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ABSTRACT: Vinblastine is a chemotherapy agent produced by
the plant Catharanthus roseus in small quantities. Currently,
vinblastine is sourced by isolation or semisynthesis. Nicotiana
benthamiana is a plant heterologous host that can be used for
reconstitution of biosynthetic pathways as an alternative natural
product sourcing strategy. Recently, the biosynthesis of the late-
stage vinblastine precursors precondylocarpine acetate, catharan-
thine, and tabersonine have been fully elucidated. However, the
large number of enzymes involved in the pathway and the unstable
nature of intermediates make the reconstitution of late-stage
vinblastine precursor biosynthesis challenging. We used the
N. benthamiana chassis and a state-of-art modular vector assembly to optimize the six biosynthetic steps leading to production
of precondylocarpine acetate from the central intermediate strictosidine (∼2.7 mg per 1 g frozen tissue). After selecting the optimal
regulatory element combination, we constructed four transcriptional unit assemblies and tested their efficiency. Finally, we
successfully reconstituted the biosynthetic steps leading to production of catharanthine and tabersonine.

■ INTRODUCTION
Vinblastine is a high-value natural product of the monoterpene
indole alkaloid (MIA) class produced by the plant Cathar-
anthus roseus (Figure 1). Vinblastine (14), along with its
derivatives, are used in chemotherapy treatments for various
types of cancer.1 Due to the low abundance of vinblastine in
C. roseus, sourcing this molecule in amounts sufficient for
pharmaceutical use is challenging.2 Currently, it is obtained
through isolation, synthetic strategies, or semisynthetic
approaches, but each of these production methods have
limitations.3 Vinblastine (14) is the dimerization product of
two monomers, catharanthine (11) and vindoline (13).4 Both
of these compounds are derived from the central MIA
intermediate strictosidine (2). Catharanthine (11) is formed
via nine enzymatic steps from strictosidine. Production of
vindoline (13) goes through the biosynthetic intermediate
tabersonine (12), which has a biosynthetic pathway nearly
identical with that of catharanthine.5−7 Recently, all of the
genes responsible for the biosynthesis of catharanthine,
tabersonine, and vindoline have been discovered, which allows
the possibility for state-of-art synthetic biology approaches to
access these complex molecules (Figure 1).5−7

The metabolic engineering of high value natural products in
the native producer plants is often challenging, due to
demanding propagation conditions, low gene transformation
efficiencies, complex genetic regulation, and cross-talk between
the engineered and native biosynthetic pathways.8,9 As an

alternative strategy, biosynthetic pathways of high-value plant
natural products, such as benzylisoquinoline and tropane
alkaloids or diterpenes such as taxol precursors, have been
reconstituted in microbial heterologous hosts.10 Recently, the
biosynthesis of the vinblastine precursors vindoline and
catharanthine has been reconstituted in Saccharomyces
cerevisiae to produce microgram per liter titers after extensive
optimization.11 However, transfer of a plant biosynthetic
pathway to a microbial host often results in low titers, likely
due to the different physiology between the producing and the
host cells, and requires substantial and time-consuming
optimization. Plant systems have been successfully used as an
alternative production host, as model plant hosts share the
cellular compartmentalization and enzyme cofactors with
native plant natural product producers.12 Due to the ease of
cultivation and genetic manipulation, Nicotiana benthamiana is
widely used in biosynthetic pathway reconstitutions.12,13

Various tools have been developed for both stable and
transient transformation of the N. benthamiana plants.14−16

Agrobacterium-mediated transient gene expression in N. ben-
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thamiana is a widely used, rapid and efficient technique
allowing coexpression of multiple transgenes to produce higher
levels of desired compounds.17

Engineering heterologous hosts for production of high titers
of MIAs is particularly difficult. The vinblastine pathway is
composed of many enzymes (31 from geranyl pyrophosphate
1a and tryptophan 1b) and involves numerous unstable and
toxic biosynthetic intermediates (3, 5, 6, 9, 10) (Figure 1).5,6,18

Some of the biosynthetic reaction products can nonenzymati-
cally degrade to form dead-end products.6,19 Additionally, the
pathway genes are expressed in various tissues, cell types, and
subcellular compartments.20,21 Heterologous production of the
MIA early intermediate strictosidine (2) has been demon-
strated in both microbial and plant chassis.18,22,23 However,
production of MIAs downstream of strictosidine is particularly
problematic due to the high reactivity of numerous down-
stream intermediates, though successful reconstitution in yeast
has been recently achieved.7,24−26,11 We wanted to explore the
prospect of reconstitution of late stage MIA alkaloids from
strictosidine in N. benthamiana. Here we optimize the yields of
late vinblastine precursors precondylocarpine acetate (9),
tabersonine (12), and catharanthine (11), using a modular
Agrobacterium-mediated transient gene expression-based re-
constitution approach in N. benthamiana. First, we investigated
the effects of expressing the C. roseus biosynthetic genes for the
intermediate stemmadenine acetate (8) (Figure 1) under
regulatory elements of varying strength. Based on the findings,
we generated two sets of multitranscriptional unit (multi-TU)
vectors using different regulatory element combinations to test
their efficiency in biosynthetic gene expression. Notably,
instead of stemmadenine acetate (8), we obtained the oxidized
product of this compound, precondylocarpine acetate (9), at

yields of approximately 2.5 mg per g of fresh N. benthamiana
tissue, suggesting that there is an endogenous N. benthamiana
oxidase that can efficiently catalyze this reaction. Precondylo-
carpine acetate (9) is also a biosynthetic intermediate in the
vinblastine biosynthetic pathway, so this endogenous activity
was a fortuitous occurrence. We then successfully reconstituted
the biosynthesis of tabersonine (12) and catharanthine (11)
starting from the central MIA intermediate strictosidine (2)
with titers of ca. 10 and 60 ng per g of frozen tissue,
respectively. This study sets the foundation for production of
the vinblastine precursors in non-native plant chassis.

■ RESULTS AND DISCUSSION
Catharanthine (11) and tabersonine (12) are produced from
strictosidine (2) through a series of nine enzyme-catalyzed
steps (Figure 1).5,6,19 The products (5 and 6) of biosynthetic
steps catalyzed by the enzymes GO and Redox1 are highly
unstable and therefore do not accumulate in plant extracts.
This is also the case for the labile downstream intermediate
dehydrosecodine (10).5,6 Both stemmadenine and stemmade-
nine acetate are stable intermediates, so we therefore focused
on optimizing expression of the stemmadenine acetate (8)
portion of the pathway as a first milestone.
We used Agrobacterium-mediated transient expression, in

which separate bacterial strains each transformed with one
pathway gene, were mixed, and then were transformed into
N. benthamiana. Each vector harbored one of the six
stemmadenine acetate biosynthetic enzyme genes from
C. roseus (SGD, GS, GO, Redox1, Redox2, SAT; Figure 1).
N. benthamiana leaves were transfected with either six
Agrobacterium strains with all 6 biosynthetic genes under the
control of the strong SlUbq10 promoter and terminator pair,

Figure 1. The vinblastine biosynthetic pathway. Enzymes catalyzing the steps of tabersonine and catharanthine biosynthesis from the central
intermediate strictosidine are labeled in bold. Unstable intermediates are shown in square brackets. SGD, strictosidine glucosidase; GS,
geissoschizine synthase; GO, geissoschizine oxidase; Redox1, Redox2; SAT, stemmadenine acetyltransferase; PAS, precondylocarpine acetate
synthase; DPAS, dihydroprecondylocarpine synthase; CS, catharanthine synthase; TS, tabersonine synthase.
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or with all 6 biosynthetic genes each under the control of the
weak AtuNos promoter and terminator pair to assess whether
the overall strength of biosynthetic gene expression would
affect the metabolite yield.27,28 We used the Golden Braid
assembly system, which allowed us to quickly build the
constructs using a suite of standardized genetic parts.29 To
avoid the deleterious effect of RNA silencing commonly
triggered in Agrobacterium-mediated overexpression, we also
coinfiltrated an Agrobacterium strain harboring the P19
silencing suppressor.30 After 2 days, leaves were infiltrated
with 1 mL of 200 μM strictosidine substrate in aqueous buffer,
and harvested for mass spectrometry analysis 2 days later.
While analyzing all of the assay products, we did not observe
stemmadenine acetate (8), but instead, we observed
precondylocarpine acetate (PCA, 9), which is the oxidized
product of stemmadenine acetate (Supplementary Figure S1).
In vinblastine biosynthesis in C. roseus stemmadenine acetate is
oxidized by the berberine bridge-like (BBE) enzyme PAS to
form PCA (9) (Figure 1).6 Since we did not include PAS in
these transient expression experiments, stemmadenine acetate
must be oxidized by an endogenous enzyme in N. benthamiana,
which is consistent with the results of previous in planta
enzyme assays.6 The N. benthamiana genome codes for
numerous BBE-like enzymes and other oxidases that could
potentially harbor this nonspecific catalytic activity.31 As we
consistently observed full conversion of stemmadenine acetate

(8) into PCA (9) in all transient expression assays, we used
PCA (9) as our target metabolite for quantification.
We observed successful production of PCA (9) in the

coinfiltration experiments using both the strong SlUbq10
promoter/terminator pairs and the weak AtuNos regulatory
element pairs (Figure 2A). However, the coinfiltration assay
where expression of all constructs was driven by the AtuNos
pair resulted in an almost 16-fold lower amount of PCA than
the coinfiltration assay in which all genes were placed under
the control of SlUbq10 promoter/terminator constructs. This
indicated that strong expression of at least some of the
biosynthetic genes is required for optimal PCA production.
We set out to identify which of the six enzymes needed to be

on a strong promoter/terminator pair to maintain high levels
of PCA production. We designed a series of coinfiltration
assays in which we sequentially swapped the strong SlUbq10
promoter/terminator pair attached to each of the six
biosynthetic genes for the weak AtuNos pair (Figure 2B).28

Notably, when SGD, GS, and Redox2 were placed under the
control of the weak AtuNos pair, PCA (9) titers dropped
significantly (Figure 2B). In contrast, swapping a strong
promoter/terminator pair for GO, Redox1 and SAT had no
substantial effect on PCA titer.
In assays where SGD expression was driven by the AtuNos

regulatory elements, higher amounts of unreacted strictosidine
(2) were detected (Supplementary Figure S2), suggesting that
strong expression of SGD may be needed to provide maximal

Figure 2. The effects of swapping regulatory elements driving the expression of each of the stemmadenine acetate biosynthetic enzyme genes on
the yield of precondylocarpine acetate in N. benthamiana transient expression assays. (A) Combinations of single transcriptional unit constructs
used in the coinfiltration assays. The average LC-MS ion abundance of precondylocarpine acetate (9, m/z 395.19 ± 0.05) produced in
N. benthamiana in a sample size of 3−4 biological replicates ± SE for expression on all strong (red) and all weak (blue) regulatory elements is
shown. (B) A representative combination of single transcriptional unit construct in which the SGD regulatory element is swapped for the weak
(blue) pair. The average LC-MS ion abundance of precondylocarpine acetate (9, m/z 395.19 ± 0.05) produced in N. benthamiana in a sample size
of 3−6 biological replicates ± SE for each of these promoter/terminator swaps. The experiment was repeated twice with similar results. The sample
groups for which the average ion abundance of PCA was significantly different to that of the All SlUbq10 promoter/terminator combination are
labeled with a red asterisk (Mann−Whitney U test; p ≤ 0.05).
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levels of starting material for this branch of the metabolic
pathway. Strictosidine aglycone (3) is a cross-linking agent that
is universally toxic.32 GS reduces strictosidine aglycone (3) to
form geissoschizine (4), which is substantially less reactive.19,33

The significant decrease in PCA (9) yield when GS is under
the control of a weak promoter/terminator suggests that a
strong promoter for this reductase is crucial for rapid reduction
of the reactive strictosidine aglycone (3) intermediate before it
cross-links with cell components.33

The enzyme reactions catalyzed by GO, Redox1, and
Redox2 have been speculated to occur in a highly coregulated
fashion, since the biosynthetic intermediates (5, 6) produced
by GO and Redox1 are chemically unstable.5 GO converts
geissoschizine, which is a stable compound that does not
degrade readily in in vitro assays,19 to a short-lived intermediate
5 that serves as a the substrate for Redox1.5 However, we
observed no decrease in the yields of PCA (9) when either GO
and Redox1 were placed under the control of a weak
promoter/terminator. This suggested, surprisingly, that regu-
lation of these two enzymes does not have to be matched. In
the case of Redox2, which catalyzes the formation of
stemmadenine (7) from a highly unstable intermediate (6)
generated by Redox1,5 placing it under the AtuNos weak
regulatory element pair caused a significant decrease in the
PCA yield. Finally, SAT, an O-acetyltransferase, converts
stemmadenine (7) to stemmadenine acetate (8), which is a

relatively stable pathway intermediate. Expressing SAT under
the control of AtuNos promoter/terminator pair did not cause
a decrease in PCA yields.5 In short, we determined that for
optimal titers, it was essential to have the first two genes, SGD
and GS, as well as Redox2, under the control of a strong
promoter. In contrast, for GO, Redox1, and SAT, the strength
of the promoter/terminator pair did not appear to significantly
affect product titers. The optimal promoter/terminator pair
did not appear to correlate with the position of the gene in the
biosynthetic pathway, the type of enzymatic transformation
that the gene product catalyzed, or the chemical stability of the
enzyme substrate or product. However, placing GS under the
control of a weak promoter/terminator affected the yields most
adversely, likely due to the high toxicity of the GS substrate.
Notably, we could not detect chromatographic peaks
corresponding to any of the known intermediates downstream
of strictosidine in any of these transient expression experi-
ments. N. benthamiana is known to derivatize a variety of
compounds through glycosylation, acylation and other
derivatizations.34 Therefore, any accumulated intermediates
were likely derivatized by the native plant enzymes and
therefore could not be identified using authentic compound
standards available.
Using the approach described above, when many genes are

required for pathway expression, this necessarily means than a
correspondingly large number of Agrobacterium strains must be

Figure 3. The yield of precondylocarpine acetate in transient expression experiments using the 4TU_SGD_GS_GO_Redox1 four-transcriptional
unit construct in combination with Redox2 and SAT coinfiltrated on separate vectors. (A) Schematic representation of the multitranscriptional unit
constructs used in the experiment with respective promoter/terminator combinations labeled. (B) LC-MS analysis of the transient expression assay
products (extracted ion chromatogram m/z 395.19 ± 0.05, corresponding to precondylocarpine acetate (PCA)). (C) The average yield of
precondylocarpine acetate, PCA (9) ± SE resulting from transient expression of multitranscriptional unit constructs coinfiltrated with downstream
Redox2, SAT and P19 in N. benthamiana (n = 3−4 biological replicates). The experiment was repeated twice with similar results. The statistically
significant differences between PCA (9) yields are marked with an asterisk. Statistically significant differences between the control All SlUbq10
coinfiltration levels and those of multigene constructs are marked with a gray asterisk (independent samples t test, p < 0.05). (D) The expression
levels (±SE) of SGD, GS, GO, and Redox1 for the different multi-TU modules, relative to the levels in All SlUbq10 coinfiltration experiments (n =
3 biological replicates). The expression levels were compared using the 2−ΔΔCt method. Statistically significant differences in gene expression
between the All SlUbq10 coinfiltration control and the different multigene construct are marked with a gray asterisk (*p < 0.05; **p < 0.005,
independent samples t test). The statistically significant differences between other sample groups are marked with black asterisks.
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coinfiltrated into the N. benthamiana leaf. A large number of
strains may not be efficiently transformed into all N. benthami-
ana cells, which would negatively impact product yields.14,35

Developments in modular cloning technologies now allow
stacking of multiple transcriptional units onto a single
plasmid.29,36,37 Attempting to improve the yield of our MIA
products, we used the Golden Braid modular assembly
technology to express several of the C. roseus biosynthetic
enzymes from a single vector. A vast toolkit of regulatory
elements for use in plant synthetic biology was developed in
the recent years.29,36 However, only a few studies where multi-
TU assemblies containing different regulatory elements were
used for in planta pathway reconstitution have been
reported.38,39

We built a multitranscriptional unit vector where four
biosynthetic genes were expressed under the control of the
SlUbq10 promoter/terminator pair (4TU_SGD_GS_GO_R-
edox1, Figure 3A), as this allowed rapid and efficient multi-TU
assembly, despite the size and repetitiveness of the assembled
sequences. To quantify the final product (PCA, 9), we
coinfiltrated the two missing biosynthetic enzymes, Redox2
and SAT, on separate vectors, each also under the control of
the SlUbq10 promoter/terminator pair along with this 4TU
construct. However, this experiment yielded significantly lower
amounts of PCA (9) compared to the positive control, in
which all genes were expressed on separate vectors (All

SlUbq10 coinfiltration) (Figure 3B, 3C). We then tested the
intermediate vectors 2TU_SGD_GS and 2TU_GO_Redox1
in which only two genes under the control of the SlUbq10
promoter/terminator pair are located on a single vector
(Figure 3A). Using these 2TU vectors, along with Redox2 and
SAT on separate vectors, we recovered the high levels of PCA
observed when all biosynthetic genes were expressed on
separate vectors (All SlUbq10 coinfiltration control), though
titers were not increased compared to All SlUbq10
coinfiltration (Figure 3C).
We could not observe an accumulation of any identifiable

pathway intermediates and thus were not able to pinpoint the
bottleneck step of the pathway through mass spectrometry
analysis of metabolites. qPCR analysis of transformed
N. benthamiana showed a significant decrease in the relative
gene expression levels of the first 3 transcriptional unit genes
(SGD, GS, GO) when the 4TU_SGD_GS_GO_Redox1
vector was used, compared to the All SlUbq10 coinfiltration
control (ca. 3-fold decrease for SGD, 4-fold decrease for GS, 1-
fold decrease for GO) (Figure 3D). The repetitive use of the
strong promoter may have caused homology-mediated
epigenetic silencing or disturbed the transcriptional dynamics,
when using the 4TU_SGD_GS_GO_Redox1 vector.40,41 This
is the likely cause of the decrease in PCA yield, as the levels of
Redox2 and SAT coinfiltrated on separate vectors remained
high under all conditions (Supplementary Figure S3). Notably,

Figure 4. The yield of precondylocarpine acetate in transient expression experiments using the V2_4TU_SGD_GS_GO_Redox1
multitranscriptional construct in combination with Redox2 and SAT coinfiltrated on separate vectors. (A) Schematic representation of the
multitranscriptional unit constructs used in the experiment with respective promoter/terminator combinations labeled. (B) LC-MS analysis of the
transient expression assay products (extracted ion chromatogram, m/z 395.19 ± 0.05, corresponding to precondylocarpine acetate (PCA)). (C)
The average yield of precondylocarpine acetate (PCA) ± SE resulting from transient expression of multitranscriptional unit constructs coinfiltrated
with downstream Redox2, SAT, and P19 in N. benthamiana (n = 3−4 biological replicates). The experiment was repeated twice with similar results.
The statistically significant difference between PCA yields are marked with an asterisk. Statistically significant differences between the control All
SlUbq10 coinfiltration levels and those of multigene constructs are marked with a gray asterisk (independent samples t test, p < 0.05). (D) The
expression levels (±SE) of SGD, GS, GO, and Redox1 for the different multi-TU modules, relative to the levels in All SlUbq10 coinfiltration
experiments (n = 3 biological replicates). The expression levels were compared using the 2−ΔΔCt method. Statistically significant differences in gene
expression between the control All SlUbq10 and the different multigene construct are marked with a gray asterisk (*p < 0.05; **p < 0.005,
independent samples t test). The statistically significant differences between other sample groups are marked with black asterisks.
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in the 2TU_SGD_GS + 2TU_GO_Redox1 coinfiltration
experiments, the relative gene expression of SGD, GS, and GO
was significantly higher compared to levels of these same genes
in not only the 4 TU construct 4TU SGD_GS_GO_Redox1,
but also with the positive control in which all genes were
expressed from separate plasmids (All SlUbq10 coinfiltration)
(Figure 3D). High PCA yields were achieved with the use of
both 2TU vectors, as well as assays where one 2TU construct
was used and the rest of the genes were coinfiltrated on
separate vectors (Supplementary Figures S4, S5).
Since the decreased expression levels of the biosynthetic

genes likely resulted from the repeated use of the SlUbq10
promoter/terminator pair, we constructed a 4 TU vector
con ta in ing no repe t i t i v e regu l a to ry sequences
(V2_4TU_SGD_GS_GO_Redox1) (Figure 4A). We identi-
fied 3 additional regulatory elements described in the literature
reported to drive high gene expression (PcUbq10, AtUbq10,
2× CaMV35S).42,36,37 When V2_4TU_SGD_GS_GO_Re-
dox1 was infiltrated, along with Redox2 and SAT on individual
plasmids, with strictosidine into N. benthamiana, yields of PCA
were similar to those obtained in the All SlUbq10 coinfiltration
assays (Figure 4C). Notably, although SGD and Redox1 both
showed a significant but modest decrease in the relative gene
expression (0.7- and 0.8-fold difference, respectively) when this
V2_4TU_SGD_GS_GO_Redox1 construct was used, the
overall average PCA yield did not appear to be substantially
decreased (Figure 4D, Supplementary Figure S6).

We then set out to reconstitute the more complex
downstream alkaloids tabersonine (12) and catharanthine
(11), which are derived from PCA (9). Since stacking 4
transcriptional units on a single vector did not lead to a
significant increase in PCA (9) yields (Figure 4C), we
reconstituted the tabersonine (12) and catharanthine (11)
pathway by coinfiltrating Agrobacterium strains, with each
harboring one of the following biosynthetic genes, SGD, GS,
GO, Redox1, Redox2, and SAT, along with the downstream
PAS, DPAS, and either CS or TS, where each gene was cloned
into a vector with the SlUbq10 promoter and terminator pair
individually transformed into separate A. tumefaciens strains.
PAS was included even though an endogenous enzyme with
this same activity was present. These 9 strains alongside the
P19 construct carrying strain were then mixed in equal
proportions, and infiltrated into N. benthamiana. We observed
production of both catharanthine (11) and tabersonine (12) at
levels of approximately 60 and 10 ng of product per g of frozen
N. benthamiana tissue, respectively (Figure 5A,B).
The rapid development of plant biotechnology tools in

recent years creates new opportunities to reconstitute natural
product biosynthetic pathways in plant-based heterologous
hosts.43 Here, we successfully reconstituted the biosynthesis of
the late vinblastine precursor precondylocarpine acetate (9)
(∼2.7 mg per g frozen tissue) using transient expression in
N. benthamiana leaves starting from the early intermediate
strictosidine (2). We found that three of the six stemmadenine

Figure 5. Production of catharanthine and tabersonine from transient expression in N. benthamiana. The extracted ion chromatograms (m/z 337.19
± 0.05, corresponding to the mass of catharanthine, tabersonine, and the intermediate angryline) of transiently expressed products. The
catharanthine/tabersonine pathway enzyme genes were coinfiltrated on separate vectors (SGD, GS, GO, Redox1, Redox2, SAT, DPAS, PAS, CS, or
TS). (A) LC-MS analysis of the catharanthine pathway enzyme assays. (B) LC-MS analysis of the tabersonine pathway enzyme assays. Residual
angryline (substrate of CS and TS) was detected in both assays. MS/MS spectra of the assay products are shown in Supplementary Figures S7 and
S8. (C) Quantification of tabersonine and catharanthine production.
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acetate biosynthetic genes (SGD, GS, Redox2) need to be
under the control of strong promoter/terminator pairs to
achieve the highest product yields. Placement of GS under the
control of a weak promoter/terminator led to the most
dramatic decreases in titer, presumably due to the toxic nature
of the GS substrate. We showed that expressing four
biosynthetic enzyme genes on a single construct, instead of
individual constructs, in Agrobacterium-mediated transient
expression assays does not significantly increase the yield of
the final product. We also observed the negative effect of using
repeated regulatory sequences in the multi-TU assemblies that
could be eliminated when different regulatory element
combinations were used. Finally, we successfully reconstituted
the production of the vinblastine precursors tabersonine (12)
and catharanthine (11), starting from strictosidine (2).
N. benthamiana is a convenient and rapid system for the
production of complex, lengthy pathways that encode
production of plant natural products.
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