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a b s t r a c t

Iridoids are key intermediates required for the biosynthesis of monoterpenoid indole alkaloids (MIAs), as
well as quinoline alkaloids. Although most iridoid biosynthetic genes have been identified, one remaining
three step oxidation required to form the carboxyl group of 7-deoxyloganetic acid has yet to be charac-
terized. Here, it is reported that virus-induced gene silencing of 7-deoxyloganetic acid synthase (7DLS,
CYP76A26) in Catharanthus roseus greatly decreased levels of secologanin and the major MIAs, catharan-
thine and vindoline in silenced leaves. Functional expression of this gene in Saccharomyces cerevisiae con-
firmed its function as an authentic 7DLS that catalyzes the 3 step oxidation of iridodial–nepetalactol to
form 7-deoxyloganetic acid. The identification of CYP76A26 removes a key bottleneck for expression of
iridoid and related MIA pathways in various biological backgrounds.

� 2014 Elsevier Ltd. All rights reserved.
Introduction

Catharanthus roseus (Madagascar Periwinkle) is a member of the
Apocynaceae family and remains the sole source of two monoter-
penoid indole alkaloid (MIA) anticancer drugs, vinblastine and vin-
cristine (van der Heijden et al., 2004). The therapeutic value of
these compounds has led to extensive studies over the past
40 years to elucidate MIA biosynthetic pathways in the C. roseus
model system. MIAs are derived from the central precursor, strict-
osidine that is formed through condensation of tryptamine and the
iridoid secologanin (O’Connor and Maresh, 2006; El-Sayed and
Verpoorte, 2007; Oudin et al., 2007).

Iridoids are monoterpenes usually characterized by their cyclo-
pentane ring fused to a six-membered oxygen heterocycle and they
are distributed in several plant families where they appear to serve
as important defense compounds in plant–herbivore interactions.
In addition, medicinal studies have reported their pharmacological
activities against inflammation, as well as in liver and heart
conditions (Dinda et al., 2007; Dinda et al., 2011; El-Sayed and Ver-
poorte, 2007). In many plant species, such as in Lonicera japonica,
iridoids are found as major end products, while in others, they
are further metabolized to produce different classes of alkaloids,
such as MIAs in the Apocynaceae family and the quinoline alka-
loids in members of the Rubiaceae. Despite the medicinal impor-
tance of these compounds, most of the genes responsible for
iridoid and MIA biosynthesis have until recently been poorly
characterized.

The early stages of iridoid biosynthesis (Fig. 1) involve the
hydroxylation of geraniol (1) catalyzed by geraniol 10-hydroxylase
(G10H or CYP76B6) (Collu et al., 2001), while 10-hydroxygeraniol
oxidoreductase (Ikeda et al., 1991) catalyzes its further oxidation
to the dialdehyde, 10-oxogeranial (5) (Fig. 1). Recently the iridoid
synthase (IRS) gene product was shown to be involved in the cycli-
zation step of the dialdehyde (5) to form cis–trans-nepetalactol that
equilibrates with cis–trans-iridodial (6) under aqueous conditions
(Geu-Flores et al., 2012). While it has been proposed that the cy-
clized product is further oxidized to form iridotrial (9) (Uesato
et al., 1986), the gene(s) responsible for the oxidation steps leading
to the formation of 7-deoxyloganetic acid (10) (Fig. 1, 7DLS) have
not been characterized. The 7-deoxyloganetic acid glucosyltrans-
ferase (DLGT) gene responsible for the formation of 7-deoxyloganic
acid (11) has been functionally characterized from C. roseus (Asada
et al., 2013). The substrate specificity of the recombinant DLGT for
7-deoxyloganetic acid (10) suggests this reaction takes place prior
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Fig. 1. Secologanin (14) biosynthesis in Catharanthus roseus includes three oxidation steps required to form 7-deoxyloganetic acid (10) from iridodial (6)–nepetalactol (7).
Abbreviations: G10H: geraniol 10-hydroxylase, 10-HGO: 10-hydroxygeraniol oxidoreductase, IRS: iridoid synthase, 7DLS: 7-deoxyloganetic acid synthase, DLGT:
7-deoxyloganetic acid glucosyltransferase, DL7H: 7-deoxyloganic acid 7-hydroxylase, LAMT: loganic acid O-methyltransferase, SLS: secologanin synthase.
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to 7-hydroxylation and the recent functional characterization of
Catharanthus 7-deoxyloganic acid 7-hydroxylase (DL7H,
CYP72A224) corroborated its function to catalyze the hydroxyl-
ation of 7-deoxyloganic acid (11) to form loganic acid (12) (Salim
et al., 2013). These results are supported by the preference of the
next enzyme in the pathway, loganic acid O-methyltransferase
(LAMT), for loganic acid (12) rather than 7-deoxyloganic acid (10)
(Murata et al., 2008). The methylated product, loganin (13) is then
further converted to yield secologanin (14) by secologanin synthase
(CYP72A1) (Irmler et al., 2000) (Fig. 1). In situ hybridization studies
showed that both IRS (Geu-Flores et al., 2012) and DLGT (Asada
et al., 2013) are preferentially expressed in the internal phloem
parenchyma cells of Catharanthus leaves, while LAMT and SLS (Gui-
rimand et al., 2011; Murata et al., 2008) occurred preferentially in
the leaf epidermis. Other studies with DL7H suggested that the 7-
hydroxylase is also preferentially expressed within Catharanthus
leaves than in the leaf epidermis (Salim et al., 2013). These results
suggest that the 6 step biosynthesis of loganic acid (12) from gera-
niol (1) occurs in IPAP cells, while the terminal 2 steps to form seco-
loganin (14) occur in the leaf epidermis.

The successful identification, cloning and functional character-
ization of DL7H (Salim et al., 2013) involved a bioinformatic search
(Salim and De Luca, 2013) for homologous cytochrome P450 (CYP)
candidate genes from the Phytometasyn website (www.phytomet-
asyn.ca) which contains annotated express sequence tag databases
of 7 plant species from the Apocynaceae family that make secolog-
anin (14) and MIAs, one species from the Rubiaceae family that
makes secologanin (14) and quinoline alkaloids, and one from
the Caprifoliaceae family that makes secologanin (14). This search
led to the identification of three candidate CYPs and virus induced
gene silencing (VIGS) of each candidate was monitored for a de-
cline in secologanin (14) levels as a result of gene silencing (Salim
et al., 2013). The DL7H gene was identified in VIGS experiments,
since significant amounts of its substrate 7-deoxyloganic acid
(11) accumulated, while secologanin (14) levels declined sharply.
This original screen established that a second candidate CYP
(CYP76A26) might also be involved in the secologanin (14) path-
way. The present study shows that VIGS silencing of CYP76A26
in Catharanthus plants triggers significant declines in secologanin
(14) and MIA levels in silenced plants. Functional expression of this
cytochrome P450 gene in yeast identified this CYP as 7-deoxylog-
anetic acid synthase that oxidizes nepetalactol (7) to form the car-
boxyl group of 7-deoxyloganetic acid (10) (Fig. 1). This discovery
completes the characterization of the 8 genes required to form



Fig. 3. In planta silencing of 7DLS causes a decline in secologanin (14), catharan-
thine and vindoline levels. (A) Real-time quantitative PCR analysis (qPCR) of plants
infiltrated with Agrobacterium tumefaciens harboring pTRV2–7DLS constructs com-
pared with empty pTRV2 vector controls (EV). qPCR was performed on RNA
extracted from individual half leaf pairs of VIGS-treated plants when the other half
was used for metabolite extraction. (B) Quantification of secologanin (14) and (C)
major MIAs, catharanthine and vindoline in Catharanthus roseus plants infiltrated
with Agrobacterium tumefaciens harboring pTRV2–7DLS compared with EV. The data
represents the mean ± standard error of at least eight biological replicates for
metabolites or transcript levels prepared from individual plants infiltrated with A.
tumefaciens containing each construct. Significance differences were considered
with P values <0.05 by Student’s t-test for the transcript analysis and metabolite
contents of EV-treated plants and each silenced plant. Metabolite analysis of wild
type, EV, and VIGS infected plants demonstrated that MIA production was impaired
when secologanin (14) biosynthesis was suppressed by silencing iridoid biosyn-
thetic gene 7DLS.
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secologanin (14) from geraniol (1) and should facilitate metabolic
engineering efforts to produce iridoids or MIAs in plants or in het-
erologous systems such as yeast.

Results

Mining EST databases of secologanin (14) producing species
for cytochrome P450 genes

Screening of annotated transcript databases (http://www.
phytometasyn.ca/) from Vinca minor, Rauwolfia serpentina,
Tabernaemontana elegans, Amsonia hubrichtii, Cinchona ledgeriana
and from L. japonica that led to the identification of CYP76A26,
CYP72A224 (DL7H) and CYP72A271 was performed as described
previously (Salim et al., 2013; Salim and De Luca, 2013).

Virus-induced gene silencing of CYP76A26 alters the secologanin (14)
contents of silenced Catharanthus plants

The usefulness of VIGS using a pTRV vector system (Burch-
Smith et al., 2004) for gene identification has been demonstrated
in previous studies that led to functional characterization of iridoid
synthase (IRS) (Geu-Flores et al., 2012), iridoid glucosyltransferase,
LAMT, SLS (Asada et al., 2013), and DL7H (Salim et al., 2013) that
are all involved in secologanin (14) biosynthesis, as well as an
N-methyltransferase involved in the 3rd to last step in vindoline
biosynthesis (Liscombe and O’Connor, 2011). In the present study,
use of this approach showed that silencing of CYP76A26 (Fig. 1,
7DLS) resulted in a dramatic decrease in levels of secologanin
(14) in 7DLS-vigs silenced plants (7DLS-vigs-1 and vigs-2) compared
to those found in control plants treated with empty vector (Fig. 2).
As already described in previous studies (Geu-Flores et al., 2012;
Asada et al., 2013; Salim et al., 2013; Liscombe and O’Connor,
2011), separate simultaneous silencing experiments of phytoene
desaturase (PDS) were performed since the visible photobleaching
produced was used to determine the appropriate timing for per-
forming the analyses of 7DLS-vigs silenced plants.

To confirm the suppression of the targeted transcripts, quanti-
tative real-time PCR was performed to measure the silencing levels
achieved in 7DLS-vigs silenced plants. Plants infiltrated with Agro-
bacterium tumefaciens harboring pTRV2–7DLS showed >75% reduc-
tion in the level of 7DLS transcripts compared with those harboring
empty pTRV2 and mock treatments (Fig. 3A, P value < 0.05). While
the suppression of 7DLS expression (Fig. 3A) caused a 60% reduc-
tion in the abundance of secologanin (14) compared to untreated,
empty pTRV2 and mock treatments (Fig. 3B), the mass signatures
of iridoid intermediates (iridodial (6), nepetalactol (7) or other irid-
oids) were not detected in chromatograms. In contrast suppression
of the last 3 steps in secologanin (14) biosynthesis resulted in the
accumulation of the respective substrates for each reaction (Asada
Fig. 2. VIGS of 7DLS in Catharanthus roseus affects the levels of the major iridoid,
secologanin (14). Selected UPLC-MS chromatogram of iridoid profile showing
decreased level of secologanin (14) in VIGS plants when 7DLS was silenced (7DLS-
vigs-1 and 2) compared with empty pTRV2 vector-treated plants (EV).
et al., 2013; Salim et al., 2013). As expected, plants suppressed for
7DLS expression accumulated approximately 50% and 30% less of
the major MIAs, catharanthine and vindoline, compared to un-
treated, empty pTRV2 and mock treatments, respectively (Fig. 3C).

Functional characterization of 7DLS

To validate the identification of CYP76A26, an in vivo assay was
performed by using an engineered dual expression yeast system,
pESC-Leu2d as previously described (Salim et al., 2013). After gene
and protein expression was induced by the addition of galactose,
gas chromatography-mass spectrometry analysis of yeast cultures
expressing 7DLS showed that they consumed most of the nepet-
alactol (7) (RT = 28.69 min), while no significant depletion of this
substrate occurred in yeast cultures transformed with empty
pESC-Leu2d (Fig. 4A). The consumption of nepetalactol (7) in the
yeast cultures expressing 7DLS triggered our search to find the
product of the reaction by comparison of mass spectra between
yeast cultures containing 7DLS protein and the empty vector con-
trol. Trace levels of a product with the correct mass of iridotrial
(9) was detected (RT 31.87 min) in yeast cultures expressing
7DLS, but not in control cultures harboring the empty pESC-Leu2d
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Fig. 4. Recombinant 7DLS expressing yeast cultures biotransform nepetalactol (7) to 7-deoxyloganetic acid (10). (A) Selected GC–MS chromatogram of yeast cell cultures
expressing 7DLS, or empty pESC-Leu2d vector supplemented with nepetalactol (RT = 28.69 min). In vivo assay of yeast cells expressing 7DLS showed that the nepetalactol (7)
was consumed compared with the empty vector control. The reduction of nepetalactol (7) (grey arrow; RT = 28.69 min) in the yeast cells expressing 7DLS is also matched by
the appearance of traces of the intermediate iridotrial (9) (black arrow; RT = 31.87 min) based on mass spectra difference between yeast cells expressing 7DLS and harboring
empty vector. The additional peak (RT = 24.11 min) occurring in the GC is phenethyl alcohol that typically occurs in yeast extracts. (B) UPLC-MS chromatogram of yeast cell
cultures expressing 7DLS, or empty pESC-Leu2d vector supplemented with nepetalactol (7) (not detected by UPLC-MS). Iridoid analysis of the yeast cells expressing 7DLS
(pESC-Leu2d-7DLS + CPR) showed the appearance of 7-deoxyloganetic acid (10) (black arrow, RT = 4.68 min, m/z = 196), whereas the empty vector expressing yeast (pESC-
Leu2d + CPR) produced no product. The retention time and mass spectra of product was compared with authentic 7-deoxyloganetic acid (RT = 4.68 min). Mass spectra of
compound identified as nepetalactol (7) (RT = 28.69 min) and 7-deoxyloganetic acid aldehyde, iridotrial (9) (RT = 31.87 min) previously shown in GC–MS analysis were not
detectable in UPLC-MS run. The additional peaks (RT = 3 and 5.2 min) are uncharacterized metabolites with m/z 120, UV max 217 and 328 nm; m/z 162, UV max 222 and
280 nm, respectively) as a result of yeast metabolism during biotransformation which were detected in both 7DLS and empty vector expressing lines.
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vector (Fig. 4A). This yeast biotransformation assay suggested that
7DLS expressing cultures might be converting nepetalactol (7) to
undetermined products that could not be detected with this GC
method via iridotrial (9). When biotransformation products were
analyzed by UPLC-MS, 7-deoxyloganetic acid (10) (RT = 4.68 min,
m/z = 196) (Fig. 4B) could be clearly detected in 7DLS expressing
cultures, but not in the empty vector control line.

The enzyme activity of 7DLS was also examined by preparing
microsomes from 7DLS expressing yeast. Analyses by GC–MS
showed that microsomes did produce trace levels of iridotrial (9)
in the presence of NADPH (Supplementary Fig. S1A) similar to
those obtained in biotransformation experiments (Fig. 4A). When
reaction products were analyzed by UPLC-MS, microsomes
expressing 7DLS catalyzed the successive oxidation of nepetalactol
(7) to generate 7-deoxyloganetic acid (10) (RT = 4.68 min,
m/z = 196) (Fig. S1B) suggesting that CYP76A26 is responsible for
the three step oxidation required to form the carboxyl group of
7-deoxyloganetic acid (10) (Fig. 1). The amount of 7-deoxyloganet-
ic acid (10) being produced in typical assays was quite variable
(8–24% conversion of the original nepetalactol (7) provided). The
difficulties encountered with this assay might be due to the
instability of the initial substrate, as well as of the reaction inter-
mediates being produced. The enzyme was not able to accept a
variety of other possible substrates, including geraniol (1),
10-hydroxygeraniol (2), 10-oxogeranial (3), citral, and nerolidol. This
result also confirms that cyclization of monoterpenes needs to take
place before this series of oxidations and the other enzyme reac-
tions that ultimately lead to the formation of secologanin (Fig. 1).

Organ specificity of 7DLS expression and non-epidermal enrichment

Analyses of 7DLS transcript levels by quantitative real-time PCR
(qPCR) showed that its expression profile was consistent with
those obtained with other steps in iridoid biosynthesis
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(Asada et al., 2013; Salim et al., 2013). While relative expression of
7DLS was highest in the youngest leaves (Fig. 5A, leaf pairs 1 and 2),
it was also well expressed in older leaves (Fig. 5A, leaf pairs 3, 4
and 5), in stems and to a slightly lower extent in flower buds
and roots. These data suggest that iridoid biosynthesis may be
taking place in all organs and over a broader range of plant
development than the more tightly controlled timing that restricts
the biosynthesis and accumulation of MIAs to younger leaves
(Roepke et al., 2010) and to root meristems (Laflamme et al.,
2001; Magnotta et al., 2007). Overall, the comparison of 7DLS
expression with other iridoid biosynthetic genes such as DL7H,
LAMT, and SLS showed a coordinated expression profile that is
consistent with its involvement in iridoid and MIA biosynthesis.

The enrichment of iridoid or MIA biosynthetic genes in leaf epi-
dermis cells has been previously tested by analyzing epidermis-en-
riched RNAs extracted by carborundum abrasion (Murata et al.,
2008; Salim et al., 2013) and by comparing this enrichment to that
found in RNA obtained from whole leaves. Expression analysis of
7DLS in C. roseus leaves indicates that this CYP is 4-fold more abun-
dant in the whole leaf than in the epidermis (Fig. 5B). Transcript
levels of G10H, IRS, DLGT and DL7H were also at least 4-fold more
abundant in whole leaves than in the epidermis while expression
of LAMT and SLS was enriched several fold in the leaf epidermis
(Fig. 5B). These results are entirely consistent with the previously
reported spatial expression pattern for geraniol synthase (Simkin
et al., 2013), G10H (Burlat et al., 2004), IRS (Geu-Flores et al.,
2012), DLGT (Asada et al., 2013), DL7H (Salim et al., 2013) that were
preferentially expressed inside leaf internal phloem parenchyma
(IPAP) cells, while LAMT (Murata et al., 2008; Guirimand et al.,
2011), and SLS transcripts were restricted to leaf epidermal cells
(Irmler et al., 2000). These data together with enrichment of the
methylerythritol phosphate (MEP) pathway (Burlat et al., 2004)
Fig. 5. 7DLS gene expression in different Catharanthus organs, cell types and
developmental stages. (A) The transcript level of 7DLS in various organs and leaf
ages of Catharanthus roseus were analyzed by quantitative real-time PCR. The data
are displayed as a relative expression compared to the housekeeping gene, 60S
ribosomal RPP0C transcript. Error bars represent standard deviation of three
biological replicates each performed with 3 technical replicates. The expression
pattern of 7DLS is similar with the expression of other iridoid biosynthetic genes,
DL7H, LAMT, and SLS, as well as the distribution of secologanin (14) contents that
were previously reported (Asada et al., 2013; Salim et al., 2013). (B) Epidermis
enriched transcript analysis shows that 7DLS is preferentially expressed within the
leaves, similar to the patterns obtained with geraniol 10-hydroxylase (G10H),
iridoid synthase (IRS), 7-deoxyloganetic acid glucosyltransferase (DLGT) and
7-deoxyloganic acid 7-hydroxylase (DL7H). In contrast the terminal pathway
reactions, loganic acid O-methyltransferase (LAMT) and secologanin synthase (SLS)
are preferentially expressed in leaf epidermal cells.
in IPAP cells suggest their central role in the assembly of loganic
acid, before being transported to epidermal cells to be converted
to secologanin by LAMT and SLS.
Discussion

Functional characterization of the last cytochrome P450 gene involved
in the assembly of secologanin (14)

In order to complete our understanding of the complexity of
plant secondary metabolic pathways in C. roseus, more biosyn-
thetic genes involved in the formation of MIAs still need to be iso-
lated and various large-scale transcriptomic projects have recently
facilitate their discovery (Facchini et al., 2012; Xiao et al., 2013;
Góngora-Castillo et al. 2012a,b; Van Moerkercke et al., 2013). In
this study, candidate MIA biosynthetic genes were obtained by
probing annotated databases from a recent large-scale trancrip-
tome sequencing project of over 70 medicinal plants that produce
various valuable secondary metabolites (http://www.phytomet-
asyn.ca/) (Facchini et al., 2012; Xiao et al., 2013). Among these
the transcriptomes of six Apocynaceae family MIA producing
plants (C. roseus, V. minor, R. serpentina, T. elegans, A. hubrichtii,
one quinoline alkaloid accumulating plant, (C. ledgeriana from the
Rubiaceae family) and one species that only produces secologanin,
(L. japonica from the Caprifoliaceae family) (Kawai et al., 1988)
have been obtained and annotated. As the Apocynaceae members
share the same central pathways for the biosynthesis of various
MIAs, the orthologous genes involved in the MEP, and iridoid path-
ways were represented in all these species. The methodology of
searching for novel biosynthetic genes from C. roseus based on
comparisons among Apocynaceae datasets has been successfully
applied for identification and functional characterization of DL7H
(Salim et al., 2013), a cytochrome P450 monooxygenase involved
in the 3rd to last step in secologanin (14) biosynthesis (Fig. 1) in
Catharanthus. This approach to mining such datasets is becoming
more common in the discovery process for iridoid and MIA
pathway gene discovery (Salim et al., 2013; Geu-Flores et al.,
2012; Liscombe and O’Connor, 2011).

The present report highlights the discovery of another Catha-
ranthus CYP, 7-deoxyloganetic acid synthase, which adds to sev-
eral other CYP genes known to carry out reactions in iridoid and
MIA biosynthesis. These include G10H (Collu et al., 2001), DL7H
(Salim et al., 2013), SLS (Irmler et al., 2000; Mizutani and Sato,
2011), T16H (Schröder et al., 1999) and T19H (Giddings et al.,
2011). In this study, the bioinformatic strategy described narrowed
down the candidate genes to be studied and virus-induced gene
silencing (VIGS) was essential to further assist in gene identifica-
tion and functional characterization (Figs. 2 and 3) . The usefulness
of VIGS for gene functional analysis in C. roseus has been demon-
strated such as in identification of the N-methyltransferase in-
volved in the 3rd to last step in vindoline biosynthesis (Liscombe
and O’Connor, 2011) and for the recent identification the remain-
ing secologanin (14) pathway steps, IRS (Geu-Flores et al., 2012),
DLGT (Asada et al., 2013) and DL7H (Salim et al., 2013). During
the screening process to investigate candidate CYPs for their
involvement in iridoid or MIA biosynthesis, silenced CYP76A26
exhibited reduced levels of secologanin (14) and MIA accumulation
in silenced plants (Figs. 2 and 3) and this pattern was usually ob-
served when other iridoid biosynthetic genes were suppressed
(Asada et al., 2013). Although the silencing of this CYP does not
show the accumulation of its substrate, this effect might be
expected due to the limitations in detection of monoterpene
precursors by UPLC-MS. In addition, 7DLS expressing yeast converts
the substrate, nepetalactol (7) to 7-deoxyloganetic acid (10) via
iridotrial (9) in a three step oxidation (Figs. 4 and 5 and Fig. S1)
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Fig. 6. Phylogenetic relationships among selected cytochrome P450s to 7DLS from Catharanthus roseus. A phylogenetic tree was generated using the neighbor joining
algorithm based on a comparison of the amino acid sequences using the ClustalW program. The scale bar of 0.2 indicates to a 20% change and the number shown next to the
branches are the percentage of replicate trees in which the related taxa clustered together in the bootstrap test with 10,000 replicates. The accession numbers are: KF591593
(Catharanthus roseus, Cr7DLS-7-deoxyloganetic acid synthase); KF591587 (Lonicera japonica, Lj7DLS-7-deoxyloganetic acid synthase); KF591588 (Cinchona ledgeriana, Cl7DLS-
7-deoxyloganetic acid synthase-like); KF591589 (Amsonia hubrichtii, Ah7DLS-7-deoxyloganetic acid synthase-like); KF591590 (Rauwolfia serpentina, Rs7DLS-7-deoxyloganetic
acid synthase -like); KF591591 (Tabernaemontana elegans, Te7DLS-7-deoxyloganetic acid synthase -like); KF591592 (Vinca minor, Vm7DLS-7-deoxyloganetic acid synthase -
like); AJ251269 (Catharanthus roseus, CrG10H-CYP76B6-geraniol 10-hydroxylase); L10081 (Catharanthus roseus, CrSLS-CYP72A1-secologanin synthase); KF415115
(Catharanthus roseus, CrDL7H-CYP72A224-7-deoxyloganic acid 7-hydroxylase); DQ315671 (Artemisia annua, AaCYP71AV1-amorpha-4,11-diene oxidase); AF047719
(Arabidopsis thaliana, AtKO-CYP701A3-ent-kaurene oxidase); AF318500 (Arabidopsis thaliana, AtKAO1-CYP88A3-ent-kaurene oxidase); AF318501 (Arabidopsis thaliana,
AtKAO2-CYP88A4-ent-kaurene oxidase); NM_130117 (Arabidopsis thaliana, AtG8,9-OH-CYP76C4-geraniol 8-hydroxylase, geraniol 9-hydroxylase); Z32563 (Catharanthus
roseus, CrC4H-CYP73A3-cinnamate 4-hydroxylase); HQ901597 (Catharanthus roseus, CrT19H-CYP71BJ1-tabersonine 19-hydroxylase); FJ647194 (Catharanthus roseus,
CrT16H-CYP71D12-tabersonine 16-hydroxylase); AJ011862 (Catharanthus roseus, CrF3,5H-CYP75A8-flavonoid 30 ,50-hydroxylase); XP_002283772 (Vitis vinifera, VvCYP76A2-
unknown protein).
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which confirms its enzymatic activity in catalyzing successive
oxidations. Although 7DLS belongs to the same CYP76 family as
G10H (CYP76B6), the substrate specificity of CYP76A26 for nepet-
alactol (7) shows the distinct properties of this enzyme in
catalyzing a successive three step oxidation compared to G10H
(CYP76B6) that accepts a broader range of substrates including
geraniol, its oxidized derivative, nerol, and flavonoids (Höfer
et al., 2013; Sung et al., 2011).

The gradual decrease of 7DLS transcripts with leaf development
is consistent with the expression patterns of other iridoid pathway
genes such as DL7H, LAMT, and SLS in relation to the accumulation
patterns of secologanin (14), catharanthine, and vindoline in this
organ (Fig. 5A) (Asada et al., 2013). The detection of 7DLS tran-
scripts in whole leaf rather than epidermal cells could be predicted
from the IPAP cell preferred expression of IRS (Geu-Flores et al.,
2012) that makes the nepetalactol (7) substrate required for the
7DLS reaction and 7-deoxyloganetic acid glucosyltransferase that
accepts the 7DLS reaction product (Asada et al., 2013). While the
carborundum abrasion technique again demonstrated its use to
identify preferentially expressed genes in the leaf epidermis,
in situ hybridization studies to localize 7DLS expression to IPAP
cells are required to confirm these results.

Phylogenetic analysis

Phylogenetic analysis of 7DLS sequences found in the Phytomet-
asyn databases showed them to have the highest amino acid
sequence identity to CYP76A2 from Vitis vinifera (58%) whose
biochemical function remains to be discovered. Interestingly,
Catharanthus 7DLS sequence (Cyp76A26) had lower amino acid
sequence identities with Catharanthus G10H (39%, CYP76B6; Collu
et al., 2001) and with Arabidopsis CYP76C4 (36%; Höfer et al.,
2013) that also shows a modified geraniol hydroxylase activity
to that of G10H. Inspection of the Phytometasyn databases
showed the presence of CYP76A26 homologs in all secologanin
producing species whose amino acid identities ranged from 76%
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in L. japonica to 94% in R. serpentina. This phylogenetic analysis
(Fig. 6) clearly demonstrates the distinct and separate grouping of
7-deoxyloganetic acid synthase-like genes from C. roseus, V. minor,
A. hubrichtii, R. serpentina, C. ledgeriana and L. japonica from other
C. roseus CYPs that have been functionally characterized [flavonoid
3’,5’-hydroxylase (CYP75A8) (Kaltenbach et al., 1999), cinnamate
4-hydroxylase, (C4H; CYP73A4) (Hotze et al., 1995), tabersonine
16-hydroxylase, (T16H; CYP71D12) (Schröder et al., 1999), and
tabersonine 19-hydroxylase, (T19H; CYP71BJ1) (Giddings et al.,
2011]. Interestingly, the 7-deoxyloganetic acid synthase-like genes
also group separately from other CYPs that catalyze three step
oxidations, such as CYP71AV1 involved in artemisinin biosynthesis
(Teoh et al., 2006) and ent-kaurene oxidase involved in gibberellic
acid biosynthesis, CYP701A3, CYP88A3 and CYP88A4 (Helliwell
et al., 1998; Helliwell et al., 2001) (Fig. 6).

The prospect of metabolic engineering to increase the production
of MIAs with the completion of secologanin biosynthesis pathway

The involvement of 7DLS (CYP76A26) in successive oxidation of
iridodial–nepetalactol (7) to 7-deoxyloganetic acid (10) (Fig. 4B) is
clearly significant, as it is the last gene that remained to be charac-
terized to complete the secologanin (14) biosynthesis pathway.
The oxidations involved may include the formation of the alcohol,
the aldehyde and the carboxylic acid (Fig. 1) by a mechanism that
remains to be elucidated since our studies did not reveal the for-
mation of an alcohol intermediate and only trace levels of the puta-
tive iridotrial (9) were found in yeast feeding studies (Fig. 4A) and
in microsomal enzyme assays (Fig. S1). In the case of artermisinin
biosynthesis, the functional characterization of CYP71AV1, that also
catalyzes successive oxidations from amorpha-4,11-diene to form
artemisinic acid (Teoh et al., 2006), led to the efforts to engineer
a yeast strain that can supply this anti-malarial drug more effi-
ciently (Ro et al., 2006; Ro et al., 2008). The availability of the
7DLS sequence now allows engineering of this gene with other irid-
oid biosynthetic genes to provide more insight into secologanin
(14) biosynthesis and in efforts to engineer the entire secologanin
(14) pathway in plants, yeast or other microbial hosts.
Experimental

Plant materials

C. roseus (L.) Don cv. Little Delicata seeds were grown in the
greenhouse under a 16:8 Light: Dark photoperiod at 28 �C. For
VIGS treatments, seedlings were grown in 50 well trays for 4 weeks
after seed germination or until they produce at least two true leaf
pairs.

Chemicals

Nepetalactol (7) was synthesized by Professor John Pickett at
Rothamsted, UK and was kindly provided by Professor Sarah
O’Connor from the John Innes Center, while 7-deoxyloganetic acid
(10) was provided by Professor Hajime Mizukami, Nagoya City
University, Japan.

VIGS vectors containing 7DLS

A fragment of 319 bp from the 7-deoxyloganetic acid synthase
candidate gene was amplified by PCR with Ex-Taq polymerase
(Takara), C. roseus cDNA, primers VIGS-7DLS-Fw-50- TGGCGTTA-
AACCACAAGATA-30 and VIGS-7DLS-Rv-50- ACGAAGACAAGGAA-
CAATCA-30 and inserted into the EcoRI site of pGEMT-Easy vector
(Promega). The 7DLS fragment was subcloned into the EcoRI site
between the CaMV 35S promoter (2x35S) and NOS terminator of
the pTRV2 vector in the correct orientation which was verified by
sequencing. The assembly of pTRV1 and pTRV2 vectors were previ-
ously described (Dinesh-Kumar et al., 2003). VIGS was performed
following protocols as described previously (Liscombe and O0Connor,
2011; De Luca et al., 2012). After 3 weeks, leaf material was
harvested for metabolite analysis and RNA extractions to measure
transcript levels were performed according to Salim et al. (2013).

Expression of 7DLS in yeast

The open reading frame (ORF) of CYP76A26 (Genbank™ acces-
sion no KF591593), assigned by the P450 nomenclature committee
(D.R. Nelson), was amplified by PCR using High-Fidelity Phusion
DNA polymerase (New England Biolabs) and gene specific primers,
ORF-7DLS Fw-50- TACAGCGGGCCCAGGATGGCGACCATCACTTTC-30

with ApaI site (underlined) and ORF-7DLS-Rv-50- GCGCGTC-
GACGATATGAACTCTCTTCTTAG-30 with SalI site (underlined) and
cloned via the pGEMT-Easy vector (Promega) into the pESC-Leu2d
yeast dual expression vector (Stratagene) behind the Gal-1 pro-
moter (Ro et al., 2008). This vector already contains an insert of
C. roseus NADPH-cytochrome P450 reductase (CPR) (GenbankTM

accession no X69791.1) behind the Gal-10 promoter as previously
described (Salim et al., 2013).

The plasmid containing 7DLS was introduced into the Saccharo-
myces cerevisiae strain MKP-0 via the standard polyethylene glycol–
lithium acetate procedure (Gietz et al., 1992). The corresponding
empty vector with only CPR was also introduced into this yeast
strain. Transformants were selected on SD-Leu dropout medium
with 2% glucose as a carbon source and induced by SG-Leu dropout
medium containing 2% galactose, as described previously (Ro et al.,
2002).

For in vivo assay in yeast, late-log phase yeast cells (50 mL) were
harvested by centrifugation at 1000g after induction and were sub-
sequently suspended in Tris–EDTA buffer (25 mL, pH 7.5) contain-
ing 0.2 mM nepetalactol (7) dissolved in 0.4% tetrahydrofuran
(THF) in H2O. The yeast culture was incubated at 28 �C for 24 h
in a 150-rpm shaker. After cells were removed by centrifugation,
the medium was extracted with an equal volume of CH2Cl2. The
CH2Cl2 layer was isolated, aliquoted equally into two tubes and
dried down under a stream of gaseous N2. The sample in the first
tube was dissolved in CH2Cl2 (0.5 mL) and analyzed by GC–MS,
while the second tube was dissolved in MeOH (200 lL) for UPLC-
MS analysis.

Yeast microsomes were prepared as described in Pompon et al.
(1996) using the high density procedure and the total microsomal
protein content was measured (Bradford, 1976). 7DLS activity was
determined in a reaction mixture (0.2 mL) containing microsomal
protein (480 lg), 1 mM NADPH, 4 mM dithiothreitol and the reac-
tion was initiated by addition of 200 lM nepetalactol (7) in 0.4%
THF in H2O and incubated for 120 min at 30 �C. Assays containing
boiled microsomes or lacking NADPH served as negative controls.
The reaction was terminated by adding CH2Cl2 (500 lL). After vor-
texing the mixture followed by centrifugation at 14,000g for
20 min, the CH2Cl2 phase was isolated and half of the sample
was analyzed by GC–MS. The other half was dried down under a
stream of gaseous N2, dissolved in MeOH (200 lL) for UPLC-MS
(Roepke et al., 2010) analysis to detect the reaction product,
7-deoxyloganetic acid (10).

Metabolite analysis by GC–MS and UPLC-MS

GC–MS analysis was performed with Perkin Elmer AUTOSYS-
TEM XL GC–MS with with TurboMass Gold mass spectrometer,
equipped with an autosampler. Samples (1 lL) were injected
into the injection port held at 200 �C, utilizing a flow rate of
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1.2 ml/min of He. The column (VF-WAX ms, Varian Inc., 30 m x
0.25 mm � 0.25 lm) was heated according to the following oven
program: held at 60 �C for 2 min, then ramped up at 4.0 �C/min
to 245 �C, and held for 10 min. The mass spectrometer (source
temperature set to 150 �C and GC inlet line set to 175 �C) acquired
data under the following conditions: after a 2 min solvent delay,
total ion scans were initiated in EI + ionization mode, from
m/z = 35 to m/z = 350 at 2.5 scans per second. Total ion counts
and masses were called by the software according to the NIST
databases (NIST 98) installed in the system, and retention times
were compared to authentic standards.

UPLC-MS analysis for iridoid analysis in enzyme assays were
performed as described in Asada et al. (2013) with mass spectrom-
eter operated with an electrospray ionization source of negative
ionization (7-deoxyloganetic acid (10), m/z 196, RT = 4.68 min).
MIAs extracted from VIGS-treated plants were separated as
described in Roepke et al. (2010) for detection of catharanthine
and vindoline. Iridoids from VIGS treatment were analyzed as
described in Asada et al. (2013) with mass spectrometer set with
positive ionization mode for analysis of secologanin (14) level
(m/z 389, RT = 3.88 min).

Quantitative real-time PCR (qPCR)

Preparation of total RNAs from various tissues of C. roseus and
subsequent first-strand cDNA synthesis were performed according
to Salim et al., 2013. The gene expression level of CYP76A26 in
various tissues and VIGS samples was analyzed by qPCR using
primers, RT-7DLS -Fw-50-AGAACTTCTCCGAAACCCAC-30 and RT-7DLS-
Rv-30-CTAAGCGTCTCCTTTACAAC-30. The 60s ribosomal RPP0C
gene was chosen as a housekeeping gene and measured by using
primers RPP0C-Fw-50-TCTTAGTTGGAATGTTCAGCACCTG-30, and
RPP0C-Rv-50-CAAGGTTGGAGCCCCTGCTCGTGTT-30. Real-time PCR
was performed on a CFX96 real-time SYBR system (Bio-Rad) using
detection of SYBR green according to the Bio-Rad protocol with the
following condition: 95 �C for 3 min, 30 cycles of 95 �C for 10 s,
50 �C for 20 s, and 72 �C for 30 s (Salim et al., 2013).

Phylogenetic analysis

Sequence alignments were generated based on a comparison of
the amino acid sequences using the ClustalW program (Thompson
et al., 1994) with values: 10 for gap opening penalty, 0.1 for gap
extension penalty in pairwise alignment, 10 for gap opening pen-
alty, and 0.2 for gap extension penalty in multiple alignment, Gon-
net for protein weight matrix, 4 for gap separation distance,
residue-specific penalties, hydrophilic penalties, 30% delay diver-
gent cutoff. These alignments were used to construct the neigh-
bor-joining unrooted phylogenetic trees using MEGA 5.1 (Tamura
et al., 2011) with scope of all selected taxa, amino acid substitution
type following Poisson model, uniform rates, homogenous pattern
among lineages, and complete deletion for gaps or missing data
treatment. The scale bar of 0.1 indicates to a 10% change and each
number shown next to the branches is the percentage of replicate
trees in which the related taxa clustered in the bootstrap test with
10,000 replicates.
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