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Summary 1 

Acetophenone (AP) and 1-phenylethanol (1PE) are the two major endogenous volatile 2 

compounds in flowers of Camellia sinensis var. Yabukita. Until now no information has been 3 

available on the biosynthesis of AP and 1PE in plants. Here we propose that AP and 1PE are 4 

derived from L-phenylalanine (L-Phe), based on feeding experiments using stable isotope-labeled 5 

precursors L-[2H8]Phe and L-[13C9]Phe. The subacid conditions in the flowers result in more 6 

hydrogenation than dehydrogenation in the transformation between AP and 1PE. Due to the 7 

action of some enzyme(s) responsible for the formation of (R)-1PE from AP in the flowers, (R)-8 

1PE is the dominant endogenous steroisomer of 1PE. The modification of 1PE into nonvolatile 9 

glycosidic forms is one of the reasons for why only a little 1PE is released from the flowers. The 10 

levels of AP, 1PE, and glycosides of 1PE increase during floral development, whereas the level 11 

of L-Phe decreases. These metabolites occur mostly in the anthers. 12 

 13 

Keywords: Acetophenone; Camellia sinensis; L-phenylalanine; 1-phenylethanol; precursor 14 

 15 

Abbreviations:  16 

AIP, 2-aminoindan-2-phosphonic acid; AP, acetophenone; CA, cinnamic acid; HPPA, 3-hydroxy-17 

3-phenylpropionic acid; MSTFA, N-methyl-N-(trimethylsilyl) trifluoroacetamide; PAA, 18 

phenyllactic acid; PAL, phenylalanine ammonia-lyase; 1-PE, 1-phenylethanol; L-Phe, L-19 

phenylalanine; PPA, phenylpyruvic acid; PVPP, polyvinylpolypyrrolidone 20 

21 
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Introduction 1 

Plants synthesize and release a large variety of volatile organic compounds, which can be viewed 2 

as the plant’s interface with the surrounding environment. These volatile compounds are released 3 

from flowers, leaves, fruits, or roots into the atmosphere or soil, allowing the plant to interact 4 

with other organisms while remaining anchored to the ground (Negre-Zakharov et al., 2009). The 5 

volatile compounds emitted from vegetative parts, especially after herbivore attack, appear to 6 

protect plants by deterring herbivores and by attracting the enemies of herbivores, whereas floral 7 

volatiles serve as attractants for species-specific pollinators (Pichersky and Gershenzon, 2002). 8 

The volatile compounds emitted from flowers include fatty acid derivatives, benzenoids, 9 

phenylpropanoids, isoprenoids, and nitrogen- and sulphur-containing compounds (Knudsen et al., 10 

1993). Isoprenoids are formed by geranyl pyrophosphate/geranylgeranyl pyrophosphate 11 

pathways, whereas most phenylpropanoids and benzenoids are derived from shikimic acid 12 

(Pichersky et al., 2006). The biosynthetic pathways of many volatile phenylpropanoids and 13 

benzenoids (including phenylacetaldehyde, 2-phenylethanol, phenylethylbenzoate, benzaldehyde, 14 

benzylalcohol, benzylbenzoate, eugenol, and isoeugenol) have been intensively investigated in 15 

plants (Boatright et al., 2004). However, the plant biosynthetic pathways of some other volatile 16 

phenylpropanoids/benzenoids, including acetophenone (AP) and 1-phenylethanol (1PE), remain 17 

unknown. In the present study, we found that AP and 1PE are the two major endogenous volatile 18 

compounds in flowers of Camellia sinensis (tea), which allowed us to use the C. sinensis flowers 19 

as a model for studying the biosynthesis of these two volatile compounds. By supplying stable 20 

isotope-labeled precursors to the flowers, we found evidence that AP and 1PE are derived from 21 

L-phenylalanine (L-Phe). We investigated the stereochemistry of 1PE and its transformation 22 

from AP. In addition, we investigated the distribution of the two compounds and their precursors 23 
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in floral organs, their emission from flowers, and the changes in their endogenous concentrations 1 

during floral development.  2 

 3 

Materials and methods 4 

Samples 5 

The leaves and flowers of C. sinensis var. Yabukita, which is the most popular variety of tea in 6 

Japan, were obtained from tea fields at the Center for Education and Research in Field Sciences, 7 

Shizuoka University (Shizuoka, Japan) between October and December in 2008, 2009, 2010, and 8 

2011. Flower development was divided into 3 stages: at stage 1 the flower buds are closed, at 9 

stage 2 the flower is half open, and at stage 3 the flower is fully open (Figure S1, Supplementary 10 

Materials). 11 

 12 

Feeding of stable isotope-labeled compounds to cut flowers and identification of products 13 

Cut flowers at stage 1 were kept in an incubator with a 12-h light/12-h dark photoperiod at 70% 14 

humidity and 18-20ºC. Individual flowers were placed in one of the following solutions: (1) 15 

water (as control); (2) 12 mM L-[a,b,b,2,3,4,5,6-2H8]Phe (L-[2H8]Phe, deuterium atom ≥ 98%, 16 

Cambridge Isotope Laboratories, Inc.); (3) 12 mM L-U-13C9-Phe (L-[13C9]Phe, U-13C9, 97-99%, 17 

Cambridge Isotope Laboratories, Inc.); (4) 12 mM sodium acetate-1-13C (13C atom ≥ 99%, Isotec 18 

Corporation); (5) 12 mM sodium acetate-2-13C (13C atom ≥ 99%, Isotec Corporation); and (6) 12 19 

mM sodium acetate-13C2 (
13C atom ≥ 99%, Isotec Corporation). After 18-20 h (while the flower 20 

developed from stage 1 to stage 3), the headspace volatile compounds were collected using solid 21 

phase microextraction (Supelco Inc.) with 100 m polydimethylsiloxane coated fiber (2 h 22 

sampling for each flower, Figure S2, Supplementary Materials). 23 
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To identify the nonvolatile products of the isotope-labeled compounds used in the feeding 1 

experiments, N-methyl-N-(trimethylsilyl) trifluoroacetamide (MSTFA) derivatization was used. 2 

Table S1 (Supplementary Materials) shows the MSTFA derived products of nonlabeled authentic 3 

standards and their molecular weights, and characteristic ions based on analysis of gas 4 

chromatography (GC) time-of-flight (TOF) mass spectrometry (MS).  5 

To identify the labeled trans-cinnamic acid (CA) and phenyllactic acid (PAA) products, 500 6 

mg or 800 mg (fresh weight) of finely powdered floral tissues crushed by a Multi-Beads Shocker 7 

(2,000 rpm, 15 sec, Yasui Kikai Corporation, Japan) were extracted with 4 mL of cold methanol 8 

by vortexing for 2 min followed by an ultrasonic extraction in ice cold water for 10 min. Each 9 

extract was mixed with 4 mL of cold chloroform and 1.6 mL of cold water for phase separation, 10 

and the resulting upper layer was filtered through a 0.2 m membrane filter, dried, and then 11 

redissolved in 0.5 mL of water. Five hundred microliter of the extract in water was mixed with 12 

12 L of 0.25 N hydrochloric acid and extracted twice with 1.0 mL of ethyl acetate. The ethyl 13 

acetate extract was dried, and derivatized with 80 L of MSTFA at 37°C for 60 min, and then 14 

centrifuged. The MSTFA derivates were then analyzed by a GC-MS QP5000 (Shimadzu), which 15 

was controlled by a Class-5000 work station. The injector temperature was 230°C, splitless 16 

mode was used with a splitless time of 1 min, and helium was the carrier gas with a 17 

velocity 1.5 mL/min. The HP-1MS column (Agilent Technologies, 30 m  0.25 mm  0.25 m) 18 

was used with an initial temperature of 80°C for 3 min, a ramp of 15°C/min to 300°C, and 19 

then a hold at 300°C for 15 min. The MS analyses were carried out in SIM mode.  20 

To identify the labeled phenylpyruvic acid (PPA) product, 500 mg (fresh weight) of finely 21 

powdered floral tissues were homogenized on ice with 5 mL of cold pH 6.0 buffer (ammonium 22 

acetate- acetic acid), and then centrifuged (26,740 g, 4°C, 15 min). The supernatant was diluted 23 
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with water to 40 mL, and then passed through a 6 mL Supelclean Envi-Chrom P column 1 

(Supelco), afterwards eluted by 6 mL of acetonitrile. The acetonitrile elute was dried, and then 2 

redissolved in 0.5 mL of water. Five hundred microliter of the extract in water was mixed with 3 

12 L of 0.25 N hydrochloric acid and extracted twice with 1.0 mL of ethyl acetate. The ethyl 4 

acetate extract was dried, and derivatized with 80 L of MSTFA at 37°C for 60 min, and then 5 

centrifuged. The MSTFA derivates were analyzed by GC-MS in SIM mode as described above.   6 

To identify endogenous volatile products, finely powdered floral tissues (500 mg fresh weight) 7 

were extracted for 17 h in the dark with 2 mL of hexane: ethyl acetate (1:1). The extract was then 8 

filtered through a short plug of anhydrous sodium sulfate and 1 L of the filtrate was subjected 9 

to GC-MS analysis. The injector temperature was 230°C, splitless mode was used with a 10 

splitless time of 1 min, and helium was the carrier gas with a velocity 1.6 mL/min. The 11 

SUPELCOWAXTM 10 column (Supelco Inc., 30 m  0.25 mm  0.25 m) was used with an 12 

initial temperature of 40°C, a ramp of 5°C/min to 240°C, and then a hold at 240°C for 15 13 

min. The MS analyses were carried out in full scan (mass range m/z 70–200) and SIM modes.  14 

To analyze volatile compounds collected by SPME, desorption of volatiles from the fiber was 15 

placed in hot GC injector at 230°C, for 1 min. The GC-MS conditions are same as described 16 

above. 17 

 18 

Inhibition experiments and identification of volatile products  19 

The 0.02, 0.2, and 2 mM monohydrate 2-aminoindan-2-phosphonic acid (AIP, kindly provided 20 

by Prof. Jerzy Zoń) , a potent inhibitor of phenylalanine ammonia-lyase (PAL), together with L-21 

[2H8]Phe and L-[13C9]Phe as described above were supplied to the cut flowers at stage 1, 22 

respectively. The AIP was obtained according to the literature procedure (Zoń and Amrhein, 23 
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1992). After 18-20 h (while the flower developed from stage 1 to stage 3), finely powdered floral 1 

tissues (350 mg fresh weight) were extracted for 17 h in the dark with 1.5 mL of hexane: ethyl 2 

acetate (1:1). The extract was then filtered through a short plug of anhydrous sodium sulfate and 3 

1 L of the filtrate was subjected to GC-MS analysis as described above.   4 

 5 

Investigations on exchange reaction of deuterium during feeding experiments 6 

To investigate whether the deuterium of labeled metabolites in the feeding experiments is 7 

replaced by hydrogen, the following in vitro and in vivo experiments were carried out. For in 8 

vitro experiments, 2 mg of non-labeled AP was incubated in 0.5 mL of methanol and methanol-d4 9 

(D, 99.8%, Cambridge Isotope Laboratories, Inc.), respectively, under the same condition with 10 

the feeding experiments as described above. After 18 h-incubation, the solution was diluted with 11 

hexane: ethyl acetate (1:1) by 1000 times, and dried over anhydrous sodium sulfate. One 12 

microliter of the filtrate was subjected to GC-MS analysis as described above. Ten milligram of 13 

non-labeled CA and 3-hydroxy-3-phenylpropionic acid (HPPA) were incubated in 0.5 mL of 14 

methanol-d4, respectively, under the same condition with the feeding experiments. After 18 h-15 

incubation, the solution was analyzed by 1H NMR (JEOL 270 MHz). In addition, 150 mg/L of 16 

non-labeled CA and HPPA in methanol and methanol-d4 were prepared. After 18 h-incubation, 17 

the solution was analyzed by Agilent Technologies 1200 series HPLC-JEOL The AccuTOFLC-18 

plus JMS-T100LP.  19 

    For in vivo experiments, individual flowers at stage 1 were under the same condition with the 20 

feeding experiments as described above, and placed in one of the following solutions: (1) water; 21 

(2) 12 mM nonlabeled L-Phe in water; (3) deuterium oxide (D, 99.9%, Cambridge Isotope 22 

Laboratories, Inc.); (4) 12 mM nonlabeled L-Phe in deuterium oxide. After 18-20 h (while the 23 
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flower developed from stage 1 to stage 3), the endogenous volatile products were extracted and 1 

analyzed by GC-MS as described above.  2 

 3 

Analysis of endogenous and emitted AP and 1PE from C. sinensis flowers 4 

To analyze endogenous volatile compounds at each floral stage and from each floral 5 

organ, finely powdered floral tissues (330 mg fresh weight) were extracted for 17 h in the dark 6 

with 1.5 mL of diethyl ether containing 25.2 nmol of ethyl n-decanoate as an internal standard. 7 

The extract was then filtered through a short plug of anhydrous sodium sulfate and 1 L of the 8 

filtrate was subjected to GC-MS analysis. Samples were analyzed using an Agilent 7890 gas 9 

chromatograph with a 5975 mass spectrometer, and the system was controlled by a GC/MSD 10 

Chemstation. The injector temperature was 240°C, splitless mode was used with a 11 

splitless time of 1 min, and helium was the carrier gas with a velocity 1.2 mL/min. The 12 

SUPELCOWAXTM 10 column (Supelco Inc., 30 m  0.25 mm  0.25 m) was used with an 13 

initial temperature of 40°C, a ramp of 5°C/min to 250°C, and then a hold at 250°C for 15 14 

min. The MS analyses were carried out in full scan (mass range m/z 70–200) and SIM modes. 15 

Electron impact ionisation at energy 70 eV was used for every measurement. The ion 16 

source and quadrupole analyzer temperatures were fixed at 230C and 150C, respectively. All 17 

volatile compounds were identified by comparing their retention times and mass spectra 18 

with those of authentic compounds. Quantification was performed using calibration 19 

curves generated from individual authentic standards. 20 

The volatiles emitted from each flower were collected using the MonoTrapTM absorption 21 

system with a set of 5 disks and 4 rods. The volatiles were collected for 3 h from flowers at each 22 

developmental stage. The trapped compounds were eluted from the MonoTrapTM with 1 mL 23 
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dichloromethane containing 10 L 5-nonanone (10 mg/L in ethanol) and 10 L 3-octanone 1 

(1000 mg/L in ethanol) as internal standards. The eluate was concentrated to 50 L with a 2 

Kuderna-Danish concentrator at 45ºC, further concentrated under N2 gas, and then 2 L of the 3 

concentrated solution was subjected to GC-MS analysis. The settings were as follows: injector 4 

temperature 250°C, splitless mode with a splitless time of 1.5 min, carrier gas helium with a 5 

constant pressure of 108 kPa. The BC-WAX column (GL Science Inc., 50 m  0.25 mm I.D.  6 

0.15 m) was used with initial temperature 35°C for 1.5 min, a ramp of 5°C/min to 170°C, then a 7 

ramp 20°C/min to 220°C. The MS analyses were carried out in SIM mode (m/z 105 and 120 for 8 

AP, m/z 107 and 122 for 1PE, m/z 99 and 128 for 3-octanone, m/z 85 and 142 for 5-nonanone). 9 

 10 

Determination of stereochemistry of 1PE 11 

Flowers (10 g fresh weight) were extracted with 50 mL pentane: dichloromethane (1:1) for 24 h, 12 

then the suspension was filtered, and the filtrate was dried overnight in anhydrous sodium sulfate. 13 

Ten microliter of 3-octanone (1000 mg/L in ethanol) as an internal standard was added to the 14 

resultant solution, concentrated to 1 mL with a Kuderna-Danish concentrator at 45ºC and then 15 

further concentrated to 500 L under N2 gas. For analysis of endogenous 1PE in the flowers, the 16 

levels of (R)-1PE and (S)-1PE were measured using a MDGC/GCMS-2010 system (Shimadzu 17 

Corporation) equipped with a Rxi-5ms column (Restek, 30 m  0.25 mm  0.25 m) for the first 18 

GC (GC-2010) and a -DEX225 (chiral column, Supelco, 30 m  0.25 mm  0.25 m) for the 19 

second GC (GCMS-QP2010). The conditions of the first GC were as follows: injected volume 20 

(of concentrated solution) 2 L, split ratio 1:10, carrier gas helium with a constant pressure of 21 

225 kPa, initial column temperature 40°C followed by a ramp of 5°C/min to 300°C. The 22 

temperatures of the injector, FID detector, and transfer line into the second GC were kept at 23 
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290°C, 300°C, and 180°C, respectively. The heart-cut time was from 11.15 to 11.35 min. For the 1 

second GC the initial temperature was 50°C for 15 min followed by a ramp of 1.5°C/min to 2 

200°C, with the mass interface and ion source kept at 200°C. The MS analyses were carried 3 

out in full scan mode. 4 

To determine the levels of (R)- and (S)-1PE emitted from flowers, the MDGC/GCMS 5 

procedure was similar to that described above with the following differences: For the first GC, 6 

3 L of the concentrated solution was injected, the splitless mode was used with a splitless time 7 

of 1.5 min, and the temperatures were: 40°C for 5 min, a ramp of 5°C/min to 105°C, then a ramp 8 

of 10°C/min to 300°C. The temperature of the transfer line was 200°C and the heart-cut time was 9 

15.5–16.2 min. For the second GC the initial temperature was 50°C for 16 min followed by a 10 

ramp of 2°C/min to 140°C. The MS analyses were carried out in the SIM mode (m/z 79, 107 and 11 

122). 12 

 13 

Analysis of glycosides of 1PE  14 

Plant tissues (200 mg fresh weight, finely powdered) were extracted with 1 mL cold methanol by 15 

vortexing for 2 min followed by ultrasonic extraction in ice cold water for 10 min. The extracts 16 

were mixed with 1 mL cold chloroform and 0.4 mL cold water for phase separation, and the 17 

resulting upper layer was dried, and redissolved in 1 mL of water. The resulting solution was 18 

mixed with 40 mg polyvinylpolypyrrolidone (PVPP) and centrifuged (16,400 g, 4C, 10 min), 19 

and this was repeated with the supernatant. The second supernatant (1 mL) was loaded on an 20 

Amberlite XAD-2 column and eluted successively with 5 mL water, 5 mL pentane: 21 

dichloromethane (2:1), and 5 mL methanol. The methanol eluate was concentrated in a vacuum, 22 

dried under nitrogen gas, redissolved in 0.4 mL of 50 mM citric acid buffer (pH 6.0) containing 23 
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10 mg -primeverosidase (1.12 unit, purchased from Amano Enzyme Inc., Japan) and 0.6 mg -1 

glucosidase (from almonds, 3.12 unit), and allowed to react at 37°C for 14 h. Sodium chloride 2 

(144 mg) was added to the reaction solution, and stood for 15 min. Afterwards 5 nmol of ethyl n-3 

decanoate as an internal standard was added. The solution was extracted with 0.4 mL 4 

hexane:ethyl acetate (1:1), centrifuged (16,400 g, 4C, 3 min), and the supernatant was dried 5 

over anhydrous sodium sulfate. The samples were then analyzed by GC-MS as described above, 6 

with some differences. For the 1PE analysis, helium was used as the carrier gas at a flow rate of 7 

1.6 mL/min. The GC temperatures were 60C for 3 min, ramps of 40C/min to 180C followed 8 

by 10C/min to 240C, then 240C for 3 min. MS was performed in full scan mode (mass range 9 

m/z 70–200). For the analyses of (R)- and (S)-1PE, an InertCap CHIRAMIX (GL Science Inc., 10 

30 m  0.25 mm  0.25 m) was used with helium as the carrier gas at a flow rate of 1.8 mL/min. 11 

The temperatures were 40°C for 5 min, a ramp of 3°C/min to 180°C, then 180°C for 10 min. MS 12 

was performed in full scan mode (mass range m/z 70–200) and SIM mode (m/z 77, 79, 107 and 13 

122). 14 

 15 

Analysis of L-Phe 16 

 Finely powdered plant tissues (100 mg) were extracted with 2 mL cold 70% methanol 17 

containing 20 L of 612.3 M L-[2H8]Phe (dissolved in 70% methanol) as an internal standard 18 

by vortexing for 2 min followed by ultrasonic extraction in ice cold water for 10 min, and then 19 

centrifuged. The supernatant was filtered through a 0.2 m membrane filter then diluted 10  20 

with 70% methanol prior to ACQUITY UPLC-LCT Premier XETM analysis. The sample (2 L, 21 

4°C) was injected onto a Waters ACQUITY BEH AMIDE column (2.1  100 mm, 1.7 m) 22 

which was kept at 40°C. The compounds were eluted using a flow rate of 0.2 mL/min with a 23 
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chromatographic gradient of two mobile phases (A: 0.1% aqueous formic acid; B: 0.1% formic 1 

acid in acetonitrile). Solvent A was maintained at 10% for 3 min, increased linearly to 30% at 8.0 2 

min, then maintained at 30% for 3 min. The electrospray source and desolvation temperatures 3 

were 120C and 400C, respectively. The nebulizer gas and desolvation gas flow rates were 50 4 

L/h and 700 L/h, respectively. The sample cone and capillary voltages were 10 V and 3.0 kV, 5 

respectively. Spectra were collected in the positive ionization V mode (ES+, m/z 100-700). 6 

 7 

Extraction and assay of crude enzymes involved in the transformation between AP and 1PE 8 

Finely powdered plant tissues (1 g) were homogenized on ice with 0.3 g PVPP, 20 mg 3-[(3-9 

cholamidopropyl)-dimethylamino]-1-propanesulfonate, and 10 mL cold 100 mM potassium 10 

phosphate buffer (pH 7.0) containing 1% glycerol and 1 mM EDTA. The supernatant was 11 

centrifuged twice (26,740 g, 4°C, 20 min) to remove suspended substances then loaded on a PD-12 

10 desalting column (GE Healthcare Bio-Sciences) and eluted using 10 mM potassium 13 

phosphate buffer (pH 7.0) containing 0.1% glycerol and 0.1 mM EDTA. The eluate was used as a 14 

crude enzyme solution. The reaction mixture contained 200 L enzyme solution, 50 L substrate 15 

(0.4 mol labeled [2H5] ring-AP (98%, Cambridge Isotope Laboratories, Inc.) or nonlabeled 1PE), 16 

50 μL coenzyme (1.5 mol, NADPH or NADP+), and 100 μL of 100 mM potassium phosphate 17 

buffer (pH 5.0, 5.8, 6.5, or 8.0). The reaction was incubated at 35°C for 45 min. Sodium chloride 18 

(144 mg) was added to the reaction solution, and stood for 15 min. Afterwards 5 nmol of ethyl n-19 

decanoate as an internal standard was added. The reaction products were extracted with 0.4 mL 20 

of hexane:ethyl acetate (1:1), centrifuged (16,400 g, 4C, 3 min), and the supernatant was dried 21 

over anhydrous sodium sulfate. Samples were then analyzed by GC-MS as described above. 22 

 23 
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Results and Discussion 1 

AP and 1PE are derived from L-Phe in C. sinensis flowers 2 

AP is a precursor of compounds in fragrances resembling almond, cherry, jasmine, and 3 

strawberry. 1PE is used widely as a fragrance in the cosmetic industry because of its mild floral 4 

odor (Suan and Sarmidi, 2004). The synthetic pathways for AP and 1PE in microbes and in 5 

chemical reactions are known (Yun et al., 2003; Bailey and Luderer, 2010; Nakata et al., 2010), 6 

however the biosynthetic pathways of these two volatile compounds in plants have not yet been 7 

elucidated. We found that C. sinensis flowers contain much higher amounts of endogenous AP 8 

and 1PE than those of C. sasanqua (Table S2, Supplementary Materials). Moreover, AP and 1PE 9 

were identified as the two major endogenous volatile compounds in C. sinensis var. Yabukita 10 

flowers (Figure S3, Supplementary Materials). Therefore, C. sinensis var. Yabukita was used as a 11 

model for studying these two volatile compounds. Sodium acetate may enhance the availability 12 

of acetyl coenzyme A, which is an important precursor of secondary metabolites formed from the 13 

acetate pathway (Dewich, 2002). Therefore, 13C labeled sodium acetates were used in feeding 14 

experiments with cut C. sinensis flowers. However, 13C labeled AP and 1PE products were not 15 

detected, suggesting that these compounds are not derived from the acetate pathway in C. 16 

sinensis flowers. The first committed step in the biosynthesis of some volatile phenylpropanoid 17 

and benzenoid compounds is the deamination of L-Phe (Dudareva and Pichersky, 2006). 18 

Furthermore, it has been proposed that the fungus Bjerkandera adusta has a pathway leading 19 

from L-Phe to AP via CA and HPPA (Lapadatescu et al., 2000, Figure 1). Therefore, we also used 20 

deuterium labeled L-Phe (L-[2H8]Phe) in our feeding experiments (Figure S2, Supplementary 21 

Materials). Among the volatile products emitted from the flowers, [2H5]AP was the dominant 22 

isotopologue and [2H6]AP was detected as a minor isotopologue (Figure S4A, Supplementary 23 
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Materials). Labeled 1PE product was not detected due to its low emission from the flowers. 1 

Among the endogenous volatile products, [2H5]AP and [2H5]-1PE were detected as dominant 2 

isotopologues, while [2H6]AP and [2H6]-1PE were present as minor isotopologues (Figure 2). 3 

There are several possibilities to result in [2H5]AP and [2H5]-1PE formation in the feeding 4 

experiments of L-[2H8]Phe to the cut flowers. One is that the methyl group of AP and 1PE may 5 

be provided by other metabolites not by L-Phe. To investigate it, we used L-[13C9]Phe to the 6 

feeding experiments (Figure S2, Supplementary Materials) to check whether the product is 7 

[13C8]AP or [13C7]AP. If the product is [13C7]AP, the methyl group may come from other 8 

metabolites. As consequences, in the endogenous volatile products, [13C8]AP and [13C8]-1PE 9 

were detected as dominant isotopologues (Figure 3). Although [13C7]AP and [13C7]-1PE were 10 

present as minor isotopologues, their formation are due to the presence of L-[13C7]Phe in the L-11 

[13C9]Phe (L-[13C9]Phe: L-[13C8]Phe: L-[13C7]Phe =89.6:7.2:0.2, based on analysis of LC-MS). 12 

Second possibility is that exchange reaction of deuterium occurs during the extraction processes 13 

of volatiles. To investigate it, we used SPME to collect the volatiles emitted from the flowers 14 

without the solvent extraction process (Figure S2, Supplementary Materials). It was found that 15 

[2H5]AP and [2H6]AP were detected as dominant isotopologue and minor isotopologue, 16 

respectively, in the feeding experiments of L-[2H8]Phe to the cut flowers. In addition, [13C8]AP 17 

and [13C7]AP  were detected as dominant isotopologue and minor isotopologue, respectively, in 18 

the feeding experiments of L-[13C9]Phe to the cut tea flowers (Figure S4, Supplementary 19 

Materials). Third possibility is that exchange reaction of deuterium occurs during the feeding 20 

experiments. To investigate this point, firstly we compared the changes of nonlabeled AP in 21 

methanol and methanol-d4, respectively. As shown in Figure S5A (Supplementary Materials), the 22 

ratio of [M] m/z 121 (natural abundance of 13C of AP or [2H1]AP) to m/z 120 (AP) was slightly 23 
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increased in the AP in methanol-d4 in contrast to in methanol, suggesting that [2H6]AP may be 1 

slightly transformed to [2H5]AP in the feeding experiments of L-[2H8]Phe to the cut flowers due 2 

to the exchange reaction. Secondly, we compared the changes of nonlabeled CA in methanol and 3 

methanol-d4, respectively. The ratio of [M-H]- m/z 148.05 (natural abundance of 13C of CA or 4 

[2H1]CA) to [M-H]- m/z 147.04 (CA) had no significant difference between CA in methanol and 5 

methanol-d4 (Figure S5B, Supplementary Materials). Thirdly, we compared the changes of 6 

nonlabeled HPPA in methanol and methanol-d4 respectively. The ratio of [M-H]- m/z 166.06 7 

(natural abundance of 13C of HPPA or [2H1]HPPA) to [M-H]- m/z 165.05 (HPPA) was 8 

significantly increased in the HPPA in methanol-d4 in contrast to that in methanol (Figure S5C, 9 

Supplementary Materials). Furthermore, NMR evidences indicate that a certain percentage of 10 

hydrogen at  and  positions of HPPA are replaced by deuterium from methanol-d4 (Figure S5D, 11 

Supplementary Materials). Fourthly, after either deuterium oxide supplement or co-supplement 12 

of nonlabeled L-Phe and deuterium oxide to the cut flowers, the ratio of m/z 121 (natural 13 

abundance of 13C of AP or [2H1]AP) to m/z 120 (AP) and the ratio of m/z 123 (natural abundance 14 

of 13C of 1PE or [2H1]-1PE) to m/z 122 (1PE) were significantly increased in contrast to the 15 

water treatment and nonlabeled L-Phe in water treatment as controls (Figure S6, Supplementary 16 

Materials). These evidences suggest that exchange reaction of deuterium such as from labeled 17 

HPPA lead to the formation of [2H5]AP and[2H5]-1PE in the feeding experiments of L-[2H8]Phe 18 

to the cut flowers.  As the nonlabeled authentic standard 3-oxo-3-phenylpropionic acid is 19 

unavailable from the commercial sources, we did not investigate the exchange reaction of this 20 

compound. But the deuterium exchange reaction might also occur in the labeled 3-oxo-3-21 

phenylpropionic acid due to the keto-enol tautomerization. 22 

The CA is relatively stable in the exchange reaction (Figure S5B, Supplementary Materials). 23 
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Besides [2H7]CA, [2H6]CA was also detected in the cut flowers fed with L-[2H8]Phe (Figure 4B 1 

and Figure S7, Supplementary Materials). In addition, the [13C9]CA was detected in the cut 2 

flowers supplied with L-[13C9]Phe (Figure 4C). In some microorganisms such as 3 

Propionibacterium freudenreichii, L-Phe can be transaminated to PPA, which is further 4 

metabolized to PAA by a hydroxy acid dehydrogenase (Thierry and Maillard, 2002). It is well 5 

known that CA is converted from L-Phe by the widely distributed enzyme L-Phe ammonia-lyase 6 

(Boatright et al., 2004). CA can also be formed by the reduction of PPA to PAA and the 7 

dehydration of PAA, as proposed by Neish (1960). Such a pathway may have resulted in the 8 

formation of [2H6]CA in the flowers fed with L-[2H8]Phe in our study (Figure 4B and Figure S7, 9 

Supplementary Materials). Moreover, the [2H7]PPA (or [13C9]PPA) and [2H7]PAA (or [13C9]PAA) 10 

products were detected in the cut flowers fed with either L-[2H8]Phe or L-[13C9]Phe (Figures 5 11 

and 6). It remains to be determined whether [2H5]AP and[2H5]-1PE may be derived from an 12 

alternative pathway (pathway 2, Figure 7).  13 

To further investigate which pathway is a major pathway, AIP (Figure 7), a potent inhibitor of 14 

PAL (Appert et al., 2003; Zoń et al., 2004), was supplied to the C. sinensis flowers. As a 15 

consequence, AIP significantly inhibited the labeled AP and 1PE products derived from either L-16 

[2H8]Phe or L-[13C9]Phe (Figure 8). This provides more evidences that the pathway already 17 

proposed in the fungus (Lapadatescu et al., 2000, Figure 1 and pathway 1 in Figure 7) is a major 18 

pathway leading from L-Phe to AP and 1PE in C. sinensis flowers. 19 

 20 

Distributions of L-Phe, AP, and 1PE in various tissues and their changes during floral 21 

development 22 

We investigated the distributions of L-Phe, AP, and 1PE in leaves and floral organs, and the 23 
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changes in their concentrations during floral development. Endogenous AP was not detected in 1 

the leaves of C. sinensis. The 1PE concentration in the leaves was 21.5±6.0 nmol/g fresh weight, 2 

which was less than the endogenous concentration of 1PE in the flowers at each developmental 3 

stage (Figure 9A). Similarly, the leaves contained lower concentrations of L-Phe (5.3±0.5 nmol/g 4 

fresh weight) than the flowers (see Figure 9A). The differences between the leaves and flowers 5 

in L-Phe concentrations may lead to the higher concentrations of AP and 1PE in the flowers 6 

compared with the leaves. Interestingly, at least one enzyme such as hydrogenase / 7 

dehydrogenase involved in the pathway leading from AP to 1PE was identified in both leaves 8 

and flowers (data not shown). This suggests that the small amount of 1PE found in the leaves 9 

may be due to the lack of available substrates such as L-Phe or AP. The AP and 1PE 10 

concentrations increased during floral development, whereas that of L-Phe decreased (Figure 9A). 11 

It remains to be determined whether this decrease in L-Phe is due to its transformation to related 12 

derivatives such as volatile phenylpropanoids/benzenoids and non volatile flavonoids. 13 

We also found that the concentration of endogenous AP was lower than that of 1PE in the 14 

flowers at each developmental stage (Figure 9A). To investigate whether pH influences the 15 

transformation between AP and 1PE, we extracted crude enzymes and analyzed their 16 

hydrogenation and dehydrogenation activities under different pH conditions. The crude enzymes 17 

showed higher hydrogenation activity than dehydrogenation activity (Figure S8, Supplementary 18 

Materials). Furthermore, the hydrogenation activity decreased with increasing pH whereas the 19 

dehydrogenation activity increased with increasing pH (Figure S8, Supplementary Materials). 20 

Crushed C. sinensis flowers were found to have pH levels of 5.7-5.8. This subacid condition of 21 

the flowers may result in more hydrogenation than dehydrogenation in the transformation 22 

between AP and 1PE. 23 
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Recent studies have demonstrated that not all flower organs are equally employed in scent 1 

production, and spatial differences within a flower are quite common (Effmert et al., 2006). In 2 

general, petals are the main source of the whole flower bouquet, but other floral organs such as 3 

stamens, pistils, and sepals contribute to, or are solely responsible for, the emission of certain 4 

compounds (Effmert et al., 2006). In C. sinensis flowers, AP and 1PE occurred mainly in the 5 

anthers, as did the precursor L-Phe and the glycosides of 1PE (Figure 9B). These results suggest 6 

that the anther is the main site for the synthesis of these two volatile compounds. Anthers, which 7 

present the pollen, are important for the reproductive success of plants. Volatile compounds 8 

arising from anthers or pollen may function as attractants for flower pollinators. Alternatively, 9 

they may function in defense, to limit the destruction of the pollen or stamens by herbivores 10 

and/or pathogens (Dobson and Bergström, 2000). 11 

To date, the (R)- and (S)-enantiomers of 1PE, and their conversion from ketones, have been 12 

characterized in many microorganisms (Itoh, et al., 1997; Höffken et al., 2006; Nakata et al., 13 

2010). On the other hand there is only limited information on their occurrence in plants. In our 14 

study, (R)-1PE was identified as the dominant endogenous 1PE in C. sinensis flowers (Figure 15 

S9A, Supplementary Materials). After L-[2H8]Phe was fed to cut C. sinensis flowers (Figure S2, 16 

Supplementary Materials), much more (R)-[2H5]-1PE was detected than (S)-[2H5]-1PE (Figure 17 

S10A, Supplementary Materials). Also, when crude enzyme extracts from the flowers were 18 

assayed using [2H5]AP as a substrate, more (R)-[2H5]-1PE was detected than (S)-[2H5]-1PE 19 

(Figure S10B, Supplementary Materials). These results indicate the presence of one or more 20 

enzymes that are responsible for the conversion of AP to (R)-1PE in the flowers. 21 

 22 

Emission of volatile compounds from C. sinensis flowers 23 
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The emission of volatile compounds is a characteristic trait of flowers of most plants. Much 1 

higher levels of AP are emitted from C. sinensis flowers than 1PE (Figure 9A). There are several 2 

possible explanations for this. One relates to the chemical properties of the volatile compounds. 3 

We found that AP is released from water to air more readily than 1PE (Figure S11, 4 

Supplementary Materials). The second possibility is that 1PE is readily converted to nonvolatile 5 

forms, such as glycosides of 1PE. We did find that the concentrations of 1PE glycosides 6 

increased during floral development, and that they were present mainly in the anthers and 7 

filaments (Figure 9). Thus, the glycosides had the same distribution and concentration changes as 8 

1PE. Moreover, glycosides of (R)-1PE are dominant glycosides of 1PE (Figure S9C, 9 

Supplementary Materials). These results support the idea that 1PE is easily converted to its 10 

glycosidic form in C. sinensis flowers. Many aroma compounds occur as glycosidic precursors in 11 

plant cells, and they are more easily stored in this form. Glycosylated volatile compounds are 12 

more water soluble and less reactive than their free aglycone counterparts (Winterhalter and 13 

Skouroumounis, 1997). The third possibility relates to the oxidation-reduction between AP and 14 

1PE (Figure S8, Supplementary Materials). More 1PE stored in the flowers may make 15 

equilibration between AP and 1PE. A fourth possible explanation for the higher rate of emission 16 

of AP from C. sinensis flowers relates to the toxic effects of AP. It was reported that AP is more 17 

toxic for the organism than either (R)- or (S)-1PE (Kniemeyer and Heider, 2001). The flowers 18 

may emit AP more readily than 1PE to reduce the accumulation of AP within their tissues. 19 

Interestingly, the ratio of (R)- to (S)-1PE differed between the total endogenous 1PE and the 20 

total emitted 1PE (Figures S9A and S9B, Supplementary Materials). More than 88% of the 21 

endogenous 1PE was (R)-1PE (Figure S9A). In contrast, the levels of emitted (S)-1PE were 22 

similar to those of the emitted (R)-1PE (Figure S9B).  It is not clear why such a difference exists 23 
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in the (R)- to (S)-1PE ratios. Since high amount of endogenous 1PE provides sufficient pool for 1 

1PE release (Figure 9A), it remains to be determined whether it is regulated by the 2 

enantioselectivity of the enzymes involved in transformation between AP and 1PE, and/or the 3 

chiral selections of the glycosyl transferase and glycosyl hydrolase involved in conversion 4 

between 1PE and its glycosides, or due to some unknown factors. Moreover, it would be very 5 

interesting to investigate the possible ecological functions of the (R)- to (S)-1PE ratio in C. 6 

sinensis flowers. It has been speculated that plants will increase their emission of volatile 7 

compounds when attacked by herbivores, as a “cry for help” to attract natural enemies of the 8 

herbivores. Recent studies suggest that the insect responses are dependent on the quality of this 9 

volatile emission rather than merely the quantity of volatiles emitted (Bruce et al., 2010; 10 

Allmann and Baldwin, 2010).  11 

Studies of the biochemistry and enzymology of floral scents have mainly concentrated on the 12 

isolation and characterization of enzymes and genes involved in the final steps of the 13 

biosynthesis of volatile compounds (Boatright et al., 2004). However, it is clear from this and 14 

other studies that the biosynthetic networks for plant volatile compounds are quite complex, and 15 

many biosynthetic pathways remain to be discovered. Our study provides evidence that AP and 16 

1PE are derived from L-Phe in C. sinensis flowers. This information will be helpful for the future 17 

discovery of enzymes and genes involved in the formation of AP and 1PE, and will also 18 

contribute to the general understanding of the biochemistry of volatile 19 

phenylpropanoids/benzenoids in plants. 20 
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Figure Legends  1 

 2 

Figure 1 Proposed pathway of AP derived from L-Phe in the fungus (Ref: Lapadatescu et al., 3 

2000).  4 

 5 

Figure 2 Mass chromatograms of endogenous labeled AP and 1PE in C. sinensis flowers 6 

supplied with L-[2H8]Phe. 7 

[M], [M-CH3], and [M-OCCH3] are characteristic ions of nonlabeled AP, and [M], [M-CH3], and 8 

[M-OHCHCH3] are characteristic ions of nonlabeled 1PE in GC-MS analysis. The fragments of 9 

labeled AP and 1PE were assigned based on the pattern of nonlabeled AP and 1PE.  10 

 11 

Figure 3 Mass chromatograms of endogenous labeled AP and 1PE in C. sinensis flowers 12 

supplied with L-[13C9]Phe. 13 

[M], [M-CH3], and [M-OCCH3] are characteristic ions of nonlabeled AP, and [M], [M-CH3], and 14 

[M-OHCHCH3] are characteristic ions of nonlabeled 1PE in GC-MS analysis. The fragments of 15 

labeled AP and 1PE were assigned based on the pattern of nonlabeled AP and 1PE.  16 

 17 

Figure 4 Measurements of labeled CA in C. sinensis flowers supplied with L-[2H8]Phe (B) and 18 

L-[13C9]Phe (C), respectively, based on analysis of GC-MS-SIM. 19 

(A) [M], [M-CH3], and [M-OSi(CH3)3] are characteristic ions of authentic standard nonlabeled 20 

CA-MSTFA derived product (See Table S1). (B and C) The controls were untreated cut flowers. 21 

The fragments of labeled CA- MSTFA derived products were assigned based on the pattern of 22 

nonlabeled standard CA-MSTFA derived product. 23 
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 1 

Figure 5 Measurements of labeled PPA in C. sinensis flowers supplied with L-[2H8]Phe (B) and 2 

L-[13C9]Phe (C), respectively, based on analysis of GC-MS-SIM. 3 

(A) [M], [M-CH3], and [M-OSi(CH3)3] are characteristic ions of authentic standard nonlabeled 4 

PPA-MSTFA derived product (See Table S1). The characteristic ion at m/z 90 was also identified. 5 

(B and C) The controls were untreated cut flowers. The fragments of labeled PPA- MSTFA 6 

derived products were assigned based on the pattern of nonlabeled standard PPA-MSTFA derived 7 

product. (C) Although a small peak of ion at m/z 97 was also detected in control, the 13C labeled 8 

PPA- MSTFA derived product could also be confirmed based on the characteristic ions of  [M], 9 

[M-CH3], and [M-OSi(CH3)3]. 10 

 11 

Figure 6 Measurements of labeled PAA in C. sinensis flowers supplied with L-[2H8]Phe (B) and 12 

L-[13C9]Phe (C), respectively, based on analysis of GC-MS-SIM. 13 

(A) [M-CH3] and [M-OSi(CH3)3] are characteristic ions of authentic standard nonlabeled PAA-14 

MSTFA derived product (See Table S1). The [M] ion was not detected in the GC-MS-SIM. The 15 

fragment at m/z 91 was identified to investigate whether the [2H7]PAA product is [,,2,3,4,5,6-16 

2H7]PAA or [,,2,3,4,5,6-2H7]PAA after supplement of L-[2H8]Phe to cut flowers. (B and C) The 17 

controls were untreated cut flowers. The fragments of labeled PAA-MSTFA derived products 18 

were assigned based on the pattern of nonlabeled standard PAA-MSTFA derived product. 19 

 20 

Figure 7 Hypothetical pathways for the formation of [2H5] and [2H6]AP and 1PE derived from L-21 

[2H8]Phe supplied to C. sinensis flowers. 22 

The compounds enclosed in rectangles were examined in the present study. We have not yet 23 
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detected labeled HPPA products in flowers fed with either L-[2H8]Phe or L-[13C9]Phe. This may 1 

be due to its occurrence in trace amounts in C. sinensis flowers, or its easy transformation to 2 

other metabolites. # The deuterium exchange reaction might also occur in the labeled 3-oxo-3-3 

phenylpropionic acid due to the keto-enol tautomerization.  4 

 5 

Figure 8 Inhibitions of labeled AP and 1PE products derived from L-[2H8]Phe (A) and L-6 

[13C9]Phe (B) by AIP in C. sinensis flowers.   7 

The individual labeled L-Phe treatment was defined as 100%. (A) The relative ratio of [2H5-6]AP 8 

was calculated based on sum of peak area at m/z 82 and 110. The relative ratio of [2H5-6]-1PE 9 

was calculated based on sum of peak area at m/z 82 and 112. (B) The relative ratio of [13C8]AP 10 

was calculated based on sum of m/z 83 and 112.  The relative ratio of [13C8]-1PE was calculated 11 

based on sum of m/z 83 and 114. 12 

 13 

Figure 9 Changes in metabolites during floral development (A) and their distributions (B) in 14 

floral organs of C. sinensis. 15 

The data are expressed as means ± S.D. (n=3). (A) Emission, volatiles emitted from the flowers, 16 

which were collected by Montrap absorption system. Pool, endogenous volatiles in the flowers, 17 

which were extracted by organic solvent. (B) The fully open flowers were divided into four parts 18 

including petals, filaments, anthers, and other parts. The “other parts” are a mixture of carpels, 19 

receptacles, sepals, and pedicels. The biomass contributions of petals, filaments, anthers, and 20 

other parts to 1 flower are 42%, 26.4%, 18%, and 13.4%, respectively. The relative ratio (%) of 21 

each metabolite was calculated based on the contribution of each floral organ to 1 fully open 22 

flower.  23 
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Supplementary Materials 

Table S1 MSTFA derived products of nonlabeled authentic standards and their molecular weights, and 

characteristic ions based on analysis of GC-TOFMS 

 

N.D., not detected. The nonlabeled authentic standards were derivatized with 70 L of MSTFA at 37°C for 60 min. 

The MSTFA derivates were then analyzed by GC-TOFMS using a JEOL AccuTOF™ mass spectrometer, and the 

system was controlled by a MassCenter software. The injector temperature was 240°C, splitless mode was used 

with a splitless time of 1 min, and helium was the carrier gas with a velocity of 1.2 mL/min. The GC was 

equipped with a HP-5 column (Agilent Technologies, 30 m  0.32 mm  0.25 m). The column temperature was held 

at 80°C for 2 min, ramped at 15°C/min to 280°C, then kept at this temperature for 20 min. The MS detector was 

operated in mass range m/z 50–500.  
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Table S2 Concentrations of endogenous AP and 1PE in C. sasanqua flowers and C. sinensis flowers 

Flowers a AP (nmol/g F.W. c) 1PE (nmol/g F.W.) 

Closed flowers Fully-open flowers Closed flowers Fully-open flowers

C. sasanqua White 4.38 ± 0.16 b 6.65 ± 0.41 N.D. 5.18 ± 0.25 

Red  N.D.c 29.41± 0.29 N.D. 3.61 ± 0.36 

C. sinensis  11.64 ± 0.47 68.07 ± 4.46 54.57 ± 0.84 139.33 ± 7.82 
a The flowers were collected in Shizuoka, Japan in November and December, 2009. b Data are expressed as mean ± 

S.D. (n=3). c N.D., Not detected; F.W., fresh weight.  
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Figure S1 Flowers of C. sinensis var. Yabukita at stages 1-3.  
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Figure S2 Design for the feeding experiment in which L-[2H8]Phe and L-[13C9]Phe were supplied to cut 

flowers of C. sinensis, respectively. 
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Figure S3 Total ion chromatogram of endogenous volatile compounds of C. sinensis var. Yabukita at 

stage 3.  

The SUPELCOWAXTM 10 column (Supelco Inc., 30 m  0.25 mm  0.25 m) was used. Helium was used as a carrier 

gas with a flow of 1.5 mL/min. The GC oven was maintained at 40C for 3 min, and the temperature of the oven was 

programmed at 10C/min to 220C, 30C/min to 240C and kept at this temperature for 3 min. The MS analyses were 

carried out in full scan (mass range m/z 50–280). 
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Figure S4 Mass chromatograms of labeled AP emitted from C. sinensis flowers supplied with 

L-[2H8]Phe (A) and L-[13C9]Phe (B), respectively. 

The volatiles were collected by SPME as shown in the Figure S2. [M], [M-CH3], and [M-OCCH3] are characteristic 

ions of nonlabeled AP in GC-MS analysis. The fragments of labeled AP were assigned based on the pattern of 

nonlabeled AP.  
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Figure S5 Investigations on exchange reaction of deuterium of AP (A), CA (B), and HPPA (C and D) 

in methanol and methanol-d4, respectively.  

The relative ratio (%) was calculated based on the peak area of each ion. (A) The AP was analyzed by GC-MS. (B and 

C) The CA and HPPA were analyzed by LC-TOFMS. (D) The HPPA was analyzed by 1H NMR (270 MHz). The 

coupling marked in dotted rectangles indicated the occurrence in the lower frequency shift and couplings due to the 

replacement of one of the 1H with a 2H at - and-positions. In addition, intensities of 1H at - and -position of 

HPPA were decreased by 3.8% and 18.5%, respectively, after 18 h-incubation in methanol-d4. These suggest that a 

certain percentage of 1H at - and -position were replaced by 2H of methanol-d4.  
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Figure S6 Investigations on exchange reaction of deuterium of AP (A) and 1PE (B) in the feeding 

experiments of nonlabeled L-Phe and deuterium oxide to cut flowers. 

Water treatment and nonlabeled L-Phe in water treatment are controls. The relative ratio (%) was calculated based on 

the peak area of each ion. The AP and 1PE were analyzed by GC-MS.  
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Figure S7 Measurements of [2H6] and [2H7]CA in C. sinensis flowers supplied with L-[2H8]Phe. 

The controls were untreated cut flowers. The retention times (R.T.) and fragmentation patterns of the [2H6]CA and 

[2H7]CA are consistent with those of the nonlabeled authentic CA standard (R.T. 8.95-9.10 min). 160 mg (fresh weight) 
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of floral tissues were crushed to a fine powder using a Multi-Beads Shocker (2,000 rpm, 15 sec), then extracted with 1 

mL of cold methanol by vortexing for 2 min followed by an ultrasonic extraction in ice cold water for 10 min. Each 

extract was mixed with 1 mL of cold chloroform and 0.4 mL of cold water for phase separation, and the resulting 

upper layer was removed, filtered through a 0.2 m membrane filter, dried, and derivatized with 70 L of MSTFA at 

37°C for 60 min. The MSTFA derivates were then analyzed by GC-TOFMS as described in Table S1.  
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Figure S8 Effects of pH on hydrogenation and dehydrogenation by crude enzymes extracted from C. 

sinensis flowers. 

The hydrogenation activity at pH 5.0 was set at 100%. The data are expressed as means ± S.D. (n=3). 
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Figure S9 Ratios of (R)- to (S)-1PE in the endogenous 1PE (A), the emitted 1PE (B), and the 

glycosides of 1PE (C) during floral development.  

The data are expressed as means ± S.D. (n=3). 
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Figure S10 Ratio of (R)- to (S)-[2H5]-1PE in cut C. sinensis flowers fed with L-[2H8]Phe (A), and in a 

crude enzyme assay with [2H5]AP as the substrate (B). 
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Figure S11 Emission of authentic standards of AP and 1PE from water. 

The concentrations of the authentic standards were 100 nmol in 1 mL water. The emitted volatile compounds were 

collected by solid phase microextraction for 60 min. The amount of AP emitted from the water was set at 100%.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 


