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Abstract


The study was couducted to investigate the effects of gamma irradiation and CO2 on flavonoid content and leaf gas exchange in C.asiatica. For flavonoid determination, the design was a split split plot based on Randomized Complete Block Design (RCBD). For other parameters, the designs were split plots. Statistical tests revealed significant differences in flavonoid contents of Centella asiatica leaves between different growth stages and various CO2 treatments. CO2 400, G20 (400 = ambient CO2; G20 = Plants exposed to 20 Gy) showed 82.90% higher total flavonoid content (TFC) in the 5th week than CO2 400 as control at its best harvest time (4th week). Increasing the concentration of CO2 from 400 to 800 μmol/mol had significant effects on TFC and harvesting time. In fact, 800 μmol/mol resulted in 171.1% and 66.62% increases in TFC for control and irradiated plants, respectively. Moreover, increasing CO2 concentration reduced the harvesting time to three and four weeks for control and irradiated plants, respectively. Enhancing CO2 to 800 µmol/mol resulted in a 193.30% (CO2 800) increase in leaf biomass compared to 400 µmol/mol and 226.34% enhancement in irradiated plants (CO2 800, G20) [800 = Ambient CO2; G20 = Plants exposed to 20 Gy] than CO2 400, G20. In addition, the CO2 800, G20 had the highest amount of flavonoid*biomass in the 4th week. The results of this study indicated that all elevated CO2 treatments had higher PN than the ambient ones. The findings showed that when CO2 level increased from 400 to 800 µmol/mol, stomatal conductance, leaf intercellular CO2 and transpiration rate had the tendency to decrease. However, water use efficiency increased in response to elevated CO2 concentration. Returning to the findings of this study, it is now possible to state that the proposed method (combined CO2 and gamma irradiation) has the potential to increase the product value by reducing the time to harvest, increasing the yield per unit area via boosting photosynthesis capacity, as well as increasing biochemicals (flavonoids) per gram DM.
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1. Introduction


The daily intake of flavonoids in normal food, particularly fruits and vegetables, is 1–2 g. Modern physicians are increasing their use of pure flavonoids to treat many important common diseases due to their proven ability to restrain specific enzymes, to stimulate a number of hormones and neurotransmitters, and to scavenge free radicals [1]. Consumption of Centella asiatica as nutraceutical has shown to be a significant way to achieve the desired quantity of flavonoids from plant. However, flavonoids concentration in Centella asiatica is still relatively low. It is important to highlight that limited information exists on the potential and extent of enhanced production of secondary metabolites using physical elicitors, such as gamma radiation [2]. Moreover, few studies have documented the effects of ionizing radiation on photosynthesis. Therefore, it is important to examine the effects of ionizing radiation on the photosynthetic system.



In recent years, there has been an increasing interest in controlled environment (CE) plant production which reduces variation related to climate, soil, and nutrition [3,4,5], decreases contamination of samples by weeds, insects, and foreign matter [6] and enhances the standardization of secondary metabolite production [7]. As such, CE has the potential to boost the efficiency and quality of medicinal plants [8]. Additionally, a number of studies reported that CO2 enrichment enhances the production of secondary metabolites [9] and antioxidant activity [10].



Gamma radiation can interact with atoms and molecules to build up free radical levels in cells that cause modifications in important components of plant cells. It may induce remarkable morphological changes in plant tissues, as well as various biochemical responses at the cellular level. Papers by Kim and colleagues [11] have supported the hypothesis that gamma irradiation will induce growth stimulation by altering the hormonal signaling system in plant cells or increasing cells antioxidant activity to easily overcome daily environmental stress. Besides, gamma is able to alter physiological attributes to create new mutants with improved properties that can produce higher quantity of commercially essential metabolites and develop varieties that are agriculturally and economically significant, and contain high productivity potential [12,13,14].



Recently, researchers have shown an increased interest in evaluating the product of lipid peroxidation (malondialdehyde—MDA—as an indicator of free radicals) which is able to react with amino acid residues of membrane protein and nucleic acids, reduce membrane stability, and enhance membrane permeability. Therefore, cell structure and normal physiological function are destroyed [15]. CO2 enrichment, through provision of extra carbon to plants, is assumed to scavenge free radicals (decreasing MDA) through promotion of flavonoid biosynthesis.



The objectives of the following experiments in this study were to determine the effects of CO2 enrichment on the growth, leaf gas exchange and total flavonoid content in irradiated and non-irradiated accessions of C.asiatica and to identify mechanisms of CO2 enrichment and gamma irradiation effects on flavonoid concentration through MDA content of Centella asiatica.



It was hypothesised that CO2 would increase flavonoid compounds via excess carbon, as well as alleviate detrimental effects of gamma irradiation on photosynthesis apparatus and biomass. It is expected that CO2 and gamma irradiation would have synergistic effects to boost flavonoids in the leaves of C.asiatica.




2. Results and Discussion


2.1. Determination of Total Flavonoid Content and Leaf Biomass


Statistical tests revealed significant differences in flavonoid contents of Centella asiatica leaves between different growth stages and various CO2 treatments. The total flavonoid content (TFC) in the control (9.24 ± 0.028 mg/g DW) was found to be highest after four weeks of growth, and accordingly, this stands as the best time for leaf harvesting in the chamber without any treatment. When comparing the TFC of the control plants and the irradiated ones, results demonstrate that the irradiated plants exhibited significantly greater TFC in the 5th week (16.90 ± 0.021 mg/g DW) than the control plants at their best harvesting time (4th weeks). In other words, CO2 400, G20 (400 = Ambient CO2; G20 = Plants exposed to 20 Gy) showed 82.90% higher TFC than CO2 400 as control.



Increasing the concentration of CO2 from 400 to 800 μmol/mol had significant effects on TFC and harvesting time. In fact, 800 μmol/mol resulted in 171.1% and 66.62% increases in TFC for control and irradiated plants, respectively. In other words, CO2 800, G20 (800 = 800 μmol/mol CO2; G20 = Plants exposed to 20 Gy and CO2 800 (800 μmol/mol CO2) had the two highest TFC values (28.16 ± 0.249 and 25.05 ± 0.277, respectively) compared to CO2 400, G20 and CO2 400 (400 μmol/mol CO2). Meanwhile, CO2 800, G20 displayed 204.76% higher TFC than CO2 400. Moreover, increasing CO2 concentration reduced the harvesting time to three and four weeks for control and irradiated plants, respectively (Figure 1).



In brief, according to the results obtained in the present study, it can be concluded that plants treated with gamma radiation and high concentration of CO2 displayed the highest total flavonoid content compared to other treatments. Moreover, the 4th week of growth for irradiated plants exposed to high level of CO2 was found to possess the highest flavonoid content.



Wang et al. [10] reported that strawberry fruit contains flavonoids with antioxidant properties, and CO2 enrichment conditions enhanced the phenolic compounds, flavonol, and anthocyanin concentrations. They further noted that plants grown under CO2 enrichment condition also had higher oxygen radical absorbance activity against [other types of oxygen] radicals in the fruit. For this reason, they concluded that atmospheric CO2 enrichment truly enhances plant secondary metabolite.



Similar results were also observed in a number of vegetative tissues. For example, the growth enhancement associated with CO2 enrichment in CE was also accompanied via a boost in the total content of flavonoids in the vegetative tissues of S. barhata and S. laterflora [16]. More specifically, the total flavonoid concentration of S. lateriflora was significantly higher than S. barbata (1144 vs. 249 µg/g DW), and S. lateriflora hada more pronounced response to CO2 enrichment compared to S. barbata. The total flavonoid content increased by over 2.4 times at 1200 and 4.9 times at 3000 µmol/mol CO2 [16].



Previous studies have reported that sometimes, excess carbohydrates are used to enhance the biosynthesis of secondary carbon compounds in leaves. In the study by Estiarte et al. [17], for instance, leaves of spring wheat grown at 550 ppm CO2 exhibited 14% higher total flavanoid concentration than leaves exposed to 370 ppm CO2.



In general, there were significant differences among the different treatments on leaf biomass measurements. First, it was observed that increasing the concentration of CO2 from 400 to 800 µmol/mol had significant effects on the growth and development of C.asiatica leaves, such that enhancing CO2 to 800 µmol/mol (CO2 800) resulted in a 193.30% increase in the leaf biomass compared to 400 µmol/mol (CO2 400) and 226.34% enhancement than CO2 400, G20.



Results collected after 6 weeks of growth showed that CO2 800 had the highest leaf dry weight (151.05 ± 0.140 g/m2) while CO2 400, G20 had the lowest dry weight (41.52 ± 0.087 g/m2). Furthermore, the flavonoid*leaf biomass amount [total flavonoid concentration (mg/g leaf DW) multiplied leaf biomass (g/m2)] was significantly different between 400 and 800 µmol/mol CO2 concentrations. The CO2 800, G20 in the 4th week had the highest amount of flavonoid*biomass, which was 21.8% higher than CO2 800 in the 3rd week (as its highest level time for TFC; Figure 1).



Other studies have also reported similar results in strawberry plants. Deng and Woodward [18], for example, pointed out that after growing strawberry plants in air containing an extra 170 ppm of CO2, the total fresh fruit weights were 42% and 17% higher than weights exhibited by control plants grown at high and low soil nitrogen contents, respectively. Additionally, Bushway and Pritts [19] found that a two- to three-fold enhancement in the air’s CO2 content increased strawberry fruit yield by an average of 62%. Furthermore, Campbell and Young [20], Keutgen et al. [21], and Bunce [22] highlighted positive strawberry photosynthetic responses with additional 300 ppm CO2 ranging from 9% to 197%. Finally, Desjardins et al. [23] demonstrated 118% enhancement in photosynthesis in reaction to 600 ppm increase in the air’s CO2 concentration.



To date, various methods have been developed and introduced to increase the quality and quantity of plants, and CE provides the technology for C.asiatica to respond to CO2 enrichment by accelerating the growth rate of the plant including the leaf, producing higher biomass, and decreasing the time to harvest when CO2 concentration is increased from 400 to 800 µmol/mol.



The response of these accessions (C.asiatica) is consistent with those reported for various food and ornamental plants over the years [5,24,25]. These growth effects are commonly connected with increased rate of leaf photosynthesis when CO2 ceases to be a restrictive factor for carbon assimilation. The experiment by Yu et al. [26] specified that exposure to UV-B alone considerably reduced dry weight and photosynthetic rate, while CO2 enrichment alone increased dry weight and photosynthetic rate. In their study, they also observed that the dry weight and photosynthetic rate of P. subcordiformis grown under the combination of UV-B and CO2 had no significant difference compared tothat grown under ambient UV-B and ambient CO2.




2.2. Leaf Gas Exchange Measurement


For this study, the net photosynthetic rate (PN), stomatal conductance (gs), intercellular CO2 concentration (Ci), and transpiration rate (E) were determined by a portable infrared photosynthesis system LI-6400 (LI-COR, Lincoln, NE, USA) from 8:30 am to 10:30 am. During the experiment, photosynthetic photon flux density (PPFD) and leaf temperature were maintained at 1000 μmol/m2/s and 30 °C, respectively.



According to Jackson et al. [27], water use efficiency is defined as the ratio between the quantities of CO2 assimilated by photosynthesis to the [quantity of] water lost through transpiration.



Based on the results gathered in this study, significant differences [in the leaf gas] were found among the four treatments.



In general, the photosynthesis rate in CO2 800 µmol/mol had significantly the highest value compared to other treatments. All elevated CO2 treatments had higher PN than the ambient ones. In other words, CO2 800 and CO2 800, G20 displayed 44.47% and 64.02% higher PN compared to CO2 400 and CO2 400, G20, respectively (Figure 2 and Figure 3).



When comparing the combined effects of high level of CO2 (800µmol/mol) and gamma irradiation treatments (20 Gy) with the control plants, it is found that there were significant differences in the photosynthesis rate. More specifically, CO2 800, G20 had 16.95% higher PN than CO2 400, but 23.52% lower than CO2 800.



As shown in Figure 4, when the CO2 level was increased from 400 to 800 µmol/mol, stomatal conductance had the tendency to decrease. The lowest gs were detected in CO2 800, which was 56.87% lower than that for CO2 400 as control. Moreover, combined CO2 and gamma treatments (CO2 800, G20) resulted in 29.46% lower gs than that for CO2 400, G20, even though CO2 400, G20 itself had 26.89% higher gs than CO2 800.



There were also significant differences among treatments with respect to Ci. In general, it was observed that leaf intercellular carbon dioxide declined significantly with increasing CO2 concentration. Specifically, the Ci of CO2 800 declined by 18.56% compared to CO2 400 as control (Figure 4). Moreover, combined CO2 and gamma treatments (CO2 800, G20) had 3.86% and 5.52% lower Ci than CO2 400, G20 and CO2 400, respectively, whereas its Ci was 13.8% higher than CO2 800. Meanwhile, the highest Ci was found in CO2 400 (289.5 ± 0.597), while the lowest was found in CO2 800 (235.75 ± 0.790).



There were significant differences among treatments in terms of E. In general, the transpiration rate reduced with increasing CO2 concentration. Particularly, CO2 800 had 60.18% reduction in E compared to CO2 400 as control (Figure 5). Moreover, combined CO2 (800 µmol/mol) and gamma treatment (CO2 800, G20) had 41.89% and 53.21% lower E than those for CO2 400, G20 and CO2 400, respectively, whereas its E (CO2 800, G20) was 17.5% higher than CO2 800. Meanwhile, the highest E was found in CO2 400 (9.36 ± 0.045), while the lowest was found in CO2 800 (3.72 ± 0.082).



Results on WUE treatments of Centella asiatica demonstrated significant differences. In general, the water use efficiency increased in response to elevated CO2 concentration (Figure 5). More specifically, CO2 800 showed a 263.7% enhancement in E compared to that for CO2 400 as control. Moreover, combined CO2 (800 µmol/mol) and gamma treatments (CO2 800, G20) had 182.25% and 150.06% higher WUE than those for CO2 400, G20 and CO2 400 respectively. On the contrary, its WUE (CO2 800, G20) was 45.45% lower than that for CO2 800. Meanwhile, the highest WUE was found in CO2 800 (6.769 ± 0.199), while the lowest was found in CO2 400, G20 (1.648 ± 0.0110) and CO2 400 (1.861 ± 0.0082) (µmol/mol CO2 per mmol/m2/sec water assimilated).



These findings further support the idea of increased carboxylation activity of ribulose 1,5-bisphosphate carboxylase oxygenase enzyme (Rubisco) in leaves under elevated level of carbon dioxide enhances the net photosynthesis, particularly in C3 species. In effect, stomatal conductance will decline, which may result in less transpiration per unit leaf area. According to Morison [28], as the carbon dioxide level doubled, stomatal conductance declined by 30–40%. Nevertheless, this amount varies among species. Concomitantly, water use efficiency (WUE) will increase. The reason for this increase is mainly due to an increase in the net photosynthesis rate than the reduction of water loss through partially closed stomata. Consequently, more dry matter can be made per unit of water used [29,30].



In buckwheat leaves, the PN still declined through higher Ci value, owing to lower gs as a consequence of limited carboxylation efficiency and CO2 assimilation, because of the excessive accumulation of free radicals in mesophyll cells by irradiation. [31]. Hence, it indicates declining of Rubisco efficiency, which means higher Ci, always can’t be resulted in higher PN.



On another note, short term exposure to elevated CO2 levels is demonstrated to promote net photosynthetic rate in C3 plants because the existing ambient CO2 concentration is inadequate for Rubisco [32]. An enhancement in CO2 accessibility increases carboxylation and reduces the oxygenase activity of Rubisco (which catalyzes either the carboxylation or the oxygenation of ribulose-1 5-bisphosphate with carbon dioxide or oxygen), therefore reducing the CO2 loss through photorespiration. Consequently, a net increase in photosynthesis takes place due to the procession of extra CO2 [33,34]. An increase in the net photosynthesis in elevated CO2 is predicted in spite of whether Rubisco activity or regeneration of ribulose-1, 5-bisphosphate (RubP) is restricting assimilation, and whether the light is saturating or limiting [32].



In another major study, Zobayed et al. [35] pointed out that St. John’s wort plants grown under high level of CO2 enriched condition (1,500 µmol/mol) displayed increased secondary metabolite production and net photosynthetic rates.




2.3. Determination of Lipid Oxidation (Malondialdehyde (MDA))


Changes in the MDA content of Centella asiatica accessions under different CO2 treatments are shown in Figure 6. The MDA contents of Centella asiatica accessions exposed to gamma ray and high CO2 concentration (CO2 800, G20) were significantly decreased (65.98%) compared to those that were irradiated, but had ambient CO2 level (CO2 400, G20). Yet, no significant difference in MDA content was detected among the non-irradiated plants exposed to different concentrations of CO2.



MDA is a product of lipid peroxidation and is commonly used as an indicator in stress physiology of plants. Juan et al. [26] reported that MDA content declined in P. subcordiformis grown under high levels of CO2, indicating that lipid peroxidation was decreased. The fact that UV-B increased MDA content revealed that the membrane was severely damaged. The combination of UV-B and CO2 notably reduced MDA content compared to UV-B alone. Additionally, the results of this study also specified that elevated CO2 could alleviate UV-B-induced damage to membrane.



Doubling the present atmospheric CO2 will modify the CO2/O2 ratio at Rubisco fixation site, causing 50% reduction in the ratio of photorespiration [36] and about 25%–60% enhancement in the activated state of Rubisco. Moreover, in terms of Juan et al. [26] description, the reduction in lipid peroxidation of P. subcordiformis at high concentration of CO2 might be due to the additional carboxylation reaction of Rubisco, restricted photorespiration and less photoreduction of dioxygen. In this case, fewer electrons were transported to dioxygenduring photosynthesis and in effect, reducing the potential damage of active oxygen to membrane system.





3. Experimental


3.1. Experimental Design


All experiments involving CO2 chamber were designed separately. For flavonoid determination, split split plot based on RCBD were used. The factors were two CO2 concentrations (400 and 800 µmol/mol) for two hours, two irradiated and non-irradiated accessions and six leaf samplings (every week). For other parameters, the design was split plot [two CO2 concentrations (400 and 800 µmol/mol) and two irradiated and non-irradiated accessions].




3.2. Plant Materials and Growth Chamber


The chamber model used to grow C.asiatica in this study was a PGW 36 distributed by CONVIRON. It has a microprocessor control system, in which through it, user isable to control temperature, lighting, relative humidity, carbon dioxide and other environmental conditions in the chamber. C.asiatica accessions were grown in a chamber to provide the appropriate temperature, relative humidity, and CO2 for the irradiated and non-irradiated plants. The photoperiod and light intensity were managed in a controlled environment chamber.



The three plants of C.asiatica were planted in individual polybags (40 × 35 cm) filled with sand, coco dust and compost in the ratio of 1:1:1 and organic fertilizer (200 g) per polybag. The ingredients of the organic fertilizer include N (3.5%), P (2.5%), K (2%), Ca (2%), Mg (1%), ZN (0.5%), Bo (0.5%), and Mn (0.5%). The environmental set points for plants were 30 °C, 75% RH, and 300 µmol/m2/s PPF with a 14-h light/10-h dark photoperiod. CO2 concentrations of 400 and 800 µmol/mol were maintained in the chambers for 2 hours every day between 8.30 to 10.30 am. Irradiation of Centella asiatica was conducted in University Kebangsaan Malaysia using Gammacell 220 Excel Irradiator. The source of gamma rays was Cobalt 60.




3.3. Plant Harvest (Leaf Biomass)


Growth measurement and plant harvest were conducted once every week. At each harvest, the leaf biomass per plant was determined by oven-drying the leaves at 45–50 °C until it reached a constant mass.




3.4. Determination of the Total Flavonoid Content


The flavonoid contents in extracts were determined spectrophotometrically according to the method established by Lamaison and Carnat [37], which is based on the formation of a flavonoid-aluminium coloured characterized by a wavelength with a maximum absorption of 430 nm. After oven drying samples at 45–50 °C, they were kept in a −20 °C freezer. Each sample (1 g) was added to 80% methanol (20 mL) and incubated in the Orbit Shaker at 250 rmp and 50 °C for 2 hours. The samples were then filtered. Extract (1 mg) and 2% AlCl3 methanol solution (1 mL, 2 mg AlCl3 added to 100 mL absolute methanol) was prepared and kept at room temperature for 15 minutes. Finally, the absorbance was measured at 430 nm using a spectrophotometer. Rutin was used to create the calibration curve and the flavonoids content were expressed in mg per g of rutin equivalent (mg/g).




3.5. Gas Exchange


For mature and high flavonoid content leaves, the net photosynthetic rate (PN), stomatal conductance (gs), intercellular CO2 concentration (Ci), and transpiration rate (E) were measured in the growth chamber using a portable infrared photosynthesis system LI-6400 (LI-COR, Lincoln, NE, USA) at standard cuvette condition including 1,000 µmol/m2/s PPFD, 400 µmol/mol CO2 reference, 50–60% relative humidity, and 30 °C leaf temperature.




3.6. Estimation of Lipid Oxidation (Malondialdehyde (MDA))


The level of lipid peroxidation is stated as the content of MDA. The first method to assess the TBA-MDA complex in plant tissue was offered by Heath and Packer [38]:


MDA equivalents (nmol/mL) = [(A532−A600)/155000] × 106








where 532 nm represents the wavelength of maximum absorption of the TBA-MDA complex, A600 is a correction for non-specific turbidity, and 155,000 is the molar extinction coefficient for MDA.



There are possible explanations for the results of the current study which indicate that the synthesis of carbon-rich secondary chemicals was restricted by the accessibility of photosynthates, and that growth processes dominated over differentiation and/or production of defence-related secondary metabolites as long as conditions were favourable for growth. When growth was more restricted than photosynthesis, then the distribution towards defence would increase.





4. Conclusions


Returning to the hypothesis posed at the beginning of this study, it is now possible to state that, the results of this study clearly demonstrate the potential of using CO2 and gamma to increase the production and quality of C.asiatica. This is significant because the proposed method has the potential to increase the product value by reducing the time to harvest, increasing the yield per unit area via boosting photosynthesis capacity as well as increasing biochemicals (flavonoids) per gram DM.



Collectively, the enhancement in yield and quality provides an economic motivation to produce a consistent pharmaceutical-grade product for commercial purpose. The observations by Estiarte et al. [17], who reported higher flavonoid concentration in wheat after CO2 enrichment, are in agreement with the results of this study. The present findings also seem to be consistent with the hypothesis that higher carbon accessibility can be invested in flavonoids.



The effect of UV-B irradiance on the growth and flavonols of Gnaphaliumluteo-album was studied by Cuadra et al. [39]. Their experiments revealed that high-irradiance treatment declined the biomass (leaf weight) and increased flavonols. This is in agreement with the results of this study, in which instead of UV, gamma irradiation was applied to create oxidative stress. In conclusion, several mechanisms can be involved in modifying C.asiatica response to CO2 enrichment by applying gamma radiation. For example, a damaged photosynthetic apparatus under enhanced gamma or UV-B may alter the photosynthetic response to elevated CO2 [40].



The following conclusions can be drawn from the present study, that elevated CO2 could reduce the MDA content induced by gamma radiation, and therefore reducing the oxidative damage to C. asiatica. The most important cause for lower oxidative stress in C.asiatica grown under elevated CO2 lies in the fact that high concentration of CO2 possibly enhances the ratio of CO2/O2, increases the assimilation of CO2, declines the formation of ROS (Reactive oxygen species) as the product of O2 acting as electron receptor, and finally reduces the formation of H2O2 as the product of photorespiration, thereby reducing MDA.



This result may be explained by the fact that C.asiatica grown under high CO2 is better in overcoming the detrimental impact of stress factor (gamma radiation) that acts via the generation of activated oxygen species. The explanation of the results for C.asiatica grown under the combination of elevated CO2 and gamma are complex. There are, however, possible interpretations. Enhanced gamma and CO2 concomitantly and synergistically resulted in boosting flavonoid concentration, and protecting and ameliorating the photosynthesis system. Although, CO2 enrichment compensated the adverse effects of gamma, the plant also benefits from gamma irradiation to significantly boost flavonoids components.



These findings provide the following insights for future research on C.asiatica such as using gamma greenhouse, gamma field or ion beam supplemented with CO2 in different types of settings such as an open top chamber, as well as applying CO2 in a bioreactor, which remain to be done in the future.







References and Notes


	



Havsteen, B.H. The biochemistry and medical significance of the flavonoids. Pharmacol. Ther. 2002, 96, 67–202. [Google Scholar] [CrossRef] [Scilit]

	



Kim, J.H.; Chung, B.Y.; Kim, J.S.; Wi, S.G. Effects of in planta gamma-irradiation on growth, photosynthesis, and antioxidative capacity of red pepper (Capsicum annuum L.) plants. J. Plant Biol. 2005, 48, 47–56. [Google Scholar] [CrossRef] [Scilit]

	



Goins, G.D.; Yorio, N.C.; Stutte, G.W.; Wheeler, R.M.; Sager, J.C. Baseline Environmental Testing of Candidate Salad Crops with Horticultural Approaches and Constraints Typical of Spaceflight; SAE Technical: Vancouver, BC, Canada, 2003. [Google Scholar]

	



Rosen, C.; Fritz, V.; Gardner, G.; Hecht, S.; Carmella, S.; Kenney, P. Cabbage yield and glucosinolate concentrations as affected by nitrogen and sulfur fertility. HortScience 2005, 40, 1493–1498. [Google Scholar]

	



Stutte, G.W. Process and product: Recirculating hydroponics and bioactive compounds in a controlled environment. HortScience 2006, 41, 526–530. [Google Scholar]

	



Gruda, N. Impact of environmental factors on product quality of greenhouse vegetables for fresh consumption. Crit. Rev. Plant Sci. 2005, 24, 227–247. [Google Scholar] [CrossRef] [Scilit]

	



Charron, C.S.; Sams, C.E. Glucosinolate content and myrosinase activity in rapid-cycling Brassica oleracea grown in a controlled environment. J. Am. Soc. Hort. Sci. 2004, 129(129), 321–330. [Google Scholar]

	



Pagliarulo, C.; Hayden, A.; Giacomelli, G. Potential for greenhouse aeroponic cultivation of Urtica dioica. VII International Symposium on Protected Cultivation in Mild Winter Climates: Production, Pest Management and Global Competition; Workgroup Protected Cultivation in Mild Winter Climates: Kissimmee, FL, USA, November 2004; pp. 61–66. [Google Scholar]

	



Veteli, T.; Kuokkanen, K.; Julkunen, R.; Roininen, H.; Tahvanainen, J. Effects of elevated CO2 and temperature on plant growth and herbivore defensive chemistry. Glob. Change Biol. 2002, 8, 1240–1252. [Google Scholar] [CrossRef] [Scilit]

	



Wang, S.Y.; Bunce, J.A.; Maas, J. Elevated carbon dioxide increases contents of antioxidant compounds in field-grown strawberries. J. Agric. Food Chem 2003, 51, 4315–4320. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Kim, J.H.; Baek, M.H.; Chung, B.Y.; Wi, S.G.; Kim, J.S. Alterations in the photosynthetic pigments and antioxidant machineries of red pepper (Capsicum annuum L.) seedlings from gamma-irradiated seeds. J. Plant Biol. 2004, 47, 314–321. [Google Scholar] [CrossRef] [Scilit]

	



Naito, K.; Kusaba, M.; Shikazono, N.; Takano, T.; Tanaka, A.; Tanisaka, T. Transmissible and nontransmissible mutations induced by irradiating Arabidopsis thaliana pollen with (gamma)-rays and carbon ions. Genetics 2005, 169, 881. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Sato, Y.; Shirasawa, K.; Takahashi, Y.; Nishimura, M.; Nishio, T. Mutant selection from progeny of gamma-ray-irradiated rice by DNA heteroduplex cleavage using brassica petiole extract. Breeding Sci. 2006, 56, 179–183. [Google Scholar] [CrossRef] [Scilit]

	



Eroglu, Y.; Eroglu, H.E.; Ilbas, A.I. Gamma ray reduces mitotic index in embryonic roots of Hordeumvulgare L. Adv. Mar. Biol. 2007, 1, 26–28. [Google Scholar]

	



Peng, Q.; Zhou, Q. Antioxidant capacity of flavonoid in soybean seedlings under the joint actions of rare earth element la (III) and ultraviolet-B stress. Biol. Trace Elem. Res. 2009, 127, 69–80. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Stutte, G.W.; Eraso, I.; Rimando, A.M. Carbon dioxide enrichment enhances growth and flavonoid content of two scutellaria species. J. Am. Soc. Hort. Sci. 2008, 133, 631–638. [Google Scholar]

	



Estiarte, M.; Peñuelas, J.; Kimball, B.A.; Hendrix, D.L.; Pinter, P.J., Jr.; Wall, G.W. Free-air CO2 enrichment of wheat: Leaf flavonoid concentration throughout the growth cycle. Physiol. Plant 1999, 105, 423–433. [Google Scholar] [CrossRef] [Scilit]

	



Deng, X.; Woodward, F.I. The growth and yield responses of Fragaria ananassa to elevated CO2 and N Supply. Ann. Bot. 1998, 81, 67–71. [Google Scholar] [CrossRef] [Scilit]

	



Bushway, L.J.; Pritts, M.P. Photosynthesis, source-sink physiology-enhancing early spring microclimate to increase carbon resources and productivity in june-bearing strawberry. J. Am. Soc. Hort. Sci. 2002, 127, 415–422. [Google Scholar]

	



Campbell, D.E.; Young, R. Short-term CO2 exchange response to temperature, irradiance, and CO2 concentration in strawberry. Photosynth. Res. 1986, 8, 31–40. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Keutgen, N.; Chen, K.; Lenz, F. Responses of strawberry leaf photosynthesis, chlorophyll fluorescence and macronutrient contents to elevated CO2. J. Plant Physiol. 1997, 150, 395–400. [Google Scholar] [CrossRef] [Scilit]

	



Bunce, J.A. Seasonal patterns of photosynthetic response and acclimation to elevated carbon dioxide in field-grown strawberry. Photosynth. Res. 2001, 68, 237–245. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Desjardins, Y.; Gosselin, A.; Yelle, S. Acclimatization of ex vitro strawberry plantlets in CO2-enriched environments and supplementary lighting. J. Am. Soc. Hort. Sci. 1987, 112, 846–851. [Google Scholar]

	



Porter, M.; Grodzinski, B. CO2 enrichment of protected crops. Hort. Rev. 1985, 7, 345–398. [Google Scholar]

	



Wheeler, R.; Sager, J.; Prince, R.; Knott, W.; Mackowiak, C.; Stutte, G. Crop production for advanced life support systems- observations from the Kennedy Space Center Breadboard Project; National Aeronautics and Space Administration: Mims, FL, USA, February 2003. [Google Scholar]

	



Yu, J.; Tang, X.; Zhang, P.; Tian, J.; Cai, H. Effects of CO2 enrichment on photosynthesis, lipid peroxidation and activities of antioxidative enzymes of platymonas subcordiformis subjected to UV-B radiation stress. Acta Bot. Sin. 2004, 46, 682–690. [Google Scholar]

	



Jackson, R.B.; Sala, O.E.; Field, C.B.; Mooney, H.A. Carbon dioxide alters water use, carbon gain, and yield of dominant species in a natural grassland. Oecologia 1994, 98, 257–262. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Morison, J.I.L. Intercellular CO2 Concentration and Stomatal Response to CO2; Stanford University Press: Palo Alto, CA, USA, 1987. [Google Scholar]

	



Jones, P.A.; Jones, L.; Boote, J.; Campbell, K. Soybean canopy growth, photosynthesis, and transpiration responses to whole-season carbon dioxide Enrichment1. Agron. J. 1985, 76, 633. [Google Scholar] [CrossRef] [Scilit]

	



Allen, L., Jr.; Vu, J.; Valle, R.; Boote, K.; Jones, P. Nonstructural carbohydrates and nitrogen of soybean grown under carbon dioxide enrichment. Crop Sci. 1988, 28, 84–94. [Google Scholar] [CrossRef] [Scilit]

	



Caemmerer, S.; Farquhar, G. Some relationships between the biochemistry of photosynthesis and the gas exchange of leaves. Planta 1981, 153, 376–387. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Drake, B.G.; Gonzàlez-Meler, M.A.; Long, S.P. More efficient plants: A consequence of rising atmospheric CO2? Annu. Rev. Plant Biol. 1997, 48, 609–639. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Bowes, G. Growth at elevated CO2: Photosynthetic responses mediated through Rubisco. Plant Cell Environ. 1991, 14, 795–806. [Google Scholar] [CrossRef] [Scilit]

	



Vu, J.; Allen, L., Jr.; Boote, K.; Bowes, G. Effects of elevated CO2 and temperature on photosynthesis and Rubisco in rice and soybean. Plant Cell Environ. 1997, 20, 68–76. [Google Scholar] [CrossRef] [Scilit]

	



Zobayed, S.; Murch, S.; Rupasinghe, H.; Saxena, P. In vitro production and chemical characterization of St. john’s wort (Hypericum perforatum L. cv new stem’). Plant Sci. 2004, 166, 333–340. [Google Scholar] [CrossRef] [Scilit]

	



Sharkey, T.D. Estimating the rate of photorespiration in leaves. Physiol. Plant 1988, 73, 147–152. [Google Scholar] [CrossRef] [Scilit]

	



Khadri, A.; Neffati, M.; Smiti, S.; Falé, P.; Lino, A.R.L.; Serralheiro, M.L.M. Antioxidant, antiacetylcholinesterase and antimicrobial activities of cymbopogonschoenanthus L. spreng (lemon grass) from tunisia. LWT-Food Sci. Technol. 2010, 43, 331–336. [Google Scholar] [CrossRef] [Scilit]

	



Heath, R.L.; Packer, L. Photoperoxidation in isolated chloroplasts. I. Kinetics and stoichiometry of fatty acid peroxidation. Arch. Biochem. Biophys. 1968, 125, 189–198. [Google Scholar] [CrossRef] [Scilit]

	



Cuadra, P.; Harborne, J.B.; Waterman, P.G. Increases in surface flavonols and photosynthetic pigments in gnaphaliumluteo-album in response to UV-B radiation. Phytochemistry 1997, 45, 1377–1383. [Google Scholar] [CrossRef] [Scilit]

	



Jia, C.; Li, A. Effect of gamma radiation on mutant induction of Fagopyrum dibotrys Hara. Photosynthetica 2008, 46, 363–369. [Google Scholar] [CrossRef] [Scilit]












	
	
Sample Availability: Contact the authors.












[image: Molecules 16 08930 g001] 





Figure 1. Interaction of different CO2 concentration, gamma dosage and leaf sampling on leaf total flavonoid, leaf biomass and flavonoid * leaf biomass in plants of C.asiatica; n = 2 (400 = Ambient CO2; 800 = 800 μmol/mol CO2 concentration; G0 = Control or non-irradiated plants; G20 = Plants exposed to 20 Gy; W = Weekly leaf sampling “for instance; W4 = 4th week after planting”). 
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Figure 2. Effects of different CO2 concentration on net photosynthesis of irradiated and non-irradiated plants of C.asiatica; n = 4 (CO2 400 = Ambient CO2; CO2 800 = 800 μmol/mol CO2 concentration). 
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Figure 3. Effects of different gamma irradiation dosage on net photosynthesis of plants of C.asiatica; n = 4 (G0 = Control; G20 = Plants irradiated to 20 Gy). 
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Figure 4. Effects of different CO2 concentration on stomatal conductance and internal carbon dioxide of plants of C.asiatica; n = 2 (400 = Ambient CO2; 800 = 800 μmol/mol CO2 concentration). 
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Figure 5. Effects of different CO2 concentration on WUE and transpiration of plants of C. asiatica; n= 4 (400 = Ambient CO2; 800 = 800 μmol/mol CO2 concentration). 






Figure 5. Effects of different CO2 concentration on WUE and transpiration of plants of C. asiatica; n= 4 (400 = Ambient CO2; 800 = 800 μmol/mol CO2 concentration).



[image: Molecules 16 08930 g005]







[image: Molecules 16 08930 g006] 





Figure 6. MDA content in different CO2 concentration in irradiated and non-irradiated accessions of C.asiatica; n = 2 (400 = Ambient CO2; 800 = 800 μmol/mol CO2 concentration; G0 = Control; G20 = Plants irradiated to 20 Gy). 
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