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ABSTRACT

To identify terpene synthases (TPS) responsibl¢hi®biosynthesis of the sesquiterpenes
that contribute to the characteristic flavors obdi pepper Riper nigrum), unripe
peppercorn was subjected to the lllumina transongt sequencing. The BLAST analysis
using amorpha-4,11-diene synthase as a query fi@eintl9 sesquiterpene synthases
(sesqui-TPSs), of which three full-length cDNAWTPSL through3) were cloned. These
sesqui-TPS cDNAs were expressecEircoli to produce recombinant enzymes fifiowitro
assays, and also expressed in the engineeredsyeastto assess their catalytic activities
vivo. PnTPS1 produce@-caryophyllene as a main product and humulene asiner
compound, and thus was named caryophyllene syn{ffagePS). Likewise, PnTPS2 and
PnTPS3 were, respectively, named cadinol/cadingmase (PnCO/CDS) and germacrene
D synthase (PnGDS). PnGDS expression in yeastegddlecadinene and-copaene, the
rearrangement products of germacrene D. TkgifKn values (20-37.7 smM™) were
comparable to those of other sesqui-TPSs. AmongetfnTPSs, the transcript level of
PnCPS was the highest, correlating with the predomirfaiearyophyllene biosynthesis in
the peppercorn. The products and rearranged podiidhree PnTPSs could account for

about a half of the sesquiterpenes in number fauehripe peppercorn.

Keywords. Black pepper; Cadinol/cadinene synthase; Carydghglsynthase; Germacrene

D synthase; Next-generation sequencRiger nigrum
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Abbreviations

CO/CDS Cadinol/cadinene synthase

CPS Caryophyllene synthase

GDS Germacrene D synthase

GC-MS Gas chromatograghmass spectrometry
NGS Next-generation sequencing

Nt Nucleotide

ORF Open reading frame

PnTPS Piper nigrum terpene synthase
QRT-PCR Quantitative real-time polymerase chaictiea
SC Synthetic complete

sesqui-TPS Sesquiterpene synthase

TPS Terpene synthase
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1. Introduction

Black pepper, dried unripe fruit #iper nigrum L. belonging to Piperaceae family, has been
one of the most valued spices in the world fromemtdimes. It was found with the mummy
of Ramesses Il of ancient Egypt, confirming itsiantuses dating back at least as early as
13" century BCE [1] According to Pliny the Eldeblack pepper was already a wide-spread
seasoning in the Roman Empire [B]. nigrum is native to India, but currently its leading
producer is Vietnam, which produces 34% of the drawvide production of 470,000 metric
ton [3]. Black pepper has been used in both coolkingd traditional medicine to cure
constipation, toothaches, oral abscesses, and syrdimong others [4]. The spicy pungent
principle of black pepper is alkaloid piperine ani$ structural analogs. Modern
pharmacological studies support the beneficialthezffect of black pepper [5]. Piperine has
been shown to help digestion of food [6], to haméicxidant activity [7], and to enhance
drug bioavailability [8].

The pepper fruitaka peppercorn, contains various aroma-rendering t&gemostly mono-
and sesquitepenes, including pinene, limonene, neopi, caryophyllene, copaene, and
cadinene (Fig. 1). Recently, rotundone, a sesquétex of guaiane skeleton, was identified to
contribute unique peppery aroma to black pepperedisas Shiraz wine [9].

Terpenoids of plant origin are the largest andcstmally most diverse group of natural
products. Their carbon skeletons originate from ¢badensation of two simple isomeric
five-carbon precursors, dimethylallyl diphosphate ésopentenyl diphosphate. For example,

sesquiterpene with fifteen-carbon skeleton arisem fthe farnesyl diphosphate precursor
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comprised of three £Lunits. To understand the make-up of volatile tagpeomponents in
black pepper, it is necessary to characterizedhmehe synthases (TPSs) that biosynthesize
the volatile terpenes in peppercorn.

The secondary (or specialized) metabolites and thspective enzymes and transcripts are
often present in low quantities in specialized-tghes, making it difficult to elucidate their
biosynthetic pathways. However, progresses in &éxt generation sequencings enabled us to
unravel many important, but low abundant, enzymegslved in secondary metabolisms due
to the deep sequencing depth. As of November 2BNA-sequencing and transcriptome
assembly has been applied to more than 600 nonimoplant species

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

In the present study, we aimed at identifying PnI R&Sponsible for the biosynthesis of the
flavor-imparting volatile sesquiterpenes in bladpper. In particular, from the transcriptome
data of unripe pepper fruit, we isolated three-fetigth cONAs encoding sesquiterpene TPSs

(Sesqui-TPSs) and characterized their enzymatidygts.

2. Materialsand methods

2.1. Plant material and chemicals

Tissue samples, including immature fruit, leavagms and roots, ofP. nigrum were
harvested from garden of Prince of Songkla Univgrsihailand. Farnesyl diphosphate
(FPP) was from Echelon Biosciences (USA), Yeastppub Medium Supplements from

Takara Bio (Madison, WI), and Bacto Agar from Becickinson. Adenine hemisulfate,
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MgCl,, MES monohydrate, and malachite green phosphaayddt were from Sigma-

Aldrich.

2.2. RNA isolation and cDNA library construction

Total RNA was extracted from unripe peppercornskaswn in Table S4, by the CTAB
method [11], treated with RNase-free DNase | (Molea, Korea), and purified by phenol-
chloroform method. Purified total RNA was evaluafed integrity on Bioanalyzer 2100
(Agilent, USA). Samples with RNA Integrity Numbeigher than 7.0 [12] was used the
ensuing experiment. lllumina cDNA library was preggh using total RNA by Beijing
Genomics Institute Genomic Center in Hong Kong, aesulting cDNA library was

sequenced on lllumina HiSeq 2000 platform.

2.3. Subcloning

With amino acid sequence of amorpha-4,11-dinenéhage (Genebank ABM88787) [13]
as a query, homologous gene contigs were searched inréinscriptome database using
tBLASTn (BioEdit, version 7.2.0). Three contigsggested to code full-length ORF with
high homology against the query gene, were foundnd? pairs for these ORFs were
designed (Table S1) to clone respective genes tbBiNA library under the following
conditions using Takara Ex Taq Polymerase (Takkpan): 9& for 5 min for initial, 98C

for 15 s, 58 for 30 s, 72 for 2 min for 35 cycles and Wfor 5 min. PCR products were
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purified by using Inclone Gel & PCR purificationt Kinclone Biotech, Korea) and finally
TA cloned into pMD20 T vector (Takara, Japan).
2.4. Yeast transformation and fermentation

Yeast expression plasmid was constructed by imgePS ORF without stop codon into
the yeast expression vectplESC-LEU2d atBamHI and Nhel double digestion site. The
cloned vector was then transformed to engineeresty€PY300 [14] by using LIAC/SS
carrier DNA/PEG method [15]. All transformants wer@wn at 30C on SC medium [16]
without histidine, methionine, and leucine (-HMIo) $elect positive transformants. Single
colony was inoculated to a test tube containing B aihthe SC medium (-HML)
supplemented with 2% glucose and cultured for 1Bhirty milliliters of the SC medium (-
HML) supplemented with 2% galactose, 0.2% glucasel, 1 mM methionine in a 150 mL
flask was inoculated with 0.6 mL of the seed céfiand incubated for three days af(30
on a shaking incubator at 200 rpm. On completiomadbation, the medium was extracted

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

2.5. Heterologous expression and in vitro assay

ORF of each PnTPS was cloned ip#®l2la(+) vector alNdel and Xhol double digestion
site with C-terminal 6xHis tag by using Gibson Assty Cloning Kit (NEB, UK). The
ORF-containing vector was then transformed iBtacoli Rosetta 2(DE3). Single colony
was taken to inoculate 5 ml LB medium supplementéth 100 ug/ml ampicillin and

incubated at 3T overnight. The overnight culture was inoculatedlQD, v/v) to 50 ml
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fresh LB medium with the same concentration oflaatics. Incubation was continued at
3701 until ODgoo reached 0.5, when the culture was added with IRIG.1 mM and the
incubating temperature was lowered to )20 he culture was further incubated for 16 h, and
the cells were collected by centrifugation at 5@0® (Beckman F1202 rotor) for 5 min at
4(1. The cell pellet was resuspened in 5 ml of lysidfdy (20 mM Tris-HCI, pH 7.0,
supplemented with 300 mM NaCl and 10 mM imidazol€he suspension was then
sonicated (Sonic Dismembrator 550, Fisher Scientibr total of 10 min with repeated 3 s
on and 1 s interval. Soluble protein fraction wallected by centrifugation for 30 min at
7000 rpm and 4. The supernatant was applied to 60 Ni SuperflowifiR€Takara, Japan)
and the TPS fraction was eluted by increasing aunagon of imidazole. Finally, the
eluted TPS was desalted by buffer exchange on ifogal filter (Amicon Ultracell-30k,
Merck Millipore, Ireland). The proteins were sulipggt to SDS-PAGE (10% gel) and the
purity of the protein was estimated by analyzing tmage of the gel using ImageJ2x
program version 2.1.4.7 (NIH ImageJ, USA).

The enzyme reaction was done in glass vial usipmg dbf the purified protein in a final
volume of 1 ml of assay buffer (100 mM Tris-HCI, pHO) supplemented with 1 mM
dithiothreitol, 10 mM MgCJ, and 100uM FPP. The reaction mixture was gently overlaid
with 0.5 ml ofn-hexane and allowed to react for 2 h at/30he mixture was then vortexed
and the organic phase was separated by centrifugalihe extraction was repeated once
with the same volume of the solvent. The combinelaet was concentrated to 0.3 ml

under mild flow of nitrogen before direct analysis GC-MS.
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2.6. Seady-state kinetics

Steady-state kinetic parameters of sesqui-TPS determined by using malachite green
phosphate assay kit (Sigma-Aldrich, Cat. No. MAKBQI7]. One microgram of the
enzyme with varying concentration of FPP (186 to 50 uM) in 500 ul of the assay buffer
was reacted at 30for 10 min and the reaction was terminated by tamidiof 10l of 5 M
HCI. Released free phosphate was determined asiltkx$in the manual of the assay Kkit.
The data was fit to the Michaelis-Menten equatigrubing SigmaPlot 13 (Systat Software,

USA) to obtain \hax andKp,.

2.7. GC-MSanalysis of terpene

GC System (Agilent model 6890, USA) equipped witmass spectrometer was used to
analyze the terpenes. The GC column was ZB-5MSin(68 0.25 mm x 0.2fm) with
helium as carrier gas at a flow rate of 1 ml thiRor enzymatic reaction product analysis, 1
ul of n-hexane extract was directly injected into GC witte following temperature
program: injecton at 220, and initial temperature of 80(5 min hold) raised to 110 at a
rate of 50min and then at 0/min to 240C (10-min hold). The coupled mass spectrometer
was Agilent HP 5973 (USA) with transfer line tematere set at 32Q, source temperature
at 250C, quadrupole temperature at 1§0and ionization potential at 70 eV. Scan range
was 50 to 300 atomic mass units. Products weretift®hby using MS Search Program

v.2.0 (NIST Standard Reference Database, USA).
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Peppercorn extract for GC-MS analysis was prepasefllows. Frozen peppercorn (5 g)
was ground with liquid Mand extracted with-hexane (20 ml) by gentle stirring overnight
at room temperature. The hexane layer was sepatatedentrifugation at 4 before
concentrating to 4 ml under stream of nitrogen. Exg¢ract was analyzed by using
temperature program of %0 (5 min hold) to 26@ at 4C min® with other conditions

same as above.

2.8. Quantitative real-time PCR

Transcript levels oPNnTPSs were determined by QRT-PCR using primer pairsriesd on
Table S1. The PCR in a total reaction volume ofuP@ontaining 10ul of 2x QuantiMix
SYBR Kit PCR system (PhileKorea, Korea)ulldiluted cDNA, 0.25uM of each primer,
and double distilled HD. The PCR reaction was run on Rotor-Gene 2000 Rew Cycler
(Corbett Research, Australia) with a temperatuog@m of 5 min at 98, 40 cycles of 15 s

at 95C, 20 s at 5&, and 20 s at 72. The standard curve was made by running the PCR of
each gene ranging from 4@ 1C copyfu, and the copy numbers were calculated as
described [18]. Each data point was obtained friwa lbiological samples, each composed

of four technical replicates.

2.9. Bioinformatics analyses
The amino acid sequences were aligned using theol/Bd | Advance 10 (Thermo Fisher

Scientific, USA). The sequences were compared hygguBioEdit (version 7.2.0) and
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phylogenetic tree was constructed by MEGA6 softwanew.megasoftware.net). Reverse

complementation sequences were searched by usimgeSee Manipulation Suite

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

3. Resultsand Discussion
3.1. Transcriptome analysis and sesqui-TPS mining

The Illumina deep sequencing of the unripe peppar&iNAsyielded total of 49,413,668
clean reads (Table S2.). All clean reads waeraovo assembled into contigs by the Trinity
algorithm [19]. The clean read assembly represeatéotal of 66,787 unigenes, ranging
their length from 300 nucleotides (nt) to 3000 rthva mean length of 647 nt. The number
of unigenes longer than 1 kb was 15,101 (22.6%heftotal unigenes). This result was
comparable to the previously published transcrigalata from black pepper roots (SOLID:
unigene number 10,338; mean length=168) [20], ledMeimina: unigene number 128,157,
mean length=449) [21], and fruits (Illumina: unigenumber 44,061; mean length=1,345)
[22]. Hu et al. [22] discussed lysine/ornithine atmilic genes with respect to piperine
biosynthesis.

Computational search for the sesqui-TPSs from #tabdse yielded nineteen candidate
cDNAs, including three full lengtiPSs (Fig. S1). One of the full length unigenes, named
PnTPSL (GenBank KU953957), was composed of 560 aminosaewith a predicted
molecular mass of 64.9 kDa. The second (PnTPS2;58998) and third unigene (PnTPS3;

MF104556) encoded open reading frames of the icniéngths comprised of 563 amino
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acids with ~64.6 kDa (Fig. S2). Amino acid identitgtween PnTPS1 and 2 was 55%, but
PnTPS3 had 39% identity with other two TPSs. Allteé PnTPSs have well-conserved

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

3.2. Analysis of sesquiterpenes in peppercorn

To correlate the terpene profiles from peppercand ¢he enzyme products, terpene
metabolites from the unripe peppercorn were profig GC-MS. Identification was based
on mass spectral data and literatures [23]. In uhape fruit, thirteen sesquiterpenes
including B-caryophylleneg-elemenep-copaene, cubebengshumulene p-cadinol, andy-
andd-cadinenes were found (Fig. 2 and Table 83} aryophyllene was the most abundant
compound among the observed sesquitepenes (65.8%e dbtal), followed by copaene
(8.3%). Even though the reported composition ofpgeporn varies in different literatures,
all literatures consistemtly indicated thdt-caryophyllene is the most abundant
sesquiterpene in peppercorn [23-26]. Rotundondsar-guaiene skeletal homologs could
not be detected in the present study nor desciib@aost of the previous analysis reports
[24-26] except a few literatures [23].

As it is possible that rotundone and its relateduaiene skeletal products could be
synthesized in different developmental stages @ippecorns, an independent experiment
was performed including early stage and fully rigegmpeppercorns. In these measurements,
changes in relative terpene content were obsersqeeppercorn was undergoing different

developmental stages: young, unripe, and ripe ¢€TaB¥). The contents of the
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sesquiterpenes derived from germacrene D, suchubsbene, copaene, cubeol, and
germacrene Dd-ol, were progressively declined, most likely due diminished total
germacrene D synthase activity. However, accunariatf B-caryophyllene, the major
sesquiterpene in peppercorn, changed from 46% %o &Ofruits ripened. Here again, mo

guaiene-type sesquiterpenes were detected regaadlésit ages.

3.3. Functional analyses of sesqui-TPSs

The engineered yeast strain EPY300 that was prslioused to assess sesqui-TPS
activitiesin vivo [16] was employed to characterize the catalytiovaies of PnTPSs. In the
heterologous yeast system, a high level of farn@sel28 min) appeared as a background
peak due to an endogenous dephosphorylation oéggrdiphosphate (Fig. 3, left panel).
PnTPSl-transformed yeast produced caryophyllene (97%) amichce of humulene (3%),
and PnTP2-transformed yeast accumulatédcadinol as a major product (91%) and
smaller amounts af-cadinene (2%) ané-cadinene (7%) (Fig. 3 and Fig. S4). The products
from PnTPS3-transformed yeast were copaene (59f6fadinene (38%), and a trace of
cubebene (3%).

Because an acidic condition prevailed (pH 4.6)tret end of yeast fermentation, we
conductedn vitro enzyme assay using partially purified enzymes waitleast 80% purity to
avoid the possible acid-catalyzed rearrangemeimtitidl enzymatic product(s) (Fig. S2). For
PnTPS1 and PnTPS2, the products were the samesesftbm yeast fermentation. Based on

these findings, we named PnTPS1 as PnCPS and PrA¥?BACO/CDS. CPSs have been
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commonly found from plant [27] to microorganism [2BnTPS2 showed higher levelsof
cadinene (12%) and-cadinene (10%), comparing to thevivo product composition, and
thus was promiscuous in its reaction produét€adinol synthase has been previously
described from the funguBoreostereum vibrans [29]. In the case of PNTPS3, however, ithe
vitro reaction in yeast yielded germacrene D as a npamduct (91%) and small amounts of
copaene (6%) and cubebene (3%). Therefore, PnTRS83named PnGDS (Fig. 3). GDS
have been cloned from various sources sucBiraptomyces [30], goldenrod [31], and grape
[32].

Germacrene D is a labile compound that easily guks rearrangements [33,34]. In
particular, in the presence of acid, germacreneeBrranges into copaene and various
cadinene-type products [34], which explains theeapance of prominent copaene dhd
cadinene peaks from the fermentation of the yeaptessingPnTPS3. Therefore, the
copaene and cadinene found in PnTPS3, eithervo or in vitro, are likely the rearranged
products of germacrene D. To confirm the possibéerangement of germacrene D under the
acidic condition, we conducted vivo enzyme reaction under at pH 6.0 (Fig. S5). Readito
a lower pH clearly favored the formation of copaandp-cadinene. Thus, large copaene and
B-cadinene peaks in the yeast experiment (Fig. 3yelcopanel) could be justified by
acidification of broth during fermentation. The neoate copaene content and the lac-of
cadinene in unripe peppercorn (Fig. 2 and Table ®8gct relatively neutral cellular
environment for PnGD planta. These observations for the PnTPS3 activity detnaies

that heterologous vivo product in yeast does not necessarily advocatedtities of true
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enzymatic reaction product(s) [35,36].

We could not identify the gene for guaiene skelgtodirect precursor to rotundone. The
low concentration of rotundone at 1.2 ppm [9] @ngluaiene (<0.1%) [24] in black pepper
may suggest extremely low abundance of the trgvisien a-guaiene (rotundone backbone)
biosynthesis in peppercorn. Alternatively, only solback pepper cultivars may encatle
guaiene synthases, and the black pepper cultivibeced to metabolite and transcript
profiling in this work could innately not produceguaiene and rotindone. Nevertheless, the

importance of rotundone in flavor industry warrafugther search for the gene in black

pepper.

3.4. Kinetic parameters

Steady-state kinetic parameters of sesqui-TPSs eetsgmined by malachite green assay
to measure the release of diphosphate from FPRaization of the substrate into terpene
products. Vardaku et al. [17] validated the assagthod that the measured kinetic
efficiency kea/Km) was consistent with radioactive assay, although ghosphate assay
gave slightly highek.; and Ky, values compared to radioactive assay. The PnTR8s h
kea/Km Values ranging from 20.2-37.7 snM™ (Table 1 and Fig. S6) comparable to other

sesqui-TPSs [17, 37].

3.5. Catalytic mechanism

Mechanistic pathways for three PnTPSs to explae fdtrmation of various products are
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proposed in Fig. 4. Caryophyllene synthases thatroduce humulene have previously been
described [38]. The cyclization of FPP to form cgolyyllene by PNnCPS apparently calls for
so-called 1,10-ring closure. Here we depicted Wydization process catalyzed by PnTPSs
follows 1,10-closure mechanism assuming that tresgmt PnTPSs have evolved from a
common ancestor (section 3.6) to share a commoranestic feature. Nevertheless, 1,6-

closure mechanism is also possible for PnNCO/CD§ [39

3.6. Phylogenetic analysis

To construct phylogenetic tree, sesqui-TPSs wittalgac function similar to PnTPSs
were selected. The phylogenetic tree, construcedyuneighbor-joining method (MEGA 6),
placed all three PnTPSs studied in this work inmalk sub-clade within the angiosperm
sesqui-TPS family (Fig. S7). This result suggebtst the present PnTPSs are paralogs

evolved from common ancestor after speciation.

3.7. PnTPStranscript levels among pepper organs

PnTPStranscript levels were relatively low in roots dngits compared to stem and leaves
(Fig. 5). Stem exhibited high levels of comparaBhCPS andPnGDS transcripts with low
PnCO/CDS level, whereas leaves were characterized by 9-hogther level ofPnGDS
transcripts thafPnCPS and PnCO/CDS transcripts. The abundaRhGDS transcript levels
in leaves explaina-cubebene content as high as 20.2% among terperibs leaf extract

[40]. AmongPnTPSs in the peppercornCPS level was the highest, correlating well with
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the high amount of combined caryophyllene and hemal content (68.4%) in the
peppercorn (Table S3). However, about 4-fold higReCO/CDS transcript level in
comparison toPnGDS level in peppercorn (Fig. 4) could not explain tbemparable
enzymatic product contenfiom PnCO/CDS (9.1% foy- andd-cadiene an@-cadinol) and
PnGDS (9.5% for copaene and cubebene) (Table 38). preferential loss of initial
sesquiterpene products by unknown secondary enkynmbdifications or sample
preparation (i.e., evaporation) could explain tiszm@pancy between sesqui-TPS transcript

levels and the accumulation of their enzymatic pobd
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Table 1 Kinetic properties of three PnTPSs. Lineweaver-Baldts to derive the
parameters are shown in Fig. S6.

Fig. 1. Volatile mono- and sesqui-terpenes found in dgegen peppercorn. Only major

representative terpenes are shown.

Fig. 2. GC/MSprofiling of terpenes from immature black peppeuntfr

Fig. 3. Total ion chromatogram of fermentation broth ext(#ft side column) and in-vitro
enzyme assays (right side column). Fermentationdeas by yeast EPY300 expressing
PnTPSs. PnTPS1: pedkcaryophyllene; peak, humulene. PNTPS2: pedka-cadinene
(cadina-4,9-diene); peak 6-cadinene (cadina-1(10),4-diene); p&ak-cadinol. PnTPS3:
peak6, copaene; peak cubebene; pedk -cadinene (cadina-3,9-diene). PnTPS3: gkak

germacrene D. Peak at 28 min in the chromatogrdriedeft side column was farnesol.

Fig. 4. Possible mechanism of sesquiterpene synthases Bronigrum. The reaction

pathway was based on 1,10-ring closure pathway.
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Fig. 5. Absolute transcript copy numbersRiTPSs estimated by QRT-PCR in four
different organs oP. nigrum. Each data point was determined from five biologgahples

each consisted of four technical replicates.



Table 1
Kinetic properties of three PnTPSs. Data were ftiorae replicate assays.

Km (M) Keat (ST kealKm (ST uM™)
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.

® Thelr kinetic parameters and tissue distribution were determined.



