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Triterpenoids have diverse chemical structures and bioactivities. Cytochrome

P450 monooxygenases play a key role in their structural diversification. In

higher plants, CYP716A subfamily enzymes are triterpene oxidases. In this

study, Arabidopsis thaliana CYP716A1 and CYP716A2 were characterized

by heterologously expressing them in simple triterpene-producing yeast

strains. In contrast to the C-28 oxidative activity of CYP716A1 shown in

several CYP716A subfamily enzymes, remarkably, CYP716A2 displayed

22a-hydroxylation activity against a-amyrin that has not been previously

reported, which produces the cytotoxic triterpenoid, 22a-hydroxy-a-amyrin.

Our results contribute to the enrichment of the molecular toolbox that allows

for the combinatorial biosynthesis of diverse triterpenoids.
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Highlights

� The full-length CDS of CYP716A2, miss-annotated on TAIR, is success-

fully cloned.

� Novel 22a-hydroxylation activity of CYP716A subfamily enzymes is

reported.

� The chemical structure of 22a-hydroxy-a-amyrin is confirmed by NMR

analysis.

Triterpenoids represent one of the largest groups of

plant specialized metabolites and are composed of six

C5 (isopentenyl diphosphate) units [7]. Their carbon

skeletons are synthesized from the common precursor

2,3-oxidosqualene by oxidosqualene cyclases (OSCs),

and these skeletons are further oxidized by cytochrome

P450 monooxygenases (P450s) and glycosylated by

UDP-dependent glycosyltransferases (UGTs), which

generate diverse triterpenoid/triterpenoid saponin

structures [17,19]. Around 80 OSCs, 30 P450s, and 10

UGTs are reportedly involved in triterpenoid biosyn-

thesis in plants [22,25]. Among them, P450s have been

described as the key players in diversifying triterpenoid

scaffolds, and were recently identified in many triter-

penoid-producing plant species [22]. For example,

CYP88D6 and CYP72A154 from Glycyrrhiza uralensis

were identified as components in the biosynthesis of

glycyrrhetinic acid, the aglycone of glycyrrhizin

[20,21]. In addition, CYP716A12 and other CYP716A

subfamily enzymes have been identified as multifunc-
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tional oxidases that oxidize a-amyrin, b-amyrin, and

lupeol to ursolic acid, oleanolic acid, and betulinic

acid, respectively [5,8]. These discoveries have thus

provided a pool of enzymes for the heterologous pro-

duction of useful triterpenoids in microbes [12]. More-

over, as demonstrated in a previous study, natural,

and rare triterpenoids can be generated by combinato-

rial expression of P450s in heterologous hosts [6].

Therefore, the discovery of P450s that exhibit novel

and/or strong oxidative activities is important for the

production of novel and useful compounds.

Although all 13 OSCs have been identified in the

model plant Arabidopsis thaliana (Brassicaceae) [25],

only a few triterpene skeleton oxidizing P450s have

been functionally characterized [3,4]. Boutanaev et al.

found that CYP716A1 (At5g36110) can oxidize an

unknown position of tirucalla-7,24-dien-3b-ol, the

main product of PEN3 (At5g36150), which is one of

the 13 OSCs in A. thaliana [2,11]. However, the oxida-

tive activity of CYP716A1 against known substrates

for other CYP716A subfamily enzymes is unknown. In

addition, the A. thaliana genome encodes another

CYP716A subfamily, CYP716A2, whose biochemical

function is entirely unknown.

In this study, CYP716A1 and CYP716A2 were

heterologously expressed in simple triterpene-produ-

cing yeasts to determine their function. Both

CYP716A1 and CYP716A2 exhibited oxidative activi-

ties against a-amyrin, b-amyrin, and lupeol. However,

the profiles of each oxidized product differed. Interest-

ingly, CYP716A2 displayed 22a-hydroxylation activity

against a-amyrin that has not been previously

reported. This study shows that gene discovery in

plants not known to produce useful compounds can

also be a source of novel enzymes that could be used

for combinatorial biosynthesis.

Materials and methods

Plasmid construction

The full-length coding sequences of CYP716A1 and

CYP716A2 were amplified using Prime STAR Max DNA

Polymerase (TaKaRa Bio, Shiga, Japan) with primer com-

binations 1403/1404 and 1405/1406, respectively (primer

sequences are listed in Table S1). SuperScript Pre-Made

cDNA Library (Arabidopsis thaliana third flower-stage

seedlings cDNA library; Invitrogen, Carlsbad, CA, USA,

11474-012) was used as the PCR template. Each amplicon

was cloned into the entry vector pENTR/D-TOPO

(Thermo Fisher Scientific, Waltham, MA, USA). The

CYP716A2 fragment had two nucleotides deleted at the 30

end due to incomplete primer synthesis. However, cloning

of this fragment into the pENTR-D-TOPO vector created

an artificial in-frame stop codon at the same position. This

clone was used for further experiments.

To construct Gateway-compatible yeast expression vec-

tors pELC-GW and pESC-HIS-GW, a Gateway cassette

(attL1-ccdB-Cmr-attL2) was inserted into multi-cloning site

two of pELC [20] and pESC-HIS (Agilent Technologies,

Santa Clara, MA, USA), respectively (H. Seki et al. unpub-

lished data).

The cDNA of CYP716A2 was transferred into pELC-

GW, pYES-DEST52 (Thermo Fisher Scientific), and

pESC-HIS-GW vectors using GW LR Clonase II Enzyme

Mix (Thermo Fisher Scientific) to create pELC-CYP716A2,

pYES-DEST52-CYP716A2, and pESC-HIS-CYP716A2,

respectively. The same strategy was applied for the

CYP716A1 yeast expression vectors (pELC-CYP716A1,

pYES-DEST52-CYP716A1, and pESC-HIS-CYP716A1).

Yeast transformation and culture conditions

Saccharomyces cerevisiae INVSc1 (Thermo Fisher Scienti-

fic) harboring pYES-ADH-aAS, pYES3-ADH-bAS or

pYES3-ADH-LUS [5] was transformed with the P450

expression vector(s) using a Frozen-EZ Yeast Transforma-

tion II Kit (Zymo Research, Irvine, CA, USA), and trans-

formants were selected on appropriate SD plates. Each of

the transformed yeast strains are listed in Table S2 and

were stored in 25% glycerol at �80 °C. Each glycerol stock

was inoculated into 2 mL of the appropriate SD medium

containing 2% glucose and cultured at 30 °C overnight at

200 r.p.m. The cultures were transferred into 10 mL of the

same medium and subsequently cultured at 30 °C for an

additional 24 h with shaking at 200 r.p.m. Yeast cells were

collected and resuspended in 10 mL SD medium containing

2% galactose to induce CYP716A expression and cultured

at 30 °C for 2 days at 200 r.p.m. Yeast cultures were then

stored at �80 °C until extraction.

Extraction and GC-MS analysis

Yeast cultures were extracted thrice with 6 mL ethyl acet-

ate. The extracts were evaporated and the remaining resi-

dues dissolved in 1 mL ethyl acetate. The sample was then

transferred into a Sep-pak Silica 6 cc Vac Cartridge

(Waters, Milford, MA, USA) and eluted with 10 mL ethyl

acetate and 10 mL chloroform : methanol (1 : 1). The elu-

ate was then evaporated and dissolved in 500 lL chloro-

form : methanol, and samples were stored at �30 °C until

use. Fifty microliters of the sample and standard (a-amyrin,

uvaol, ursolic acid, b-amyrin, erythrodiol, oleanolic acid,

lupeol, betulin, and betulinic acid, 10 p.p.m. in methanol)

solutions were transferred into vial inserts and evaporated.

Finally, the sample was derivatized with 100 lL N-methyl-

N-(trimethylsilyl) trifluoroacetamide for 20 min at 80 °C.
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Gas chromatography-mass spectrometry (GC-MS) analy-

sis was performed using a 5977A GC-MS system (Agilent

technologies) with a DB-1 ms (30 m 9 0.250 mm, 0.25 lm
film thickness; Agilent technologies) or DB-1ht (30 m 9

0.250 mm, 0.10 lm film thickness; Agilent technologies)

capillary column. The injection component, MSD transfer

line and ion source temperatures were 250 °C, 250 °C, and
230 °C, respectively. The oven program used was as fol-

lows: 80 °C for 1 min, followed by an increase to 320 °C at

a rate of 20 °C�min�1 and a hold at 320 °C for 28 min.

The carrier gas was He, and the flow rate was

1.0 mL�min�1. The injection volume was 1 lL, and the

mass scan range was 50–750. The gain value of the mass

detector was 1.0. Peaks were identified by comparing the

retention times and mass fragmentation patterns with those

of the standards.

Chemical structure determination

The yeast strain SY26 was cultured in ~ 7 L

(~ 200 mL 9 36) SD medium containing 2% galactose and

extracted thrice with ~ 4 L (~ 120 mL 9 36) ethyl acetate.

The extracts were evaporated and the remaining residue

subjected to column chromatography on silica (60N 40–
50 lm) in a hexane : ethyl acetate gradient (5 : 1–3 : 1).

After running through the column three times for purifica-

tion, 3.6 mg of compound 4 was obtained.

Nuclear magnetic resonance (NMR) spectra (1H, 13C,

HMBC, HSQC, DEPT135, DQF-COSY, HSQC-TOCSY,

and NOESY) of purified compound 4 were reported on a

JMN-ECS400 system (400 MHz; JEOL, Tokyo, Japan) in

deuterated chloroform. Tetramethylsilane was added as an

internal standard.

Phylogenetic tree analysis

Full-length protein sequences were collected from GenBank

and aligned using CLUSTALW [26]. The unrooted Neighbor-

joining tree was generated using MEGA6.06 software [23]

(Bootstrap method, 10 000 replications).

Results

Isolation of CYP716A1 and CYP716A2

According to the TAIR website (https://www.

arabidopsis.org/index.jsp), CYP716A2 (At5g36140)

encodes a polypeptide of 318 amino acid residues

(AED94048.1), which shows high similarity to the

N-terminal region of CYP716A1 (AED94045.1). How-

ever, this 318 amino acid polypeptide does not contain

the cytochrome P450 cysteine heme-iron ligand signa-

ture, which is conserved among P450 superfamily

proteins. Next to CYP716A2, a cytochrome P450

superfamily protein (At5g36130) is located over 2 kbp

away from At5g36140 in the A. thaliana genome. This

gene encodes a protein of 140 amino acid residues

(AED94047.1) and contains the cytochrome P450 cys-

teine heme-iron ligand signature. In addition, it shows

high similarity to the C-terminal region of CYP716A1.

On the basis of these observations, we deduced that

one P450 protein, CYP716A2, is encoded by

At5g36130 and At5g36140. To isolate the full-length

cDNA of CYP716A1 (At5g36110) and CYP716A2

(At5g36140 and At5g36130), DNA fragments from the

A. thaliana cDNA library were amplified with primers

complementary to the 50 and 30 sequences of

CYP716A1 (At5g36110) for CYP716A1, and the 50

sequence of CYP716A2 (At5g36140) and the 30

sequence of cytochrome P450 family protein

(At5g36130) for CYP716A2. DNA fragments were

cloned into pENTR-D-TOPO vectors and sequenced.

The CYP716A1 fragment completely matched the

expected sequence, and the combined product of

At5g36140 and At5g36130 was successfully amplified.

Putative full-length CYP716A1 (NM_123002.1) and

CYP716A2 (LC106013) cDNAs encoded polypeptides

of 477 and 473 amino acid residues, respectively, and

showed 83.7% homology with each other. Alignment

of the deduced amino acid sequences with previously

characterized CYP716A subfamily amyrin oxidases

indicated that the cDNA sequences of CYP716A1 and

CYP716A2 encoded complete CYP genes (Fig. S1).

Unfortunately, the annotation of CYP716A1 in TAIR

completely matched CYP716A2 in the Cytochrome

P450 Homepage (accessed 29 January, 2016) [16], and

CYP716A2 partially matched CYP716A1. To avoid a

misunderstanding, we decided to use CYP716A1 and

Chromo
-some 5

1 kbp

AT5G
36110

AT5G
36120

AT5G
36130

AT5G
36140

AT5G
36150

AGI
code

Annotation
in TAIR

CYP
716A1

CCB3
CYP
716A2

PEN3CYP

Annotation
in this study

CYP
716A1

CYP
716A2

10 kbp 7 kbp

Fig. 1. Structure of the genomic region surrounding CYP716As.

The genomic structure of chromosome 5 surrounding CYP716As is

shown. Annotation and Arabidopsis Genome Initiative (AGI) code

of each gene are cited from the TAIR homepage (https://

www.arabidopsis.org/about/tairpubs.jsp, accessed October 7, 2015).

CYP716A1 and CYP716A2 are indicated by green and blue arrows,

respectively. CCB3, cofactor assembly complex C; CYP,

cytochrome P450 superfamily protein; PEN3, pentacyclic triterpene

synthase 3 (tirucalla-7,24-dien-3b-ol synthase).
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CYP716A2 in place of At5g36110 and

At5g36130 + At5g36140, respectively (Fig. 1).

Triterpene oxidizing activities of CYP716A1 and

CYP716A2

To date, many CYP716 family enzymes, such as triter-

pene oxidases, CYP716A12 and other CYP716A sub-

family enzymes have been reported to be C-28 oxidases

that oxidize a-amyrin, b-amyrin and lupeol into ursolic

acid, oleanolic acid, and betulinic acid, respectively

[5,8]. Other CYP716 family enzymes such as CYP716Y1

from Bupleurum falcatum and CYP716A14v2 from

Artemisia annua oxidize the C-16a and C-3 positions of

the oleanane backbone, respectively [12,13]. As mem-

bers of the CYP716 family, we expected that CYP716A1

and CYP716A2 would oxidize triterpene skeletons, such

as a-amyrin, b-amyrin, and lupeol. First, we introduced

one P450 expression vector into a-amyrin-, b-amyrin-,

or lupeol-producing yeasts to confirm their oxidative

activities against each triterpene backbone. However,

only small peaks of oxidized products were detected by

GC-MS analysis, probably due to the low oxidation

activities of CYP716A enzymes or their low expression

levels in yeast (Fig. S2). Therefore, to demonstrate the

oxidative activities of CYP716A1 and CYP716A2, we

increased the expression levels of each CYP716A gene

in yeast by generating yeast strains harboring three

P450 expression vectors (Fig. 2, Table S2).

In both aAS/CYP716A1 and aAS/CYP716A2 co-

expressing yeast strains, uvaol (2) was detected, and its

successive oxidation to ursolic acid (3) was confirmed

in CYP716A1-expressing yeast, but not in CYP716A2-

expressing yeast (Fig. 2A). The major product in aAS/

CYP716A2 co-expressing yeast, compound 4, was pre-

dicted to correspond to a mono-hydroxylated product

of a-amyrin by MS analysis. A small amount of com-

pound 4 was also detected in aAS/CYP716A1 co-

expressing yeast. The mass spectra of compound 4

showed m/z = 216 as the main signal, which indicates

the presence of a hydroxyl group on the D or E rings

of the a-amyrin skeleton (Fig. S3A). Based on NMR

analysis, compound 4 was identified as 22a-hydroxy-a-
amyrin (Fig. S3). The chemical shift (13C) matched

well with a previous report [18] (Table S3).

In bAS/CYP716A1 co-expressing yeast, erythrodiol

(7) and oleanolic acid (8) were detected as products of

sequential oxidation at the C-28 position of b-amyrin

(6) (Fig. 2B). In contrast, oleanolic acid was not

detected in bAS/CYP716A2 co-expressing yeast. How-

ever, erythrodiol and two unknown peaks, 9 and 10,

presumably corresponding to hydroxylated b-amyrin

compounds, were detected (Fig. 2B, Fig. S3B). Since the

ion fragmentation pattern of peak 9 matched well with

that of 16a-hydroxy-b-amyrin [12], we concluded that

compound 9 was 16-hydroxy-b-amyrin. Since the mass

spectra of compound 10 showed a m/z = 216 as the

main signal, which indicates the presence of a hydroxyl

group on the D or E ring of the b-amyrin skeleton

(Fig. S3B), and CYP716A2 exhibited 22a-hydroxylation
activity against a-amyrin, we hypothesized that

CYP716A2 also exhibits 22a-hydroxylation activity

against b-amyrin. Therefore, peak 10 was predicted to

be 22a-hydroxy-b-amyrin.

Betulin (12) was detected in both LUS/CYP716A1

and LUS/CYP716A2 co-expressing yeast (Fig. 2C).

However, betulinic acid (13) was not detected in either

strain. In addition, two unknown peaks, 14 and 15,

were detected in LUS/CYP716A2 co-expressing yeast.

Peak 15 was also observed in LUS/CYP716A1 co-

expressing yeast as a minor product, and its retention

time (18.12–18.13 min) was similar to that of betulinic

acid (13) (18.11 min) (Fig. 2C); however, their mass

fragmentation patterns were completely different

(Fig. S3C). Thus, compounds 14 and 15 could not be

identified in this work.

Discussion

The full-length coding sequences of CYP716A1 and

CYP716A2 were cloned from the A. thaliana cDNA

library. Although AT5G36130 and AT5G36140 were

annotated as separate P450s on the TAIR website, our

results indicate that AT5G36130 and AT5G36140 are

transcribed as a single mRNA to encode a single

protein, CYP716A2 (Fig. 1). To confirm their oxida-

tive activities against a-amyrin, b-amyrin, and lupeol,

we expressed CYP716A1 and CYP716A2 in triterpene

skeleton-producing yeast strains. The results showed

that CYP716A1 and CYP716A2 catalyzed the C-28

hydroxylation of a-amyrin, b-amyrin and lupeol, pro-

ducing uvaol, erythrodiol and betulin, respectively

(Fig. 2). However, only CYP716A1 showed carboxyla-

tive activity for the C-28 position of a-amyrin and

b-amyrin. In addition, CYP716A2 catalyzed the C-22a
hydroxylation of a-amyrin and b-amyrin, a catalytic

activity that has not been previously reported. The

main product of aAS and CYP716A2 co-expressing

yeast, 22a-hydroxy-a-amyrin, was previously isolated

from Nardophyllum bryoides as a cytotoxic compound

against an LM3 (murine lung adenocarcinoma) cell

line [18]. Interestingly, while the presence of 22a-
hydroxy-a-amyrin in A. thaliana is unknown, our dis-

covery allows us to produce this bioactive compound

by using a heterologous yeast expression system. In a

manner that differs from previously reported
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CYP716As, which catalyze the three step oxidation of

lupeol into betulinic acid [5,8], both CYP716A1 and

CYP716A2 catalyzed only the mono-hydroxylation of

lupeol to produce betulin (Fig. 2C). Betulin has shown

some activity, including antitumor [14] and sterol regu-

latory element-binding protein (SREBP) inhibition

[24]. CYP716A1 and CYP716A2 could thus contribute

to the production of betulin or its derivatives in engi-

neered yeast using combinatorial biosynthesis. There-

fore, this study indicates that the genes required for

combinatorial biosynthesis of useful triterpenoids

could be identified not only in medicinal/herbal plants,

but also in plants that are not known to produce bene-

ficial triterpenoids, such as Arabidopsis.

According to the phylogenetic analysis, both

CYP716A1 and CYP716A2 are clustered together with

Barbarea vulgaris (Brassicaceae) CYP716A80 and

CYP716A81 (Fig. 3), which oxidize b-amyrin to pro-

duce erythrodiol, oleanolic acid, and two unknown

oxidized compounds [10]. Since the ion fragmentation

patterns of the two unknown compounds differ from

those of the products of bAS/CYP716A2 (22a-hydroxy-
b-amyrin and 16-hydroxy-b-amyrin), we assume that

the CYP716As from B. vulgaris and A. thaliana produce

different compounds. These results suggest that the

ancestors of CYP716A2, CYP716A80, and CYP716A81

obtained novel activities during evolution. Functional

analysis of other CYP716A subfamily proteins in other

Brassicaceae plants will help reveal the functional evolu-

tion of CYP716A activities. CYP72A61v2 isolated from

Medicago truncatula (Fabaceae) is a 22b-hydroxylase
that oxidizes 24-hydroxy-b-amyrin to produce soyasa-

pogenol B [6]. It modifies the oleanane skeleton at the
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Fig. 2. In vivo activity of CYP716A1 and CYP716A2 toward

triterpene skeletons. Total ion chromatograms (TICs) of yeast

extracts and oxidative reactions catalyzed by CYP716A1 and

CYP716A2. Yeast strains harboring one oxidosqualene cyclase

expression vector and three P450 expression vectors (pELC-

CYP716A, pYES-DEST52-CYP716A, and pESC-HIS-CYP716A) were

used (see Table S2). CYP716A1 and CYP716A2 were co-expressed

in yeast with a-amyrin synthase (aAS) (A), b-amyrin synthase (bAS)

(B), and lupeol synthase (LUS) (C). TICs corresponding to CYP716A1-

expressing yeast (SY25, SY28, and SY31), CYP716A2-expressing

yeast (SY26, SY29, and SY32) and an empty vector-harboring yeast

strain (SY27, SY30, and SY33) are indicated in green, blue, and black,

respectively. Peaks corresponding to the reaction products of

CYP716As are numbered. Oxidation reactions catalyzed by each

CYP716A are indicated by arrows. Substrate peaks are marked with

asterisks in each chromatogram. The predicted chemical structures

of the product are shown in brackets. The ion fragmentation patterns

of each product are shown in Fig. S3.
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C-22 position, which is the same as CYP716A2, but has

different stereo-specificity. As CYP716A and CYP72A

belong to different clans (CYP85 clan and CYP72 clan,

respectively) [1] (Fig. 3), these P450s likely indepen-

dently obtained similar activities during evolution.

CYP716A1, CYP716A2, and PEN3 make up a triter-

pene gene cluster in the A. thaliana genome. Boutanaev

et al. [2] co-expressed PEN3 and CYP716A1 in yeast

and N. benthamiana, and detected putative hydroxy-

lated tirucalla-7,24-dien-3b-ol by GC-MS analysis. In

this work, we confirmed the oxidative activities of

CYP716A1 and CYP716A2 against a-amyrin, b-
amyrin, and lupeol. Although the presence of a-amyrin

and b-amyrin has been reported in Arabidopsis (in wild-

type WS and Ler [9]), the presence of a-amyrin, b-
amyrin, lupeol, and tirucalla-7,24-dien-3b-ol oxidized

products in the yeast expression system was not

reported. Therefore, the in planta functions of

CYP716A1 and CYP716A2 remain unknown. To reveal

the roles of CYP716A1 and CYP716A2 in planta, profil-

ing the expression patterns and metabolites in wild-type

plants and over-expressing and knockout lines will be

required. Because CYP716A1 and CYP716A2 share

some activity (C-28 hydroxylation), the generation of

cyp716a1 cyp716a2 double knockout plants will be

necessary to reveal their in planta functions. Individual

T-DNA-inserted single knockout plants are available;

however, both P450 genes are located near each other

on chromosome 5 (Fig. 1), making it difficult to create

double knockout plants by crossing single knockout

plants. In a previous study, Arabidopsis cyp71a12

cyp71a13 double knockout plants were generated using

genome-editing tools. This finding supports that artifi-

cial nucleases, such as transcription activator-like effec-

tor nuclease (TALEN), will be useful in the generation

of multigene knockout lines of linked genes [15]. The

generation of double knockout plants using genome-

editing tools and analysis of these plants are ongoing,

and will be the subject of future research efforts in our

lab.
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C-3 OxidationAa CYP716A14v2

Cr CYP716AL1

Pg CYP716A52v2

Ml CYP716A75

Mt CYP716A12

Vv CYP716A15

Vv CYP716A17

Bv CYP716A80

Bv CYP716A81

At CYP716A1

Bf CYP716Y1

Gu CYP88D6

Gm CYP93E1

Mt CYP93E2

Gu CYP93E3

Mt CYP72A63

Gu CYP72A154

Mt CYP72A68v2

Mt CYP72A61v2

As CYP51H10

C-16α Oxidation

C-12, 13 Epoxy, C-16β Oxidation

C-30 Oxidation

C-22β Oxidation

C-23 Oxidation

C-24 Oxidation

C-28 Oxidation

C-11 Oxidation

C-28, Unknown oxidation

C-28 Oxidation

C16, C-22α, C28 Oxidation

Ml CYP87D16

At CYP716A2

Mt CYP72A67 C-2 Oxidation

Fig. 3. Phylogenetic analysis of P450s that

oxidize the oleanane skeleton. The rooted

neighbor-joining tree was generated using

CLUSTALW and MEGA6 software. The

oxidation positions on a- or b-amyrin are

indicated. Aa, A. annua; As, A. strigosa;

At, A. thaliana; Bf, B. falcatum; Bv,

B. vulgaris; Cr, C. roseus; Gm, G. max;

Gu, G. uralensis; Ml, M. lanceolata; Mt,

M. truncatula; Pg, P. ginseng; Vv,

V. vinifera. P450s belonging to the CYP85,

CYP51, CYP72, and CYP71 clans are

represented by red, orange, blue, and

green letters, respectively.
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