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Abstract

:

Tropospheric ozone (O3) enrichment could change the carbon (C) metabolism and decrease the C stock for tree species. To assess the differences in response of non-structural carbohydrates (NSCs) between Machilus ichangensis Rehd. et Wils. (M. ichangensis) and Taxus wallichiana Zucc. var. chinensis (Pilg.) Florin (T. wallichiana) with elevated O3, one-year-old container seedlings of the two species were grown with ambient air (AA), 100 ppb (elevated O3 treatment 1, E1-O3), and 150 ppb (elevated O3 treatment 2, E2-O3) treatments using open top chambers. During the experiment, net photosynthetic rate (Pn) of M. ichangensis and T. wallichiana were examined once each month from April to October. At the end of experiment, plants were harvested to examine the NSC concentrations and tissue C stocks. Results suggest elevated O3 significantly decreased Pn and total C stock for both M. ichangensis and T. wallichiana, while it also significantly decreased the NSC concentrations in the foliage of the two species, and the roots of T. wallichiana. However, the concentrations of NSCs and their components in other tissues did not change obviously. Significant increases in the ratio of soluble sugars to starch were observed in the foliage of M. ichangensis and the roots of T. wallichiana. For M. ichangensis, Pn was significantly and positively correlated with NSCs and their components only in foliage. In contrast, NSCs in both foliage and roots were significantly and positively correlated with Pn for T. wallichiana. Based on the results for Pn, total C stock, and NSC concentrations, M. ichangensis appeared more sensitive to elevated O3 than T. wallichiana. It is suggested that the strategies of C allocation in the two species are different with elevated O3.
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1. Introduction


In many parts of the world tropospheric ozone (O3), which is harmful to human health and plant growth, is one of the most important secondary air pollutants [1,2]. The background levels of tropospheric O3 concentration in the Northern Hemisphere have increased by around 2–4.5 times since the pre-industrial age [3], and the peak value frequently exceeds 100 ppb (or about 200 μg m−3) in some cities of the USA and Latin America and in metropolitan areas of Asia [4]. Tropospheric O3 is mainly produced by catalytic reactions among oxidized nitrogen (NOx), carbon monoxide (CO), methane (CH4), and non-methane volatile organic compounds (NMVOCs) in the presence of sunlight [5,6]. Tropospheric O3 concentrations over 40 ppb are known to damage forest trees and agricultural crops [7]. As the largest emerging economy, China has experienced fast economic growth that has been accompanied by increasing concentrations of atmospheric pollutants [8,9]. In most parts of China, mean daily 8 h (9:00–17:00) O3 concentrations over 50–60 ppb have been documented [10]. To tackle air pollution, China has implemented the plan of emission reduction for NOx in recent years, however, the troposphere O3 concentrations may still increase in the future [11].



Elevated CO2 could increase the net CO2 assimilation and forest biomass accumulation [12], however, chronical enhancement of tropospheric O3 may offset these positive effects because atmospheric CO2 and O3 concentrations increase concomitantly under climate change scenarios [13]. Many studies showed that elevated O3 induced a wide range of detrimental impacts on forest trees including visible foliar symptoms, decreased foliar chlorophyll content, accelerated leaf senescence, decreased photosynthesis, increased respiration, decreased growth and productivity, and predisposed trees to attack by pests [14]. Ozone stress may also decrease the concentration of non-structural carbohydrates (NSCs) mainly including starch and soluble sugars (glucose, fructose, and sucrose) and alter the allocation of NSCs among different plant tissues; moreover, different tree species may show various responses in NSCs with elevated O3 due to differences in adaptive strategies [15,16,17]. Within plants, NSCs that could be transferred to stem and root for growth or storage are mainly produced by the photosynthesis in foliage, while mutual transformation between soluble sugars and starch could occur in the tissues [18]. Starch, which has a simple structure, could be quickly and inexpensively synthesized and degraded, making it an ideal compound for short- and medium-term carbon (C) storage [19]. Soluble sugars are the major driver of plant metabolism and growth, acting both as immediate substrates for metabolism and as building blocks for structural compounds [20,21]. The concentration of NSCs in tissues, which is considered a measure of the C source–sink balance [22], is crucial for determining growth/survivorship trade-off of trees and model tree C budget [23]. Thus, studies on the effects of elevated O3 on NSCs within plants will improve the understanding of the differences in response mechanisms of different species, and also provide a basis to estimate the global C cycle in the future.



Under subtropical monsoon climates, previous studies reported the responses of several deciduous broadleaved, evergreen broadleaved, and coniferous tree species to elevated O3, mainly from the aspects of injury symptom, gas exchange, antioxidative capability, element concentration, and biomass accumulation [24,25,26,27]. However, there is little information on the response of NSCs in Machilus ichangensis Rehd. et Wils. (M. ichangensis) and Taxus wallichiana Zucc. var. chinensis (Pilg.) Florin (T. wallichiana) to elevated O3. Both M. ichangensis and T. wallichiana are native and precious tree species in China [28,29]. M. ichangensis extract can be used to treat skin diseases and joint pains due to its anti-inflammatory effects [30], and taxol isolated from T. wallichiana has anticancer effects [31]. Moreover, M. ichangensis is an excellent species for landscape engineering [28]. Great attention has been paid to these two species for their medicinal and economic values in recent years. Increasing tropospheric O3 concentrations may damage the two species, decrease the production of anti-inflammatory compounds and taxol, and lead to serious economic losses. Gaining knowledge about the responses of these two species to O3 stress will contribute to a better understanding of the effects of environmental change induced by atmospheric pollutants on tree species with high economic values. The objectives of the present study are: (1) to determine the effects of elevated O3 on the NSCs in different tissues of M. ichangensis and T. wallichiana; (2) to compare the differences in NSCs, net photosynthetic rate (Pn), and biomass accumulation response of the two species to elevated O3; (3) to determine the relationships between the Pn, biomass, and NSC concentration in different tissues of the two species with elevated O3.




2. Materials and Methods


2.1. Site Description


The study was conducted in the Qianyanzhou experimental station (115°03′29.2″ E, 26°44′29.1″ N) of the Chinese Academy of Sciences, situated on the typical red earth hilly region in Taihe county, Jiangxi Province, China. The elevation of the study site is approximately 60 m. This region features a subtropical monsoon climate with an annual mean temperature of 17.8 °C. The annual active accumulated temperatures (above 0 and 10 °C) are 6543.8 and 5948.2 °C, respectively. The frost-free period is 290 days and global radiation is 4223 MJ/m2. The annual precipitation and evaporation are 1471.2 and 259.9 mm, respectively, with a mean relative humidity of 83% [32].




2.2. Ozone Fumigation Treatment


On 13 March 2015, 10 one-year-old container seedlings of similar height and basal diameter were selected for each species (M. ichangensis and T. wallichiana) and directly transplanted into the natural soil of each of nine open-top chambers (OTCs, octagonal base, 2 m in diameter, and 2.2 m in height). All OTCs were set in the flat and open-field in advance. To reduce possible impacts due to microenvironmental differences, as much as possible, different OTCs were set to avoid sheltering each other. Soil is very homogeneous within the whole experiment site. The water supply was adequate for seedlings. During the experiment, monthly mean temperature outside OTC varied within 18.8–27.9 °C, and the instant extreme values were 39.0 °C on 4 August and 3.0 °C on 14 April. Monthly mean relative humidity outside OTC varied within 82–90%, and total precipitation was 1161.3 mm.



It was reported that the tropospheric O3 concentration of several developed areas of China, such as Beijing–Tianjin–Bohai Area, Yangtze River Delta, and Pearl River Delta, could reach more than 150 ppb [33]. The study site also has the potential to suffer tropospheric O3 pollution in the future. Before the experiment was conducted, we observed the peak O3 concentrations of ambient air to be close to 100 ppb in the field of the study site. Although a critical AOT40 (accumulated exposure over a threshold of 40 ppb based on hourly averages) of 5 ppm h could induce injuries for some sensitive tree species [34], a previous study showed that annual AOT40 in parts of China and Europe could reach 60 ppm h for the whole year [35,36]. Furthermore, the tropospheric O3 pollution may be more serious in the future [3,11]. In order to simulate future O3 exposure levels, O3 fumigation treatments were set to three levels, including ambient air (AA), 100 ppb (elevated O3 treatments 1, E1-O3), and 150 ppb (elevated O3 treatments 2, E2-O3), with three replicated OTCs for each treatment. During the daytime (from 9:00 to 17:00), when there was no rain, thunderstorm, fog, or dew, an independent O3 pipeline and ventilation integrated device for each OTC continuously worked to achieve the target O3 concentration and make the CO2 concentration, temperature, and humidity between different OTCs remain relatively consistent. The average air velocity in the OTCs corresponded to approximately two complete air changes per minute. Ozone fumigation started on 21 March and lasted until 2 November 2015, with a daily maximum of 8 h (from 9:00 to 17:00). During the experiment, the 8 h mean O3 concentrations of the three treatments (AA, E1-O3, and E2-O3) were 27.26 ppb, 96.30 ppb, and 147.06 ppb, respectively, and corresponding AOT40 were 2.27 ppm h, 75.25 ppm h, and 145.04 ppm h, respectively. For further details on the experiments and O3 treatments, also see Yu et al. [27].




2.3. Measurements


Nine seedlings of each species, one from each OTC, were randomly selected for measuring Pn between 09:00 and 12:00 h using an LI-6400 portable photosynthesis system (Li-Cor, Lincoln, NE, USA) in the middle of each month from May to October in 2015. Measurements were performed on the youngest fully expanded leaves located at the top branches of every selected seedling. Each time, one leaf was measured for one seedling of M. ichangensis, and about ten leaves together were measured for one seedling of T. wallichiana. During the experiment, leaves were illuminated at 1000 μmol m−2 s−1 using the 6400-2B red/blue light-emitting diode (LED) light source. The block temperature was set to the ambient average (25–35 °C) at each measurement. Relative humidity was controlled at 50–65%. CO2 was set at 380 μmol mol−1 with a supply from a pure CO2 gas cylinder.



Plants were harvested after the O3 fumigation experiment. In each OTC, two plants of each species were randomly collected, and then the foliage, stem, and roots were separately sampled. Roots were excavated manually. Due to the low amount of branch biomass, branches were not separated from stem. Samples of different seedling tissues of the two species were oven dried at 70 °C to constant weight for dry biomass determination. The C stocks were calculated by multiplying the biomass by C concentration of 0.47, which was suggested by the Intergovernmental Panel on Climate Change (IPCC) for subtropical tree species [37]. Oven dried samples of different tissues were ground by a laboratory grinder (Taisite FW100, Tianjin, China) and passed through a fine screen (0.15 mm) for NSC concentration analyses. Soluble sugars were extracted according to the following steps: (1) powdered material (0.5 g) was added to 50 mL distilled water, and then the mixture was high-pressure steamed for 2 h; (2) after chilling to room temperature, the mixture was filtrated and diluted to a constant volume. Starch was extracted according to the following steps: (1) powdered material (0.1 g) was added to 10 mL distilled water and 1 mL hydrochloric acid (2:1), and then the mixture was incubated at 100 °C in a water bath for 8 h; (2) after chilling to room temperature, the mixture was adjusted to neutral pH by adding NaOH solution (40%), and was finally filtrated and diluted to a constant volume. Both soluble sugars and starch were determined by a high-performance liquid chromatography (HPLC) system using a Sugar-Pak 1 chromatographic column and a refractive index detector (Waters HPLC 2695, Milford, MA, USA). The column temperature was 70 °C, and distilled water was used as mobile phase (flow rate 0.6 mL/min). Non-structural carbohydrates were defined as the sum of soluble sugars (glucose, fructose, and sucrose) and starch. Soluble Sugars, starch, and NSC concentrations were expressed as a % of dry matter.




2.4. Statistical Analysis


Statistical analysis was performed using the SPSS software package (ver. 17.0; SPSS, Chicago, IL, USA). For each species, the difference among the means of different treatments and variation of different seedling tissues within the same treatment was examined by one-way analysis of variance (ANOVA). After normality and homogeneity of variance was confirmed with the Shapiro–Wilk test and Levene’s test, the least significant difference was performed to test the differences at a significance level of 0.05. Pearson’s correlation coefficient was used to determine the strength of the relationships.





3. Results


3.1. Effects of Elevated Ozone on Net Photosynthetic Rate and Carbon Stock


For both M. ichangensis and T. wallichiana, sustaining elevated O3 significantly decreased the Pn (Figure 1a,b). The Pn values of M. ichangensis under E2-O3 treatment were significantly lower than under the AA treatment during the period of mid-June to mid-October in 2015 (Figure 1a). From mid-September, the Pn of M. ichangensis under the E1-O3 treatment was also significantly lower than that under AA treatments (Figure 1a). The Pn of T. wallichiana did not differ significantly among the three O3 fumigation treatments before mid-August (Figure 1b). Thereafter, the Pn of T. wallichiana under the E2-O3 treatment decreased sharply and was significantly lower than that under the AA treatment (Figure 1b). In contrast, the Pn of T. wallichiana under the E1-O3 treatment was not significantly different with that under the AA treatment all the time from the beginning to end of experiment (Figure 1b).



Figure 2 shows the C stock of individual tissues in the two species with elevated O3. The E1-O3 and E2-O3 treatments significantly decreased stem, root, and total C stock for M. ichangensis (Figure 2a), and E2-O3 treatments significantly decreased foliage, stem, and total C stock for T. wallichiana (Figure 2b). The total C stock in M. ichangensis and T. wallichiana under the E2-O3 treatment decreased by 34 and 23%, respectively. In contrast, the foliage C stock of M. ichangensis and the root C stock of T. wallichiana appeared to be independent of elevated O3 (Figure 2).




3.2. Effects of Elevated O3 on Non-Structural Carbohydrates of Different Seedling Tissues


The soluble sugars, starch, and NSC concentrations of individual tissues in the two species under three different O3 fumigation treatments are shown in Figure 3. The soluble sugars concentration in the foliage of M. ichangensis significantly decreased from 7.85% under the AA treatment to 4.51% under the E2-O3 treatment (Figure 3a). The starch concentration in the foliage of M. ichangensis under the E2-O3 treatment was significantly lower compared to that under the other two treatments; in contrast, the starch concentration in stem and roots of M. ichangensis did not obviously change with elevated O3 (Figure 3b). For T. wallichiana, elevated O3 only significantly decreased the starch concentration of roots (Figure 3e). The NSC concentrations of the foliage in the two species and NSC concentration of the roots in T. wallichiana decreased significantly with elevated O3 (Figure 3c,f). Compared to the AA treatment, the NSC concentration in the foliage of M. ichangensis and roots of T. wallichiana respectively decreased by 52.61% and 32.16% under the E2-O3 treatment. Except for M. ichangensis under the E2-O3 treatment, the NSC concentration of the foliage was much greater than that of other tissues in the two species under each of the O3 fumigation treatments. The ratio of soluble sugars to starch in the foliage of M. ichangensis under the E2-O3 treatment was significantly higher than that under the other two treatments (Figure 4a). For T. wallichiana, elevated O3 significantly increased the ratio of soluble sugars to starch in roots (Figure 4b). In contrast, no significant differences among the ratios under different treatments were observed in any other tissues in the two species (Figure 4a,b).



For M. ichangensis; Table 1 shows that the concentrations of NSCs and their components were only significantly and positively correlated with Pn in foliage, while the soluble sugar concentration in foliage was also significantly and positively correlated with total C stock. In contrast, the concentration of soluble sugars in foliage, starch concentration in roots, and NSC concentrations in both foliage and roots were all significantly and positively correlated with Pn in T. wallichiana (Table 1). In addition, both NSC and soluble sugars concentrations in foliage were significantly and positively correlated with total C stock in T. wallichiana (Table 1).





4. Discussion


The results showed a decreasing trend in the concentration of soluble sugars in the foliage of M. ichangensis with elevated O3, which is consistent with the results described by Riikonen et al. [38] and Kostiainen et al. [39]. In contrast, Chen et al. [17] found that the foliar soluble sugars concentration in Phoebe bournei (Hemsl.) Yang and Pinus massoniana Lamb did not respond clearly to O3 stress; furthermore, other studies reported that elevated O3 obviously enhanced the soluble sugars of foliage in other tree species [40,41]. These contradictory results may be due to differences in species and the experimental duration. A previous study suggested that chronic exposure to elevated O3 would result in the consumption of soluble sugars, and inhibit the production of soluble sugars for sensitive plants [42]. In our study, the E2-O3 treatment significantly decreased starch concentration in the foliage of M. ichangensis, which corroborates the findings of studies on other plant species [43,44,45]. This phenomenon may be induced by the fact that O3 stress depressed photosynthesis in the leaves of sensitive plants and resulted in a decrease in foliar starch concentrations [46]. The concentrations of NSCs and their components in the roots of M. ichangensis did not significantly change with elevated O3; in contrast, NSCs and starch concentrations in the roots decreased significantly, and were significantly and positively correlated with Pn for T. wallichiana. Previous studies also found that elevated O3 decreased starch concentrations in the roots of some conifer trees, such as ponderosa pine and spruce seedlings [45,47]. One possible explanation is that starch synthesis in the roots of T. wallichiana could be reduced by a reduction in the allocation of carbohydrates from leaves to roots due to decreased phloem loading, membrane repair, and antioxidant synthesis in leaves [48]. These results suggest that the two species set up different strategies of C allocation under elevated O3. The differences in responses of tree species to elevated O3 may be also due in part to differences in some other influencing factors, such as tree age, microclimate, nutrition, and other stresses [14]. Tingey et al. reported that O3 sensitivity increased with increasing precipitation and tended to decrease with increasing temperature for Pinus ponderosa Doug. ex Laws [49]. In addition, using different exposure regimes may lead to differences in results of O3 sensitivity for the same species. A previous study compared steady-state O3 exposure (square wave) with varying O3 exposure which mimicked the natural state, and suggested that chamber experiments using a steady-state O3 exposure may underestimate the harmful impacts of O3 stress on Brassica napus L. with the same mean O3 concentration and AOT40 [50].



In our study, the ratio of soluble sugars to starch in the foliage of M. ichangensis (1.74) was much lower than that of T. wallichiana (8.70) under the AA treatment, indicating that the two species are constitutively different in their metabolism. Previous studies showed that tree species that had higher levels of soluble sugars accumulation would be more tolerant to cold stress [51,52]. Due to sugars playing a key role in metabolism and the synthesis of compounds, we speculate that the tree species that initially accumulate more soluble sugars which are consumed at a lower rate would also be more tolerant to O3 stress, especially in foliage. Our results showed that the Pn of M. ichangensis under the E2-O3 treatment were significantly lower compared to the AA treatment during the period of mid-June to mid-October; in contrast, the net photosynthetic rate of T. wallichiana under the E2-O3 treatment was not significantly different from that under the AA treatment before mid-September. These results indicate that M. ichangensis would exhibit an earlier decrease in Pn with the same level of elevated O3. Furthermore, M. ichangensis showed a greater decrease in the NSC concentration of foliage and total C stock compared to T. wallichiana under the E2-O3 treatment in the present study. It was suggested that O3 stress induced the decrease in Pn for the two species mainly due to the non-stomatal factors [27], which include (1) an increase in diffusive resistance to CO2 in the mesophyll; (2) a reduction in photosystem II (PS II); and (3) a decrease in chlorophyll content and inhibition of electron transport [53]. The negative impacts of O3 on plants was also correlated with the antioxidative capability [24]. Yu et al. reported that elevated O3 significantly increased malondialdehyde (MDA) concentration, and reduced ascorbic acid (AsA) concentration and activity of superoxide dismutase (SOD) in the foliage of M. ichangensis; in contrast, elevated O3 only significantly increased the activity of SOD in the foliage of T. wallichiana [27]. In our case, we suggest that T. wallichiana was more tolerant to elevated O3 compared to M. ichangensis. In the present study, the soluble sugar concentration in foliage was significantly and positively correlated with Pn and total C stock for both of the two species. These correlations may indicate elevated O3 decreased foliar soluble sugar concentration by restricting the photosynthetic rate for the two species, and further reduced the transportation of soluble sugar to different C sink tissues, and finally depressed the accumulation of biomass C.




5. Conclusions


Chronically increasing tropospheric O3 concentration may lead to a serious adverse impact on the two high economic value species studied in this paper. In this study, we found that elevated O3 significantly decreased Pn and total C stock for both M. ichangensis and T. wallichiana, while it also significantly decreased the NSC concentrations in the foliage of the two species, and the roots of T. wallichiana. However, the concentrations of NSCs and their components did not change obviously in other tissues of the two species. The significant increases in the ratio of soluble sugars to starch were observed respectively in the foliage of M. ichangensis and the roots of T. wallichiana. The foliar soluble sugars concentrations in both species were significantly and positively correlated with total C stock. For M. ichangensis, Pn was significantly and positively correlated with NSCs and their components only in foliage; in contrast, the NSCs in both foliage and roots were significantly and positively correlated with Pn for T. wallichiana. M. ichangensis was more sensitive to elevated O3 in regard to its Pn, total C stock, and NSC concentration of foliage. The information provided by our study will improve the understanding of the differences in C allocation resulting from elevated O3 among the different tree species. Moreover, our results could be an important basis for the management of economic tree species in the scenario of elevated O3. Due to the limitation in the experiment duration and tree growth stage, further evidence for the responses of the two species to elevated O3 will be required.
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Figure 1. Variations in the net photosynthetic rate (Pn) of Machilus ichangensis Rehd. et Wils. (M. ichangensis) (a) and Taxus wallichiana Zucc. var. chinensis (Pilg.) Florin (T. wallichiana) (b) under the different O3 fumigation treatments . Bars indicate standard error of the mean (n = 3). The capital letter “A” indicates a significant difference between the ambient air (AA) treatment and the elevated O3 treatments 2 (E2-O3), the capital letter “B” indicates a significant difference between the AA treatment and the elevated O3 treatments 1 (E1-O3), and the capital letter “C” indicates a significant difference between the E1-O3 and the E2-O3 treatments for the same species (p < 0.05). 
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Figure 2. Effects of elevated O3 on individual tissues C stock of M. ichangensis (a) and T. wallichiana (b). Bars indicate standard error of the mean (n = 3). Different capital letters indicate a significant difference between O3 fumigation treatments for the same tree tissues (p < 0.05). 
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Figure 3. Soluble sugars (a,d), starch (b,e), and non-structural carbohydrate (NSC) concentrations (c,f) in individual tissues of M. ichangensis (a–c) and T. wallichiana (d–f) under different O3 fumigation treatments. Different capital letters indicate a significant difference between O3 fumigation treatments for the same tree tissues (p < 0.05), and different lower-case letters indicate a significant difference between different tissues within the same species under the same O3 fumigation treatments (p < 0.05). Bars indicate standard error of the mean (n = 3). 
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Figure 4. Ratios of soluble sugars to starch in individual tissues of M. ichangensis (a) and T. wallichiana (b) under different O3 fumigation treatments. Different capital letters indicate a significant difference between O3 fumigation treatments for the same tree tissues (p < 0.05), and different lower-case letters indicate a significant difference between different tissues within the same species under the same O3 fumigation treatments (p < 0.05). Bars indicate standard error of the mean (n = 3). 
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Table 1. Correlation coefficients between NSC/soluble sugars/starch concentration and Pn/total C stock for each of the tissues of the two species.
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Tissues

	
NSC Components

	
Pn

	
Total C Stock






	
M. ichangensis

	
Foliage

	
NSC

	
0.807 **

	
0.610




	
 Soluble sugars

	
0.848 **

	
0.721 *




	
 Starch

	
0.680 *

	
0.518




	
Stem

	
NSC

	
0.395

	
0.389




	
 Soluble sugars

	
0.578

	
0.435




	
 Starch

	
−0.072

	
0.077




	
Root

	
NSC

	
−0.031

	
0.133




	
 Soluble sugars

	
0.221

	
0.175




	
 Starch

	
−0.225

	
0.030




	
T. wallichiana

	
Foliage

	
NSC

	
0.858 **

	
0.729 *




	
 Soluble sugars

	
0.871 **

	
0.745 *




	
 Starch

	
−0.121

	
−0.099




	
Stem

	
NSC

	
−0.449

	
−0.079




	
 Soluble sugars

	
−0.358

	
0.034




	
 Starch

	
−0.294

	
−0.386




	
Root

	
NSC

	
0.720 *

	
0.420




	
 Soluble sugars

	
0.580

	
0.365




	
 Starch

	
0.685 *

	
0.379








During the experiment, the last measured data of Pn were used for analyzing. * Significances are indicated at p < 0.05. ** Significances are indicated at p < 0.01.
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