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Abstract

:

Methacrolein (MACR) and methyl vinyl ketone (MVK) are key intermediate compounds in isoprene-initiated reactions, and they cause the formation of secondary organic aerosols and photochemical ozone. The importance of higher plants as a sink of these compounds and as a source of volatiles converted from these compounds was addressed in the present study. We exposed four non-isoprene-emitting plant species to MACR and MVK at concentrations of several to several hundred ppb, measured their uptake rates, and analyzed the volatiles converted from MACR and MVK by these plants. We used a flow-through chamber method to determine the exchange rates. Both MACR and MVK were absorbed by all plants via stomata. Two metabolites, methyl ethyl ketone (MEK) and 2-butanol, were detected when MVK was fumigated. The conversion ratio was 26–39% for MEK and 33–44% for all volatiles. Combined with the results of two previous relevant reports, our results suggest that MEK conversion from MVK normally occurs in a wide range of plant species, but the conversion ratio may depend on plant type, i.e., if plant species are isoprene-emitting or non-emitting, as well as on the fumigation concentrations. This finding also emphasizes the importance of bilateral exchange measurements of these compounds at lower concentrations close to ambient levels.
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1. Introduction


Volatile organic compounds (VOC) and NOx are involved in the formation of photochemical ozone and degradation of air quality in urban and sub-urban areas [1]. VOC reactions also cause the formation of secondary organic aerosol (SOA), which affects human health and climate [2]. SOA absorbs and scatters shortwave radiation and affects cloud properties by acting as cloud condensation nuclei (CCN) or ice nuclei [2]. VOCs are degraded in the atmosphere by a number of reactions with OH, ozone, NO3, and HO2 [3]. These oxidized products undergo gas-particle conversion processes such as nucleation, condensation, and heterogeneous and multiphase chemical reactions. The formation and growth of SOA depends on the original oxidized products. By mass balance calculation, Goldstein and Galbally [4] estimated that 510–910 Tg C yr−1 of SOA was formed from globally emitted VOCs, with an annual emission of 1300 Tg C yr−1.



Isoprene is a biogenic VOC (b.p. = 34 °C) which is most abundantly emitted into the atmosphere, and it is mainly produced by many broad-leaved and several coniferous trees as a secondary metabolite. Several models have estimated that the annual global emission of isoprene is 459–601 Tg C [5], which is higher than the annual emission estimates of anthropogenic VOCs.



As isoprene is very reactive with OH radicals in the atmosphere [6], it is easily oxidized into methacrolein (MACR), methyl vinyl ketone (MVK), glycolaldehyde, and other compounds [3]. Further reactions of these compounds can lead to the formation of SOA and ozone. Even if the SOA yield from isoprene is ~1%, the large global source strength of isoprene may significantly contribute to the formation of SOA [3]. In the formation of SOA and photochemical ozone originating from isoprene, MACR and MVK are the key intermediate compounds because of their high yields from isoprene-initiated reactions [7].



MVK and MACR are bilaterally exchanged between plants and the atmosphere [8]. These compounds were detected in emissions from vegetation [9], suggesting that they are not only produced by atmospheric oxidation of isoprene but also formed in leaves by isoprene reaction under oxidative stress. The compensation point of these compounds within leaves might vary depending on their atmospheric concentrations and the degree of oxidative stress imposed on plants [10].



MACR and MVK are absorbed by trees via stomata [11]. Within the tree canopy, leaf uptake is an important and significant sink of MACR and MVK, in addition to losses by chemical reactions with OH radicals and ozone [11]. At ppb to several tens of ppb levels, the uptake rates of ketones and aldehydes, including MACR and MVK, increase linearly with the increase in stomatal conductance when light intensity is increased [11,12,13], suggesting that this uptake is controlled by stomatal opening. The total uptake of aldehydes and ketones by houseplants was found to be 30–100 times higher than the amount partitioned into leaf water [12], suggesting that VOCs are metabolized in these plants. Muramoto et al. [14] estimated that MACR is metabolized in tissues to produce glutathione conjugates and highly volatile compounds, including isobutyl aldehyde, isobutyl alcohol, and methallyl alcohol when tomato plants were fumigated to MACR at ppm level.



Cappellin et al. [15] recently reported that exogenous MVK was reduced in the leaves of an isoprene-emitting tree (Quercus rubra) to produce methyl ethyl ketone (MEK) or 3-buten-2-ol. These compounds are emitted from leaves to the atmosphere, which is interesting because after acetone, MEK is the second most abundant ketone in the atmosphere [16,17] and it is highly reactive with OH radicals [18]. Although the fumigation concentration of MVK applied by Cappellin et al. [15] was too high to represent natural conditions (~300 ppbv), metabolic conversions might occur even at ambient concentrations of these compounds. In this case, MVK might be a significant source of atmospheric MEK. However, there are no available data on other plant species, and it is unclear if these conversions occur in leaves of a wide range of plant species. The concentration-dependency of the conversions needs to be addressed to evaluate the importance of these conversions in the lower troposphere.



In the present study, we exposed four non-isoprene-emitting plant species to MACR and MVK, measured the uptake rates of these compounds by plants, and analyzed the volatile compounds converted from MACR and MVK. We investigated the concentration-dependency of the conversions within the MVK concentration range from several ppb to several hundred ppb. We indicated that the conversion ratios from MVK to MEK and to 2-butanol, as well as the conversion ratio from MEK to 2-butanol, were not largely different among the plant species and almost constant among the fumigation concentrations, but they were lower than those reported on an isoprene-emitting tree species.




2. Experiments


2.1. Plant Materials


The four plant species used in the present study included two evergreen broad-leaved tree species (Quercus myrsinifolia and Osmanthus fragrans var. aurantiacus), one deciduous broad-leaved tree species (Quercus acutissima), and one houseplant species (Spathiphyllum clevelandii). These tree species are widely planted in urban areas in Japan [19] and in some countries in East Asia [20]. The houseplant is also one of the most popular ones, meaning that they are ubiquitous. Q. myrsinifolia and Q. acutissima have been reported to be non-isoprene-emitting trees [21]. In a preliminary experiment, we measured the emissions from Osmanthus fragrans var. aurantiacus and S. clevelandii, and we confirmed that they were also non-isoprene-emitting plants. Five three-year-old saplings of each tree species and five adult house plants were obtained from local nurseries in Toyohashi city, Aichi Prefecture, and from Shizuoka City, Shizuoka Prefecture, Japan. The saplings were potted in pots with 18 L of soil composed of 30% leaf mold, 30% Kanuma soil, 20% andosol, and 20% sharp sand. The plants were used in experiments at least six months after potting. The tree height of the three tree species was 60–80 cm, and the plant height of the houseplants was ~50 cm.




2.2. VOC Exposure Experiments


The VOC exposure and measurement system used in this study is shown in Figure S1. This system has been described in detail in our previous studies [11,22] and therefore, it is only briefly described here.



By using a gas diffusion device and dilution lines, several ppb of target VOC were produced. Compounds used in the series of experiments were isoprene oxidation products MACR and MVK. MEK was also used to determine whether it is converted to other compounds emitted to the atmosphere. The chemical characteristics of these compounds are shown in Table S1. An aliquot of the standard liquid (~10 μL, purity > 98%) was injected into a glass tube (1.5 or 2 mm diameter and 10 cm length) and installed into the permeator (PD-1B-2, GASTEC, Japan). Clean air purified by platinum catalysis heated to 400 °C was sent to the permeator at the rate of 1 L min−1, and the inside temperature of the permeator was maintained at 30 ± 0.1 °C. Ten to 20 mL min−1 of the outflowing air from the permeator was mixed with purified air stream (2 L min−1) in order to produce several tens of ppbv of the target VOC, and the rest was vented outside. As the liquid level in the diffusion tube decreased with time, VOC concentration gradually decreased, at most by 15% after 24 h.



We used two fumigation bags: a sample bag and a blank bag. They were transparent, fluorinated ethylene-propylene copolymer (FEP) bags (20–40 L volume each). A live branch of trees or a leaf of a houseplant with a total projected leaf area of approximately 100–200 cm2 was enclosed in the sample bag. The blank bag was empty, without plant leaves. The VOC air was sent to the two bags at a flow rate of 1 L min−1. The outflowing air was sent to a proton-transfer-reaction time-of-flight mass spectrometer (PTR-TOF-MS) (PTR-TOF 1000, Ionicon GmbH, Innsbruck, Austria) to measure the concentration of the target VOC. We also measured the carbon dioxide and water vapor concentrations in the sample and blank bags with an infrared gas analyzer (LI820, Li-Cor, USA), and we calculated the net photosynthetic rate and transpiration rate of the enclosed leaves. Two three-port solenoid valves were set to automatically and synchronously change the gas flow every 15 min in opposite directions (i.e., when the air from the blank bag was monitored with PTR-TOF-MS, the air from the sample bag was sent to the infrared gas analyzer).



The protonated molecular ion m/z 71 was monitored for MACR and MVK concentrations, and m/z 73 was monitored for MEK concentration. Ions originating from impurities of standard liquids had molecular weights different from those of the target VOC compounds, and therefore did not interfere with the PTR-TOF-MS measurement of the target VOC compounds.



Plants were illuminated with a 400 W metal halide lamp (D400, Toshiba LiTec, Japan). The photosynthetic photon flux density (PPFD) was measured with a quantum sensor (LI190, Li-Cor, USA) and varied by adjusting the distance between the lamp and the leaves to be within a range of 80–800 μmol m−2·s−1. Leaf temperature in the bag was measured with Teflon-coated T-type fine-wire thermocouples, and it ranged from 24 to 28 °C during the fumigation experiments. VOC uptake measurements were repeated for three different pots for each plant species. In order to investigate the relationship between VOC uptake and plant physiological parameters (such as stomatal conductance), PPFD was varied using light-shading sheets in one of the three measurements for each plant species.



Additional measurements were conducted to investigate the concentration-dependency of MVK conversion ratio to MEK by S. clevelandii leaves. The concentration of the fumigated MVK was increased in four steps from zero to several hundred ppbv by changing the dilution ratio. MEK conversion to 2-butanol was also monitored with PTR-TOF-MS and a gas chromatograph mass spectrometer (GC-MS) when MEK was fumigated to S. clevelandii leaves at a concentration of ~8 ppbv. The conversion ratio was determined using the GC-MS analytical data.




2.3. PTR-TOF-MS


The ratio of electric field strength (E) to buffer gas number density (N) in the drift tube of the PTR-TOF-MS was held at ~140 Td by maintaining the drift tube voltage, temperature, and pressure at 600 V, 80 °C, and 2.2 mbar, respectively. The apparent VOC concentration was calculated using the ion signals obtained from PTR-TOF-MS and the drift tube pressure and temperature. We monitored mass 37 (H3O+H2O) throughout the experiment to calculate the water vapor concentration in both bags [22]. If the water vapor concentration in the sample bag is close to a saturated one, water vapor may condense onto the inner surface of the sample bag and tubes, and the fumigated VOCs may dissolve in the condensed water. However, in this fumigation experiment, the concentration was kept much lower than saturation, preventing water vapor from condensing. The H3O+H2O ion was also used to correct the apparent concentrations of target VOCs for humidity [23], as it affects the sensitivity of PTR-TOF-MS and fragment patterns of fragile compounds [24]. We finally determined VOC concentrations using the ratio of VOC concentration determined by GC-MS to the apparent concentration measured with PTR-TOF-MS. The corrected concentrations of MVK, MACR, and MEK during the fumigation experiments were 1.4–400 ppbv, 10 ppbv, and 8 ppbv, respectively.




2.4. GC-MS Analysis


Emissions from the plants were also identified and quantified by GC-MS (QP5050A, Shimadzu, Japan). The air inside the two bags was individually collected into adsorbent tubes containing 200 mg of Tenax-TA and 100 mg of Carbotrap at least 24 h after the start of fumigation experiments. The air was drawn at a flow rate of 200 mL min−1 for 10 min, using a sampling pump (MP-∑30NII, Shibata, Japan). Triplicate gas sampling was conducted to check the variation in the determined concentrations. The samples collected in the adsorbents underwent a two-stage thermal desorption (TurboMatrix 650ATD, Perkin-Elmer, Japan), and compound separation was achieved using an SPB-5 capillary column (60 m × 0.25 mm, 1 µm film thickness, Supelco, USA). The GC-MS analytical procedures and parameters were described in detail in Mochizuki et al. [25]. The detection limit (S/N = 3) of the GC-MS system was 0.03–0.04 pmol.




2.5. Determination of Uptake and Emission Rates of VOCs


The calculation of the VOC uptake rate A (mol m−2·s−1) by the exposed leaves was described previously by Tani et al. [22], and therefore, only a brief description is given here. A was determined by mass balance in the enclosure bag and calculated using the following equation:


A × LA = Mass − Masss



(1)




where LA is the leaf area (m2), and Massb and Masss are VOC efflux from the blank bag and the sample bag, respectively, per second (mol s−1). Massb and Masss were determined using the following equations:


Massb = Vb × Cb



(2)






Masss = Vs × Cs



(3)




where Vb and Vs are the flow rates of the air flowing out from the blank bag and the sample bag, respectively (mol s−1), and Cb and Cs are the VOC concentrations in the blank bag and the sample bag, respectively (mol mol−1). The concentrations were corrected for humidity when the concentrations were determined with PTR-TOF-MS. When the VOC concentration determined with GC-MS was used for these calculations, it did not require humidity correction. Vs was calculated considering the water vapor increase as follows:


Vs = Vb(1 − Wb)/(1 − Ws)



(4)




where Wb and Ws are water vapor concentrations in the blank bag and the sample bag, respectively (mol mol−1), measured with the infra-red gas analyzer. Stomatal conductance gs, leaf boundary layer conductance gb, and intercellular VOC concentration Ci were determined following the calculation procedure for CO2 described in Appendix 2 in Caemmerer and Farquhar [26].




2.6. Statistical Analysis


The statistical significance of the conversion ratio between plant species, compounds, and their interactions was analyzed using analysis of variance (ANOVA) with the Excel Statistics 2008 program for Windows (SSRI, Japan). When a significant difference was observed in the ANOVA tests, the Tukey–Kramer multiple range test was applied to identify the significant differences between plant species.





3. Results


3.1. MVK and MACR Uptake by Plants


Before exposing the plants to either MVK or MACR, blank measurements were conducted for the two empty enclosure bags. The average concentrations of MVK and MACR for 15 min were not significantly different between the bags. The difference was <0.1 ppbv, and therefore it was not considered in the fumigation experiments. During the light periods of the fumigation experiment, a lower concentration of MVK was observed in the sample bag than in the blank bag (Figure 1, panel A,C). During the dark period, the concentration difference was small (<0.3 ppbv). On the other hand, water vapor concentration was higher in the sample bag than in the blank bag, because of transpiration through stomata. The concentration differences of MVK and water vapor between the two bags suggest that MVK is mostly absorbed through stomata. The same trends were observed in case of MACR fumigation (Figure 1, panel E), indicating that MACR is also absorbed through stomata.



Daytime changes in the uptake rate of MVK or MACR, net photosynthetic rate (Pn), and transpiration rate (Tr) were similar to each other (Figure 1, panel B,D,F). These values were likely to be higher at higher PPFD. During dark periods, the calculated uptake rate was very low (<0.03 nmol m−2·s−1 in most cases), and Pn had negative values because of dark respiration.




3.2. MEK and 2-butanol Emissions in Fumigation Experiments


During the MVK fumigation experiments, an ion of m/z 73 was detected in the sample bag. GC-MS analysis of the air collected from the sample bag revealed that MEK was emitted from all plant species. The MVK uptake rate and MEK emission rate changed similarly with time (Figure 2, panel A,C), and good correlations were observed between these two factors (Figure 2, panel B,D). The slopes of the regression lines indicated the conversion ratio of MVK to MEK, and the average value for each plant species was not largely different, ranging from 26% for S. clevelandii to 39% for Q. myrsinifolia (Table 1). A small peak of 2-butanol was also detected in GC-MS chromatograms obtained for S. clevelandii, Q. acutissima, and Q. myrsinifolia. The conversion ratio of MVK to 2-butanol was calculated to be 4–9%. No emission of 2-butanol was detected in the gas collected from the bag enclosing the branch of O. fragrans var. aurantiacus.



Both MVK uptake and MEK emission were closely correlated with gS (Figure 3, panel A,C), as PN was correlated with gS (Figure 3, panel B,D), indicating that their uptake and emission were governed by stomatal opening. MACR uptake was also correlated with stomatal opening.



The concentration-dependency of MVK conversions to MEK and 2-butanol was investigated using S. clevelandii leaves (Figure 4). The conversion ratio of MVK to MEK was 29–50% at a concentration range of 1.4–400 ppbv, showing that MEK yield was not concentration-dependent. The yield of 2-butanol was lower than that of MEK at the medium and high concentration ranges (7.4–362 ppbv), and no emission was detected at the low concentration range (<5 ppbv).



When MEK at a concentration of ~8 ppbv was fumigated to S. clevelandii, MEK was absorbed by the plants, and the emission of 2-butanol was detected. The mean conversion ratio from MEK to 2-butanol was 22.6%, with a standard deviation of 11.3%. This value was higher than that from MVK to 2-butanol.





4. Discussion


Low-molecular-weight carbonyls, including ketones and aldehydes, have been reported to be taken up by plants via stomata [12,13,27]. At a low concentration range of ppb to several tens of ppb, the PTR-MS-based measurement system provided more precise data than GC-MS-based analysis [22]. In the present study, we used PTR-TOF-MS and GC-MS to analyze VOC, and we showed that isoprene oxygenates MACR and MVK were also absorbed by the four investigated species (Figure 1). This result was consistent with the results of our previous study on other plant species [11], and with the results of a previous report conducted in a forest [28]. In our previous study [11], we estimated the fate of MACR and MVK within the forest canopy, and we showed that the loss rates by tree uptake were the highest, followed by the reaction with OH radicals and reaction with ozone, suggesting that tree uptake provides a significant sink of MACR and MVK. In the present study, the uptake rate of MVK and MACR of the four plant species increased linearly with the increase in gS, indicating that this uptake was controlled by stomatal opening (Figure 3). This result was also in accordance with our previous results [11,13]. Other isoprene oxygenates, such as isoprene hydroxy hydroperoxides (ISOPOOH) and isoprene epoxy diols (IEPOX), have been reported to be deposited in a temperate forest [29].



It has been reported that some VOCs are bilaterally exchanged between plants and the atmosphere [8]. Low-molecular-weight oxygenated VOCs, including acetaldehyde, formaldehyde, and acetic and formic acids, were reported to be both emitted and taken up by plants [30]. MVK and MACR were also detected to be emitted from plants [9], suggesting that these compounds are not only formed by atmospheric oxidation of isoprene, but also produced in leaves by endogenous isoprene oxidation reaction under stress conditions.



Cappellin et al. [15] recently reported that MVK absorbed by leaves of two-year-old red oak (Quercus rubra) was reduced to MEK or 3-buten-2-ol. Further reactions reduced MEK and 3-buten-2-ol to 2-butanol. Our results were similar to theirs, but we did not observe 3-buten-2-ol emission from the four plant species. Cappellin et al. [15] determined the conversion ratio of MVK to MEK to be 73%, and that of MVK to all volatiles (including MEK, 3-buten-2-ol, and 2-butanol) to be 97.6%, suggesting that the absorbed MEK was mostly converted to volatiles and scarcely remained in leaves. The conversion ratios in the present experiment were 26–39% for MEK and 33–44% for all volatiles, independent of stomatal opening, and weakly dependent on plant species (Table 1). These values were much lower than those reported by Cappellin et al. [15].



The difference in the abundance of volatiles converted from MVK between the results of our study and those of Cappellin et al. [15] might be attributed to plant materials. Cappellin et al. [15] used the isoprene-emitting plant Quercus rubra, but we used four non-emitting species, including three tree species and one houseplant species. Isoprene-emitting trees may have more active enzymes for converting MVK to volatiles than non-emitting plants, because cells of the isoprene-emitting plants are always exposed to high concentrations of isoprene and its oxygenates, including MVK, during daytime. Reactive carbonyl species, especially α,β-unsaturated carbonyls (including MVK and MACR) are deleterious to plants at high concentrations [31,32]. Under such conditions, it may be safer for the isoprene-emitting plants to release the oxygenates into the atmosphere in the form of other volatiles because the pool size used for accumulating these oxygenates and their metabolites within plant tissues is limited, particularly at unusually high concentrations (>hundreds of ppbv). In the present experiment, more than 50% of the absorbed MVKs were estimated to be converted to heavier and nonvolatile compounds. Candidates converted from MVK may be glutathione conjugates, as Muramoto et al. [14] reported that MACR is metabolized in tissues to produce glutathione conjugates in addition to highly volatile compounds. Other enzymes involved in the detoxification of reactive carbonyls include cytochrome P450 monooxygenase, glycosyltransferases, and acyltransferases [33]. The reservoirs of these metabolites may be the vacuole, cellulose, hemi-cellulose, and lignin, depending on the physicochemical properties of the metabolites [34]. In the present experiment, glutathione conjugates and other adduct reactions with MVK may have occurred in non-emitting plants at low and medium concentrations of MVK (1.7–400 ppbv).



In MACR fumigation, we detected no emission of volatiles converted from MACR. Muramoto et al. [14] reported that, in a closed chamber measurement at unusually high MACR concentrations of 560 and 2240 ppmv, MACR was metabolized in plant tissues to produce highly volatile compounds, including isobutyl aldehyde, isobutyl alcohol, and methallyl alcohol. They estimated that the enzymes involved in this conversion are alkenal/one oxidoreductase (AOR) and aldo-keto reductase (AKR). Cappellin et al. [15] recently reported that a transient release of such products was detected for 2 h after the start of the MACR fumigation experiment at a concentration of 140 ppbv. Although the emission was no longer detected 2 h later, isobutyl aldehyde emission accounted for 6.5% of the MACR uptake, which was in accordance with the 6.4% conversion ratio of tomato plants reported by Muramoto et al. [14]. The fumigation concentration in two previous experiments was >0.1 ppmv, but this concentration in the present experiment was one order of magnitude lower (~10 ppbv) and more realistic for representing current atmospheric conditions. Muramoto et al. [14] also reported that efficient removal of MACR through glutathionylation within plant tissues was observed at the lowest MACR concentration (112 ppmv), when the reduction to form isobutyl aldehyde was not observed. They also employed a flow-through chamber method to fumigate MACR at a low concentration range (20–100 ppbv), and found that as much as ~40% of the MACR supplied in airflow was absorbed by the tomato plants and converted into GSH adducts. Our results and those of previous studies suggest that the conversion of MACR to volatiles is concentration-dependent, and in typical ambient atmospheric conditions where MACR concentration is at sub-ppbv levels, MACR may be mainly converted to heavier compounds, which remain in leaf tissues and are scarcely converted to volatiles.



In the present study, 2-butanol was also detected when MVK was fumigated to S. clevelandii, Q. acutissima, and Q. myrsinifolia (Table 1). When MEK was fumigated to S. clevelandii, 2-butanol emission was observed (Table 2), and its yield (23%) was higher than that in the case of MVK fumigation. These results suggest that 2-butanol is reduced from MEK, which is in accordance with the results of Cappellin et al. [15]. However, the conversion ratio from MEK to 2-butanol was low (23%), suggesting that 3/4 of MEK may also be converted to nonvolatile compounds. When MVK was fumigated to O. fragrans var. aurantiacus, no emission of 2-butanol was observed, but substantial emission of MEK was detected (Table 1), indicating that the activity of the enzymes converting MEK to 2-butanol was different in different plant species.



Although the available data from our study and previous reports are limited, our results suggest that MEK conversion from MVK normally occurs in a wide range of plant species, but the conversion ratio may depend on plant type, that is, if plant species are isoprene-emitting plants or non-emitting plants, as well as on fumigation concentrations. In terms of atmospheric chemistry, MVK, MACR, and MEK are important carbonyls originating from volatile isoprene. Therefore, bilateral exchanges of these compounds should be investigated at ambient concentration levels because the conversion ratios from MVK and MACR to volatiles, including MEK, might be lower at lower fumigation concentrations.




5. Conclusions


As a result of MACR and MVK fumigation experiments, we observed that both MACR and MVK were absorbed by all plants via stomata. Two metabolites, MEK and 2-butanol, were detected when MVK was fumigated, but no volatile compounds were detected in the case of MACR fumigation. The conversion ratio was 26–39% for MEK, and 33–44% for all volatiles. When MEK was fumigated to S. clevelandii, it was absorbed by the plant, and 2-butanol was emitted. The conversion ratio was ~23%. We compared our results with those of two previous relevant reports and found that isoprene-emitting plants might have higher enzymatic activity for converting MVK to volatiles than non-emitting plants, because cells of the isoprene-emitting plants are always exposed to high concentrations of isoprene and its oxygenates, including MVK, during daytime. In such cases, it may be safer for the plants to release these oxygenates into the atmosphere in the form of other volatiles, because the pool size used for accumulating these oxygenates and their metabolites within plant tissues is limited. Our results suggest that MVK conversion to MEK normally occurs in a wide variety of plant species, but the conversion ratio may depend on plant type, that is, if plant species are isoprene-emitting or non-emitting plants, as well as on the fumigation concentrations. Our findings also emphasize the importance of bilateral exchange measurements of these compounds at lower concentrations close to ambient levels.
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Figure 1. Time course of volatile organic compounds (VOCs) and water vapor concentrations, exchange rates of VOCs, net photosynthetic rate (Pn), and transpiration rate (Tr). Panels A and B: methyl vinyl ketone (MVK) fumigation experiment using Spathiphyllum clevelandii; panels C and D: MVK fumigation experiment using Quercus acutissima; panels E and F: methacrolein (MACR) fumigation experiments using Quercus myrsinifolia. 
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Figure 2. Time course of exchange rates of VOCs and their relationship. Panels A and B: MVK fumigation experiment using Spathiphyllum clevelandii; panels C and D: MVK fumigation experiment using Quercus acutissima. 
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Figure 3. Relationship of exchange rates of VOCs and net photosynthetic rate (Pn) to stomatal conductance. Panels A and B: MVK fumigation experiment using Spathiphyllum clevelandii; panels C and D: MVK fumigation experiment using Quercus acutissima; panels E and F: MACR fumigation experiment using Quercus myrsinifolia. 
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Figure 4. Concentration-dependency of MVK conversions to MEK and 2-butanol. Open and filled symbols indicate conversion ratios from MVK to MEK and to 2-butanol, respectively. Circle, square, and triangle symbols show the 1st, 2nd, and 3rd experiments, respectively. The GC-MS analysis was conducted in triplicate for the air collected into the adsorbent tubes, and standard deviations were all less than 30% of each plotted data point. 
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Table 1. Conversion ratios of MVK to methyl ethyl ketone (MEK) and to 2-butanol.
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	Plant Name
	Conversion to MEK
	Conversion to 2-Butanol





	Spathiphyllum clevelandii
	26.0 ± 1.0
	3.7 ± 2.6



	Quercus acutissima
	31.9 ± 19.3
	9.4 ± 8.6



	Quercus myrsinifolia
	39.4 ± 4.3
	4.3 ± 0.6



	Osmanthus fragrans var. aurantiacus
	35.9 ± 5.8
	0.0 ± 0.0



	Two-way ANOVA
	
	



	species × compounds: n.s.
	species: n.s.
	compounds: **







* and ** indicate a significant difference at 5% and 1% level by ANOVA test, respectively; n.s. indicates no significant difference. No significant difference was observed between the plant species with respect to each conversion (p > 0.05). n = 3.
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Table 2. MEK uptake rate, 2-butanol emission rate, and conversion ratio of MEK to 2-butanol of S. clevelandii.
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	Date of Gas Sampling
	MEK Uptake Rate

(nmol m−2 s−1)
	2-Butanol Emission Rate

(nmol m−2 s−1)
	Conversion Ratio

(%)





	15 November 2018
	0.24 ± 0.12
	0.031 ± 0.005
	13.8 ± 4.1



	16 November 2018
	0.28 ± 0.14
	0.031 ± 0.001
	13.5 ± 7.5



	14 December 2018
	0.25 ± 0.01
	0.045 ± 0.001
	26.1 ± 13.9



	20 December 2018
	0.03 ± 0.00
	0.011 ± 0.000
	37.0 ± 1.2



	Average
	0.20
	0.030
	22.6



	Standard deviation
	0.11
	0.010
	11.3











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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