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Photosynthesis is highly sensitive to high temperature stress, and with the rising global temperature, it is meaningful to investigate the response of photosynthesis to growth temperature and its relationship with leaf anatomy plasticity. We planted 21 cultivars including eight indica cultivars, eight japonica cultivars, and five javanica cultivars in pot experiments under high growth temperature (HT, 38/28°C, day/night) and control treatment (CK, 30/28°C, day/night). Photosynthetic rate (A), stomatal conductance (gs), transpiration rate (E), stomatal density (SD), vein density (VD), minor vein area (SVA), and major vein area (LVA) were measured after 30 treatment days. Results showed HT significantly increased A, gs, and E, while significantly decreased SD and LVA. There was no significant difference in A among the three subspecies both under CK and HT, while the javanica subspecies had higher gs, E, SVA, and LVA under HT, and the indica cultivars had higher VD and SD both under CK and HT. The javanica subspecies had higher relative value (HT/CK) of A, gs, and E, while difference was not observed in the relative value of SD, VD, and LVA among the three subspecies. The relative value of A was positively related to that of gs, while the latter was not correlated with the relative value of SD, VD, SVA, and LVA. Overall, the results suggested the increase of A and gs at HT was not attributed to leaf anatomy plasticity in respect of stomata and vein under HT.
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Highlights

	High growth temperature (HT) significantly affected rice leaf photosynthetic rate (A), stomatal conductance (gs), transpiration rate (E), stomatal density (SD), and major vein area (LVA).

	The javanica subspecies had higher gs, E, and LVA under HT, and possessed higher heat resistance than indica and japonica subspecies.

	Across different cultivars, the response of A and gs to HT were not related to leaf anatomy plasticity such as stomatal and vein anatomy.





Introduction

Rice is a stable food for more than half of the global population (Khush, 2013). China is the top rice producer in the world, accounting for almost 30% of the global rice production (Tang et al., 2014). However, after a remarkable 86% increase in cereal production from 1980 to 2005, recent crop yield growth in China has been slow (Huang and Rozelle, 2015). Further improvement of crop yield potential through crop improvement is the best way to increase the grain yield (Peng, 2014). Yield potential of grain crop is defined as the grain yield obtained under optimum conditions without pests, diseases, weeds, and other stresses (Evans and Fischer, 1999). It is determined by the following factors, i.e. the total incident solar radiation on the land throughout the growing season, the light interception efficiency of plant canopy, the photosynthetic conversion efficiency of leaves and the harvest index (Monteith, 1977). Over the past few decades, the yield potential has been successfully achieved through increasing the light interception efficiency and harvest index, there is limited scope for further improvement when they reach 0.9 and 0.6, respectively (Beadle and Long, 1985; Hay, 1995). Therefore, it is more effective to increase crop yield by increasing photosynthetic capacity, which is known as the new ‘green revolution' (Zhu et al., 2010; Long et al., 2015).

Global warming represents a continual challenge for agricultural production and food security. For example, each 1°C increase in growing season temperature can result in up to 17% decrease in corn and soybean yield (Lobell and Asner, 2003), and a 10% decrease in rice yield (Peng et al., 2004). The mean surface air temperature has increased globally by ∼1°C in the last 100 years and will further increase by 1 to 4°C in this century (Zhao et al., 2017). Nevertheless, photosynthesis is highly sensitive to high temperature stress and is often inhibited before other cell functions are impaired (Berry and Bjorkman, 1980). Photosynthesis usually peaks at ~30°C in rice plants, and CO2 assimilation may decrease significantly after suffering a heat stress (Yamori et al., 2011; Xiong et al., 2017). Mathur et al. (2014) concluded that high temperature stress mainly inhibited various redox and metabolic reactions taking place in Photosystem II, Photosystem I, Cytochrome complex, and Rubisco, eventually resulting in a decrease in photosynthetic rate (A). Huang et al. (2017) indicated that Rubisco activity, regeneration capacity of RuBP, rate of electron transport, and CO2 diffusion capacity are sensitive to temperature and negatively impacted by high temperature stress.

Under high temperature conditions, plants exhibit short-term avoidance or acclimation mechanisms such as transpirational cooling, stomatal closure, and so on (Mathur et al., 2014). This means a close relationship exist between CO2 delivery and water transportation in a leaf. Stomata, through which CO2 and water vapor diffuse into and out of the leaf, are involved in the regulation and control of photosynthesis and transpiration responses (Farquhar and Sharkey, 1982; Jones, 1998). Stomatal density (SD) and size are leaf anatomical traits contributing to build the leaf gs to gas diffusion (Franks et al., 2010). Under high temperature, stomata closure is another reason for impaired photosynthesis that affects the intercellular CO2 (Hasanuzzaman et al., 2013). The leaf venation system as water transport channel in vascular plants plays an important role in maintaining adequate E (Sack and Holbrook, 2006; Tholen et al., 2012). An increased VD may facilitate a higher photosynthetic capacity by allowing for more efficient photosynthate export from mesophyll cells (Amiard et al., 2005).

Rice is cultivated under a wide range of climatic conditions. Indica rice and japonica rice are two subspecies with different genotypic background that evolved from different temperature environment. Indica rice has stronger heat tolerance and is more suitable for high temperature environment than japonica rice (Weng and Chen, 1987). Javanica rice (tropical japonica) mainly distributes in tropical mountains of Indonesia, Malay Peninsula, the Philippines, e.g. which has strong resistance to abiotic stresses (Xiao and Yuan, 2009). Zhao et al. (2013) proposed that maintaining a higher level of photosynthesis and osmoregulation substance was the physiological basis for heat tolerance in javanica rice. Leaves have evolved in different environments showing great variation in morphology and anatomy, and investigating relationships between leaf anatomy and photosynthetic features can lead to the identification of structural features for enhancing crop productivity and improve our understanding of plant evolution and adaptation (Evans, 1998).

At present, there have been many studies about the effect of temperature treatment on photosynthesis, and the relationship between leaf anatomies and photosynthesis. However, the difference in response of A to HT among different subspecies (indica, japonica, and javanica rice) is still obscure. Exploring the natural genotypic variation in leaf anatomy plasticity in relation to photosynthesis at HT will facilitate rice genetic improvement especially under future climate conditions. Therefore, the objectives of the present study were to determine the contribution of gs to photosynthetic acclimation to HT for the three subspecies in rice, and examine its relationship with leaf plasticity.



Materials and Methods


Site Description and Growth Conditions

Pot experiments were conducted in controlled-growth chamber at the Huazhong Agricultural University, Wuhan city, Hubei province, China (114.37°E, 30.48°N) in 2017. In the chamber (Model GR48, Conviron, Controlled Environments Limited, Winnipeg, MB, Canada), the air temperature was set to 30/28°C (day/night, the control treatment) and 38/28°C (day/night, the high temperature treatment), with a relative humidity of 75%, photosynthetic photon flux density (PPFD) of 1,500 μmol m−2 s−1 and a light/dark regime of 12/12 h. Eleven-liter plastic pots were filled with 10.0 kg air-dried, pulverized, and well-mixed soil taken from the top 25 cm layer of a field located at the Experimental Station in the campus. The soil used in this study was a clay loam with a pH of 7.1, organic matter of 6.7g kg−1, Olsen-P of 6.27 mg kg−1, exchangeable K of 129 mg kg−1, and total N of 0.063%.



Experimental Design and Crop Management

Twenty-one rice cultivars were used in present study, including eight indica cultivars: Shenglixian (SLX), Huangguaxian (HGX), Zhenzhuai (ZZA), Ezhong2 (EZ2), Guichao2 (GC2), Huanghuazhan (HHZ), Yliangyou900 (YLY900), and Yangliangyou6 (YLY6), eight japonica cultivars: Guihuaqiu (GHQ), Guihuahuang (GHH), Xudao2 (XD2), Yanjing2 (YJ2), Zhendao88 (ZD88), Huaidao5 (HD5), Huaidao9 (HD9), and Lianjing7 (LJ7), and five javanica cultivars: PEMBE (J-1), TREMBESE (J-2), ASE BOLONG KAMANDI (J-3), PADI SEGUTUK (J-4), and BULUH BAWU (J-5) (Table S1). Particularly, the eight indica cultivars and eight japonica cultivars we used were historical cultivars from 1940s to present in China. Pre-germinated seeds were sown in a nursery plates on 27 August and transplanted to pots on 11 September with a density of three hills per pot and two seedlings per hill. Each cultivar was planted in six pots with three replicates. Equal pots were transferred to two growth chambers with different temperature treatments on 20 September. Other managements: 0.8 and 0.6 g N as urea per pot were applied at 1 d before transplanting and 7 d after transplanting, respectively; 1.5 g P as monocalcium phosphate and 1.5 g K as potassium chloride per pot were applied at 1d before transplanting. Three to 5 cm of standing water was kept in the pots throughout the experiment. Weeds were removed manually. Pests and diseases were controlled by chemicals two to three times. The measurements were conducted at the maximal tillering stage, on 20 October.



Measurement of Leaf Gas Exchange

Gas exchange measurements were conducted at 30 days after treatment (or 53 days after sowing at tillering stage) from 09:00 h to 16:00 h on the newest fully expanded leaves using a portable photosynthesis system (LI-6400XT; LI-COR Inc., Lincoln, NE, USA) with a 6400-40 leaf chamber. In the leaf chamber, the PPFD was maintained at 1,500 μmol m−2 s−1, the leaf-to-air vapor pressure deficit (VPD) was 1.5 to 2.0 kPa, and the CO2 concentration was adjusted to 400 μmol mol−1 using a CO2 mixer. The block temperature during the measurement was set to the same as the growth condition temperature. After equilibration to a steady state, the gas exchange parameters including net photosynthesis rate (A), gs, and E were recorded.



Measurement of Leaf Anatomy

After measuring the photosynthetic parameters, the middle part of the corresponding leaf blade was sampled. Half of it was stored in a distilled water to measure the leaf SD and VD. The other half of the leaf was cut into slices broadwise for determination of leaf vascular bundle anatomies, including SVA and major vein area (LVA). Specifically, the inverted fluorescence microscope (U-TVO.5XC; Olympus, Tokyo, Japan) was used to observe and photograph the leaf vein, stomata, and vein anatomies. The number of leaf stomata and vein, as well as the length and width of major vein and minor vein in each photograph were manually measured using ImageJ (Wayne Rasband/NIH, Bethesda, MD, USA). The leaf stomata density and VD were calculated by the formula: no./actual area, and the SVA and major vein area were calculated by the formula: π * ((length + width)/4)2.



Statistical Analysis

Two-way analysis of variance (ANOVA) was used to assess the effects of high temperature and subspecies on each parameter using Statistix 9 software (Analytical Software, Tallahassee, Florida, USA). Linear regression analysis was performed to test the correlations between gs and A, SD and gs, and VD and vein area using SigmaPlot 12.5 (Systat Software Inc., California, USA).




Results


Photosynthetic Rate, Stomatal Conductance, Transpiration Rate, and Intrinsic Water Use Efficiency (WUEi)

Temperature (T) significantly affected the A, but subspecies (S) had no significant effect on A (Figure 1A). Compared with the control treatment (CK), HT increased A by 23% averagely across all cultivars. There were no significant differences in A among the three subspecies both at high temperature and CK treatments. Stomatal conductance (gs) and E were significantly affected by temperature and subspecies (Figures 1B, C). HT increased gs and E by a mean value of 35% and 162%, respectively. Japonica cultivars had significantly higher gs than indica and javanica cultivars at CK, however, javanica cultivars had significantly higher gs than indica cultivars at HT treatment (Figure 1B). There was no significant difference in E among the three subspecies at CK, while E of javanica cultivars was significantly higher than that of japonica cultivars and indica cultivars had the lowest value (Figure 1C). At CK, indica and javanica cultivars had the similar WUEi higher than japonica cultivars, while WUEi of indica cultivars was significantly higher than that of japonica and javanica cultivars at HT (Figure 1D).




Figure 1 | Light saturated photosynthetic rate (A, A), stomatal conductance (gs, B), transpiration rate (E, C), and intrinsic water use efficiency (WUEi, D) for the three rice (Oryza sativa L.) subspecies at high growth temperature (HT) and control (CK) treatments. Different lowercase and uppercase letters indicate significant differences between subspecies means and temperature treatments, respectively (p < 0.05). The outer box edges represent the 25th and 75th percentiles, the error bars are the 5th and 95th percentiles, and the line within the box represents the mean values. For each cultivar, three flag leaves were measured (one leaf per plant), and the three values were averaged as one biological replicate. n (the biological replicates) was 8, 8, and 5 for the indica, japonica, and javanica cultivars, respectively.



Different response of A to HT was observed among indica, japonica, and javanica subspecies (Figure 2A). Compared to that at CK, the increment of A of indica, japonica, and javanica subspecies at HT were 23%, 18% and 29% on average, respectively. The response of A to HT varied significantly among the indica cultivars with the relative value of A ranging from 0.95 to 1.87, while the responses of A to high temperature in japonica cultivars were consistent. Similar results in the response to HT between the three subspecies were observed for gs and E (Figures 2B, C). For WUEi, only javanica cultivars showed a reduction in WUEi under HT in comparison with CK (Figure 2D).




Figure 2 | Relative value (HT/CK) of light saturated photosynthetic rate (A, A), stomatal conductance (gs, B), and transpiration rate (E, C), and intrinsic water use efficiency (WUEi, D) for the three rice (Oryza sativa L.) subspecies. Different lowercase letters indicate significant differences between subspecies means (p < 0.05). The outer box edges represent the 25th and 75th percentiles, the error bars are the 5th and 95th percentiles, and the line within the box represents the mean values. For each cultivar, three flag leaves were measured (one leaf per plant), and the three values were averaged as one biological replicate. n (the biological replicates) was 8, 8, and 5 for the indica, japonica, and javanica cultivars, respectively.





Stomatal Density, Vein Density, and Vein Area

Temperature significantly affected SD and major vein area (LVA), while no differences were observed in VD and SVA between HT and CK (Figure 3). Compared to CK, HT decreased SD and LVA by a mean value of 7% and 8.9%, respectively (Figures 3A, D). At both CK and HT, indica cultivars had significantly higher SD than japonica and javanica cultivars on average, moreover, the genotypic variation was also larger within indica cultivars (Figure 3A). Similar results were observed for the VD (Figure 3B). There were no significant differences in SD and VD between the japonica and javanica cultivars (Figures 3A, B). Javanica cultivars had the largest vein area, which were significantly higher than that of indica cultivars in minor vein (Figure 3C) and that of indica and japonica cultivars in major vein (Figure 3D).




Figure 3 | Stomatal density (A), vein density (B), and vein area of minor (C), and major (D) veins for the three rice (Oryza sativa L.) subspecies at high growth temperature (HT) and control (CK) treatments. Different lowercase and uppercase letters indicate significant differences between subspecies means and temperature treatments, respectively (p < 0.05). The outer box edges represent the 25th and 75th percentiles, the error bars are the 5th and 95th percentiles, and the line within the box represents the mean values. For each cultivar, three flag leaves were measured (one leaf per plant), and the three values were averaged as one biological replicate. n (the biological replicates) was 8, 8, and 5 for the indica, japonica, and javanica cultivars, respectively.



There were no significant differences in the response of SD, VD, and major vein area to HT (Figures 4A, B, D). Japonica cultivars had higher relative value of SVA than javanica cultivars (Figure 4C). Large variations were observed for all the leaf anatomy parameters within each subspecies, for example the relative value of SD ranged from 0.75 to 1.03 for the indica cultivars (Figure 4).




Figure 4 | Relative value (HT/CK) of stomatal density (SD, A), vein density (VD, B), and vein area of minor (C) and major (D) veins for the three rice (Oryza sativa L.) subspecies. Different lowercase letters indicate significant differences between subspecies means (p < 0.05). The outer box edges represent the 25th and 75th percentiles, the error bars are the 5th and 95th percentiles, and the line within the box represents the mean values. For each cultivar, three flag leaves were measured (one leaf per plant), and the three values were averaged as one biological replicate. n (the biological replicates) was 8, 8, and 5 for the indica, japonica, and javanica cultivars, respectively.





Correlations Between Vein Density and Vein Area, gs and A, Stomatal Density, and Gs

Significantly negative correlations between VD and SVA, as well as between VD and major vein area were observed both under CK and HT (Figures 5A, B). Stomatal density significantly correlated with VD at CK (R2 = 0.15), but not at HT treatment (Figure 5C). A was positively related to gs both under CK and HT (Figure 6A), but the correlation coefficient under CK was much larger than that under HT (R2 = 0.63 and 0.19), which was due to the integral higher gs under HT. Nevertheless, gs was not related to SD both under CK and HT (Figure 6B). The responses of A and E to HT were significantly correlated to the response of gs to HT (R2 = 0.45 and 0.62, Figure 7).




Figure 5 | Correlations between vein density (VD) and vein area of minor vein (SVA, A) and major vein (LVA, B), and between VD and stomatal density (SD, C) at high growth temperature (HT) and control (CK) treatments for the three rice (Oryza sativa L.) subspecies.






Figure 6 | Correlations between light saturated photosynthetic rate (A) and stomatal conductance (gs), and between stomatal conductance (gs) (B) and stomatal density (SD) at high growth temperature (HT) and control (CK) treatments for the three rice (Oryza sativa L.) subspecies.






Figure 7 | Correlations between the relative value of light saturated photosynthetic rate (A) and the relative value of stomatal conductance (gs), and between the relative value of transpiration rate (B) and conductance (gs) and the relative value of gs for the three rice (Oryza sativa L.) subspecies.






Discussion


Photosynthetic Acclimation to High Growth Temperature

In present study, HT significantly increased A of all cultivars except two indica cultivars, EZ2 and GC2 (Figure 1 and Figure S1). Among the three subspecies, javanica (the tropical japonica) is closer to japonica at the genomic level (Wang et al., 2018). This was also manifested by the similar leaf anatomy of the two subspecies (Figure 3). However, javanica subspecies possessed higher heat resistance than indica and japonica subspecies in respect of the photosynthetic physiology, for example the response of A, gs, and E to high temperature (Figure 2). This is possible because javanica cultivars mainly distributes in tropical mountains with strong resistance to abiotic stresses (Xiao and Yuan, 2009). Javanica cultivars could maintain a higher level of photosynthesis and osmoregulation substance under HT (Zhao et al., 2013).

The thermal response curve of A usually peaks between 25 and 30°C in C3 photosynthetic species (Sage and Kubien, 2007; Yamori et al., 2014; Xiong et al., 2017), although some C3 species can maintain high A at temperatures as high as 45°C (e.g. Lawson et al., 2014). Two main biochemical hypotheses have been put forward to explain why A decreases above the optimum temperature: Rubisco activase heat lability and electron transport declines (Dusenge et al., 2019). It is notable that tissues that develop after a shift in temperature often show greater acclimation to that new temperature than those that developed prior to the change in temperature (i.e. “long-term” > “short-term”; e.g. Campbell et al., 2007). Many studies have shown that the response of A to temperature depends on the temperature experienced by the plant over longer time periods, a response termed temperature acclimation (Berry and Bjorkman, 1980; Hikosaka et al., 2006; Way and Yamori, 2014; Yamori et al., 2014). For example, Way and Yamori (2014) found that about half of the 103 species in their database had increased A in response to warming. Within C3 species, annual herbaceous plants (A of high temperature/low temperature, 1.31 ± 0.07) show greater A temperature response than evergreen woody plants (0.99 ± 0.03), deciduous woody plants (1.19 ± 0.12), and perennial herbaceous plants (1.03 ± 0.07, Yamori et al., 2014). In present study, rice plants were treated at HT for one month, and A at high temperature treatment was higher than that at control treatment by 23.7% on average.



Physiological Mechanisms Underlying the Temperature Acclimation

The physiological mechanisms underlying photosynthetic acclimation of A to warmer temperatures have been extensively investigated (Sage and Kubien, 2007; Yamori et al., 2014). Proton leakiness of the thylakoid membrane has been frequently proposed as a problem at high temperatures, since it could lead to the impairment of the coupling of ATP synthesis to electron transport. Increases in cyclic electron flow around PSI at high temperature can compensate for thylakoid leakiness, allowing ATP synthesis to continue (Bukhov et al., 2000; Yamori et al., 2014). In many plant species, the Rubisco activation state decreases at short-term high temperature due to the insufficient activity of Rubisco activase, however, in plants adapted to HT, a different isoform of Rubisco activase that confers heat stability can be produced by some species, including spinach, cotton, and wheat (Yamori et al., 2014). Moreover, expression of heat-shock proteins (HSPs)/chaperones at high temperature contributes to the temperature acclimation through their effects in protein folding and assembly, stabilization of proteins and membranes, and for cellular homeostasis at high temperature (Barua et al., 2003).

Under high temperature, transpirational cooling is also an important acclimation mechanism in plants (Crawford et al., 2012; Mathur et al., 2014). Heat stress may be somewhat mitigated if transpiration-mediated cooling can be maintained, for example, rice can remain productive in air temperatures of 40°C if humidity remains low (Jagadish et al., 2014). In Blueberry, the thermal tolerant cultivars could improve their heat dispersing efficiency through regulating stomatal traits (Hao et al., 2019). In present study, the E of all cultivars was significantly increased under high temperature. The increase in A and E at HT was mainly related to the significantly increased gs (Figures 6 and 7A).



Anatomical Mechanisms Underlying the Temperature Acclimation

Photosynthetic acclimation to long-term high temperature may be partly due to the structural changes in leaf tissues (Sage and Kubien, 2007; Yamori et al., 2014). In higher plants, water from the stem enters the petiole and moves through xylem in different vein orders, then exits into the bundle sheath and moves through mesophyll tissue before evaporating into the intercellular airspace and diffusing through stomata (Xiong et al., 2016). Stomatal density, leaf vein systems include VD and vascular bundle features, were strongly correlated with the hydraulic conductivity and maximum A (Brodribb et al., 2007). In present study, there was no significant difference in the response of SD, VD, and vein area to high temperature between the three subspecies (Figure 4), however, significant genotypic variation was found within each subspecies (Figure S2). High temperature significantly reduced SD and SVA (Figures 3A, D). This was consistent with previous studies in the model species Arabidopsis thaliana and Scots pine (Pinus sylvestris L.) (Luomala et al., 2005; Vile et al., 2012). Crawford et al. (2012) illustrated that increased stomatal spacing by lowering SD, may facilitate evaporative cooling in high temperature conditions, through increasing the inter−stomatal space available for vapor diffusion. However, some other studies found significant increase in SD at high temperature in soybean (Jumrani et al., 2017) and rice (Caine et al., 2018). Therefore, more studies are needed to examine the plasticity of other leaf structures in response to high temperature and its effects on photosynthetic physiology.




Conclusion

The current study revealed rice leaf photosynthetic physiology exhibited high temperature acclimation, and the javanica subspecies possessed higher heat resistance than indica and japonica subspecies. Large genotypic variation in response of A, gs, E, and other leaf anatomies to HT as well as correlation analysis showed the response of A and gs among different cultivars to HT was not related to the plasticity of leaf anatomy (mainly the stomatal and vein structure).



Data Availability Statement

All datasets generated for this study are included in the article/Supplementary Material.



Author Contributions

FW conceived and designed the research. DY conducted the experiments and collected the data, DY and FW analyzed the data and wrote the paper. FW and SP commented and revised the paper.



Funding

This work was supported by the Program of National Natural Science Foundation of China (No. 31501255), the National Key Research and Development Program of China (No. 2017YFD0301401-3).



Acknowledgments

We thank Guanjun Huang, Lilian Wu, Zhuang Xiong and Miao Ye for their technological support.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2020.00026/full#supplementary-material



References

 Amiard, V., Mueh, K. E., Demmig-Adams, B., Ebbert, V., Turgeon, R., and Adams, W. W. (2005). Anatomical and photosynthetic acclimation to the light environment in species with differing mechanisms of phloem loading. Proc. Natl. Acad. Sci. U.S.A. 102, 12968–12973. doi: 10.1073/pnas.0503784102

 Barua, D., Downs, C. A., and Heckathorn, S. A. (2003). Variation in chloroplast small heat-shock protein function is a major determinant of variation in thermotolerance of photosynthetic electron transport among ecotypes of chenopodium album. Funct. Plant Biol. 30, 1071–1079. doi: 10.1071/FP03106

 Beadle, C. L., and Long, S. P. (1985). Photosynthesis — Is it limiting to biomass production? Biomass 8, 119–168. doi: 10.1016/0144-4565(85)90022-8

 Berry, J., and Bjorkman, O. (1980). Photosynthetic response and adaptation to temperature in higher plants. Annu. Rev. Plant Physiol. 31, 491–543. doi: 10.1146/annurev.pp.31.060180.002423

 Brodribb, T. J., Feild, T. S., and Jordan, G. J. (2007). Leaf maximum photosynthetic rate and venation are linked by hydraulics. Plant Physiol. 144, 1890–1898. doi: 10.1104/pp.107.101352

 Bukhov, N. G., Samson, G., and Carpentier, R. (2000). Nonphotosynthetic reduction of the intersystem electron transport chain of chloroplasts following heat stress: steady-state rate. Photochem. Photobiol. 72, 351–357. doi: 10.1562/0031-8655(2000)0720351NROTIE2.0.CO2

 Caine, R. S., Yin, X., Sloan, J., Harrison, E. L., Mohammed, U., Fulton, T., et al. (2018). Rice with reduced stomatal density conserves water and has improved drought tolerance under future climate conditions. New Phytol. 221, 371–384. doi: 10.1111/nph.15344

 Campbell, C., Atkinson, L., Zaragoza-Castells, J., Lundmark, M., Atkin, O., and Hurry, V. (2007). Acclimation of photosynthesis and respiration is asynchronous in response to changes in temperature regardless of plant functional group. New Phytol. 176, 375–389. doi: 10.1111/j.1469-8137.2007.02183.x

 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

 Dusenge, M. E., Duarte, A. G., and Way, D. A. (2019). Plant carbon metabolism and climate change: elevated CO2 and temperature impacts on photosynthesis, photorespiration and respiration. New Phytol. 221, 32–49. doi: 10.1111/nph.15283

 Evans, L. T., and Fischer, R. A. (1999). Yield potential: its definition, measurement, and significance. Crop Sci. 39, 1544–1551. doi: 10.2135/cropsci1999.3961544x

 Evans, L. T. (1998). Crop evolution, adaptation and yield. Photosynthetica 34, 56–56. doi: 10.1023/A:1006889901899

 Farquhar, G. D., and Sharkey, T. D. (1982). Stomatal conductance and photosynthesis. Annu. Rev. Plant Physiol. 33, 317–345. doi: 10.1146/annurev.pp.33.060182.001533

 Franks, P. J., Drake, P. L., and Beerling, D. J. (2010). 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

 Hao, L., Guo, L., Li, R., Cheng, Y., Huang, L., Zhou, H., et al. (2019). Responses of photosynthesis to high temperature stress associated with changes in leaf structure and biochemistry of blueberry (Vaccinium corymbosum L.). Sci. Hortic 246, 251–264. doi: 10.1016/j.scienta.2018.11.007

 Hasanuzzaman, M., Nahar, K., Alam, M., Roychowdhury, R., and Fujita, M. (2013). Physiological, biochemical, and molecular mechanisms of heat stress tolerance in plants. Int. J. Mol. Sci. 14, 9643–9684. doi: 10.3390/ijms14059643

 Hay, R. K. M. (1995). Harvest index: a review of its use in plant breeding and crop physiology. Ann. Appl. Biol. 126, 197–216. doi: 10.1111/j.1744-7348.1995.tb05015.x

 Hikosaka, K., Ishikawa, K., Borjigidai, A., Muller, O., and Onoda, Y. (2006). Temperature acclimation of photosynthesis: mechanisms involved in the changes in temperature dependence of photosynthetic rate. J. Exp. Bot. 57, 291–302. doi: 10.1093/jxb/erj049

 Huang, J., and Rozelle, S. (2015). Agricultural development, nutrition, and the policies behind china's success. Asian. J. Agric. Dev. 7, 93–126. doi: 10.22004/ag.econ.199084

 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

 Jagadish, S. V. K., Murty, M. V. R., and Quick, W. P. (2014). Rice responses to rising temperatures–challenges, perspectives and future directions. Plant Cell Environ. 38, 1686–1698. doi: 10.1111/pce.12430

 Jones, H. G. (1998). Stomatal control of photosynthesis and transpiration. J. Exp. Bot. 49, 387–398. doi: 10.1093/jexbot/49.suppl_1.387

 Jumrani, K., Bhatia, V. S., and Pandey, G. P. (2017). Impact of elevated temperatures on specific leaf weight, stomatal density, photosynthesis and chlorophyll fluorescence in soybean. Photosynth. Res. 131, 333–350. doi: 10.1007/s11120-016-0326-y

 Khush, G. S. (2013). Strategies for increasing the yield potential of cereals: case of rice as an example. Plant Breed. 132, 433–436. doi: 10.1111/pbr.1991

 Lawson, T., Davey, P. A., Yates, S. A., Bechtold, U., Baeshen, M., Baeshen, N., et al. (2014). C₃ photosynthesis in the desert plant Rhazya stricta is fully functional at high temperatures and light intensities. New Phytol. 201 (3), 862–873.


 Lobell, D. B., and Asner, G. P. (2003). Climate and management contributions to recent trends in US agricultural yields. Science 299, 1032–1032. 1078475. doi: 10.1126/science

 Long, S. P., Marshall-Colon, A., and Zhu, X. (2015). Meeting the global food demand of the future by engineering crop photosynthesis and yield potential. Cell 161, 56–66. doi: 10.1016/j.cell.2015.03.019

 Luomala, E. M., Laitinen, K., Sutinen, S., Kellomaki, S., and Vapaavuori, E. (2005). Stomatal density, anatomy and nutrient concentrations of Scots pine needles are affected by elevated CO2 and temperature. Plant Cell Environ. 28, 733–749. doi: 10.1111/j.1365-3040.2005.01319.x

 Mathur, S., Agrawal, D., and Jajoo, A. (2014). Photosynthesis: response to high temperature stress. J. Photochem. Photobiol. B. 137, 116–126. doi: 10.1016/j.jphotobiol.2014.01.010

 Monteith, J. L. (1977). Climate and the efficiency of crop production in Britain. Phil. Trans. R. Soc. London B 281, 277–294. doi: 10.1098/rstb.1977.0140

 Peng, S., Huang, J., Sheehy, J. E., Laza, R. C., Visperas, R. M., Zhong, X., et al. (2004). Rice yields decline with higher night temperature from global warming. Proc. Natl. Acad. Sci. U.S.A. 101, 9971–9975. doi: 10.1073/pnas.0403720101

 Peng, S. (2014). Reflection on China's rice production strategies during the transition period. Sci. Sin. Vitae. 44, 845–850. doi: 10.1360/052014-98

 Sack, L., and Holbrook, N. M. (2006). Leaf hydraulics. Annu. Rev. Plant Biol. 57, 361–381. doi: 10.1146/annurev.arplant.56.032604.144141

 Sage, R. F., and Kubien, D. S. (2007). The temperature response of C3 and C4 photosynthesis. Plant Cell Environ. 30, 1086–1106. doi: 10.1111/j.1365-3040.2007.01682.x

 Tang, H., Pang, J., Zhang, G., Takigawa, M., Liu, G., Zhu, J., et al. (2014). Mapping ozone risks for rice in china for years 2000 and 2020 with flux-based and exposure-based doses. Atmos. Environ. 86, 74–83. doi: 10.1016/j.atmosenv.2013.11.078

 Tholen, D., Boom, C., and Zhu, X. (2012). Opinion: prospects for improving photosynthesis by altering leaf anatomy. Plant Sci. 197, 92–101. doi: 10.1016/j.plantsci.2012.09.005

 Vile, D., Pervent, M., Belluau, M., Vasseur, F., Bresson, J., Muller, B., et al. (2012). Arabidopsis growth under prolonged high temperature and water deficit: independent or interactive effects? Plant Cell Environ. 35, 702–718. doi: 10.1111/j.1365-3040.2011.02445.x

 Wang, W., Mauleon, R., Hu, Z., Chebotarov, D., Tai, S., Wu, Z., et al. (2018). Genomic variation in 3,010 diverse accessions of Asian cultivated rice. Nature 557, 43–49. doi: 10.1038/s41586-018-0063-9

 Way, D. A., and Yamori, W. (2014). Thermal acclimation of photosynthesis: on the importance of adjusting our definitions and accounting for thermal acclimation of respiration. Photosynth. Res. 119, 89–100. doi: 10.1007/s11120-013-9873-7

 Weng, J., and Chen, C. (1987). Differences between indica and japonica rice varieties in CO2 exchange rates in response to leaf nitrogen and temperature. Photosynth. Res. 14, 171–178. doi: 10.1007/BF00032321

 Xiao, G., and Yuan, L. (2009). Studies on Javanica Rice and Heterosis of Inter-subspecific Hybrids (Beijing: Science Press). (in Chinese).


 Xiong, D., Flexas, J., Yu, T., Peng, S., and Huang, J. (2016). 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

 Xiong, D., Ling, X., Huang, J., and Peng, S. (2017). Meta-analysis and dose-response analysis of high temperature effects on rice yield and quality. Environ. Exp. Bot. 141, 1–9. doi: 10.1016/j.envexpbot.2017.06.007

 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 several C3 crop species. Plant Cell. Environ. 34, 764–777. doi: 10.1111/j.1365-3040.2011.02280.x

 Yamori, W., Hikosaka, K., and Way, D. A. (2014). Temperature response of photosynthesis in C3, C4, and CAM plants: temperature acclimation and temperature adaptation. Photosynth. Res. 119, 101–117. doi: 10.1007/s11120-013-9874-6

 Zhao, S., Yu, J., and Xiao, G. (2013). Effects of high temperature stress on the photosynthesis and osmoregulation substances of flag leaves in Oryza stavia L. ssp. javanica. Ecol. Environ. Sci. 22, 110–115. (in Chinese with English abstract). doi: 10.16258/j.cnki.1674-5906.2013.01.022

 Zhao, C., Liu, B., Piao, S., Wang, X., Lobell, D. B., Huang, Y., et al. (2017). Temperature increase reduces global yields of major crops in four independent estimates. PNAS 114, 9326–9331. doi: 10.1073/pnas.1701762114

 Zhu, X., Long, S. P., and Ort, D. R. (2010). Improving photosynthetic efficiency for greater yield. Annu. Rev. Plant Biol. 61, 235–261. doi: 10.1146/annurev-arplant-042809-112206



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 © 2020 Yang, Peng and Wang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fpls-11-00026-g006.jpg
2

E

3
=

g, (molm™s™)

20

15

12

1.0

08

0.6

04

0.2

& HT: R*=0.19 p<0.05

CK: R™=0.63 p<0.001

0.4 0.6 08 1.0

g, (molm™s™)

r—‘—‘—.\‘
(] A
s A A
® A A
HT: R*=0.03 p=0.42
A CK: R*=0.01 p=0.83

200

300 400 500

Stomatal density (no. mm™)

600





OEBPS/Images/fpls-11-00026-g001.jpg
A (umol CO, m™ s™)

E (mmol H,0 m™s™)

30
5
0
15
10

&, (ol H,o m* s')

Lo
12
10
08
06
04
02

00

H,0)

WUEI (umol CO, mmol

k)

0

30

20

a\" P S8 &
e





OEBPS/Images/fpls.2020.00026_cover.jpg
’ frontiers
in Plant Science

Response of Photosynthesis to High
Growth Temperature Was Not
Related to Leaf Anatomy Plasticity in
Rice (Oryza sativa L.)





OEBPS/Images/fpls-11-00026-g004.jpg
bl T i s

| - -
o a
|| -l
S B
< o
33 38 8 33338383

s e

VAS JO In[EA

Sansalis 36

[





OEBPS/Images/fpls-11-00026-g003.jpg
EE8588¢

Stomatal density (no. mm?)

£ s

Minor vein area (um’)

‘T

0
ss
s0
45

Vein density (no. mar")

40
38

25000

20000

15000

10000

5000

)

Sk vt e bt





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Response of Photosynthesis to High Growth Temperature Was Not Related to Leaf Anatomy Plasticity in Rice (Oryza sativa L.)

      

        		

          Highlights

        



        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Site Description and Growth Conditions

          



          		

            Experimental Design and Crop Management

          



          		

            Measurement of Leaf Gas Exchange

          



          		

            Measurement of Leaf Anatomy

          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            Photosynthetic Rate, Stomatal Conductance, Transpiration Rate, and Intrinsic Water Use Efficiency (WUEi)

          



          		

            Stomatal Density, Vein Density, and Vein Area

          



          		

            Correlations Between Vein Density and Vein Area, gs and A, Stomatal Density, and Gs

          



        



        



        		

          Discussion

        

          		

            Photosynthetic Acclimation to High Growth Temperature

          



          		

            Physiological Mechanisms Underlying the Temperature Acclimation

          



          		

            Anatomical Mechanisms Underlying the Temperature Acclimation

          



        



        



        		

          Conclusion

        



        		

          Data Availability Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





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





OEBPS/Images/fpls-11-00026-g005.jpg
c .

y“':?"‘-
&
2

o s sy

Sa e DU ]





OEBPS/Images/fpls-11-00026-g007.jpg
Relative value of A

A
20
H
. ‘{“/'1/
u
o R=0.45 .62
0.001 . p<0.001
05 La
s 10 15 20 o5 10 15 20

Relative value of g,

dve vilus 605






OEBPS/Images/fpls-11-00026-g002.jpg
T -
= —J
o a
2 'S0 anger aapepy TEIALTO PhERA SN
(8]

T oA RA

Indica Japonica Javanica

TR ST —





