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Triterpenoids are a group of structurally diverse speciakd metabolites that
frequently show useful bioactivities. These chemicals ardiosynthesized from the
common precursor 2,3-oxidosqualene in plants. The carbon keletons produced
by oxidosqualene cyclase (OSC) are usually modied by cytdwome P450
monooxygenases (P450s) and UDP-dependent glycosyltransfases. These biosynthetic
enzymes contribute to the structural diversication of plat triterpenoids. Until now,
many P450 enzymes have been characterized as triterpenoidxidases. Among them,
the CYP716 family P450 enzymes, which have been isolated fno a wide range of plant
families, seem to contribute to the triterpenoid structurbdiversi cation. Many CYP716
family P450 enzymes have been characterized as the multifgtional triterpene C-28
oxidases, which oxidizea-amyrin and b-amyrin to the widely distributed triterpenoids
ursolic and oleanolic acids, respectively. Tomato Solanum lycopersicun) is one
of the most important solanaceous crops in the world. Howeve little information
is known regarding its triterpenoid biosynthesis. To undetand the mechanism of
triterpenoid biosynthesis in tomato, we focused on the funtion of CYP716 family
enzymes as triterpenoid oxidases. We isolated all six CYP®1family genes from the
Micro-Tom cultivar of tomato, and functionally charactezied them in the heterologous
yeast expression system. Thein vivo enzymatic assays showed that CYP716A44
and CYP716A46 exhibited the ordinary C-28 oxidation actity against a-amyrin
and b-amyrin to produce ursolic and oleanolic acids, respectivig. Interestingly,
one CYP716E subfamily enzyme, CYP716E26, exhibited the pvéously unreported
C-6b hydroxylation activity againstb-amyrin to produce a rare bioactive triterpenoid,
daturadiol (olean-12-ene-3®,6b-diol). To determine the roles of the CYP716 family genes
in tomato triterpenoid biosynthesis, we analyzed the genexpression and triterpenoid
accumulation patterns in different plant tissues by perfoning the quantitative real-time
polymerase chain reaction (QPCR) and gas chromatography-ass spectrometry
(GC-MS) analyses, respectively. High levels of th€YP716A44 gene expression and
the accumulation of C-28-oxidized triterpenoids, ursolicacid, and oleanolic acid were
observed in the roots, indicating a signi cant contributio of the CYP716A44 gene

Frontiers in Plant Science | www.frontiersin.org 1

January 2017 | Volume 8 | Article 21


http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org/Plant_Science/editorialboard
http://www.frontiersin.org/Plant_Science/editorialboard
http://www.frontiersin.org/Plant_Science/editorialboard
http://www.frontiersin.org/Plant_Science/editorialboard
https://doi.org/10.3389/fpls.2017.00021
http://crossmark.crossref.org/dialog/?doi=10.3389/fpls.2017.00021&domain=pdf&date_stamp=2017-01-30
http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive
https://creativecommons.org/licenses/by/4.0/
mailto:muranaka@bio.eng.osaka-u.ac.jp
https://doi.org/10.3389/fpls.2017.00021
http://journal.frontiersin.org/article/10.3389/fpls.2017.00021/abstract
http://loop.frontiersin.org/people/392532/overview
http://loop.frontiersin.org/people/405380/overview
http://loop.frontiersin.org/people/403968/overview
http://loop.frontiersin.org/people/27061/overview

Yasumoto et al. Triterpenoid Biosynthesis in Tomato

in the triterpenoid biosynthesis in tomato. Thus, our studypartially elucidated the
mechanism of triterpenoid biosynthesis in tomato, and idethed CYP716E26 as a novel
C-6b hydroxylase for its subsequent use in the combinatorial b&ynthesis of bioactive
triterpenoids.

Keywords: tomato, Cytochrome P450 monooxygenase, CYP716 family , C-28 oxidase, C-6 b oxidase, triterpenoid
biosynthesis

INTRODUCTION (Fraser et al., 1994; Lois et al., 2pand steroidal glycoalkaloids
(Itkin et al., 2013; Sawai et al., 2014; Thagun et al., 2016
Triterpenoids  are  structurally diverse plant-specializedrhe |atter are also biosynthesized from 2,3-oxidosqualene
metabolites that are often used as pharmaceuticals arngbwever, steroidal glycoalkaloids are often excluded from
cosmetics, among others. Their carbon skeletons argjterpenoids and classi ed as steroids or sterols. Themsfor
biosynthesized from the common precursor, 2,3-oxidosqueale information about non-steroidal triterpenoids in tomato is
by cyclization reaction of oxidosqualene cyclase (OSCjestricted. Triterpenoid pro les in tomato have been anatyze
The oxidation and glycosylation of their skeletons bypreviously Bauer et al., 2004; Wang et al., 2)1However,
cytochrome P450 monooxygenases (P450s) and UDP-dependejxidized triterpenoids such as ursolic acid and oleanoliicl ac
glycosyltransferases contribute to their structural ditées. \were not detected except for in a recent repath(ogeropoulos
Until now, many P450 family enzymes involved in triterpenoidet al., 201p In addition, only twoOSCswere characterized as
biosynthesis have been functionally characterized (véaein  triterpenoid biosynthetic genes in tomato, and no P450 eneym
Seki et aI., 2035 Since the initial functional characterization were functiona”y characterized as triterpene O)ddase&)%ng
of the Medicago truncatulaCYP716A12 as a multifunctional to the Cytochrome P450 Homepagueﬂson, 200? the tomato
enzyme that catalyzes the three-step oxidation at the C-2§enome comprises six CYP716 family genes encoding two
position of a-amyrin, b-amyrin, and lupeol to ursolic acid, CYP716A subfamily enzymes (CYP716A44 and CYP716A46),
oleanolic acid, and betulinic acid, respectiveya(elli et al., one CYP716C subfamily enzyme (CYP716C6), two CYP716E
2011; Fukushima et al., 20}many CYP716 family enzymes sybfamily [CYP716E25 (previous name CYP716A42), and
have been isolated and identi ed as the triterpenoid-oxitiz  CYP716E26 (previous name CYP716A43)], and one CYP716H
enzymes in various plant species. Most of them showed thgbfamily enzyme (D. Nelson personal communication Dec.
pentacyclic triterpenoid C-28 oxidation activity, as reparte 13 2016). In the present study, to determine the mechanism of
in the M. truncatula CYP716A12 enzyme. However, some Ofyiterpenoid biosynthesis in tomato, we cloned all six CYP716
them showed relatively di erent oxidation activities agstithe  family genes from Micro-Tom, a model tomato cultivar,
triterpenoid skeletons. TheArabidopsis thalianaCYP716A2, and expressed them in a [riterpene-producing yeast strain to
Artemisia annua CYP716A14v2, andBupleurum falcatum determine their oxidation activity. We analyzed the expi@ss
CYP716Y1 showed the C-&2C-3, and C-18 oxidation |evels of the identied triterpenoid biosynthetic genes, and
activities, respectively, against the pentacyclic tritegié determined the triterpenoid contents in tomato plants. Our
(Moses et al., 2014, 2015b; Yasumoto et al., R@dditionally,  study will contribute to the better understanding of triterpeid
the enzymes belonging to the CYP716 family showed oxidatiopiosynthesis in tomato, and provide useful information foeth
activities not only against the pentacyclic triterpenoidsit b diversi cation of triterpenoid oxidation reactions catalgd by
also against the dammarane-type triterpenoids. TRanax the CYP716 family enzymes.
ginsengenzymes CYP716Ul (renamed from CYP716A47; D.
Nelson (University of Tennessee) personal communication,
Dec. 13 2016) and CYP716S1v2 (renamed from CYP716A53MATERIALS AND METHODS
according to the Cytochrome P450 Homepage) have be ; ;
identi ed as the dammarene-type triterpenoid C-12 and Q-Gqﬂlasmld Construction
oxidases, respectivelyé¢lson, 2009; Han et al., 2011, 2p12
Owing to its divergent origin and diverse triterpenoid oxiotm
activities, the CYP716 family is considered an important@®45

The primer sequences used in the present study are listed in
Supplementary Table 1 PrimeSTAR Max DNA Polymerase or
PrimeSTAR HS DNA Polymerase (TaKaRa Bio, Shiga, Japan)
. . . R was used according to the manufacturer's protocol. The full-
family that contributes to the structural diversi cationf glant length coding sequences of tomato CYP716A44 and CYP716H1

trlterp_en0|ds. Tomato_ $olanum lycopersicynis one of the . were ampli ed from Kazusa Full-length Tomato cDNA clones
most important crops in the world and used as a model plant in

the Solanaceae family. Many studies of specialized (ser;Onda(Clone nos. LEFL3159E12 and LEFL1025BA08) using primer

metabolites in tomato are conducted and focused on carateno sets 1343/1344 and 1345/1346, respectively. The fullfiengt
coding sequences of CYP716E25 (previous name CYP716A42)
Abbreviations: GC-MS, gas chromatography-mass spectrometry; NMR nuclea?nd CYP716C6 were ampli ed from the rststrand CDNA
magnetic resonance;y OSC, oxidosqualene cyclase; P450, éymecl#éSO pr_epared from Micro-Tom total RNA extracted from ro_OtS with
monooxygenase; qPCR, quantitative real-time polymerase chainiaea®T, ~ Primer sets pY325/pY326 and pY323/pY324, respectively. Each

retention time; SIM, selective ion monitoring; TMS, trimethylsilyl. amplicon was cloned into the pENTR-D-TOPO vector (Thermo
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Fisher Scientic, Waltham, MA, USA) by TOPO reaction. andCYP716HExpressing yeast strains. Each of the transformed
The full-length coding sequences of CYP716E26 (previougeast strains is listed iBupplementary Table 2 Each glycerol
name CYP716A43) were ampli ed from the rst-strand cDNA stock was inoculated into 2 mL SD medium containing 2%
prepared from total RNA extracted from Micro-Tom roots glucose and cultured at 3G overnight at 200 rpm. A 10 mL new
with the primer set pY321/pY322. Further ampli cation was SD medium was added to the culture overnight, subsequently
conducted to adapt the attB sequences to the end of the PGiltured at 30C for an additional night, and shaken at 200
product using the primer sets pY327/pY328 and pY178/pY179pm. Yeast cells were collected by centrifugation, resusgeird
The nal PCR product was cloned into the pPDONR/Zeo vector10 mL SD medium containing 2% galactose to induce CYP716
(Thermo Fisher Scienti c) using Gateway BP Clonase Il Enzymexpression, and cultured at 30 for 2 days at 200 rpm. Yeast
Mix (Thermo Fisher Scienti c). First, since the expression ofcultures were then stored at 80 C until extraction. Yeast
CYP716A46 in Micro-Tom root was too low to amplify the cultures were extracted three times with 6 mL ethyl acetate.
full-length coding sequence from the rst-strand cDNA, the The extracts were evaporated, and the remaining residues wer
full-length genomic sequence from start codon to stop codorissolved in 1 mL chloroform:methanol (1:1). The samplesawer
was ampli ed using Micro-Tom genomic DNA with the primer stored at 30 C until use. A 50AL of the sample and standard
set pY319/pY320. Genom&YP716A46vas cloned into pCR4- solutions @-amyrin, uvaol, ursolic acidp-amyrin, erythrodiol,
Blunt-TOPO vector (Thermo Fisher Scientic). The resuliin and oleanolic acid were purchased from Sigma-Aldrich or
plasmid DNA was used as a template for ampli cation of theEXTRASYNTHESE, 10 mg/L in methanol) was transferred into
1st, 2nd, and 3rd exons of CYP716A46 with adapter primer setsal inserts and evaporated. The sample was derivatized with
pY319/pY337, pY338/pY339, and pY340/pY320, respectivel0 mL N-methyl-N-(trimethylsilyl) tri uoroacetamide at 80C

The 1st, 2nd, and 3rd exons were joined by PCR reactionfor 20 min. Gas chromatography-mass spectrometry (GC-MS)
Further ampli cation was conducted to add the attB sequenceanalysis was performed using a 5977A GC-MS system (Agilent
to the end of the PCR product using primer sets pY341/pY342Zechnologies, Santa Clara, CA, USA) with a DB-1 ms capillary
and pY178/pY179. The nal PCR product was cloned into thecolumn. GC-MS conditions were reproduced from a previous
pDONR/Zeo vector (Thermo Fisher Scienti c) using Gatewaystudy (Yasumoto et al., 20)6

BP Clonase Il Enzyme Mix (Thermo Fisher Scienti c). The full-

length coding sequence in each entry clone was con rmed b§tructural Determination of Unknown

Sanger sequencing. _ Product in b-amyrin Synthase/CYP716E26
To construct the yeast expression vectors pYES‘DESTS@O-EXpI’ESSing Yeast

CYP716A44, pELC-CYP716A44, and pESC-HIS-CYP716A4%, : . . . 0
cDNA of CYP716A44 in entry vector was transferred in,[OYeast strain SY56 was cultured in 6 L SD medium containing 2%

PYES-DEST52 (Thermo Fisher Scientic), pELC-GW andd@lactose. Yeast cells were collected by centrifugationbated

PESC-HIS-GW vectorsYsumoto et al., 20)dising Gateway With 720 mL methanol and 180 mL 40% KOH at &0 and
LR Clonase Il Enzyme Mix (Thermo Fisher Scienti c). The €Xtracted with 900 mL n-hexane three times. The extract@wer

same method was applied for the CYP716A46 CYF>716C%vaporated, and the remaining residues were applied to column
CYP716E25, CYP716E26, and CYP716H1 yeast expressfofiomatography on silicagel (60 N 40-8M) in a hexane:ethyl
vectors, PYES-DEST52-CYP716A46, pELC-CYP716A4%?etate gradient. After purication, 10mg of an unknown
PESC-HIS-CYP716A46 pYES-DESTSZ-CYP?16C§°mp°und was obtained. Nuclear magnetic resonance (NMR)
PELC-CYP716C6, pESC-HIS-CYP716C6, pYES-DEST53RECa tH and 13C) of puri ed compound were reported on a
CYP716E25, PELC-CYP716E25, pESC-HIS-CYP716E£§,OL'ECS4OO system (400 MHz; JEOL, Tokyo, Japan) in£ZDClI
PYES-DEST52-CYP716E26, pELC-CYP716E26 pESC_Hl'ge_tramethylsilane was used as an internal standard.
CYP716E26, pYES-DEST52-CYP716H1, pELC-CYP716H1, and

PESC-HIS-CYP716H1. Quantitative Real-Time Polymerase Chain
_ _ _ Reaction (QPCR) Analysis
In vivo Enzymatic Analysis Total RNA was extracted from leaves, stems, owers, and roots

In vivo enzymatic analysis was performed as reported previoushf tomato cv. Micro-Tom grown on soil using RNAiso Plus
(Yasumoto et al., 20)6 The budding yeastSaccharomyces (TaKaRa Bio). After digestion of the contaminated genomic
cerevisiadNV Sd, Thermo Fisher Scienti ¢) harboring pYES- DNA by recombinant DNase (TaKaRa Bio), total RNA was
ADH-aAS and pYES3-ADH-bAS was used asmyrin and puried using an RNeasy Plant Mini Kit (Qiagen, USA).
b-amyrin producing yeast strainsF(kushima et al., 20)1 The rst-strand cDNA was synthesized from puried total
Three kinds of yeast expression vectors for CYP716A4RNA using PrimeScript RT Master Mix (Perfect Real Time)
(PELC-CYP716A44, pYES-DEST52-CYP716A44, and pESQJaKaRa Bio). gPCR was performed using LightCycler Nano
HIS-CYP716A44) were transformed into yeast strains using 8ystem (Roche, Germany) and FastStart Essential DNA Green
Frozen-EZ Yeast Transformation Il Kit (Zymo Research, Iesin Master (Roche) with synthesized cDNA samples. The primer
CA, USA). Tranformants were selected on SD (-Trp, -Leu, sequences used in gPCR were listeupplementary Table 1
Ura, and -His) plates to generateYP716A44xpressing yeast The relative expression levels &@YP716A44 CYP716A46
strains, such as SY52 and SY57. The same strategy was @hdu@YP716C6 CYP716E25CYP716E26CYP716HL TTS]1 and

to generateCYP716A46CYP716C6CYP716E25CYP716E26 TTS2in each sample were calculated according to a previously
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described methodKfa, 2001). Actin and leaf were used as buds based on the expression pro le in the tomato eFP Browser

reference gene and control sample, respectively. (http://bar.utoronto.ca/efp_tomato/cgi-bin/efpWeb.cgiye are
. . o possibly not be able to amplify the full-length coding sequence
Triterpenoid Analysis in Tomato even if it were expressed in plants. Therefore, we arti cially

The leaves, owers, stems, and roots were harvested froratom generated the full-length coding sequence for CYP716A46
cv. Micro-Tom plants grown on soil, lyophilized, and then (registered in GenBank as a predicted gene in cv. Heinz 1706;
crushed to powder by using a multibead shocker (Yasui Kikagccession number: XM_004243858) by connecting all exon
Japan). A 0.1g of dry materials was extracted three times wittequences as described in the Material and Methods Section.

5 mL methanol:chloroform (1:1). After drying by centrifuga

evaporator, samples were saponi ed with 3 mL methanol and 1

mL 40% KOH solution at 8QC for 1 h and extracted with 4 mL In vivo Enzymatic Analysis

n-hexane three times. HCL (1 mL) was added to the remaininghe tomato CYP716 family enzymes were heterologously co-
solutions and extracted with 4 mL n-hexane three times. Thexpressed withOlea europaea-amyrin synthase gAS) or
extracts were separately evaporated, and the remaininguessid Lotus japonicusb-amyrin synthase HAS) in yeast. In the
were dissolved in 1 mL methanol:chloroform (1:1). AfiOofthe  present study, we could not detect clear oxidation activiGes
sample and standard solutions was transferred into vialrisse CYP716C6, CYP716E25, and CYP716H1 agan@styrin and

and evaporated. The remaining residues were derivatizéd30it b-amyrin in yeast expression system. &AS/CYP716A44 and

mL N-methyl-N-(trimethylsilyl) tri uoroacetamide at 80C for aAS/CYP716A46 co-expressing yeast strains (SY52 and SY65),
20-30 min. GC-MS analysis was performed as mentiondd in uvaol (2) and ursolic acid(3) were detected as C-28 oxidation
vivo enzymatic assay. Additionally, a selective ion monitoringoroduct of a-amyrin (1) (Figure 2A). Since theaAS enzyme
(SIM) GC-MS /z D 203, 218, 320) was also conducted to deteaised in the present study produced not ordyamyrin, but

low levels of ursolic and oleanolic acids. also b-amyrin (Saimaru et al., 200,/ the b-amyrin-oxidized
) ] triterpenoids could also be detected in taAS/CYP716A co-
Phylogenetic Tree Analysis expressing yeast strains as minor peakigre 2A). Further,

The full-length protein sequences of all P450 enzymes, whidh bAS/CYP716A44 an®dAS/CYP716A46 co-expressing yeast
were functionally characterized as triterpenoid oxidaseste strains (SY57 and SY66), erythrodi@@) and oleanolic acid
collected from GenBank and aligned using MUSCIHzIdar, (7) were detected as C-28 oxidation product bfamyrin
2009. A rooted maximum likelihood tree was generated using5) (Figure 2B). Interestingly, an unknown compound4)

the LGCGCI substitution model by MEGAG6 softwardgmura  was detected inaAS/CYP716E26 co-expressing yeast strain
et al., 201Bwith bootstrapping for 1000 replicates. The protein(SY51), and other unknown compoun@) was also detected
sequences in FASTA format were listed in Supplementary Daia bAS/CYP716E26 co-expressing yeast strain (SYB@)e 2).

sheet 1. Although, the retention times of those compounds were closed
to ursolic acid and oleanolic acid, their mass fragmentatio

RESULTS patterns were completely di erent from those C-28 oxidized
triterpenoids Figure 2). To reveal the oxidation activity of

Cloning of Tomato CYP716 Family Genes CYP716E26, we conducted a large-scale culture of yeast stra

The tomato genome encodes six CYP716 famil5Y56, puried the unknown compound, and determined
enzymes, CYP716A44  (Solyc059g021390), CYP716Ad® structure by NMR analysisS(pplementary Figure 1. As a
(Solyc07g042880), CYP716C6 (Solyc02g069600), CYP716E&hlt, the chemical shift of compour@imatched well with that
(Solyc06g065420), CYP716E26  (Solyc06g065430), avfd6b-hydroxy-b-amyrin (olean-12-enet36b-diol, daturadiol)
CYP716H1 (Solyc11g056670), when excluding predictgdiradjoand Chaves, 20D5Thus, we concluded that compouigd
pseudogenes for CYP716A45P, CYP716H2P, CYP716Q1P, amddresponded to daturadiolSupplementary Table B Since the
CYP716Q2P (CYP716A42 and CYP716A43 have been renamedss spectra of compourntiwere similar to that of daturadiol
as CYP716E25 and CYP716E26, respectively, D. Nelson persdifddure 2), and CYP716E26 exhibited-®ydroxylation activity
communication, Dec. 13 2016). We cloned three of the CYP718&gainst b-amyrin, we hypothesized that CYP716E26 also
family full-length coding sequences [registered in GerlBandisplays C-6-hydroxylation activity against-amyrin. Thus, we
as predicted genes in cv. Heinz 1706; accession numbepsedicted that compound might correspond to B-hydroxy-a-
XM_004233140 (CYP716C6), XM_004242183 (CYP716E2&)nyrin (ursan-12-enet36b-diol). We detected unknown peaks
and XM_004241773 (CYP716E26)] from the rst-strand cDNAIn CYP716A44- or CYP716A46-expressing yeast strains at
prepared from Micro-Tom and two others [registered in retention times 17.9 and 18.4 min. Since their mass spectra
GenBank as Micro-Tom cDNA clones; accession numbersvere similar to those of the ursolic or oleanolic acids [witvo
AK329870 (CYP716A44) and AK321479 (CYP716H1)] fromrimethylsilyl (TMS) molecules], except fon/z D 410 and 513
Kazusa full-length tomato cDNA clonesFigure 1). In the (482 and 585 in ursolic and oleanolic acids, respectively) an
present study, we could not amplify the full-length codingthe di erence ofm/z values corresponding to one TMS molecule
sequence for CYP716A46 by reverse transcription-PCR usir{g)/z D 72), these two peaks might correspond to the partially
the rst-strand cDNA prepared from Micro-Tom owers. Since TMS-derivatized (with one TMS molecule) ursolic and oleanoli
CYP716A46expression is strictly limited in unopened ower acids, respectivelygure 2).
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CYP716A12_M.truncatula 1 MEPNFYLSLLLLEVSFISLSLFFIFYKQ----KSPLN®PPEKMEYJTTIGASLEFLSTGWKGHPEKIZT FDIMRINYSSE L IKIISTV{GESTVVCC 96
CYP716A44_S.1lycopersicum 1 -MELLYVCLVCVEVFLVSL--LLLYKKK----- SGEGEPPEAKT(GWIZY F3SLEFL SCGWKGHPEKIZT FDRVANYSSSVIZKIHL LGEEAAVEC 92
CYP716A46_S.lycopersicum 1 -MELFYASLVCLEVLLLSLSFLFLFNKKNKSMILSCPRPPENSEWIZV I LEFLSTGWKGHPEKIZT FDIT SISYKSST[IKIHL L@EKAVVEC 99
CYP716C6_S.lycopersicum 1 ---MDAIDLSTIFLVVFSFILTIILYQN--RSSKNTKMPPESFqWigy T TEF----LFSNPED[@VRDEMNISY SRDI[FKIIK IMEEKTVVIC 91
CYP716E25_S.lycopersicum 1 —s—ee MEVVMVPYLLALLFLPLCEMFILRKRDSSSKS[MPPET CiWil L qaNVEF - --ALLG-PQK[FTKDME QY SAQV[ZOWS IMEEKMA FFC 91
CYP716E26_S.lycopersicum 1 ----MDPFILYSLAFALVYISLYFIFKGNYSNNKHTNEPLGSN@WHT L EaINIDM---AYSSSPEKIITHENMENHSSQVIZKIISLLEGOKTATIFC 93
CYP716H1_S.lycopersicum L === MDLFLLSFATTLTIIIYSLFKYFFAKPKEKMP[RAPT F{GWIZIT IQFLFSLYYGLVHE[gVQEQTKSYNSHV[FKIISLLEOKVVVES 95

CRLEMSV 191
CYP716A44_S.1lycopersicum 93 [§SNEN QAWWPNNVNK - -VEPSSTQT-SS-KEEATKMRKMLPN--FFKPEALQRYVGIZDHITQRHFASGWENKEQVVVFPLTRYIIFWEACRLIFL SV 186
CYP716A46_S.lycopersicum 100 [@SNEN QTWWPSNVDK--VFPSSTQT-SS-KEEATKMRKMLPN - - FLKPEALQRYIRIEDHIAQKHFQS-WENQQEVVVFPLANRY]
CYP716C6_S.lycopersicum 92 [ESNEESEFTVFRTHYMQR--IFRSYQSKNPSLSHSQSQSTRVIRQPGFLKPESLARYLGEEDCIT-KELL ---RDKVETKMYDFANTL
CYP716E25_S.1lycopersicum 92 [§SSEN TSWWPQYMKKALLFPEFVES--SLKQVSALKRSFLHD--ILKPEALKQYIPLZUDAMARQHLHQNWDSNRVVTVFPLSNKY]
CYP716E26_S.1lycopersicum 94 [FSNENRI TTWWPPYLTKPLMCPTQSQSQNSVKEIALLNRGFLRE--ILKPENLKQYIPFUDSMARDHLKQEWIPFKEVKIYPLVSKYIFSMACKL@L ST 191

L
WFWEACRLIGVSV 192
FSMSIRAGMGT 189

CYP716A12_M.truncatula 97 [ESNENSBVTAWWPDYVNK--TIFPTTSLD-SNLKEESIKMRKLLPQ--FFKPEALQRYVGVZDVIAQRHFVTHWDNKNEITVYPLANRYIF
LTMASRF@@LGS 185
FDMACRL[@MSL 187

CYP716H1_S.lycopersicum 96 QGN[{RI T GWRPKYVQK--LFPSTSFV--PIEHDTKRAHNVISY--FLNSQNVERLISTUENMSHLHLKNHWKGKNEVMVYDQV[4L F|

CYP716A44_S.1lycopersicum 187 EDPKHVAKFADP[EDVLASELISIPIDLZLEIPFNRITNASNFIRKELYRIMKQRKIDLGEGKYSSTQRIMSHMLLT CRENEKFL GDLDMADKTL@LLIGGH 286
CYP716A46_S.1lycopersicum 193 EDPNHVARLADPEDVLASELISIPINLEIPFNRATNASNFIRKELYATHKQRKIDLTEGKASDSQUTMSHMLLT SRENIGKFMHEL DIADKTL[@LLIGGH 292
CYP716C6_S.lycopersicum 186 SE--RMVKLVDC[@DDVAL@LHAMILNVZEIRAFYRANNAAVATRRELTHVIKEKKDEI SKGVKT - -QV[BCHMIVVKENNEY SMGENEMADKIMELLVAGY 281
CYP716E25_S.1lycopersicum 188 VDPEEIKRLADP[ETLVTNEMFSMPIDLZEERAYHRMNTINGGTMVRDELMRIMTQRRKELTENQETSGRYLMSKMLLVTREDEQFMSEMESSNNTI@MLVASF 287
CYP716E26_S.lycopersicum 192 DDFRHVKKLSDP[@VLVTSEMFTVPINLILEHNPYNRALNGGKMVHEELMKTINKERKIN---EKNNHSNDIL MSQLISFSMENEQFMNDAEMYNNIT@LLVASY 288

CYP716A12_M.truncatula 192 EDENHVAKFSDP[EQLIAA@IISLPIDL{JQIPFNKNIASNFIRKEL IKTINKQRRIDLAEGTASPTQDIMSHMLLT SENGKSMNELNIBADKTLGLLIGGH 291
CYP716H1_S.lycopersicum 190 EDSDKILNLYEK[ZKIFTQELLAVDINLLOITFYKIMYAGNELRKQMKYVIKQRRVELFENPNLSKVVETQMINEQNEDEKYMTEVEEDKVFEFIIGSY 289

CYP716A12_M.truncatula 292 DYASVACTFLV(Q4LGELPHIYDKVYQEHOMEINAKSKPAGELENTDNL KIQUKY SIUNVACIAVMINL S 4PLOJAGINEATTRIEMENGF S TGNl YWSANSPHKN 391
CYP716A44_S.lycopersicum 287 DPASSACSFIV{QELAELPHIYQRVYTHOMEINAKSKGP GEL[NRIUENTQMUKY SHINVAC ARNEAL SISMENGF Y TINGUINT YWSANSIHKR 386
CYP716A46_S.1lycopersicum 293 DYASSACAFIV(QEI AELPETYDQVYKHOI EMAKSKGP GE L[NSUIEBTKEIKY SHNVAC [ANEALVMETENGF STIHNEUNT YWSANSPHIN 392
CYP716C6_S.lycopersicum 282 SYVATTITELYV| GERFDIYGKILNIHOKEMAATKKEGELMEUEMMNIGIKY SHINV I CITMINL T ZPLOIET @NOVLTIATYAGY TISQGIQV YWTTSSPNKN 381
CYP716E25_S.lycopersicum 288 EQRTSSAVTSVLIQELAELPHVYDQVYRZIMAIMAKSKGAEDL| ENIEIKYSTINAARES LINL T PACIESHNE TITIATYAGF T ISNGUNT FWSVHSPHKN 387
CYP716E26_S.1lycopersicum 289 DYTSAAITEVLQMI AELPNIFNEVYKHOMEMAKSKGE GELENDNIQIGIKY SIUINVACIEA T[N MZPAEAFINEATTMATFGGFTVSNEUNT FWSVYSPHKN 388
CYP716H1_S.lycopersicum 290 DYTATTITLTMQ{L QQMPEFFNEIIQHINESRQMMPRKEMCINBIQIGERKTSFVNEIVLIINT gvVelqr(@NEATERJETYEDEYISGIYIY L SFGAPOKN 389

[oJP(M4F DPSR (FE [GRINIG EFAPMT 3V PF G G GERMC P GK E A RM = HHLVKRFESWKKIIRD VN--PMPTHANGLZTRLYPHHVKT 482
CYP716C6_S.lycopersicum 382 PLY| (3K CDEP I Y| PFGGGERMCP GKEJAR[NNY LHNVVMKYKWEL LLPN GD--MMPTZONGLZTRLHHHQ- - - 469
CYP716E25_S.1lycopersicum 388 PKY[SDHEKIZNZSINFIEG - S/@PAZF lIF 6P NUaLq =Y/ N EV HNVVKRFKL EKEIPD FH--ASPVgVYGL[ZVRLLPHGN-- 475
CYP716E26_S.1lycopersicum 389 PKY|[FPEMEKIZNZCINFIEG - S/EPEZYIF M6 NUaLe e/ NI E T YNIVTNEKLEKLVPH TYK--SSPVdL NGL[ZVRIQPIA--- 475
NILT LHHLLKNFERWEPKVPL LYPFFLLALETDGY[QITLSSIW--- 478

CYP716A46_S.1lycopersicum 393 PEV|

CYP716A12_M.truncatula 392 AEC[ZPMZE KIZoIST NF(HG - NEGPA &Y LIF AdadqaePulale =Y/ ANl ET HNLVKRFKWEKVIPD TVD--PFPIZAKDLIZTRLYPHKA - - 479
CYP716A44_S.1lycopersicum 387 EEF[EPDHEKIZMNSINFIEG - SEPAZYIFMIGAaP NUaLq ey NI E T HHLVKRFKFEKIIPH IVN--PMPIZANGL{gl RLYPHHHNP 476

CYP716H1_S.lycopersicum 390 GEY[gPNTKIZMSHFIRG-NEL VigY S UdadeH Nuedaedr

FIGURE 1 | Multiple alignment of tomato CYP716 family proteins. Multiple alignment was generated using GENETYX-MAC versid7. Identical amino acids are
indicated by dark shading.

Expression of Triterpenoid Biosynthetic originated from the triterpenoid glycosides. Sindeamyrin,
Genes in Tomato which is reported as a major triterpenoid in Micro-Tonm\(ang

After the enzymatic assay in yeast expression system, Weal 201), was not commercially available, we analyzed only

conrmed the expression levels of CYP716 family genes ig-amyrin, b-amyrin, ursolic acid, oleanolic acid, and daturadiol

tomato leaves, stems, owers, and roots by gPCR. We includeéfolated in the present study) by comparing the retentiongsn

the twoOSCsTTS1encoding product speci &-amyrin synthase (RTs) and mass fragmentation patters with those of the autben

and TTS2encoding multifunctional OSC producingramyrin as ~ Standards.b-Amyrin was detected in leaf, stem, and ower

a major product with six other products, identi ed previously Sampleskigure 4). In contrasta-amyrin was not detected in any

in tomato triterpenoid biosynthesis pathwayéng et al., Sample. However, a peak (RI 16.46 min) close t@-amyrin

201). CYP716A44and CYP716E26which showed C-28 and (RT D 16.44 min) was found in all samples. Since the mass

C-6b oxidizing activities against ursane and oleanane sketetonfragmentation pattern of the peak was similar to that of lupeol

were speci cally expressed in rootSigure 3. CYP716Cénd (9), we additionally analyzed the authentic lupeol and identify

CYP716E25which showed no oxidation activity in yeast that peak as luped®) (Figure 4, Supplementary Figure 2 In

expression system, were also speci cally expressed in roots. total ion chromatogram, ursolic acid was detected in roots,

contrast, CYP716H1was expressed in not only roots but also@nd oleanolic acid was not detected in any sampigure 4A).

leaves, stems, and ower§igure 3. On the other hand, less However, in SIM chromatogram ain/z D 203 and 320, the

CYP716A46ranscript was detected only in ower sample (dataPeaks corresponding to ursolic acid and oleanolic acid were

not shown). Interestingly, expression level§afS1and TTS2in  Presentin roots, and only a peak corresponding to oleanolid aci

roots were lower than those in leaves, stems, and owers. was detected in owersHigure 4B). No peak corresponding to
daturadiol could be detected.

Triterpenoids in Tomato

To conrm the distribution of triterpenoid aglycones in the DISCUSSION

Micro-Tom cultivar of tomato, we saponied (performed . L.

alkaline hydrolysis) the extracts of tomato leaves, stem&NZymatic Activities of Tomato CYP716

owers, and roots, and then analyzed them by GC-MS. Thd=amily Enzymes

triterpenoid aglycones could be released from the triterpéno In the present study, all sbCYP716family genes (except

glycosides through the saponi cation treatment; thus, somgseudogenes) annotated from the genome sequence were cloned

of the triterpenoids detected in GC-MS analysis might havérom tomato cv. Micro-Tom and functionally tested in a yeast
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FIGURE 2 | In vivo enzymatic activity assay in yeast.  The relative intensity of total ion chromatograms (TICs) oégst extracts and oxidation reactions catalyzed
by tomato CYP716 enzymes.(A) aAS/CYP716 expressing yeast strains. Mixture od-amyrin (1), uvaol (2), and ursolic acid (3) was used as standard sample.(B)
bAS/CYP716 expressing yeast strains. Mixture df-amyrin (5), erythrodiol (6), and oleanolic acid(7) was used as standard sample. TICs corresponding to standard,
CYP716A44 expressing yeast (SY52 and SY57), CYP716A46 exgssing yeast (SY65 and SY66), CYP716C6 expressing yeast (53 and SY58), CYP716E25
expressing yeast (SY50 and SY55), CYP716E26 expressing ysa(SY51 and SY56), CYP716H1 expressing yeast (SY54 and SYp%nd empty vector containing
yeast (SY27 and SY30) are indicated in black, blue, light by pink, red, green, orange, and gray color, respectively. IRsamples were analyzed after TMS
derivatization. Major peaks corresponding to the reactioproducts of P450s are numbered. Oxidation reactions catalyed by each CYP716 enzyme are indicated by
arrows. The predicted chemical structures of the product a shown in parentheses. The peaks likely corresponding to thpartially TMS-derivatized (with one TMS
molecule) ursolic and oleanolic acids are indicated by astisks. The mass fragmentation patterns with retention timeare also shown below the TICs. The mass
fragmentation patterns obtained from authentic standardsCYP716A44, CYP716A46, and CYP716E26 expressing yeast sins are indicated by black, green, blue,

and light blue letters, respectively.
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FIGURE 3 | Quantitative real-time polymerase chain reaction (  gPCR) analysis of triterpenoid biosynthetic genes in tomato . gPCR analysis of the six
CYP716 family and two OSC genes,TTS1and TTS2 in leaves, stems, owers, and roots of tomato cultivar MicreTom. The relative expression levels represent the
means, and the vertical bars indicate the standard deviatiocalculated from technical quadruplicate experiments. ND. means not detected, and no ampli cation is
observed in the sample. Since the ampli cation ofCYP716A46is observed only in owers, the relative expression level dYP716A46is not shown in this gure.

expression system. Both of the tested CYP716A subfamiskeleton. This nding contributes to the enrichment of the
enzymes, CYP716A44 and CYP716A46, showed the ordinagpnzymes useful for the combinatorial biosynthesis of bivact
C-28 oxidation activity against the simple triterpene skabst triterpenoids, and indicates that the enzymes required for t
such asa-amyrin and b-amyrin (Figure 2). This activity combinatorial triterpenoid biosynthesis could be cloned nolyon
has been previously reported in many CYP716A subfamiljrom the medicinal plants, but also from the common crops such
enzymes, such as thd. truncatula CYP716A12 Kukushima astomato.
et al., 201), Catharanthus roseusYP716A154 (renamed from In this time, we could not nd any detectable oxidation
CYP716AL1, D. Nelson personal communication, Dec. 13 2016égtivity of CYP716C6, CYP716E25, and CYP716H1 against
Huang et al.,, 2002 P. ginsengCYP716A52v2 Han et al., amyrin andb-amyrin in our yeast expression system. Since some
2013, Maesa lanceolataCYP716A75 Kloses et al., 201ha P450 enzymes already require oxidized triterpene backbones
Barbarea vulgari€YP716A80 KKhakimov et al., 2005 andA.  as substrates, we cannot exclude the possibility that those
thaliana CYP716A1 {asumoto et al., 20)6According to the enzymes may be involved in triterpenoid biosynthesis. For
phylogenetic analysis, both CYP716A44 and CYP716A46, whigxampleM. truncatulaCYP72A61v2 and CYP72A68v2 showed
showed 81.6% sequence identity with each other, were ohaste C-22 and C-23 oxidation activities against 24-hydroy-
together with the previously reported C-28 oxidagéig(re 5). amyrin and oleanolic acid, respectively. However, they ditl n
One of the two tested CYP716E subfamily enzymesatalyze the oxidation om-amyrin (Fukushima et al., 20)3
CYP716E26 showed extraordinary 6-@ydroxylation activity Cucumis sativusCYP81Q58 did not show oxidation activity
against-amyrin, and produced daturadiol as a reaction productagainst cucurbitadienol, the precursor of bioactive triterpiel,
(Figure 2). This rare triterpenoid was previously isolated fromcucurbitacin C. However, it produced 19,25-dihydroxy-
seeds ofDatura innoxia (SolanaceaeKocor et al., 1973 cucurbitadienol when co-expressed with cucurbitadienol
and Datura stramonium (Itoh et al.,, 197y and leaves of C-19 hydroxylaseC. sativusCYP88L2 in heterologous yeast
Terminalia brasiliensis(Combretaceae;Aratjo and Chaves, expression system, and was identi ed as a biosynthetic enzyme
2009. Additionally, Pei and co-workers isolated cytotoxicinvolved in cucurbitacin C biosynthesis @ sativugShang etal.,
triterpenoids including daturadiol from the leaves Wernicia 2019. In the case of tomato, CYP716C6 and CYP716E25 seem
fordii (Euphorbiaceae) and found that daturadiol displayedio work together with CYP716A44 and/or CYP716E26, because
moderate cytotoxic activity against human cancer celldifieei  these CYP716 family genes are mainly expressed in the roots.
et al., 201} Since the genetic information of those plants is notAnother possible reason to explain why they did not show the
available, itis di cult to identify daturadiol biosynthét enzymes oxidation activity is that they use a di erent kind of triterpeid
from them. Our ndings provide a method for the production backbone as their substrate. In the present study, we used the
of a rare and bioactive triterpenoid, daturadiol, in tranege common pentacyclic triterpenoidsi-amyrin and b-amyrin, as
yeast. This is the rst report on the functional charactetiva  substrates for the CYP716 family enzymes in tomato. However
of CYP716 family enzymes isolated from a solanaceous plasbme CYP716 family enzymes have been reported to oxidize
and on an enzyme that oxidizes the ®@-position of triterpene the tetracyclic triterpenoids. Tha. thalianaCYP716A1 andP.
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FIGURE 4 | Triterpenoids distribution in Micro-Tom. The relative intensity of GC-MS chromatograms of extractsfdMlicro-Tom leaf, stem, ower, and root. All
samples were analyzed after TMS derivatizatiorfA) Total ion chromatograms (TICs) of tomato extracts at retertn times of a-amyrin, lupeol, ursolic acid b-amyrin,
oleanolic acid, and daturadiol. The peaks identi ed by compang the retention time and mass fragmentation patterns wlt those of standards are marked with
asterisks. Mass fragmentation patterns are shown isupplementary Figure 2 . (B) Selective ion monitoring (SIM) chromatograms of tomato excts at retention
times of ursolic acid, oleanolic acid, and daturadiol.
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FIGURE 5 | Phylogenetic tree of triterpenoid oxidases. The rooted maximum likelihood tree was generated using tonta six CYP716 family enzymes and P450s,
which were characterized as triterpenoid oxidases by MUSCEE and MEGAG6 software. The oxidation positions on triterperid and substrates are indicated
(pentacyclic meansa-amyrin, b-amyrin, or lupeol skeletons)Pseudomonas putidaCYP101A1 is used as outgroup. Based on our personal communition with Prof.
David Nelson, the enzymes CYP716AL1, CYP716A42, CYP716A4EYP716A47, and CYP716A53v2 have been renamed as CYP716A¥5 CYP716E25,
CYP716E26, CYP716U1, and CYP716S1v2, respectively.
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ginsendCYP716U1, and CYP716S1v2 can oxidize the tetracycl€YP716E26) that has not shown any activity in the present
triterpenoids tirucalla-7,24-dieneb3ol, dammarenediol-1l, and study, andP. ginsen@YP716S1v2 (CYP716A53v2) shares 49.2%
protopanaxadiol, respectivelylén et al., 2011, 2012; Boutanaevidentity and 68.1% similarity to CYP716E2Bidure 5). It is

et al., 201x This kind of unusual tetracyclic triterpenoids interesting that these two phylogenetically related P45y eres
could also act as the potential substrates for tomato CYP8L16Coxidize the same position (C-6) but di erent types of skeletons
CYP716E25, and CYP716H1. Until now, many gene clusters f¢oleanane and dammarane) and stereo-speci cityapd a).

the plant specialized metabolisms have been reported (resiew€ompared with the CYP716A subfamily, in which the C-28
in Nutzmann and Osbourn, 20)4For example, the gene cluster oxidation is the predominant triterpenoid oxidation actiyijt

in oat (Avenaspp.) contains ve genes encoding an OS6 ( the subfamilies CYP716E, CYP716S, CYP716U, and CYP716Y
amyrin synthase), a P450 (CYP51H10) to modify the triterpeneatalyzed diverse triterpenoid oxidation reactions. Thasgue
scaold, a UDP-dependent glycosyltransferase, and two othesxidation activities might have developed during their emayic
enzymes for the biosynthesis of triterpenoid saponin, avienac evolution from the common ancestor of the CYP716 family
(Nutzmann and Osbourn, 20)4Therefore, we triedto nd OSC enzymes.

gene(s) that could be clustered with CYP716 family genes so a

to predict the potential triterpenoid substrates for the CYB71 Distribution of Triterpenoids in Tomato

family enzymes; however, we could not nd any OSC gene®e determined the contents of triterpenoid aglycones (
near the CYP716 family genes in the tomato genome browsemyrin, b-amyrin, ursolic acid, oleanolic acid, and daturadiol)
(data not shown). Another possibility is that they might playin tomato leaves, stems, owers, and roots. Since triterp@soi
roles in diterpene biosynthesis; some CYP716 family enzymese often glycosylated in plants, we saponied the tomato
except from CYP716A, CYP716E, and CYP716Y subfamiliextracts before conducting the GC-MS analysis. We could
were characterized as diterpenoid oxidases. For exampieot detect the presence @fFamyrin in any sample; however,
Gingko bilobaCYP716B was functionally characterized as taxoitipeol was detected in all analyzed samplésgure 4A,

9a hydroxylase £hang et al., 2004 and Stevia rebaudiana Supplementary Figure 2. Although, no lupeol producing OSC
CYP716D4 was speculated to function estkaurenoic acid was reported in tomato, this result indicates the presence of
13-hydroxylase (detailed information about this uncleazyme  |upeol synthasin this plant. Until now, twoOSCsTTS1,and

is available irCeunen and Geuns, 200LThus, to reveal the roles TTS2 were functionally characterized in tomatgvang et al.,

of CYP716C6, CYP716E25, and CYP716H1 in tomato, further01). TTS1 expressed in heterologous yeast system produced

analyses are required. only b-amyrin. On the other hand, TTS2 producekamyrin as

. . . . a major product with six other compounds includirgamyrin,
Phylogenetic Analysis of Triterpenoid a-amyrin, multi orenol, %taraxasterol, and taraxasterol. Even
Oxidases though bothOSCsare expressed in rootsigure 3), b-amyrin

Until now, more than 40 P450 enzymes were functionallyjcould not be detected in this tissue. Therefore, we speallate
characterized as triterpenoid oxidases and half of them werhat b-amyrin produced by TTS1 and TTS2 was further
classied as CYP716 familyFigure 5. C-28 oxidation of metabolized in roots. Small peaks corresponding to oleanolic
pentacyclic triterpenoids is the predominant reaction cataty acid were detected in roots and owers in SIM chromatogram
by CYP716 family enzymes-igure 5. In the present study, (Figure 4B). In roots, since the expression level of CYP716A46
we revealed that CYP716A44 and CYP716A46 also hawas under detectable levels, CYP716A44, which is strongly
C-28 oxidation activity, and they clustered with previouslyexpressed, is supposed to oxidlzamyrin into oleanolic acid
characterized C-28 oxidases, such@sroseusCYP716A154 (Figure 3. In owers, oleanolic acid might be biosynthesized
(CYP716AL1) Huang et al., 2002 P. ginsendCYP716A52v2 through the activity of CYP716A44 and/or CYP716A46 from
(Han et al., 2013 Chenopodium quinoaCYP716A78 and b-amyrin, because botit-28 oxidasesvere weakly expressed
CYP716A79 Kiallos-Jurado et al., 20)J,6 M. truncatula in this organ Figure 3). Additionally, even though we could
CYP716A12 Carelli et al., 2011; Fukushima et al., 211 not detecta-amyrin, its C-28 oxidized product ursolic acid
Betula platyphyllaCYP716A180 4hou et al., 2015 and Vitis ~ was detected in rootsF{gure 4). This is also supposed to be
vinifera CYP716A15 and CYP716A1Fukushima et al., 2011 the product of the oxidation reaction catalyzed by CYP716A44.
Figure 5. Other CYP716 family enzymes showing diverséd-rom those observations, we concluded that CYP716A44 is
oxidation activities against pentacyclic triterpenoids &e3 involved in both ursolic acid and oleanolic acid biosyntiseisi
oxidase CYP716A14v2 frorArtemisia annua(Moses et al., tomato roots. In contrast, even though CYP716E26 was highly
20159, C-16a hydroxylase CYP716Y1 froBupleurum falcatum expressed in roots, Ch6oxidized triterpenoid, daturadiol, was
(Moses et al., 20)4and C-22 hydroxylase CYP716A2 from not detected. There are two possible hypotheses to explain this
A. thaliana (Yasumoto et al.,, 20)6 Additionally, C-12b6) phenomenon. One is that CYP716E26 has weaker oxidation
hydroxylase CYP716U1l (CYP716A4Ha( et al., 201)land  activity or lower expression level than those of CYP716A44,
C-6(@@) hydroxylase CYP716S1v2 (CYP716A53v23r( et al., and the other is that C46 oxidized triterpenoid was further
20129 were reported in ginsenoside (dammarane-type triterpeneinetabolized in roots. Moreover, Kemen and co-workers have
biosynthesis inP. ginsengin the present study, we identi ed recently reported that accumulation of elevated levelbef
CYP716E26 as a novel @-Gydroxylase against-amyrin and amyrin in roots induces the root phenotypic change in oat
b-amyrin (Figure 2). This unique enzyme is closely related to(Avena strigosaKemen et al., 2004 The specic expression
tomato CYP716E25 (60.5% identity and 78.7% similarity tof triterpenoid oxidasesCYP716A44nd CYP716E26n roots,
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might have physiological functionie planta To reveal the roles a Grant-in-Aid for Scienti c Research nos. 23108513 to HS and

of CYP716A44CYP716E26nd triterpenoids such dsamyrin

and oleanolic acidn planta, generation of its correspondent

JP15H04485 to TM.

overexpression and knockout tomato lines will be required ACKNOWLEDGMENTS

Because the mutations are randomly introduced into the ge®o
it was di cult to generate the objective mutant plants for anlg
time. Recently, a genome-editing technology, which utlites

We thank Dr. Satoru Sawai for many useful discussions. Tie ful
length cDNA clones LEFL3159E12 encoding CYP716A44 and

site-speci ¢ nucleases, such as TALEN and CRISPR-Cas9, wasFL1025BA08 encoding CYP716H1 were provided by Kazusa

developed and applied to plants, including tomaRy¢oks et al.,

DNA Research Institute through NBPR (National BioResource

2014; Lor etal., 20)4This powerful technology can easily induce Project).
the targeted mutagenesis in the plant genome. The generation

the cyp716knockout tomato plants will provide us with useful SUPPLEMENTARY MATERIAL

information about the triterpenoid biosynthesis in plantsdait
is a subject of future research in our laboratory.

AUTHOR CONTRIBUTIONS

SY and YS performed the experiments. SY wrote the manuscri

HS, EOF, and TM supervised the research.

FUNDING

The Supplementary Material for this article can be found
online at: http://journal.frontiersin.org/article/10389/fpls.2017.
00021/full#supplementary-material

Supplementary Figure 1 | NMR spectra of compound 8, daturadiol . (A) 1H

F?Pd (B) 13C NMR signals.

Supplementary Figure 2 | Mass fragmentation patterns. Mass spectra of
lupeol, b-amyrin, and ursolic acid detected in extracts from Micro-dm are shown.

Supplementary Table 1 | Primers used in the present study.

Supplementary Table 2 | Yeast strains used in the present stud .

This StUdy was partially Supported by a Grant-in-Aid for the Supplementary Table 3 | 13C NMR spectra data of compound 8
Japan Society for the Promotion of Science Fellows to SY andhturadiol).

REFERENCES

Aratjo, D. S., and Chaves, M. H.
das folhas de Terminalia brasiliensis Quimica Nova 28, 996-999.
doi: 10.1590/S0100-40422005000600012

Bauer, S., Schulte, E., and Thier, H. P.
surface wax from tomatoesEur. Food Res. TechnoRl1l9, 223-228.
doi: 10.1007/s00217-004-0944-z

Boutanaev, A. M., Moses, T., Zi, J., Nelson, D. R., Mugford, .SP#&ters,
R. J., et al. (2015). Investigation of terpene diversi cati@noas multiple
sequenced plant genome®roc. Natl. Acad. Sci. U.S.A12, E81-ES88.
doi: 10.1073/pnas.1419547112

Brooks, C., Nekrasov, V., Lippman, Z. B., and Van Eck, J. (2014%yieft
gene editing in tomato in the rst generation using the clustemedularly
interspaced short palindromic repeats/CRISPR-associated9 syftmt
Physiol166, 1292—-1297. doi: 10.1104/pp.114

Carelli, M., Biazzi, E., Panara, F., Tava, A., Scaramelli, L., Rirceal,

oxidases in triterpenoid biosynthesi®lant Cell Physiol52, 2050-2061.
doi: 10.1093/pcp/pcrl46

(2005). Triterpendides pentagsclic Fukushima, E. O., Seki, H., Sawai, S., Suzuki, M., Ohyama, ita, Ba et al.

(2013). Combinatorial biosynthesis of legume natural and rarerfréeoids in
engineered yeaf®lant Cell Physiob4, 740-749. doi: 10.1093/pcp/pct015

(2004). Composition @ thHan, J. Y., Hwang, H. S., Choi, S. W., Kim, H. J., and Choi, Y. E.2J201

Cytochrome P450 CYP716A53v2 catalyzes the formation of protopaiwxa
from protopanaxadiol during ginsenoside biosynthesi®anax ginsengplant
Cell Physiob3, 1535-1545. doi: 10.1093/pcp/pcs106

Han, J. Y., Kim, H. J., Kwon, Y. S., and Choi, Y. E. (2011). The®’@%0 enzyme
CYP716A47 catalyzes the formation of protopanaxadiol from dammarehed
Il during ginsenoside biosynthesis iRanax ginsendPlant Cell Physiol52,
2062-2073. doi: 10.1093/pcp/pcr150

Han, J. Y., Kim, M. J., Ban, Y. W.,, Hwang, H. S., and Choi, Y. E.3)201
The involvement ofb-amyrin 28-oxidase (CYP716A52v2) in oleanane-type
ginsenoside biosynthesis Panax ginsendPlant Cell Physiob4, 2034-2046.
doi: 10.1093/pcp/pctlal

et al. (2011)Medicago truncatul&CYP716A12 is a multifunctional oxidase Huang, L., Li, J., Ye, H., Li, C., Wang, H., Liu, B., et al. (2012)lebular

involved in the biosynthesis of hemolytic saponiR$ant Cell23, 3070-3081.
doi: 10.1105/tpc.111.087312
Ceunen, S., and Geuns, J. M. (2013). Steviol glycosides: aziediversity,

characterization of the pentacyclic triterpenoid biosynthetic hpaty in
Catharanthus roseuBlanta236, 1571-1581. doi: 10.1007/s00425-012-1712-0
Itoh, T., Tamura, T., and Matsumoto, T. (1977). Triterpene alcohotheé seeds of

metabolism, and functionl. Nat. Prod76, 1201-1228. doi: 10.1021/np400203b  Solanacea®hytochemistry6, 1723—-1726. doi: 10.1016/0031-9422(71)85079-3
Edgar, R. C. (2004). MUSCLE: multiple sequence alignment with hightkin, M., Heinig, U., Tzfadia, O., Bhide, A. J., Shinde, B.,rdeaas,

accuracy and high throughput.Nucleic Acids Res32, 1792-1797.
doi: 10.1093/nar/gkh340

Fiallos-Jurado, J., Pollier, J., Moses, T., Arendt, P., BarrigarsleN., Morillo,
E., et al. (2016). Saponin determination, expression analysis laraidnal
characterization of saponin biosynthetic gene€imenopodium quinokeaves.
Plant Sci250, 188-197. doi: 10.1016/j.plantsci.2016.05.015

P. D., et al. (2013). Biosynthesis of antinutritional alkaloids
solanaceous crops is mediated by clustered geBe®nce341, 175-179.
doi: 10.1126/science.1240230

Kalogeropoulos, N., Chiou, A., Pyriochou, V., Peristeraki, A., idaththanos, V.
T. (2012). Bioactive phytochemicals in industrial tomatoes i fprocessing
byproductsLWT Food Sci. Techndl9, 213-216. doi: 10.1016/j.lwt.2011.12.036

Fraser, P. D., Truesdale, M. R., Bird, C. R., Schuch, W., and Bramleltemen, A. C., Honkanen, S., Melton, R. E., Findlay, K. C., Mugf®rd,, Hayashi,

P. M. (1994). Carotenoid biosynthesis during tomato fruit depeient
(evidence for tissue-speci c gene expressidilant Physiol. 105, 405-413.
doi: 10.1104/pp.105.1.405

K., et al. (2014). Investigation of triterpene synthesis and legigun in oats
reveals a role fdp-amyrin in determining root epidermal cell patterningroc.
Natl. Acad. Sci. U.S.A11, 8679-8684. doi: 10.1073/pnas.1401553111

Fukushima, E. O., Seki, H., Ohyama, K., Ono, E., Umemoto, N., Mizuta Khakimov, B., Kuzina, V., Erthmann, P. @., Fukushima, E. O., Atigu J.

M., et al

(2011). CYP716A subfamily members are multifunctional

M., Olsen, C. E., et al. (2015). Identi cation and genome orgatidon of

Frontiers in Plant Science | www.frontiersin.org 12

January 2017 | Volume 8 | Article 21



Yasumoto et al.

Triterpenoid Biosynthesis in Tomato

saponin pathway genes from a wild crucifer, and their use for tertsi
production of saponins inNicotiana benthamianaPlant J.84, 478-490.

doi: 10.1111/tpj.13012

Kocor, M., Pyrek, J. S., Atal, C. K., Bedi, K. L., and Sharma, B9R3). Triterpenes

of Datura innoxia Structure of daturadiol and daturaolong. Org. Chen88,
3685-3688. doi: 10.1021/j000961a005

Lois, L. M., Rodriguez-Concepcién, M., Gallego, F., Campos, N.Baronat, A.
(2000). Carotenoid biosynthesis during tomato fruit developmeagulatory

role of 1-deoxy-d-xylulose 5-phosphate synthagdant J. 22, 503-513.

doi: 10.1046/j.1365-313x.2000.00764.x
Lor, V. S., Starker, C. G., Voytas, D. F., Weiss, D., and OlgzeWws

cholesterol, the common precursor of toxic steroidal glycoalkaloigsoiato.
Plant Cell26, 3763-3774. doi: 10.1105/tpc.114.130096

Seki, H., Tamura, K., and Muranaka, T. (2015). P450s and UGTs: kgsrpla the
structural diversity of triterpenoid saponinBlant Cell Physiob6, 1463-1471.
doi: 10.1093/pcp/pcv062

Shang, Y., Ma, Y., Zhou, Y., Zhang, H., Duan, L., Chen, H., et2al14).
Biosynthesis, regulation, and domestication of bitternessisumber.Science
346, 1084-1088. doi: 10.1126/science.1259215

Tamura, K., Stecher, G., Peterson, D., Filipski, A., and Kum#2033). MEGA6:
molecular evolutionary genetics analysis version 10l. Biol. Evol.30,
2725-2729. doi: 10.1093/molbev/mst197

E. (2014). Targeted mutagenesis of the tomato PROCERA gemg usiThagun, C., Imanishi, S., Kudo, T., Nakabayashi, R., Ohyama, M6ri,

transcription activator-like e ector nucleaseBlant Physiol166, 1288-1291.

doi: 10.1104/pp.114.247593

Moses, T., Pollier, J., Almagro, L., Buyst, D., Van Montagu, Mdréf®, M.
A., et al. (2014). Combinatorial biosynthesis of sapogenins sambnins in
Saccharomyces cerevisisiag a C-16@ hydroxylase fronBupleurum falcatum

Proc. Natl. Acad. Sci. U.SHL1, 1634-1639. doi: 10.1073/pnas.1323369111
Moses, T., Pollier, J., Faizal, A., Apers, S., Pieters, L., [Eire\ve M., et al. (2015a).

Unraveling the triterpenoid saponin biosynthesis of the African hkaesa

lanceolataMol. Plant8, 122—135. doi: 10.1016/j.molp.2014.11.004
Moses, T., Pollier, J., Shen, Q., Soetaert, S., Reed, J., &¢elh L., et al.

(2015b). OSC2 and CYP716A14v2 catalyze the biosynthesiteopenoids

for the cuticle of aerial organs dirtemisia annuaPlant Cell27, 286-301.

doi: 10.1105/tpc.114.134486
Nelson, D. R. (2009). The cytochrome p450 homep#&yen. Genomicst, 1.
doi: 10.1186/1479-7364-4-1-59
Nitzmann, H. W., and Osbourn, A.
plant specialized metabolism.Curr. Opin.
doi: 10.1016/j.copbio.2013.10.009

(2014). Gene clustering
Biotechnol. 26,

Pei, Y. H., Kwon, O. K., Lee, J. S., Cha, H. J,, Ahn, K. S., Oh, & &. (2013).
Triterpenes with cytotoxicity from the leavesgérnicia fordii Chem. Pharm.

Bull. 61, 674—677. doi: 10.1248/cpb.c13-00055
Pfa, M. W. (2001). A new mathematical model for relative quantitian in
real-time RT-PCRNucleic Acids Re29:e45. doi: 10.1093/nar/29.9.e45
Saimaru, H., Orihara, Y., Tansakul, P., Kang, Y. H., Shibuya, M.,Eizlika,
Y. (2007). Production of triterpene acids by cell suspension cudtofeOlea
europaeaChem. Pharm. Bulb5, 784—788. doi: 10.1248/cpb.55.784
Sawai, S., Ohyama, K., Yasumoto, S., Seki, H., Sakuma, T., Yamameapal.
(2014). Sterol side chain reductase 2 is a key enzyme in thentihesys of

91-99.

T., et al. (2016). Jasmonate-responsive ERF transcription factgrdate
steroidal glycoalkaloid biosynthesis in tomaRant Cell Physiob7, 961-975.
doi: 10.1093/pcp/pcw067

Wang, Z., Guhling, O., Yao, R., Li, F., Yeats, T. H., Rose, ét &I, (2011). Two
oxidosqualene cyclases responsible for biosynthesis of tomataiticular
triterpenoids.Plant Physioll155, 540-552. doi: 10.1104/pp.110.162883

Yasumoto, S., Fukushima, E. O., Seki, H., and Muranaka, T. (20dd®)el
triterpene oxidizing activity ofArabidopsis thalianaCYP716A subfamily
enzymesFEBS Lett590, 533-540. doi: 10.1002/1873-3468.12074

Zhang, N., Han, Z., Sun, G., Homan, A., Wilson, I. W., Yang, Yt,at
(2014). Molecular cloning and characterization of a cytochromeOR4%oid
9a-hydroxylase irGinkgo bilobacells.Biochem. Biophys. Res. Commduh3,
938-943. doi: 10.1016/j.bbrc.2013.12.104

Zhou, C., Li, J., Li, C., and Zhang, Y. (2016). Improvement of Ingtuacid
biosynthesis in yeast employing multiple strateg®8IC Biotechnol16, 59.
doi: 10.1186/s12896-016-0290-9

Coniict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or nancial relatips that could
be construed as a potential con ict of interest.

Copyright © 2017 Yasumoto, Seki, Shimizu, Fukushima and Muramhlsis an
open-access article distributed under the terms of thev@r€ammons Attribution
License (CC BY). The use, distribution or reproductiorhierdorums is permitted,
provided the original author(s) or licensor are credited #rat the original
publication in this journal is cited, in accordance withegoted academic practice.
No use, distribution or reproduction is permitted whichsduz comply with these
terms.

Frontiers in Plant Science | www.frontiersin.org 13

January 2017 | Volume 8 | Article 21



