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ABSTRACT 19 
 20 

To identify terpene synthases (TPS) responsible for the biosynthesis of the sesquiterpenes 21 

that contribute to the characteristic flavors of black pepper (Piper nigrum), unripe 22 

peppercorn was subjected to the Illumina transcriptome sequencing. The BLAST analysis 23 

using amorpha-4,11-diene synthase as a query identified 19 sesquiterpene synthases 24 

(sesqui-TPSs), of which three full-length cDNAs (PnTPS1 through 3) were cloned. These 25 

sesqui-TPS cDNAs were expressed in E. coli to produce recombinant enzymes for in vitro 26 

assays, and also expressed in the engineered yeast strain to assess their catalytic activities in 27 

vivo. PnTPS1 produced β-caryophyllene as a main product and humulene as a minor 28 

compound, and thus was named caryophyllene synthase (PnCPS). Likewise, PnTPS2 and 29 

PnTPS3 were, respectively, named cadinol/cadinene synthase (PnCO/CDS) and germacrene 30 

D synthase (PnGDS). PnGDS expression in yeast yielded β-cadinene and α-copaene, the 31 

rearrangement products of germacrene D. Their kcat/Km values (20-37.7 s-1 mM-1) were 32 

comparable to those of other sesqui-TPSs. Among three PnTPSs, the transcript level of 33 

PnCPS was the highest, correlating with the predominant β-caryophyllene biosynthesis in 34 

the peppercorn. The products and rearranged products of three PnTPSs could account for 35 

about a half of the sesquiterpenes in number found in unripe peppercorn.  36 

 37 

Keywords: Black pepper; Cadinol/cadinene synthase; Caryophyllene synthase; Germacrene 38 

D synthase; Next-generation sequencing; Piper nigrum 39 

 40 
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 42 

Abbreviations 43 

CO/CDS Cadinol/cadinene synthase 

CPS Caryophyllene synthase 

GDS Germacrene D synthase 

GC-MS Gas chromatography-mass spectrometry 

NGS Next-generation sequencing 

Nt Nucleotide 

ORF Open reading frame 

PnTPS  Piper nigrum terpene synthase  

QRT-PCR Quantitative real-time polymerase chain reaction 

SC Synthetic complete 

sesqui-TPS Sesquiterpene synthase 

TPS Terpene synthase 

 44 

  45 
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1. Introduction 46 

Black pepper, dried unripe fruit of Piper nigrum L. belonging to Piperaceae family, has been 47 

one of the most valued spices in the world from ancient times. It was found with the mummy 48 

of Ramesses II of ancient Egypt, confirming its ancient uses dating back at least as early as 49 

13th century BCE [1]. According to Pliny the Elder, black pepper was already a wide-spread 50 

seasoning in the Roman Empire [2]. P. nigrum is native to India, but currently its leading 51 

producer is Vietnam, which produces 34% of the world-wide production of 470,000 metric 52 

ton [3]. Black pepper has been used in both cooking and traditional medicine to cure 53 

constipation, toothaches, oral abscesses, and sunburn, among others [4]. The spicy pungent 54 

principle of black pepper is alkaloid piperine and its structural analogs. Modern 55 

pharmacological studies support the beneficial health effect of black pepper [5]. Piperine has 56 

been shown to help digestion of food [6], to have antioxidant activity [7], and to enhance 57 

drug bioavailability [8].  58 

The pepper fruit, aka peppercorn, contains various aroma-rendering terpenes, mostly mono- 59 

and sesquitepenes, including pinene, limonene, nopinene, caryophyllene, copaene, and 60 

cadinene (Fig. 1). Recently, rotundone, a sesquiterpene of guaiane skeleton, was identified to 61 

contribute unique peppery aroma to black pepper as well as Shiraz wine [9]. 62 

Terpenoids of plant origin are the largest and structurally most diverse group of natural 63 

products. Their carbon skeletons originate from the condensation of two simple isomeric 64 

five-carbon precursors, dimethylallyl diphosphate and isopentenyl diphosphate. For example, 65 

sesquiterpene with fifteen-carbon skeleton arises from the farnesyl diphosphate precursor 66 
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comprised of three C5 units. To understand the make-up of volatile terpene components in 67 

black pepper, it is necessary to characterize the terpene synthases (TPSs) that biosynthesize 68 

the volatile terpenes in peppercorn. 69 

The secondary (or specialized) metabolites and their respective enzymes and transcripts are 70 

often present in low quantities in specialized cell-types, making it difficult to elucidate their 71 

biosynthetic pathways. However, progresses in the next generation sequencings enabled us to 72 

unravel many important, but low abundant, enzymes involved in secondary metabolisms due 73 

to the deep sequencing depth. As of November 2017, RNA-sequencing and transcriptome 74 

assembly has been applied to more than 600 non-model plant species 75 

(https://www.ncbi.nlm.nih.gov/Traces/wgs/?page=1&view=TSA) [10].  76 

In the present study, we aimed at identifying PnTPSs responsible for the biosynthesis of the 77 

flavor-imparting volatile sesquiterpenes in black pepper. In particular, from the transcriptome 78 

data of unripe pepper fruit, we isolated three full-length cDNAs encoding sesquiterpene TPSs 79 

(Sesqui-TPSs) and characterized their enzymatic products. 80 

  81 

2. Materials and methods 82 
 83 

2.1. Plant material and chemicals 84 

Tissue samples, including immature fruit, leaves, stem and roots, of P. nigrum were 85 

harvested from garden of Prince of Songkla University, Thailand. Farnesyl diphosphate 86 

(FPP) was from Echelon Biosciences (USA), Yeast Dropout Medium Supplements from 87 

Takara Bio (Madison, WI), and Bacto Agar from Becton Dickinson. Adenine hemisulfate, 88 
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MgCl2, MES monohydrate, and malachite green phosphate assay kit were from Sigma-89 

Aldrich. 90 

 91 

2.2. RNA isolation and cDNA library construction 92 

Total RNA was extracted from unripe peppercorn, as shown in Table S4, by the CTAB 93 

method [11], treated with RNase-free DNase I (PhileKorea, Korea), and purified by phenol-94 

chloroform method. Purified total RNA was evaluated for integrity on Bioanalyzer 2100 95 

(Agilent, USA). Samples with RNA Integrity Number higher than 7.0 [12] was used in the 96 

ensuing experiment. Illumina cDNA library was prepared using total RNA by Beijing 97 

Genomics Institute Genomic Center in Hong Kong, and resulting cDNA library was 98 

sequenced on Illumina HiSeq 2000 platform. 99 

 100 

2.3. Subcloning 101 

With amino acid sequence of amorpha-4,11-dinene synthase (Genebank ABM88787) [13] 102 

as a query, homologous gene contigs were searched in the transcriptome database using 103 

tBLASTn (BioEdit, version 7.2.0). Three contigs, suggested to code full-length ORF with 104 

high homology against the query gene, were found. Primer pairs for these ORFs were 105 

designed (Table S1) to clone respective genes from cDNA library under the following 106 

conditions using Takara Ex Taq Polymerase (Takara, Japan): 98℃ for 5 min for initial, 98℃ 107 

for 15 s, 58℃ for 30 s, 72℃ for 2 min for 35 cycles and 72℃ for 5 min. PCR products were 108 
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purified by using Inclone Gel & PCR purification kit (Inclone Biotech, Korea) and finally 109 

TA cloned into pMD20 T vector (Takara, Japan). 110 

 111 
2.4. Yeast transformation and fermentation 112 

Yeast expression plasmid was constructed by inserting TPS ORF without stop codon into 113 

the yeast expression vector pESC-LEU2d at BamHI and NheI double digestion site. The 114 

cloned vector was then transformed to engineered yeast EPY300 [14] by using LiAc/SS 115 

carrier DNA/PEG method [15]. All transformants were grown at 30℃ on SC medium [16] 116 

without histidine, methionine, and leucine (-HML) to select positive transformants. Single 117 

colony was inoculated to a test tube containing 3 ml of the SC medium (-HML) 118 

supplemented with 2% glucose and cultured for 16 h. Thirty milliliters of the SC medium (-119 

HML) supplemented with 2% galactose, 0.2% glucose, and 1 mM methionine in a 150 mL 120 

flask was inoculated with 0.6 mL of the seed culture, and incubated for three days at 30℃ 121 

on a shaking incubator at 200 rpm. On completion of incubation, the medium was extracted 122 

with 3 ml of n-hexane for GC-MS analysis.  123 

 124 

2.5. Heterologous expression and in vitro assay 125 

ORF of each PnTPS was cloned into pET21a(+) vector at NdeI and XhoI double digestion 126 

site with C-terminal 6×His tag by using Gibson Assembly Cloning Kit (NEB, UK). The 127 

ORF-containing vector was then transformed into E. coli Rosetta 2(DE3). Single colony 128 

was taken to inoculate 5 ml LB medium supplemented with 100 µg/ml ampicillin and 129 

incubated at 37℃ overnight. The overnight culture was inoculated (1/100, v/v) to 50 ml 130 
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fresh LB medium with the same concentration of antibiotics. Incubation was continued at 131 

37℃ until OD600 reached 0.5, when the culture was added with IPTG to 0.1 mM and the 132 

incubating temperature was lowered to 20℃. The culture was further incubated for 16 h, and 133 

the cells were collected by centrifugation at 5000 rpm (Beckman F1202 rotor) for 5 min at 134 

4℃. The cell pellet was resuspened in 5 ml of lysis buffer (20 mM Tris-HCl, pH 7.0, 135 

supplemented with 300 mM NaCl and 10 mM imidazole). The suspension was then 136 

sonicated (Sonic Dismembrator 550, Fisher Scientific) for total of 10 min with repeated 3 s 137 

on and 1 s interval. Soluble protein fraction was collected by centrifugation for 30 min at 138 

7000 rpm and 4℃. The supernatant was applied to 60 Ni Superflow Resin (Takara, Japan) 139 

and the TPS fraction was eluted by increasing concentration of imidazole. Finally, the 140 

eluted TPS was desalted by buffer exchange on a centrifugal filter (Amicon Ultracell-30k, 141 

Merck Millipore, Ireland). The proteins were subjected to SDS-PAGE (10% gel) and the 142 

purity of the protein was estimated by analyzing the image of the gel using ImageJ2x 143 

program version 2.1.4.7 (NIH ImageJ, USA). 144 

The enzyme reaction was done in glass vial using 1 µg of the purified protein in a final 145 

volume of 1 ml of assay buffer (100 mM Tris-HCl, pH 7.0) supplemented with 1 mM 146 

dithiothreitol, 10 mM MgCl2, and 100 µM FPP. The reaction mixture was gently overlaid 147 

with 0.5 ml of n-hexane and allowed to react for 2 h at 30℃. The mixture was then vortexed 148 

and the organic phase was separated by centrifugation. The extraction was repeated once 149 

with the same volume of the solvent. The combined extract was concentrated to 0.3 ml 150 

under mild flow of nitrogen before direct analysis on GC-MS.  151 
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 152 

2.6. Steady-state kinetics 153 

Steady-state kinetic parameters of sesqui-TPS were determined by using malachite green 154 

phosphate assay kit (Sigma-Aldrich, Cat. No. MAK307) [17]. One microgram of the 155 

enzyme with varying concentration of FPP (1.56 µM to 50 µM) in 500 µl of the assay buffer 156 

was reacted at 30℃ for 10 min and the reaction was terminated by addition of 10 µl of 5 M 157 

HCl. Released free phosphate was determined as described in the manual of the assay kit. 158 

The data was fit to the Michaelis-Menten equation by using SigmaPlot 13 (Systat Software, 159 

USA) to obtain Vmax and Km.  160 

 161 

2.7. GC-MS analysis of terpene 162 

GC System (Agilent model 6890, USA) equipped with a mass spectrometer was used to 163 

analyze the terpenes. The GC column was ZB-5MSi (60 m × 0.25 mm × 0.25 µm) with 164 

helium as carrier gas at a flow rate of 1 ml min-1. For enzymatic reaction product analysis, 1 165 

µl of n-hexane extract was directly injected into GC with the following temperature 166 

program: injecton at 220℃, and initial temperature of 50℃ (5 min hold) raised to 110℃ at a 167 

rate of 5℃/min and then at 10℃/min to 240℃ (10-min hold). The coupled mass spectrometer 168 

was Agilent HP 5973 (USA) with transfer line temperature set at 320℃, source temperature 169 

at 250℃, quadrupole temperature at 150℃, and ionization potential at 70 eV. Scan range 170 

was 50 to 300 atomic mass units. Products were identified by using MS Search Program 171 

v.2.0 (NIST Standard Reference Database, USA). 172 
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Peppercorn extract for GC-MS analysis was prepared as follows. Frozen peppercorn (5 g) 173 

was ground with liquid N2 and extracted with n-hexane (20 ml) by gentle stirring overnight 174 

at room temperature. The hexane layer was separated by centrifugation at 4℃ before 175 

concentrating to 4 ml under stream of nitrogen. The extract was analyzed by using 176 

temperature program of 50℃ (5 min hold) to 260℃ at 4℃ min-1 with other conditions 177 

same as above.  178 

 179 

2.8. Quantitative real-time PCR 180 

Transcript levels of PnTPSs were determined by QRT-PCR using primer pairs described on 181 

Table S1. The PCR in a total reaction volume of 20 µl containing 10 µl of 2× QuantiMix 182 

SYBR Kit PCR system (PhileKorea, Korea), 1 µl diluted cDNA, 0.25 µM of each primer, 183 

and double distilled H2O. The PCR reaction was run on Rotor-Gene 2000 Real Time Cycler 184 

(Corbett Research, Australia) with a temperature program of 5 min at 95℃, 40 cycles of 15 s 185 

at 95℃, 20 s at 58℃, and 20 s at 72℃. The standard curve was made by running the PCR of 186 

each gene ranging from 102 to 108 copy/µl, and the copy numbers were calculated as 187 

described [18]. Each data point was obtained from five biological samples, each composed 188 

of four technical replicates.  189 

 190 

2.9. Bioinformatics analyses 191 

The amino acid sequences were aligned using the Vector NTI Advance 10 (Thermo Fisher 192 

Scientific, USA). The sequences were compared by using BioEdit (version 7.2.0) and 193 
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phylogenetic tree was constructed by MEGA6 software (www.megasoftware.net). Reverse 194 

complementation sequences were searched by using Sequence Manipulation Suite 195 

(http://www.bioinformatics.org/sms2/). 196 

 197 

3. Results and Discussion 198 

3.1. Transcriptome analysis and sesqui-TPS mining 199 

The Illumina deep sequencing of the unripe peppercorn RNAs yielded total of 49,413,668 200 

clean reads (Table S2.). All clean reads were de novo assembled into contigs by the Trinity 201 

algorithm [19]. The clean read assembly represented a total of 66,787 unigenes, ranging 202 

their length from 300 nucleotides (nt) to 3000 nt with a mean length of 647 nt. The number 203 

of unigenes longer than 1 kb was 15,101 (22.6% of the total unigenes). This result was 204 

comparable to the previously published transcriptome data from black pepper roots (SOLiD: 205 

unigene number 10,338; mean length=168) [20], leaves (Illumina: unigene number 128,157; 206 

mean length=449) [21], and fruits (Illumina: unigene number 44,061; mean length=1,345) 207 

[22]. Hu et al. [22] discussed lysine/ornithine metabolic genes with respect to piperine 208 

biosynthesis.  209 

Computational search for the sesqui-TPSs from the database yielded nineteen candidate 210 

cDNAs, including three full length TPSs (Fig. S1). One of the full length unigenes, named 211 

PnTPS1 (GenBank KU953957), was composed of 560 amino acids with a predicted 212 

molecular mass of 64.9 kDa. The second (PnTPS2; KU953958) and third unigene (PnTPS3; 213 

MF104556) encoded open reading frames of the identical lengths comprised of 563 amino 214 
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acids with ~64.6 kDa (Fig. S2). Amino acid identity between PnTPS1 and 2 was 55%, but 215 

PnTPS3 had 39% identity with other two TPSs. All of the PnTPSs have well-conserved 216 

regions characteristic for sesqui-TPS (Fig. S3).  217 

 218 

3.2. Analysis of sesquiterpenes in peppercorn 219 

To correlate the terpene profiles from peppercorn and the enzyme products, terpene 220 

metabolites from the unripe peppercorn were profiled by GC-MS. Identification was based 221 

on mass spectral data and literatures [23]. In the unripe fruit, thirteen sesquiterpenes 222 

including β-caryophyllene, δ-elemene, α-copaene, cubebene, α-humulene, δ-cadinol, and γ- 223 

and δ-cadinenes were found (Fig. 2 and Table S3). β-Caryophyllene was the most abundant 224 

compound among the observed sesquitepenes (65.8% of the total), followed by copaene 225 

(8.3%). Even though the reported composition of peppercorn varies in different literatures, 226 

all literatures consistemtly indicated that β-caryophyllene is the most abundant 227 

sesquiterpene in peppercorn [23-26]. Rotundone or its α-guaiene skeletal homologs could 228 

not be detected in the present study nor described in most of the previous analysis reports 229 

[24-26] except a few literatures [23].  230 

As it is possible that rotundone and its related α-guaiene skeletal products could be 231 

synthesized in different developmental stages of peppercorns, an independent experiment 232 

was performed including early stage and fully ripened peppercorns. In these measurements, 233 

changes in relative terpene content were observed as peppercorn was undergoing different 234 

developmental stages: young, unripe, and ripe (Table S4). The contents of the 235 
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sesquiterpenes derived from germacrene D, such as cubebene, copaene, cubeol, and 236 

germacrene D-4α-ol, were progressively declined, most likely due to diminished total 237 

germacrene D synthase activity. However, accumulation of β-caryophyllene, the major 238 

sesquiterpene in peppercorn, changed from 46% to 70% as fruits ripened. Here again, no α-239 

guaiene-type sesquiterpenes were detected regardless of fruit ages.  240 

 241 

3.3. Functional analyses of sesqui-TPSs 242 

The engineered yeast strain EPY300 that was previously used to assess sesqui-TPS 243 

activities in vivo [16] was employed to characterize the catalytic activities of PnTPSs. In the 244 

heterologous yeast system, a high level of farnesol (tr = 28 min) appeared as a background 245 

peak due to an endogenous dephosphorylation of farnesyl diphosphate (Fig. 3, left panel). 246 

PnTPS1-transformed yeast produced caryophyllene (97%) and a trace of humulene (3%), 247 

and PnTPS2-transformed yeast accumulated δ-cadinol as a major product (91%) and 248 

smaller amounts of α-cadinene (2%) and δ-cadinene (7%) (Fig. 3 and Fig. S4). The products 249 

from PnTPS3-transformed yeast were copaene (59%), β-cadinene (38%), and a trace of 250 

cubebene (3%).  251 

 Because an acidic condition prevailed (pH 4.6) at the end of yeast fermentation, we 252 

conducted in vitro enzyme assay using partially purified enzymes with at least 80% purity to 253 

avoid the possible acid-catalyzed rearrangement of initial enzymatic product(s) (Fig. S2). For 254 

PnTPS1 and PnTPS2, the products were the same as those from yeast fermentation. Based on 255 

these findings, we named PnTPS1 as PnCPS and PnTPS2 as PnCO/CDS. CPSs have been 256 
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commonly found from plant [27] to microorganism [28]. PnTPS2 showed higher levels of α-257 

cadinene (12%) and δ-cadinene (10%), comparing to the in vivo product composition, and 258 

thus was promiscuous in its reaction products. δ-Cadinol synthase has been previously 259 

described from the fungus Boreostereum vibrans [29]. In the case of PnTPS3, however, the in 260 

vitro reaction in yeast yielded germacrene D as a major product (91%) and small amounts of 261 

copaene (6%) and cubebene (3%). Therefore, PnTPS3 was named PnGDS (Fig. 3). GDS 262 

have been cloned from various sources such as Streptomyces [30], goldenrod [31], and grape 263 

[32].  264 

Germacrene D is a labile compound that easily undergoes rearrangements [33,34]. In 265 

particular, in the presence of acid, germacrene D rearranges into copaene and various 266 

cadinene-type products [34], which explains the appearance of prominent copaene and β-267 

cadinene peaks from the fermentation of the yeast expressing PnTPS3. Therefore, the 268 

copaene and cadinene found in PnTPS3, either in vivo or in vitro, are likely the rearranged 269 

products of germacrene D. To confirm the possible rearrangement of germacrene D under the 270 

acidic condition, we conducted in vivo enzyme reaction under at pH 6.0 (Fig. S5). Reaction at 271 

a lower pH clearly favored the formation of copaene and β-cadinene. Thus, large copaene and 272 

β-cadinene peaks in the yeast experiment (Fig. 3, Lower panel) could be justified by 273 

acidification of broth during fermentation. The moderate copaene content and the lack of β-274 

cadinene in unripe peppercorn (Fig. 2 and Table S3) reflect relatively neutral cellular 275 

environment for PnGDS in planta. These observations for the PnTPS3 activity demonstrates 276 

that heterologous in vivo product in yeast does not necessarily advocate the identities of true 277 
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enzymatic reaction product(s) [35,36].  278 

We could not identify the gene for guaiene skeleton, a direct precursor to rotundone. The 279 

low concentration of rotundone at 1.2 ppm [9] and δ-guaiene (<0.1%) [24] in black pepper 280 

may suggest extremely low abundance of the transcript for α-guaiene (rotundone backbone) 281 

biosynthesis in peppercorn. Alternatively, only some black pepper cultivars may encode α-282 

guaiene synthases, and the black pepper cultivars subjected to metabolite and transcript 283 

profiling in this work could innately not produce α-guaiene and rotindone. Nevertheless, the 284 

importance of rotundone in flavor industry warrants further search for the gene in black 285 

pepper. 286 

 287 

3.4. Kinetic parameters 288 

Steady-state kinetic parameters of sesqui-TPSs were determined by malachite green assay 289 

to measure the release of diphosphate from FPP on cyclization of the substrate into terpene 290 

products. Vardaku et al. [17] validated the assay method that the measured kinetic 291 

efficiency (kcat/Km) was consistent with radioactive assay, although the phosphate assay 292 

gave slightly higher kcat and Km values compared to radioactive assay. The PnTPSs had 293 

kcat/Km values ranging from 20.2-37.7 s-1 mM-1 (Table 1 and Fig. S6) comparable to other 294 

sesqui-TPSs [17, 37].  295 

 296 

3.5. Catalytic mechanism 297 

Mechanistic pathways for three PnTPSs to explain the formation of various products are 298 
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proposed in Fig. 4. Caryophyllene synthases that co-produce humulene have previously been 299 

described [38]. The cyclization of FPP to form caryophyllene by PnCPS apparently calls for 300 

so-called 1,10-ring closure. Here we depicted the cyclization process catalyzed by PnTPSs 301 

follows 1,10-closure mechanism assuming that the present PnTPSs have evolved from a 302 

common ancestor (section 3.6) to share a common mechanistic feature. Nevertheless, 1,6-303 

closure mechanism is also possible for PnCO/CDS [39]. 304 

 305 

3.6. Phylogenetic analysis 306 

To construct phylogenetic tree, sesqui-TPSs with catalytic function similar to PnTPSs 307 

were selected. The phylogenetic tree, constructed using neighbor-joining method (MEGA 6), 308 

placed all three PnTPSs studied in this work in a small sub-clade within the angiosperm 309 

sesqui-TPS family (Fig. S7). This result suggests that the present PnTPSs are paralogs 310 

evolved from common ancestor after speciation.  311 

 312 

3.7. PnTPS transcript levels among pepper organs 313 

PnTPS transcript levels were relatively low in roots and fruits compared to stem and leaves 314 

(Fig. 5). Stem exhibited high levels of comparable PnCPS and PnGDS transcripts with low 315 

PnCO/CDS level, whereas leaves were characterized by 9-fold higher level of PnGDS 316 

transcripts than PnCPS and PnCO/CDS transcripts. The abundant PnGDS transcript levels 317 

in leaves explains α-cubebene content as high as 20.2% among terpenes in the leaf extract 318 

[40]. Among PnTPSs in the peppercorn, PnCPS level was the highest, correlating well with 319 
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the high amount of combined caryophyllene and humulene content (68.4%) in the 320 

peppercorn (Table S3). However, about 4-fold higher PnCO/CDS transcript level in 321 

comparison to PnGDS level in peppercorn (Fig. 4) could not explain the comparable 322 

enzymatic product contents from PnCO/CDS (9.1% for γ- and δ-cadiene and δ-cadinol) and 323 

PnGDS (9.5% for copaene and cubebene) (Table S3). The preferential loss of initial 324 

sesquiterpene products by unknown secondary enzymatic modifications or sample 325 

preparation (i.e., evaporation) could explain the discrepancy between sesqui-TPS transcript 326 

levels and the accumulation of their enzymatic product. 327 
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 448 

Table 1 Kinetic properties of three PnTPSs. Lineweaver-Burk plots to derive the 449 

parameters are shown in Fig. S6.  450 

 451 

Fig. 1. Volatile mono- and sesqui-terpenes found in dried green peppercorn. Only major 452 

representative terpenes are shown.  453 

 454 

Fig. 2. GC/MS profiling of terpenes from immature black pepper fruit. 455 

 456 

Fig. 3. Total ion chromatogram of fermentation broth extract (left side column) and in-vitro 457 

enzyme assays (right side column). Fermentation was done by yeast EPY300 expressing 458 

PnTPSs. PnTPS1: peak 1, caryophyllene; peak 2, humulene. PnTPS2: peak 3, α-cadinene 459 

(cadina-4,9-diene); peak 4, δ-cadinene (cadina-1(10),4-diene); peak 5, δ-cadinol. PnTPS3: 460 

peak 6, copaene; peak 7, cubebene; peak 8, β-cadinene (cadina-3,9-diene). PnTPS3: peak 9, 461 

germacrene D. Peak at 28 min in the chromatograms of the left side column was farnesol. 462 

 463 

Fig. 4. Possible mechanism of sesquiterpene synthases from P. nigrum. The reaction 464 

pathway was based on 1,10-ring closure pathway. 465 

 466 

 467 
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Fig. 5. Absolute transcript copy numbers of PnTPSs estimated by QRT-PCR in four 468 

different organs of P. nigrum. Each data point was determined from five biological samples 469 

each consisted of four technical replicates. 470 

 471 
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Table 1 

Kinetic properties of three PnTPSs. Data were from three replicate assays. 

 Km (µM) kcat (s-1) kcat/Km (s-1 µM-1) 
PnTPS1 21.06 ± 4.71 0.455 ± 0.003 0.0216 

PnTPS2 18.40 ± 4.94 0.694 ± 0.066 0.0377 

PnTPS3 9.152 ± 1.813 0.185 ± 0.012 0.0202 
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Highlights 

� Transcriptome of unripe fruit of Piper nigrum, black pepper plant, was analyzed. 

� Three sesquiterpene synthases were predicted from transcriptome database and 
cloned. 

� They were identified as caryophyllene synthase, cadinol/cadinene synthase, and 
germacrene D synthase. 

� Their kinetic parameters and tissue distribution were determined. 


