. In this mode of CAM, respiratory CO2 is refixed in the dark period and recycled to carbohydrate during the light period (Lüttge, 2006). Guzmania monostachia showed a capacity to express a reversible CAM-idling photosynthesis under drought (Freschi et al., 2010), and it was estimated that the accumulation of nocturnal acid malic can contribute to approximately 50% of the total carbon assimilated under water deficit (Pikart et al., 2018). During drought, atmospheric CO2 absorption by the leaves is restricted due to stomata closure, causing a significant decrease in CO2 availability. Interestingly, the delivery of 13C-labeled urea to the leaves under water deficit enriched the 13C-malate pool of the apical portion of V. gigantea leaves (Matiz et al., 2017), suggesting that this organic N source could be an important source of CO2 for bromeliads under water stress (Matiz et al., 2017).

In this context, our goal was to investigate the connection between the N and C metabolism through urea nutrition during drought periods considering the G. monostachia bromeliad as a plant-model. Since urea hydrolysis releases CO2 and NH4+, we hypothesized that the interaction between drought and urea nutrition can activate the CAM pathway through the carboxylation metabolism (PEPC1, PPCK, and NAD-MDH), the movement of malate through vacuolar membrane (ALMT9), and the decarboxylation process (PEPCK), while NH4+ can be assimilated into glutamine through the activation of the GS/GOGAT cycle. Ultimately, the cytosolic isocitrate desidrogenase (NADP-ICDH) can participate in this process, providing 2-oxoglutarate (2-OG) from isocitrate. This 2-OG is then imported into the chloroplasts, where it can be used as the carbon skeleton required for amino acid synthesis.



MATERIALS AND METHODS


Organism and Experimental Design


Gene Expression Related to CAM and N Metabolism

This experiment was conducted with adult G. monostachia (about 2.5years) obtained previously by in vitro propagation as described in Rodrigues et al. (2016). Until bromeliads reached this mature-vegetative age, they were kept in a greenhouse of the Department of Botany at the University of São Paulo (São Paulo, Brazil), where they received tap water daily and nutritive solution modified with half of the original concentration of macronutrients (Knudson, 1946) and with micronutrients (Murashige and Skoog, 1962) each, for 15days. These plants were kept in pots (14cm in diameter, 11cm high) containing a mixture of Pinus sp. bark and commercial organic substrate (Tropstrato®). These mature-vegetative bromeliads had around 20 leaves each and the oldest leaves measuring around 20cm length.

Previously to the experiment, bromeliads had their tanks emptied and were transferred to the growth chamber where they were kept for 1month under the following controlled conditions: 12-h photoperiod, photosynthetic photon flux of 250μmolm−2s−1, air temperature of 27/22°C day/night, and relative humidity of 60/70% day/night. During this period, all plants received distilled water daily and were not fertilized. After 30days, bromeliads were divided into two treatments (n=3 replicates): (1) bromeliads were subjected to 7days of water deficit (WD), and (2) bromeliads received distilled water for 7days (W). While the water treatment received distilled water for 7days, bromeliads of the water deficit treatment remained with the tank emptied throughout this period. Subsequently, apical and basal leaf portions of the 8th to 12th innermost nodes were harvested at 7am and 7pm, immediately frozen with liquid nitrogen, and stored at −80°C for RNA extraction.



CAM Modulation Under Different N Sources

In order to evaluate the interaction between CAM and nitrogen metabolism, the experiment was carried out with adult bromeliads in the same controlled conditions of temperature, light, relative humidity, and photoperiod as described above. After 30days, bromeliads received nutrient solutions with a total of 5mM of nitrogen, according to the following treatments (n=8 replicates per treatment): (1) without nitrogen source (control), (2) Ca(NO3)2 (nitrate), (3) (NH4)2SO4 (ammonium), and (4) urea (urea). The nutrient solution was prepared with half of the original concentration of macronutrients (Knudson, 1946; modified without nitrogen sources) and with micronutrients (Murashige and Skoog, 1962). Each experimental bromeliad received 30ml of the nutrient solution inside its tank once every 7days for 30days (totaling four applications).

Twenty-four hours after the last nutrient-solution application, bromeliads had their tanks emptied and were separated into two new treatments for CAM induction (n=4 replicates per treatment): (1) receiving distilled water to keep the tank full of water (W) and (2) water deficit condition, in which bromeliads did not receive distilled water (WD). Bromeliads remained in these conditions for 21days as this environmental condition was shown to be the best to induce the transient shift of the photosynthesis from C3 to CAM-idling in the apical part of the leaves of G. monostachia (Pikart et al., 2020). At the end of the experiment, the apical leaf portion of the 8th to 12th innermost nodes were harvested at 7am in order to analyze the relative water content (RWC) in the leaves (RWC), the activity of the enzyme PEPC, the expression of the CAM-specific phosphoenolpyruvate carboxylase gene (PEPC1), and the tonoplast aluminum-activated malate transporter gene (ALMT9). For the quantification of nocturnal acid accumulation (ΔH+), bromeliad leaves were collected at 7am and 7pm.




RNA Extraction, RNA-Seq de novo Assembly, Annotation, and Analysis

Total RNA was extracted using the PureLink® RNA Mini Kit (Ambion) according to the manufacturer’s protocol. RNA concentration, quality, and integrity were checked as described in Mercier et al. (2019). Samples with integrity number ≥6.5 were pooled to generate libraries using TruSeq RNA Sample Preparation Kit, Set A (Illumina Inc., United States). Paired-end sequences were generated as described by Mercier et al. (2019), and only high-quality sequences (with average PhredScore over 24) were used. Sequence normalization and de novo transcriptome assembly were performed using Trinity (Grabherr et al., 2011; Haas et al., 2013) as described in Mercier et al. (2019), and the reads were deposited at NCBI at the Bioproject ID PRJNA532595. Guzmania monostachia transcripts were annotated using the Viridiplantae (taxa ID 33090, VP) and Monototyledons (taxa ID 4447, MC) database through the BLAST suite (Camacho et al., 2008) and Blast2GO1 (Conesa et al., 2005). The annotated genes related to NR (nitrate reductase), NiR (nitrite reductase), Urease (urease), GS2 (glutamine synthetase-chloroplastic), GS1 (glutamine synthetase-cytosolic), Fd-GOGAT (ferredoxin-glutamate synthase), NADH-GOGAT (NADH-glutamate synthase), NADP-ICDH (NADP-isocitrate dehydrogenase), PEPC1 (phosphoenolpyruvate carboxylase), PPCK1 (phosphoenolpyruvate carboxylase kinase), NAD-MDH (NAD-malate dehydrogenase), ALMT9 (tonoplast aluminum-activated malate transporter), and PEPCK were selected and analyzed through pairwise differential expression (DE) as described by Mercier et al. (2019), and the heatmap was generated using the Morpheus tool2 in order to compare apex and base, samples collected at 7am and 7pm, and water (W) and water deficit (WD) treatments.



Relative Water Content

The RWC of the plants was determined by collecting 10 leaf discs of a known area, from which the values of fresh mass (MF), and, subsequently, the discs remained in distilled water for 24h to obtain the turgid mass (MT). After this period, the discs were dried at 60°C for 48h to determine the dry mass (DM). These results were used in the following equation: RWC (%)=[(MF-MS)/(MT-MS)]*100 (Weatherley, 1950).



Phosphoenolpyruvate Carboxylase Enzyme Activity

The determination of PEPC activity was performed by the in vitro method as described by Nievola et al. (2001) and adapted for G. monostachia (Freschi et al., 2010; Pereira et al., 2013). In this determination, samples of the apical portion of leaves (1g) were collected, macerated in liquid nitrogen and immersed in 5ml of the extraction buffer (pH 8), composed of 200mM Tris–HCl, 10mM MgCl2, 5mM DTT, 1mM EDTA, 0.5% (w/v) BSA, and 10% (v/v) glycerol. The samples were centrifuged for 2min at 15,000g. The supernatant was collected and passed through a SEPHADEX PD10/G-25 column. PEPC activity was analyzed in 2ml of reaction buffer containing 50mM Tris–HCl (pH 8.0), 1mM DTT, 10mM MgCl2, 100mM NaHCO3, 20mM NADH, and 3mM phosphoenolpyruvate (PEP). The reaction was started by adding 200μl of the extract. The consumption of NADH was quantified in a spectrophotometer (340nm) at the initial moment of the reaction and after 4min. The results were expressed in micromoles of NADH consumed per minute per gram of dry mass (μmolmin−1g−1).



Nocturnal Acid Accumulation

The apical leaf portion was analyzed for the degree of CAM expression according to the nocturnal acid accumulation (ΔH+) using the titratable acidity methodology (Matiz et al., 2017). For this, the leaves of the bromeliads were cut into small fragments of 1cm2, and 0.1g was macerated in liquid nitrogen, homogenized in 500μl of MCW solution, and incubated at 60°C for 30min. The MCW solution was prepared in a proportion of 12:5:1 of methanol:chloroform:water, respectively. Subsequently, the tubes received 500μl of distilled water and were centrifuged for 10min at 16,000g. After centrifugation, 1.5ml of the supernatant was collected and completely dried at 60°C. After this procedure, the supernatant was collected and stored at −20°C until the titratable acidity procedure.

For the titratable acidity procedure, a solution of phenolphthalein (10mg in 10ml of ethanol) was diluted in 3ml of boiled distilled water to be pipetted into an Elisa® plate. In the microplate, the following volumes per sample were pipetted in this order: 100μl of boiled distilled water, 100μl of phenolphthalein, 5μl of the respective sample, and 100μl of the curve solution. All samples received all points on the curve in order to calculate their H+ concentrations.

Curve points were obtained as follows: (A) first point with 0.5μmol of H+ (250μl of 0.2M NaOH and 9.75ml of boiled distilled water), (B) second point with 0.4μmol of H+ (200μl of 0.2M NaOH and 9.80ml of boiled distilled water), (C) third point with 0.3μmol of H+ (150μl of 0.2M NaOH and 9.85ml of boiled distilled water), (D) fourth point with 0.2μmol of H+ (100μl of 0.2M NaOH and 9.90ml of boiled distilled water), (E) fifth point with 0.16μmol of H+ (80μl of 0.2M NaOH and 9.92ml of boiled distilled water), (F) sixth point with 0.12μmol of H+ (60μl of 0.2M NaOH and 9.94ml of boiled distilled water), (G) seventh point with 0.08μmol of H+ (40μl of 0.2M NaOH and 9.96ml of boiled distilled water), and (H) eighth point with 0.04μmol of H+ (20μl of 0.2M NaOH and 9.98ml of boiled distilled water).



Gene Expression

The genes encoding the expression of the CAM-specific PEPC enzyme (PEPC1) and the tonoplast aluminum-activated malate transporter (ALMT9) which presented the most discrepant gene expression in the transcriptome of G. monostachia (Mercier et al., 2019) were selected for the primer design using the PerlPrimer software3 (Supplementary Table S2). Among all PEPC isoforms found in the transcriptome, PEPC1 was selected because its genomic sequence was more similar to the genomic sequences of the CAM-specific PEPC enzyme comparing to other CAM species (Beltran and Smith, unpublished data). In addition, ALMT9 isoform was selected because it showed to be involved in malate transport to the vacuole in G. monostachia (Pereira et al., 2018). The reference genes (beta-amylase, BAM; betahydroxysteriod-dehydrogenase decarboxylase, HSDD; Supplementary Table S2) were selected from the G. monostachia transcriptome as described by Gonçalves et al. (2020b).

Total RNA of bromeliad leaves was extracted from 300mg using Trizol® reagent (Invitrogen®) with the PureLink® RNA mini kit (Life Technologies®), according to the manufacturer instructions. RNA concentration, its integrity analysis, and the removal of DNA contamination have been described previously by Gonçalves et al. (2020b). The cDNA was synthesized using the SuperScript IV (Invitrogen®) reaching a final volume of 20μl according to the manufacturer instructions. The PCRs were performed using the StepOnePlusTM® Real-Time PCR (Applied Biosystems®), and products were detected using SYBR® Green PCR Master Mix (Applied Biosystems®). The analyses of gene expressions were performed using BestKeeper (Pfaffl et al., 2004).



Statistical Analyses

The response variables of the RWC, the activity of the PEPC enzyme, the nocturnal acid accumulation (ΔH+), and the expression of the genes PEPC1 and ALMT9 were compared using ANOVA, and Tukey HSD post hoc tests were used for pair-wise comparisons. All statistical analyses were performed with the statistical platform R (R Core Team, 2020).




RESULTS


Gene Expression Related to CAM

Some genes related to CAM showed markedly greater expression in the leaf apex of plants subjected to WD, especially PPCK1 and ALMT9 (Figure 1) when compared to the base. PEPC1 showed a high gene expression throughout the entire leaf; however, its highest expression was observed at 7am under WD (Figure 1). NAD-MDH showed greater number of transcripts at 7am independent of the leaf portion, especially when the plant was subjected to WD (Figure 1). The highest expression of PEPCK was observed at the leaf apex at 7am under WD (Figure 1).
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FIGURE 1. Heatmap indicating log2 (fold-change) of the genes NR (nitrate reductase), NiR (nitrite reductase), Urease (urease), GS2 (glutamine synthetase-chloroplastic), GS1 (glutamine synthetase-cytosolic), Fd-GOGAT (Ferredoxin- glutamine-2-oxoglutarate aminotransferase), NADH-GOGAT (NADH- glutamine-2-oxoglutarate aminotransferase), NADP-ICDH (NADP-isocitrate dehydrogenase), PEPC1 (phosphoenolpyruvate carboxylase), PPCK1 (phosphoenolpyruvate carboxylase kinase), NAD-MDH (NAD-malate dehydrogenase), ALMT9 (tonoplast aluminum-activated malate transporter), and phosphoenolpyruvate carboxykinase (PEPCK) in order to compare the apical and basal leaf portions of Guzmania monostachia submitted to 7days of water deficit (WD) or receiving distilled water (W) for the same period. Samples were collected at 7am and 7pm in order to compare gene expressions in different periods of the day. More details about the methodology are described in the section “Gene Expression Related to CAM and N Metabolism.” Heatmap colors varied from blue to red representing low to high gene expression.




Gene Expression Related to N Metabolism

Both NR and NiR had the highest relative gene expression at 7pm in the apex of the bromeliad leaves subjected to WD (Figure 1). Similarly, the quantity of urease transcripts in the apical leaf portion were the highest at 7pm under drought (Figure 1). GS2 showed greater gene expression at the leaf apex compared to the base, independent of the treatments and time of harvest; however, for the base the GS2 expression was stronger at 7pm, independent of the water availability (Figure 1). Similar to GS2, GS1 showed higher gene expression at the leaf apex, especially at 7am, when plants were subjected to WD (Figure 1). The gene expression of Fd-GOGAT was greater at the leaf apex compared with the base, while at the basal part its expression at 7pm under WD was more intense compared with the other treatments (Figure 1). The NADH-GOGAT showed higher gene expression at 7pm with the apex showing a greater quantity of transcripts than the basal part (Figure 1). The transcripts of NADP-ICDH were more abundant in the apical leaf portion compared to the base, mainly under water deficiency.



CAM Modulation Under Different N Sources

Bromeliads that were subjected to WD and received urea, ammonium or did not receive N showed the lowest RWC in the leaves, while the plants that were fertilized with nitrate had the highest water content (Supplementary Table S1; Figure 2). Hydrated plants that were fertilized with nitrate showed the highest RWC and, after 21days of WD, those bromeliads kept 50% of their water content (Supplementary Table S1; Figure 2). Consistent with these results, we observed that the PEPC enzyme activity and the nocturnal acid accumulation were higher in bromeliads that acquired urea and were submitted to WD, while bromeliads that took up nitrate with WD showed lower PEPC activity and nocturnal acid accumulation (Supplementary Table S1; Figures 3, 4). In addition, bromeliads that received ammonium or did not receive N at all and were subjected to WD presented intermediate PEPC activity and nocturnal acid accumulation (Supplementary Table S1; Figures 3, 4). On the other hand, bromeliads showed the lowest PEPC activities and nocturnal acid accumulation when they received water regardless of nutritional treatment (Supplementary Table S1; Figures 3, 4).
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FIGURE 2. Relative water content in the apical leaf portion of G. monostachia submitted to the following treatments for 1 month: nutrient solution without nitrogen source (control), Ca(NO3)2 (nitrate), (NH4)2SO4 (ammonium), and urea (urea). Twenty-four hours after the last application of the nutrient solutions, bromeliads were separated into two new treatments for 21days: (1) receiving distilled water (water) and (2) water deficit condition in which the bromeliads did not receive distilled water (water deficit). Bars indicate standard error. Letters indicate statistical differences between nutritional treatments, and asterisk (*) indicates differences between water vs. water deficit (ANOVA/Tukey HSD post hoc test, α=0.05). Letters are showing the statistical differences among nutritional treatments also under water treatments. Since the nutritional vs. water treatment was statistically significant (Supplementary Table S1), we represented each nutritional treatment with a single letter.
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FIGURE 3. Activity of the phosphoenolpyruvate carboxylase (PEPC) enzyme in the apical leaf portion of G. monostachia submitted to the following treatments for 1month: nutrient solution without nitrogen source (control), Ca(NO3)2 (nitrate), (NH4)2SO4 (ammonium), and urea (urea). Twenty-four hours after the last application of the nutrient solutions, bromeliads were separated into two new treatments for 21days: (1) receiving distilled water (water) and (2) water deficit condition in which the bromeliads did not receive distilled water (water deficit). Bars indicate standard error. Letters indicate statistical differences between nutritional treatments, and asterisk (*) indicates differences between water vs. water deficit (ANOVA/Tukey HSD post hoc test, α=0.05). Letters are showing the statistical differences among nutritional treatments also under water treatments. Since the nutritional vs. water treatment was statistically significant (Supplementary Table S1), we represented each nutritional treatment with a single letter.


[image: Figure 4]

FIGURE 4. Nocturnal acid accumulation (ΔH+) in the apical leaf portion of G. monostachia submitted to the following treatments for 1month: nutrient solution without nitrogen source (control), Ca(NO3)2 (nitrate), (NH4)2SO4 (ammonium), and urea (urea). Twenty-four hours after the last application of the nutrient solutions, bromeliads were separated into two new treatments for 21days: (1) receiving distilled water (water) and (2) water deficit condition in which the bromeliads did not receive distilled water (water deficit). Bars indicate standard error. Letters indicate statistical differences between nutritional treatments, and asterisk (*) indicates differences between water vs. water deficit (ANOVA/Tukey HSD post hoc test, α=0.05). Letters indicate statistical differences between nutritional treatments, and asterisk (*) indicates differences between water vs. water deficit (ANOVA/Tukey HSD post hoc test, α=0.05). Letters are showing the statistical differences among nutritional treatments also under water treatments. Since the nutritional vs. water treatment was statistically significant (Supplementary Table S1), we represented each nutritional treatment with a single letter.


Concerning the gene expression of PEPC1, a significant increase in its expression was observed in bromeliads that acquired urea under WD, followed by plants that were fertilized with ammonium under WD (Supplementary Table S1; Figure 5A). On the other hand, plants that received nitrate or did not receive N and were subjected to WD showed lower PEPC1 gene expressions comparing to bromeliads with other nutritional treatments (Figure 5A). Additionally, hydrated plants presented the lowest PEPC1 gene expressions regardless the nitrogen they received (Supplementary Table S1; Figure 5A). Consistently, ALMT9 showed its highest expression in bromeliads that acquired urea and were submitted to WD, and the lowest expression was observed in plants that were nourished with nitrate followed by WD (Supplementary Table S1; Figure 5B). Bromeliads that received ammonium or did not have contact with any N sources and were submitted to WD showed intermediate ALMT9 gene expressions (Supplementary Table S1; Figure 5B). Likewise, the gene expressions of ALMT9 were lower in hydrated plants comparing to WD plants (Supplementary Table S1; Figure 5B).

[image: Figure 5]

FIGURE 5. Gene expression (fold change) of the (A) phosphoenolpyruvate carboxylase gene (PEPC1) and (B) the tonoplast aluminum-activated malate transporter gene (ALMT9) in the apical leaf portion of G. monostachia submitted to the following treatments for 1month: nutrient solution without nitrogen source (control), Ca(NO3)2 (nitrate), (NH4)2SO4 (ammonium), and urea (urea). Twenty-four hours after the last application of the nutrient solutions, bromeliads were separated into two new treatments for 21days: (1) receiving distilled water (water) and (2) water deficit condition in which the bromeliads did not receive distilled water (water deficit). Bars indicate standard error. Letters indicate statistical differences between nutritional treatments, and asterisk (*) indicates differences between water vs. water deficit (ANOVA/Tukey HSD post hoc test, α=0.05). Letters indicate statistical differences between nutritional treatments, and asterisk (*) indicates differences between water vs. water deficit (ANOVA/Tukey HSD post hoc test, α=0.05). Letters are showing the statistical differences among nutritional treatments also under water treatments. Since the nutritional vs. water treatment was statistically significant (Supplementary Table S1), we represented each nutritional treatment with a single letter.





DISCUSSION

Our results indicate that drought had a positive effect on the C3-CAM shift at the apical leaf part, increasing the expression of genes related to carboxylation metabolism (PEPC1, PPCK, and NAD-MDH), movement of malate through vacuolar membrane (ALMT9) and decarboxylation process (PEPCK; Figure 6). Together with water deficiency, urea hydrolysis seemed to provide CO2 for malate production and accumulation into vacuoles since we observed that urea stimulated the expression of PEPC1 and ALMT9 genes (Figure 6). At the same time, urea hydrolysis provides NH4+(Miflin and Lea, 1980) that can be assimilated into Gln since our results showed increased GS1 gene expression under water deficiency (Figure 6). Ultimately, NADP-ICDH can supply the carbon skeleton to Fd-GOGAT functioning (Figure 6). Because G. monostachia is an epiphytic bromeliad subjected to the intermittence of water and nutrients in its natural environment, we reinforce that urea nutrition obtained in nature by the symbiotic interaction of bromeliads with anurans may bring advantages since the CO2 can maintain the photosynthetic efficiency even when most stomata remain 24h closed, while NH4+ can maintain amino acid and protein production.
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FIGURE 6. A simplified schematic showing our hypothesis about nitrogen metabolism and its interaction with carbon metabolism in a water stress-induced CAM-idling bromeliad, G. monostachia, submitted to urea nutrition. Urea is taken up at the leaf basal part and after its hydrolysis generates NH4+ and CO2. At the green leaf part and mainly in the apex portion during the night, the CO2 may be assimilated through the crassulacean acid metabolism (CAM) pathway. Urea nutrition associated with water stress positively stimulated PEPC1 and ALMT9 gene expressions and PEPC1 activity, resulting in a higher nocturnal vacuolar acidity. NH4+, in turn, mainly after entering a cell of the apical leaf region may be assimilated during the light–dark period in the cytosol mediated by the enzyme GS1 forming glutamine (Gln). Therefore, glutamine and glutamate (Glu) biosynthesis may occur in separate compartments. The mitochondria may supply the carbon skeleton for Fd-GOGAT functioning. The key C-compound, 2-oxoglutarate (2-OG), may derive from sugar respiration reactions. In this pathway, citrate is used to generate the isocitrate required for 2-OG synthesis, allowing the net Glu production in the chloroplast and then other amino acid formation. Abbreviations for enzymes: PEPC1, phosphoenolpyruvate carboxylase 1; PPCK, phosphoenolpyruvate carboxylase kinase; NAD-MDH, NAD-malate dehydrogenase; PEPCK, phosphoenolpyruvate carboxykinase; Rubisco, ribulose-1,5-bisphosphate carboxylase/oxygenase; GS1, glutamine synthetase 1; Fd-GOGAT, glutamine-2-oxoglutarate aminotransferase; and NADP-ICDH, NADP-isocitrate dehydrogenase. Abbreviations for transporters: ALMT9, tonoplast aluminum-activated malate transporter 9; DUR3, urea transporter; AMT3.1, ammonium transporter; TIP2.1, tonoplast intrinsic protein; PIP1.2, plasma membrane intrinsic protein; AA, amino acid.



C3/CAM-Idling Comparison Through RNA-Seq

Our bromeliads were submitted to drought, and this environmental condition was shown to be the best to induce the transient shift of the photosynthesis from C3 to CAM-idling in the apical part of the leaves of G. monostachia (Freschi et al., 2010; Mercier et al., 2019). However, the molecular mechanisms underlying the stress induction of the transition from C3 to CAM remain poorly understood. Recently, this was observed for the facultative C3-CAM plant Mesembryanthemum crystallinum (Aizoaceae), whose guard cells themselves can shift from C3 to CAM, increasing expression of PEPC1 and PPCK1, which encode key enzymes of CAM photosynthesis (Kong et al., 2020).

Comparison of the differential patterns of mRNA abundance in the apical leaf portion between C3 (W treatment) and CAM-idling (WD treatment) of G. monostachia tissues suggests that the C3-CAM switch may be determined by the greater expressions of some genes involved in the carboxylation metabolism (PEPC1, PPCK, and NAD-MDH), the movement of malate through vacuolar membrane (ALMT9) and the decarboxylation process (PEPCK), independent of harvest time (7am or 7pm). It is interesting to observe that in the basal portion, although there was an increase in the number of PEPC1 transcripts in drought condition, there was practically no expression of PPCK1. This result indicates that the enzyme PEPC1 could not be intensely activated through the phosphorylation process, and, consequently, the CO2 fixation could not happen through the CAM pathway in this part of the leaf. Besides that, the basal part of the leaves has fewer stomata in relation to the middle and apex portions and this morphology may cause some degree of restriction of CO2 influx (Freschi et al., 2010). Previous studies have demonstrated that there is an upregulation of PEPC1 expression (7am, 12pm, and 5pm) in the leaf apex of G. monostachia submitted to 20d of water deficit. However, it was interesting to note that there is also a diurnal modulation of decarboxylation activity of PEPCK with higher gene expression at 7am and an increase in the enzyme activity at noon, avoiding a futile cycling of organic acid during CAM (Pikart et al., 2020).

Considering that the plants were under nutritional restrictions and the base part was not in contact with N, the RNA-seq analysis showed a higher NR and NiR transcript accumulation following water deficit at 7pm in the foliar apex. In addition to the primary role in N uptake and assimilation, the enzyme nitrate reductase has also been described to possess a nitrite-NO reductase activity that uses nitrite to produce nitric oxide (NO; Astier et al., 2018). This signaling molecule could be involved with stomatal closure in response to plant acclimation to drought (Mioto et al., 2014). Detached leaves of G. monostachia exposed for 7days to polyethylene glycol showed that NO increased exclusively in the apical part of the leaves and the stomata remained closed even in the night period (CAM-idling mode; Mioto and Mercier, 2013). In Sedum album, another facultative C3-CAM plant (Crassulaceae), an increase in NR activity enzyme and a corresponding increase in endogenous NO levels were observed under drought treatment. This rise in NO level occurred during C3-CAM transition, correlating well with CAM expression (Habibi, 2020).

Photosynthesis and N metabolism are closely interconnected with the latter being a sink for ATP, reduced power and carbon skeletons produced during photosynthesis (Lea and Ireland, 1999). NH4+, whether converted from nitrate or generated by urea hydrolyzation, is assimilated via the GS/glutamine-2-oxoglutarate aminotransferase (GOGAT) cycle, which can be considered very important to maintain NH4+ at low concentrations in the leaves, helping to counteract ROS formation due to the consumption of reductants, such as Fdred and NADH (Lea and Miflin, 2003). In the context of nutritional deficiency, as the transcriptome of G. monostachia was performed, the base of the leaves presented markedly lower transcript levels of GS2, GS1, Fd or NADH-GOGAT, NADP-ICDH and urease genes. GS1 transcripts increased in the apical part in response to water stress, suggesting some importance in the G. monostachia CAM-idling shift. McNally et al. (1983), studying some C4-type and CAM plants, observed that the foliar GS1 enzyme can contribute 35–80% of total GS-activity. Previous work with epiphytic tank bromeliads, such as V. gigantea and G. monostachia, demonstrated that assimilation of NH4+ took place mainly in the apical leaf part (Takahashi and Mercier, 2011; Gonçalves et al., 2020b). The enzyme GS1 is located in the cytosol and plays an important role in the primary NH4+ assimilation from the environment (Sakakibara et al., 1996). In pine and other conifers NH4+, which is the predominant source of N absorbed for these trees, is assimilated in the cytosol through GS1, and glutamine (Gln) and glutamate (Glu) biosynthesis occur in the chloroplast (Suárez et al., 2002). Tomato GS1/GOGAT cycle was related to stress responsiveness since their expression levels were modified under drought, cold or heat stress treatments (Liu et al., 2016). On the other hand, GS2 and Fd- or NADH-GOGAT transcripts of G. monostachia did not show any increase under water deficiency, and GS2/Fd-GOGAT genes were highly expressed in the apical leaf part. It is well known that the chloroplastidic GS2/Fd-GOGAT cycle plays important roles in the assimilation of N from NO3− in leaf and in plant survival under photorespiratory conditions which lead to the generation of excess NH4+ accumulation (Krapp, 2015), while NADH-GOGAT is crucial for NH4+ assimilation in heterotrophic tissues (Selinski and Scheibe, 2019). For Mesembryanthemum crystalinum, after the transition from C3 to CAM the plants still maintain the capacity to photorespire (Whitehouse et al., 1991). In a previous study using CAM-induced leaves of G. monostachia, it was observed that glycolate oxidase 1 (GLO1) mRNA abundance, which is a gene considered a photorespiration indicator, presented higher expression at noon in CAM-induced plant compared to the dawn and dusk times (Pikart et al., 2020). The shift from C3 to CAM-idling in G. monostachia leaf apex could be related to the increase in the NADP-ICDH gene expression, which encodes the cytosolic enzyme isocitrate dehydrogenase. This enzyme allows a net synthesis of Glu, providing the key organic acid 2-oxoglutarate (2-OG), which is then transported into plastids allowing GOGAT functioning (Hodges, 2002). Since 2-OG could play a significant role modulating the flow of C to N metabolism depending upon environmental conditions (Foyer et al., 2011), it is possible that changes in its synthesis could reflect the decrease of internal CO2 levels caused by day/night stomatal closure, which is typical of the CAM-idling photosynthesis.



Urea Can Positively Modulate C3-CAM Shift Under Water Deficit

Guzmania monostachia, as an example of epiphytic tank bromeliad, is a good model to study the effects of organic nitrogen nutrition on bromeliad development and, particularly, on photosynthetic plasticity when exposed to water deficit (Rodrigues et al., 2014, 2016). In the low-nutrient epiphytic environment, which frequently presents nitrogen and water scarcity, organic compounds such as urea could represent an important nutritional resource that provides both nitrogen and carbon (Matiz et al., 2017). Our investigation reveals for the first time that urea can positively modulate the C3-CAM shift when the leaves were under drought stress. Leaves from urea treatment showed the highest increases in the expressions of PEPC1 and ALMT9 genes comparing with inorganic N sources (NO3− or NH4+) and, consequently, the greatest levels of PEPC activity and nocturnal acid accumulation. Therefore, it seems that the change from C3 to CAM mode was stimulated by this organic N source. On the other hand, plants supplied with NO3− were less vulnerable to water loss under drought conditions while showed lower expressions of PEPC1 and ALMT9 genes. Nitrate is known to increase the endogenous cytokinin level, which may regulate negatively the PEPC activity and decrease CAM in G. monostachia leaves (Pereira et al., 2013, 2018). Furthermore, NO3− uptake could be accompanied by K+ absorption in Arabidopsis thaliana as a charge balance, which can enable osmotic adjustments and may keep the RWC in this plant (Wang et al., 2012; Rubio et al., 2014). Therefore, the maintenance of water content may delay or down-regulate the CAM.

It is well known that abiotic stresses, such as drought, induce stomata closure and, consequently, limit uptake of atmospheric CO2 into the leaf tissue (Chen et al., 2018; Gobara et al., 2020). In this context, urea hydrolysis through foliar urease activity may partially compensate for the CO2 reduction by providing it, in addition to NH4+ (Matiz et al., 2017, 2019). This mechanism may represent an important physiological adaptation to obtain C and N at the same time. For G. monostachia, urea and NH4+ are the preferred N forms of uptake (Gonçalves et al., 2020b). The absorption of urea as a whole molecule took place mainly at the basal region of the leaf through the transporters of low (TIP2.1) and high (DUR 3) affinity and may be stored in the vacuole before the water deficit imposition (Matiz et al., 2019; Gonçalves et al., 2020b). If we consider the CAM-idling photosynthetic mode, whose gas exchange with the atmosphere largely ceases and respiration provides the CO2 (Winter, 2019), this strategy of using urea as a preferential source of N becomes even more relevant. Upper leaf parts of the C3 tank epiphytic bromeliad V. gigantea which close their stomata during the day under drought had a greater increase in urease activity after being supplied with urea at nighttime when compared to daytime. At the same time, a higher PEPC activity was found, indicating that at least part of the CO2 produced by urea hydrolyses was fixed during the night (Matiz et al., 2017). Furthermore, a cytochemical detection of CO2 was performed in the apex leaf portion after urea application during the night, and CO2 deposition was detected in a greater quantity in the cytoplasm near the chloroplasts than in well-watered leaves (Matiz et al., 2017).

It seems that urease activity occurs during both the day and night in G. monostachia leaves since we observed an increase in the expression of urease and GS1 genes under water scarcity. Thus, we consider that the first step of NH4+ assimilation may take place in the cytosol of this bromeliad through GS1 enzyme, giving raise to glutamine (Gln) concentration that could enter the chloroplast. Subsequently, the enzyme GOGAT transfers the amide group of Gln to 2-OG, generating two molecules of glutamate (Glu), one of which may be used to produce other amino acids through the action of transaminases (Forde and Lea, 2007). Recently, in A. thaliana, Gln biosynthesis via GS1 was found to be related to increased tolerance to abiotic stress (Ji et al., 2019). Net NH4+ assimilation requires a source of 2-OG, which is generated through partial respiration of sugars. The provision of carbon skeletons for GOGAT functioning could be supplied when the citrate is exported from the mitochondria and transformed to isocitrate and then into 2-OG by the cytosolic NADP-ICDH enzyme. A number of observations corroborate the idea that cytosolic NADP-ICDH is the major isoform in green leaves and plays an important role in N-assimilation (Foyer et al., 2011). Levels of 2-OG can reflect C/N status and may play a signaling role in the co-ordination of carbon and nitrogen metabolism (Hodges, 2002).

Previous work using G. monostachia detached leaves showed that NH4+ was more effective than nitrate to positively modulate the increase in CAM expression under water stress. The expressions of ALMT and PEPC genes were intensified, and a higher nocturnal malic acid accumulation was observed. On the other hand, NO3− supplied at various concentrations had little effect on the transcript number of ALMT and PEPC genes (Pereira et al., 2018). In the present investigation, we observed that when urea was supplied as the sole N source to the tank of G. monostachia plants, the nocturnal acid malic concentration was around five times greater than that in the presence of NH4+. After urea hydrolysis in the cytoplasm, the availability in CO2 may increase its incorporation by PEPC1, while more oxalacetate acid (OAA) and malate (through the action of NAD-MDH) can be produced, increasing acidity at night. Alternatively, during the day the CO2 generated by urea hydrolysis could be assimilated by ribulose-1,5-biphosphate carboxylase/oxygenase (Rubisco) in chloroplasts. In contrast, NO3− treatment had no effect on C3-CAM shift, curiously showing the higher RWC after 21days of water deficiency. Therefore, urea may have a positive effect on both C and N metabolism of G. monostachia, mainly if we consider a CAM-idling plant with almost no access to CO2 from the atmosphere. For some tank bromeliads, urea can contribute 30% of the total plant N (Romero et al., 2010; Gonçalves et al., 2016). In nature, this organic N source could be excreted by various animals (for instance, anurans) that visit the bromeliad’s tank searching for shelter or a place to breed, and the leaf basal part assumed the role of roots in N absorption and urea hydrolysis (Takahashi and Mercier, 2011).




CONCLUSION

Considering our biochemical and molecular findings (Figure 6), we conclude that drought had a positive effect on the C3-CAM shift in the apical leaf part, increasing the expression of genes related to carboxylation metabolism (PEPC1, PPCK, and NAD-MDH), movement of malate through vacuolar membrane (ALMT9) and decarboxylation process (PEPCK). Furthermore, our investigation revealed that urea can positively modulate the CAM-idling photosynthesis, which is characterized by the closure of stomata during the day and night. Our results reinforced that, when G. monostachia stay in long periods of drought, urea stimulates the expression of PEPC1 and ALMT9, while Urease transcripts increase under the same conditions. At the same time, urea hydrolysis provides NH4+, which can be assimilated into Gln since our results showed increased GS1 gene expression under water deficiency. We suggest that the link between C and N metabolism in G. monostachia may occur through the supplying of 2-OG by isocitrate dehydrogenase since the number of NADP-ICDH transcripts was also higher under drought. Thus, we suggest that urea nutrition provided in nature most by the symbiotic interaction of bromeliads with anurans may bring advantages to bromeliad survival under severe water stress, providing NH4+, which ultimately can produce amino acids and proteins, while CO2 can maintain photosynthetic efficiency, even when most stomata remain closed for 24h.
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In our study, we analyzed 30years of climatological data revealing the bean production risks for Western Amazonia. Climatological profiling showed high daytime and nighttime temperatures combined with high relative humidity and low vapor pressure deficit. Our understanding of the target environment allows us to select trait combinations for reaching higher yields in Amazonian acid soils. Our research was conducted using 64 bean lines with different genetic backgrounds. In high temperatures, we identified three water use efficiency typologies in beans based on detailed data analysis on gasometric exchange. Profligate water spenders and not water conservative accessions showed leaf cooling, and effective photosynthate partitioning to seeds, and these attributes were found to be related to higher photosynthetic efficiency. Thus, water spenders and not savers were recognized as heat resistant in acid soil conditions in Western Amazonia. Genotypes such as BFS 10, SEN 52, SER 323, different SEFs (SEF 73, SEF 10, SEF 40, SEF 70), SCR 56, SMR 173, and SMN 99 presented less negative effects of heat stress on yield. These genotypes could be suitable as parental lines for improving dry seed production. The improved knowledge on water-use efficiency typologies can be used for bean crop improvement efforts as well as further studies aimed at a better understanding of the intrinsic mechanisms of heat resistance in legumes.

Keywords: acid soil, climatology, common bean, heat resistance, leaf cooling, partitioning, water spender, water saver


INTRODUCTION

The common bean (Phaseolus vulgaris L.) is the most important legume in people’s diet in the tropics of Latin America and East Africa (Beebe et al., 2008; Andrade et al., 2016; Polanía et al., 2016c; Asfaw et al., 2017). The majority of common bean production is from developing countries by small-scale producers (Polania et al., 2016a), where it is affected by climatic variations that limit its production (Beebe et al., 2013; Polania et al., 2016b). In an intermediate greenhouse gas emissions scenario, global average temperatures are predicted to increase by 2°C between 2041 and 2060 (IPCC, 2021), which may result in a loss of 50% of the area currently planted by 2050 (Beebe et al., 2011; Rippke et al., 2016; Rao et al., 2017).

Heat stress in bean cultivation generates a series of irreversible damages in the metabolism and development of plants (Omae et al., 2007, 2012; Porch and Hall, 2013; Sofi and Maduraimuthu, 2017; Suárez et al., 2020), according to observations made across different environments (Costa et al., 2000; Omae et al., 2012; Suárez et al., 2018a, b, 2020). At a physiological level, several processes are affected (Wentworth et al., 2006), photosynthesis is highly sensitive to high temperatures (Mathur et al., 2014) generating a decrease in the photosynthetic absorption of CO2 (Perdomo et al., 2016); the leaf senescence and expansion is reduced (Wahid et al., 2007) as well as the grain yield (Suárez et al., 2020).

Mainly, the rate of photosynthesis is affected by stomatal closure that limits the diffusion of CO2 from the stomata, through intercellular spaces and carboxylation sites through the resistance in mesophyll (Bigras, 2005; Cardona-Ayala et al., 2014), restricting growth and dry matter accumulation (Chaves and Oliveira, 2004; Amsalu et al., 2014). At the same time, the way they are affected is related to physiological responses such as transpiration, respiration, antioxidant activity, light absorption and capture (Lawlor and Cornic, 2002; Silva et al., 2010; Falqueto et al., 2017), electron transport capacity (Jmax), maximum carboxylation rate (Vcmax), (Dreyer et al., 2001; Yamori et al., 2006, 2008), ATP synthesis and the RuBP regeneration capacity (Wise et al., 2004).

Heat is one of the main constraints on plant adaptability and productivity (Omae et al., 2012), so plant water status is paramount under high temperature conditions as plants attempt to stabilize water content in their tissues (Fahad et al., 2017). Mechanisms of heat tolerance identified in plants include canopy acclimatization to a gradual increase in temperature (Hong et al., 2003), decreasing the thickness of the leaves (Crawford et al., 2012), and/or by increasing the stomatal conductance (gs), they sustain the diffusion of CO2 in the leaves, improving cooling from transpiration (Porch and Hall, 2013). In addition, some plants have the ability to maintain or increase instantaneous water use efficiency (WUE) by maintaining or increasing photosynthesis (Sofi and Maduraimuthu, 2017), mainly due to an overall improvement in the rate of carboxylation and its relative rate to oxygenation, by increasing the amounts of Rubisco and/or its specificity for CO2 (Parry et al., 2005; Galmes et al., 2014).

Water use efficiency (WUE) has been established as an important attribute that describes the efficiency of plants to use available water for carbon sequestration (Bramley et al., 2013). With rising temperatures and heat stress in the future, increasing WUE is vital for sustainable production (Farooq et al., 2019). Although WUE is a complex phenotypic trait (Araus et al., 2002; Easlon et al., 2014), it has been proposed that some plant traits can be based on the “water-saving” isohydric plant model or the “water-spending” anisohydric plant model (Blum, 2015). Polania et al. (2016a) identified water-saving bean genotypes that have the characteristic of better instantaneous WUE – producing more with less water and less gas exchange, unlike water-spending genotypes that exhibit better effective use of water (EUW) by maximizing water capture for more production with better gas exchange. However, these results were generated in lysimeter-like tubes, not in the field conditions.

Throughout its evolution and domestication, the common bean eventually formed two cultivated gene pools, the Mesoamerican gene pool and the Andean gene pool (Debouck and Smartt, 1995), originating in Central and South America (Gepts and Debouck, 1991). The genetic structure of the common bean has been frequently reviewed, because during its global domestication there have been changes in its morphological characteristics, including enlargement of seeds and leaves, alterations in growth habits and photoperiodic response, as well as changes in color and seed coat, leading to an increase in its genetic diversity that has allowed it to develop optimal responses under stress conditions (Singh et al., 1991; Long and Bernacchi, 2003; Mcclean et al., 2004). In this regard, the adverse effects of heat stress on common beans can be likely mitigated through the development of heat-resistant genotypes (Wahid et al., 2007). Understanding the mechanisms and/or physiological strategies of plants at high temperatures is necessary to develop breeding strategies to improve their adaptability (Beebe, 2012; Omae et al., 2012). The identification of heat-resistant bean lines can help to maintain production under conditions of increased temperature as a result of a climate change (Beebe et al., 2011; Beebe, 2012). In this regard, the objective for the present study was to identify the relationship between WUE as a high temperature resistance mechanism as well as identifying superior advanced lines (genotypes) of common beans with better heat resistance that contributes to better physiological performance and grain yield under heat stress. The study provides novel information on the physiological behavior and response mechanisms to high temperatures in different common bean genotypes in Western Amazonia. Results and suggestions can be used for crop improvement efforts and for studies aimed at a better understanding of the mechanisms of heat stress resistance in beans.



MATERIALS AND METHODS


Experimental Site and Meteorological Conditions

The evaluation of the adaptation of bean materials was carried out at the Centro de Investigaciones Amazónicas CIMAZ Macagual, Universidad de la Amazonia (1°37’N and 75°36’W), located in Florencia, Caquetá (Colombia). Located in the moist climate of the tropical rainforest ecosystem, it exhibits an average annual precipitation of 3,800mm, 1700h of sunshine year−1, an average temperature of 25.5°C, and a relative humidity of 84%. Under greenhouse conditions the mean maximum and minimum temperatures were 33.8°C and 24.6°C, respectively, the mean daily temperature was 28.5°C and the mean relative air humidity was 56% (Figure 1). These evaluations were conducted in two periods [(1) October 2017 to January 2018; (2) August to November 2018] which corresponded to the driest part of the year and the highest air temperature compared to the other months of the year.
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FIGURE 1. Distribution of maximum/minimum temperatures and relative humidity during the crop growing period under greenhouse conditions at Centro de Investigaciones Amazónicas CIMAZ Macagual, Universidad de la Amazonia, Colombia in two seasons (2017) and (2018). The black line is a mean temperature of 22°C. Red and blue line means the average of the maximum and minimum air temperature, respectively. 2017: Tairmax: 33.86±0.22°C, Tairmin: 25.03±0.06°C, RH: 56.19±0.94%. 2018: Tairmax: 33.45±0.24°C, Tairmin: 24.41±0.07°C, RH: 55.32±1.02%.




Plant Material and Experimental Design

A total of 64 bean genotypes were used in this study (Supplementary Table 1). The list include 32 advanced lines of Phaseolus vulgaris L. (ALB 348, BFS 10, BFS 35, DAB 295, DAB 525, ICA QUIMBAYA, SCR 40, SCR 45, SCR 56, SEN 136, SEN 52, SEN 70, SER 125,SER 271, SER 316, SER 323, SER 324, SER 48, SER 16, SMC 232, SMN 65, SMN 68, SMN 99, SMR 101, SMR 139, SMR 173, SMR 174, SMR 175, SMR 39, SXB 412, TIO CANELA 75, VAX 1), four Mesoamerican interspecific lines of P. vulgaris × P. coccineus (ALB 351, ALB 352, BFS 123, BFS 142), eleven Andean interspecific lines of P. vulgaris × (P. vulgaris × P. coccineus; RRA 3, RRA 31, RRA 57, RRA 60, RRA 69, RRA 78, RRA 80, RRA 81, RRA 93, RRA 103, RRA 124), one interspecific line from P. vulgaris × P. acutifolius (SER 212), 11 interspecific lines from P. vulgaris × P. acutifolius × P. coccineus (SEF 1, SEF 10, SEF 12, SEF 16, SEF 40, SEF 42, SEF 46, SEF 49, SEF 70, SEF 71, SEF 73), one Mesoamerican type with interspecific genes, generated through crossing [(ALB 74 × INB 841)F1 × RCB 593)], and four interspecific lines from P. vulgaris × P. coccineus which resulted in a group of Mesoamerican gene pool lines [ALB 121, ALB 191, ALB 210, ALB 60; F5:6 generation of SER16 × (SER16 × G35346-3Q); Butare et al., 2011]. The genotypes tested belong to the Mesoamerican or Andean gene pool and include elite and advanced lines for drought, aluminum resistance, heat, high micronutrient content and other desirable attributes that can improve grain production or market price. The ALB lines (small red kidney, black kidney) were developed for improved adaptation to drought and aluminum toxicity in acidic soil. The BFS (small red) lines have been developed to improve adaptation to low soil fertility and drought. The DAB (red mottled, red-pink) lines have been developed to improve adaptation to drought. The RRA (various colored) lines have been developed to improve resistance to root rots caused by Pythium and Sclerotium. The SEF, SER and SCR (small red), SEN (small black), SXB (cream) lines have been developed for improved adaptation to drought and heat. The SMC (various colored), SMN (black), SMR (red) lines have been developed to improve tolerance to drought with a high mineral (Fe) content in seed. The VAX (cream striped) line is sensitive to aluminum toxicity. The TIO CANELA 75 (small red kidney) commercial cultivar is recognized as drought sensitive. The ICA QUIMBAYA commercial cultivar is resistant to aluminum. Details on each line in terms of commercial class, gene pool, growth habit, classification and genetic background are provided in Supplementary Table 1. The morphophysiological data are provided in Supplementary Table 2.

A completely randomized plot design with three replications was used. Each experimental unit (advanced bean lines) consisted of a plot sown with three rows of two meters long, with a distance between rows of 0.6m and a spacing between plants of 15cm (equivalent to 11 plants m−2). The seeds were planted in a soil with an effective depth of 80cm of soil profile. The water availability was maintained at a field capacity during the whole experiment. It is a clay loam soil (Oxisol) with bulk density values that ranged between 1 and 1.3gcm−3, pH values that ranged from pH 4.1 to 5.2, with a mean organic carbon content of 1.35%, available P content (Bray-II) of 2.58mgkg−1, saturation of total bases of 7.1% (Ca: 0.38 cmol kg−1, Mg: 0.1 cmol kg−1, K: 0.14 cmol kg−1, Na: 0.1 cmol kg−1, total bases: 0.8 cmol kg−1), a cation exchange capacity of 11.3 cmol kg−1, and an exchangeable aluminum content of 6.3 cmol kg−1 with 73.4% of Al saturation.



Gas Exchange Parameters and Photosynthetic Light- and CO2-Response Curves of Common Bean Lines

The gas exchange parameters at leaf level, such as stomatal conductance (gs, mmol H2O m−2 s−1), transpiration rate (E, mmol H2O m−2 s−1), instantaneous water use efficiency (mmol CO2 mol−1 H2O), sub-stomatal CO2 concentration (Ci, μmol mol−1) were measured using an infrared gas analyzer CIRAS-3 Portable Photosynthesis System (PP Systems Inc. Amesbury, MA, United States) at a partial CO2 concentration of 400ppm under artificial photosynthetic active radiation (PAR) following the steps outlined by Suárez et al. (2018a,b), where the corresponding air temperature range at the time of the gas exchange measurements was 27.2 to 34.4°C. The stomatal limitation value (glim) was calculated using the following formula: glim=1− (Ci/Ca), according to Yin et al. (2006). With the difference between the air temperature and the leaf temperature (measured by the CIRAS-3 Portable Photosynthesis System) we calculated the leaf temperature differential (LTD). Gas exchange measurements were taken between 08:00 and 11:00h (solar time) on three fully developed leaves (located between the seventh and ninth leaf developed from the base of the plant) of each plant with three independent replications per genotype, at each monitoring period. The measurements of leaf gas exchange were made at the stage (later R7) when 50% of the pods have reached final length, which corresponds to a period of 50 to 70days after sowing, according to the BBCH scale for bean growth (BBCH 75; Meier, 2001).

The photosynthetic response curves to PAR intensity (henceforth, A/PAR) were generated by increasing PAR in ten steps from 0 to 2,000μmolm−2 s−1. Initially, the environmental conditions to which the leaves were exposed to in the CIRAS chamber were as follows: vapor pressure deficit (VPD) between 1.0 and 1.5kPa, leaf temperature of 25°C, and a partial concentration of CO2 of 50ppm for 5min to allow the stomata to open; subsequently A/PAR curves were obtained at a partial concentration of CO2 of 400ppm. In order to determine the photosynthetic limitations of common bean that result from the microclimatic conditions, the above data were used to calculate different parameters derived from the slope of the initial linear portion of the A/PAR curve (Bauerle et al., 2006): light-saturated maximum net carbon assimilation rate (Amax, μmol CO2 m−2 s−1), light compensation point (LCP, μmol m−2 s−1), dark respiration rates (Rd, μmol CO2 m−2 s−1), light saturation point (LSP, μmol m−2 s−1), and apparent quantum efficiency (ΦPAR, μmol CO2 μmol protons−1).

Photosynthetic assimilation response curves to internal CO2 concentration (henceforth, A/Ci) were made at a saturating light level of 1,300μmolm−2 s−1 (based on the A/PAR curves), at 25°C and ambient O2 concentration following the recommendations of Long and Bernacchi (2003). Measurements were initiated at a partial concentration of CO2 of 400ppm, which was gradually decreased to 50ppm and subsequently increased in 15 steps up to 1,600ppm of partial concentration of CO2 (Martins et al., 2013). Leakage errors were corrected by measuring the CO2 response curves in dead leaves following the recommendations of Flexas et al. (2007). Different parameters derived from each A/Ci curve were determined including maximum rate of ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO), carboxylation (Vcmax), maximum rate of electron transport driving regeneration of ribulose-1, 5-bisphosphate (RuBP; Jmax), and leaf respiration under light conditions (RD).



Calculation of Stress Index in a High Temperature Environment

To evaluate the agronomic yield upon high temperature environment, destructive sampling (85–90 DAS) was carried out in the central row of each plot, the pods of the harvested plants were threshed, and the grains were cleaned and oven-dried to determine their yield (kgha−1). Because in this study, control yields (yield not influenced by heat) were not available, the response of individual genotypes to heat stress in Western Amazonia was determined using three steps calculating genotype stress index (GSI). GSI in this sense serves the same as other stress indices, to eliminate the effect of intra- and inter-genotypic variability by showing the individual genotype yield in the context of the population median. The first step was to calculate yield reduction (YR) of each individual genotype per experiment [YR=Yj/Ÿ (%), where Yj=mean yield of individual genotype j, Ÿ=geometric mean of the whole experiment]. The YR serves as a first standardization of obtained genotype yield toward the geometric yield from the whole individual experiment (year repetition). The second step was to calculate general stress intensity index (SII) as a second data standardization using ratio of geometric means from all (in our study two) years of experiments [SII=1− (Ÿj/Ÿi), where Ÿj and Ÿi are geometric yields of all genotypes used in all experiments]. The third step was to calculate GSI for each particular genotype used in the study. The GSI was calculated using the following equation: GSI={1−[Ÿ (YRx1, YRx2)]}/SII, where Ÿ is the geometric mean, YRx1 or x2 is the yield change per genotype X in first (1) or second (2) year, and SII is general stress intensity index.



Statistical Analysis

The Michaelis–Menten hyperbolic constant was used to adjust the A/PAR curves; the parameters Amax, LSP, LCP, Rd, and ΦPAR were calculated following the equations described in Lobo et al. (2013). The model created by Farquhar et al. (1980) (the ‘FvCB model’) was used to evaluate the A/Ci curve and to estimate Vcmax, Jmax, and RD using the “plantecophys” package in R (Duursma, 2015). Pearson’s and Spearman’s correlation coefficients were calculated in order to determine significant relationships between variables, which were visualized in a string diagram. To determine the genotypes that best responded to high temperature conditions a scatterplot was used. Variables that affect grain yield (Assimilation A, stomatal conductance gs and leaf temperature depression LTD), or Transpiration (E) were plotted on the X-axis. As the dependent variable, grain yield was plotted on the Y-axis. Four quadrants were visualized by plotting the corresponding averages on each axis.

Due to the non-linear behavior of A the model adjustment was carried out using linear segment models with two segments given by the following function [image: image] where [image: image] is the intercept, [image: image] is the slope of the first segment, γ is the point at which the segments join, and [image: image] is the slope of the second segment. The value obtained from the point at which the segments joined, a linear mixed model (LMM) to perform a covariance analysis using genotype as a class variable and ambient temperature as a covariate for gs and A as response variables was prepared. This point corresponds to the maximum ambient temperature value at which the A took a linear segment direction. For each genotype we calculated the mean expected value for responses (gs and A) when temperature was 27.74°C. With these estimated values we performed a scatter plot of A against gs and included a label for each genotype.

Bean genotypes were grouped using all physiological and bean yield variables using cluster analysis for those genotypes that have higher photosynthetic efficiency in relation to instantaneous WUE values as well as those that had higher heat tolerance allowing to maintain bean yield in advanced common bean lines. With the conformed bean genotypes typologies, a principal component analysis (PCA) was also performed and the effect of the leaf temperature depression on the different physiological mechanisms to maintain a higher photosynthetic efficiency was tested by means of a Monte Carlo permutation test. The ANOVA using LMM was adjusted to analyze the effect of the fixed factor (Genotype). Plots associated with genotypes within the monitoring period (repeated measurements) were included as random effects. The assumptions of normality and homogeneity of variance were evaluated using an exploratory residual analysis. Differences between genotypes were analyzed with Fisher’s post hoc LSD test with a significance of α=0.05. The LMM were made using the lme function in the nlme package, the cluster analysis, PCA and the graphic outputs were made in the packages “ade4,” “ggplot2,” “factoextra” and “corrplot” in the R language software, version 3.4.4 (R Development Core Team, 2019), by the interface in InfoStat (Di Rienzo et al., 2019).




RESULTS


Relationships Between Physiological Variables and Grain Yield With High Temperature

The high air temperature had a negative effect on common bean genotypes by decreasing carbon assimilation (A, r=−0.42, p<0.001 r=coefficient of correlation) due to the reduction in stomatal conductance (gs, r=−0.75, p<0.001) and substomatal CO2 concentration (Ci, r=−0.57, p<0.001) which resulted in lower grain yield (GY, Table 1). Likewise, when the air temperature increases, some genotypes increase WUE (r=0.63 between LTD and WUE p<0.001), generating processes of stomatal limitation to photosynthesis (r=0.60 between LTD and glim p<0.001). For an adequate grain yield, carbon fixation must be high (r=0.51, p<0.001 between A and GY), increasing gs, resulting in a transpiration cooling mechanism (r=0.36, p<0.001 between A and gs; r=0.51, p<0.001 between A and E, respectively). Furthermore, this characteristic negatively affects the efficient use of water (r=−0.88 between E and WUE p<0.001). There were other characteristics such as LSP which was positively related to both GY and A, as well as to E.



TABLE 1. Correlation coefficients (r) between grain yield (GY), assimilation (A), leaf temperature depression (LTD), transpiration (E) and stomatal limitation (glim) values and physiological traits at the leaf level of 64 genotypes of bean grown under conditions of high temperature.
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We summarized the weather characteristics of the main growing season in Florencia for the years 1984–2014 (Figure 2). The growing season is characterized by higher values of maximum and minimum temperatures and plenty of rainfall in the first half of the season. Relative humidity is extremely high in this tropical rainforest environment and when combined with low wind speeds leads to very low values of VPD throughout the season. This suggests weaker atmospheric demand for water than would be the case in most bean growing regions. Average daily maximum temperatures greater than 30°C and average daily minimum temperatures greater than 20°C are thought to reduce bean yields (Porch et al., 2010). Between the years 1984 and 2014, approximately a third of growing seasons experienced at least 1day in which maximum daily temperatures exceeded 30°C between 20 and 60days into the growing season (Figure 3). Average daily minimum temperatures of greater than 20°C were experienced in all growing seasons between 20 and 60days into the growing season. This suggests that high nighttime temperatures are more of a production risk than high daytime temperatures in Florencia.
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FIGURE 2. Weather characteristics of the main growing season in Florencia for the years 1984–2014 (A) Daily maximum temperature (°C), (B) daily minimum temperature (°C), (C) daily solar radiation (MJm−2 day−1), (D) daily rainfall (mmday−1), (E) relative humidity (%), (F) daily vapour pressure deficit (kPa).


[image: Figure 3]

FIGURE 3. Number of days daytime and nighttime thresholds were exceeded between 20 and 60days into the main growing season for the years 1984–2014 in Florencia. (A) day time heat stress thresholds were exceeded, and (B) night time heat stress thresholds were exceeded.




Physiological Characteristics Among Common Bean Genotypes When Grown Under High Temperature Conditions

Chord diagram of correlation coefficients between agronomic and physiological traits at leaf level of 64 genotypes of bean grown under conditions of high temperatures is presented in Figure 4.
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FIGURE 4. Chord diagram of correlation coefficients between agronomic and physiological traits at leaf level of 64 genotypes of bean grown under conditions of high temperatures. The ribbons within the circle correspond to significant correlations with a p<0.05. The red ribbons indicate negative coefficients and the blue ribbons indicate positive coefficients. The ribbons with blue and red dotted lines are the relationship of A and LTD to the different variables whose correlation was statistically significant. The acronyms are described in Table 1.


In general, grain yield (GY) of the 64 bean genotypes ranged from 336 to 1,614kgha−1 with an average value of 957kgha−1 (Table 2). The genotypes with the higher values of GY were BFS 10, SEN 52, SER 323, SCR 56, SEF 10, SEF 40, SEF 70, SEF 73, SMR 173 and SMN 99 with a production value higher than 1,300kgha−1. Within the genotypes that have higher GY, differences were found at the LTD level (Supplementary Figure 1A). For example, BFS 10, SMN 99 were the genotypes with higher E, which translated into a lower LTD (more negative), contrary to what was found in the different SEFs lines (SEF 10, SEF 40, SEF 70, SEF 73), SMR 173, SER 323, and SEN 52. Some genotypes found in the lower left quadrant (SER 48, ALB 348, RRA 80) have low E and positive LTD which negatively affected A and GY. However, sometimes this mechanism was not efficient enough in the process of grain formation (ALB 121, SEF 14, SEF 12) probably because of additional effects from soil constraints.



TABLE 2. Physiological variables of the different types of common bean genotypes grown at high temperatures.
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The BFS 10 showed the highest value of gs and GY, but also high E that affected LTD. Interestingly, the SCR 56 and several SEFs lines (SEF 10, SEF 40, SEF 70, SEF 73) showed opposite behavior characterized by low gs, high glim, and a high GY. We found that for low left quadrant genotypes that have low gs, the glim was higher, and therefore, the leaf temperature was higher than the air temperature (positive LTD) with negative effect on GY. Other genotypes with similarly high GY values presented a lower E and high WUE that caused higher leaf temperature than air temperature (Supplementary Figure 1D).

When analyzing the effect of increased air temperature on carbon assimilation and its effect on water use efficiency, we found that some genotypes had higher E and therefore more negative LTD, a mechanism that allowed higher A (Supplementary Figure 2A). In particular, the SCR 56, SEN 52, and SEF 40 genotypes presented both higher WUE and A. This higher efficiency is mainly due to the maximum rate of RuBisCO carboxylation (Vcmax) presented specifically for SEF 40 (Supplementary Figure 2B). The physiological performance of ALB 352 and SMR 152 which presented higher A with lower Vcmax and GY value higher than 1,100kgha−1 due to a low glim (Supplementary Figure 2C) is worth mentioning. As the air temperature increases, glim increases, decreasing Ci and consequently the A. In this sense, we described two interesting groups of bean genotypes [(1) SMN 99, SMN 95, SEF 14, ALB 121 and SMR 123, and (2) ALB 352, SMR 174, and SEN 52] which with similar Ci, achieved high carbon assimilation [A, in group (1) 22, and group (2) 30μmol CO2 m−2 s−1, respectively] under very different leaf temperatures. These two responses suggest different physiological behavior as mechanisms of leaf-lead air temperature dissipation and reveal a physiological or biochemical player in the background (Supplementary Figure 2C). A reduction of the ΦPAR was found related to increase of LSP (SCR 56, SEF 70 and SEF 10; Supplementary Figure 2D), which affects the assimilation of carbon (A) and a maximum rate of electron transport driving regeneration of ribulose-1, 5-bisphosphate (RuBP; Jmax). These genotypes were able to achieve very high GY (above 1,450kg) despite leaf temperatures more than +1°C above ambient temperatures (Supplementary Figures 1D and 2D).

Two-segment model between the ambient temperature and A showed the point at which the segments join. In our study, this point was found at 27.74°C (Figure 5A). This point reveals the air temperature at which A reaches its maximum and then stays linear, with a slope of 0.63 (p<0.001). From the historical climate information, we found 85days of the year that have values higher than 27.74°C, distributed in two periods of the year that correspond to Julian days 1 to 53 (between the months of January to February) and Julian days 243 to 284 (that correspond to the whole month of October and first week of November; Figures 5B,C).
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FIGURE 5. Relationship between physiological behavior and air temperature. (A) Linear segments model between ambient temperature and A: Red line is the path of the adjusted linear segment model, of the value 27.74°C, which corresponds to γ (the point at which the segments join). This point allows one to determine the maximum temperature threshold at which the bean under normal conditions performs the carbon fixation process effectively without enzymatic or morphological restrictions. (B) Daily temperature behavior between 1979 and 2017 (blue points); red points are the averages and standard error for each day (n=38years). Red line corresponds to γ at which the segments join 27.74°C. (C) Number of days in each year with maximum temperature values above 27.74°C.




Water Use as a Mechanism to Tolerate High Temperatures

According to the cluster analysis of different variables taken from the 64 bean genotypes, three statistically different groups with contrasting physiological mechanisms to tolerate high air temperature were found. According to their physiological traits, we divided the bean genotypes into: (1). WUE: Water Use Efficiency, (2). EUW: Effective use of water, and (3). OEUW: Opportunistically effective use of water (Figure 6). These typologies were generated by trait differences (p<0.0001) using leaf temperature differential (LTD), instantaneous water use (WUE), the transpiration (E), gas exchange (gs), gasometric limitation caused by air temperature increase (glim), and carbon use and fixation (Ci, Rd, LCP and Vcmax).
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FIGURE 6. Dendrogram (method Ward, Euclidean distance) showing the different typologies of common bean genotypes grouped by different physiological variables (Table 1) cultivated at high temperatures. EUW; Effective Use of Water, WUE; Water use efficient, OEUW; Opportunistically effective use of water.


The PCA (Supplementary Figure 3A) related to gas exchange (gs, glim), water use (WUE, E), intracellular carbon (Ci) and leaf temperature differential (LTD) is clearly opposed along axis 1 (32.8% of variance can be explained), separating genotypes with contrasting differences in heat dissipation strategy and water use. Axis 2 (20.5% variance can be explained) opposed genotypes with characteristics related to ΦPAR and LSP. The separation of bean genotype into three typologies according to physiological traits was significant and explained 30% of the total variance according to the Monte Carlo test (Supplementary Figure 3B).

Below we describe the representative typologies. We take only those genotypes with a GY higher than 1,200kg to eliminate genotypes with very low yield potential or heavily damaged ones. The main differences are due to most of the variables considered in this study. However, LSP, ΦPAR, Jmax and RD did not show statistical differences in the typologies (Table 2).


Genotypes With EUW (n=14; 21.8% of the Total Genotypes Evaluated)

This group on average has a grain yield of 1,182kg, represented by genotypes such as BFS 10, SER 323, SMN 99 (Phaseolus vulgaris) and SEF 10, SEF 46 and SEF 73 (P. vulgaris, P. acutifolius and P. coccineus interspecific). The two important mechanisms involved (transpiration and thermal dissipation by LTD) reduced glim, increasing gs and Ci, and therefore carbon fixation (A, Table 2), resulting in high GY. The negative LTD values (i.e., the leaf is cooler than the air temperature), should be involved as a heat resistant genotype trait (similar trend is observed in second typology, WUE; Deva et al., 2020). Not surprisingly, when analyzing the correlations between the different variables for this typology, we found that gs exhibited high values in this group (Figure 7). Taken together, the high GY, with high gs and E, and consequently low leaf temperature, allows categorization of this group as heat resistant genotypes with profligate water spenders traits (similarly to Blum, 2009).
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FIGURE 7. Correlation between the different physiological variables of different genotypes grown at high temperatures. Below and above the diagonal, values correspond to the correlations for the EUW (Effective Use of Water) and WUE (Water use efficient), respectively. The blue and red are the positive and negative correlation, respectively, accompanied by the magnitude of the correlation by the size of the circle. Only significant correlations (p<0.05) appear within the circles. The acronyms are shown in Table 1.




Water Use Efficient Genotypes (n=30; 46,8%)

This group is represented by genotypes such as SEF 70 (P. vulgaris, P. acutifolius, and P. coccineus interspecific) and SCR 56 (Phaseolus vulgaris) with GY of 1,493 and 1,479kgha−1, respectively. The average GY for this typology is 835kgha−1. This group represented the highest values of WUE, hence its name. This high efficiency had a notable impact on the capacity to carry out gas exchange processes, reducing Ci and E, which increased glim. In turn, the decrease in E was followed by increased LTD (Leaf temperatures were sometimes higher than air temperatures). Despite this, SEF 70 and SCR 56 showed higher capacity of translocation of photoassimilates (enhanced seed filling) likely because of their high LSP which translated into an increase in the maximum rate of electron transport driving regeneration of ribulose-1, 5-bisphosphate (RuBP; Jmax). This resulted in an increase in the maximum rate of RuBisCO carboxylation (Vcmax). The efficiency of the PSII is also demonstrated as it was able to regulate the excess energy and to carry it along the electron transport chain. The correlations of this typology were largely related to those variables related to carbon use (A, Rd, LCP), as well as reduced Ci, since this typology has a high glim (Figure 7).

This group demonstrates typical conservative traits of the water savers group (high WUE, positive LTD, high glim, low E, gs, Ci etc.). Generally, in some terminal drought scenarios, these traits can increase final GY. However, the lowest A, Rd and LCP which altogether surely lead to lowest GY proved that conservative crop behavior can significantly decrease the yield potential upon heat in Western Amazonia (in agreement with hypotheses postulated in Deva et al., 2020). However, our recommendations are that water savers should be selected only if they reach above-average yield and should not be automatically neglected in breeding programs for increasing resistance to heat, especially for their water-saving tendencies. In our study, some genotypes from this group showed different pathways to heat resistance. Although the real crop water consumption was not measured in this study and the field was irrigated up to field capacity, based on heat-influenced gasometric values (A, gs) we can postulate this group as conservative in water use despite water availability.



Genotypes With OEUW (n=20; 31,2%)

This group of bean genotypes had an average GY of 990kgha−1, which was statistically higher than the WUE typology. The group is characterized by genotypes such as SEN 52, SMR 173, and SMR 39 (Phaseolus vulgaris) with yields of 1,608, 1,346 and 1,205kgha−1, respectively, as well as SEF 40 (P. vulgaris, P. acutifolius and P. coccineus) with a yield of 1,557kgha−1. The main characteristic of this typology is related to higher values of Rd and LCP and efficiency in carbon fixation (Vcmax). At the same time, with its medium capacity in the instantaneous photosynthetic use of water (WUE), middle E, middle Ci, glim and gs, these genotypes regulated leaf temperature less effectively than EUW group. However, this finely regulated water usage allowed efficient carbon fixation, achieving statistically similar performance that achieved heat-resistant ones through transpiration cooling (EUW typology). SER 16 was previously characterized as a typical high-yielding water saver in terminal drought. However, in our study, Western Amazonian soil allowed only very low yield performance of SER 16. We can characterize this third group OEUW as heat resistant genotypes with opportunistic water spender strategy and photosynthetic heat acclimation (Wang et al., 2020) with hybrid trait combinations of both above-mentioned typologies.

By analyzing heat stress resistance in beans under the western Amazonian conditions using the genotype stress index (GSI) we found differences between genotypes (Figure 8). Genotypes below the general average were mainly from the WUE typology group. Conditions in the Amazonia make them susceptible to heat and acidic soil resulting in reduced grain yield. However, genotypes such as BFS 10, SEN 52, SER 323, different SEFs (SEF 73, SEF 10, SEF 40, SEF 70), SCR 56, SMR 173 and SMN 99 (mainly from EUW group) showed GSI values higher than three due to their ability to adapt.
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FIGURE 8. Genotype stress index of common bean genotypes cultivated at high temperatures. EUW: Effective Use of Water, WUE: Water use efficient, OEUW: Opportunistically effective use of water.






DISCUSSION


Heat Tolerance Mechanisms

It has been shown that high temperature impacts phenology and grain yield in Western Amazonia (Suárez et al., 2018a, 2020). In the present study, we identified physiological heat tolerance mechanisms related to gasometric water use. We identified how some common bean lines maintain efficiency in mobilizing photosynthates for grain formation under high temperature conditions. Some lines such as BFS 10, SEF 10, SEF 73, SER 323, SMN 99 and SMR 177 which can be classified as anisohydric (water-spending) genotypes, use the mechanism of leaf temperature differential (LTD, Habermann et al., 2019; Deva et al., 2020). This trait is associated with increased gas exchange (gs), i.e., an increase of the substrate (Ci) for carbon fixation (A) at the cellular level by increasing also E. Therefore, when E increased, some bean genotypes—through latent heat transfer—maintained a lower leaf temperature relative to that of the air (Traub et al., 2018). Therefore, transpiration cooling allowed these genotypes to maintain the photosynthetic processes without major impacts from high temperatures, which was supported by the positive correlation obtained in our study between LSP with A and GY. To work this mechanism properly (LTD), water must be exchanged for carbon and carbon then incorporated into biomass, which relates to effective use of water (EUW; Salvucci and Crafts-Brandner, 2004; Blum, 2009; Boomiraj et al., 2010; Hall, 2010; Urban et al., 2017; Dubey et al., 2020). If this mechanism does not operate some genotypes may have stomatal limitations (glim), reducing latent heat flow, thus increasing leaf temperature (Orozco et al., 2012). On the other hand, isohydric (“water-saving”) genotypes such as SEF 70 and SCR 56 presented low E that caused a greater increase in LTD. These genotypes were characterized by having the ability to have greater WUE, which is attributed to higher water content within the leaves, which allowed leaf-morphology-related thermal capacity to sustain gs under high temperatures (Blum, 2009; Albrecht et al., 2020; Eustis et al., 2020). However, water savers in drought conditions are known to have low biomass accumulation and likely lower yield in comparison with spenders (dependent on water-availability scenario, if early, intermittent or terminal drought occur). Other physiological characteristics presented by this type of bean genotype was high maximum photochemical efficiency of PSII, due to its high LSP that regulated excess energy along the electron transport chain (Robledo et al., 2010; Pan et al., 2018) and to influence a higher maximum regeneration rate of ribulose-1,5-bisphosphate (RuBP; Jmax). Another group made up of SEF 40 and SEN 52 which, in addition to having very similar characteristics to the WUE typology (anisohydric) presented a higher maximum carboxylation rate (Vcmax), and higher Rd and LCP compared to the other typologies. Interestingly, in some cases the rate of photosynthesis was not limited by the ability of the enzyme Ribulose-1,5-bisphosphate (RuBP) carboxylase/oxygenase to carboxylate RuBP (Vcmax) since the electron transport rate for the regeneration of RuBP was also not affected. The mechanism of this typology is to save soil water, dissipate to some degree the negative effect of air temperature but still remain efficient in carbon fixation and assimilate translocation leading to higher grain yield. It has been recently mentioned that a thermal acclimatization has allowed a coupling between Vcmax and Rd (Wang et al., 2020). Therefore, the third typology OEUW, besides having a high Vcmax, also its Rd and LCP values were higher in comparison with the other typologies. The increase in temperature in these bean genotypes could lead to a higher demand for maintenance which is related to higher Rd values (Smith et al., 2019).



Genotypic Variation in Mechanisms of Heat Tolerance

According to the mechanisms described by the different typologies of beans, we found that some of them related to the use of water and others to the ability to increase carboxylation rate. We found that in each typology there were genotypic variations that allowed grain yields over 1,200kgha−1. These genotypes were called advanced superior lines with better heat resistance-related traits for better physiological performance. For example, BFS 10 and SER 323 were genotypes that were grouped into a single typology (EUW) with increased E generating an efficient canopy cooling (Hong et al., 2003). High E was translated into a more negative LTD––a situation that generated conditions within the canopy to maintain physiological processes. This mechanism (better canopy microclimate) hypothetically allowed a translocation of photosynthates for grain formation, thus increasing the GY. Behavior of two genotypes with highest GSI (BFS 10, SER 323; both EUW group) showed the pragmatic base for the above-mentioned statement: although they both had negative LTDs differences were found in carbon fixation efficiency that allowed high GY performance for both genotypes. However, the connection between E, gs, and overall water uptake and GY need to be further studied.

A genotype that showed optimal performance under high temperatures in terms of mobilization of photosynthates for grain formation was SEN 52. This is a black-seeded line derived from the cross [(SXB 123×DOR 677)×SEN 34], which has been reported as heat resistant (CIAT, 2015). This genotype for its high performance can be used as parental material to develop common bean lines tolerant to high temperatures. It was found that this genotype used a certain amount of water to allow an increase in the stomatal conductance (it belongs to OEUW typology). Generally, under hot conditions the limitation of A is presented by a decrease in both the maximum rate of carboxylation (Vcmax), the maximum rate of RuBP regeneration (Jmax) and the maximum photochemical efficiency of PSII (Yamori et al., 2011; Haque et al., 2017). However, SEN 52 did not show negative heat effects on diffusion and assimilation of carbon. Taken together, the most important strategy used by SEN 52 is to use a mechanism that combines EUW, LTD, light use (ΦPAR) and higher carbon fixation (Huang et al., 2017).

Other bean genotypes that showed heat resistance traits were SEFs (SEF 10, SEF 40, SEF 70 y SEF 73) that were generated by crossing (ALB 74×INB 841) F1×RCB 593, where ALB 74 provides genes from P. coccineus L. and INB 841 provides genes from P. acutifolius A. Gray. This allowed them to obtain genetic gain by inheriting its heat resistance (Polanía et al., 2017). When we analyzed in detail the gas exchange mechanisms, we found for example, SEF 40 (the OEUW type) was more efficient in fixing carbon (Vcmax) and showed highest photosynthetic values observed in this study. SEF 70 was the most water efficient genotype compared to the others, with a high light saturation point (LSP) where the functionality of the PSII in relation to electron transfer was efficient. A common feature of SEF 10 and SEF 73 was high instantaneous water use.

In this study, we elucidated the physiological mechanisms of ten heat-resistant genotypes (based on GY upon heat: BFS 10, SCR 56, SEF 10, SEF 40, SEF 70, SEF 73, SEN 52, SER 323, SMN 99 and SMR 177). The increase in temperature affected the adjustment of the thermal tolerance of PSII (Crafts-Brandner and Salvucci, 2002) due to possible reassembly of the reaction centers during heat stress (Lu et al., 2017). We found that PSII was sensitive to high temperatures (Camejo et al., 2005; Feng et al., 2014; Chen et al., 2017) presenting effects on the maximum Rubisco carboxylation rate (Chen et al., 2005; Haque et al., 2017) According to Blum (2009) under water and high temperature stress a high continuous stomatal conductance is required, to allow greater CO2 fixation that translates into a maximum use of soil water for transpiration (which is expressed actually by a lower WUE). However, we found another successful mechanism that some genotypes besides having a moderate use of water have developed a high carbon fixation efficiency (described for the genotype SEN 52).

In this regard, under the different mechanisms found for heat tolerance, the superior performance of the genotype BFS 10 has been due to its combined resistance to drought (Polania et al., 2016b), as well as tolerance to acid soils and high temperatures (Suárez et al., 2018b, 2020). SMN 99 (heat tolerant; Suárez et al., 2020) and SER 323 performed well under the combined stress of heat and acid soil. Our results showed a EUW as a mechanism for heat tolerance, allowing better transpiration cooling associated with final yield (Omae et al., 2012) as an important chronic heat-associated adaptation in common beans. Because the soil water content did not decrease in both experiments and yield differences (visible in absolute yields, yield reductions and stress indices) are consistent between genotypes, we conclude that physiological traits supporting heat tolerance played a similar role and were stable in both experiments. In order to understand differences between the three identified groups we can hypothesize which traits played a bigger role in reducing the negative effect of high temperature during the experiment. The summary of those traits (partially based on measurements, partially based on hypothesized traits) are presented in Figure 9.
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FIGURE 9. The overview of the measured physiological traits (A) in heat-treated beans in Western Amazonia for three different genotype groups and suggested bean heat ideotype (adapted to heat) based on published and hypothesized results (B). Gas exchange parameters at leaf level: stomatal conductance (gs, mmol H2O m−2 s−1), transpiration rate (E, mmol H2O m−2 s−1), photosynthetic Water Use Efficiency (WUE, mmol CO2 mol−1 H2O), sub-stomatal CO2 concentration (Ci, μmol mol−1), stomata limitation value (glim), leaf temperature differential (LTD), light-saturated maximum net carbon assimilation rate (Amax, μmol CO2 m−2 s−1), light compensation point (LCP, μmol m−2 s−1), dark respiration rates (Rd, μmol CO2 m−2 s−1), light saturation point (LSP, μmol m−2 s−1), and apparent quantum efficiency (ΦPAR, μmol CO2 μmol protons−1), maximum rate of ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO), carboxylation (Vcmax), maximum rate of electron transport driving regeneration of ribulose-1, 5-bisphosphate (RuBP; Jmax), leaf respiration under light conditions (RD), and yield (kgha−1).





CONCLUSION

Our climatological analysis (1984–2014) showed that approximately a third of growing seasons experienced at least 1day in which maximum daily temperatures exceeded 30°C and average daily minimum temperatures of greater than 20°C were experienced in all growing seasons. This suggests that high nighttime temperatures are more of a production risk than high daytime temperatures in Florencia of western Amazonia region. Furthermore, climatological profiling for the years 1984–2014 showed that the biggest challenges of growing beans in Western Amazonia are high maximum and minimum temperatures, high rainfall in the first half of the season, high RH and low VPD.

By analyzing the effect of air temperature on carbon assimilation we found that some genotypes had higher E and therefore more negative LTD, a mechanism that allowed higher A due to the maximum rate of RuBisCO carboxylation (Vcmax) and high rate of electron transport driving regeneration of ribulose-1, 5-bisphosphate (RuBP; Jmax). As the air temperature increases, glim increases, decreasing Ci and consequently A. According to the analysis of different variables taken from the 64 bean genotypes, three statistically different groups were found with contrasting physiological mechanisms: (1) WUE: Water Use Efficiency, (2) EUW: Effective use of water, and (3). OEUW: Opportunistically effective use of water. However, we also found outliers from this rule showing photosynthetically effective genotypes, surprisingly on the background of positive LTD.

Heat-resistant genotypes with effective use of water (EUW) showed profligate spender traits involving the transpiration and thermal dissipation by LTD with reduced glim increasing gs and Ci as the most important traits therefore resulting in high GY. Heat sensitive water use efficient genotypes (WUE; conservative) represent the highest values of WUE with a notable impact on the capacity to carry out gas exchange processes, reducing Ci and E, which increased glim and reduced LTD. The value of conservative genotypes need to be verified, especially in regions where terminal drought and high temperatures occur together.

By analyzing heat stress resistance in beans under western Amazonian soil and climatic conditions we found that conditions in the Amazonia make beans susceptible to heat and acidic soil resulting in reduced grain yield. However, genotypes such BFS 10, SEN 52, SER 323, different SEFs (SEF 73, SEF 10, SEF 40, SEF 70), SCR 56, SMR 173, and SMN 99 presented high GSI values and these genotypes could be suitable for use as parental lines for improving dry seed production.

Further study is needed to verify if mentioned trait combinations are stable over similar environments and quantify their effect on grain yield in heat areas, as water conservative behavior is not expected to increase bean heat resistance in general. Research focused on lysimetric-related water usage under heat stress (i.e., transpiration efficiency, root hairs, root-stem-leaf conductivity accompanied by seed nutritional profiling) of the above-mentioned three groups is recommended to verify the hypothesis that profligate water-spender and not water conservative traits (high WUE) can crystallize into higher grain yield in the extreme weather and soil conditions of Western Amazonia.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.



AUTHOR CONTRIBUTIONS

JS: conceptualization, data curation, formal analysis, funding acquisition, investigation, methodology, project administration, resources, software, validation, visualization, writing – original draft preparation, and writing – review and editing. MU: conceptualization, data curation, investigation, methodology, validation, visualization, writing – original draft preparation, and writing – review and editing. AC: data curation, investigation, methodology, validation, and writing – original draft preparation. JN: data curation, formal analysis, investigation, methodology, and validation. CD: conceptualization, data curation, formal analysis, software, visualization, and writing – review and editing. SB: funding acquisition, resources, validation, and visualization. JP: conceptualization, investigation, methodology, and review and editing. FC: data curation, formal analysis, software, visualization, and writing – review and editing. IR: conceptualization, investigation, methodology, validation, visualization, writing – original draft preparation, and writing – review and editing. All authors contributed to the article and approved the submitted version.



FUNDING

CD and MU were supported by a Biotechnology and Biological Sciences Research Council (BBSRC) funded project named Bean Breeding for Adaptation to a Changing Climate and Post-Conflict Colombia (BBACO). Grant number BB/S018964/1.



ACKNOWLEDGMENTS

MU thanks GIZ and CIM for the support.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2021.644010/full#supplementary-material



REFERENCES

 Albrecht, H., Fiorani, F., Pieruschka, R., Müller-Linow, M., Jedmowski, C., Schreiber, L., et al. (2020). Quantitative estimation of leaf heat transfer coefficients by active thermography at varying boundary layer conditions. Front. Plant Sci. 10:1684. doi: 10.3389/fpls.2019.01684

 Amsalu, B., Beebe, S., Rao, I., and Kunert, K. (2014). Association of nodule performance traits with shoot performance traits of common bean under drought stress. J. Crop Improv. 28, 418–435. doi: 10.1080/15427528.2014.910287

 Andrade, E., Ribeiro, N., Azevedo, C., Chiorato, A., Williams, T., and Carboneli, S. (2016). Biochemical indicators of drought tolerance in the common bean (Phaseolus vulgaris L.). Euphytica 210, 277–289. doi: 10.1007/s10681-016-1720-4

 Araus, J. L., Slafer, G. A., Reynolds, M. P., and Royo, C. (2002). Plant breeding and drought in C3 cereals: what should we breed for? Ann. Bot. 89, 925–940. doi: 10.1093/aob/mcf049 

 Asfaw, A., Ambachew, D., Shah, T., and Blair, M. (2017). Trait associations in diversity panels of the two common bean (Phaseolus vulgaris L.) gene pools grown under well, watered and wáter-stress conditions. Front. Plant Sci. 8:733. doi: 10.3389/fpls.2017.00733

 Bauerle, W., Wang, G., Bowden, J., and Hong, C. (2006). An analysis of ecophysiological responses to drought in American chestnut. Ann. For. Sci. 63, 833–842. doi: 10.1051/forest:2006066

 Beebe, S. (2012). Common bean breeding in the tropics. Plant Breed Rev. 36, 357–456. doi: 10.1002/9781118358566.ch5

 Beebe, S., Ramírez, J., Jarvis, A., Rao, I., Mosquera, J., Bueno, J., et al. (2011). “Genetic improvement of common beans and the challenges of climate change,” in Crop Adaptation to Climate Change. eds. S. S. Yadav, et al. (Oxford: Wiley-Blackwell), 356–369.

 Beebe, S., Rao, I., Blair, M., and Acosta-Gallegos, J. (2013). Phenotyping common beans for adaptation to drought. Front. Physiol. 4:35. doi: 10.3389/fphys.2013.00035 

 Beebe, S., Rao, I., Cajiao, C., and Grajales, M. (2008). Selection for drought resistance in common bean also improves yield in phosphorus limited and favorable environments. Crop Sci. 48, 582–592. doi: 10.2135/cropsci2007.07.0404

 Bigras, F. (2005). Photosynthetic response of white spruce families to drought stress. New For. 29, 135–148. doi: 10.1007/s11056-005-0245-9

 Blum, A. (2009). Effective use of water (EUW) and not water-use efficiency (WUE) is the target of crop yield improvement under drought stress. Field Crop Res. 112, 119–123. doi: 10.1016/j.fcr.2009.03.009

 Blum, A. (2015). Towards a conceptual ABA ideotype in plant breeding for water limited environments. Funct. Plant Biol. 42:502. doi: 10.1071/FP14334 

 Boomiraj, K., Chakrabarti, B., Aggarwal, P. K., Choudhary, R., and Chander, S. (2010). Assessing the vulnerability of Indian mustard to climate change. Agric. Ecosyst. Environ. 138, 265–273. doi: 10.1016/j.agee.2010.05.010

 Bramley, H., Turner, N., and Siddique, K. (2013). Water Use Efficiency. Genomics and Breeding for Climate-Resilient Crops. Germany: Springer, 225–268.

 Butare, L., Rao, I., Lepoivre, P., Cajiao, C., Polania, J., Cuasquer, J., et al. (2011). Phenotypic evaluation of interspecific recombinant inbred lines (RILs) of Phaseolus species for aluminium resistance and root growth response to aluminium-toxic acid soil. Euphytica 186:715. doi: 10.1007/s10681-011-0564-1

 Camejo, D., Rodríguez, P., Morales, M. A., Dell’amico, J. M., Torrecillas, A., and Alarcon, J. J. (2005). High temperature effects on photosynthetic activity of two tomato cultivars with different heat susceptibility. J. Plant Physiol. 162, 281–289. doi: 10.1016/j.jplph.2004.07.014

 Cardona-Ayala, C., Jarma-Orozco, A., Araméndiz-Tatis, H., Peña-Agresott, M., and Vergara-Córdoba, C. (2014). Respuestas fisiologicas y bioquimicas del fríjol caupí (Vigna unguiculata L. Walp.) bajo déficit hídrico. Rev. Colombiana de Ciencias Hortí. 8, 250–261. doi: 10.17584/rcch.2014v8i2.3218

 Chaves, M. M., and Oliveira, M. M. (2004). Mechanisms underlying plant resilience to water deficits: prospects for water-saving agriculture. J. Exp. Bot. 55, 2365–2384. doi: 10.1093/jxb/erh269 

 Chen, G. Y., Yong, Z. H., Liao, Y., Zhang, D. Y., Chen, Y., Zhu, J. G., et al. (2005). Photosynthetic acclimation in rice leaves to free-air CO2 enrichment related to both ribulose-1, 5-bisphosphate carboxylation limitation and ribulose-1, 5-bisphosphate regeneration limitation. Plant Cell Physiol. 46, 1036–1045. doi: 10.1093/pcp/pci113 

 Chen, Y., Zhang, C., Su, Y., Ma, J., Zhang, Z., and Yuan, M. (2017). Responses of photosystem II and antioxidative systems to high light and high temperature co-stress in wheat. Environment 38, 812–826. doi: 10.1016/j.envexpbot.2016.12.001

 CIAT. (2015). Developing Beans that Can Beat the Heat. Tech. Rep. Colombia: Centre for International Tropical Agriculture.

 Costa, M., Pham, A., Pimentel, C., Pereyra, R., and Zuily, Y., and and Laffray, D. (2000). Differences in growth and water relations among Phaseolus vulgaris cultivars in response to induced drought stress. Environ. Exp. Bot. 43, 227–237. doi: 10.1016/S0098-8472(99)00060-X.

 Crafts-Brandner, S. J., and Salvucci, M. E. (2002). Sensitivity of photosynthesis in a C4 plant maize to heat stress. Plant Physiol. 129, 1773–1780. doi: 10.1104/pp.002170 

 Crawford, A. J., McLachlan, D. H., Hetherington, A. M., and Franklin, K. A. (2012). High temperature exposure increases plant cooling capacity. Curr. Biol. 22, R396–R397. doi: 10.1016/j.cub.2012.03.044 

 Debouck, D. G., and Smartt, J. (1995). “Beans, Phaseolus spp. (Leguminosae-Papilionoideae),” in Evolution of Crop Plants. 2nd Edn. eds. J. Smartt and N. W. Simmonds (London: Longman Scientific & Technical), 287–294.

 Deva, C. R., Urban, M. O., Challinor, A. J., Falloon, P., and Svitákova, L. (2020). Enhanced leaf cooling is a pathway to heat tolerance in common bean. Front. Plant Sci. 11:19. doi: 10.3389/fpls.2020.00019

 Di Rienzo, J., Balzarini, M., Gonzalez, L., Casanoves, F., Tablada, M., and Robledo, C. W. (2019). InfoStat versio’n (2018). Grupo infostat, FCA, Universidad Nacional de Córdoba, Argentina. Available at: http://www.infostat.com.ar (Accessed October 30, 2019).

 Dreyer, E., Le Roux, X., Montpied, P., Daudet, F. A., and Masson, F. (2001). Temperature response of leaf photosynthetic capacity in seedlings from seven temperate tree species. Tree Physiol. 21, 223–232. doi: 10.1093/treephys/21.4.223 

 Dubey, R., Pathak, H., Chaktabarti, B., Sing, S., Gupta, D., and Harit, R. C. (2020). Impact of terminal heat stress on wheat yield in India and options for adaptation. Agric. Syst. 181:102826. doi: 10.1016/j.agsy.2020.102826

 Duursma, R. A. (2015). Plantecophys An R package for analysing and modelling leaf gas exchange data. PLoS One 10:e0143346. doi: 10.1371/journal.pone.0143346 

 Easlon, H. M., Nemali, K. S., Richards, J. H., Hanson, D. T., Juenger, T. E., and McKay, J. K. (2014). The physiological basis for genetic variation in water use efficiency and carbon isotope composition in Arabidopsis thaliana. Photosynth. Res. 119, 119–129. doi: 10.1007/s11120-013-9891-5 

 Eustis, A., Murphy, K., and Barrios-Masias, F. (2020). Leaf gas exchange performance of ten quinoa genotypes under a simulated heat wave. Plan. Theory 9, 1–15. doi: 10.3390/plants9010081

 Fahad, S., Bajwa, A., Nazir, U., Anjum, S., Farooq, A., Zohaib, A., et al. (2017). Crop production under drought and heat stress: plant responses and management options. Front. Plant Sci. 8:1147. doi: 10.3389/fpls.2017.01147

 Falqueto, A., da Silva, R., Gaudio, M., Rodrigues, J., Silva, D., and Partelli, F. (2017). Effects of drought stress on chlorophyll a fluorescence in two rubber tree clones. Sci. Hortic. 224, 238–243. doi: 10.1016/j.scienta.2017.06.019

 Farooq, M., Hussain, M., Ul-Allah, S., and Siddique, K. H. (2019). Physiological and agronomic approaches for improving water-use efficiency in crop plants. Agric. Water Manag. 219, 95–108. doi: 10.1016/j.agwat.2019.04.010

 Farquhar, G. D., von Caemmerer, S., and Berry, J. A. (1980). A biochemical-model of photosynthetic CO2 assimilation in leaves of C-3 species. Planta 149, 78–90. doi: 10.1007/BF00386231 

 Feng, B., Liu, P., Li, G., Dong, T., Wang, F., Kong, L., et al. (2014). Effect of heat stress on the photosynthetic characteristics in flag leaves at the grain-filling strage of different heat-resistant winter wheat varieties. J. Agro. Crop. Sci. 200, 143–155. doi: 10.1111/jac.12045

 Flexas, J., Díaz-Espejo, A., Berry, J. A., Cifre, J., Galmés, J., Kaldenhoff, R., et al. (2007). Analysis of leakage in IRGA’s leaf chambers of open gas exchange systems: quantification and its effects in photosynthesis parameterization. J. Exp. Bot. 58, 1533–1543. doi: 10.1093/jxb/erm027 

 Galmes, J., Conesa, M. A., Diaz-Espejo, A., Mir, A., Perdomo, J. A., Niinemets, U., et al. (2014). Rubisco catalytic properties optimized for present and future climatic conditions. Plant Sci. 226, 61–70. doi: 10.1016/j.plantsci.2014.01.008 

 Gepts, P., and Debouck, D. (1991). “Origin, domestication, and evolution of the common bean (Phaseolus vulgaris, L.),” in Common Beans: Research for Crop Improvement. eds. A. Van Schoonhoven and O. Voysest (Wallingford: Commonwealth Agricultural Bureaux International), 7–53.

 Habermann, E., Dias de Oliveira, E., Contin, D., San Martin, J., Curtarelli, L., Gonzalez, M., et al. (2019). Stomatal development and conductance of a tropical forage legume are regulated by elevated [CO2] under moderate warming. Front. Plant Sci. 10:609. doi: 10.3389/fpls.2019.00609

 Hall, A. E. (2010). “Breeding for heat tolerance,” in Plant Breeding Reviews. eds. J. Janick (New York: John Wiley & Sons, Inc.), 129–168.

 Haque, M., Sousa, A., Soares, C., Kjaer, K., Fidalgo, F., Qvist, E., et al. (2017). Temperature variation under continuous light restores tomato leaf photosynthesis and maintains the diurnal pattern in stomatal conductance. Front. Plant Sci. 8:1602. doi: 10.3389/fpls.2017.01602

 Hong, S. W., Lee, U., and Vierling, E. (2003). Arabidopsis hot mutants define multiple functions required for acclimation to high temperatures. Plant Physiol. 132, 757–767. doi: 10.1104/pp.102.017145 

 Huang, G., Zhang, Q., Wei, X., Peng, S., and Li, Y. (2017). Nitrogen can alleviate the inhibition of photosynthesis caused by high temperature stress under both steady-state and flecked irradiance. Front. Plant Sci. 8:945. doi: 10.3389/fpls.2017.00945

 IPCC (2021). “Summary for policymakers,” in Climate Change 2021: The Physical Science Basis. Contribution of Working Group I to the Sixth Assessment Report of the Intergovernmental Panel on Climate Change. eds. V. P. Masson-Delmotte, A. Zhai, S. L. Pirani, C. Connors, S. Péan, and N. Berger, et al. (United Kingdom: Cambridge University Press).

 Lawlor, D., and Cornic, G. (2002). Photosynthetic carbon assimilation and associated metabolism in relation to water deficits in higher plants. Plant Cell Environ. 25, 275–294. doi: 10.1046/j.0016-8025.2001.00814.x 

 Lobo, F. A., de Barros, M. P., Dalmagro, H. J., Dalmolin, Ã. C., Pereira, W. E., de Souza, É. C., et al. (2013). Fitting net photosynthetic light-response curves with Microsoft excel a critical look at the models. Photosynthetica 51, 445–456. doi: 10.1007/s11099-013-0045-y

 Long, S., and Bernacchi, C. (2003). Gas exchange measurements, what can they tell us about the underlying limitations to photosynthesis? Procedures and sources of error. J. Exp. Bot. 54, 2393–2401. doi: 10.1093/jxb/erg262 

 Lu, Y., Li, R., Wang, R., Wang, X., Zheng, W., Sun, Q., et al. (2017). Comparative proteomic analysis of flag leaves reveals new insight into wheat heat adaptation. Front. Plant Sci. 8:1086. doi: 10.3389/fpls.2017.01086

 Martins, S., Detmann, K., Reis, J., Pereira, L., Sanglard, L., Rogalski, M., et al. (2013). Photosynthetic induction and activity of enzymes related to carbon metabolism: insights into the varying net photosynthesis rates of coffee sun and shade. Theor. Exp. Plant Physiol. 25, 62–69. doi: 10.1590/S2197-00252013000100008

 Mathur, S., Agrawal, D., and Jajoo, A. (2014). Photosynthesis: response to high temperature stress. J. Photochem. Photobiol. B Biol. 137, 116–126. doi: 10.1016/j.jphotobiol.2014.01.010

 McClean, P. E., Lee, R. K., and Miklas, P. N. (2004). Intron-based sequence diversity studies in Phaseolus. Annu. Rep. Bean Improv. Coop. 47, 85–86.

 Meier, U. (2001). Growth Stages of Mono-and Dicotyledonous Plants. Germany: Blackwell Wissenschafts-Verlag.

 Omae, H., Kumar, A., Kashiwaba, K., and Shono, M. (2007). Influence of temperature shift after flowering on dry matter partitioning in two cultivars of snap bean (Phaseolus vulgaris L.) that differ in heat tolerance. Plant prod. Science 10, 14–19. doi: 10.1626/pps.10.14

 Omae, H., Kumar, A., and Shono, M. (2012). Adaptation to high temperature and water deficit in the common bean (Phaseolus vulgaris L.) during the reproductive period. J. Bot. 2012:803412. doi: 10.1155/2012/803413

 Orozco, A., Cardona, C., and Araméndiz, H. (2012). Efecto del cambio climático sobre la fisiología de las plantas cultivadas: una revisión. Revista U.D.C.A. Actualidad Divulgación Científica. 15, 63–76. doi: 10.31910/rudca.v15.n1.2012.803

 Pan, C., Ahammed, G., Li, X., and Shi, K. (2018). Elevated CO2 improves photosynthesis under high temperature by attenuating the functional limitations to energy fluxes, electron transport and redox homeostasis in tomato leaves. Front. Plant Sci. 9:1739. doi: 10.3389/fpls.2018.01739

 Parry, M. A. J., Flexas, J., and Medrano, H. (2005). Prospects for crop production under drought: research priorities and future directions. Ann. Appl. Biol. 147, 211–226. doi: 10.1111/j.1744-7348.2005.00032.x

 Perdomo, J., Carmo-Silva, E., Herminda-Carrera, C., Flexas, J., and Galmés, J. (2016). Acclimation of biochemical and diffusive components of photosynthesis in Rice, wheat, and maize to heat and water deficit: implications for Modeling photosynthesis. Front. Plant Sci. 7:1719. doi: 10.3389/fpls.2016.01719 

 Polanía, J., Chaves, N., Lobaton, J. D., Cajiao, V., Hernando, C., Rao, I. M., et al. (2017). Heat Tolerance in Common Bean Derived from Interspecific Crosses. Colombia: International Center for Tropical Agriculture.

 Polania, J., Poschenrieder, C., Beebe, S., and Rao, I. (2016b). Effective use of water and increased dry matter partitioned to grain contribute to yield of common bean improved for drought resistance. Front. Plant Sci. 7:660. doi: 10.3389/fpls.2016.00660

 Polania, J., Poschenrieder, C., Rao, I., and Beebe, S. (2016a). Estimation of phenotypic variability in symbiotic nitrogen fixation ability of common bean under drought stress using 15N natural abundance in grain. Europ. J. Agronomy 79, 66–73. doi: 10.1016/j.eja.2016.05.014

 Polanía, J., Rao, I., Cajiao, C., Rivera, M., Bodo, R., and Beebe, S. (2016c). Physiological traits associated with drought resistance in Andean and Mesoamerican genotypes of common bean (Phaseolus vulgaris L.). Euphytica 210, 17–29. doi: 10.1007/s10681-016-1691-5

 Porch, T. G., and Hall, A. E. (2013). “Heat tolerance” in Genomics and Breeding for Climate-Resilient Crops. Vol. 2. ed. C. Kole (Berlin, Germany: Springer-Verlag), 167–202.

 Porch, T. G., Smith, J. R., Beaver, J. S., Griffiths, P. D., and Canaday, C. H. (2010). TARS-HT1 and TARS-HT2 heat-tolerant dry bean germplasm. Hort. Sci. 45, 1278–1280. doi: 10.21273/HORTSCI.45.8.1278

 R Development Core Team (2019) R: A Language and Environment for Statistical Computing. R Foundation for Statistical Computing: Vienna, Austria.

 Rao, I., Beebe, S., Polania, J., Grajales, M., Cajiao, C., and Ricaurte, J. (2017). Evidence for genotypic differences among elite lines of common bean in the ability to remobilize photosynthate to increase yield under drought. J. Agric. Sci. 155, 857–875. doi: 10.1017/S0021859616000915

 Rippke, U., Ramirez-Villegas, J., and Jarvis, A. (2016). Timescales of transformational climate change adaptation in sub-Saharan African agriculture. Nat. Clim. Chang. 6, 605–609. doi: 10.1038/nclimate2947

 Robledo, A., Pérez-López, U., Lacuesta, M., Mena-Petite, A., and Muñoz-Rueda, A. (2010). Influence of water stress on photosynthetic characteristics in barley plants under ambient and elevated CO2 concentrations. Biol. Plant. 54, 285–292. doi: 10.1007/s10535-010-0050-y

 Salvucci, M. E., and Crafts-Brandner, S. J. (2004). Inhibition of photosynthesis by heat stress: The activation state of rubisco as a limiting factor in photosynthesis. Physiol. Plant. 120, 179–186. doi: 10.1111/j.0031-9317.2004.0173.x

 Silva, E., Ferreira, S., Fontenele, A., Ribeiro, R., Viégas, R., and Silveira, J. (2010). Photosynthetic changes and protective mechanisms against oxidative damage subjected to isolated and combined drought and heat stresses in Jatropha curcas plants. J. Plant Physiol. 167, 1157–1164. doi: 10.1016/j.jplph.2010.03.005 

 Singh, S. P., Gepts, P., and Debouck, D. G. (1991). Races of common bean (Phaseolus vulgaris, Fabaceae). Econ. Bot. 45, 379–396. doi: 10.1007/bf02887079

 Smith, N. G., Li, G., and Dukes, J. S. (2019). Short-term thermal acclimation of dark respiration is greater in non-photosynthetic than in photosynthetic tissues. AoB Plants 11:plz064. doi: 10.1093/aobpla/plz064

 Sofi, P., and Maduraimuthu, D. (2017). Variation in some physiological parameters in relation to high temperature stress in common bean (Phaseolus vulgaris L.). SKUAST J. Res. 19, 251–257.

 Suárez, J., Melgarejo, L., Casanoves, F., Di Rienzo, J., DaMatta, F., and Armas, C. (2018a). Photosynthesis limitations in cacao leaves under different agroforestry systems in the Colombian Amazon. PLoS One 13:e0206149. doi: 10.1371/journal.pone.0206149

 Suárez, J., Polania, J., Contreras, A., Rodriguez, L., Beebe, S., and Rao, I. (2018b). Agronomical, phenological and physiological performance of common bean lines in the Amazon region of Colombia. Theor. Exp. Plant Physiol. 30, 303–320. doi: 10.1007/s40626-018-0125-2

 Suárez, J., Polania, J., Contreras, A., Rodríguez, L., Machado, L., Ordoñez, C., et al. (2020). Adaptation of common bean lines to high temperature conditions: genotypic differences in phenological and agronomic performance. Euphytica 216:28. doi: 10.1007/s10681-020-2565-4

 Traub, J., Porch, T., Naeem, M., Urrea, C. A., Austic, G., Kelly, J. D., et al. (2018). Screening for heat tolerance in Phaseolus spp. using multiple methods. Crop Sci. 58:2459. doi: 10.2135/cropsci2018.04.0275

 Urban, J., Ingwers, M., McGuire, M. A., and Teskey, R. O. (2017). Stomatal conductance increases with rising temperature. Plant Signal. Behav. 12:e1356534. doi: 10.1080/15592324.2017.1356534 

 Wahid, A., Gelani, S., Ashraf, M., and Foolad, M. (2007). Heat tolerance in plants: an overview. Environ. Exp. Bot. 61, 199–223. doi: 10.1016/j.envexpbot.2007.05.011

 Wang, H., Atkin, O. K., Keenan, T. F., Smith, N. G., Wright, I. J., Bloomfield, K. J., et al. (2020). Acclimation of leaf respiration consistent with optimal photosynthetic capacity. Glob. Chang. Biol. 26, 2573–2583. doi: 10.1111/gcb.14980

 Wentworth, M., Murchie, E., Gray, J., Villegas, D., Pastenes, C., Pinto, M., et al. (2006). Differential adaptation of two varieties of common bean to abiotic stress. J. Exp. Bot. 57, 699–709. doi: 10.1093/jxb/erj061 

 Wise, R. R., Olson, A. J., Schrader, S. M., and Sharkey, T. D. (2004). Electron transport is the functional limitation of photosynthesis in field-grown Pima cotton plants at high temperature. Plant Cell Environ. 27, 717–724. doi: 10.1111/j.1365-3040.2004.01171.x

 Yamori, W., Nagai, T., and Makino, A. (2011). The rate-limiting step for CO2 assimilation at different temperatures is influenced by the leaf nitrogen content in C3 crop species. Plant Cell Environ. 34, 764–777. doi: 10.1111/j.1365-3040.2011.02280.x 

 Yamori, W., Noguchi, K., Kashino, Y., and Terashima, I. (2008). The role of electron transport in determining the temperature dependence of the photosynthetic rate in spinach leaves grown at contrasting temperatures. Plant Cell Physiol. 49, 583–591. doi: 10.1093/pcp/pcn030 

 Yamori, W., Suzuki, K., Noguchi, K., Nakai, M., and Terashima, I. (2006). Effects of rubisco kinetics and rubisco activation state on the temperature dependence of the photosynthetic rate in spinach leaves from contrasting growth temperatures. Plant Cell Environ. 29, 1659–1670. doi: 10.1111/j.1365-3040.2006.01550.x 

 Yin, C. Y., Berninger, F., and Li, C. Y. (2006). Photosynthetic responses of subjected to drought stress. Photosynthetica 44, 62–68. doi: 10.1007/s11099-005-0159-y


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

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 © 2021 Suárez, Urban, Contreras, Noriega, Deva, Beebe, Polanía, Casanoves and Rao. 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.










	 
	ORIGINAL RESEARCH
published: 25 January 2022
doi: 10.3389/fpls.2021.752634





[image: image]

Autophagy Induced Accumulation of Lipids in pgrl1 and pgr5 of Chlamydomonas reinhardtii Under High Light

Nisha Chouhan, Elsinraju Devadasu, Ranay Mohan Yadav and Rajagopal Subramanyam*

Department of Plant Sciences, School of Life Sciences, University of Hyderabad, Hyderabad, India

Edited by:
Milton Lima Neto, São Paulo State University, Brazil

Reviewed by:
Fantao Kong, Dalian University of Technology, China
Ayse Kose, Ege University, Turkey
Justin Findinier, Carnegie Institution for Science, United States

*Correspondence: Rajagopal Subramanyam, srgsl@uohyd.ernet.in

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

Received: 03 August 2021
Accepted: 20 December 2021
Published: 25 January 2022

Citation: Chouhan N, Devadasu E, Yadav RM and Subramanyam R (2022) Autophagy Induced Accumulation of Lipids in pgrl1 and pgr5 of Chlamydomonas reinhardtii Under High Light. Front. Plant Sci. 12:752634. doi: 10.3389/fpls.2021.752634

Chlamydomonas (C.) reinhardtii is a potential microalga for lipid production. Autophagy-triggered lipid metabolism in microalgae has not being studied so far from a mutant of proton gradient regulation 1 like (PGRL1) and proton gradient regulation 5 (PGR5). In this study, C. reinhardtii cells (wild-type CC124 and cyclic electron transport dependant mutants pgrl1 and pgr5) were grown photoheterotrophically in high light 500 μmol photons m–2 s–1, where pgr5 growth was retarded due to an increase in reactive oxygen species (ROS). The lipid contents were increased; however, carbohydrate content was decreased in pgr5. Further, the Nile Red (NR) fluorescence shows many lipid bodies in pgr5 cells under high light. Similarly, the electron micrographs show that large vacuoles were formed in high light stress despite the grana stacks structure. We also observed increased production of reactive oxygen species, which could be one reason the cells underwent autophagy. Further, a significant increase of autophagy ATG8 and detections of ATG8-PE protein was noticed in pgr5, a hallmark characteristic for autophagy formation. Consequently, the triacylglycerol (TAG) content was increased due to diacylglycerol acyltransferases (DGAT) and phospholipid diacylglycerol acyl-transference (PDAT) enzymes’ expression, especially in pgr5. Here the TAG synthesis would have been obtained from degraded membrane lipids in pgr5. Additionally, mono, polyunsaturated, and saturated fatty acids were identified more in the high light condition. Our study shows that the increased light induces the reactive oxygen species, which leads to autophagy and TAG accumulation. Therefore, the enhanced accumulation of TAGs can be used as feedstock for biodiesel production and aqua feed.
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INTRODUCTION

Light is vital for microalgae for efficient photosynthesis. CO2 fixation by Calvin Benson cycle occurs through photosynthesis that primarily synthesizes carbohydrates, leading to the synthesis of lipid stored as triacylglycerols (TAG) (Mondal et al., 2017). Microalgal species do not accumulate increased amounts of neutral lipids under normal growth conditions. Neutral lipid is accumulated under unfavorable conditions like nutrient, light, salt, and temperature stresses. Under normal light conditions, the rate of light absorbed is equal to the pace of photosynthesis, but when light intensity increases, the system cannot tolerate over-excitation. In this condition, the primary by-product of photosynthesis formed as reactive oxygen species (ROS), which regulate the autophagy (ATG) mechanism. Autophagy is a stress-responsive mechanism that can induce organelle deterioration (Liu and Bassham, 2012). This mechanism in Chlamydomonas reinhardtii regulates the degradative process in photosynthetic organisms. Autophagy plays a divulged role in the control of lipid metabolism. Inhibition of Target of Rapamycin (TOR) kinase by treatment of C. reinhardtii cells with rapamycin resulted in increased ATG8 lipidation (Pérez-Pérez et al., 2010) and vacuolization (Pérez-Pérez et al., 2010). Previous results have proven that ROS is an inducer of autophagy in algae (Pérez-Pérez et al., 2010). High light stress induces photo-oxidative damage due to ROS production, leading to autophagy activation in C. reinhardtii (Pérez-Pérez et al., 2010). A recent report has shown that a starchless mutant of C. reinhardtii induces oxidative stress, triggering autophagy, leading to TAG accumulation under nitrogen starvation (Pérez-Pérez et al., 2012). In a group of ATG (autophagy-related) proteins, the accumulation of ATG8 and ATG3 increased in a conditional repression line of a chloroplast protease (ClpP1), suggesting the chloroplast proteolysis systems and autophagy partially complement each other in C. reinhardtii (Ramundo et al., 2014). Additionally, these proteins were shown a similar function to that of other organisms (Pérez-Pérez et al., 2010, 2016). Loss of cytoplasmic structure with a significant increase in the volume occupied by lytic vacuoles and discharge of vacuole hydrolases can be assigned as autophagic cell death markers (Van Doorn, 2011). However, the mechanism of autophagy caused by high light stress in C. reinhardtii is poorly understood.

Additionally, it can achieve neutral lipid accumulation by exposing the cells to unfavorable conditions, such as removing the nutrients like nitrogen, sulfur, iron, or phosphate, or changing salinity and temperature (Alishah Aratboni et al., 2019). Most of the knowledge on TAG metabolism in C. reinhardtii has been gained from the N starvation (Siaut et al., 2011; Abida et al., 2015). Recent studies showed that cells exposed to small chemically active compounds could also accumulate TAG in C. reinhardtii (Wase et al., 2019). However, an increase in light intensity influences the microalgal lipid production in Scenedesmus at 6,000 lux (Mandotra et al., 2016), as well as Nannochloropsis sp at 700 μE m–2 s–1 (Pal et al., 2011) and Botryococcus sp. at 6,000 lux (Yeesang and Cheirsilp, 2011). Further, Haematococcus pluvialis (Zhekisheva et al., 2002), Tichocarpus crinitus (Khotimchenko and Yakovleva, 2005), and Synechocystis sp. (Cuellar-Bermudez et al., 2015) also showed an increased neutral lipid content under high light conditions.

Lipid bodies are synthesized in algal chloroplast by fatty acid synthase complex. These newly synthesized free fatty acids are translocated to the endoplasmic reticulum (ER), where they convert glyceraldehyde 3- phosphate (G3P) to diacylglycerol (DAG) through various enzymes. DAG is converted to triacylglycerol by the diacylglycerol acyltransferases (DGAT) enzyme. So, the enzyme is considered to reinforce the assembly of lipids in microalgae. DGAT enzyme catalyzes the TAG synthesis pathway’s ultimate step, and phospholipid diacylglycerol acyl-transference (PDAT) also helps accumulate TAG. However, it does not hook into the acyl CoA pathway. Here, PDAT transfers carboxylic acid moiety from a phospholipid to DAG to make TAG (Sorger and Daum, 2002; Shockey et al., 2006). A recent report from our group shows that a significant accumulation of TAG was observed under severe iron deficiency, and this could have been obtained from degraded chloroplast lipids through the DGAT enzyme (Devadasu et al., 2021).

Few studies have focused on increased fatty acid content, decreased photosynthetic activity, and retarded biomass, ultimately inhibiting microalgae growth in nutrient limitation. pgrl1 is required for efficient cyclic electron transport (CET) and adenosine triphosphate (ATP) supply for efficient photosynthesis (Tolleter et al., 2011; Leister and Shikanai, 2013; Shikanai, 2014; Steinbeck et al., 2015). A pgr5 mutant has been characterized in C. reinhardtii (Johnson et al., 2014), which revealed that pgr5 deficiency results in a diminished proton gradient across the thylakoid membrane accompanied by less effective CET capacity. The CET pathway has been suggested to provide ATP for lipid production during N starvation in C. reinhardtii mutants impaired in pgrl1, which accumulates significantly fewer neutral lipids. However, under the high light condition, there is an increase in oil content after the 3rd day. So far, the accumulation of lipids has been well characterized in nutrient stress; however, not many studies are available under high light conditions. In C. reinhardtii (WT) the solar light is transformed into chemical energy using linear electron transport. However, pgrl1 and pgr5, may show an increase in stromal redox poise that would cause an increase in lipid production under strong light.

In this study model, algae C. reinhardtii was propagated with different light conditions (50 and 500 μmol photons m–2 s–1) to realize insights into the autophagy and lipid accumulation response to high light. We propose that C. reinhardtii cells exposure to high light resulted in ROS accumulation, which induced autophagy and lipid accumulation in pgr5.



MATERIALS AND METHODS


Strains and Culture Conditions

The green microalgae C. reinhardtii wild-type (WT) strain CC124 (137c) was obtained from the C. reinhardtii resource center (University of Minnesota) and mutants pgrl1 and pgr5 (137c background; Johnson et al., 2014), a kind of gift from Prof. Gilles Peltier (CEA-CNRS- Aix Marseille University, France) and Prof. Michael Hippler (University of Munster, Germany). Cells were grown photoheterotrophically in Tris-acetate phosphate (TAP) medium at 25°C with a photon flux density of 50 μmol photons m–2 s–1 in 250 mL conical flask shaken at 120 rpm in an orbital shaker at 25°C. The seed cultures of C. reinhardtii (WT, prgl1, and prg5) were harvested at an optical density (OD) of 0.8 and inoculated at OD of 0.02 for all the cultures. The cultures were cultivated photoheterotrophically at 25°C for 4 days at a continuous light intensity of 50 and 500 μmol photons m–2 s–1. Later the cultures were collected after the 3rd day with an OD of 0.8 at 750 nm. Light intensity was measured and adjusted with a light meter (Hansatech).



Biomass Determination

To calculate the total biomass of cells (WT and mutants pgrl1 and pgr5), 5 mL of culture was collected after the 3rd day of growth in high light and control by centrifugation at 1,000 × g for 10 min at room temperature (RT), and the supernatant was discarded. The excess media was removed by short centrifugation, and cell pellets were lyophilized at −109°C for 12 h. The cell pellet was washed with distilled water and transferred into a pre-weighed 15 mL falcon tube. The total dry weight was later quantified by subtracting the empty tube.



Reactive Oxygen Species Measurement

The total ROS was detected with 2,7-dichlorodihydrofluorescein diacetate (H2DCFDA) (Sigma-Aldrich), a fluorescence dye used to see the ROS in live C. reinhardtii cells. Cells at a 3 million density were collected from all the conditions, and H2DCFDA staining was performed at 10 μM concentration (Upadhyaya et al., 2020). Further, cells were incubated with dye for 1 h at RT in a continuously rotating shaker under dark. Images were captured using Carl Zeiss NL0 710 Confocal microscope. H2DCFDA was detected in a 500–530 nm bandpass optical filter with an excitation wavelength of 492 nm and an emission wavelength of 525 nm. Chlorophyll auto-fluorescence was detected using an optical filter of 600 nm. Samples were viewed with a 60× oil immersion lens objective by using the ZEN, 2010 software.

Total ROS produced by C. reinhardtii cells was also quantified by spectrophotometer. Logarithmic-phase cells were centrifuged at 1,500 × g, 20°C for 5 min, resuspended in an equal volume of fresh TAP medium, and then incubated in 5 μM DCFH-DA for 1 h in the dark at 25°C. After dark exposure, the cells were washed twice with TAP to remove excess dye (Devadasu et al., 2019). The fluorescence was measured using a Microplate reader (Tecan M250) at an excitation of 485 nm and an emission of 530 nm. We calculated the total ROS by subtracting the value of fluorescence with dye and without dye.



Transmission Electron Microscopy

The cells (3 × 106 cells/ml) were resuspended in 0.1 M phosphate buffer (pH 7.2). Cells were fixed in a 2% Glutaraldehyde (Sigma-Aldrich, St. Louis, United States) solution for 2 h in the dark. The cells were then washed four times in PBS buffer for 1 h each time before being post-fixed in 2% aqueous Osmium Tetraoxide for 3 h, washed six times in deionized distilled water, dehydrated in a series of ethanol solutions (30, 50, 70, and 90%, and three changes of 100% for 10 min each), infiltrated, and embedded in Araldite resin. Ultra-thin sections (60 nm) were cut with a glass ultramicrotome (Leica Ultra cut UCT-GA-D/E-1/100) and placed on copper grids after incubation at 80°C for 72 h for complete polymerization. The sections were stained with uranyl acetate and counterstained with Reynolds lead citrate, with some alterations (Bozzola and Russell, 1998). A Hitachi 7500 (Japan) transmission electron microscope was used to take the images.



Localization of ATG8 From Immunofluorescence Microscopy

For immunofluorescence, cells (3 × 106 cells/ml) were fixed in a solution of 4% paraformaldehyde and 15% sucrose dissolved in phosphate saline buffer (PBS) for 1 h at RT Later, the cells were washed twice with PBS buffer. First, cells were permeabilized by incubation in 0.01% Triton X100 in PBS for 5 min at RT and washed twice in PBS. Next, the samples were transferred to sterile Eppendorf tubes and blocked with a 1% BSA (w/v) in PBS for 1 h. Samples were incubated with anti- ATG8 diluted (1:1000) in PBS buffer, pH = 7.2 containing 1% BSA overnight at 4°C on a rotatory shaker. Cells were then washed twice with PBS for 10 min at 25°C, followed by incubation in a 1:10000 dilution of the fluorescein Dylight 405 labeled goat anti-rabbit secondary antibody (Sigma) in PBS-BSA for 2 h at 25°C. Finally, cells were washed three times with PBS for 5 min. Images were captured with Carl Zeiss NL0 710 Confocal microscope. ATG8 localization was detected with excitation of Dylight 405 nm and emission at 420 nm by analyzing the images with ZEN software.



Lipid Body Analysis by Nile Red Staining

We studied the impact of high light on non-polar lipid accumulation with confocal microscopy. Cells (3 × 106 cells/ml) were collected after the 3rd-day growth in high light along with control. To stop the mobility of the cells, 5 μL Iodine solution [0.25 g in ethanol (95%)] was mixed and kept for 5 min under dark at RT. The cell suspension was then stained with Nile Red (NR, 1 μg mL–1 final concentration, Sigma, Sigma-Aldrich) followed by 20 min incubation in the dark. After staining, the samples were placed on a glass slide with a coverslip. Images were captured using Carl Zeiss NL0 710 confocal microscope. A 488 nm scanning laser was used with a 560–615 nm filter to detect neutral lipids. Samples were viewed with a 60× oil immersion lens objective, and the ZEN, 2010 software package was used for image analysis.



Nile Red Visible Light Assay for Triacylglycerol

The C. reinhardtii cultures were diluted to a density of 3.0 × 106 cells mL–1 and placed within 96 well microplate wells. To every well, a 5 μL aliquot of 50 μg mL–1 NR; (Sigma; ready in acetone) was added in 200 μl of equal density cells (3.0 × 106 cells mL–1), and after a thorough mix, the plate was incubated in the dark for 20 min. The neutral lipids were then measured by visible light at a 485-nm excitation filter and a 595-nm emission filter employing a plate reader (Tecan infinite M200, Magellan). Quantification was achieved by using a standard curve ready with the lipid Triolein (Sigma T4792).



Flow Cytometry Measurements

Flow cytometer Calibur (BD Falcon, United States) was use to quantify neutral lipid stain with NileRed. Cells were stained with 1 μg mL–1 NR (100 μg mL–1 stock in acetone) in the dark for 30 min before flow cytometry analysis. Measurement of 10,000 cells per sample was analyzed without gating and auto-fluorescence was nullified before measuring the NR fluorescence. The fluorescence reading was obtained at a 488-nm excitation filter and a 545-nm emission. The distribution of the cells stained with NR was expressed as a percent of the total.



Total Pigment and Carbohydrate Quantification

C. reinhardtii cells were harvested by centrifugation (1,000 × g for 10 min) after the 3rd day at a cell density of 3.0 × 106. Cell pellets were resuspended in methanol for chlorophyll extractions. The supernatant was used to measure the total chlorophyll (Porra et al., 1989). To calculate total carotenoid cell pellets were resuspended in 80% acetone, and the supernatant was used to measure the total carotenoid. Absorbance was measured at wavelength 480, 663, and 645 nm. Total carotenoid was calculated as = A480 + 0.114 (A663) − 0.638(A645) (Wellburn, 1952). Total carbohydrate was quantified by an Anthrone method (plate reader assay). For quantification of carbohydrate, the cell pellet was resuspended in 50 μL Milli-Q water and 150 μL of Anthrone chemical agent (0.1 g in 100 mL of conc. H2SO4 98%) was added to the 50 μL algal cells. Initially, plates were incubated at 4°C for 10 min and then incubated at 100°C for 20 min. Later on, plates were placed at RT until color development. Plates were measured at 620 nm on an assay plate reader (Tecan M250), and total carbohydrate was calculated (Wase et al., 2019).




LIPID ANALYSIS AND QUANTIFICATION

For lipid extraction, 5-mg of lyophilized dry biomass was weighed equally from all the conditions. Total lipids were extracted as described by Bligh and Dyer’s method (Bligh and Dyer, 1959). Cell powder was resuspended in a mixture of methyl alcohol, chloroform (2:1), and 0.9% KCl. It was vortexed for 5 min and centrifuged at 3,000 × g for 5 min for phase separation. The organic layer (lower layer phase) was transferred to a clean Eppendorf tube. The solvent was evaporated by purging nitrogen gas. The dried extract was then dissolved in 50 μL chloroform. For standard, TAG (Sigma-Aldrich, St. Louis, United States) was dissolved in CHCl3 (1 mg mL–1). Around 0.5 μg of lipid extract was loaded as a spot on 20 cm × 20 cm silica gel TLC plates. For neutral lipids separation, the TLC plate was developed in a mixture of hexane/diethyl ether/acetic acid (17:3:0.2), and polar lipids (membrane lipids) were developed in a mixture of acetone/toluene/water (91:30:8) according to Wang and Benning (2011). Bands were visualized by staining with iodine vapor and identified the membrane lipids as cited above. For quantitative analysis, individual lipids were extracted from the TLC plates with a razor blade transferred into a glass tube followed by trans methylation to fatty acid methyl esters (FAMEs). FAME of the samples were identify quantitatively by GC (gas chromatographs) 6,890 fitted with 25 m × 0.2 mm phenylmethyl silicone fused silica capillary. The temperature program ramps from 170 to 270°C at 5°C per min. Following the analysis, a ballistic increase to 300°C allows cleaning of the column during a hold of 2 min. The amounts of fatty acids were calculated based on the content of fatty acids derived from GC using heptadecanoic acid (Sigma-Aldrich, St. Louis, United States) as an internal standard.


Fatty Acid Methyl Esters Analysis for the Total Lipids

The 5 mg lyophilized sample was dissolved in 1,000 μL of acetonitrile (ACN), 0.1% formic acid (FA) (v/v), and vortexed for 1 h at 900 rpm at RT. The solution was then centrifuged at 13,000 rpm for 10 min at 4°C. 100 μL of supernatant was collected, and the pellet was dried using a speed vacuum. The pellet was dissolved in 90 μL of acetonitrile 0.1% formic acid (v/v) and spiked with 10 μL of the standard internal mixture (Table 1). The solution was vortexed for 30 min at 750 rpm at RT and speed vacuumed to dry at 40°C. The extracted lipids were derivatized with n-Butanol for 20 min at 60°C, then again speed vacuumed to dry at 60°C for 15 min. The dried pellets were dissolved in 100 μL of ACN 0.1% FA and vortexed for 5 min at 750 rpm on a thermomixer. The samples were then centrifuged at 13,000 rpm for 10 min at RT. The supernatant was taken into HPLC sample vials for further analysis. The 100 μL extracted lipid samples were brought to RT and filled into individual HPLC vials with 200 μL inserts and placed into the autosampler of Nexera X2 UFLC, connected to LC-MS/MS (SHIMADZU 8045) MS system with an ESI source. The data was analyzed by Lab solutions software, and the concentrations were calculated by measuring the area under the curve (AUC) for the internal standards.


TABLE 1. Fatty acid content of C.reinhardtii under normal and high light conditions.
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Immunoblots

Cells were collected by centrifugation. The cell pellet was solubilized in protein extraction buffer (0.1 M DDT, 4% SDS, and 0.1 M Tris, pH- 7.6), and all the samples were kept for heating at 95°C for 5 min. Cell suspensions were centrifuged at 2,810 × g for 10 min, and the supernatant was collected. Protein concentration was quantified using the Bradford method, and 5 μg of proteins were loaded per well. The individual proteins were separated with 15% Bis-Tris gels for diacylglycerol acyltransferases (DGAT2A) and PDAT1 proteins and 12% for ATG8 and Histone3 (H3) proteins. Separated proteins were then transferred to a nitrocellulose membrane (Towbin et al., 1979). Specific primary antibodies were purchased from Agrisera (Sweden) and used at dilutions of DGAT2A (1:2500), PDAT (1:2500), and ATG8 (1:2500). H3 (1:10,000) was used to see equal loading. The secondary antibody, anti-IgG raised from Goat (1:10,000), was used for detection. Immunoblots were obtained by the Chemi-Doc touch imaging system (Bio-Rad) by using Chemiluminescence.



Statistical Analysis

All experiments were conducted in triplicate, and data are obtained as the mean ± standard deviation (SD). Statistical analysis was done using Sigma plot 14.5 software. One-way ANOVA and subsequent Tukey Test were used to analyze the statistical significance (*p < 0.05, **p < 0.01, ***p < 0.001) of the data.




RESULTS


Growth and Pigment Analysis Under High Light

The WT, proton gradient regulation (pgrl)1 and pgr5 (cyclic electron transport dependant mutants) were grown in Tris-acetate phosphate (TAP) medium at light intensities of 50 (as a control) and 500 μmol photon m–2 s–1 for 4 days. Under 50 μmol photon m–2 s–1 light intensity, all the cultures grew normally (Figure 1). The growth of WT cultures increased (Figure 1A), but pgrl1 and prg5 mutants exhibited slower growth in high light conditions after 2 days (Figures 1A–C). Our results showed that the cell growth pattern of the WT was increased 30%, whereas pgrl1 and pgr5 growth were decreased 21 and 30% compared to the WT under high light (500 μmol photon m–2 s–1) after 3rd day and normalized OD data was shown in Supplementary Table 1. Mainly, the pgr5 mutant shows impaired growth, whereas pgrl1 was not affected under the same high light condition (500 μmol photon m–2 s–1) after 3rd day of growth (Figures 1B,C). We have studied the effect of light intensity on biomass. The WT shows an increase in biomass yield 75.5% in high light, however, it reduced 64.6 and 43.6% in pgrl1 and pgr5, respectively, after the 3rd day (Figure 1D). However, after the 4th day, biomass is almost the same in both mutants when grown in high light.
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FIGURE 1. Cell growth and dry biomass were monitored from cells grown under normal light and high light conditions. (A–C) Cell growth was analyzed by cell counting by hemocytometer collected for every 24 h of WT (CC124), (B), proton gradient regulation 1 (pgrl1), and (C), proton gradient regulation 5 (pgr5) from 50 μmol–2 s–1 and 500 μmol photons m–2 s–1 conditions. (D) Total biomass in dry weight was calculated after the 3rd day of growth of cells (WT, pgrl1, and, pgr5) grown from light conditions. All the experiments were done three independent times, and error bars represent the mean ± SD (n = 3). Statistical comparison was performed using one- way analysis of variance (ANOVA) followed by the Tukey multiple comparison tests, and p-values obtained are indicated asterisks (***p < 0.001).


To determine the effect of high light on the pigment level associated with C. reinhardtii photosynthetic complex, we have measured the chlorophyll and carotenoid content from standard and high light-grown cells. Chlorophyll content was significantly reduced in pgrl1 and pgr5 mutants, respectively, under high light intensity (Figure 2A). At the same time, we observed twofold increase in carotenoid content in pgrl1 and pgr5 under high light (Figure 2B). It is known that increased carotenoid content acts as a protective mechanism against light stress in the C. reinhardtii (Li et al., 2009). Carotenoids under high light conditions generally tend to increase to protect PSII from photoinhibition. Data shows that an increase in light intensity results in decreased specific growth rate, increased carotenoid, and reduced biomass production of pgrl1 and pgr5. We assume that reduced growth might be due to ROS production. Our results have elicited us to check further studies and detect the ROS in high light stress.


[image: image]

FIGURE 2. Chlorophyll and carotenoid content were quantified from cells grown under normal and high light conditions. (A) Chlorophyll content was quantified from 50 μmol photons m–2s–1 and 500 μmol photons m–2 s–1 conditions with different time intervals of 24, 48,72, and 96 h. (B) Total carotenoid content from the cells grown under normal and high light conditions. Carotenoids were calculated from cells grown with control WT and mutant pgrl1 and pgr5 cells grown from normal light (50 μmol photons m–2 S–1) and high light condition (500 μmol photons m–2 S–1) measured after 3rd day. Three biological experiments were done, n = 3. Statistical significance was analyzed using one-way ANOVA with Tukey test and p-value indicated as (***p < 0.001, **p < 0.01).




Reactive Oxygen Species Induction in High Light

To determine the oxidative stress, cells were stained with 2′,7′-dichlorodihydrofluorescein diacetate (H2DCFDA). ROS was observed using confocal microscopy as well as quantified by spectrophotometry (Figures 3A,C), where an increase in ROS was observed under the high light condition in WT, prgl1, and pgr5 (Figure 3). However, this increase was predominant in pgr5 (Figures 3A–C). The generation of more ROS in pgr5 could probably explain the reduced growth rate. Further, these results suggest that ROS formation under high light may contribute to autophagy and lipid accumulation. Reports show that ROS may induce multiple metabolic functions like lipid metabolism and autophagy (Shi et al., 2017). High light is one of the factors responsible for ROS formation because of over reduction of the photosynthetic electron transport chain, which might generate ROS that induces autophagy in C. reinhardtii (Pérez-Pérez et al., 2012). Based on the above reports, we have conducted experiments related to autophagy caused by high light.
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FIGURE 3. Total Reactive oxygen species (ROS) were measured with H2DCFDA. (A) C. reinhardtii cells of WT, pgrl1 and pgr5 were collected from the mid-log phase grown under normal (50 μmol photons m–2 S–1) and high light (500 μmol photons m–2 S–1) for 3rd day. Measured ROS using 2,7dichlorodihydrofluorescein diacetate (H2DCFDA) (10 μM) staining, and cells were imaged using the Zeiss 510 confocal microscope. The images were collected with three individual measurements for all the conditions (n = 3) and analyzed with Zeiss software. Scale bars = 2 μm. (B) Quantification of the fluorescence intensity done by ImageJ. (C) Total ROS was also quantified by spectrophotometry of WT, pgrl1 and pgr5 grown under light condition of 3rd day. Three individual measurements were performed for all the conditions (n = 3). Statistical significance was analyzed using one-way ANOVA with Tukey test and the p-value obtained are indicated (***p < 0.001).




Cellular Localization of ATG8

We have used an anti -ATG8 antibody to examine this protein’s cellular localization in immunofluorescence microscopy (Figure 4A). Autophagy (ATG)8 proteins localize as small red dots in the cytoplasm under the normal light condition in WT, pgrl1, and pgr5 mutant. However, under high light conditions, number of spot significantly increased in pgr5 (40%) (Supplementary Figure 1), which shows activation of autophagy and formation of autophagosomes in close agreement with high accumulation of ATG8 [phosphatidylethanolamine (PE) modified ATG8] detected by western blotting. The autophagy-related protein ATG8-PE was significantly expressed in pgr5 in high light conditions (Figures 4B,C). Upon autophagy activation, ATG8 binds to the autophagosome membrane through phospholipid phosphatidylethanolamine (PE) to form ATG8-PE in a process called lipidation. Hence autophagy may play a significant role in the accumulation of lipids in high light conditions in pgr5. Therefore, in line with autophagy, the accumulation of lipids is lower in WT and pgrl1. However, the ATG8 expression is predominant in pgr5 under high light conditions. These results suggested that induction of ROS due to high light may induce autophagy in pgr5 than WT and pgrl1 (Pérez-Pérez et al., 2012; Perez-Martin et al., 2014). Therefore, it may trigger the lipid metabolism in C. reinhardtii cells.
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FIGURE 4. Autophagy (ATG)8 accumulation in C. reinhardtii cells under high light conditions. (A) Autophagy induction in C. reinhardtii cells collected at phase cells (3.0 × 106 cells) grown in tris-acetate phosphate (TAP) medium under continuous light of 50 and 500 μmol photons m–2 s–1. Samples were collected after 3rd day and immunoassay with anti-ATG8 antibody (in red). Chloroplasts were visualized by auto-fluorescence (in green). The images were collected with three individual measurements for all the conditions (n = 3). The image was taken using a Zeiss confocal microscope. Scale bars = 2 μm. (B) Protein identification by western blot. Western blot analysis of ATG8 evaluated from 3rd-day cells under the normal (50 μmol photons m–2 s–1) and high (500 μmol photons m–2 s–1) light condition, and each lane 5 μg protein were loaded. Autophagy (ATG)8-PE protein was resolved on 15% Bis-Tris gel in denaturing conditions. Histone (H3) was used as a loading control. All the blots were conducted in three independent experiments (n = 3) and obtained similar results. (C) Quantification of the immunoblots was done by ImageJ. The measurements were repeated with three individual cultures, and error bars represented the mean ± SD (n = 3). Statistical significance was analyzed using one-way ANOVA with Tukey test and the p-value obtained are indicated (***p < 0.001).




Lipid Droplet Analysis From Confocal Microscopy

We have stained the cells with Nile red (NR) for lipid studies, binds explicitly to lipid bodies in the cell, and gives a characteristic yellow-orange fluorescence. Our results clearly show the overall increase of lipid droplets under high light in WT, pgrl1, and pgr5 mutants (Figures 5A,B and Supplementary Figure 2). When we measure the fluorescence intensity from the confocal images, the number of lipid spots is higher in high light-grown cells, but it is more significant in pgr5 (Figure 5C). However, autofluorescence due to chlorophyll was less in pgrl1 and pgr5 than in control, indicating decreased chlorophyll content under high light, even though cells had a significant accumulation of lipid bodies (Figure 5A). Lipid accumulation was observed in all strains under high light conditions (Goold et al., 2016). However, lipid accumulation is more significant in pgr5 (60%) than other strains under high light. We have tested NR fluorescence from fluorescent activated cell sorter (FACS) to assess the lipid accumulation in high light conditions. We obtained twofold higher mean fluorescence intensity from all the strains with high light than normal growth conditions (Figure 5D).
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FIGURE 5. Lipid droplets were identified through confocal microscopy and FACS analysis. (A) Cells grown under normal (50 μmol photons m–2 s–1) and high (500 μmol photons m–2 s–1) light conditions were stained with Nile Red (5 μM/mL) for lipid droplets in C. reinhardtii strains, WT, pgrl1, and pgr5. The images were collected with three individual measurements for all the conditions. Bars = 2 μm. (B) Quantification of number (quantification was performed from single cell with three individual cultures) and (C) fluorescence intensity of lipid droplets as shown. Box plots indicate the medians, means, and quartiles. Statistical significance was analyzed using one-way ANOVA with Tukey test, and the p-value obtained is indicated (***p < 0.001, *p < 0.05). Bars = 2 μm. (D) Fluorescent activated cell sorter (FACS) analysis was carried out for lipid accumulation with BD Fortessa, United States. WT, pgrl1 and pgr5 50; WT, pgrl1 and pgr5 500, represents 50 and 500 μmol photons m−2 s−1. All the measurements were done with the PE-A filter. The analysis showed mean fluorescence value to compare light conditions of normal (50 μmol photons m–2 s–1) and high (500 μmol photons m–2 s–1). An unstained condition was kept to minimize the chlorophyll autofluorescence from cells. Cells were stained with Nile Red (NR), and measurements were done after incubated for 20 min under dark at room temperature (RT). The measurements were repeated with three individual cultures, and error bars represented the mean ± SD (n = 3). Statistical significance was analyzed using one-way ANOVA with Tukey test and p-value obtained are indicated (***p < 0.001, **p < 0.01, *p < 0.05). Bars = 2 μm.




Neutral Lipid Identification by Nile Red Fluorescence

The neutral lipids were semi-quantified by using NR fluorescence from an equal number of cells. NR fluorescence results show that the neutral lipid level was increased with equal cell density. NR fluorescence of C. reinhardtii cells WT, pgrl1, and pgr5 were calculated every 24 h while growing them in light at 50 and 500 μmol photon m–2 s–1 (Supplementary Figure 3). After 24 h, cells did not cause any change in total lipid content. However, after 48 h of high light growth, there was an increase in NR fluorescence.

In contrast, there is an increase in signal at 750 nm. Overall, high light-grown cells exhibit a relative two-fold increase in neutral lipid content over 3–4 days. However, this accumulation of neutral lipids is predominantly more in the pgr5 mutant when compared to other strains. Therefore, our results indicate that an increase in light intensity facilitates the production of neutral lipids in C. reinhardtii. Further, we have performed electron microscopic studies to determine whether high light induces lipid accumulation in the cells.



Transmission Electron Microscopy Studies

To see the clear lipid vacuoles in the cell, we have carried out transmission electron microscopy (TEM). It reveals that pgrl1 and pgr5 exhibit a large cytoplasmic vesicle under high light-grown cells (Figures 6A–C and Supplementary Figure 4). It showed that the membrane structure is aberrant under high light, especially the pgrl1 and pgr5 mutants. The majority of the thylakoid membranes were loosen in high light-grown cells. While in the WT cells, the thylakoid membranes are arranged as layers (stacked) in the chloroplast, with some membrane appressed. Recently we reported that photosynthetic efficiency is reduced under the high light condition in WT, pgrl1, and pgr5 mutants, which may be due to a change in chloroplast structure (Yadav et al., 2020). Such phenotype raised the question that mutant strains are defective in generating the functional membrane under high light conditions. The earlier report emphasized that autophagic bodies accumulate in plant cell vacuoles under Concanamycin A treatment since vacuolar hydrolase cannot act (Thompson et al., 2005). However, in our case, under high light conditions, we have observed a high degree of vacuolization and an increase of vacuole size in mutants (Figures 6A,B and Supplementary Figure 4). It was also being reported that vacuole lytic function is needed to synthesize TAG and lipid bodies in C. reinhardtii cells when subjected to light stress (Couso et al., 2018).
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FIGURE 6. Ultrastructure analysis of Chlamydomonas cells during normal (50 μmol photons m–2 s–1) and high light (500 μmol photons m–2 s–1). (A) Transmission electron micrographs of C. reinhardtii cells WT and mutants pgrl1 and pgr5 grown under photoheterotrophic conditions under normal (50 μmol photons m–2 s–1) and high light (500 μmol photons m–2 s–1). Representative images for the cells sampled after the 3rd day, N-nucleus; O, T-thylakoid membranes; V-vacuole. Three independent experiments were conducted from each sample (n = 3). Scale bar = 1 μm. (B) Quantification of area vacuoles. (C) The number of vacuoles. Quantification and number of vacuoles were performed from single cell with three independent cultures. Statistical significance was analyzed using one-way ANOVA with Tukey test and the p-value obtained are indicated (***p < 0.001, *p < 0.05).




Carbohydrate Assay

Carbohydrate is a polysaccharide, and it is the storage form of sugars and starch in plants/algae. We quantified the carbohydrate content in WT, pgrl1, and pgr5 strains in normal and high light conditions. The carbohydrate content of WT and pgrl1 was increased significantly under the high light condition. The carbohydrate content was cross-checked with a starch deficient mutant (sta6) under normal light and high light. It shows about 8 μg of carbohydrate/106 cells in standard and high light conditions (Figure 7) as measured with the anthrone reagent, which estimates starch and soluble sugars. Overall, our reports indicate that carbohydrate content has increased under the high light condition in WT and pgrl1. However, it reduced in pgr5 mutant under high light. Microalgae change their metabolism and convert excess energy into an energy-rich product such as lipid, starch, carbohydrate, or proteins under unfavorable conditions (Heredia-Arroyo et al., 2010). However, pgr5 may have an altered NADPH and ATP ratio during photosynthesis, switching metabolic pathways that lead to lipid accumulation. These results indicate that high light induces the lipid pathways due to more energy equivalents in the pgr5 mutant. Further, we have tested the protein/enzyme of the lipid pathway from all the conditions.
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FIGURE 7. Total carbohydrate content quantified by Anthrone method from the cells grown under normal to high light conditions. Cells were collected at the mid-log phase from normal (50 μmol photons m–2 s–1) and high (500 μmol photons m–2 s–1) light conditions. The color was measured with spectrophotometry at 620 nm. Three biological experiments were done (n = 3), and error bars represent the mean ± SD (n = 4). Statistical significance was analyzed using one-way ANOVA with Tukey test and p-value obtained are indicated (***p < 0.001, **p < 0.01, *p < 0.05).




Protein Analysis by Immunoblot

We have focused on the enzymes involved in the triacylglycerol (TAG) synthesis known as the Kennedy pathway. This pathway is mainly catalyzed by the acylation of diacylglycerols (DAGs) by diacylglycerol acyltransferases (DGAT), in which acyl-CoA is a substrate to form TAG. Acylation of diacylglycerols (DAGs) by phospholipid: diacylglycerol acyltransferase 1 (PDAT1) enzyme is the acyl-CoA independent pathway in the ER. To determine the involvement of PDAT and DGAT in high light response in C. reinhardtii and their protein level regulation was calculated (Figures 8A–C). The PDAT and DGAT were transiently upregulated in response to high light conditions. Protein expression was increased after the 3rd day, specifically in pgr5 expression of PDAT compared to pgrl1 (Figure 8A). Our results confirm an increase in TAG in pgrl1 and pgr5 due to the enhanced content of PDAT and DGAT enzymes.
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FIGURE 8. Protein identification from western blot analysis. (A) The proteins were separated by denaturing gel electrophoresis, transferred to nitrocellulose membranes, and probed for the indicated proteins. Western blot analysis of Acyl-CoA: diacylglycerol acyltransferase (DGAT2A) and phospholipid diacylglycerol acyl-transference (PDAT1) evaluated from 3rd-day cells under the normal (50 μmol photons m–2 s–1) and high (500 μmol photons m–2 s–1) light condition, and each lane (5 μg) protein were loaded on to 10% Bis-Tris gel in denaturing condition. Histone (H3) was used as a loading control. All the blots were in three independent times (n = 3) and obtained similar results. (B) Quantification of the immunoblots of PDAT, (C) DGAT and (D) histone. Data are expressed as mean ± SD of 3 replicates. Statistical significance was analyzed using one-way ANOVA with Tukey test and p-value obtained are indicated (***p < 0.001).




Fatty Acid Composition Under High Light Condition

Liquid chromatography/mass spectrometry (LC/MS) was used to analyze the fatty acids transesterification and the resultant fatty acid methyl esters (FAMEs) from control strains WT, and mutants pgrl1 and pgr5 under normal (50 μmol photons m–2 s–1) and high light (500 μmol photons m–2 s–1) cells (Table 1). Different compositions of fatty acids are observed in the high light grown C. reinhardtii. There was an increase in C16:1, C16:2, C16:3, C18:0, C18:1, and C18:3 in pgrl1 and pgr5 mutant under high light conditions. We recently observed increasing total fatty acids in severe Fe deficiency from C. reinhardtii (Devadasu et al., 2019; Devadasu and Subramanyam, 2021). In our case also the total fatty acid content is significantly increased in pgrl1 and pgr5 mutant strains. Overall saturated fatty acid increases from 6 to 10%, 13 to 18%, and 12 to 37% in WT, pgrl1, and pgr5 mutant, respectively, and monounsaturated fatty acid increases from 5 to 15%, 10 to 20%, and 12% to 38% in WT, pgrl1, and pgr5 mutant, respectively. However, there are also changes in total polyunsaturated fatty acids from 6 to 23%, 11 to 16%, and 17 to 27%. This result implies that high light increases SFA and MUFA in WT, pgrl1, and pgr5 mutant strains, but specifically, the SFA and MUFA increased significantly in pgr5.



Neutral Lipid and Membrane Lipid Analysis

To examine the fatty acid formed under high light, we studied the changes in neutral lipid, especially TAG and membrane lipid content and composition. We prepared neutral lipid extract from equal dry weights of WT, pgrl1, and pgr5 cells under 50 and 500 μmol photon m–2 s–1. Further, the extracted lipids were separated on TLC plates from the 3rd day of culture. This was stained with iodine, and results revealed that accumulation of more TAG was observed in pgr5 compared to pgrl1 and WT (Supplementary Figure 5). To quantify the TAG, the TLC bands were recovered, and FAMES quantifies TAG content through of GC (Figure 9). TAG concentration in WT and pgrl1 increased from 9 to 18%; however, pgr5 significantly increased from 11 to 34% (Figure 9D). The fatty acid composition of TAG bands, 16:0, was raised in all strains under high light. However, the level of 18:0 was increased significantly in pgrl1 and pgr5 mutants. Further, 18:1ω9c majorly increased in pgr5 mutant under high light (Figures 9A,D). The accumulation of a significant amount of TAG in pgrl1 and pgr5 under high light may suggest the role of membrane lipid in TAG synthesis (Fan et al., 2011).
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FIGURE 9. Changes in lipid composition of C. reinhardtii cells grown under high light conditions. (A) Fatty acid composition of the TAG of WT, pgrl1, and pgr5 under normal (50 μmol photons m–2 s–1) and high light (500 μmol photons m–2 s–1). Fatty acids are represented as the total carbon number followed by the number of double bonds. The position of specific double bonds is indicated from the methyl end ‘ω.’ (B) Fatty acid composition of MGDG. (C) Fatty acid composition of DGDG. (D) Changes in major lipid class in WT, pgrl1, and pgr5 under high light (500 μmol photons m–2 s–1). In the ‘x’ axis of (D), WT, pgrl1 and pgr5 50, WT, pgrl1 and pgr5 500, represents 50 and 500 μmol photons m–2 s–1. Averages from two independent experiments and their standard deviations are shown. TAG, triacylglycerol; PG, phosphoglyceride; DGTS, diacylglycerol-trimethyl homoserine; MGDG, monogalactosyldiacylglycerol; and DGDG, digalactosyldiacylglycerol. Averages from two replicate experiments and their standard deviations are shown.


To assess all the membrane lipids of C. reinhardtii, TLC is carried out. In WT, we observed not much change in chloroplast-specific lipid monogalactosyldiacylglycerol (MGDG), but chloroplast lipid digalactosyldiacylglycerol (DGDG) was marginally increased. However, in pgr5 mutant, MGDG and DGDG content reduced significantly under high light conditions (Supplementary Figure 5). Further GC quantification confirmed that the MGDG and DGDG were significantly decreased in high light (Figures 9B,D). The fatty acid composition shows that DGDG 18:1 and 18:1ω9c increased in pgrl1 mutant while decreased in pgr5 mutant; however, not much change was observed in WT (Figures 9C,D). Further, the MGDG is enriched with C16:0, C18:1 ω9c, C18:3, and C18:0. Not much change was seen in the fatty acid composition of MGDG in WT and pgrl1 but significantly decreased in pgr5 under high light (Figures 9B,D). We assume that the reduced amounts of MGDG and DGDG are metabolized to TAG synthesis in pgr5, and a similar report was also observed from other studies (Li et al., 2008; Devadasu and Subramanyam, 2021). The TLC and the GC data of membrane lipids support that the electron microscopic data that the stacks of thylakoids disturbed because of change in membrane lipids. Thus fatty acids from the chloroplasts and other intracellular membrane systems may have converted into TAG.




DISCUSSION

Cyclic electron transport around PSI requires the functions of PGRL1 and PGR5 to generate a proton gradient over the thylakoid membrane. PGR5 plays a regulatory role in cyclic electron flow around the PSI. It indirectly protects the PSI by enhancing photosynthetic control, a pH-dependent down-regulation of electron transfer at the Cyt b6f (Buchert et al., 2020). Less proton motive force across the thylakoid membrane and reduced cyclic electron transport around PSI suggest these protein’s pivotal role in photosynthesis to protect it from high light (Yadav et al., 2020). Therefore, the CET is diminished in these mutants. It is known that CET plays a significant role in protecting plants in light stress. Recently, we reported that the photosynthetic activity was severely affected in pgrl1 and pgr5 of C. reinhardtii when the cells were grown in high light (Yadav et al., 2020). We have also observed the non-photochemical quenching is substantially reduced in pgr5, which is supposed to protect the algae from high light that could harmlessly dissipate excess excitation energy as heat (Nama et al., 2019). When they grow in photoautotrophic conditions, the pgr5 cells were much more sensitive to high light (500 μmol photon m–2 s–1). To our knowledge, in pgrl1 and pgr5, the autophagy-induced lipid accumulation has not been explored from high light conditions despite being well characterized on the photosynthesis. This study shows that autophagy induces lipid accumulation under high light in pgrl1 and pgr5 mutants.


High Light Effect the Growth and Chlorophyll Content

Light is an essential factor in the production of biomass. Half of the microalgae species’ dry weight is carbon and lipid (Zhu, 2015). This study demonstrates that high light intensity (500 μmol photons m–2 s–1) enhanced the growth rate, promoted biomass and lipid accumulation of C. reinhardtii compared to regular light intensities in WT. However, growth and biomass were reduced in mutant (Figures 1B–D). PGRL1 and PGR5 proteins are essential in the acclimation process to high light. Thus, the growth curves show that the absence of these leads to less biomass and growth (Figure 1). In addition, the light stress response has been previously studied and shows the importance of light intensity in producing biomass and fatty acids in microalgae (Nzayisenga et al., 2020).



High Light Induces the Reactive Oxygen Species and Autophagy in C. reinhardtii

On the other hand, when microalgal cells were grown in high light, PSII undergoes severe damage. Hence photosynthetic electron transport chain induces the ROS (Li et al., 2009). Antioxidants usually accumulate in cells like carotenoids to repair the damage caused by ROS (Perez-Martin et al., 2014). Similarly, we also observed in our results that the total carotenoid content increased (Figure 2B). Interestingly, the ROS generation was much higher in pgr5 because the lack of this gene led to acceptor side limitations as PGR5 is involved in protecting PSI. Thus, PSI’s acceptor side is limited in pgr5. Because of acceptor side limitation, one could expect more ROS generation at the PSI acceptor side (Tiwari et al., 2016), suggesting that lipid synthesis could serve as a receptor to excess electrons to acclimatize to the abiotic stress. As already reported, oxidative stress causes lipid accumulation under nitrogen stress in microalgae (Yilancioglu et al., 2014).

Transmission electron microscopy (TEM) images of C. reinhardtii showed a pronounced increase in vacuoles’ size under high light intensity, particularly in mutant strains (Figure 6). Accumulated autophagy bodies can play an essential role in lipid metabolism. A similar report was observed in nutrient limitations like nitrogen limiting conditions in C. reinhardtii (Couso et al., 2016). It has been reported that in stress conditions (like oxidative stress, rapamycin stress, and ER stress), the ATG8 gene was expressed in C. reinhardtii (Perez-Martin et al., 2014). In agreement with this hypothesis, we reported that significant expression of ATG8-PE protein was observed under high light conditions by immunofluorescence microscopy. It indicates that ATG8 is a pivotal protein to induce the autophagy process in C. reinhardtii (Figure 4). An abundance of ATG8-PE protein was increased in mutants due to high light, especially in pgr5. It seems an increase in stromal redox poise, which induces autophagy, thereby leading to triacylglycerol (TAG) accumulation. High light stress leads to ROS formation, which activates the autophagy mechanism. Increased ROS was seen in high light conditions; however, this was more prevalent in pgr5 mutant when grown in high light, indicating that high light increases oxidative stress and autophagy, which accompanies increased lipid content in the cell.

The autophagy of C. reinhardtii contains numerous autophagy-related proteins. Among various ATG proteins, ATG8-PE protein is essential for forming autophagosomes (Pérez-Pérez et al., 2016). In this study, we measured the expression level of ATG8-PE protein to evaluate the autophagy role in WT, pgrl1, and pgr5 (Figure 4). ATG8 appeared as a faint band in the WT and mutants (pgrl1 and pgr5) grown under optimal conditions (50 μmol photons m–2 s–1), and it was increased when cells were exposed to high light. However, lipidated form ATG8-PE was detected in the pgr5 mutant. Further, TEM confirmed several lytic vacuoles and small vesicles inside the vacuoles in high light treated cells (Figure 6). Under high light vacuoles size was markedly increased abundantly. This supports our hypothesis that light stress causes ROS production, especially in the pgr5 mutant. In turn, ROS induces autophagy, as reported earlier, leading to an increase in lipid production. Confocal and fluorescent activated cell sorter (FACS) data also suggested an increase in lipid droplet formation under high light in pgr5 mutant (Figures 5A,D). Continuous light exposure leads to the accumulation of biomass and the cellular over reduction and formation of ROS, which induces autophagy and lipids in microalgae (Shi et al., 2017). Our previous results indicate that PSI and PSII were damaged when cells were grown in high light (Nama et al., 2019; Yadav et al., 2020). Based on this result, we interpret that lipid accumulation in mutant strains could be explained by PSII or PSI being over-reduced, leading to high ROS production. These increased ROS levels act as an autophagy inducer (Heredia-Martinez et al., 2018).



High Light Induces a High Amount of Lipids

In microalgae, lipid and carbohydrate are the primary energy storage forms and share the common carbon precursors for biosynthesis. Carbon partitioning is essential for the development of biofuels and chemicals. Most carbohydrates are stored as starch and sugars in microalgae. In several algal species, carbohydrate and lipid accumulate, while in some species, carbohydrate level decreases, and TAG increases, suggesting that lipids may be synthesized from carbohydrate degradation. Our results showed that both lipid and carbohydrate content increased in WT and pgrl1. However, lipid accumulation precedes carbohydrate accumulation (Figures 5, 7), consistent with the previous studies in the microalga, Pseudochlorococcum, under nitrogen stress conditions (Li et al., 2011). However, the carbohydrate content was reduced in pgr5 mutant under high light growth, explaining that carbohydrate degradation would have been converted to lipids in pgr5. Therefore more lipid accumulation was observed. Complex metabolic regulations in the cell may control the accumulation of lipid droplets. The pgr5 prevents the proton gradient and PSI dependant CET; therefore, the altered NADPH and ATP ratio may switch the metabolic pathways during the photosynthesis process. Some of the metabolic alterations would have converted to lipids, which is necessary to acclimatize to the high light in pgr5. Carbohydrate is the dominant sink for carbon storage in C. reinhardtii mutant, which lacks cell walls, so lipid synthesis occurs only when the carbon supply exceeds carbohydrate synthesis (Fan et al., 2012). Under saturating light, the C. reinhardtii culture induces lipid droplets formation without disrupting growth, while N starvation leads to significantly lower level (Goold et al., 2016).

In our case, a significant accumulation of TAG was observed in high light conditions and the accumulation of TAG is more in pgr5 (Figure 5). In, Arabidopsis thaliana and C. reinhardtii TAG synthesis originated from multiple types of acyltransferases. The final step of TAG biosynthesis was catalyzed by diacylglycerol acyltransferases (DGAT) and phospholipid diacylglycerol acyltransferase (PDAT) both involved in seed oil accumulation (Zhang et al., 2009). In the present study, we find the regulation of PDAT and DGAT at the protein level. Both the enzymes are accumulated under high light intensity, supporting these enzymes in the synthesis of TAG (Figure 8). Thus, the accumulation of TAG would be either through DGAT or PDAT routes.



High Light Alters the Fatty Acid Composition in C. reinhardtii

The fatty acid composition also plays a significant role in biofuel production. The results of total fatty acids show that the composition and content of fatty acids were different in WT, pgrl1, and pgr5 under normal and high light. The pgrl1 and pgr5 have a higher percentage of SFA and MUFA under high light, as shown in Table 1. Palmitic (C16:0), stearic acid (C18:0), oleic acid content (C18:1), and palmitoleic (C16:1) increased in WT, pgrl1, and pgr5 under high light. This result implies high light stress conditions increase SFA and MUFA content in WT, pgrl1, and pgr5 mutant because the excess fatty acids could provide energy sink to the cells. Overall total fatty acid content was enhanced in pgr5 mutant compared to WT and pgrl1. We also observed an increase in the individual TAG band, especially the oleic acid (18:1 ω9c) (Figure 9A). Usually, oleic acid is a source of carbon that requires a functional β-oxidation cycle in which oleic acid is reduced to acetyl-CoA then to sugars or synthesis of other fatty acids or lipids (Graham, 2008).

Interestingly, the thin layer chromatography results show that the membrane lipids have been decreased, which indicates that the degradation of these lipids could have converted to TAG, especially in pgrl1 and pgr5 (Supplementary Figure 4). Also, the decreased fatty acids from MGDG and DGDG could have converted to TAG (Figure 9). Similar reports were observed suggesting the recycling of membrane lipids, monogalactosyldiacylglycerol (MGDG), and digalactosyldiacylglycerol (DGDG) into TAG accumulation in C. reinhardtii (Abida et al., 2015; Devadasu and Subramanyam, 2021). Therefore, we can interpret that fatty acids are dissociated from glycolipids, which are involved in the Kennedy pathway to synthesize the TAGs through the DGAT enzyme (Yoon et al., 2012).

Our results provided complete evidence that the two mutants, pgrl1 and pgr5, of C. reinhardtii, accumulate fatty acid and induced autophagy under high light conditions. The correlation between stress and TAG accumulation in photosynthesis of algae has been known for a century. Under high light conditions, these mutant’s fatty acid compositions may be an important study for biotechnological applications. It suggests that one possible reason for the increase in lipid content may be the unbalanced redox state of the cells, leading to the generation of ROS. Therefore, the increased ROS levels in pgr5 cells could play a dual role as signals to activate lipid biosynthesis and autophagy inducers to start recycling cellular components to fuel lipid production in this mutant (Tran et al., 2019). Therefore, pgrl1 and pgr5 of C. reinhardtii would be appropriate for producing high yield lipids (Lipids/TAG). Hence, our study could offer an essential value: microalgae-based lipid production can be promoted by applying various feedstocks to biodiesel and animal feed.
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Supplementary Figure 1 | Quantification of localization of ATG8 in C. reinhardtii cells under high light conditions from microscope image. Quantification of number of ATG8 from 50 μmol photons m–2 s–1 and 500 μmol photons m–2 s–1. Quantification was carried out from single cell with three individual cultures. Data are expressed as mean ± SD of 3 replicates. Statistical significance was analyzed using one-way ANOVA with Tukey test and p-value obtained are indicated (***p < 0.001 and **p < 0.01).

Supplementary Figure 2 | Lipid droplets were identified through confocal microscopy. Cells were grown under 50 μmol photons m–2 s–1 and 500 μmol photons m–2 s–1 were stained with Nile Red (5 μM/mL) for lipid droplets in C. reinhardtii strains, WT, pgrl1, and pgr5. The images were collected with three individual measurements for all the conditions. Scale bar = 20 μm.

Supplementary Figure 3 | Neutral lipid content is quantified from the cells grown under normal and high light. Neutral lipid content was qualitatively measured with Nile Red fluorescence from the cells WT, pgrl1, and pgr5 grown with normal (50 μmol photons m–2 S–1) and high (500 μmol photons m–2 S–1) light condition stained with Nile Red on days 1–4. The measurements have been done with a microplate reader. Three biological experiments were done (n = 3). In ‘x’ axis WT, pgrl1 and pgr5 50; WT, pgrl1 and pgr5 500, represents 50 and 500 μmol photons m–2 s–1. Statistical significance was analyzed using one-way ANOVA, and subsequent Tukey’s post hoc t-test and p-value obtained are indicated (***p < 0.001).

Supplementary Figure 4 | Ultrastructure analysis of C. reinhardtii cells during normal (50 μmol photons m–2 s–1) and high light (500 μmol photons m–2 s–1). Transmission electron micrographs of C. reinhardtii cells WT and mutants pgrl1 and pgr5 grown under photoheterotrophic conditions under 50 μmol photons m–2 s–1 and 500 μmol photons m–2 s–1. Representative images were taken after the 3rd day of growth. Three independent experiments were conducted from each sample (n = 3).

Supplementary Figure 5 | Alteration of membrane lipid and TAG in C. reinhardtii cells grown under normal and high light conditions. (A) TLC analysis showing TAG accumulation of C. reinhardtii cells WT and mutants pgrl1 and pgr5 strains under 50 μmol photons m–2 s–1 and 500 μmol photons m–2 s–1. Three independent experiments were conducted for all samples (n = 3). (B) Separation of polar lipids by TLC from C. reinhardtii strains WT, pgrl1, and pgr5 under 50 μmol photons m–2 s–1 and 500 μmol photons m–2 s–1. Polar lipids and TAG was visualized by iodine staining. Three independent experiments were conducted for all samples (n = 3). WT, pgrl1 and pgr5 50, WT, pgrl1 and pgr5 500, represents 50 and 500 μmol photons m–2 s–1. TAG, triacylglycerol. DGDG, digalactosyldiacylglycerol; MGDG, monogalactosyldiacylglycerol; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PG, phosphatidylglycerol; PI, phosphatidylinositol; SQDG, sulfoquinovosyldiacylglycerol.
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Plants are often confronted with light fluctuations from seconds to minutes due to altering sun angles, mutual shading, and clouds under natural conditions, which causes a massive carbon loss and water waste. The effect of stomatal morphology on the response of leaf gas exchange to fluctuating light remains disputable. In this study, we investigated the differences in leaf stomatal morphology and photosynthetic induction across twelve rice genotypes after a stepwise increase in light intensity. A negative correlation was observed between stomatal size and density across rice genotypes. Smaller and denser stomata contributed to a faster stomatal response under fluctuating light. Plants with faster stomatal opening also showed faster photosynthetic induction and higher biomass accumulation but lower intrinsic water use efficiency (iWUE) under fluctuating light. Moreover, stomatal morphology seemed to have less effect on the initial and final stomatal conductance, and there was a minimal correlation between steady-state and non-steady-state stomatal conductance among different rice genotypes. These results highlight the important role of stomatal morphology in regulating photosynthetic efficiency and plant growth under fluctuating light conditions. To simultaneously enhance leaf iWUE when improving the photosynthetic efficiency under fluctuating light, it may be necessary to take biochemical processes into account in the future.
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INTRODUCTION

It is urgent to increase crop productivity to meet the demands of the growing population (Ashraf and Akram, 2009). Rice is one of the most important staple foods for more than half of the world’s population, especially throughout Asia, where nearly 90% of the population is dependent on it for most of their daily caloric intake (Dawe, 2000). Photosynthesis is widely accepted as a vital target to improve crop productivity due to its importance in supporting plant growth (Long et al., 2006; Lawson et al., 2012; Wu et al., 2019), although the direct relationship between leaf photosynthesis and the level of whole plant growth is still controversial. Moreover, plants are often confronted with light fluctuations due to altering sun angles, mutual shading, and clouds under natural conditions, which causes a massive carbon loss and water waste (Pearcy, 1988; Pearcy et al., 1990). To maximize carbon assimilation and water use, plants need to have a rapid photosynthetic response to fluctuating light (Qu et al., 2016). On the shift to illumination from a shading environment, the photosynthetic rate tends to exhibit a typical delay response before reaching a new steady-state, which takes tens of minutes and is called photosynthetic induction (Taylor and Long, 2017; Adachi et al., 2019). The photosynthetic induction is generally limited by three factors, including electron transport rate in the thylakoid membrane, activation of Calvin-Benson cycle enzymes, and stomatal movement (Pearcy et al., 1990). Comparatively speaking, the photosynthetic induction is mainly limited by stomatal kinetics, and only the biochemical process has a very short-term limiting effect due to the rapid activation rate of electron transport and Rubisco (Yamori et al., 2016; Deans et al., 2019; De Souza et al., 2020).

Stomatal kinetics is controlled by guard cell turgidity, which is sensitive to light intensity (Elliott-Kingston et al., 2016; Monda et al., 2016). Still, the underlying mechanisms for the stomatal movement under fluctuating light are not fully understood (Lawson and Vialet-Chabrand, 2019; Vialet-Chabrand et al., 2021). The stomatal morphology, including stomatal size, density, and spacing, has been widely accepted as the determinant of stomatal conductance (Franks and Beerling, 2009; Franks et al., 2009; Fanourakis et al., 2020). Also, many previous studies have demonstrated the general correlations between stomatal morphology and stomatal kinetics under fluctuating light, and a higher density of smaller stomata contributes to a faster stomatal response (Lawson and Blatt, 2014; Raven, 2014; Gerardin et al., 2018; Kardiman and Raebild, 2018). However, Elliott-Kingston et al. (2016) found that stomatal morphology is not correlated with the stomatal closing rate, as well as with the opening rate (McAusland et al., 2016). Zhang et al. (2019) suggested that larger size and lower density of stomata may promote the initial stomatal conductance at low light and decrease the stomatal delay during the initial phase after switching to high light conditions. Thus, the effect of stomatal morphology on stomatal kinetics and thereafter photosynthetic induction under fluctuating light remains to be further investigated.

Moreover, the maximum and minimum stomatal conductance is positively correlated with the maximum response rate of stomatal opening from low light to high light conditions (Drake et al., 2013). This is also supported by the findings of Auchincloss et al. (2014), who reported that pre-opened stomata at dawn could result in a faster response of daytime stomatal opening. However, Acevedo-Siaca et al. (2020a,b) suggested that there was no correlation between steady-state and non-steady-state photosynthetic rates. Further evidence for the relationship between steady-state and non-steady-state gas exchange is still needed. Plant intrinsic water use efficiency (iWUE) has always been an important issue with increasing demand to improve crop yield and the amount of carbon assimilation per unit of water used (Flexas, 2016). Previous studies have reported the important role of stomatal kinetics in iWUE under fluctuating light conditions, as stomatal kinetics is often a magnitude slower than photosynthetic response after a stepwise change in light intensity (Eyland et al., 2021). After switching from high light to low light, the faster response of stomatal closing can decrease the water loss and improve iWUE (Qu et al., 2020). As a matter of fact, a slower response of stomatal opening may be more likely to conserve water but will limit the photosynthetic response (Eyland et al., 2021). Thus, the target of simultaneously improving the photosynthetic efficiency and iWUE under fluctuating light conditions still deserves further exploration.

In this study, twelve rice genotypes were pot-grown in natural environments with sufficient nutrition. The variations of stomatal morphology and dynamic gas exchange across these genotypes were investigated. This study aimed to explore (1) the effect of stomatal morphology on the dynamic response of stomatal conductance and photosynthetic rate, (2) the relationship between the steady-state and non-steady-state gas exchange, and (3) the effect of stomatal kinetics on plant growth and iWUE under fluctuating light.



MATERIALS AND METHODS

Twelve rice genotypes, including T1 (4X), A1 (4X), WH (4X), Yangdao6 (4X), Yongyou12, Yangdao6 (2x), N22, WH (2x), Huanghuazhan (HHZ), Yangliangyou6 (YLY6), Guangzhan63 (GCA), and Guangchangai (GCA), were chosen in this study (Table 1). T1 (4X), A1 (4X), WH (4X), and Yangdao6 (4X) were tetraploid rice, among which WH (4X) and Yangdao6 (4X) were isogenic tetraploid of WH (2x) and YD6 (2x), respectively. After germination, the seeds were sown into nursery plates in the open air on February 5, 2018, in Hainan Province. Three seedlings per pot were transplanted into a 10-L plastic pot containing field paddy soil (wet) 20 days later. Eight pots were set per genotype in this study. About 3 g of nitrogen (N) per pot was applied in the form of urea, which was split-applied at a ratio of 4:3:3 at three phases including basal, tillering stage, and panicle initiation, and solid fertilizer was applied 7 days after transplanting. The application of phosphorus (P) and potassium (K) was 1.5 g per pot in the form of superphosphate and potassium chloride, respectively, which were mixed as the basal fertilizer. After transplanting, the plants were grown outdoors with natural irradiance and randomized on a weekly basis (Supplementary Figure 1). During the growing season, plants were well-watered, and a minimum of a 2-cm water layer was maintained in the pots.


TABLE 1. Information of genus Oryza used in this study.
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Measurements of Photosynthetic Induction

All gas exchange parameters were recorded using a Li-Cor 6400XT portable gas exchange system (Li-Cor, Lincoln, NE, United States) in the open air on sunny days. A 2 cm × 3 cm chamber was used, and a LED 6400-02B lamp served as the light source. Throughout the measurement, the reference infrared gas analyzer (IRGA) CO2 concentration was maintained at 400 μmol mol–1; the IRGA flow rate was set at 500 μmol s–1; the chamber temperature was kept at 28°C; and the leaf-to-air vapor-pressure deficit (VPDleaf–air) was maintained at 1.3 ± 0.2. All measurements were conducted using the youngest fully expanded leaf from 9:00 a.m. to 16:00 p.m. in April 2018.

During the measurements, the leaf was first equilibrated at a photosynthetically active photon flux density (PPFD) of 100 μmol m–2 s–1 until the photosynthetic rate (A) and stomatal conductance (gs) reached a steady state. Then, the PPFD was increased to 1,500 μmol m–2 s–1 until 600 s of light induction for A and gs. The data were recorded every 4 s. To estimate the response of stomatal opening to a stepwise increase in light intensity, P50g and P90g were calculated, which represent the time required for gs to reach 50 and 90% of the difference between the initial and final stomatal conductance (gsi and gsf) after switching to high light conditions. Similarly, the response rate of photosynthesis to a stepwise increase in light intensity was obtained by calculating the time required for A to reach 50 and 90% (P50A and P90A) of the difference between the initial and final photosynthetic rate (Ai and Af) (Figure 1).


[image: image]

FIGURE 1. The calculation of stomatal conductance gs and photosynthetic rate A in response to a stepwise increase in light intensity. P50g and P90g, the time taken for gs to reach 50 and 90% of the difference between the initial and final gs. P50A and P90A, the time taken for A to reach 50 and 90% of the difference between the initial and final A.


Carbon gain (Cg) and Carbon loss (Cl) represent the integrated amount of CO2 uptake and loss during light induction, which were calculated as follows:
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where At represents the transient photosynthetic rate during light induction, and Af is the final rate at the end of light induction.



Stomatal Morphology

The epidermal impressions were collected from the abaxial surface of the youngest fully expanded leaves. The middle segment of leaf samples was fixed in formalin-acetic acid-alcohol (FAA) solution. The abaxial surface of the leaf was obtained by gently scratching the adaxial surface using blades. Afterward, the transparent epidermis was kept in clean water. The epidermal impressions were placed on the microscope slides and analyzed using an optical microscope equipped with a digital camera. In each treatment, five slides from three plants were used for determination. Stomatal density and number were determined using ImageJ. Five stomata were randomly selected from each slide to determine the stomatal size, which was calculated by multiplying stomatal length and width.



Plant Growth

Once all gas exchange and stomatal morphology measurements were accomplished, one plant was sampled per pot to estimate the plant growth. The plants were then separated into leaves and stems. A leaf area meter (LI-3000, LI-COR Inc., Lincoln, NE, United States) was used to determine the total leaf area. Besides, the number of stems per plant was recorded. Finally, to determine the total dry weight of the aboveground part, leaves and stems were oven-dried at 80°C to constant weight.



Statistical Analysis

One-way ANOVA and the least-significant difference (LSD) test were used to assess the measured parameters using SPSS 21.0 (SPSS for Windows, Chicago, IL, United States). Linear regression was analyzed to test the correlations between the measured parameters using SigmaPlot 12.5 (Systat Software Inc., San Jose, CA, United States).




RESULTS


Variations of Gas Exchange Across Rice Genotypes

The response of stomatal conductance to a stepwise increase in light intensity was determined by calculating the P50g and P90g among twelve rice genotypes (Figure 1). P50g and P90g showed significant variations among rice genotypes, ranging from 91 to 200.7 s and 254.5 to 469.8 s, respectively (Figures 2A,B). To estimate the effect of stomatal kinetics on the photosynthetic rate under fluctuating light, we also calculated P50A and P90A. Similarly, significant variations were observed among different rice genotypes in P50A and P90A, which ranged from 39.5 to 99.3 s and from 227.5 to 358.2 s, respectively (Figures 2C,D). Interestingly, tetraploid rice showed a significantly slower response of stomatal conductance and photosynthetic rate to fluctuating light than diploid rice, since P90g and P90A were higher for WH (4x) and YD6 (4x) than for WH (2x), and YD6 (2x), and it was the same case for P50g and P50A. Leaf carbon gain (Cg) and carbon loss (Cl) significantly varied among twelve rice genotypes during 600 s of light induction (Figures 2E,F). A significant positive correlation was observed between P50g and P50A, as well as between P90g and P90A (Figure 3).
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FIGURE 2. Response rate of gas exchange parameters under a stepwise increase in light intensity across 12 rice genotypes. (A,B) Time taken for gs to reach 50% (P50g) and 90% (P90g) of the difference between the initial and final values. (C,D) Time taken for A to reach 50% (P50A) and 90% (P90A) of the difference between the initial and final values. (E,F) Integrated amount of carbon gain (Cg) and carbon loss (Cl) during 600 s of photosynthetic induction. Each bar represents the mean ( ± SD) of three replications. Different letters indicate statistically significant differences (P < 0.05) among twelve rice genotypes.
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FIGURE 3. Relationship between stomatal kinetics and photosynthetic induction. P50g and P50A represent the time taken for gs and A to reach 50% of the difference between the initial and final values, respectively. P90g and P90A represent the time taken for gs and A to reach 90% of the difference between the initial and final values, respectively. Points and error bars represent mean ± SD of three replications.


Steady-state gas exchange is considered as an important factor affecting the dynamic response to fluctuating light. We observed significant differences in initial and final stomatal conductance (gsi and gsf) and photosynthetic rate (Ai and Af) among rice genotypes (Figures 4A–D and Supplementary Figure 2). Moreover, the tetraploid rice of WH (4x) and YD6 (4x) showed significantly lower gsf and Af than WH (2x) and YD6 (2x) (Figures 4B,D). The initial and final water use efficiency (Wi and Wf) also significantly varied among rice genotypes (Figures 4E,F). Significantly lower Wi and Wf were observed in diploid rice than in tetraploid rice. No significant correlation was observed between gsi and P50g, as well as between gsf and P90g (Figures 5A,B). However, Ai was negatively correlated with P50A, and no correlation between Af and P90A was observed (Figures 5C,D). Leaf iWUE was mainly determined by stomatal conductance under fluctuating light (Supplementary Figure 3).
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FIGURE 4. Steady-state gas exchange parameters. (A,B) Initial and final stomatal conductance (gsi and gsf). (C,D) Initial and final photosynthetic rate (Ai and Af). (E,F) Initial and final water use efficiency (Wi and Wf) during light induction. Each bar represents the mean ( ± SD) of three replications. Different letters indicate statistically significant differences (P < 0.05) among twelve rice genotypes.
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FIGURE 5. Relationship between steady-state and non-steady-state gas exchange. (A,B) Initial stomatal conductance (gsi) and initial response rate of stomatal conductance (P50g), final stomatal conductance (gsf), and final response rate of stomatal conductance (P90g). (C,D) Initial photosynthetic rate (Ai) and initial response rate of photosynthetic rate (P50A), final photosynthetic rate (Af), and final response rate of photosynthetic rate (P90A). Points and error bars represent mean ± SD of three replications.




Relationship Between Stomatal Morphology and Stomatal Kinetics

The rice genotypes varied significantly in stomatal size and density, ranging from 224 to 491 μm2 and from 252 to 730 mm–2, respectively (Figure 6). Moreover, significant differences were observed in stomatal size and density between diploid and tetraploid rice (Figure 6). Compared with WH (2x) and YD6 (2x), WH (4x) and YD6 (4x) exhibited significantly larger stomatal size and lower stomatal density. The stomatal density was found to have significant negative correlations with both P50g and P90g (Figures 7A,C). Inversely, the stomatal size was significantly positively correlated with both P50g and P90g (Figures 7B,D). Also, a higher density of smaller stomata could contribute to a faster photosynthetic induction and higher carbon gain (Cg) (Figures 7E,F).
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FIGURE 6. Variations of stomatal size and density across twelve rice genotypes. Different letters indicate statistically significant differences (P < 0.05) among twelve rice genotypes.
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FIGURE 7. Effect of stomatal morphology (stomatal density and stomatal size) on stomatal kinetics (A–D) and carbon gain (E,F). Stomatal kinetics (P50g, P90g), the time required for gs to reach 50 and 90% of the difference in gsi and gsf; Cg, integrated amount of CO2 uptake. Points and error bars represent the mean ± SD of three replications.




Effect of Photosynthetic Induction on Plant Growth Across Rice Genotypes

The natural variations of plant growth were further explored within twelve rice genotypes, including the number of tillers, total leaf area, leaf mass per area (LMA), and biomass (Table 2). Similarly, significant variations of the abovementioned indices were observed across different rice genotypes. Moreover, compared with diploid rice, tetraploid rice showed significantly fewer tillers, a smaller total leaf area and, therefore, lower biomass. The stomatal kinetics and photosynthetic induction showed negative correlations with the plant biomass (Figure 8).


TABLE 2. Differences of plant growth across twelve rice genotypes.
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FIGURE 8. Effect of stomatal kinetics (A,B) and photosynthetic induction (C,D) on plant biomass. Stomatal kinetics (P50g, P90g), the time required for gs to reach 50 and 90% of the difference in gsi and gsf; photosynthetic induction (P50A, P90A), the time required for gs to reach 50 and 90% of the difference in Ai and Af. Points and error bars represent the mean ± SD of three replications.





DISCUSSION


Smaller and Denser Stomata Contribute to Faster Photosynthetic Induction

Stomatal conductance (gs) is known to be determined by stomatal morphology and aperture. Generally, there are significant negative correlations between stomatal size and density across or within species (Franks et al., 2009; Fanourakis et al., 2015), which is also supported by our results (Figure 6). Numerous studies have reported that stomatal morphology has strong correlations with the gs and photosynthetic rate (A) under constant light conditions (Franks and Beerling, 2009; Xiong et al., 2017; Xiong et al., 2018). Recently, some studies have reported that stomatal movement in response to environmental fluctuations is often affected by stomatal morphology (Lawson et al., 2014; Fanourakis et al., 2020); however, other studies have suggested that there is no correlation between stomatal kinetics and stomatal morphology (Eyland et al., 2021). In this study, significant variations were observed in stomatal morphology and stomatal response rate to fluctuating light among different rice genotypes (Figures 2A,B, 6). Interestingly, the rate of stomatal response to fluctuating light was significantly positively correlated with the stomatal size, while negatively correlated with the stomatal density (Figures 7A,B), which is in line with the findings of Drake et al. (2013). It is worth noting that P50g has a stronger correlation with the stomatal morphology than P90g, suggesting that the initial phase of stomatal response might be more likely affected by stomatal morphology (Figures 7A–D). Moreover, the tetraploid rice WH (4x) and YD6 (4x) showed a larger size and lower density of stomata and correspondingly slower stomatal response than WH (2x) and YD6 (2x), which again indicates that stomatal morphology plays an important role in regulating stomatal kinetics under fluctuating light (Figures 2A,B, 6).

Many studies have been focused on the coordination between gs and A under fluctuating light conditions (Adachi et al., 2019; Kimura et al., 2020; Sakoda et al., 2021). After shifting to illumination from a shading environment, stomatal opening often shows a typical delay response relative to photosynthetic induction, which will result in a stomatal limitation to A (McAusland et al., 2016). Several studies have investigated the key limiting factors during photosynthetic induction, among which gs is the main factor that limits A during light induction, and the biochemical processes only have a very short-term limiting effect at the initial phase (Kaiser et al., 2016; Adachi et al., 2019; De Souza et al., 2020; Eyland et al., 2021). However, Acevedo-Siaca et al. (2020a,b) proposed that photosynthesis is primarily limited by biochemistry, especially the activation of RuBisCo under fluctuating light. In this study, we observed significant differences in photosynthetic induction across twelve rice genotypes (Figures 2C,D). Also, we found a significant contribution of stomatal opening to photosynthetic response under a stepwise increase in light intensity, since P50g and P90g were positively correlated with P50A and P90A, respectively (Figure 3). Therefore, a higher density of smaller stomata may contribute to faster stomatal kinetics and photosynthetic induction under fluctuating light.



Steady-State and Non-steady-State Gas Exchange Are Not Correlated With Each Other

Many studies have been focused on the underlying mechanisms of light-induced stomatal movement, which may be triggered by the products of the photosynthetic process in guard cells or mesophyll cells, but the exact signals remain unclear (Lawson, 2009; Lawson et al., 2014; Santelia and Lawson, 2016). Drake et al. (2013) and Zhang et al. (2019) reported that higher initial and final gs contribute to a faster gs response to fluctuating light. A higher initial gs at low light may reduce the initial lag (λ) and promote the initial response of stomatal conductance and photosynthetic rate to fluctuating light (Adachi et al., 2019). Differently, in this study, gsi and gsf showed no correlation with P50g and P90g, respectively (Figures 5A,B). It has been widely accepted that stomatal morphology determines the potential maximum gs under a steady state (Franks and Beerling, 2009; Franks et al., 2009). However, stomatal morphology showed no significant effect on gsf in this study (Supplementary Figure 4), possibly because the measurement of gsf during light induction cannot accurately reflect the potential maximum gs.

Light is one of the most dynamic factors under natural conditions, which often results in fluctuations of gaseous exchange on the leaf surface (Durand et al., 2019). Notably, the steady-state measurement generally cannot accurately indicate leaf photosynthetic efficiency in the natural environment when considering leaf carbon uptake. Currently, several studies have reported the low correlation between steady-state and non-steady-state photosynthesis (Acevedo-Siaca et al., 2020a,b). Consistently, less correlation was observed between steady-state and non-steady-state photosynthesis in this study (Figures 5C,D). One possible reason is the trade-off between photosynthetic proteins inside leaves, including RuBisCo and RuBisCo activase content, which determines the difference between steady-state and non-steady-state photosynthesis (Acevedo-Siaca et al., 2020b). Thus, further evidence is still needed to evaluate the relationship between the steady-state and non-steady-state gaseous exchange, which will facilitate the improvement of leaf photosynthetic efficiency under natural conditions in the future.



Stomatal Kinetics Affects Plant Biomass and Water Use Efficiency

The improvement of photosynthesis has always been a major target to increase crop yield to meet the demand of the increasing global population. However, the relationship between leaf photosynthesis and plant growth is not always predictable, since there are various confounding factors arising from plant growth, developmental dynamics, and complex growing environments (Wu et al., 2019). Fluctuating light is a common factor affecting plant carbon uptake under natural conditions (Durand et al., 2019). In this study, we estimated the differences in leaf gas exchange in response to fluctuating light across twelve rice genotypes and the influence on plant biomass. As a result, stomatal kinetics and photosynthetic induction showed negative correlations with the plant biomass (Figure 8). Faster stomatal kinetics contributes to a higher photosynthetic rate under fluctuating light and, thereafter, higher biomass accumulation, which is in line with the results reported by Kimura et al. (2021). These results again suggest that stomatal morphology plays an important role in regulating leaf photosynthetic induction and plant biomass accumulation under dynamic environmental conditions.

Stomata are micropores composed of pairs of guard cells on the epidermis of leaves, which control the balance of CO2 uptake for photosynthesis and water loss via transpiration. Low gs to water vapor can conserve water by limiting CO2 uptake for A. With a stepwise increase in light intensity, the gs and A displayed asynchronous responses, as stomatal kinetics are often a magnitude slower than photosynthetic induction, which will result in at least a 20% decrease in iWUE (Lawson et al., 2014). This asynchronous response was also observed in this study. During the initial phase of induction, photosynthesis was mainly limited by biochemistry, and the gs was higher than needed, resulting in a higher Ci and lower iWUE (Supplementary Figures 2C,D). Also, we observed a significant negative correlation between steady-state water use efficiency (Wi and Wf) and stomatal conductance (gsi and gsf), which again indicates that excessively higher gs will decrease the iWUE (Supplementary Figures 3A,C).




CONCLUSION

This study also shows that genotypes with larger stomatal sizes generally have a lower stomatal density. A higher density of smaller stomata will contribute to faster stomatal kinetics and, thereafter, higher biomass accumulation but reduce the leaf iWUE. Further evidence is still needed to evaluate the relationship between steady-state and non-steady-state gas exchange. This study mainly highlights the important role of stomatal morphology in regulating leaf photosynthetic induction and plant growth. To simultaneously improve photosynthetic efficiency and iWUE, it may be necessary to take biochemical processes into account in the future.



DATA AVAILABILITY STATEMENT

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



AUTHOR CONTRIBUTIONS

ZX and JH planned and designed the experiment and analyzed the data and wrote the manuscript. ZX and ZD performed the plant propagation and leaf gas exchange experiments. YW and DY performed the stomatal anatomy experiment. All authors revised the manuscript.



FUNDING

This study was supported by the National Natural science Foundation of China (31671620).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2021.754790/full#supplementary-material



REFERENCES

Acevedo-Siaca, L., Coe, R., Quick, W. P., and Long, S. P. (2020a). Variation between rice accessions in photosynthetic induction in flag leaves and underlying mechanisms. J. Exp. Bot. 72, 1282–1294. doi: 10.1093/jxb/eraa520

Acevedo-Siaca, L., Coe, R., Wang, Y., Kromdijk, J., Quick, W. P., and Long, S. P. (2020b). Variation in photosynthetic induction between rice accessions and its potential for improving productivity. New Phytol. 227, 1097–1108. doi: 10.1111/nph.16454

Adachi, S., Tanaka, Y., Miyagi, A., Kashima, M., Tezuka, A., Toya, Y., et al. (2019). High-yielding rice Takanari has superior photosynthetic response under fluctuating light to a commercial rice Koshihikari. J. Exp. Bot. 70, 5287–5297. doi: 10.1093/jxb/erz304

Ashraf, M., and Akram, N. A. (2009). Improving salinity tolerance of plants through conventional breeding and genetic engineering: an analytical comparison. Biotechnol. Adv. 27, 744–752. doi: 10.1016/j.biotechadv.2009.05.026

Auchincloss, L., Easlon, H. M., Levine, D., Donovan, L., and Richards, J. H. (2014). Pre-dawn stomatal opening does not substantially enhance early-morning photosynthesis in Helianthus annuus. Plant Cell Environ. 37, 1364–1370. doi: 10.1111/pce.12241

Dawe, D. (2000). “The contribution of rice research to poverty alleviation,” in Redesigning rice Photosynthesis to Improve Yield, eds J. E. Sheehy, P. L. Mitchell, and B. Hardy (Amsterdam: Elsevier), 3–12. doi: 10.1016/s0928-3420(00)80003-8

De Souza, A. P., Wang, Y., Orr, D. J., Carmo-Silva, E., and Long, S. P. (2020). Photosynthesis across African cassava germplasm is limited by RuBisCo and mesophyll conductance at steady state, but by stomatal conductance in fluctuating light. New Phytol. 225, 2498–2512. doi: 10.1111/nph.16142

Deans, R. M., Brodribb, T. J., Busch, F. A., and Farquhar, G. D. (2019). Plant water-use strategy mediates stomatal effects on the light induction of photosynthesis. New Phytol. 222, 382–395. doi: 10.1111/nph.15572

Drake, P. L., Froend, R. H., and Franks, P. J. (2013). Smaller, faster stomata: scaling of stomatal size, rate of response, and stomatal conductance. J. Exp. Bot. 64, 495–505. doi: 10.1093/jxb/ers347

Durand, M., Brendel, O., Bure, C., and Le Thiec, D. (2019). Altered stomatal dynamics induced by changes in irradiance and vapour-pressure deficit under drought: impacts on the whole-plant transpiration efficiency of poplar genotypes. New Phytol. 222, 1789–1802. doi: 10.1111/nph.15710

Elliott-Kingston, C., Haworth, M., Yearsley, J. M., Batke, S. P., Lawson, T., and McElwain, J. C. (2016). Does size matter? Atmospheric CO2 may be a stronger driver of stomatal closing rate than stomatal size in taxa that diversified under low CO2. Front. Plant Sci. 7:1253. doi: 10.3389/fpls.2016.01253

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

Fanourakis, D., Aliniaeifard, S., Sellin, A., Giday, H., Körner, O., Nejad, A. R., et al. (2020). Stomatal behavior following mid- or long-term exposure to high relative air humidity: a review. Plant Physiol. Biochem. 153, 92–105. doi: 10.1016/j.plaphy.2020.05.024

Fanourakis, D., Giday, H., Milla, R., Pieruschka, R., Kjaer, K. H., Bolger, M., et al. (2015). Pore size regulates operating stomatal conductance, while stomatal densities drive the partitioning of conductance between leaf sides. Ann. Bot. 115, 555–565. doi: 10.1093/aob/mcu247

Flexas, J. (2016). Genetic improvement of leaf photosynthesis and intrinsic water use efficiency in C3 plants: why so much little success? Plant Sci. 251, 155–161. doi: 10.1016/j.plantsci.2016.05.002

Franks, P. J., and Beerling, D. J. (2009). Maximum leaf conductance driven by CO2 effects on stomatal size and density over geologic time. Proc. Natl. Acad. Sci. U.S.A. 106, 10343–10347. doi: 10.1073/pnas.0904209106

Franks, P. J., Drake, P. L., and Beerling, D. J. (2009). Plasticity in maximum stomatal conductance constrained by negative correlation between stomatal size and density: an analysis using Eucalyptus globulus. Plant Cell Environ. 32, 1737–1748. doi: 10.1111/j.1365-3040.2009.002031.x

Gerardin, T., Douthe, C., Flexas, J., and Brendel, O. (2018). Shade and drought growth conditions strongly impact dynamic responses of stomata to variations in irradiance in Nicotiana tabacum. Environ. Exp. Bot. 153, 188–197. doi: 10.1016/j.envexpbot.2018.05.019

Kaiser, E., Morales, A., Harbinson, J., Heuvelink, E., Prinzenberg, A. E., and Marcelis, L. F. M. (2016). Metabolic and diffusional limitations of photosynthesis in fluctuating irradiance in Arabidopsis thaliana. Sci. Rep. 6:31252. doi: 10.1038/srep31252

Kardiman, R., and Raebild, A. (2018). Relationship between stomatal density, size and speed of opening in Sumatran rainforest species. Tree Physiol. 38, 696–705. doi: 10.1093/treephys/tpx149

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

Lawson, T. (2009). Guard cell photosynthesis and stomatal function. New Phytol. 181, 13–34. doi: 10.1111/j.1469-8137.2008.02685.x

Lawson, T., and Blatt, M. R. (2014). Stomatal size, speed, and responsiveness impact on photosynthesis and water use efficiency. Plant Physiol. 164, 1556–1570. doi: 10.1104/pp.114.237107

Lawson, T., and Vialet-Chabrand, S. (2019). Speedy stomata, photosynthesis and plant water use efficiency. New Phytol. 221, 93–98. doi: 10.1111/nph.15330

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

Lawson, T., Simkin, A. J., Kelly, G., and Granot, D. (2014). Mesophyll photosynthesis and guard cell metabolism impacts on stomatal behaviour. New Phytol. 203, 1064–1081. doi: 10.1111/nph.12945

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

McAusland, L., Vialet-Chabrand, S., Davey, P., Baker, N. R., Brendel, O., and Lawson, T. (2016). Effects of kinetics of light-induced stomatal responses on photosynthesis and water-use efficiency. New Phytol. 211, 1209–1220. doi: 10.1111/nph.14000

Monda, K., Araki, H., Kuhara, S., Ishigaki, G., Akashi, R., Negi, J., et al. (2016). Enhanced stomatal conductance by a spontaneous Arabidopsis tetraploid, Me-0, results from increased stomatal size and greater Stomatal aperture. Plant Physiol. 170:1435. doi: 10.1104/pp.15.01450

Pearcy, R. W. (1988). Photosynthetic utilisation of lightflecks by understory plants. Aust. J. Plant Physiol. 15, 223–238.

Pearcy, R. W., Roden, J. S., and Gamon, J. A. (1990). Sunfleck dynamics in relation to canopy structure in a soybean (Glycine max (L.) Merr.) canopy. Agric. For. Meteorol. 52, 359–372.

Qu, M., Essemine, J., Xu, J., Ablat, G., Perveen, S., Wang, H., et al. (2020). Alterations in stomatal response to fluctuating light increase biomass and yield of rice under drought conditions. Plant J. 104, 1334–1347. doi: 10.1111/tpj.15004

Qu, M., Hamdani, S., Li, W., Wang, S., Tang, J., Chen, Z., et al. (2016). Rapid stomatal response to fluctuating light: an under-explored mechanism to improve drought tolerance in rice. Funct. Plant Biol. 43, 727–738. doi: 10.1071/fp15348

Raven, J. A. (2014). Speedy small stomata? J. Exp. Bot. 65, 1415–1424. doi: 10.1093/jxb/erv175

Sakoda, K., Yamori, W., Groszmann, M., and Evans, J. R. (2021). Stomatal, mesophyll conductance, and biochemical limitations to photosynthesis during induction. Plant Physiol. 185, 146–160. doi: 10.1093/plphys/kiaa011

Santelia, D., and Lawson, T. (2016). Rethinking guard cell metabolism. Plant Physiol. 172, 1371–1392. doi: 10.1104/pp.16.00767

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. 372:20160543. doi: 10.1098/rstb.2016.0543

Vialet-Chabrand, S., Matthews, J. S. A., and Lawson, T. (2021). Light, power, action! Interaction of respiratory energy and blue light induced stomatal movements. New Phytol. 231, 2231–2246. doi: 10.1111/nph.17538

Wu, A., Hammer, G. L., Doherty, A., von Caemmerer, S., and Farquhar, G. D. (2019). Quantifying impacts of enhancing photosynthesis on crop yield. Nat. Plants 5, 380–388. doi: 10.1038/s41477-019-0398-8

Xiong, D., Douthe, C., and Flexas, J. (2018). Differential coordination of stomatal conductance, mesophyll conductance, and leaf hydraulic conductance in response to changing light across species. Plant Cell Environ. 41, 436–450. doi: 10.1111/pce.13111

Xiong, D., Flexas, J., Yu, T., Peng, S., and Huang, J. (2017). Leaf anatomy mediates coordination of leaf hydraulic conductance and mesophyll conductance to CO2 in Oryza. New Phytol. 213, 572–583. doi: 10.1111/nph.14186

Yamori, W., Makino, A., and Shikanai, T. (2016). A physiological role of cyclic electron transport around photosystem I in sustaining photosynthesis under fluctuating light in rice. Sci. Rep. 6:20147. doi: 10.1038/srep20147

Zhang, Q., Peng, S., and Li, Y. (2019). Increase rate of light-induced stomatal conductance is related to stomatal size in the genus Oryza. J. Exp. Bot. 70, 5259–5269. doi: 10.1093/jxb/erz267


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

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 © 2022 Xiong, Dun, Wang, Yang, Xiong, Cui, Peng and Huang. 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.











	 
	ORIGINAL RESEARCH
published: 04 February 2022
doi: 10.3389/fpls.2022.753264





[image: image]

Mung Bean (Vigna radiata L.) Source Leaf Adaptation to Shading Stress Affects Not Only Photosynthetic Physiology Metabolism but Also Control of Key Gene Expression

Xiangwei Gong1,2, Chunjuan Liu1, Ke Dang2, Honglu Wang2, Wanli Du1, Hua Qi1, Ying Jiang1* and Baili Feng2*

1College of Agronomy, Shenyang Agricultural University, Shenyang, China

2State Key Laboratory of Crop Stress Biology in Arid Areas, College of Agronomy, Northwest A&F University, Yangling, China

Edited by:
Iker Aranjuelo, Institute of Agrobiotechnology, Spanish National Research Council (CSIC), Spain

Reviewed by:
Ricardo Bressan-Smith, State University of the North Fluminense Darcy Ribeiro, Brazil
David Soba, Institute of Agrobiotechnology, Spanish National Research Council (CSIC), Spain

*Correspondence: Ying Jiang, jiangying@syau.edu.cn; Baili Feng, fengbaili@nwsuaf.edu.cn

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

Received: 04 August 2021
Accepted: 05 January 2022
Published: 04 February 2022

Citation: Gong X, Liu C, Dang K, Wang H, Du W, Qi H, Jiang Y and Feng B (2022) Mung Bean (Vigna radiata L.) Source Leaf Adaptation to Shading Stress Affects Not Only Photosynthetic Physiology Metabolism but Also Control of Key Gene Expression. Front. Plant Sci. 13:753264. doi: 10.3389/fpls.2022.753264

Shading stress strongly limits the effective growth of plants. Understanding how plant morphogenesis and physiological adaptation are generated in response to the reduced low light conditions is important for food crop development. In this study, two mung bean (Vigna radiata L.) cultivars, namely, Xilv 1 and Yulv 1, were grown in the field to explore the effects of shading stress on their growth. The results of morphology, physiology, and biochemistry analyses showed that the shading stress significantly weakened the leaf photosynthetic capacity as measured by the decreased net photosynthetic rate, stomatal conductance, and transpiration rate and increased intercellular CO2 concentration. These responses resulted in plant morphological characteristics that increased the light energy absorption in low light conditions. Such variations occurred due to the leaf anatomical structure with destroyed palisade tissues and spongy tissues. Under shading stress, Yulv 1 showed higher physiological metabolic intensity than Xilv 1, which was related to changes in chlorophyll (Chl), such as Chl a and b, and Chl a/b ratio. Compared with normal light conditions, the Chl fluorescence values, photosynthetic assimilation substances, and enzyme activities in mung bean plants under shading stress were reduced to different extent. In addition, the relative expression levels of VrGA2ox, VrGA20ox1, VrGA3ox1, VrROT3, and VrBZR1, which are related to endogenous hormone in mung bean leaves, were upregulated by shading stress, further leading to the improvements in the concentrations of auxin, gibberellins (GAs), and brassinolide (BR). Combined with the morphological, physiological, and molecular responses, Yulv 1 has stronger tolerance and ecological adaptability to shading stress than Xilv 1. Therefore, our study provides insights into the agronomic traits and gene expressions of mung bean cultivars to enhance their adaptability to the shading stress.

Keywords: gene expression, mung bean, photosynthesis, plant hormones, shading stress


INTRODUCTION

The shading stress or weak light condition is one of the common abiotic stresses in agricultural production, which restrains the growth of plants in some unfavorable cultivation practices, such as high planting density (Liu et al., 2010) and agroforestry compound systems (Zhang et al., 2018). The leaves are the main organs of plant photosynthesis that first detect changes in the light intensity and quality. As a photoautotrophic organism, plant leaf produces carbohydrates through photosynthesis to provide energy for their own growth and development. Therefore, when the external ecological environment changes, the photosynthetic capacity of leaves is directly and significantly affected (Dai et al., 2009; Liu et al., 2017). Many studies have indicated that shading seriously reduces the leaf assimilate supply and decreases the light energy absorption by blocking the electron flow rate from photosystem II (PSII) to photosystem I (PSI) and ATP synthesis (Terashima et al., 2006; Zivcak et al., 2014). At present, there are two main mechanisms for the reduction in photosynthesis: (i) The diffusion of CO2 in leaves decreases, which is due to the decline of intercellular CO2 and stomatal conductance; and (ii) inhibiting the metabolic potential of photosynthesis by controlling cell proliferation and the growth and expansion of leaves (Wu et al., 2017; Yao et al., 2017b). Of course, different crop cultivars have different photosynthetic and physiological responses to the same shading environment. For instance, Yao et al. (2017a) reported that compared with the shading-sensitive soybean cultivar L29, cultivar L32 exhibits higher photosynthetic characteristics and productivity attributed to PSII activity and energy transport from PSII to PSI under shading stress. Wang et al. (2010) found that Zhongza 9 was more resistant than Zhongshu 6 under weak light condition, as indicated by the photosynthetic characteristics and chlorophyll (Chl) fluorescence parameters. Therefore, to a certain extent, elucidating the mechanisms underlying shading avoidance of plants is essential for breeding shade-tolerant cultivars and improving plant production.

The effect of shading on plant performance has been widely studied. Overall, plant leaves in shade environment have lower net CO2 assimilation rate and electron transfer carriers than those in the natural condition (Zhang et al., 2004; Tateno and Taneda, 2007). Under this condition, the net photosynthetic rate would be the major factor driving crop carbon balance, concentration of light capturing components, and activity of energy-transferring enzymes (Yang et al., 2018a). During photosynthesis, ribulose-1,5-bisphosphate carboxylase (Rubisco) regulates CO2 fixation (Ranjbarfordoei et al., 2006), which directly participates in the primary processes of photosynthesis in the Calvin cycle. Consequently, the main physiological restraint involved in shading-associated downregulation of net photosynthetic rate is the decline of Rubisco activity. In addition, shading stress at the vegetative stage severely modulates the concentration of thylakoid components and number of reaction centers (Kunderlikova et al., 2016), as well as the level of PSII and the limitations in electron transport between PSII and PSI (Rascher et al., 2010). Taken together, plants produce smaller and thinner leaves under low light conditions, thereby resulting in lower transportation of nutrients, water, and photosynthetic assimilation substrates and ultimately leading to huge losses in the agriculture production (Wang et al., 2020).

To perceive changes in the light environment, plants need to rely on their light signal receptors, such as phytochromes (PHY), cryptochromes (CRY), phototropins (PHOT), and UV Resistance Locus 8 (Voityuk et al., 2014). Phytochrome interacting factors (PIFs) are a member of the basic helix-loop-helix (bHLH) transcription factor family, which regulate the transduction of the phytochrome signal pathway (Duek and Fankhauser, 2005). In Arabidopsis, the expression levels of PIF4 and PIF5 are increased under shading stress (Lorrain et al., 2008). Similar results were found in soybean: The expression level of GmPIF3a was significantly upregulated under shading stress (Horvath et al., 2015). Accordingly, plants can sense the changes of external light signals through different photoreceptors and then judge the plant density and the degree of shade stress around themselves. In addition, many phytohormones participate in shade avoidance responses. Auxin (IAA), gibberellins (GAs), brassinolide (BR), and jasmonic acid (JA) are crucial for regulating the shading-induced leaf senescence (Nozue et al., 2015; Jiang et al., 2020). Zhang et al. (2011) showed that under shading stress, abscisic acid (ABA) and zeatin (ZT) concentrations in soybean seedlings decreased compared with normal light treatment, while the concentrations of IAA and GA increased; such a result might be beneficial to reduce the pod abortion. Alterations of light signals under shading stress affect the concentration, transport, and sensitivity of IAA. IAA is the most important plant hormone regulating shade avoidance syndromes (Procko et al., 2014). GAs frequently synergistically work with IAA to promote organ elongation, such as stem and leaf area in shade environment (Alabadí et al., 2004). GA biosynthesis and signaling pathways, such as major GA biosynthetic genes and DELLA proteins, are involved in shading avoidance. Shade-induced stem elongation requires BR as BR biosynthesis mutants were unable to elongate in the shade (Keuskamp et al., 2011). However, the mechanism in which BR regulates the leaf photosynthetic adaptive mechanism is complex, mainly through the interaction with various signal pathways, especially IAA signal pathways (Oh et al., 2014).

Mung bean (Vigna radiata L.) is a drought-tolerant crop with a short growth period; it has high protein, medium starch, and low-fat concentrations and is used as food, feed, and medicine (Ganesan and Xu, 2018). Recently, with the adjustment of China’s agricultural structure, mung bean intercropping with other crops, such as proso millet (Gong et al., 2020), cotton (Liang et al., 2020), and oat (Qian et al., 2018), has received increasing attention. However, under an intercropping system, the growth of mung bean plants is obviously affected by shading from high plants in a symbiotic period, leading to weak growth performance and decreased productivity. Therefore, the physiological and ecological response mechanism of mung bean under low light should be explored, and shade-tolerant cultivars should be bred to improve intercropping. To date, many studies about the comprehensive characteristics of soybean (Hussain et al., 2021) and peanut (Wang et al., 2020) under shading stress have been reported. However, few have investigated the responses of mung bean plants under different low-light environments, especially endogenous hormones and gene expression associated with the light intensity. We hypothesized that shading stress would weaken the leaf physiological metabolism by affecting the cell structure and key gene expression, which was ultimately reflected in mung bean plant morphology. The objective of the present study was to investigate the agronomic traits and photosynthetic and Chl fluorescence parameters of mung bean grown under shade environment and further explore the influence mechanism from the internal structure of leaves, endogenous hormone concentration, and key gene expression. Our results suggest that the biosynthesis of endogenous plant hormones play important roles in the fitness and adaption of mung bean plants in response to light intensity-dependent challenges during the cultivation. This study provides insights into the morphological, physiological, and molecular flexibility of mung bean in adapting to the light fluctuation in intercropping or other weak light environments.



MATERIALS AND METHODS


Plant Material and Treatment

The experiment was carried out at the Modern Agricultural Science and Technology Demonstration Park (37°56′26″N, 109°21′46″E), Yulin, Shaanxi, China in 2020. The area has a semi-arid continental monsoon climate with an average annual rainfall of 400 mm and temperature of 10°C. The soil in the 0–20 cm layer at the experimental site had a loess-like loam texture and contained 7.34 g kg–1 organic matter, 0.46 g kg–1 total nitrogen, 0.75 g kg–1 total phosphorus, 32.7 mg kg–1 available phosphorus, 17.88 g kg–1 total potassium, and 72 mg kg–1 available potassium with a pH of 8.6.

This study used two mung bean (V. radiata L.) cultivars with different growth periods, namely Xilv 1 (loose-type, the growth period is 85–90 days, plant height is 45 cm, pitch number of main stem are 9–10, pods number per plant are 25–35, identified by the National Identification Committee of Minor Grain Crops, provided by Northwest A&F University) and Yulv 1 (erect-type, the growth period is 90–105 days, plant height is 60 cm, pitch number of main stem are 11–14, pods number per plant are 35–45, bred by Hengshan Daming mung bean system, provided by the Yulin Academy of Agricultural Science). The plants were covered with different densities of polyethylene black shade net to establish the non-shading treatment with natural light conditions of 1,500 μmol m–2 s–1 (S0), moderate-shading treatment with low-light conditions of 750 μmol m–2 s–1 (S1), and severe-shading treatment with stress light conditions of 375 μmol m–2 s–1 (S2). A square iron frame with a height of 2.0 m was used. The light intensity on a sunny day was measured with a light meter (AccuPAR LP-80, WA, United States). Experiments were arranged as a randomized block design with three replicates, and mung beans were planted in the north-south row direction. Each plot area was 10 m2 (5 m × 2 m), and mung bean seeds were sowed on May 25 with row spacing of 40 cm and plant spacing of 25 cm. When mung beans grew to the branching stage, shading treatments were imposed. Chemical fertilizer inputs (60 kg N ha–1 and 75 kg P2O5 ha–1) were conducted in accordance with the traditional methods of local farmers. During the growth period, no additional fertilizers or irrigations were applied. The mung bean was sampled at 30 days for shading treatments to determine the effects of shading condition on experimental parameters.

The top third fully expanded trifoliate leaves of mung bean were taken at 9:00–11:00 for the determination of physiological and molecular parameters. Leaf samples were immediately homogenized in liquid nitrogen and transported from the field to the laboratory. Then, they were stored at −80°C until use for the evaluation of Chl concentration, enzyme activities, metabolite concentration, plant hormone, and key gene expression. Moreover, the aboveground parts were cut and oven-dried at 75°C for 48 h to measure the biomass. All samples were mixed with three mung beans from the plot, and the measurement was conducted three times.



Measurement of Microclimate

Illuminance (lux) was measured with a ZDS-10 illuminometer (Shanghai, China), and air temperature and relative humidity were determined using a Hygro-Thermometer Psychrometer (DHM2, Tianjin, China). All measurements were taken from 11:00 to 13:00 on cloudless days.



Morphological Characteristics

Three mung bean plants from each plot (total 9 plants) were selected randomly to measure agronomic traits. The plant height was measured with a ruler. The stem diameter and first internode length were determined using a vernier caliper. The leaf area was measured with a YMJ-C leaf area meter (Zhejiang, China).1 By using software analysis (Intelligent leaf area measurement system, Zhejiang Top Cloud Agricultural Science Co., LTD, Hangzhou, China), the leaf area was obtained by taking pictures of the fresh leaves on a whiteboard.



Photosynthetic Measurements

The top third fully expanded leaf from each treatment was used to analyze various photosynthetic characteristics with a CIRAS-3 photosynthesis system (PP Systems, Amesbury, MA, United States) at 9:00–11:00. Gas exchange parameters, such as net photosynthetic rate (Pn), transpiration rate (E), stomatal conductance (gs), and intercellular CO2 concentration (Ci), were determined under 1,000 μmol m–2 s–1 light intensity, 400 μmol mol–1 atmospheric CO2 concentration, and 30°C leaf temperature. Three mung bean plants were used for each plot.

The Chl fluorescence parameters were measured with the MINI-PAM-II fluorometer (Imaging PAM, Walz, Germany). Before measurement, all plants were adapted for 30 min in a dark chamber. The maximal fluorescence of the light-adapted state (Fm) and the maximal PSII quantum yield (Fv/Fm) were determined by a 3,000 ms saturated light pulse. Leaves were illuminated with an actinic light (1,800 μmol (photon) m–2 s–1). Fv/Fm, photochemical quenching (qP), and non-photochemical quenching (NPQ) were calculated based on the dark- and light-adapted fluorescence measurements in accordance with the method of Gong et al. (2019).



Chlorophyll Concentration

The total Chl concentration was extracted from frozen samples with 10 ml of 80% acetone in the dark for 24 h. Samples were cut from the middle part with a puncher (1.2 diameter), and the supernatant was measured by a spectrophotometer (UV-2550, Shimadzu, Japan) at wavelengths of 663 and 645 nm to evaluate the Chl a, b, and total Chl concentration (mg/L). Three plant samples were analyzed in each treatment.



Measurement of Rubisco and Phosphoenolpyruvate Carboxylase Activities

Fresh samples (0.2 g) were extracted in accordance with the square method of Berveiller and Damesin (2008). The buffer solution was 0.1 mol L–1 Tris-HCl (pH 7.4), containing 1.0 mmol⋅L–1 ethylenediaminetetraacetic acid (EDTA), 7 mmol L–1 mercaptoethyl alcohol, 10% glycerol, and 1% polyvinyl pyrrolidone (PVP). The supernatant was centrifuged at 15,000 × g for 15 min at 4°C to obtain the enzyme extract. The activity of phosphoenolpyruvate carboxylase (PEP Case) (EC 4.1.3) and Rubisco (EC 4.1.1.39) was measured as described by Bi et al. (2015). The absorbance at 340 nm wavelength was traced by using an ultraviolet spectrophotometer, and the enzyme activity was calculated. The concentrations of ATP, starch, sucrose, and soluble sugar in mung bean leaf were determined and calculated in accordance with the method of Li (2000). Each measurement was repeated three times.



Measurement of Leaf Anatomical Features

Three middle parts of leaves for each treatment without midribs were taken and fixed in formalin-acetic acid-alcohol solution (ethanol:formaldehyde:glacial acetic acid, 90:5:5). The leaf samples were dehydrated in ethanol solutions and then embedded in paraffin. The tissue sections were co-stained by Safranine and Fast Green and observed with a light microscope (ECLIPSE Ts2, Nikon Instruments Inc., Japan).



Endogenous Hormone Concentration

Leaf tissue (0.1 g fresh mass) was sampled and added to 1 ml extract (acetonitrile:water, 1:1). The supernatants were extracted on ice for 4 h and centrifuged at 4°C for 12,000 × g for 10 min. An aliquot (800 μl) of the supernatant was purified by solid-phase extraction. The solid-phase extraction cartridges were washed using 1 ml of methanol and equilibrated with 1 ml 50% ACN/H2O (v/v). The samples were loaded, and then the flow-through fraction was discarded. The cartridge was then rinsed using 1 ml of 60% ACN/H2O (v/v). Then, the samples were evaporated to dryness under a gentle stream of nitrogen and reconstituted in 100 μl of 10% ACN/H2O (v/v). All the samples were vortexed for 30 s, sonicated in an ice-water bath for 5 min, and then, centrifuged at 4°C for 15 min at 12,000 × g. The ZORBAX Eclipse XDB C18 column (4.6 mm × 280 mm; 5.0 μm) was used to analyze samples. After the crude extract was purified by reverse-phase solid-phase extraction, ether extraction, and derivatization, the endogenous hormone concentration of mung bean leaf was measured by ultra-high-performance liquid chromatography-tandem mass spectrometry (UHPLC-MS/MS, Agilent Technologies, Ltd., Waldbronn, Germany) with Chromosep C18 column (C18 Sep-Pak Cartridge, Waters Corp., Milford, MA, United States) (Ma et al., 2008; Teng et al., 2010).



Gene Expression

The relative expression of VrCRY1, VrCRY2, VrPHYB, VrPIF4, VrEIN3, VrGA2ox, VrGA3ox1, VrGA20ox1, VrROT3, and VrBZR1 was assayed with QuantStudio 6 Flex Real-Time PCR System (Thermo Fisher Scientific, MA, United States). The primers for quantitative PCR (qPCR) of genes are shown in Supplementary Table 1. RNA was extracted using the TRIzol™ Plus RNA Purification Kit (Invitrogen, MA, United States). Reverse transcription and amplification of cDNA were performed using SuperScript III First-Strand Synthesis SuperMix for quantitative real-time PCR (qRT-PCR) (Invitrogen).



Statistical Analysis

ANOVA was conducted to analyze data using SPSS (version 19.0 Chicago, IL, United States). Comparisons among different treatments were based on Duncan’s test at 5% probability level. The significance of treatment effects, varieties, and their interactions were assessed using ANOVA with the standard split-plot design method. All graphs were plotted using Origin 2018.




RESULTS


Microclimate in the Field

As shown in Figure 1, shading stress significantly decreased the illuminance (p < 0.05). Compared with S0, S1, and S2 were reduced by 56.0 and 80.2%, respectively. However, no significant differences were observed in the air temperature between the control and shading stress condition, and the average values of S0, S1, and S2 treatments were 28.5, 28.9, and 28.4°C, respectively. For relative humidity, the shade condition increased by 11.7% in S1 and 13.8% in S2, and the differences were significant between the control and shading stress (p < 0.05). Through analyzing microclimate factors, we found that the illuminance and relative humidity were greatly affected by shading stress in the field condition.
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FIGURE 1. Illuminance (A), air temperature (B), and relative humidity (C) in the mung bean field under shading stress. *Significant at 0.05; ns, no significant difference. S0, no shading; S1, moderate shading; and S2, severe shading.




Morphological Characteristics

Shading stress had significant effects on the plant morphological characteristics (Figures 2, 3). Plant height and the first internode length were increased, and the stem diameter, pitch number of main stem, branch number of main stem, aboveground biomass, and leaf area were decreased by shading stress, especially in the S2 treatment. For average two shading treatments (S1 and S2), compared with S0, the plant height, stem diameter, pitch number of main stem, first internode length, branch number of main stem, and aboveground biomass of Xilv 1 under low-light condition were influenced by 48.9, 16.5, 19.4, 13.6, 8.0, 26.4, and 23.3%, and those of Yulv 1 were influenced by 20.4, 5.8, 16.8, 6.3, 14.6, 17.5, and 19.2%, respectively. However, the effect of cultivars × shading treatment interaction on the morphological characteristics was not significant (p < 0.05) (except for the plant height and leaf area). The results showed that greater morphological plasticity represent greater adaptability to shade.
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FIGURE 2. Effect of shading stress on the agronomic traits in mung bean. (A) Plant height; (B) stem diameter; (C) pitch number of main stem; (D) first internode length; (E) branch number of main stem; (F) aboveground biomass; and (G) leaf area. Values followed by a different letter are significantly different at p < 0.05. S0, no shading; S1, moderate shading; and S2, severe shading. *, **, and *** significant at the 0.05, 0.01, and 0.001 probability levels, respectively. ns, no significant difference.
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FIGURE 3. Morphological characteristics of mung bean under shading stress. S0, no shading; S1, moderate shading; and S2, severe shading.




Photosynthetic Parameters

The gas exchange parameters of the two mung bean cultivars are shown in Figure 4. The net photosynthetic rate (Pn), transpiration rate (E), and stomatal conductance (gs) were significantly decreased by 22.9, 16.5, and 27.4% in Xilv 1 and 9.6, 12.1, and 12.6% (p < 0.05) in Yulv 1 under shading stress (averaged S1 and S2) compared with the control. Greater reduction of photosynthetic parameters was observed in S2 treatment than in S1 treatment. By contrast, the shading stress significantly increased intercellular CO2 concentration (Ci) of leaves (31.4 and 8.4% in Xilv 1 and Yulv 1, respectively; p < 0.05). Yulv 1 had higher photosynthetic capacity, indicating that this cultivar has strong shade tolerance.
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FIGURE 4. Effect of shading stress on the leaf gas exchange parameters in mung bean. (A) Net photosynthetic rate; (B) transpiration rate; (C) intercellular CO2 concentration; and (D) stomatal conductance. Values followed by a different letter are significantly different at p < 0.05. S0, no shading; S1, moderate shading; S2, severe shading. ** and *** significant at the 0.01 and 0.001 probability levels, respectively. ns, no significant difference.


Similarly, the Chl fluorescence parameters, such as maximal PSII quantum yield (Fv/Fm), photochemical quenching (qP), and non-photochemical quenching (NPQ) were determined (Figure 5). Fv/Fm was significantly decreased by 4.9% in Xilv 1 and 2.7% (p < 0.05) in Yulv 1 under shading stress compared with control. No significant differences were observed between S1 and S2 treatment. Furthermore, only S2 treatment significantly decreased qP of Yulv 1 (25.4% lower over normal light control) (p < 0.05). Simultaneously, S1 and S2 treatments induced the increase of NPQ in Xilv 1 and Yulv 1 in the field condition.
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FIGURE 5. Effect of shading stress on the leaf chlorophyll (Chl) fluorescence parameters in mung bean. (A) The maximal photosystem II (PSII) quantum yield; (B) photochemical quenching; and (C) non-photochemical quenching (NPQ). Values followed by a different letter are significantly different at p < 0.05. S0, no shading; S1, moderate shading; and S2, severe shading. ** and *** significant at the 0.01 and 0.001 probability levels, respectively. ns, no significant difference.




Enzymatic Activity and Assimilation Substances

In the present study, significant differences were observed in PEP Case, Rubisco, ATP, starch, sucrose, and soluble sugar concentrations at different light intensity treatments (Figure 6). Shading stress significantly decreased the activity of PEP Case and Rubisco and concentrations of ATP, starch, sucrose, and soluble sugar. On average, the reduction under weak light stress was 14.5, 7.0, 20.5, 22.9, 24.2, and 22.0% (p < 0.05), respectively, compared with normal light control (S0). Yulv 1 had strong shade tolerance than Xilv 1, as the decrease of PEP Case, Rubisco, ATP, starch, sucrose, and soluble sugar of Yulv 1 (5.9, 6.4, 22.7, 18.4, 22.6, and 17.3%) under low-light and shading stress was less than that of Xilv 1 (23.2, 7.7, 48.5, 27.4, 25.9, and 26.7%). The effect of cultivars on the enzymatic activity and assimilation substances was significant (p < 0.05) (except for Rubisco activity and sucrose concentration).
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FIGURE 6. Effect of shading stress on the leaf physiological parameters in mung bean. (A) Phosphoenolpyruvate carboxylase (PEP Case); (B) Rubisco; (C) ATP; (D) starch; (E) sucrose; and (F) soluble sugar. Values followed by a different letter are significantly different at p < 0.05. S0, no shading; S1, moderate shading; and S2, severe shading. *, **, and *** significant at the 0.05, 0.01, and 0.001 probability levels, respectively. ns, no significant difference.




Chlorophyll Concentration and Leaf Anatomical Structure

Different light conditions had a significant effect on the Chl concentration of mung bean plants (Table 1). The concentrations of Chl a, Chl b, and Chl (a + b) of both cultivars under shading stress increased remarkably compared with those in control, while decreased Chl a/b was found (p < 0.05). Light quantity strongly affects the leaf anatomy (Figure 7). We found that in S0 treatment, the mung bean leaf showed clear and compact tissue structure. With decreasing light intensity from S1 to S2, the palisade tissues and spongy tissues were seriously thinner. In Xilv 1, the leaf tissue arrangement was loose and scattered, the shape was irregular, and the gap was large. These findings indicated that shading stress negatively influenced the mung bean leaf tissue size.


TABLE 1. Effect of shading stress on the leaf chlorophyll concentration in mung bean.
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FIGURE 7. Effect of shading stress on the leaf anatomical features in mung bean. ST, spongy tissues; PT, palisade tissues. S0, no shading; S1, moderate shading; and S2, severe shading.




Endogenous Hormone Concentration and Key Gene Expression

As shown in Table 2, the endogenous hormone concentration of mung bean leaf was strongly affected by shading stress. Specifically, the concentrations of auxin (IAA, indole-3-acetic acid), ABA, GAs (such as, GA1, GA3, and GA7), and BR in both cultivars significantly increased by 36.5, 79.6, 55.1, and 31.1% under shading conditions (p < 0.05), while the concentrations of salicylic acid (SA) and ZT significantly decreased by 62.1 and 24.6% (p < 0.05). Interestingly, the opposite trend was observed in the JA concentration of both cultivars under shading conditions: the JA concentration in Xilv 1 was improved, whereas that in Yulv 1 was reduced. In addition, compared with S0, the variation range of IAA, ABA, GA, BR, SA, Zt, and JA concentrations in Xilv 1 under shading stress was 36.6, 131.9, 53.7, 43.2, 62.6, 17.8, and 106.8% (p < 0.05); by contrast, that in Yulv 1 was 35.9, 19.8, 57.1, 13.1, 61.5, 35.8, and 31.3% (p < 0.05), respectively. The effect of cultivars on the endogenous hormone concentration was significant (p < 0.05) (except for GA3 and JA). Through analyzing the variation of endogenous hormone concentration, Xilv 1 was more sensitive and changed more than Yulv 1 under shading stress.


TABLE 2. Effect of shading stress on the leaf hormone concentrations (ng g–1, FM) in mung bean.
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Furthermore, the expressions of two genes involved in cryptochromes (VrCRY1 and VrCRY2), two genes involved in phytochromes (VrPHYB and VrPIF4), one gene involved in ethylene biosynthesis (VrEIN3), three genes involved in GA biosynthesis (VrGA2ox, VrGA3ox1, and VrGA20ox1), and two genes involved in BR biosynthesis (VrROT3 and VrBZR1) were quantitatively analyzed (Figure 8). The relative expressions of VrCRY1, VrCRY2, VrPHYB, VrPIF4, and VrEIN3 in Xilv 1 were remarkably upregulated by shading stress compared with those in control (p < 0.05). However, for Yulv 1, the gene expression levels under two shading stresses showed different trends. In addition, in endogenous hormone biosynthesis, the relative expression levels of all five genes for GA (3) and BR (2) were upregulated under low-light condition (p < 0.05). The expression levels of VrGA2ox, VrGA3ox1, VrGA20ox1, VrROT3, and VrBZR1 in Xilv 1 and Yulv 1 were increased by 1. 49-, 1. 26-, 1. 58-, 1. 17-, and 1.41-fold and 1.83, 1.18, 1.52, 1.28, and 2.17-fold, respectively, in shading stress compared with the S0 treatment. Furthermore, the effect of cultivars × shading treatment interaction on the gene expression was significant (p < 0.05) (except for VrGA20ox1 and VrROT3).
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FIGURE 8. Effect of shading stress on the relative expressions of key leaf genes in mung bean. (A) VrCRY1; (B) VrCRY2; (C) VrPHYB; (D) VrPIF4; (E) VrEIN3; (F) VrGA2ox; (G), VrGA3ox1; (H) VrGA20ox1; (I) VrROT3; and (J) VrBZR1. Values followed by a different letter are significantly different at p < 0.05. S0, no shading; S1, moderate shading; and S2, severe shading. * and *** significant at the 0.05 and 0.001 probability levels, respectively. ns, no significant difference.





DISCUSSION


Responses of Agronomic Traits, Photosynthetic Characteristics, and Chlorophyll Fluorescence Parameters to Shading Stress: From Morphology to Physiology

Crop morphology has a certain degree of plasticity, and there is a corresponding adaptation mechanism to different ecological environments (Gong et al., 2015). Many studies have shown that shading promotes the upward growth of stems and petioles but reduces the leaf area of plants (Liu et al., 2017; Jiang et al., 2020). Similar results were observed in our experiment. The plant height and first internode length of mung bean significantly increased under shading conditions, while the stem diameter, pitch number of main stem, and branch number of main stem significantly decreased, resulting in a reduction in aboveground biomass (Figure 2). The lower the light intensity, the greater the influence of the value. These features indicated that the changes in light environment would affect the morphological parameters of mung bean, and in turn, these morphological changes could induce plants to absorb more light energy and reduce the shading stress. Meanwhile, shading not only reduced the light intensity of the environment, but also increased the relative humidity, as shown in Figure 1. This phenomenon may lead to an increase in the occurrence of diseases and insect pests and further weaken the physiological metabolic ability. Crop leaves are sensitive to the light environment, and the photosynthetic capacity is affected by shading stress to a certain extent (Iram et al., 2021). The net photosynthetic rate, transpiration rate, and stomatal conductance were significantly decreased by 16.3, 14.3, and 20.0%, respectively, under shading stress compared with control (Figure 4). By contrast, shading stress significantly increased the intercellular CO2 concentration of leaves by 19.9% (p < 0.05), indicating that shading stress weakened the net photosynthetic rate of mung bean leaves by non-stomatal limitation. This effect may be associated with the leaf structure changes under shading stress. Lower light environment induced large cell gap, loose cell arrangement, and decreased palisade and spongy tissue thickness in leaves (Figure 7), resulting in decreased chloroplast channel area through which carbon dioxide enters. Consequently, the thickness of leaves and photosynthetic capacity of mung bean leaves are significantly weakened (Feng et al., 2019).

As an internal probe, Chl fluorescence is widely applied in crop science to analyze the relationship between abiotic stress and photosynthetic capacity (Dai et al., 2009). In the current study, the photosynthesis of mung bean was severely damaged by shading stress as shown by the Chl fluorescence parameters (Figure 5). Increased NPQ indicated that the absorbed energy of PSII flux to photochemical processes was reduced under shading stress, and this part of energy was converted into non-photochemical energy loss as heat (Li et al., 2021). However, Fv/Fm was not functionally impaired, even with a significant decrease. The possible reason was that the higher PSII/PSI ratio contributed to compensate for the reduction in the amount of red light, which is required to excite PSII (Iram et al., 2021). Such results may suggest that vulnerability to a lower photosynthetic rate might be linked with changes in multiprotein complexes (PSI and PSII) (Muneer et al., 2014). Moreover, these changes in Chl fluorescence parameters were strongly related to the decreased photosynthetic rate as suggested earlier. Chl can absorb, transmit, and convert light energy and is an important part of the plant photosynthetic system (Gill and Tuteja, 2010). Shading stress increased the Chl concentration in mung bean leaf, such as Chl a, Chl b, and total Chl a + b (Table 1). This phenomenon was beneficial to absorb and capture more light energy from the low-light environment and improve the efficiency of light energy utilization (Wang et al., 2020). However, decreased Chl a/b was mainly observed because shading stress induced the increase in Chl b concentration than Chl a concentration. Studies have demonstrated that Chl a is directly associated with the leaf photosynthesis capacity, while Chl b is located in the photochromatin complex of PSII for trapping diffuse light (Field et al., 2013; Yao et al., 2017b). Increased Chl b concentration can play an important role in enhancing the survival ability of mung bean under shading environment. Furthermore, we investigated the activities of related photosynthetic enzymes and assimilate metabolism. Our results showed that shading stress significantly decreased the concentrations of starch, sucrose, and soluble sugar in the leaves of mung bean compared with control, ultimately leading to the decline in ATP concentration (Figure 6). These results are consistent with the findings of Hussain et al. (2019), suggesting that anatomical and biochemical changes in shaded plants represent ways to cope with low light availability and energy cost of re-fixing CO2 induced by leakiness under shading (Amiard et al., 2005; Feng et al., 2019). Although the activities of PEP Case and Rubisco were significantly reduced, the diminutive decline may be negligible to a certain extent. Hence, the performances in photosynthetic enzyme activities in shaded plants were potential physiological strategies for decreasing the energy cost under low light availability and keeping the equilibrium of metabolites and energy fluxes between mesophyll and bundle sheath cells (Sales et al., 2018). Taken together, shading remarkably reduced the net photosynthetic rate of mung bean leaves. On the one hand, this phenomenon was attributed to the destruction of the internal structure, such as palisade and spongy tissues; on the other hand, it was significantly related to the Chl and light energy utilization, thereby resulting in the decrease of photosynthetic capacity and changes in morphological parameters of mung bean (Figure 9).
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FIGURE 9. Schematic representation of changes in morphological characteristics, leaf physiology, and photosynthetic characteristics of mung bean plants as affected by shading stress.




Responses of Endogenous Hormone Concentration and Key Gene Expression to Shading Stress: From Physiology to Molecule

As information transmitters, plant hormones play an important role in regulating the adaptive response of plants. In Arabidopsis seedlings, IAA, GAs, and BR regulate hypocotyl and petiole elongation (Yang and Li, 2017). In the present study, the increments in the concentrations of IAA, ABA, GAs, and BR were observed under shading stress (Table 2). Due to weak light, a large amount of IAA was synthesized in the leaves of mung bean, which was transported to the stem and acted on the epidermal cells, thus promoting the over-elongation of plant height (Procko et al., 2014). The changes of optical signal can directly affect the concentration of IAA through PIFs. PIF4 is one of the most important factors that regulates IAA biosynthesis by binding the promoter of key IAA biosynthesis enzymes YUCs and triggers shade avoidance (Keuskamp et al., 2010; Hornitschek et al., 2012). For the transport of IAA, excessive IAA produced by shading stress upregulated the relative expression of VrPIF4 (Figure 8), so that IAA was transported to the growing center more quickly.

Gibberellins are a kind of hormones that regulate the plant growth and development. Among the physiologically active GAs, GA1, and GA4 are involved in plant photomorphogenesis and closely related to light signals (Alabadí et al., 2004). The bioactive GA in plants is mainly regulated by the syngenetic genes GA20ox and GA3ox and decomposing gene GA2ox (Reinecke et al., 2013). GAs promoted cell elongation by changing the rheological properties of the cell wall. The expression of these genes could regulate the concentration of GAs and then affect stem elongation. Under shading stress, the relative expressions of VrGA2ox, VrGA20ox1, and VrGA3ox1 related to GA synthesis were increased (Figure 8); the concentrations of GA1, GA3, and GA7 in mung bean were significantly improved (Table 2); and the sensitivity of plants to GAs was obviously enhanced. Genetic evidence showed that GAs stimulated cell elongation by destabilizing the GA signaling repressor DELLA proteins, thus releasing the DNA-recognition domain of the transcription factor (Achard et al., 2007).

Brassinolide is a known steroidal plant hormone, which is important for hypocotyl elongation. The relative expression of BR biosynthesis gene VrROT3 was increased under shade conditions, further enhancing BR biosynthesis and promoting VrBZR1 transcription (Figure 8). VrBZR1 and PIFs are interdependent in the regulation of hypocotyl growth, and the degradation of VrPIF4 or the reduction of VrBZR1 activity weakened their functions (Oh et al., 2012). The simultaneous application of IAA and BR had a superimposed effect on promoting axial growth of the lower embryo in hormone interaction (Keuskamp et al., 2011). Brassinosteroid-insensitive 2 in the BR signaling pathway could reduce the DNA binding ability and transcriptional inhibition ability of IAA transcription factor repressor ARF2 through oxidative phosphorylation, thus enabling activated auxin response factors (ARFs) to regulate the expression of downstream genes (Vert et al., 2008). In addition, shading treatment altered the levels of other hormones, for example, increased ABA and decreased SA and ZT concentrations (Table 2). These observations are similar to those of previous studies (Li et al., 2019; Jiang et al., 2021). ABA mainly inhibits the cell division and elongation and affects the growth of plant organs. The increase of ABA concentration in leaves indicated that the senescence process of mung bean was accelerated under shading. ZT is a kind of cytokinin that enlarges cell volume by promoting the cell lateral growth. The changes of ZT concentration under shading were significantly related to the downregulation of ZT synthesis genes or upregulation of ZT degradation genes (Roman et al., 2016). Therefore, these hormonal trends may be a way for leaves to respond to low light stress.



Yulv 1 Has Stronger Tolerance and Ecological Adaptability Than Xilv 1 to Shading Stress

Light is not only the driving force of plant photosynthesis, but also the signal of plant morphological and physiological adaptation to environmental changes (Jiang et al., 2021). In our study, although Xilv 1 showed a higher increase rate in the plant height and first internode length than Yulv 1 under shading stress, Xilv 1 showed lower aboveground biomass than Yulv 1 (Figure 2). This result could be associated with the management of photosynthate allocation under shading stress. Xilv 1 allocated more photosynthetic products to the elongation of the main stem to obtain more light. Meanwhile, the larger leaf area of Yulv 1 is a potential strategy for maintaining photosynthesis (Figure 2). The thylakoid structure and photosynthetic pigment biosynthesis affect the photosynthetic capacity (Yang et al., 2018b). Lower light intensity decreased leaf thickness, palisade tissues thickness, and spongy tissues thickness of leaves. However, compared with Xilv 1, Yulv 1 still maintained a normal cell structure or had less damage to shading stress (Figure 7). This phenomenon might be due to the cell growth and cell layer number in palisade tissues (Kalve et al., 2014). Furthermore, Yulv 1 had higher Chl concentrations (Chl a, Chl b, and Chl a + b) than Xilv 1 under shading stress (Table 1), the effect of cultivars on the Chl concentration was significant (p < 0.05), indicating that Yulv 1 has stronger tolerance to shading, because increased Chl concentrations under shading conditions, especially the Chl b, were beneficial for enhancing the light harvesting in shade-tolerant varieties (Valladares and Niinemets, 2008), as reported by Zhu et al. (2008) that low light-tolerant hybrid rice exhibited a higher content of Chl b when exposed to low light. This conclusion was directly supported by the higher photosynthetic assimilation substances and enzyme activities (Figure 6). This strong physiological metabolism strategy may be one of the potential mechanisms explaining why Yulv 1 maintained higher shading resistance levels than Xilv 1.

The variable light environment regulates the expression of related genes to improve the fitness (Jiang et al., 2020). PIFs are a kind of transcription factor that directly interacts with the photosensitive chromatin downstream. PIF4, PIF5, and PIF7, the members of the PIF family, are involved in the response to shading stress, and PIF4/PIF5 double mutants and PIF7 mutants are significantly inhibited in hypocotyl elongation under low-light environments (Leivar and Quail, 2011; Li et al., 2012). Our data showed that shading increased the relative expression of VrPIF4 in Xilv 1. However, in Yulv 1, moderate shading (S1) treatment significantly upregulated the relative expression of VrPIF4, and the opposite trend was observed in severe stress (S2) treatment (Figure 8). Similar results were found in VrCRY2 and VrPHYB under shading condition. As a photosensitive interaction factor, VrPIF4 can interact not only with photosensitive VrPHYB, but also with cryptochrome VrCRY2. The changes of these genes indicated that the photoreceptors of Xilv 1 were more responsive to shading than those of Yulv 1, and the downregulated expressions of VrCRY2, VrPHYB, and VrPIF4 were beneficial to maintain the plant physiological metabolism of Yulv 1 and ensure plant growth. In addition, the transcription factor EIN3 in the ethylene signaling pathway has been shown to bind to the promoter of PIF3, thereby promoting the expression of PIF3 and regulating hypocotyl length (Zhong et al., 2012). The upregulated relative expression of VrEIN3 in mung bean leaves under shade condition led to the accelerated plant senescence, which further supported the conclusion that Yulv 1 has stronger tolerance and ecological adaptability to shading stress than Xilv 1. However, the current results are limited, mainly because it was only a 1-year field experiment. To make the results more convincing, we will conduct multi-year or greenhouse studies. In addition, a follow-up study (i.e., transcriptomics, metabonomics, and proteomics) should be conducted to obtain further insights regarding the mechanisms underlying the tolerance advantages. Meanwhile, an effective potential strategy for enhancing the plant tolerance and mitigating injure from shading stress should be exported in the future sustainable agricultural production.




CONCLUSION

Our study found that the mung bean morphological traits and physiological metabolism capacities were changed in response to shading stress. The reduced parameters of plants can be explained by leaf anatomical structure with destroyed palisade and spongy tissues and decreased Chl a and b concentrations. The upregulated relative expressions of genes induced by reduced weak light intensity are mainly enriched in plant hormone signal transductions. Combined with the physiological and biochemical metabolism, Yulv 1 has stronger tolerance and ecological adaptability to shading stress than Xilv 1. Our results provide insights into the plant mechanisms in response to shading stress, and these parameters could be used to evaluate mung bean cultivars for shading tolerance.
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In summer, high light and elevated temperature are the most common abiotic stresses. The frequent occurrence of monsoon exposes the abaxial surface of soybean [Glycine max (L.) Merr.] leaves to direct solar radiation, resulting in irreversible damage to plant photosynthesis. In this study, chlorophyll a fluorescence was used to evaluate the functional status of photosystem II (PSII) in inverted leaves under elevated temperature and high light. In two consecutive growing seasons, we tested the fluorescence and gas exchange parameters of soybean leaves for 10 days and 15 days (5 days after recovery). Inverted leaves had lower tolerance compared to normal leaves and exhibited lower photosynthetic performance, quantum yield, and electron transport efficiency under combined elevated temperature and high light stress, along with a significant increase in absorption flux per reaction center (RC) and the energy dissipation of the RC, resulting in significantly lower performance indexes (PIABS and PItotal) and net photosynthetic rate (Pn) in inverted leaves. High light and elevated temperature caused irreversible membrane damage in inverted leaves, as photosynthetic performance parameters (Pn, PIABS, and PItotal) did not return to control levels after inverted leaves recovered. In conclusion, inverted leaves exhibited lower photosynthetic performance and PSII activity under elevated temperature and high light stress compared to normal leaves.

Keywords: high light, elevated temperature, leaf inversion, photosynthesis, chlorophyll a fluorescence


INTRODUCTION

Soybean leaves are heterogeneous, and the adaxial surface is the major contributor to carbon gain because the adaxial surface palisade tissue is rich in chloroplasts and exposed to direct radiation (Evans, 1999). However, some plant leaves are inverted or wobbly due to cultivation conditions (e.g., water and fertilizer) and wind (Zhang et al., 2016; Paradiso et al., 2020). Due to the difference in anatomy between the abaxial and adaxial surfaces of soybeans, their response to environmental conditions can vary, especially light conditions (Hughes and Smith, 2007). Therefore, studying the response of inverted leaves to the environment will provide a theoretical basis for exploring ways to minimize damage to the photosynthetic apparatus.

Soybean is one of the most important oil crops in the world (Cai et al., 2020); due to human factors and frequent natural disasters, the global average temperature will continue to rise rapidly in the future; and unfavorable high temperatures will affect plant growth and development (IPCC, 2019), usually causing reversible/irreversible damage to different organs of the plant, this is because leaf photosynthesis is one of the most sensitive processes to elevated temperatures in plants (Yamori and Shikanai, 2016; Mihaljević et al., 2020). Under natural conditions, the elevated temperatures at noon in summer are usually accompanied by other environmental stresses, such as high light, and the dual stress of heat and high light seriously affects the growth and development of soybeans, especially during the seed-filling stage, resulting in reduced soybean yields (Cohen et al., 2021; Kimm et al., 2021). As an important organ in direct contact with the environment, leaves are more sensitive to light and temperature, because photosystem II (PSII) is sensitive to heat and high irradiation stress during the process of carbon dioxide assimilation (Dongsansuk et al., 2013; Jiang et al., 2021). Exposure to high light and elevated temperature in summer can damage the photosynthetic apparatus of the plant and cause photoinhibition, which is manifested in the metabolic processes: reduced transpiration accompanied by increased leaf temperature, reduced antioxidant and photosynthetic enzyme activities, damage to the cytoplasmic membrane, destruction of chloroplast structure and function, reduced electron transport and carbon metabolism, and increased reactive oxygen species (ROS) (Janka et al., 2013; Gu et al., 2017; Blackhall et al., 2020; Mihaljević et al., 2020). Studies have found that the synergistic effect of elevated temperature and high light caused significant degradation of D1 protein in plants, causing damage to both the donor and acceptor side of PSII (Krieger-Liszkay et al., 2008; Kalaji et al., 2016). Sunburn occurs on leaves under the long-term high light, and sunspots were also found on some fruits, which seriously affects fruit quality and crop yield (Chen et al., 2012; Blackhall et al., 2020). Under natural conditions, heat and high light stress often occur simultaneously and tend to damage the photosynthetic apparatus of inverted leaves; nevertheless, the state of the photosynthetic system of inverted leaves under elevated temperature and high irradiation needs further study.

The rapid chlorophyll a fluorescence technique is a nondestructive and effective tool for monitoring the effects of abiotic stress on the photochemical efficiency of PSII and the health of the plant, because it quickly, noninvasively analyzes and provides powerful data related to photosynthesis (Strasser and Srivastava, 1995; Oukarroum et al., 2018). The typical rise in chlorophyll a fluorescence transient kinetics over 1 s is multiphase (OJIP curve), and the shape of the OJIP curve changes with the physiological condition of the plant, reflecting valuable information on the structure and function of the photosynthetic apparatus (Kalaji et al., 2016). Strasser et al. (2004) developed a data processing method (JIP-test) for rapid chlorophyll a fluorescence induction curves based on the theory of energy fluxes in thylakoid membranes. The specific flux of each reaction center (RC) and the apparent flux of excited leaf cross-section (CSO) provide rich information about the redox state of PSII (Strasser et al., 2010; Kalaji et al., 2016). The JIP-test has been widely used to analyze crop tolerance to single abiotic stresses and to screen for indicators of resistance identification, for example, elevated temperature stress (Janka et al., 2013; Mihaljević et al., 2020), nutrient deficiencies (Kalaji et al., 2014), drought stress (Marcińska et al., 2017), and high light stress (Hazrati et al., 2016).

Previous studies have shown that the photochemical efficiency of leaves is reduced when the leaf is inverted (Paradiso et al., 2020). In this study, we aimed to investigate the daily response of inverted leaves under specific conditions of high temperature and high irradiation at the photosynthetic level. We used JIP-test and gas exchange parameters to evaluate the photochemical adaptation of inverted leaves under elevated temperature and high light at noon. We hypothesized that PSII function is weaker and photochemical efficiency is lower in inverted leaves under high temperature and high light compared to normal leaves.



MATERIALS AND METHODS


Experimental Field and Meteorological Conditions

The field experiment was carried out in the Yili Institute of Agricultural Science in Xinjiang Production, China (43°50′N, 80°04′E). The experimental field was clay loam soil. The physicochemical properties of soil at 0–20 cm soil layer were as follows: available N 51.3 mg/kg, available P 15.8 mg/kg, and available K 102.1 mg/kg. For a better understanding of obtained results about the acclimatization of the photosynthetic apparatus of inverted leaves to heat and high light, we showed the data of air temperature and solar radiation measured on the day after treatment and recovery. The meteorological data were obtained from artificial weather devices placed in the test field as shown in Figures 1A–D. When the photosynthetic capacity of soybean leaves is measured, the temperature at 4 p.m. in summer is 38.2°C, and the light intensity is 1,512 μmol(CO2) m–2 s–1, which is much higher than its light saturation point.
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FIGURE 1. Meteorological data during treatment (A,C) and recovery (B,D) when measuring gas exchange and chlorophyll a fluorescence.




Experimental Design

Spring soybean Heinong 87 from the Heilongjiang Academy of Agricultural Sciences of China (45° 58 N, 126° 48 E) was used as the experimental material. The experimental treatments consisted of leaf inversion treatment that the small middle leaves of four sections from the top of the plant were fixed with fine cotton thread and made to face up on the abaxial leaf surface during the seed-filling stage, then return to the original shape 15 days after the treatment, and do nothing for the control treatment. The experiment was conducted in a completely randomized block design and repeated three times. The plots were 4 m × 10 m. The soybean cultivar was sown with a density of 25.0 plants/m2 on April 15, 2020 and 2021, the row spacing of 40 cm, and the plant spacing of 10 cm. Other management referred to local high-yield practices.



Measurement of Photosynthetic Traits

We tried to choose the days with high temperature and solar radiation for measurement. The adaxial surface of fully expanded leaves in the main stem for both treatments was illuminated when they were inside the CIRAS chamber in both treatments. The net photosynthetic rate (Pn), transpiration rate (Tr), stomatal conductance (gs), and intercellular carbon dioxide concentration (Ci) were measured from both treatments at 10 and 15 days (recovery) after leaf treatments, in the morning (9 a.m.) and afternoon (4 p.m.) using a portable photosynthesis system (CIRAS-3, PP Systems, London, United Kingdom). Steady-state photosynthesis was achieved after the leaves were clamped for 5 min, and the photosynthetic parameters were recorded at 1,800 μmol m–2 s–1 light intensity, 400 ± 5 μmol mol–1 CO2, and 70% humidity.



Photosynthetic Light-Response Curves

Photosynthetic light-response curves of fully expanded leaves in the main stem of soybean were measured 10 days after leaf inversion using a portable photosynthesis system (CIRAS-3, PP Systems, London, United Kingdom) between 11:00 a.m. and 1:30 p.m. at the soybean R5 expanding stage. The PN was recorded at photosynthetic photon flux densities (PPFDs) of the following: 2,000; 1,800; 1,500; 1,200; 1,000; 800; 600; 400; 200; 150; 100; 50; 30; and 0 μmol m–2 s–1, respectively. These measurements were recorded at a fixed CO2 concentration of 400 ± 5 μmol mol–1 using CO2 cylinders. The photosynthetic light-response curves can be fitted with a nonlinear hyperbolic model (Farquhar et al., 1980) as follows:
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where α is the apparent quantum yield (AQY), I represents the PPFD, PNmax is the maximum net photosynthetic rate, RD is the dark respiration rate, and θ is the convexity. The linear regression analysis was performed using SPSS version 19.0 software (IBM, Chicago, IL, United States) in the PPFD of 0–2,000 μmol m–2 s–1. The crossover point of this line with the x-axis (photosynthetically active radiation, PAR) was the light compensation point (LCP, μmol m–2 s–1), whereas the corresponding x-axis value for the crossover points along the y-axis was the light saturation point (LSP, μmol m–2 s–1).



Chlorophyll a Fluorescence

The rapid chlorophyll a fluorescence induction kinetics were measured using a Plant Efficiency Analyzer (Handy-PEA, Hansatech, Norfolk, United Kingdom) at 9 a.m. and 4 p.m. 10 and 15 days after treatment. The leaves (from 10 individual plants) per treatment were dark-adapted using a fixing leaf clip (Hansatech) for 30 min. The samples were illuminated with 660-nm light of 3,000 photons μmol m–2 s–1 for 1 s, and all the collected data were analyzed using the program plant efficiency analyser (PEA) Plus to obtain OJIP-test parameters (Kalaji et al., 2012), as shown in Table 1. To further analyze the difference in fluorescence kinetics between morning and afternoon measurements in response to elevated temperature and excess light, the original chlorophyll a fluorescence (OJIP) transients were normalized between minimum fluorescence when all PSII RCs were open (FO) and maximum fluorescence when all PSII RCs were closed (Fm): the relative variable fluorescence was expressed as VOP [VOP = (Ft−FO)/(Fm−FO)], and the difference between the transients was expressed as △VOP [△VOP = VOP(measurement at 4 p.m.)-VOP(measurement at 9 a.m.)]. The original OJIP transients that were normalized between FO and FK were expressed as VOK [VOK = (Ft−FO)/(FK−FO)], between FO and FJ were expressed as VOJ [VOJ = (Ft−FO)/(FJ−FO)], between FJ and FI were expressed as VJI [VJI = (Ft−FJ)/(FI−FJ)], and between FI and FP were expressed as VIP [VIP = (Ft−FI)/(FP−FI)]; finally, the differences between the transients which were expressed as △VOK [△VOK = VOK(measurement at 4 p.m.)-VOK(measurement at 9 a.m.)], △VOJ [△VOJ = VOJ(measurement at 4 p.m.)-VOJ(measurement at 9 a.m.)], △VJI [△VJI = VJI(measurement at 4 p.m.)-VJI(measurement at 9 a.m.)], △VIP [△VIP = VIP(measurement at 4 p.m.)-VIP(measurement at 9 a.m.)], and △VOP [△VOP = VOP(measurement at 4 p.m.)-VOP(measurement at 9 a.m.)] were determined for visualization (Li et al., 2020).


TABLE 1. Kinetic parameters of chlorophyll fluorescence.
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Data Analysis

The PEA Plus software was used to obtain the OJIP-test parameters. The differences between data at the two measurement time points (morning and afternoon) and between leaf treatments were analyzed by one-way ANOVA with the SPSS version 19.0 (SPSS Inc., Chicago, IL, United States). The structures of variability and correlations between the measured parameters were explored by the principal component analysis (PCA), the selection of the principal factors was based on those with eigenvalues greater than 1. The data are presented as the mean ± SE, and the means were compared using least significant difference (LSD) tests, *P < 0.05 and **P < 0.01. The graphs were constructed using SigmaPlot software, version 12.5.




RESULTS


Leaf Gas Exchange

As shown in Figures 2A,B, the Pn, gs, and Ci values of normal and inverted leaves (except Ci values for inverted leaves in 2020) were significantly reduced at noon during treatment compared with those measured in the morning (P < 0.05), and the decline was higher for inverted leaves than for normal leaves; Tr values for inverted leaves were significantly lower (P < 0.05) than for normal leaves at noon measurements, and the Tr values of the normal leaves was not significantly different between 9 a.m. and 4 p.m. (P > 0.05), while inverted leaves decreased significantly at 4 p.m. compared to the 9 a.m. measurement (P < 0.05). After recovery of inverted leaves, the Pn and gs values of all treated leaves showed the same trend as leaves during treatment; Ci and Tr values of normal and inverted leaves were elevated at noon compared to morning measurements, with higher Ci values of inverted leaves than normal leaves, but the opposite for Tr values.
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FIGURE 2. (A,B) The gas exchange parameters of both treatments during 2020 and 2021 at 9 a.m. and 4 p.m. Data are expressed as means ± SEs (n = 3). Pn, net photosynthetic rate; Ci, intercellular CO2 concentration; gs, stomatal conductance; Tr, transpiration rate. Different letters represent significant differences (P < 0.05) between treatment and time of measurement. The vertical dotted line separates treatment from recovery.




Photosynthetic Light-Response Curves

The ANOVA showed that PNmax, AQY, RD, LCP, and LSP were affected by leaf inversion (P < 0.05) when the leaf was inverted and restored (Table 2). During leaf inversion, PNmax, AQY, RD, LCP, and LSP of inverted leaves were reduced by 59.1%, 51.2%, 49.1%, 16.5%, and 13.1%, respectively, compared to normal leaves. After the inverted leaves recovered, the PNmax, AQY, RD, LCP, and LSP of the leaves were reduced by 33.2%, 25.2%, 19.4%, 1.9%, and 16.0%, respectively, compared to the normal leaves.


TABLE 2. Photosynthetic light-response parameters of inverted leaves in 2021.
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Chlorophyll a Fluorescence Rise

When the chlorophyll a fluorescence induction curves were plotted on the logarithmic timescale as the horizontal coordinate and the immediate chlorophyll a fluorescence intensity of all treated leaves as the vertical coordinate, a rapid rise in the OJIP fluorescence transient was evident (Figure 3). Both the measurement at 4 p.m. and the leaf inversion resulted in a change in the shape of the chlorophyll a fluorescence induction curve, and when the inverted leaves were restored, the shape of the chlorophyll a fluorescence induction curve did not change. To further evaluate the changes in leaf photosynthetic performance under heat and high light at noon, a relative variable fluorescence curve [VOP = (Ft−FO)/(Fm−FO)] was constructed to compare the differences in plant photosynthetic performance between 4 p.m. and 9 a.m. The value of each difference curve was the relative variable fluorescence value recorded at 4 p.m. minus the relative variable fluorescence value recorded at 9 a.m. [ΔVOP = VOP(measurement at 4 p.m.)-VOP(measurement at 9 a.m.)]. The shape of the relative variable fluorescence curve of leaves recorded at 4 p.m. differed from that recorded at 9 a.m. In all treatments, changes in fluorescence transient curve shape caused by elevated temperature and high light could be clearly visualized by difference curves. In 2020, the difference curves for inverted leaves have a larger magnitude of variation compared to normal leaves, while in 2021 the difference curves for normal leaves have a larger magnitude of variation.
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FIGURE 3. Native fluorescence induction curves and double O–P normalized OJIP transients at 10 and 15 (recovery) days after soybean leaf inversion. Each curve presents the average kinetics of five repetitions. Chlorophyll a fluorescence transient curves normalized between FO and FP expressed as VOP [VOP = (Ft–FO)/(FP–FO)], △VOP = VOP(treatment at 4 p.m.) – VOP(measurement at 9 a.m.). The vertical dashed line separates treatment from recovery. The values in parentheses are the starting values for the graph on the right.




Normalization of Chlorophyll a Fluorescence Transient Curves

To further elucidate the differences between treatments during the O-P phase of the chlorophyll a fluorescence transient, we, respectively, presented the differential curves for the main bands occurring during the O-P transient. The curves for these bands were constructed by subtracting the standardized fluorescence values of plants recorded at 4 p.m. (between O and K, O and J, J and I, or I and P, respectively) from the standardized fluorescence values of plants recorded at 9 a.m. (Figures 4A–D). The O-K normalized curve, called the L-band, provides information on the effective light absorption and energy utilization in the initial phase of photosynthesis. The leaves showed positive L-bands for all groups caused by elevated temperature and high light at 4 p.m. during treatment and recovery; the O-J normalized curve called K-band was used to check the status of the PSII donor side, where heat and high light at 4 p.m. caused all groups to show positive K-bands. The J-I normalized and I-P normalized curves indicate the balance between reduction and oxidation of the QA and plastoquinone (PQ) pools, respectively, and the J-I normalized curves showed a difference between years and treatments, with inverted leaves showing negative bands during treatment in 2020, while normal leaves showed positive bands and inverted leaves still showed negative bands after recovery, 2021 and 2020 were exactly the opposite, with leaves showing the highest negative bands during treatment and recovery. The I-P normalization curves differed between treatments, with inverted leaves showing a negative band during treatment and a positive band during recovery.
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FIGURE 4. (A–D) Double normalization between FO and FK expressed as VOK [VOK = (Ft–FO)/(FK–FO)], between FO and FJ expressed as VOJ [VOJ = (Ft–FO)/(FJ–FO)], between FO and FI expressed as VOI [VOI = (Ft–FO)/(FI–FO)], between FJ and FI expressed as VJI [VJI = (Ft–FJ)/(FI–FJ)], and between FI and FP expressed as VIP [VIP = (Ft–FI)/(FP–FI)]. △VOX = VOX(measurement at 4 p.m.)–VOX(measurement at 9 a.m.). Each curve presents the average kinetics of five repetitions. The vertical dotted line separates treatment from recovery. The values in parentheses are the starting values for the graph on the right.




Specific Fluxes per Reaction Center and Flux Ratios

During the leaf treatment (Figures 5A,B and Table 3), the limitation/inactivation and possible damage of the oxygen-evolving complex (OEC) (VK/VJ), REO/RC, dissipated energy flux per RC at t = 0 (DIO/RC), trapped energy flux per RC at t = 0 (TRO/RC), absorption flux per RC (ABS/RC), efficiency with which an electron can move from the reduced intersystem electron acceptors to the photosystem I (PSI) end electron acceptors (δRO), and minimum fluorescence when all PSII RCs were open (FO) values increased at 4 p.m. for inverted and normal leaves compared to measurements at 9 a.m., while FV/FO, Fv/Fm, Area, electron transport flux per RC at t = 0 (ETO/RC), the density of active RCs (QA reducing RCs) per cross-section at t = 0 (RC/CS), quantum yield for electron transport at t = 0 (φEO), the probability that a trapped exciton moves an electron into the trapped electron transport chain beyond QA– (ΨEO), PItotal, quantum yield for the reduction of end acceptors of PSI per photon absorbed (φRO), and Fm values decreased at 4 p.m. When inverted leaves recovered, the trend in values was consistent with the leaves during treatment except for ETO/RC and PItotal values; compared to measurements at 9 a.m., ETO/RC values increased at 4 p.m. after inverted leaves recovered in 2020, but the difference was not significant, but significantly decreased in 2021; PItotal values decreased at 4 p.m. for all groups in 2020, but in 2021 normal leaves increased slightly at 4 p.m. Leaf VK/VJ, RC/CS, REO/RC, DIO/RC, ABS/RC, δRO, PIABS, and PItotal values differed significantly (P < 0.05) between measurements at 9 a.m. and 4 p.m. during treatment, and their values also showed significant differences (P < 0.05) between inverted and normal leaves; FV/FO, FO, Fm, and ETO/RC values were significantly different between 9 a.m. and 4 p.m. measurements (P < 0.05), while leaf inversion did not affect their values significantly (P > 0.05); φRO values were not significantly different between 9 a.m. and 4 p.m. measurements (P > 0.05), but leaf inversion affected their values significantly (P < 0.05); Fv/Fm, TRO/RC, φEO, and ΨEO values were significantly different between 9 a.m. and 4 p.m. measurements (P < 0.05); Fv/Fm, TRO/RC, φEO, and ΨEO values were significantly different between 9 a.m. and 4 p.m. measurements. Fv/Fm, TRO/RC, φEO, and ΨEO values were significantly different between 9 a.m. and 4 p.m. measurements (P < 0.05), and leaf inversion had no effect or reached a significant level. There was no significant difference in the Area value measured at 9 a.m. and 4 p.m. in 2020 (P > 0.05), and leaf inversion had no effect on its value, but there was a significant difference between the treatment groups in 2021 (P < 0.05). PIABS and PItotal were significantly lower (P < 0.05) for the 4 p.m. measurement compared to the 9 a.m. measurement. The interaction of leaf inversion and time of measurement on chlorophyll a fluorescence parameters in both years was not significant only for VK/VJ, ETO/RC, REO/RC, PIABS, FO, TRO/RC, RC/CS, δRO, and φRO.
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FIGURE 5. The JIP-test parameters of soybean leaf inversion (10 days) and recovery (15 days) evaluated during 2020 (A) and 2021 (B) at 9 a.m. and 4 p.m.; L, the combined stress of elevated temperature and high light; T, leaf inversion; Fv/Fm, maximum quantum yield of photosystem II (PSII); ABS/RC, absorption flux per reaction center (RC) at t = 0; DIO/RC, Dissipated energy flux per RC at t = 0; TRO/RC, Trapped energy flux per RC at t = 0; ETO/RC, Electron transport flux per RC at t = 0; ΨEO, Probability that a trapped exciton moves an electron into the trapped electron transport chain beyond QA–; φEO, Quantum yield for electron transport at t = 0; δRO, Efficiency with which an electron can move from the reduced intersystem electron acceptors to the photosystem I (PSI) end electron acceptors; φRO, Quantum yield for the reduction of end acceptors of PSI per photon absorbed; VK/VJ, Limitation/inactivation and possible damage of the oxygen-evolving complex; FV/FO, maximum ratio of quantum yields of photochemical and concurrent non-photochemical processes in PSII; Area, Density area over the chlorophyll a fluorescence transient delimited by a horizontal line at Fm; FO, Minimum fluorescence, when all PSII RCs were open; Fm, Maximum fluorescence, when all PSII RCs were closed; RC/CS, Density of active RCs (QA reducing RCs) per cross-section at t = 0; PIABS, performance index on absorption basis; PItotal, efficiency of energy conservation from absorbed photons to the reduction of PSI end acceptors. Data are expressed as means ± SEs (n = 5). Different letters represent significant differences (P < 0.05) between treatment and time of measurement. The vertical dotted line separates the treatment from the recovery.



TABLE 3. ANOVA of effects of elevated temperature and high light stress on fluorescence parameters.
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After leaf inversion recovery (Figures 5A,B and Table 3), leaf VK/VJ, ETO/RC, REO/RC, DIO/RC, ABS/RC, φEO, ΨEO PIABS, and PItotal values differed significantly (P < 0.05) between the 9 a.m. and 4 p.m. measurements, and their values also showed significant differences (P < 0.05) between inverted and normal leaves; FV/FO, FO, Fm, Fv/Fm, Area, and TRO/RC values differed significantly (P < 0.05) between the 9 a.m. and 4 p.m. measurements, while the effect of leaf inversion on their values varied from year to year; RC/CS, δRO, and φRO values differed significantly (P < 0.05) between the 9 a.m. and 4 p.m. measurements, and the effect of leaf inversion on their values varied from year to year. The interaction of leaf inversion and time of measurement on other chlorophyll a fluorescence parameters was not significant in both years except for Area, PIABS, and PItotal values.



Principal Component Analysis

The PCA of the fluorescence and gas exchange parameters of the examined soybean cultivars revealed both differences and similarities between the different treatments (Table 4 and Figure 6), with the first 2 principal components (PCs) accounting for 79.0%–96.6% of the total variance. Leaves were treated with the first PC (PC1) reflecting 50.8% and 65.9% of the total variance in 2020 and 2021, respectively, and the second PC (PC2) reflecting 28.2% and 29.8% of the total variance, respectively. The results of PCA indicated that normal leaves measured at 9 a.m. exhibited higher photosynthesis (Pn), performance indexes (PItotal and PIABS), and number of RCs (RC/CS); inverted leaves measured at 4 p.m. were characterized by higher specific activity parameters (ABS/RC, DIO/RC, and TRO/RC), while normal leaves had higher loads on Area, δRO, and REO/RC. After inverted leaf recovery, the PC1 reflected 68.4% and 62.7% of the total variation in 2020 and 2021, respectively, and the PC2 reflected 27.2% and 33.9% of the total variation, respectively. Normal leaves measured at 9 a.m. in 2020 and 4 p.m. in 2021 exhibited higher Pn, performance indexes (PItotal and PIABS), and number of RCs (RC/CS). Pn was positively correlated with PIABS, PItotal, and RC/CS and negatively correlated with ABS/RC, DIO/RC, and TRO/RC.


TABLE 4. The results of principal component analysis (PCA).
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FIGURE 6. Principal component analysis of variability of JIP-test and gas exchange parameters of soybean leaves for 10 and 15 days (recovery) after leaf inversion in 2020 and 2021.





DISCUSSION

Under natural conditions, a combination of high light and heat stress in summer is the main environmental stress that leads to a decrease in plant photosynthesis, usually starting with a reduction in the production of photosynthetic assimilates under mild abiotic stress when leaves avoid water dissipation by reducing stomatal aperture and thus limiting the mesophyll conductance to CO2, at which point diffusive limitation is the main cause of the decrease in leaf photosynthetic capacity (Das et al., 2015; Bahamonde et al., 2018; Fanourakis et al., 2019; Mihaljević et al., 2020). As the stress level increased and time increased, the leaf photosynthetic apparatus was damaged and PSII photochemical activity was reduced in addition to diffusive limitation, and at this time, the nondiffusion limitation was better than diffusion limitation (Hazrati et al., 2016; Jiang et al., 2021). In this study, the Pn and gs of inverted leaves and normal leaves were significantly reduced at 4 p.m. during the treatment, and Ci of normal leaves was also significantly reduced at noon, but Ci in inverted leaves behaved differently in both years, with no significant difference between 9 a.m. and 4 p.m. Ci in inverted leaves in 2020, while the difference reached a significant level in 2021, which could be caused by climatic factors between years but could at least suggest that the reduction in Pn of normal leaves can be explained by a reduction in gs (Pandey et al., 2007) and that inverted leaves may be more susceptible to photooxidative damage and damage to the photosynthetic apparatus at elevated temperature and high light compared to normal leaves, which is supported by the decrease in Fv/Fm values and performance indexes (PIABS and PItotal) and the increase in DIO/RC values in inverted leaves at noon. Between the 2 years, the Tr values of normal leaves were slightly elevated or flat in the noon compared to the morning measurement, but Tr values of inverted leaves were significantly lower in the noon, which may also be one of the reasons for the lower Pn of inverted leaves compared to normal leaves, as the lower transpiration rate leads to higher leaf temperature, and the photoinhibition of photosynthesis depends on Temperature, the increase of leaf temperature will strengthen the photoinhibition, thereby greatly reducing the photosynthetic capacity of inverted leaves (Avola et al., 2008; Das et al., 2015; Gago et al., 2015; Durand et al., 2020). After the recovery of inverted leaves, the Ci values of normal and inverted leaves did not decrease with the decrease of Pn and gs values under elevated temperature and high light, and the Ci values of inverted leaves were higher than those of normal leaves, indicating that the irreversible damage to the photosynthetic apparatus of inverted leaves occurred under heat and high light (Mihaljević et al., 2020; Cohen et al., 2021), but the factor of shorter recovery time of inverted leaves could not be ignored. To obtain the adaptation of inverted leaves to light under the combined stress of high light and elevated temperature, the response of Pn to several light intensities of PPFD was evaluated. In this study, the PNmax, AQY, RD, LCP, and LSP values of inverted leaves were lower than those of normal leaves under treatment and recovery conditions, indicating that the photosynthetic potential of leaves under elevated temperature and high light was reduced and the ability to utilize strong light was weakened in inverted leaves, similar to the studies by Proietti and Palliotti (1997), Xu et al. (2013), and Paradiso et al. (2020). It is worth noting that the PNmax of normal leaves decreases significantly from treatment to recovery, and this may be due to the fact that soybeans are susceptible to high temperature stress during the filling stage, which induced and accelerated the senescence of inverted leaves in advance (i.e., PItotal of inverted leaves was significantly lower than that of normal leaves under elevated temperature and high light), while the photosynthetic products of normal leaves efficiently transport to the reproductive organs during the recovery phase, accelerating leaf senescence, resulting in that the PNmax of the normal leaves was significantly lower during the recovery.

Many studies have assessed the harmful effects of heat on photosynthesis, where elevated temperatures reduce CO2 fixation by inhibiting photosynthetic system activity. The inactivation of PSII in plants under complex stress in summer leads to a decrease in photosynthetic capacity (Fanourakis et al., 2019; Jiang et al., 2021). Some researchers have noted that Fv/Fm values of normal leaves range from 0.75 to 0.83 and that a decrease in this parameter indicates that PSII has been damaged (Krause and Weis, 1991). According to a certain one, an increase in FO is one of the signs of photoinhibition (Uhrmacher et al., 1995). It has also been suggested that an increase in DIO/RC and a decrease in ΨEO can be prepared to identify photoinhibition rather than Fv/Fm (Jiang et al., 2008). In this study, the Fv/Fm values of normal and inverted leaves were significantly lower at 4 p.m. compared to morning measurements, and the decrease was higher in inverted leaves than that of normal leaves. The Fv/Fm values ranged from 0.62 to 0.71 at 4 p.m. during treatment for inverted leaves, while normal leaves ranged from 0.71 to 0.75; after recovery of inverted leaves, the Fv/Fm of the inverted leaves in 2021 decreased significantly at 4 p.m. (Fv/Fm = 0.55) and that of the normal leaves is 0.61, At the same time, compared with the morning measurement, the Fv/Fm and ΨEO values of the inverted leaves decreased at 4 p.m., and the increase in DIO/RC and FO values were higher than those of the normal leaves. The LSP of the inverted leaf is between 528.4 and 577.3 μmol(CO2) m–2 s–1, while the normal leaf is between 629.6 and 664.7 mol(CO2) m–2 s–1, and the temperature at 4 p.m. in summer is 38.2°C, and the light intensity is 1,512 μmol(CO2) m–2 s–1, which is much higher than its light saturation point, which causes the light system to be overexcited. All the above mentioned results indicate that the combined stress of elevated temperature and high light in summer promotes PSII inhibition of inverted leaves and stronger energy dissipation. This is supported by the significant increase in DIO/RC value at 4 p.m. and the PCA results. This is similar to the study by Mihaljević et al. (2020) on apples.

In recent years, there has been considerable interest in using chlorophyll a fluorescence and related parameters to assess the effects of abiotic stress on the photosynthetic structure, using chlorophyll a fluorescence kinetics to characterize plant tolerance to abiotic stresses at the PSII level (Hussain et al., 2019; Rastogi et al., 2020). In fact, elevated temperature and high light stress result in significant changes in the shape of the chlorophyll fluorescence induction curve (Mihaljević et al., 2020). In this study, the combined high light and elevated temperature stresses significantly affected PSII performance during treatment and recovery of leaves, and these effects were visible in the variable fluorescence curves and relative variable fluorescence curves during treatment and recovery (Figures 3, 4). The typical shape of the OJIP transient curve has 3 main phases, namely, O-J, J-I, and I-P (Strasser and Srivastava, 1995). The J-I phase reflects the reduction of electron carriers (plastoquinone and plastocyanin) between PSII and PSI (Tóth et al., 2007). In this study, the increase in J-I transients in normal and inverted leaves differed by year, and an increase in J-I transients was observed in inverted leaves compared to normal leaves, which supports the vulnerability of the electron carriers of the inverted leaves to elevated temperature and high light and the partial reduction of the PQ pools between PSII to PSI, which is consistent with the reduction in the PQ pools under elevated temperature reported by Mihaljević et al. (2020). The I-P phase is the slowest fluorescence rise and is associated with a decrease in electron transport proteins (Ceppi et al., 2012). Previous studies have confirmed that I-P is relatively sensitive to various abiotic stress (Schansker et al., 2005). In this study, inverted leaves showed a significant positive peak change during recovery, suggesting that damage to the PSI structure, loss of function in inverted leaves, and electron transport on the PSI receptor side may have been inhibited.

The PSII and OEC are one of the main stress-sensitive sites in the photosynthetic apparatus (Adamski et al., 2011). Previous studies have shown that high light and elevated temperature reduce PSII activity and electron transfer efficiency (Boguszewska-Mańkowska et al., 2018). In this study, the active RC of normal and inverted leaves was significantly reduced at 4 p.m. (supported by the increase in ABS/RC). The increase in ABS/RC may be due to the increase in antenna size or partial PSII RC inactivation, which can be confirmed by a decrease in active RC per excitation cross-section (RC/CS). The inactivation of RC is considered to be a photoprotective mechanism, because part of the RC is transformed into a so-called “heat sink” by Stefanov et al. (2011), to dissipate excess excitation energy to prevent excessive excitation of PSII. The significant increase in dissipated energy (DIO/RC) supports the change of RC function. Compared with the morning measurement, the TRO/RC and DIO/RC of the inverted leaves increased by 31.5% and 135.1%, respectively, at 4 p.m., while the normal leaves increased by 21.4% and 39.1%, respectively. These findings suggest that inverted leaves dissipate excitation energy in the form of more heat and fluorescence and more severe photoinhibition, which is consistent with the research results of Mihaljević et al. (2020). ETO/RC describes the electron transport flux of each RC, which reflects the activity of active RCs. The ETO/RC values decreased at 4 p.m., but some researchers have shown that ETO/RC remained constant at heat and high light or that the ETO/RC values increased at elevated temperatures (Faria-Silva et al., 2019; Mihaljević et al., 2020). In this study, the ETO/RC values of inverted leaves decreased significantly at 4 p.m. compared with 9 a.m., while normal leaves remained essentially unchanged, which further supports the hypothesis that some of the RC is converted into a “heat sink” and also indicates that the activity of active RC in inverted leaves is reduced under high light and elevated temperature, which is consistent with the study by Mihaljević et al. (2020). Elevated temperature and high light also affect both the donor and acceptor sides of PSII (Buchner et al., 2015): on the donor side, OEC inactivated, as shown in this study by a significant increase in the positive K-band at 300 ms and VK/VJ, which may be due to the loss of manganese cluster function in PSII at elevated temperature, resulting in an imbalance electron transport between the OEC and the PSII RC; while at the acceptor site, the electron transport between QA– and QB– is inhibited (Gu et al., 2017), and the disruption of the electron transport chain is due to the dissociation of the LHCII from PSII, which helps to avoid excessive reduction of PQ and protect PSII from damage (Galić et al., 2020). These findings can be supported by the significant reduction in the Area value of inverted leaves at 4 p.m. (because Area refers to the free PQ pool). A positive L-band indicates a lower energy connection (Kalaji et al., 2014; Jiang et al., 2021). Both inverted and normal leaves exhibited significant positive L- and K-bands at elevated temperature and high light, but the positive L- and K-bands were more pronounced in inverted leaves than in normal leaves, indicating more severe OEC damage. Elevated temperature and high light not only affect the function of PSII but also adversely affect the electron flow on the PSI acceptor side (φRO, REO/RC, and δRO) (Kalaji et al., 2014). A large number of studies have shown that δRO values increase in plants after heat stress (Oukarroum et al., 2009; Mihaljević et al., 2020). The same, but inverted leaves exhibit higher REO/RC and δRO than normal leaves, indicating that the reduction in electron transport efficiency from the intersystem electron carrier to the PSI receptor side of the inverted leaves is even greater. High light and elevated temperature did not appear to have an effect on φRO values, as ANOVA showed no significant differences between treatments; however, inverted leaves had significantly lower φRO compared with normal leaves, which may be due to a reduction in PSI content in inverted leaves (Yan et al., 2013). In this study, FV/FO was significantly lower in inverted and normal leaves under high light and elevated temperature, but the decrease was higher in inverted leaves than in normal leaves, indicating that electron transport was impaired during photosynthesis in inverted leaves compared to normal leaves, which is similar to the results of Janka et al. (2020) who treated microalgae (Tetradesmus wisconsinensis) with bicarbonate.

The overall photosynthetic performance of both normal and inverted leaves was reduced under elevated temperature and high light complex stress conditions, which can be explained by a decrease in the performance indexes (PIABS and PItotal). The expression of performance index PIABS is the product of three independent characteristics: the density of active RC per PSII antenna chlorophyll (RC/ABS), the maximum quantum efficiency of PSII (Fv/Fm), and the electron transport beyond QA (ΨEO) (Strasser et al., 2000; Kalaji et al., 2016). In this study, the decrease in PIABS appeared to be associated with a decrease in RC/ABS and ΨEO values, as the decrease in their values is greatest at elevated temperatures and high light. The PIABS values of normal and inverted leaves decreased by 63.2%–66% and 68%–90% at 4 p.m., respectively, compared to 9 a.m. Compared with PIABS, the PItotal values not only reflect PSII photosynthetic electron transfer activity but also relate to changes in PSI-related processes (Kalaji et al., 2014; Jiang et al., 2021). Therefore, some researchers suggest that PItotal is more sensitive to abiotic stresses than PIABS. Some researchers also concluded that the sensitivity of PIABS and PItotal to abiotic stress varied depending on environmental factors (Mallick and Mohn, 2003; Mihaljević et al., 2020). In this study, the PItotal values of normal and inverted leaves decreased by 24.1%–25.9% and 5.9%–66.7%, respectively, at 4 p.m. compared to 9 a.m. This is consistent with the trend in PN values. The decrease in PItotal may be related to the loss of PSII activity, leading to a reduction in the electron transport chain and disruption of PSI function (Kalaji et al., 2014; Oukarroum et al., 2018). In this study, the PIABS values of inverted leaves appeared to be more sensitive to elevated temperature and high light compared with PItotal. The fact that PIABS and PItotal were still not restored to the levels of normal leaves after the recovery of inverted leaves may be due to the higher degree of damage suffered by inverted leaves under elevated temperature and high light, and the effective repair capacity of the photosynthetic apparatus (synthesis of new proteins to replace damaged core proteins) of inverted leaves remained lower than the photooxidative damage capacity after recovery.



CONCLUSION

Stress resistance is a very important factor for the successful production of soybean in the increasingly demanding agroecological conditions. Our data indicate that a more severe photooxidative damage occurs in inverted leaves under high light and elevated temperature conditions compared to normal leaves, as evidenced by OEC inactivation, inhibition of electron transport, and inactivation of some PSII RCs. High light and elevated temperature significantly reduced the performance indexes (PIABS and PItotal) of inverted leaves. The PIABS values of inverted leaves were more sensitive to elevated temperature and high light. The inhibition of electron transport and the inactivation of PSII RCs in inverted leaves under combined high light and elevated temperature stresses were responsible for the significant reduction in Pn. Due to climate change, in the future, it will be required a better understanding of interactions between soybean and their environment to achieve better adaptability and thus the productivity of future cultivars.
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Treatment Organic acids contents (mg-100 g~ fresh weight)

January February March
Citric acid Malic acid Acetic acid Citric acid Malic acid Acetic acid Citric acid Malic acid Acetic acid
0hS 513 + 86&7 179 + 26ab 157 £58a 494 + 105a 164 + 36a 22.5+11.0a 607 £23 a 197 + 64a 143+ 1.7a
3hS 484 £ 55b 173 + 54bc 14.2 £ 9.9ab 430 £ 56 a 152 4+ 22a 122+27b 564 + 56ab 195 + 16a 11.3+1.2b
5hS 499 + 40ab 167 +£40¢c 1565+89a 507 +27a 171 £ 14a 1444+17b 542 + 10ab 190 + 20a 7.0+ 0.2¢c
7hS 495 + 27ab 188+ 28 a 112 £27:3b 454 + 66 a 178 + 23a 104 +1.7b 502 +22b 190 + 21a 7.2+0.2c

2Average values included standard deviation followed by different lower-case letters within a column are significantly different (Duncan’s multiple range test, p < 0.05,
n = 3). 0 hS, non-shading treatment (control); 3 hS, three hours of shading until 10:00; 5 hS, five hours of shading until 12:00; 7 hS, seven hours of shading until 14:00.
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Treatment Commercial fruit yield (gcdotplant=1)

January February March Total
Yield AW Ratio Yield AW Ratio Yield AW Ratio Yield AW Ratio
0hsS 49+ 152 144+02a 100 85+1.2a 235+0.2a 100 348 +13.0a 23.3+0.5a 100 482+16.6a 22.0+0.3a 100
3hS 51+13a 155+02a 105 71+27b 182+0.2b 84 208 £ 14.6b 208 +1.1b 60 330+ 13.1b 19.2+0.6b 69
5hS 34+32b 16.0+0.6a 69 43+0.5c 143+0.1d 51 1831 +£6.1c 182+0.2c 38 208 +7.7¢c 16.9+0.1¢c 43
7 hS 39+1.6b 16.3+0.6a 80 17 £0.1d 16.7+£0.0.1c 20 604+37d 154+0.7d 17 116+22d 158+0.3d 24

2Average values included standard deviation followed by different lower-case letters within a column are significantly different (Duncan’s multiple range test, p < 0.05,
n = 8). Commercial fruit means fruit weighing more than 10 g. AW is the average fruit weight. Ratio refers to the percent yield of each treatment compared with the control.
0 hS: non-shading treatment (control); 3 hS, three hours of shading until 10:00; 5 hS, five hours of shading until 12:00; 7 hS, seven hours of shading until 14:00.
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Treatment Non-commercial fruit yield (g-plant=1)

January February March Total
Yield AW  Ratio Yield AW Ratio Yield AW Ratio Yield AW Ratio
0hS - - - 8.0+0.1¢% 8.0+ 0.7a 100 322+2.7ab  83+0.3a 100 330+26b 83+02a 100
3hs - ~ . 204+1.4ab  7.6+1.0a 255 284+13ab 6.3+0.1a 88 488 +£2.7ab  7.0+0.3a 148
5hS - = = 156.3+05b  9.6+0.3a 191 372+30a 70+02a 116 525+3.4ab  7.5+0.1a 159
7hS - = = 375+19a 85+02a 469 218+1.0c 64+02a 68 59.3+28a 75+0.1a 179

2 Average values included standard deviation followed by different lower-case letters within a column are significantly different (Duncan’s multiple range test, p < 0.05,
n = 3). Non-commercial fruit means fruit weighing less than 10 g. AW is the average fruit weight. Ratio refers to the percent yield of each treatment compared with the
control. 0 hS: non-shading treatment (control); 3 hS: three hours of shading until 10:00; 5 hS: five hours of shading until 12:00; 7 hS: seven hours of shading until 14:00.
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Treatment

0hS
3hS
5hS
7hS

Soluble sugar content (g-100 g~ fresh weight)

January

February

March

Fructose

35+02a 33+04a
3.2+ 0.1ab 3.1 £0.2ab
3.1+01ab 25+03b

22+01c

Glucose

1.7+01¢c

Sucrose

2.1+0.1a
2.0+0.2a
1.4+0.2b
1.3+0.1b

Total

8.9+ 0.8a
8.3+ 0.5a
7.0+ 0.6b
52401¢

Fructose

2.6 +£0.1a
2.3+ 0.1b
2.1+ 0.1b
2.3+ 0.1b

Glucose  Sucrose Total Fructose

24+03a 16+03a 6.6+04a 1.9+0.1a
21+01ab 1.2+£0.1b 66+0.1a 1.9+0.1a
19+01b 1.1£0.1b 51+01b 1.5+0.1b
19+01b 1.0£0.1b 62+0.1b 1.3+0.1c

Glucose

22+0.1a
21 +0.2a
1.6+ 0.2b
1.4 +0.1b

Sucrose

24 +0.1a
21+0.1a
1.2+0.1b
1.2+0.1b

Total

6.5+ 0.4a
6.1 £0.6a
4.3 +£0.4b
3.9+ 0.4b

2Average values included standard deviation followed by different lower-case letters within a column are significantly different (Duncan’s multiple range test, p < 0.05,
n = 3). 0 hS, non-shading treatment (control); 3 hS, three hours of shading until 10:00; 5 hS, five hours of shading until 12:00; 7 hS, seven hours of shading until 14:00.
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Treatments Filling duration PAB MB TKW Grain yield

2016-2017 CK-OT 34.67% 33.71P 108.5° 41.20P 43.48°
CK-HT 31.33° 27.47° 102.3° 37.75° 39.01°
Mg-OT 36.332 36.112 112.62 44432 47.422
Mg-HT 34.00° 32.86° 109.3° 42.20P 44.29P
2017-2018 CK-OT 35.33% 33.50° 111.1° 43.04° 47.56°
CK-HT 32.00° 28.53° 106.1° 39.39° 42.38°
Mg-OT 37.332 37.66° 116.52 46.282 51.242
Mg-HT 34.330 34.24b 113.0P 43.73° 47.47°

CK-OT, control fertilizer with optimal temperature (OT); CK-HT, control fertilizer with high-temperature stress (HTS); Mg-OT, Mg with OT; Mg-HT, and Mg with HTS. Means
were compared using Duncan’s multiple-comparison tests. Different lowercase letters after data in the same column indicate significant variations within the same year at
P < 0.05.
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CE vaax Imax

15DAA CK 0.11P 80.93° 170.072
Mg 0.142 91.352 175.902
17DAA CK-OT 0.11P 76.45° 164.8720
CK-HT 0.08° 59.85° 156.60P
Mg-OT 0.132 89.822 170.962
Mg-HT 0.132 82.74% 165.88%°
20DAA CK-OT 0.10P 67.24b 153.272
CK-HT 0.07° 51.03° 129.81°
Mg-OT 0.132 79.962 150.732
Mg-HT 0.09° 69.82° 141.66°
25DAA CK-OT 0.07° 55.10° 137.262
CK-HT 0.03° 38.87° 87.03°
Mg-OT 0.102 68.892 143.262
Mg-HT 0.06° 57.93° 105.57°

Means were compared using Duncan’s multiple-comparison tests. Different
lowercase letters after data in the same column indicate significant variations within
the same year at P < 0.05.
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DAA15

DAA17

DAA20

DAA25

Treatment

CK
Mg

CK-OT
CK-HT
Mg-OT
Mg-HT
CK-OT
CK-HT
Mg-OT
Mg-HT
CK-OT
CK-HT
Mg-OT
Mg-HT

@ psyy

0.39°
0.422
0.38°
0.32¢
0.402
0.392
0.35P
0.30°
0.382
0.34P
0.24
0.16°
0.302
0.26°

qL

0.33°
0.382
0.29°
0.24¢
0.322
0.312
0.28P
0.22°
0.322
0.28°
0.26°
0.159
0.302
0.21°¢

ETR

131.71b
140.222
126.220
107.52°
134.182
131.412
118.330
100.62°
128.102
115.08°

79.18°

54.99°
102.142

87.14b

NPQ

1.892
1.912
1.96°
2.372
1.94P
2.05°
2.01¢
2.742
2.03°
2.36°
2.35%
3.482
2.03°
2.73P

Fy/Fm

0.822b
0.842
0.832
0.822b
0.832
0.832
0.812
0.76°
0.832
0.79°
0.76°
0.73°
0.78?
0.75°

Means were compared using Duncan’s multiple-comparison tests. Different
lowercase letters after data in the same column indicate significant variations within
the same day (P < 0.05, n = 5).
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Year Treatment Total kg ha~! Root Stem Leaf Pod

kg ha™! % kg ha™! % kg ha™! % kg ha™! %

2018 BO 124 +2.8b 3.16 £ 0.28b 2.54 27.1 £1.53b 21.8 36.6 +£1.72b 29.4 57.5 +£0.92b 46.2
B10 155 + 7.6a 412 £ 0.25a 2.66 32.8 £1.04a 21.1 45.4 £+ 2.40a 29.3 73.0 £ 4.75a 47.0
B20 143 £ 8.3a 3.89 £ 0.18ab 2.73 30.8 £ 1.25ab 21.6 440 £2.57a 30.8 64.2 £ 5.87ab 44.8
B40 130 £ 2.0b 3.35+0.19b 2.58 28.4 £1.18b 21.9 38.4 £2.10b 29.6 59.56 4+ 3.18b 45.9

2019 BO 118 £ 6.0b 3.00 £0.18b 2.55 259+ 0.83b 22.0 35.0 £ 2.96b 29.7 54.0 £ 3.68b 45.8
B10 146 £ 2.2a 3.90 £+ 0.26a 2.67 30.5 +£1.87a 20.9 43.5 £1.17a 298 68.2 £ 2.65a 46.7
B20 142 + 8.4a 3.75 £ 0.28a 2.65 30.0 £ 2.07ab 211 43.2 £2.78a 30.4 65.1 £3.79a 45.8
B40 129 = 8.8b 3.46 £ 0.10ab 289 28.0 £ 1.90ab 21.8 38.8 £ 3.70ab 30.0 58.7 £ 1.28ab 45.6

ANOVA

Y ns ns ns ns ns

B o x o x o

Y% B ns ns ns ns ns

Y and B represent year and biochar application, respectively. BO, B10, B20, and B40 represent biochar application rates at 0, 10, 20, and 40 t ha~', respectively. For
each parameter in each year, mean data with different letters denote significant difference among treatments at P < 0.05. ** and * denote significance at the 0.07 and
0.05 probability levels, respectively. ns denotes non-significance.
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Year Treatment

2018 BO
B10
B20
B40

2019 BO
B10
B20
B40

ANOVA Y
B
YxB

Yield (t ha=1)

5.68 & 0.17b
6.51 &+ 0.14a
6.29 &+ 0.19a
5.69 £ 0.18b
5.48 &+ 0.22b
6.23 & 0.10a
6.10 & 0.10a
5494 0.17b

*

Hok

ns

Kernel yield (t ha=1)

3.91 £ 0.14b
4.70 £ 0.13a
4.30 &+ 0.17ab
3.95+0.15b
3.76 &+ 0.15bc
4.30 £ 0.13a
4.06 &+ 0.11ab
3.60 &+ 0.12¢

s

woh

ns

100-pod weight (g)

198 +£7.8a
200 + 6.4a
196 £ 3.7a
194 + 8.1a
187 £ 5.2a
190 £10.1a
190 £ 10.6a
179 £ 7.5a

ns

ns

ns

100-kernel weight (g)

86 + 3.0a
87 £ 2.7a
86 + 2.7a
85 + 1.5a
78 + 2.4a
80 + 2.8a
82 + 3.7a
77 £ 5.6a

ns

ns

ns

Shelling percentage (%)

68.8 +£0.91b
72.3 £ 0.62a
68.4 £+ 0.58b
69.4 + 0.72b
68.6 + 0.35ab
69.1 £ 1.00a
66.6 + 0.92bc
65.6 £ 0.65¢

o
wok

*

Y and B represent year and biochar application, respectively. BO, B10, B20, and B40 represent biochar application rates of 0, 10, 20, and 40 t ha™, respectively. For
each parameter in each year, mean data with different letters denote significant differences among treatments at P < 0.05. ** and * denote significance at the 0.01 and
0.05 probability levels, respectively. ns denotes non-significance.
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Flowering Pod set

Fy/Fm Dpsy Pnpq Pno qP NPQ Fy/Fm Dpsyy NP ®no qP NPQ
ANOVA Y ns ns ns ns ns ns ns ns ns ns ns ns
B ns - ns ns . ns ns = o ns = =
Y x B ns ns ns ns ns ns ns ns ns ns ns ns

Pn Tr Gs Ls WUE LNC Pn Tr Gs Ls WUE LNC
ANOVA Y ns ns ns ns ns ns ns ns ns ns ns ns
B o - . o o o ns o . x x o
Y x B ns ns ns ns ns ns ns ns ns ns ns ns

Y and B represent year and biochar application, respectively. F./Fm, maximal efficiency of PSIl photochemistry after dark adaptation; ®pgy, actual efficiency of PSII
photochemistry after light adaptation; ®npq, quantum yield for energy dissipated via A pH and xanthophyll-regulated processes; ®no, quantum yield of non-regulated
energy loss in PSII; gR, photochemical quenching; NPQ, non-photochemical quenching. Pn, net photosynthetic rate; Ty, transpiration rate; Gs, stomatal conductance; Ls,
stomatal limitation; WUE, water-use efficiency; and LNC, leaf nitrogen content. **denote significance at the 0.01 probability level. ns denotes non-significance.
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Year Treatment Total kg ha~! Root Stem Leaf Pod
kg ha~" % kg ha™" % kg ha™" % kg ha~" %

2018 BO 64.9 +5.12b 2.89 +£0.27¢ 4.47 18.56+1.10b 28.5 36.7 £ 3.37b 56.5 6.84 + 0.74a 10.5
B10 79.5 £ 2.11a 3.63 +0.28a 4.57 22.5+0.87a 28.4 46.4 £+ 2.36a 58.4 6.86 + 0.91a 8.65
B20 77.0 £1.75a 3.61 £0.17a 4.69 21.9+1.81ab 28.4 44.5 + 1.64ab 57.8 6.99 £+ 0.73a 9.09
B40 70.4 &+ 2.94ab 2.93 £+ 0.20b 4.16 20.7 £ 1.12ab 29.4 39.7 + 1.16ab 56.5 7.00 £+ 0.92a 9.93

2019 BO 61.9 &+ 2.54b 2.73 + 0.26b 4.43 17.2 +£ 0.90b 27.8 35.2 + 1.56¢ 56.9 6.78 + 0.31a 11.0
B10 771 £+ 6.54a 3.51 +£0.34a 4.56 21.4 +1.56a 27.8 45.4 4+ 5.39 58.8 6.81 &+ 0.64a 8.90
B20 76.5 + 3.88a 3.57 +£0.48a 4.68 22.1 +1.64a 28.9 44.0 + 4.02ab 575 6.82 &+ 0.70a 8.95
B40 69.4 &+ 1.05ab 3.02 + 0.27b 4.35 19.2 + 1.80ab 27.6 40.4 £+ 1.44abc 58.2 6.81 &+ 0.35a 9.82

ANOVA

¥ ns ns ns ns ns

B o wox o o hs

Y% B ns ns ns ns ns

Y and B represent year and biochar application, respectively. BO, B10, B20, and B40 represent biochar application rates at 0, 10, 20, and 40 t ha~', respectively. For
each parameter in each year, mean data with different letters denote significant difference among treatments at P < 0.05. **denote significance at the 0.01 probability
level. ns denotes non-significance.
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Chlorophylla = (11.24 x Agg1.6) — (2.04 X Agas.5)
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Chlorophyll b = (20.13 x Aga.8) — (4.19 X Agg1.6)
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Carotenoids = (1000 x Agz) — (1.90 x Chla
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Traits PC1 PC2

Chlorophyll fluorescence parameters

Fv/Fm 0.95 —0.26
Dpgy 0.99 —0.02
Ddea ~0.97 017
Dpo —0.81 0.56
qP 0.82 0.562
NPQ —-0.90 —0.38

Gas exchange parameters, leaf nitrogen content and plant
nitrogen accumulation

Py 0.99 0.06
Tr 0.99 0.03
Gs 0.98 0156
Ls 0.99 0.04
WUE 0.99 0.13
Leaf nitrogen content 0.82 0.51
Plant nitrogen accumulation 0.97 022
Yield and yield components

Yield 0.99 —0.01
Kernel yield 0.97 —-0.19
100-pod weight 0.70 —0.64
100-kernel weight 0.86 —-0.30
Shelling percentage 0.54 —0.66
Eigenvalue 156.1 22
Variance (%) 83.6 12.3
Cumulative variance (%) 83.6 959

F/Fm, maximal efficiency of PSIl photochemistry after dark adaptation; ®pgy,
actual efficiency of PSIl photochemistry after light adaptation; ®npq, quantum
yield for energy dissipated via A pH and xanthophyll-regulated processes; ®no,
The quantum yield of non-regulated energy loss in PSIl; gF, photochemical
quenching; NPQ, non-photochemical quenching; Pn, net photosynthetic rate; Ty,
transpiration rate; Gs, stomatal conductance; Ls, stomatal limitation;, and WUE,
water use efficiency. For each parameter, the largest variable loading scores in the
two components are in bold.
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RWC = (Fw — Dw/Tw — Dw)*100
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CAPg = CWMp, x CWMy x m x k x rx ¢ (3)
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Treatment Air temperature (°C) Air relative humidity (%) Soil temperature (°C) Soil volumetric water content (%)

OTCs 142 +£0.3" 781 £0.9 17.3+£0.2 22.3+0.3
OAs 18.3+0.2 78.3£0.8 16.8+0.3 24.3 +£0.3"

Recorded in open top chambers (OTCs) and open areas (OAs) between 1 July and 31 August. Values are means + SE. Significant differences between OAs and OTCs
according to paired t-tests: *p < 0.05.





OPS/images/fpls-12-715289/crossmark.jpg
©

2

i

|





OPS/images/fpls-12-730737/math_3.gif
Relative Electrical Conductivity(%) —






OPS/images/fpls-12-730737/math_2.gif
Ground dry weight

Root — shoot ratio(%) = o S0 M

@)





OPS/images/fpls-12-730737/math_1.gif
Relative height rate(cm/day)—

H1-H0

T1— 70

[©





OPS/images/fpls-12-730737/fpls-12-730737-t004.jpg
Treatment
(mM)

0
70
140
210
280

The values presented the means + SE. Different letters indicate significant differences between irradiance treatments (P < 0.05).

Chia
(mg-g™")

2.76 £ 0.06a
2.67 £0.04a
2.42 £ 0.03b
2.38 + 0.02b
1.87 £ 0.09c

chib
(mg-g~')

1.24 £ 0.04a
0.93 £0.14b
0.8+ 0.16b
0.65 + 0.41c
0.61 +£0.31c

Car
(mg-g™")

10.24 £ 0.07¢c
11.06 + 0.02a
10.76 £ 0.16b
8.83+0.14d
827 £0.21e

Chal a/b
(mg-g™)

222 £0.04c
294 +0.01b
3.01 £ 0.07b
3.64 £ 0.02a
3.07 £0.1b

Total pigment
(mg-g™")

14.24 + 0.08ab
14.67 £ 0.02a
13.98 +£0.14b
1-1.86 £ 0.06¢c
10.75 £ 0.21d
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NaCl (mM) K* (mg-g™') Na* (mg-g™') K*/Na*

0 5.23 £ 0.083¢c 2.88 + 0.063e 226 +0.031a
70 6.48 £0.07b 3.87 £ 0.059d 2.18 £ 0.055a
140 8.44 £ 0.08%a 3.43+0.178¢ 1.63 £ 0.093b
210 4.89 & 0.028d 4.6 £0.14b 1.06 + 0.03c
280 4.16 £ 0.044e 5.87 + 0.078a 0.71 £0.017d

The values presented the means + SE. Different letters indicate significant differences
between irradiance treatments (P < 0.05).
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Treatment
(mM)

0
70
140
210
280

Root diameter

(mm)

1.08 + 0.04a
0.95 + 0.00a
081£0.11a
0.78 + 0.08a
0.84 +0.20a

Root length
(cm-plant™')

827.86 + 108.84b
1428.40 + 60.52a
762.12 & 73.98b
583.00 + 72.80b
516.04 + 202.98b

Root surface area

(cm?-plant™')

229.07 + 41.91ab
346.34 + 15.28a
160.48 + 8.41b
120.66 + 24.99b
120.14 £ 67.02b

Root projected area
(cm?-plant~")

72.92 £+ 13.34b
110.24 & 4.86a
51.08 £ 2.68bc
38.41 +£7.95¢
17.89 +0.98¢c

Root volume

(em®-plant~T)

19.49 & 3.81ab
25.63 + 0.45a
11.37 £ 0.94b
8.34 2,580
9.79 £ 5.89b

The values presented the means + SE. Different letters indicate significant differences between irradiance treatments (P < 0.05).

Root tips

4168.00 £ 604.00b
8000.00 + 34.00d
4714.00 + 466.00b

3414.00 = 437.00bd
1280.50 + 426.50c

Root activity
(ng-g™" FW-h™")

0.14 £0.10a
0.06 + 0.02a
0.05 £ 0.00a
0.06 + 0.03a
0.04 £0.01a
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Treatment  Relative heightrate  Shootdryweight  Rootdryweight  Biomass production  Rootto shootratio (%)  Specific leaf area

(mM) (em-d~") (g-plant™T) (g-plant™") (g-plant™") (em?.g~'DW)
0 0.101 % 0.004a 14.4£0.3% 23350412 37.75+0.7% 129009 11832 £3.57a
70 0.081 0.002b 12.04 + 0.18b 21,53+ 0.15b 33.58 = 0.330 140 0.01b 110.46  2.06a
140 0.063 & 0.002¢ 1182+ 0220 21.11 £ 0.28bc 32.93 & 0.50bc 1.86 & 0.13ab 108.85 + 1.82a
210 0.044  0.004d 10.90  0.32¢ 20,68 % 0.09 31.83:£0.22¢ 1.82 & 0.24ab 110.69 + 1.45a
280 0.019 & 0.003¢ 10.99  0.04c 20,57 +0.07c 31.56 = 0.06c 191£021a 108.98 + 3.22a

The values presented the means + SE. Different letters indicate significant differences between irradiance treatments (P < 0.05).
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Year D (mm), FBC TAPE fruit=! FM Ratio between targeted
FM (g) (fruittree=") (MJ fruit=') (TAPE FM and FM
fruit-") (@) (TAPE fruit-")

2018 65, 102 130 54 116.8 09
70,129 98 71 126.0 1.0
75, 161 79 88 1353 12
80, 198 66 105 1445 14
2019 65, 102 139 55 141.0 07
70,129 105 73 159.6 08
75, 161 85 90 178.1 09

80, 198 4l 108 196.7 1.0
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Year

2018
2019

Number
of trees.

100
75

Number of fruit with D >
65mm per tree/FBC
(mean  SD)

0.97 £0.39
1.05£0.29
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Year

2018

2019

Regression equation

Wdamang = ~714.6813 + 14.4682 x D -
113.006 x LAuoas +2.2882 x D x LAypar
Udamang = —667.0759 + 13.5078 x D~
1055594 x LAuoar + 2.1374 x D x LAupan

Equation

14

15
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Target fruit
diameter (mm)

Yt et (AGRC + " Caany) (0)

2018

76
95
1.9
14.7

2019

75
9.4

1.8
145
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Variables Variables
LD A Gy E glim

Grain Yield (GY, kg ha™') -021 051+ 035+ -015
Assimilation (4, pmol GO, ~0.42%5 051 051+ -009
ms)

Light saturation point (LSP. -02 083+ [RLES 0.28* 006
pmol m?5°%),

Dark respiration rates (R, ~0.32% 018 006 023 -0.17
pmol CO, m2s™)

Light compensation point -0.26% 019 012 02 -0.11
(LCR, pmol m-2 ™)

Apparent quantum efficiency 018 ~0.83++ ~0.42%+ -0.28* -007
(@eaz pmol CO, umol

protons')

Maximum rate of ribulose-1, -0.1 02 007 015 003
5-bisphosphate carboxylase/

oxygenase (RBisCO)

carboxylation (Ve pmol

€O m?s57)

Maximum rate of electron 008 024 -0.08 ~0.07 02
transport driving regeneration

of ribulose-1, 5-bisphosphate

(RUBP) Uy pmol CO,

m?s)

Leaf respiration under light -009 004 -0.11 007 -0
conditions (Ao, ymol GO,

m?s)

Stomatal condustance (gs, ~0.75% 036+ 031+ 0.94%++ ~0.91#++
mmol H0 m-?s7),

Sub-stomatal CO, ~0.57%4 -0.04 011 0754+ ~0.95+++
concentration (Ci, ymol

mol),

Photosynthetic water use 063+ ~0.11 -0.18 ~0.88%+* 092+
efficiency (WUE, mmol GO,

mol”' H,0)

Transpiration rate (E, mmol —0.77%s 051+« 035+ ~0.82++%
HOm?s™),

Leaf temperature depression ~0.42+ -0.21 ~0.77Hx 067
D, °C)

Stomatal imitation value (gir) 0675+ -0.09 -0.15 ~0.82%+*

When the relationship was linear we used Pearson correlation, otherwise we used Spearman. Genotype mean values were used in the correlation analysis, *, **, and *** represent
probability levels of significance of 0.05, 0.01, and 0.001, respectively.
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Measured traits in
Western Amazonia
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Hypothesized bean “heat ideotype” for Western
Amazonia

SENSITIVE TO HEAT => CONSERVATIVE
* 1:Roots
Decreased root hydraulics
* Root prolongation rate and root hair
density decreased
* Sensitivity to hypoxia
* 2:Transpiration continuum
* Low stem biomass
+ “Open” canopy architecture
+ 3: Stomatal regulation
+ Stomatal transpiration is highly reduced =>
WUE increase
+ Stomatal limitation value increased
+ 4: Photosynthetic efficiency
* Cireduced
+ Enzymatic heat instability => RuBisCO
regeneration enhanced
* RuBIsCO carboxylation rate not influenced
Seed yield
* Lower grain yield

ADAPTED TO HEAT => OPPORTUNISTIC
oots
* Higher root water uptake
* Higher resistance to flooding
« Active role of root hairs (AF*)
2: Transpiration continuum
* Increased root-stem-leaf hydraulic
conductivity => cooler leaves
« Smaller but thicker leaves
« Anisohydric leaf type
3: Stomatal regulation
« High water loss
« Enhanced thermal dissipation
4: Photosynthetic efficiency
« High CO, assimilation
* Photosynthetic apparatus fully acclimatized
* Light compensation and saturation points
increased
« High RuBisCO specifity
5: Seed yield
« Higher grain yield

1
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Treatments CWMp,, CWM, m (g m—2) k r c (%) CAP CAPy4

(wmolm=2s1) (m2g1) (wmolm—2s1) (wmol m—2s1)
OTCs 3.87 £0.33 (6.80 £ 0.25) x 108 1648+ 52 0.80+0.04 0.63+£0.06 96+£3 2.05+0.18 2.04 +£0.25
OAs 3.84 +0.32 (6.47 £0.31) x 103 15611 +48 0.75+0.06 0.65+0.08 94+4 159 £0.17 1.66 +0.20
Average 3.86 +0.33 (6.63 £ 0.17) x 103 168.0+43 0.77+0.05 0.64+0.06 95+4 1.82 £0.18 1.85+0.16

Values are means + SE (n = 22). CWMpn, the community-weighted mean value of Pn; CWMa, the community-weighted mean value of fresh leaf mass per unit leaf area;
m, fresh weight of all plant leaves in the community; k, percentage of healthy leaves; r, percentage of received effective light by leaves in the community; ¢, community
coverage; CAR, canopy photosynthesis; CAPq, deduced value of the community photosynthetic.
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Plants Ta Prmax/ LCP/ LSP/ Ry/ AQy/ Voimax/ -
wmolm=2s~1)  (umolm2s~') (umolm2s7') (umolm2s71) (mol mol~1) (wmolm=2s~1)  (umolm2s71)

E. nutans 15°C 7.39 + 0.52d 12.73 + 2.18e 909.3 £+ 56.7¢ 0.68 + 0.03c 0.057 £ 0.01a 17.14 +0.83d 38.33 £ 1.07d
20°C 10.63 + 1.25a 156.05 + 1.28d 1632.1 £ 83.9a 0.86 + 0.04ab 0.061 +0.01a 30.84 +£ 0.97b 51.36 &+ 1.84b
25°C 9.65 + 0.49b 26.44 £+ 3.70a 1365.1 £+ 338.5b 0.61 + 0.03c 0.042 +0.02¢c 33.63 + 1.15a 53.84 £ 1.27a

P anserina 15°C 7.34 + 0.56d 17.37 £1.37¢ 863.7 £ 11.9¢c 0.84 + 0.04ab 0.051 £ 0.01b 23.14 £2.18c 50.01 £ 3.290b
20°C 8.24 +0.82¢c 18.68 + 1.95¢ 863.3 + 10.6¢ 0.73 + 0.03bc 0.041 £0.01c 24.83 + 2.59¢ 45.82 + 4.79¢c
25°C 9.23 + 0.34b 24.00 £+ 0.95b 905.4 £+ 238.0c 1.00 £ 0.06a 0.044 +0.01c 34.20 £+ 2.32a 49.96 + 2.03b

Values are means + SE (n = 3). Significant differences in different temperature for each species were according to Duncan test, values with the same letters within
columns are not significantly different at p < 0.05. Ta, air temperature; Pnmax, max net photosynthetic rate; Ry, dark respiratory rate; AQY, Apparent quantum yield; LCP,
Light compensation point; LSP, Light saturation point. Vemax, maximum carboxylation rate of Rubisco; Jmax, RUBP regeneration capacity.
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Treatment Plot yield

(kg/200 m?)
oK 1385.60 + 23.08¢
WN 143787  35.25b
BN 1587.20  27.34a
GN 121387  16.42¢
YN 1167.33 + 24.44f
RN 1309.87 + 35.25d

Converted yield
(kg/1000 m?)

6928.00+115.38¢
7189.33:176.24b
7936.00+136.70a
6069.33:82.11e
5786.67+122.20f
6549.33+176.24d

Increase rate (%)

0
377
14,54
-12.39
-16.47
-5.47

Values are average + SD, n = 18. Different letters (2, b, ¢, d, e, and ) in the same
‘olumn indicate significant differences among treatments at p < 0.05 according to
‘Duncan’s new multiple range test. Increase rate indicates the increase in yield
compared to the yield of control plants. CK, control; WIN, white photo-sefective nets;
BN, blue; GN, green; YN, yellow; and RN, red. We measured the yieid of 5 m long
lengths of planted green onions in each plot, and the measurements were repeated
three times for each treatment; then, we calculated the yield of each plot, and finally

converted yield per 1000 .
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Treatment Dry matter (%) Soluble proteins  Free amino acids Ve (mg/100g FW)  Soluble sugars (%)  Crude cellulose

(mg/g) (mg/g) (mg/g)
oK 8.150.06 1.49.£001c 046 0.01c 1.23.+004c 057 £0.02¢ 019:001a
WN 8412019 1.55£002b 052 £ 0.00b 1.40 £ 0020 0,65+ 0.02b 017£001b
BN 890=0.05a 1.86:+0.02a 057+ 0.00a 1.60 0022 0740012 017 £001b
GN 7.73£001d 1.45001c 0.45 = 0.00d 1.02.£004e 055+ 0.01c 0.15+001c
W 7.280.150 1.39+0.04d 0.44 2 0.008 088 + 0.04 055+ 0.08¢ 0.16 £ 0.01bc
RN 7.96.007¢ 1.48.£ 0020 046 0.01 cd 1.18.£004d 057 £ 0.04c 0172 001b

Values are average + SD, n = 18. Different letters (@, b, ¢, d, e, and 1) in the same column indicate significant differences among treatments at p < 0.05 according to Duncan’s new
multiple range test. CK, control; WN, white photo-selective nets; BN, blue; GN, green; YN, yellow; and AN, red.
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Shade level CK  White Blue Green Yelow Red

Target shade (%) 0 30 30 30 30 30
Actual shade (%) 0 28 32 29 31 30

Photosynthetic active radiation (PAR) under each replica was recorded every 30 min,
from 10:00 until 18:00, and the values were compared with those i the CK to obtain
the actual shading percentage. Measurements were taken at the top of the canopy.
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Growth stage

Seeding
stage
(07-25)

Pseudo-stem
formation
stage
(08-25)

Pseudo-stem
expansion
stage
(09-25)

Harvest
stage
(10-25)

Treatment

Plant height (cm)

5550 0.17ab.
56.20  0.66a
56.50  0.302
54.57  0.90bc
54.07 £ 0.75¢
53.83  0.35¢
78.67 £ 0.58¢
8133+ 1.530
86.33 + 1.53a
75.33 + 0.58d
73.00  1.00e
76.83 £ 0.76 cd
100.00 + 1.00¢
103.33 + 1.530
108.33 + 1.53a
96.33 + 1.53d
93.00 + 1.00e
99.00 = 1.00c
111.00 £ 1.00c
118.33  1.53b
124.00  2.00a
105.67 + 1.53d
10150 + 0.50e.
107.67 + 1.53d

Stem diameter (mm)

835+001a
8340058
8.35+002a
8.26+ 0.03b
827 £ 0030
831+ 004ab
14.26+0.33c
14.830.10b
15.48 + 0,252
12.82 029
12,22+ 0.39f
13.41+0.26d
19.47 £ 0.34c
2062 + 0.56b
2230 + 0.93a
18.37 + 0.09d
17.88+0.20d
18.76 013 cd
2573+ 0.75¢
27.00 £ 0.51b
2895+ 0.84a
23.82 + 0.36de
2305+ 061e
24.43 + 0.33d

Leaf FW (g)

27.56£0.11b
27.48 £ 0.10b
28,64 +0.98a
25.95 + 0.55¢
25.10 £ 0.400
25.90 £ 0.50¢
73.03 £ 0.73b
74.18 £ 1.190
78.28 + 0.692
69.08 = 1.00c
65.00 +0.67d
69.98 = 1.25¢
104.63 + 0.65¢
10853 + 1.34b
115.57 + 1.32a
95.30 £ 2.12¢
90.17 £ 0.90f
102.07 + 0.64d
133.97 £ 271
138.10 + 0.62b
155.93 + 3.19a
115.03 + 1.66e
109.43 + 0.74f
122.83 + 1.78d

Pseudo-stem FW (g)

26.96 +0.080
27.31 = 0.48ab
27.99+0.16a
25,66 + 0.66¢
25.48 £ 061c
26.02 +0.20
67.70 = 1.51c
73.50 £ 1590
79.42 + 2368
61.84 +0.32
58.43 = 0.831
64.74 + 1.68d
10143 = 1.29¢
10897 + 1.97b
116.70 = 2.52a
97.67 +0.78d
88.83+0.51e
97.87 + 1.05d
14227 + 1.60
147.57 + 2.08b
159.47 = 0.61a
12717 £ 2,02
117.93 = 1.86f
139.00 + 0.85d

Aboveground FW (g)

54.52.+0.18b

54.79 £ 0.52b

56,64 £ 1.10a

51.61+092¢

50.58 + 0.84c

51.92.£0.70¢
140.73 = 1.09c
147,68 + 2.300
157.70 + 3.04a
13092 £ 0.72¢
123.52 = 1.461
18472 2.77d
206.07 £ 1.31¢c
217.50 £ 2.59
23227 £1.21a
192.97 = 2.20e
179.00 + 0.44f
199.93 + 1.16d
276.23 £1.97¢
285.67 £ 1.56b
315.40 £ 3.30a
242.20 £ 1.95¢
227.37 + 1.45
261.83 + 2.54d

Values are average + SD, n = 18. Different letters (2, b, ¢, d, &, and ) in the same column indicate significant differences among treatments at p < 0.05 according to Duncan’s new
multiole range test. FW, fresh weight; CK, control; WN, white photo-selective nets; BN, blue; GN, green; YN, yellow; and RN, red.
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Species Tillers (No.) Total leaf area LMA Biomass (g
(10% cm? Plant~') (10~2 g/cm?) Plant )

T1(4X) 13.0+1.0d 1.40+£017ef 5304+036b 27.5+28bc
A1 (@4X) 133+0.6d 1.42+0.04def 654+80.14b  26.042.6bc
WH (4X) 123 +0.6d 127 £0.03fg 559+021b 258 +0.7bc
YD6 (4X) 12.3+0.6d 1.06+0.07g 6.63+0.12a 23.0+19¢
YY12 17.0+£1.0c 1.45+011def 455+0.17c 36.3+562a
YD6 (2x) 17.7+1.56¢c 1.64+0.04cde 576+001b 30.7+0.6ab
N22 243+25a 1.80+0.16abc 4.25+0.08¢c 35.4+24a
WH@2x) 16.7+1.5¢ 198 +£0.15ab 4.44+£0.15¢c 31.7+30ab
HHZ 21.7+12b 171 +£021bcd 549+045b 327+ 33ab
YLY6 187+1.2¢c 200+ 028a 543+0.13b 37.4+37a
GZ63 17.7+£21¢c 160+024cde 551+£037b 31.9+75ab
GCA 187+15¢c 1.54+£011adef 562+037b 322+6.9ab

All data are mean + SD of three replications. Different letters indicate statistically
significant differences (P < 0.05) among twelve rice genotypes.
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1.816 £ 0.009
1.659 £ 0.008
0.439 £ 0.002
0.651 £ 0.003
2.725 £ 0.029
2.114 £ 0.011
3.967 £0.016
2.736 + 0.027
8.407 + 0.203
16.11 £ 0.252

0.176 + 0.001
0.154 4+ 0.001
0.132 + 0.001
0.64 £ 0.003
3.415 £ 0.007
4.178 + 0.006
2.544 + 0.003
278 +£0.014
2.061 £0.012
1.998 + 0.004
0.212 + 0.001
5.895 + 0.014
1.283 £ 0.006
5.652 + 0.02
5.33+£0.019
12.43 £0.072
25.415 £ 0.101

0.594 + 0.003
0.329 £ 0.002
0.632 £ 0.003
0.228 + 0.001
3.45 £ 0.005
2.212 £ 0.003
0.573 £ 0.003
2.1+£0.010
1.025 £ 0.005
0.826 + 0.004
0.199 £ 0.003
5.738 £ 0.109
3.161 +£ 0.04
5.069 £ 0.02
3.367 + 0.011
12.631 £ 0.042
21.067 £ 0.073

0.609 £ 0.003
0.508 £ 0.003
0.406 £ 0.002
0.216 £ 0.001
7.132 £ 0.006
4.398 £ 0.001
5.027 £0.005
3.18+0.016
3.7562 £ 0.007
5.46 £0.012
1.15 £ 0.003
7.266 + 0.046
3.395 £0.017
11.493 £ 0.016
10.36 +0.025
20.59 £0.09
42.449 £ 0.131

The data represents as % of total fatty acid for n = 3. SFA, saturated fatty acids; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty acids; TFA,

total fatty acids.
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Year

Different measures

Principle factors

Eigen vector RC/CS
Vk/Ny
Area
Fv/Fm
Fv/Fo
Sm
N
ABS/RC
Dlo/RC
TRo/RC
ETo/RC
(REo)/RC
YEo
¢Eo
3Ro
¢Ro
Plags
Pltotal
Tr
gs
Pn
C/v
Eigenvalues
Variation explained (%)
Cumulative proportion (%)

2020
Treatments Recovery
PC1 PC2 PC1 PC2
—0.782 0.623 0.978 —0.080
0.901 —0.403 —0.940 0.340
0.058 0.997 0.777 0.600
—0.933 0.133 0.992 0.116
—0.907 0.083 0.993 0.115
0.860 0.476 0.849 0.422
0.983 0.059 —0.358 0.819
0.926 —0.330 —0.952 0.307
0.949 —0.242 —0.975 0.216
0.901 —0.402 —0.940 0.340
0.824 —0.438 —0.768 0.604
0.901 0.240 —0.358 0.934
—0.280 0.036 0.948 0.249
—0.632 0.095 0.963 0.222
0.563 0.518 0.079 0.975
0.447 0.828 0.508 0.853
—0.759 0.224 0.994 0.048
—0.336 0.937 0.921 0.342
—0.558 0.577 0.136 0.802
—0.356 0.872 0.991 0.003
—0.402 0.915 0.977 0.206
—0.120 0.094 —0.671 —0.740
13.283 5.982 15.139 5.907
50.815 28.220 68.432 27.232
50.815 79.035 68.432 95.665

Vector loadings > 0.90 are mentioned in bold.

2021
Treatments Recovery
PC1 PC2 PC1 PC2
0.796 0.524 0.935 0.349
—0.991 —0.070 —0.997 0.040
0.825 0.565 0.854 0.511
0.990 —0.034 0.979 —0.196
0.987 —0.150 0.975 -0.213
0.592 0.804 0.486 0.860
—0.026 0.952 —0.367 0.870
—0.998 —0.058 —0.989 0.066
—0.990 —0.050 —0.980 0.086
—0.991 —0.069 —0.997 0.040
0.781 —0.058 0.831 0.355
—0.209 0.962 —0.505 0.858
0.984 —0.027 0.998 0.058
0.987 —0.062 0.999 —0.027
—0.531 0.841 -0.717 0.695
0.530 0.848 0.388 0.906
0.976 —0.211 0.929 0.046
0.728 0.648 0.271 0.951
0.660 0.750 —0.100 0.994
0.944 0.225 0.957 0.255
0.855 0.453 0.725 0.683
0.489 —0.860 0.004 —0.936
14.976 6.086 13.931 7.321
65.894 20.842 62.730 33.870
65.894 95.737 65.894 96.600
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Variety CO, treatments Leaves NSC Leaves weight (g-m~2) Ear weight (g-m~2)
Sucrose content % Starch content %
SH8675 aCOs 39.12 +£ 3.03 37.79 +£ 2.60 148.74 £ 3.76 17417 £5.83
eCOy 45.34 + 0.22* 30.76 +£ 0.37* 167.66 + 6.63 209.53 + 6.49*
ZYM aCOs 40.25 +£0.29 35.52 + 1.61 178.19 £ 4.00 188.34 +£ 13.18
eCOy 32.09 + 1.57* 49.08 £+ 2.32¢ 187.28 +11.98 160.94 £+ 15.10*
ANOVA results COg 0.59 0.13 0.04* 0.64
Variety 0.01* 0.00* 0.02* 0.07
COg2 x Variety 0.00* 0.00* 0.81 0.01*
LSD 5.45 6.72 - 417

Significant effects of eCO, are indicated by * P < 0.05. aCO,: ambient CO,, eCO»: elevated CO,. LSD, least significant difference.
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2020

Treatments Source of VKNJ FV/FO FolFo Area Fo ETo/RC RC/CS REQ/RC Dlo/Rc TRo/RC ABS/RC Q Eo 8 ro ¥ o Plags Pliotal @ RO Fm
variation

Leafyversion L o " o ns * " " o % o o o o *x o ns s 7
T . ns % ns ns ns x % *x o . ns % ns o o * ns

LxT ns * = ns ns ns ns ns = ns * ns ns * ns ns ns *

Recovery L - ” ” " o o i ” x ” o N e % - - 5 ”
-+ - Hs » HE e * - » - - - % - " % - . »

LxT ns ns ns = ns ns ns ns ns ns ns ns ns ns i i ns ns

2021

Tesfueraibn L = o o x = * * * = o o ox o x ox " s x
T * - his x hE nis " * W% nis * " . * " o o fig

LxT ns ns ns ns ns ns ns ns > ns ns = ns * ns = ns *

Recovery L o o o x o « « o x o o o o x o " i %
- * " ns o ns o " o * ns 7 o o * o o o s

LxT ns ns ns ns ns ns ns ns ns ns ns ns ns ns = ns ns ns

L, Light treatment; T, temperature treatment. ** significantly different at P < 0.01; * significantly different at P < 0.05; ns, the difference was not significant.
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Variety CO, Fo Fm Fo’ Fm'’ Fs AFv Rfd AFv/Fo
SH8675 aCOy 293.22 £ 9.29 1573.2 + 63.6 2724451 11635+ 79.5 491.8+356 1077.8+491 22+01 37+02
eCOy 273.89 £9.14 186284+ 530 25774189 1284141834 42281338 10564 +401 24401 39400
ZYM aCO, 296.78 + 11.56  1453.4 +£107.3 278.4 + 15.1 12812+ 85 467.1 £30.5 11433 +463 26+00 3.9+01
eCOy 296.44 + 4.52 1419.6 £+ 50.9 2649+ 6.8 926.9 + 47.6 4089+ 258 9741 421.7 25401 B804

ANOVA results COy 0.10 0.21 0.09 0.01* 0.00* 0.12 0.03* 0.74

Variety 0.05 0.00* 0.46 0.04* 0.67 0.00* 0.00* 0.02*

COy x Variety 0.47 0.88 0.98 0.00* 0.41 0.07 0.03* 0.04*

LSD 29.78 163.55 - 322.58 - 155.83 0.40 0.57

Significant effects of eCOg are indicated by * p < 0.05. Values are expressed as the mean + standard error.
aCOy, Ambient COq2; eCOo, Elevated CO», LSD, least significant difference.
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Times Treatment PNmax Rp AQY [mol(CO,) LCP LSP

[wmol(COy) [wmol(COy) mol~1(photon)] [wmol(COy) [Lmol(COy)

m—2 s—1] m—2 s—1] m—2 s—1] m—2 s—1]
Treatments CK 317 £1.22 6.7 4 0.22 0.057 +0.0012 130.1 £1.32 664.7 £ 12.12
Leaf inversion 13.0 + 1.5° 3.3+0.5° 0.029 + 0.002; 108.7 +£1.9° 577.3 + 11.4b
Recovery CK 17.4 £ 0.62 5.9+ 0.42 0.036 £ 0.0012 130.5 4+ 1.42 629.6 + 13.42
Leaf inversion 11.6 4+ 1.1P 44 +0.3° 0.029 + 0.001P 128.0 £ 2.12 528.4 + 15.3P

Pnmax: the maximum net photosynthetic rate; Rp, dark respiration rate; AQY, apparent quantum yield; LCP light compensation point; LSR, light saturation point. Different
letters indicate a statistically significant level at P < 0.05. Bars mean SE (n = 3).
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Notation

Fo’
AFv
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Do

Description

Minimal fluorescence during the light-adapted state
Variable fluorescence quenching

Variable fluorescence quenching rate

Variable fluorescence descent ratio

Potential PSII efficiency

Maximum photochemical efficiency

Quantum efficiency of PSII photochemistry

Photochemical quenching coefficient

Non-photochemical quenching coefficient

Regulatory non-photochemical energy dissipation quantum
Non-regulated non-photochemical energy dissipation quantum yield

Formulae

Fo' = Fo/(Fv/Fm + Fo/Fm')

AFv =Fm-Fs

AFv/Fo = (Fm-Fs)/Fo

Rfd = AFv/Fs

Fv/Fo = (Fm-Fo)/Fo

Fv/Fm = (Fm-Fo)/Fm

<DPSH = (Fm'-Fs)/Fm’

1-(F-Fo')/(Fm’-Fo’)

= 1-(Fm’-Fo')/(Fm-Fo)

rI)NpQ = F/Fm/-F/Fm

Dno = F/Fm

Source from Baker and Rosenquist (2004), Kramer et al. (2004), Klughammer and Schreiber (2008).
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Ero/RC:MQ X (1 /VJ) X \{"EO
REo/RC=(ETo/RC)x8r0
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300 s after illumination of a
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Relative variable fluorescence at
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dark-adapted sample

Relative variable fluorescence at
30 ms after illumination of a
dark-adapted sample
Limitation/inactivation and possibly
damage of the oxygen-evolving
complex

Density area over the chlorophyll a
fluorescence transient delimited by
a horizontal line at Fp,

Minimum fluorescence,when all PS
Il reaction center (RC) was open

Maximum fluorescence,when all
PS Il RC was closed

Maximum variable fluorescence

Approximated initial slope of the
fluorescent transient. This
parameter is related to rate of
closure of reaction centers
maximum ratio of quantum yields
of photochemical and concurrent
non-photochemical processes in
PSII

Density of active RCs (Qa reducing
RCs) per cross section at point O

Absorption flux per RC

Dissipated energy flux per RC

Trapped energy flux per RC
Electron transport flux per RC

Reduction of end acceptors at PS |
electron acceptor side per RC

Maximum quantum yield of PSII
photochemistry

Probability that a trapped exciton
moves an electron into the trapped
electron transport chain beyond
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Quantum vyield for electron
transport att =0
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Pl on absorption basis

Total Pl, measuring the
performance up to the PS | end
electron acceptors
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Ear-type Variety Ear length (cm) Grain number per ear Grain weight per ear Plant height (cm) Ear number-m—2 Hi

Large SH8675 7.75+ 0.09 26.87 +£1.15 0.98 £0.03 60.13 £0.54 600.63 £ 13.06 0.40 £0.02
Small multiple ZYM 7.07 £0.07 19.80 £0.48 0.63 +0.02 89.82 +1.09 651.83 £ 12.70 0.33 £ 0.01
ANOVA results 0.00* 0.00* 0.00* 0.00* 0.00* 0.02*

The values in this table are average values based on data from 2017 and 2018. ANOVA results with * indicate significance at P < 0.05.
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Cultivar Treatment

Xilv 1 SO
S1
S2
Yulv 1 SO
S1
S2
Variation source
Cultivar (C)
Treatment (T)
CxT

I1AA

3.88 £0.13¢c
6.02 &+ 0.16a
4.58 + 0.29b
1.21 £0.13b
1.72 £0.16a
1.567 £0.09a

ABA

2.1 £012¢
5.81 &+ 0.34b
6.75 4+ 0.16a
2.37 £ 0.16b
2.78 +£0.17a
2.89 4+ 0.18a

GA1

0.34 £0.03¢c
0.39 £ 0.02b
0.44 £+ 0.02a
0.04 £ 0.00b
0.12 £0.01a
0.11 £0.01a

ns

GA3

0.35 £ 0.04b
0.66 £ 0.05a
0.42 £0.03b
0.36 £+ 0.03c
0.50 £ 0.03b
0.59 £ 0.04a

GA7

0.11 £ 0.01b
0.26 £0.03a
0.28 £0.01a
0.13 £ 0.00b
0.15 £ 0.01b
0.21 +£0.02a

SA

1564.60 & 5.48a
64.94 + 5.05b
50.51 £ 3.69¢
135.38 & 4.97a
54.41 + 4.28b
49.80 + 2.59b

JA

7.40 £+ 0.35¢
13.68 £+ 1.02b
17.09 £ 0.82a
16.27 £1.39a
14.96 £ 0.99a
7.38 £ 0.51b

BR

0.13 £0.01c
0.17 £ 0.01b
0.21 +£0.01a
0.09 £ 0.00b
0.10 £ 0.01ab
0.11 £ 0.01a

zT

0.30 £0.01a
0.27 £ 0.01b
0.23 £0.01c
0.18 £ 0.02a
0.13+£0.01b
0.10+£0.01b

ns

IAA, indole-3-acetic acid; ABA, abscisic acid; GA1, gibberellin A1; GA3, gibberellin AS; GA7, gibberellin A7; SA, salicylic acid; JA, jasmonic acid; BR, brassinolide; ZT,
zeatin. Values followed by a different letter within the same column are significantly different at p < 0.05. * and *** significant at the 0.05 and 0.001 probability levels,
respectively. ns, no significant difference.
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Cultivar Treatment Chla(mgg™1) Chlb(mgg1) Chla+b(mgg1) Chl a/b

Xilv 1 SO 0.23 £0.02b 0.12 £ 0.01¢c 0.35 £ 0.03b 1.99 £ 0.12a
S1 0.24 £0.01b 0.14 £ 0.01b 0.39 £ 0.01b 1:28 4+ 0.07b
S2 0.30 £ 0.01a 0.18 £ 0.01a 0.48 £0.01a 1.63 + 0.05b

Yulv 1 SO 0.37 £0.01b 0.13 £ 0.01 0.50 £0.02¢c 295+ 0.11a
S1 0.39 £ 0.01a 0.16 £ 0.01b 0.55 £ 0.01b 2.562 £+ 0.06b
S2 0.41 £0.01a 0.18 £ 0.01a 0.59 £0.01a 227+ 0.10c

Variation source

Cultivar (C) * -

Treatment (T) s b T ns

CxT ns ns * ns

Values followed by a different letter within the same column are significantly different at p < 0.05. *and *** significant at the 0.05 and 0.0017 probability levels, respectively.
ns, no significant difference.
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Factors

Ra-20%
Rq-10%

R+10%
Ra+20%
I *20%
r*10%
r+10%
I 4+20%

gm in CK

0.182  0.006 ns
0.189 + 0.005 ns.
0.206 +0.07 ns

0.216 £ 0.08 ns

0.146 + 0.005 ™
0.168 + 0.009 **
0.238 £0.015*
0.301 £0.011*

m in drought

0.013 4 0.002 ns.
0.013 £ 0.002 ns.
0.014 & 0.002 ns.
0.014 £+ 0.002 ns.
0.013 + 0.002 ns.
0.013 % 0.002 ns.
0.014 £+ 0.002 ns.
0.014 % 0.002 ns.

Factors

J-20%
J-10%
Ji+10%
Ji+20%
G-20%
G-10%
Ci+10%
Ci+20%

gm in CK

1208 £0.74

0.309 £ 0.020 ns.
0.160  0.005 ns
0.141 £ 0.004 ns.
0.433 +£0.025 "
0.270 £0.011 **
0.155 £ 0.005 **
0.127 £ 0.004 **

m in drought

0.014 4+ 0.002 ns.
0.014 +£0.002 ns.
0.013 +0.002 ns.
0.013 +£0.002 ns.
0.020 +0.003 *

0.017 +0.003 ns.
0.013 £0.002 ns.
0.011 +£0.002 ns.

Data were mean =+ SD (n = 6). ns indicated no significant difference and ™ indicated significant difference at P < 0.01 level between drought and well-watered treatment.
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Activation state Rubisco = ® 100.
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ETR = 0.5®PSII x PPFD x 0.84.
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Net photosynthetic rate predicted (UmolCO, m™ s™)

A aC02-Wuyunjing30 B aCO02-Yangdao6 4 eCO2-Wuyunjing30 ™ eCO2-Yangdao6
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Net photosynthetic rate measured (umol CO» m> s'1)
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2019 2020
Stage a(CO0y) e(COy) a(C0oy) e(C0y)
Wuyunjing30 Yangdao6 Wuyunjing30 Yangdao6 Wuyunjing30 Yangdao6 Wuyunjing30 Yangdao6
Vemax Jointing 734 +6.5 61.9+6.9 683 7.9 50.5+2.9 772+ 438 790+56 735+3.5 69.8 £5.1
Booting 716+ 4.0 66.6 + 3.8 60.1 £5.1 70.7 £ 1.6 68.0 £ 0.4 713+£0.2 65.0+ 7.2 61.5+28
Heading 70.8+ 1.9 88.1+45 794 +£56 89.7 £ 4.7 87.3+1.0 87.8+26 76.7 1.4 102.0+1.8
Grain-filling 75.0+ 3.4 839 +5.0 786 £ 3.2 67.3+ 4.4 1.7 £ 25 85.1+20 68.5+1.7 96.4 £17.7
Maturity 205+ 1.7 51.8+25 40.3 £ 0.6 61.4+21 46.2 £ 4.3 341141 56.1 £ 19.3 38.6 £4.6
Jmax Jointing 2127+ 89 169.3 £ 10.0 206.5 + 35.8 1729+ 126 1734 +£7.9 1509+ 2.6 182.5+ 13.6 179.3 £19.0
Booting 189.1 £ 10.6 2044+ 76 168.6 £ 9.8 169.4 £ 6.3 2258 £ 8.7 2255 +10.2 183.9+ 195 195.8 £8.2
Heading 180.3+£ 5.5 275.8 £ 24.8 203.4 £ 23.4 227.0£13.7 2476 £12.8 209.5 £ 13.5 193.1 £ 16.2 263.9 +£20.2
Grain-filling 1742+ 7.4 186.9 £ 15.7 1903+ 7.0 156.3 + 10.6 164.0 £ 7.6 1836 £ 6.4 1445+ 6.8 199.4 £49.2
Maturity 76.1 £ 4.0 1191 £ 6.6 965+ 2.3 138.6 £ 3.7 97.8 £ 6.8 761 +£1.6 63.0+11.8 80.1 £10.5
R4 Jointing 1.8+0.9 22+09 0.1+£02 0.8+04 4.8 £0.3 3604 45+0.7 56+1.1
Booting 36+13 0.4+£0.4 12+04 0.5+ 0.1 0.7 £ 0.6 04+£05 0.5+0.5 0.2+04
Heading 20+£0.2 0.4+£1.2 54+19 09+04 0.6 £0.7 14+08 0.2+0.5 0.8+0.6
Grain-filling 32+04 1.6+ 04 35+04 1.9+05 46+£1.2 74+27 40+£0.7 58+1.7
Maturity 3.8+06 42+05 40+04 3.3+04 6.1+ 1.6 28+03 42412 3.3+08
m Jointing 1832+1.4 13.0 £ 0.6 118+ 05 13.2+1.9 129+ 0.8 10.7 £0.8 124 £141 11.3£1.0
Booting 13.7 £ 0.7 125+ 1.9 128 £ 0.5 11.6+£2.4 126 £1.3 138+ 13 13.1£0.5 10.9+£0.2
Heading 126 +1.8 128+ 1.2 102 £ 0.8 129+1.1 11.9+£0.9 122+£16 10.7£1.0 10.9+£1.3
Grain-filling 11.3+£1.1 10.0 £ 0.9 121 £1.0 10.8 £ 0.8 12.2 £ 1.1 13.3+0.8 13.7+22 10.9 £ 0.1
Maturity 244 +21 124 +£22 16.0 £ 1.1 10.9+ 0.9 17.3 £ 3.0 161 £17 20.3+0.7 14.9 £0.9
g1 Jointing 6.0+ 0.8 59+0.2 55+02 6.1£0.9 58+0.3 45+05 54+04 52402
Booting 6.5+ 0.3 58+ 1.1 59+04 50+1.3 6.2+ 0.6 6.9+0.8 6.5+0.2 5.0+0.2
Heading 50+£0.8 57+0.5 44 +£04 51+06 52+04 54+£07 44+£04 4.4+07
Grain-filling 48+0.7 3.9+0.3 50+05 41+£04 53+0.5 52+07 57+£10 41+0.2
Maturity 9.3+0.7 4.7 £0.8 56+03 42+04 6.7 £ 1.1 6.5+ 0.6 7.4+£05 55402
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Chlorophyll pigments Chlorophyll fluorescence parameters

Genotype Treatment Chl total chla Chib Cx+c Atleat Fo Fn F Fu/Fm FJ/Fo  FulFo
mg g~' (FW) mg g~' (FW) mg g™ FW) mg g~' (FW) units.

F67 AC 2.67cd 2.08cd 059¢cd 0.45¢cd 4193 bo 82075 386375  3020.98a 078ab 366 466

(Experiment ) 1) SC 236 def 1.79 de 056d 052bc 3350d 81450 327800  245679cd  O75bed 302 403
AUX 1.95¢ 13619 059¢cd 0.14g 38.0cd 73850 835275  2605.44bc  0.78abc 356 458
GA 1.459 1.07g 038 ef 0271 37.59¢d 81400 332725  251307bc  076abed  3.46 416
oK 3.25ab 252b 073ab 059ab 41.66 be 75100 857925  282634ab  079sb 376 476
B8R 2146 1.65 ef 049 de 0.38de 4030 b 76375 346050 274560 abc 0.79a 361 456

F2000 Ac 280c 2.19¢ 0.60 bed 0.53bc 4892a 106140 401675  2955.35a 074cde 279 879

(Experiment 2) sc 256 ode 2.09¢d 054d 050 be 3372d 126645 321825 212015 de 0.66fg 176 267
AUX 224 170e 054d 035 ef 47.45a 1041.47 846225  2420.78cd 070 ef 234 334
GA 1.43g 1.09g 033 0261 39.07¢ 111223 306350  1951.27e 0649 176 276
oK 365a 287a 0.78a 066a 49.30a 91886  8510.75  2591.89bc  O74cde 282 382
BR 288bc 219 0.69 abe 0.48cd 4452ab 94060 348575  254506bc  073de 272 372

Significance NS NS . - NS NS

The treatments evaluated in each genotype were: absolute control (AG), heat stress control (SC), heat stress + auxins (AUX), heat stress +gibberellins (GA), heat stress + cytokinins (CK), and heat stress + brassinosteroids (BR). Data
represents the mean of five data < standard error (n = ). Data followed by different letters indicate statistically significant differences according to the Tukey test (P < 0.05). Equalletters inicate that means are ot statistically significant
(<0.05). NS, *, ** or *** not significant or significant at P < 0.05, 0.01 or 0.001, respectively.
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Source of variation df g RWC  CC  Fu/Fn Fo Fm Fu FJ/Fo  FulFo PCT csl RTI  Chla

)
Experiment (E) 1 <0001 00183 <0001 <0001 <0001 0728 <0.001 <0.001 <0.001 <0.05 0.767 <0.001 <0.001
Treatment (T) 5 <0.001 <0.001 <0.001 <0001 00542 =<0.001 <0.001 =<0.001 <0.001 <0.001 <0.001 <0.001 <0.001
ExT 5 <0001 <005 <0.001 <0.001 0.361 0280 <005 0296 0.312 <0.05 0.679 <0.001 <0.001
CV. (%) 7.58 3.05 5.16 3.93 15.26 5.31 227 9.64 8.20 1.61 12.12 8.81 6.92

chib

0.107
<0.001
<0.001

8.67

Chl total

<0.001
<0.001
<0.001

16.50

Cx+c

<0.001

<0.001

<0.001
8.97

MDA

0.484
<0.001
<0.001
54.15

Proline

<0.001
<0.001

<0.001
32.77

gs, stomatal conductance; RWC, relative water content; CC, chiorophyll content; Fy/F, maximum quantum efficiency of PSIl; iitiel fluorescence (FO), maximum fluorescence (Fm), variable fluorescence (Fv), meximum eficiency of PSI
(F/Fm), maximum quantum yield of PSIl photochemistry (Fu/F0), and the Fn/FO ratio, PCT, plant canopy temperature (°C), decrease in the maximum quantum effciency of PSII; CSI, crop stress index; RT], relative tolerance index; Chl

a, chiorophyll a; Chl b, chlorophyil b; Chl total, total chiorophyll; Cx+c, carotenoids; MDA, Malondialdehyde. C.V., coefficient of variation.
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Factors

Rq-20%

Ry-10%

Rq+10%
Ra+20%
r*-20%
r*10%
I +10%
I '420%

gm in CK

0.182 % 0.006 ns.
0.189 % 0.005 ns
0.206 + 0.07 ns

0.216 + 0.08 ns

0.146 + 0.005 ™
0.168 + 0.009 **
0.238 +£0.015*
0.301 +0.011*

G in drought

0.013 £ 0.002 ns.
0.013 £ 0.002 ns
0.014 + 0.002 ns.
0.014 & 0.002 ns.
0.013 £ 0.002 ns.
0.013 + 0.002 ns.
0.014 £+ 0.002 ns.
0.014 & 0.002 ns.

Factors

Ji-20%
J-10%
Ji+10%
Ji+20%
Ci-20%
Ci-10%
Ci+10%
Ci+20%

gm in CK

1.208 £0.74*

0.309 +0.020 ns
0.160 + 0.005 ns.
0.141 £0.004 ns
0.433 £ 0.025 ™
0.270 £0.011 **
0.155 £ 0.005 **
0.127 £ 0.004 **

gm in drought

0.014 £ 0.002 ns.
0.014 +£0.002 ns
0.013 £0.002 ns.
0.013 +0.002 ns.
0.020 +0.003 *

0.017 +0.008 ns.
0.013 £0.002 ns.
0.011 +£0.002 ns.

Data were mean = SD (n = 6). ns indicated no significant difference and " indicated significant difference at P < 0.01 level between drought and well-watered treatment.
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Stress

Drought

Heat

Drought and heat

Effect of stress on the plant

Increase in flowering days and days of maturity, decrease in the number of leaves, loss of
root architecture, and reduction in yield in susceptible and tolerant lines.

Reduction in growth, fresh and dry biomass, and photosynthetic pigments.

Reduction in water status, photosynthetic pigments, and yield.

Reduction in water status, growth, gas exchange parameters (photosynthesis, stomatal
conductance, transpiration), chlorophyll content, and photochemical efficiency of PSII
(Fy/Fm).

Inhibition of seed germination.

Reduction in plant height, foliar area, and dry matter accumulation. Decrease in F,/Fr, and
chlorophyll content.

Reduction in growth and yield parameters. Decrease in gas exchange parameters
(photosynthesis, stomatal conductance, transpiration), chlorophyll content, and
photochemical efficiency of PSII (Fy/Fm).

Reduction in yield.

Decrease in yield, plant height, and anthesis and silking dates.

Reduction in growth parameters (height, stem diameter, leaf area, fresh and dry weight),
yield, water status, and nutrient content in the plant. Decrease in chlorophyll content and
gas exchange parameters such as photosynthesis, stomatal conductance, and
transpiration.

Reduction in fresh and dry weights and plant transpiration. Increase in leaf temperature.
Decrease in yield and increase in days from anthesis to silking.

References
Sah et al., 2020
Noman et al., 2015

Nawaz et al., 2016
Ye et al., 2016, Li et al., 2018

Zhou et al., 2018

Sunoj et al., 2016

Mathur et al., 2018

Tesfaye et al., 2018

Obata et al., 2015
Hussain et al., 2019

Ayub et al., 2020
Cairns et al., 2013
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Combination

Stress combinations

References

Negative combination

Positive combination

Drought + heat

Drought + salinity
Drought + chilling
Drought 4+ UV

Drought + pathogen
Drought + pets
Drought + nutrients
Drought + high light
Heat + ozone

Heat + salinity

Heat 4+ pathogen
Heat + pets

Heat + UV

Heat + high light
Salinity + ozone
Salinity 4 pathogen
Salinity + nutrients
Chilling + high light
Pathogen + nutrients
Drought ozone

Drought + high CO»
Salinity + high CO»
Ozone + pathogen
Ozone + high CO»
Pathogen + UV

High CO» + high light

Zandalinas et al., 2018;
Cohen et al., 2021

Sahin et al., 2018
Hussain et al., 2018

Rodriguez-Calzada et al.,
2019

Tani et al., 2018

Shehzad et al., 2021

Mittler and Blumwald, 2010
Carvalho et al., 2016

Pligra et al., 2019

Suzuki et al., 2016b
Pandey et al., 2017
Nguyen et al., 2016

Mittler and Blumwald, 2010
Carvalho et al., 2016
Peykanpour et al., 2016
Bai et al., 2018

Suzuki et al., 2014

Terada et al., 2018

Mittler and Blumwald, 2010

Mittler and Blumwald,
2010; Suzuki et al., 2014

van der Kooi et al., 2016
Sgherri et al., 2017

Mittler and Blumwald, 2010
Ainsworth, 2008

Mittler and Blumwald,
2010; Suzuki et al., 2014
Mittler and Blumwald,
2010; Suzuki et al., 2014
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analysis at P < 0.05 and P < 0.07.
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Days after ransplanting (DAT)





OPS/images/fpls-12-653186/fpls-12-653186-g002.gif





OPS/images/fpls-12-653186/fpls-12-653186-g003.gif





OPS/images/fpls-12-661863/fpls-12-661863-g002.jpg
LLLLL

o
ssessses





