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In this work, we aimed at implementing the biosynthesis of triterpenic acids in Nicotiana tabacum glandular
trichomes. Although endogenous genes coding for enzymes involved in such biosynthetic pathway are found in
the Nicotiana tabacum genome, implementing such pathway specifically in glandular trichomes required to boost
endogenous enzymatic activities. Five transgenes coding for a farnesyl-diphosphate synthase, a squalene syn-
thase, a squalene epoxidase, a beta-amyrin synthase and a beta-amyrin 28-monooxygenase were introduced in N.
tabacum, their expression being driven by pMALDI1, a trichome-specific transcriptional promoter. This study
aimed at testing whether sinking isoprenoid precursors localized in plastids, by exploiting potential cross-talks
allowing the exchange of terpenoid pools from the chloroplast to the cytosol, could be a way to improve over-
all yield. By analyzing metabolites extracted from entire leaves, a low amount of ursolic acid was detected in
plants expressing the five transgenes. Our study shows that the terpene biosynthetic pathway could be, in part,
redirected in N.tabacum glandular trichomes with no deleterious phenotype at the whole plant level (chlorosis,

dwarfism,...). In light of our results, possible ways to improve the final yield are discussed.

1. Introduction

Terpenes and their derivatives are the most abundant class of sec-
ondary metabolites in plants (Croteau et al., 2000). These lipophilic
molecules represent one of the most structurally diverse classes of nat-
ural products. Their synthesis is mediated by prenyltransferases that
generally start with one unit of dimethylallyl diphosphate (DMAPP) and
add one or more isopentenyl diphosphate (IPP) units.

While about 80.000 terpenes have been identified so far and clus-
tered based on their number of C5 isoprene units, many more still
remain to be characterized (Zhou and Pichersky, 2020). Monoterpenes
are formed by the condensation of two isoprene units (C10), sesquiter-
penes of three (C15), diterpenes of four (C20) while triterpenes are
formed by the condensation of six isoprene units (C30).

In plants, a balanced terpene profile is important for both general-
ized and specialized metabolism. Terpenes perform a variety of func-
tions and their biosynthesis is under tight metabolic control to optimize
the plant fitness, for example by forming a chemical barrier against
pathogens (bacteria, fungi) and herbivore attacks, and by helping attract

* Corresponding author.
E-mail address: charles.hachez@uclouvain.be (C. Hachez).

https://doi.org/10.1016/j.plantsci.2022.111573

pollinators (Ninkuu et al., 2021).

As some terpenes of economic interest have a complex stereochem-
istry and are produced in limited amount in their natural host, research
has focused on trying to improve their production by metabolic engi-
neering using a variety of chassis organisms (Lange and Ahkami, 2013).

In the early 2000s, significant advances were made in E. coli by
exploiting the methylerythritol phosphate (MEP) pathway (Schmidt--
Dannert et al., 2000). This pathway produces the IPP/DMAPP in-
termediates from pyruvate and glyceraldehyde-3-phosphate. Further
improvements in yield (from pg/l to mg/1) were obtained when the
mevalonate pathway (MVA pathway), which produces IPP/DMAPP
from acetyl-CoA, was fully implemented in E. coli using yeast genes
(Martin et al, 2003). Overexpression of 1-deoxy-D-xylulose-5-
phosphate (DXP) synthase gene (DXS) and DXP reductoisomerase gene
(DXR), the first two genes of the MEP pathway, from Bacillus subtilis in
E. coli then led to a drastic increase in yield, with more than 300 mg/1 of
isoprene (Zhao et al., 2011).

Despite these advances, the use of bacteria as chassis organisms has
quickly become limiting because many enzymes involved in the
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biosynthesis of terpenes or responsible for further modification of these
compounds, such as cytochromes P450, require an internal membrane
system which is not present in bacteria (Wu et al., 2012). Even if it is
possible to express some plant cytochromes P450 in E. coli, to obtain a
protein with a proper folding and membrane topology remained chal-
lenging (Chang et al., 2007).

Because of these limitations, yeast could appear as a promising
alternative in the metabolic engineering of terpenes. However, yeast
does not possess an active MEP pathway and only produces, via the MVA
pathway, a limited amount of IPP/DMAPP, which is then mostly used to
sustain the biosynthesis of sterols, in particular ergosterol, the most
important sterol in yeast. By using mutated yeast capable of assimilating
exogenous ergosterol, high yields of sesquiterpenes (more than 50 mg/1)
were achieved (Ro et al., 2006,Takahashi et al., 2007). Further modifi-
cation of the regulation of both the MVA pathway and sterol biosyn-
thesis allowed to obtain up to 25 g/1 of artemisinic acid, a sesquiterpene
precursor of artemisinin, an anti-malaria drug (Paddon et al., 2013).

In plants, two different biosynthetic pathways are found that
generate two different pools of IPP/DMAPP precursors. These two pools
are produced in different subcellular compartments and are used to
drive the biosynthesis of different classes of terpenes. Indeed, while the
MVA pathway produces a cytosolic pool of IPP/DMAPP, the MEP
pathway forms a plastidial pool of these precursors. Mono- and diter-
penes are mostly produced using the MEP-derived plastidial pool of IPP/
DMAPP, while sesqui- and triterpenes are mostly produced using MVA-
derived precursors. This is however a simplified view. Indeed, although
both pathways are physically separated and function independently,
cross-talks were reported in Nicotiana tabacum (Hemmerlin et al., 2003),
Daucus carota (Hampel et al., 2005) and Lavandula latifolia (Mendoza--
Poudereux et al., 2015). This means that precursors used in the synthesis
of a specific terpene could actually be derived from both pathways.

For example, even though sesquiterpenes are synthesized in the
cytosol, they could potentially be synthesized using a plastidial pool of
IPP/DMAPP precursor (Bartram et al., 2006, Dudareva et al., 2005).
Similarly, the IPP pool used to sustain the biosynthesis of mono- and
diterpenes, that generally occurs in plastids, can also be of cytosolic
origin (MVA-derived), and not just plastidial, as originally thought
(Hampel et al.,, 2007, Itoh et al, 2003, Wungsintaweekul and
De-Eknamkul, 2005).

The cross-talks between the MVA and MEP pathways are generally
described as an exchange of prenyl diphosphates between the cytosol
and the plastids (reviewed by Hemmerlin et al. (2012)). It involves ex-
change of IPP/DMAPP (Hemmerlin et al., 2003; Bick and Lange, 2003)
but also geranylgeranyl diphosphate (Gerber et al., 2009), geranyl
diphosphate (Adam et al., 1999) and some farnesol metabolites
(Huchelmann et al., 2016). The precursor exchange mechanism has not
been discovered yet and the actual extent of these cross-talks is actually
not totally clear. Other terpenoid compounds could indeed be concerned
by such cross-talks. For example, leakage of squalene across the chlo-
roplast envelope was recently reported (Zhao et al., 2018). Could such
observed “leakage” be mediated by a transporter in the chloroplast en-
velope? While active transport of terpenoids across plastidial mem-
branes has been postulated, this principle is not sufficiently understood
to generalize it. Identification and characterization of proteins involved
in the transport of precursors would help shedding light on these ex-
change processes (Huchelmann et al., 2017). However, simple diffusion
of the hydrophobic products across the plastidial membranes into the ER
could be fully sufficient in many scenarios.

Our work focuses on the biosynthesis of triterpenic acids. Many tri-
terpenic acids such as ursolic acid and oleanolic acid present interesting
pharmaceutical properties such as antitumoral activity (Liu, 2005) and
beneficial effects on the cardiovascular system (Somova et al., 2003). In
plants, several enzymes, located in the cytosol, are required to form such
triterpenes from IPP/DMAPP. The first one, farnesyl diphosphate syn-
thase (FDS) is involved in the synthesis of farnesyl diphosphate (FPP,
C15) from one molecule of DMAPP and two molecules of IPP which are
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grafted onto it. This [IPP/DMAPP to FPP reaction takes place in two
steps, the first one forming a GPP intermediate on which the second IPP
is grafted to form the FPP (Davis and Croteau, 2000). In Arabidopsis
thaliana, FPP does not accumulate in the cytosol and appears to serve as
a regulator for the MVA pathway (Closa et al., 2010). The second
enzyme involved in the synthesis of triterpenes is squalene synthase
(SQS). This enzyme is anchored in the ER membrane with the catalytic
site facing the cytosol (Linscott et al., 2016). SQS catalyzes the
condensation of two FPP molecules into squalene (C30) (Nakashima
et al., 1995). Squalene will then serve as a substrate for squalene
epoxidase (SQE) to form 2,3-oxidosqualene, the last common interme-
diate for all plant sterols and triterpenes (Thimmappa et al., 2014).

Oxidosqualene can be cyclized by an oxidosqualene cyclase (OSC)
into sterols or triterpenes (Thimmappa et al., 2014). Some OSCs are
multifunctional, in the way that they can generate several different
scaffolds. For example, baruol synthase 1 (BARS1) from Arabidopsis
thaliana forms 23 different products, with baruol as the major (90%) one
(Lodeiro et al., 2007). More than one hundred triterpene scaffolds have
already been identified in plants (Xu et al., 2004). These scaffolds can
then be modified by enzymes (for example sugar transferases, CYP450,
etc.) to synthesize new triterpenoids. All this explains the great diversity
of existing triterpenoids.

N. tabacum is often used as a model species to study terpene meta-
bolism in plants. In N. tabacum, sesquiterpenes are produced from IPP/
DMAPP synthesized mainly via the MVA pathway (Back and Chappell,
1996, Ralston et al., 2001, Starks et al., 1997) while diterpenes are
mainly formed from a MEP-derived pool of precursors (Keene and
Wagner, 1985, Kandra and Wagner, 1988, Guo and Wagner, 1995, Wang
and Wagner, 2003). Even though both MEP and MVA pathways are
actively producing IPP/DMAPP, most terpenes precursors come from
the plastidial MEP pathway. Naturally, N. tabacum produces up to 100
ug/g of fresh weight (FW) of the sesquiterpene capsidiol (Dokladal et al.,
2012) and up to 5 mg/g pw of diterpenes (Sallaud et al., 2012).

Given that it naturally produces terpenes, N. tabacum appears as an
appropriate chassis organism to produce more or new terpenes using
metabolic engineering approaches. To be economically interesting,
metabolic engineering of terpenes in N. tabacum should reach yields
close to those naturally occurring in plants currently used to extract
these compounds (Huchelmann et al., 2017). However, by using
constitutive and ubiquitous promoters, yields reach, at best, a few pg/g
rw (Liicker et al., 2004, Wei et al., 2004, Farhi et al., 2011).

Considering, as mentioned previously, cross-talks between the
cytosolic MVA and the plastidial MEP pathways, new metabolic engi-
neering strategies emerged that aimed at implementing a biosynthetic
pathway to sink the most abundant pool of IPP/DMAPP directly in the
subcellular compartment of interest. N. tabacum produces a large
amount of diterpenes in the plastids, where an abundant IPP/DMAPP
pool is found. Therefore, provided with a transit peptide, a farnesyl
diphosphate synthase and an appropriate terpene synthase were tar-
geted to plastids and redirected the metabolic flux in these organelles.
Such strategy increased synthesis of the sesquiterpenes patchoulol and
amorpha-4,11-diene more than 1000-fold as well as that of the mono-
terpene limonene between 10 and 30-fold (Wu et al., 2006). However,
along with these yield improvements, severe adverse phenotypes were
observed, such as dwarfism and chlorosis (Wu et al., 2006). Such
detrimental phenotypes were also observed in the production of arte-
misinic acid (Saxena et al., 2014) and ginsenoside saponin (Gwak et al.,
2017). As terpene precursors are extremely important for the growth
and development of plants (especially for chlorophyll and phytohor-
mones synthesis; Lichtenthaler, 1999), the problem probably arose from
the use of constitutive and ubiquitous transcription promoters and the
resulting depletion of essential terpene precursors (IPP/DMAPP) in the
whole plant. To limit side effects, a better control of transgene expres-
sion is needed. One strategy to improve this aspect, and to make meta-
bolic engineering more efficient, is to use a cell-type specific promoter,
to direct the biosynthesis to specific cells, group of cells, or organs, such
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as trichomes.

Trichomes are unicellular or multicellular outgrowths derived from
the protoderm. They are found on the surface of aerial plant tissues.
There are several trichome classification systems, but usually two major
classes are distinguished: glandular and non-glandular trichomes. In a
single plant, different types of trichomes, both glandular and/or non-
glandular can be found. Glandular trichomes, observed on almost 30%
of all vascular plant species, are characterized by the presence of one or
more glandular cells able to synthesize, store and/or secrete various
secondary (also called specialized) metabolites which are involved in
the adaption of the plants to their environment (Huchelmann et al.,
2017). Secondary metabolites synthesized by glandular trichomes
include, among others, acyl sugars (Schilmiller et al., 2010; Kroumova
and Wagner, 2003) and mainly terpenes (Gershenzon and Dudareva,
2007; Gershenzon et al., 1992).

A key and unique feature of glandular trichomes is their ability to
synthesize and secrete large amounts of a limited number of metabolites
relative to their size. In N. tabacum, up to 17% of the leaf dry weight
comes from molecules secreted by glandular trichomes (Wagner et al.,
2004). Metabolic engineering in trichomes is therefore particularly
interesting. Many studies have already been conducted in tomato
(Kortbeek et al., 2016, Wang et al., 2022) and in tobacco, producing up
to 100 pg/g rw of diterpenes (Tissier et al., 2012, Zhang et al., 2018) and
up to 1760 pg/g pw of triterpenes (Wu et al., 2012). To obtain such
yields, certain authors used a hybrid promoter, combining a
trichome-specific promoter (the cembratrien-ol synthase or the
cembratriene-ol hydroxylase promoter) and a transcription enhancer
from the CaMV 35 S promoter fused to the 5’ terminus. By choosing to
use a hybrid promoter, the authors were able to obtain higher yields
than those obtained with trichome-specific promoters (Tissier et al.,
2012). However, deleterious phenotypes (chlorosis and dwarfism) have
been observed for the plants with the highest yields, explained by a lack
of tissue specificity of the transcriptional promoters used in the
constructs.

In the present effort, our objectives are threefold. The first is to
redirect the metabolic flux of terpenes to produce triterpenic acids in
N. tabacum while limiting detrimental effect at the whole plant level.
Our second objective is to evaluate the potential of the pMALDI pro-
moter, a newly identified trichome-specific promoter, for metabolic
engineering purposes (Pottier et al., 2020). Our last objective is to
evaluate the impact of various subcellular localizations of the enzymes
(plastidial or cytosolic) to produce triterpenic acids from the existing
pools of precursors.

2. Materials and methods
2.1. Genetic constructs for stable plant transformation

The auxiliary plasmid - binary plasmid system of Goderis et al.
(2002) was used as basis for all constructions. The promoter region of
NtMALD1 (1974 bp; GenBank accession: MG493458.1) (Pottier et al.,
2020) was inserted into pAUX3132, pAUX3133, pAUX3169 by restric-
tion with NotI and Kpnl. The NOS terminator from Agrobacterium tume-
faciens (Navarre et al., 2011) was inserted into these pAUX by a
BamHI/Agel restriction.

The Arabidopsis thaliana farnesyl-diphosphate synthase (AtFPS2)
gene (FDS, AGI code: AT4G17190), as well as the squalene synthase
(ScERG9) (SQS, Gene ID: 853086) and squalene epoxidase (ScERGI)
(SQE, Gene ID: 853086) genes from Saccharomyces cerevisiae were or-
dered as synthetic DNA blocks (Integrated DNA Technologies, Supple-
mental Data 1). For SCERGY, a full length or truncated version (a soluble
version of the protein without the 3 part coding for the last 24 amino
acid residues forming a membrane domain (Lograsso et al., 1993)) were
ordered. These synthetic DNA sequences were tagged at the 3’ end with
a 6 histidines, FLAG or Myc tag, respectively. When chloroplastic
localization of the recombinant protein was required, the plastid
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targeting (TP) sequence (first 177 nucleotides) of N. tabacum ribulose
bisphosphate carboxylase oxygenase small subunit (LOC107766567)
was inserted directly upstream of the initiating ATG of the corre-
sponding coding sequence. Synthetic DNA blocks containing the transit
peptide (if present), SCERG1, ScCERGY (truncated or full-length version)
or AtFPS2 coding sequence and a tag were placed in pAUX3132, 3133 or
3169 (respectively) containing the pMALDI1 promoter and tNOS termi-
nator by restriction with Kpnl and BamHI. By restriction with the cor-
responding homing endonucleases (Goderis et al., 2002), the expression
cassettes were then inserted into a pPZP-RCS2-nptll plant expression
vector already containing the pMALDI-Gus/Venus-tNOS expression
cassette (Pottier et al., 2020). Three versions were prepared to have
constructs in pPZP plasmid sending one (AtFPS2), two (AtFPS2 and
ScERG9) or all three enzymes (AtFPS2, ScCERG9 and ScERG1) to the
plastids (Supplemental Fig. 1A-C).

The coding sequences of Malus domestica beta-amyrin synthase
MdOSC1 (Gene ID: LOC103443360) and of M. domestica beta-amyrin 28-
monooxygenase MdCYP90-like (Gene ID: LOC103453334) were ampli-
fied from plasmids (Andre et al., 2016). A hemagglutinin (HA) tag was
added in 3’ of the MdOSC1 coding sequence while a Streptavidin (Strep)
tag was added in 3’ of the MdCYP90-like coding sequence. The tagged
coding sequences were inserted into pAux vectors containing the
PMALD]1 promoter and tNOS terminator by restriction with AscI and
Pacl. By restriction with the corresponding homing endonucleases, the
expression cassettes were then inserted into a pPZP-RCS2-hpt plant
expression vector containing a pMALDI-mCherry-tNOS expression
cassette (Supplemental Fig. 1D).

A. thaliana hydroxy methylglutaryl CoA reductase 1 (AtHMG]1, also
called HMGR, AGI code: AT1G76490) and A. thaliana deoxyxylulose-5-
phosphate synthase (AtCLA1, also called DXS, AGI code: AT4G15560)
coding sequences were amplified from A. thaliana leaf ¢cDNA and
inserted into a pAux3133 containing the pMALD1 promoter and tNOS
terminator by restriction with Kpnl and BamHI. Using the corresponding
homing endonuclease, each expression cassette was then inserted into a
PPZP-RCS2-hpt plant expression vector.

2.2. Genetic constructs for transient plant transformation

The AtFPS2, SCERG9, ScERG1 coding sequences (with or without the
TP sequence, Supplemental Data 1) as well as MdOSC1 and MdCYP90-
like coding sequences were PCR amplified and inserted in frame with
GFP under control of a 35 S promoter in pMDC83 vector (Curtis et al.,
2003). A HDEL-CFP construct was used as endoplasmic reticulum
marker (Napier et al., 1992).

2.3. Plant material and growth conditions

N. tabacum cv Petit Havana SR1 (Maliga et al., 1973) was used for
stable plant transformation. For in vitro cultures, seeds were surface
sterilized by exposing them to chlorine gas for 45 min. The sterilized
seeds were then placed on solid Murashige and Skoog (MS) medium
[4.4 g/1 MS basal medium (MP biochemicals: www.mpbio.com), 30 g/1
sucrose, 8 g/1 agar, pH 5.6 (KOH)] and cultured in a growth chamber
(25 °C, 16 h photoperiod, 50 ymol photon/m?2s).

For plant propagation and phenotyping purposes, seedlings from in
vitro cultures were placed in Jiffy pots (Gronud: www.jiffypot.com) for a
week, before being transferred to pots containing potting soil (DCM:
dcm-info.com) and placed in a phytotron (25 °C, 16 h photoperiod, 200
umol photon/m?s).

2.4. Generation of transgenic plant lines

Electrocompetent A. tumefaciens strain GV3101 was transformed by
electroporation (400 Q, 1.25 kV) using 50 ng of plasmid DNA. The
constructs were introduced into A. tumefaciens GV3101 for subsequent
N. tabacum leaf disk transformation (Horsch et al. 1989). For each
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construct, 15-20 independent transgenic lines were generated and
finally transferred to soil (25 °C, 16 h photoperiod, 50 pmol pho-
ton/m?s). All T1 transgenic lines presumably possessed multiple T-DNA
insertion events in their genomes as no 1:3 lethality ratio was observed
when plated on herbicide-containing MS medium. Transgenic lines (TO
generation) were further selected based on the expression pattern of the
fluorescent reporters (Venus and mCherry). Only lines showing
trichome-specific fluorescent reporter signals were selected and further
analyzed, TO lines displaying a broader expression pattern of the re-
porters due to position effects of the T-DNA in the genome were
discarded.

2.5. Transient transformation via agroinfiltration of leaves

Transformed GV3101 cells were used for agroinfiltration of
N. benthamiana or N. tabacum leaves following the protocol described in
(Hachez et al., 2014). The agroinfiltrated zones were harvested after 4
days for observations under the confocal microscope and after 7 days for
UPLC analysis.

2.6. Confocal microscopy

All the observations were carried out according to standard imaging
procedures on a LSM710 confocal microscope (Zeiss: www.zeiss.com)
equipped with a spectral detector.

2.7. Plant tissue isolation

Trichomes from T1 lines over-expressing three (AtFPS2/ScERGY/
ScERG1) or five (AtFPS2/ScERG9/ScERG1/MdOSC1/MdCYP90-like)
transgenes were isolated according to the protocol of Wang et al. (2001).
Wild type lines were used as control. For each T1 line, trichomes from
three 10-week-old plants were collected and pooled as one biological
replicate.

Leaf disks (d ~ 1 cm, one disc ~ 50 mg) from 10-week-old plants (TO
or T1 lines) over-expressing three (AtFPS2/ScERG9/ScERGI) or five
(AtFPS2/ScERG9/ScERG1/MdOSC1/MdCYP90-like) transgenes and
lines over-expressing HMGR were used for chromatographic analyses.
Two leaf discs were collected per mature leaf (larger than 15 cm) on
three leaves per plant. Three 10-week-old plants were analyzed per line.
After flash freezing in liquid nitrogen, all tissues (trichomes and leaves of
N. tabacum) were ground using glass beads (d = 5 mm, Sigma-Aldrich)
and an MM 400 stirrer (Retsch; 30 Hz, 2 * 30 s).

2.8. RNA extraction, and cDNA synthesis

RNA extraction was carried out on tissues from WT (SR1 ecotype) or
T1 transgenic lines, using the Spectrum Plant Total RNA Kit (Sigma-
Aldrich) with on-Column DNase I Digestion (Sigma-Aldrich). Moloney
Murine Leukemia Virus Reverse transcriptase (Promega: be.progema.
com) and oligo(dT),g were used for the reverse transcription of 500 ug of
DNA-free RNA according to the manufacturer’s protocol.

2.9. Gene expression analysis

All RT-qPCR assays were carried out on RNA extracted from isolated
trichomes (except for Supplemental Fig. 4 where RNA extracts from
whole leaves were used instead).

The primers used for RT-qPCR (supplemental Table 1) were designed
using Primer3 (https://bioinfo.ut.ee/primer3/) according to the proto-
col described by (Thornton and Basu, 2011). qPCRs were performed
within a volume of 20 pL, comprising 1 uL of cDNA (corresponding to 40
ng of RNA), 2.2 uL of each primer (3 uM) and 10 pL of the Power SYBR
green PCR master mix (Eurogentec: https://www.eurogentec.com). An
ABI 7500 Real-Time PCR system (Waltham: www.thermofischer.com)
was used for amplification. The relative expression levels were
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determined based on the 2722€T method (Livak and Schmittgen, 2001)
using the geometric mean of 3 reference genes for normalization
(ELONGATION FACTOR « (NtEFla, AF120093), ACTIN (NtTac9,
X69885) and UBIQUITIN-CONJUGATING ENZYME E2 (NtUbc2,
AB026056) (Vandesompele et al., 2002). The primers and reference
genes used were chosen according to the recommendations of Schmidt
and Delaney (2010).

2.10. Triterpene extraction and GC/UPLC-MS analysis

Leaf tissue (100 mg) from TO lines expressing AtFPS2, SCERG9 and
ScERG1 were first freeze-dried for 16 h before extraction. Fresh tissue
from leaves was used as starting material for all other constructs.

For the extraction, approximately 100 mg of tissue was mixed with 1
mL of methanol (sample-solvent ratio of 1:10) by vortexing for 30 s,
sonicated in continuous mode for 10 min and shaken at room temper-
ature for 4 h. After a centrifugation step (10,000 g for 15 min), the su-
pernatant was recovered and stored at 4 °C.

Stable TO and T1 lines over-expressing HMGR or AtFPS2/ScERG9/
ScERG1 or/and MdOSCI/MdCYP90-like were analyzed by gas
chromatography-mass spectrometry (GC-MS), while ultra-performance
liquid chromatography - mass spectrometry (UPLC-MS) was used for
plants transiently overexpressing AtFPS2-GFP, ScERG9-GFP and
ScERG1-GFP.

For GC-MS analysis, 200 pL of extracts were evaporated to dryness
under nitrogen gas and resuspended with 100 upL of N,O-Bis
(trimethylsilyl)trifluoroacetamide with trimethylchlorosilane (99/1).
To allow derivatization, samples were kept at 60 °C during 30 min. Gas
chromatography coupled with a triple quadrupole mass spectropho-
tometer (Trace GC-TSQ Quantum, Thermo Fisher Scientific) was used in
this study. The injector temperature was programmed to start at 50 °C
for 5 s ramped to 250 °C at 14.5 °C/min and held for 20 min. Injection
volume was 1 pL in splitless mode. Compounds were separated with RXi-
5Sil MS column (20 m, 0.18 mm ID, 0.18 um df, Restek). Helium was
used as gas carrier and set at a constant flow rate of 1 mL/min. Oven
initial temperature was 175 °C (for 2 min) and increased to 300 °C at 15
°C/min and held for 6 min. For MS/MS, electron ionization (EI) mode
was selected, and the electron voltage was 70 eV. Collision inductive
dissociation (CID) was assisted with argon gas. Two ion transitions for
Selected Reaction Monitoring (SRM) of each compound were deter-
mined as follows: Ursolic acid: TIC SRM ms2:203.140
[105.109-105.111; 133.169-133.171], squalene: TIC SRM ms2:136.11
[93.159-93.161;121.539-121.541].

For UHPLC-HRMS analysis, extracts were evaporated to dryness
using a centrifugal vacuum evaporator (Centrivap, Labconco). Dried
extracts were made up in 600 pL of methanol:water (95:5, v/v), soni-
cated 10 min and filtered through a syringe filter (0.2 um, PTFE Millex-
LG (Merck KGaA). Ultra-high pressure liquid chromatography (Acquity
UPLC I-class ultra-high pressure liquid chromatography (UHPLC))
coupled with a triple quadrupole time-of-flight mass spectrometer
(Triple TOF 6600, Sciex) was used in this study in positive mode. The
column and the sample temperatures were 40 °C and 4 °C, respectively.
Injection volume was 5 uL. Compounds were separated with a reverse-
phase Acquity UPLC BEH C18 column (2.1 x 100 mm, 1.7 pm particle
size, Waters). Solvents used were water + 0.1% formic acid (solvent A)
and acetonitrile + 0.1% formic acid (solvent B). Solvents were used
following linear gradient (Supplemental Table 2). For MS1, Duospray
ion source was used with the following parameters: 30 psi for curtain
gas, 55 psi for gas1, 50 psi for gas2, 4500 V for ion spray voltage and 650
°C for source temperature. Mass range (m/z) was between 100 and 2000
and parameters were 15 V for collision energy and 60 V for declustering
potential. For MS2 accumulation, mass range (m/z) was between 50 and
2000 and parameters were 15 V for collision energy, 15 V for collision
energy spread and 60 V for declustering potential.

For GC and UPLC analysis, data processing was conducted using
Xcalibur software (Thermo Fisher Scientific). Quantification was based
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on external calibration curve obtained with standards purchased from
Merck and Extrasynthese.

3. Results

Nicotiana tabacum has an active secondary metabolism and large
amounts of diterpenes are produced in the glandular heads of long-
stalked trichomes from the pool of IPP/DMAPP produced by the MEP
pathway (Huchelmann et al., 2017). Unlike diterpenes, triterpenic acids
are synthesized in the endoplasmic reticulum from the pool of IPP/D-
MAPP produced by the MVA pathway. To implement the biosynthesis
pathway of triterpenic acids from IPP in N. tabacum, five enzymes are
needed (AtFPS2, ScCERGY, ScERG1, MdOSC1 and MdCYP90-like). The
first three enzymes, which synthesize oxidosqualene from IPP/DMAPP,
are common for all triterpenes while the two last enzymes specifically
turn oxidosqualene into specific triterpenic acids (ursolic and oleanolic
acids).

Actually, endogenous FDS, SQS and SQE genes are found in the
N. tabacum genome. Our idea was to complement endogenous activities
to overcome possible rate limiting steps in the pathway and to test
whether sinking isoprenoid precursors localized in plastids, by exploit-
ing potential cross-talks allowing the transport of terpenoids from the
chloroplast to the cytosol, could be a way to improve overall yield.

3.1. Transient overexpression of AtFPS2, ScCERG9 and ScERG1 in plastids

In order to use the plastidial isoprenoid flux derived from the MEP
pathway (which is the most active in N. tabacum), we targeted all three
enzymes (AtFPS2, SCERG9 and ScERG1) to the plastids by fusing them to
a transit peptide.

While AtFPS2 is a soluble enzyme that can be easily addressed to the
stroma of the chloroplasts and remain functional (Bhatia et al., 2015,
Wu et al., 2006), SCERG9 and ScERG1 are membrane proteins that
naturally localize to the endoplasmic reticulum. While SCERG9 pos-
sesses one transmembrane domain located at its C-terminus, SCERG1
possesses two transmembrane domains at its N- and C- termini. Inter-
estingly, it is possible to truncate the last 24 amino acid residues of the
C-terminal end of SCERG9, forming a membrane anchoring domain, to
obtain a soluble SQS without loss of activity (Lograsso et al., 1993),
while no functional characterization of such truncated version has been
reported for SCERGL1. As a first line of study, AtFPS2, truncated SCERG9
and ScERG1 were transiently expressed in leaves with a plastid targeting
(TP) sequence to determine if it is possible to accumulate a significant
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amount of oxidosqualene in this compartment. The three constructs,
each containing the coding sequence of those three enzymes, fused to a
TP sequence and to GFP and placed under control of a 35 S promoter,
were co-infiltrated in N. benthamiana leaves using Agro-
bacterium-mediated transformation. Unlike the commercial standard of
2,3-oxidosqualene, the chromatograms of the samples (Fig. 1) have
several peaks whose exact mass is 427.3940 Da (ESI (+)). These
different peaks presumably correspond to different conformations of 2,
3-oxidosqualene. However, only the peak at 21.13 min was considered
as it is the only one that could be validated by MS-MS with the com-
mercial standard of 2,3-oxidosqualene (Supplemental Fig. 1). In infil-
trated leaves, we obtained a concentration of up to 12.3 pg/g fresh
weight (FW) of extracted oxidosqualene compared to 0.15 pg/g pw in
non-infiltrated plants (WT), corresponding to an 82-fold increase in
oxidosqualene accumulation.

In the literature, AtFPS2 and ScERGY had already been targeted to
the plastids successfully, showing an accumulation of squalene as a
result of their overexpression (Wu et al., 2012). With this transient
expression assay, we demonstrated that SCERG1 also remains active
once sent to the plastids. These preliminary results showed that tran-
siently overexpressing these three enzymes with a TP sequence increases
the accumulation of oxidosqualene.

3.2. Moving the route into stably engineered transgenic plants

To determine the impact of the subcellular localization of these en-
zymes, we expressed, in a stable way, these enzymes under the control of
the trichome-specific promoter, pMALD1 (Pottier et al., 2020). Three
different configurations of the constructs, with different subcellular lo-
calizations of the recombinant proteins, were tested. The first configu-
ration consisted of sending all three enzymes to the plastids (AtFPS2,
truncated SCERG9 and ScERG1, Fig. 2 A).

As ScERG1 is an endoplasmic reticulum (ER)-localized membrane
protein that could negatively impact the integrity of the plastid mem-
brane compartments (Babiychuk et al., 2008), we kept, as a second line
of study, the ER localization of ScERG1 and tested the influence of
different subcellular localizations of SCERGY: in the plastids (C-terminal
truncated form with a transit peptide, Fig. 2B) or in the ER (native
protein, Fig. 2C). The architecture of the different constructs is described
in Supplemental Fig. 2. The subcellular localizations of the recombinant
proteins were confirmed by transient expression in N. benthamiana or in
BY-2 cells (Fig. 3). Addition of a transit peptide to AtFPS2 resulted in a
plastidic localization of the recombinant protein (Fig. 3A). When no
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Fig. 1. Analysis of oxidosqualene production upon transient expression of AtFPS2, ScCERG9, ScCERG1. (A) Superposition of the chromatograms of a methanol extract of
N. benthamiana leaves from non-transformed control (red line), a sample transiently expressing AtFPS2, SCERG9 and ScERG1 with a plastid targeting sequence (grey
surface) and of an authentic standard of 2,3-oxidosqualene (10 pg/mL, black line). (B) Zoom on the chromatogram of the non-transformed control and the transiently
transformed sample shown in A. Non-infiltrated control (grey line), transformed sample (black line). Final concentrations of extracted oxidosqualene are 0.15 ug/g
rw (non-infiltrated control) and 12.4 ug/g rw (transformed sample). The chromatograms are for selected ions at m/z: 427.394 + /- 0.005.
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Fig. 2. Terpene metabolism in engineered N. tabacum trichomes. The grey
pathway represents the normal biosynthetic route for triterpenes and sterols.
Overexpressed enzymes are denoted in dark blue. New products deriving from
metabolic engineering are denoted in light blue. (A) Oxidosqualene production
in plastids. All the enzymes are targeted to directly produce 2,3-oxidosqualene
in the plastids. (B-C) Oxidosqualene production using a plastidial AtFPS2 to
sink the plastidial pool of IPP/DMAPP precursors. In this configuration, both
AtFPS2 and ScERGY (B) or only AtFPS2 (C) are targeted to the plastids to
enhance the cross-talks and sink the plastids from its precursors. The rest of the
pathway takes place in the cytosol.

transit peptide is present, recombinant SCERG9 and ScERG1 proteins
colocalized with the HDEL protein (ER marker) as expected (Fig. 3B and
D, respectively). Addition of a transit peptide triggers a relocalization of
these latter to the chloroplasts (Fig. 3C and E, respectively).

To determine if these transgenes were expressed in trichomes, their
relative gene expression (RGE) was determined by RT-qPCR on RNA
extracted from trichomes (Fig. 4A). In all the transgenic lines we
analyzed, the AtFPS2 expression level (0.5-1.2) was significantly higher
than the one of SQS and SQE (RGE: 0.05-0.11, Fig. 4A).

In an attempt to compare the expression level of the SCERG9 and
ScERG1 transgenes to the endogenous SQS and SQE genes, we identified
the endogenous forms. Two endogenous SQS paralogs are found in the
Nicotiana tabacum genome (LOC107790933 and LOC107791556 are
identical at 90%) as well as six endogenous SQE genes present as 3 pairs
of highly similar paralogs (LOC107828762 and LOC107771747: 93.5%
identity, LOC107821041 and LOC107761131: 93.4% identity,
LOC107831617 and LOC107786596: 82.5% identity). Primers in the
conserved regions of each pair of endogenous SQS and SQE genes were
designed and RT-qPCR assays were carried out on RNA extracted from
isolated glandular trichomes (from WT plantas well as transgenic lines
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with different subcellular localizations of the recombinant AtFPS2,
ScERGY and ScERG1 proteins; Supplemental Fig. 3).

In the different transgenic lines we tested, the expression level of
endogenous SQS genes was close to the one of SCERG9 (the ScERGY9 /
endogenous SQS ratio ranged between 0.97 and 2.68 depending on the line;
Supplemental Fig. 3). Regarding endogenous SQE genes, only two pairs
were found to be expressed in glandular trichomes (LOC107828762/
LOC107771747 and LOC107821041/LOC107786596). The total expres-
sion level of endogenous SQE genes is in the same range as the one of
ScERG]1 (the ScERG1/ endogenous SQE ratio ranged between 0.21 and 1.70
depending on the analyzed line; supplemental Fig. 3). It is also worth
noting that expression levels of endogenous SQS and SQE are similar in
WT and transgenic lines. Altogether, SCERG9 and ScERGI expression
levels were induced in trichomes but limited at roughly the same
expression level as endogenous orthologs whose expression was not
affected in the transgenic lines.

By specifically expressing these three enzymes in the glandular heads
of the trichomes, we did not observe any detectable accumulation of
oxidosqualene in leaves, whatever the subcellular location of these en-
zymes. However, we observed a significant accumulation of squalene,
the precursor of oxidosqualene (Fig. 4B). The concentration of squalene
reached up to 17.7 pg/g dry weight (DW) of leaves in transgenic lines
while WT plants had 9.7 ug/g pw of leaves which corresponds to a 1.8-
fold increase in squalene accumulation compared to WT (Fig. 4B).
Interestingly, we did not observe any significant difference between the
three configurations tested neither any linear correlation between the
expression level of the AtFPS2 transgene and squalene accumulation in
the transgenic lines (Supplemental Fig. 4). No modified phenotypes
were observed in transgenic plants.

As FPP can be transported across the plastid envelope (Bick and
Lange, 2003), it is actually quite likely that plastid-derived FPP, syn-
thesized by the overexpressed AtFPS2, could partly be used by endog-
enous ER membrane-associated SQS and SQE and in consequence also
contribute to squalene and oxidosqualene formation via the endogenous
(cytosolic) pathway. It is indeed worth noting that endogenous SQS and
SQE genes being expressed in trichomes, endogenous pathways prob-
ably contribute to routing products into tobacco sterols/native tri-
terpenoids and provide part of the (oxido)squalene pool for further
cyclization, oxidation and conjugation events.

3.3. From IPP/DMAPP to triterpenic acids in trichomes

The subcellular localizations of MdOSCI and MdCYP90-like were
confirmed by transient expression in N. benthamiana. Colocalization
with HDEL-CFP (ER marker) confirmed the ER localization of these re-
combinant proteins (Fig. 5).

After testing the subcellular localization of AtFPS2, SCERG9, SCERG1
in addition to the one of MAOSC1 and MdCYP90-like, plants expressing
the five enzymes specifically in the head of the glandular trichomes were
generated and selected. Given that the GUS-VENUS coding sequence is
on the same T-DNA as AtFPS2, ScCERG9 and ScERG1 (Supplemental Fig.
2A-C) and that the mCherry coding sequence is on the same T-DNA as
MdOSC1 and MdCYP90-like (Supplemental Fig. 2D) and that these seven
coding sequences were individually placed under control of the same
PMALDI trichome-specific promoter (Pottier et al., 2020), confocal
microscopy was used to monitor the expression pattern of mVENUS and
mCherry and to select appropriate lines (Supplemental Fig. 2E). Only
lines presenting trichome-specific Venus and mCherry signals were
selected. Our assumption was that, given the fact the same promoter was
used to drive each individual expression cassette, the cellular expression
pattern of the two reporters (GUS-VENUS and mCherry) should mirror
the cellular expression pattern of the different transgenes.

Concerning the subcellular localizations, we kept the constructions
where the AtFPS2 and the SCERG9 were targeted to the plastids, SCERG1
being either in the plastids or in the ER (Fig. 2A and 2B). Regarding OSCs
and CYP450, these proteins are known to be localized in the ER
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A

membrane (Thoma et al., 2004, Hasemann et al., 1995, Jozwiak et al.,
2020). Because these enzymes use electron transporters (NADPH)
localized in the ER membrane for the formation of the acid function,
among other things (Fukushima et al., 2011, Upadhyay et al., 2015),
they were not targeted to the plastids.

One of our objectives was to determine the potential of pMALD1 for
metabolic engineering in N. tabacum trichomes. A previous study

Plant Science 328 (2023) 111573

Fig. 3. Subcellular localization of AtFPS2 from
Arabidopsis thaliana, SCERG1, and ScERG9 from
Saccharomyces cerevisiae with or without a
plastid targeting sequence. (A) N. benthamiana
plant cells transiently expressing a fusion pro-
tein of GFP (green fluorescent protein) and
AtFPS2 with a plastid targeting sequence
(green). The red signal corresponds to chloro-
phyll autofluorescence (chloroplasts). Both im-
ages are merged in the right-hand panel. (B)
N. tabacum BY-2 cells transiently expressing a
fusion protein of GFP and the yeast squalene
synthase (SCERG9) (green) and a fusion protein
of CFP (cyan fluorescent protein) and HDEL, an
endoplasmic reticulum marker (magenta). Both
images are merged in the right-hand panel. (C)
N. benthamiana plant cells transiently express-
ing a fusion protein of GFP and ScERG9 with a
plastid targeting sequence (green). Red signals
correspond to chlorophyll autofluorescence
(chloroplasts). Both images are merged in the
right-hand panel. (D) N. tabacum BY-2 cells
transiently expressing a fusion protein of GFP
and the yeast squalene epoxidase (ScERG1)
(green) and a fusion protein of CFP and HDEL
(magenta). Both images are merged in the right-
hand panel. (E) N. benthamiana plant cells
transiently expressing a fusion protein of GFP
and ScERG1 with a plastid targeting sequence
(green). The red signal corresponds to chloro-
phyll autofluorescence. Both images are merged
in the right-hand panel.

showed specific activity of this promoter in trichomes (Pottier et al.,
2020), but the authors did not determine the expression level of trans-
genes using this promoter. To get a better idea of the activity of the
PMALDI promoter, we measured the RNA expression levels of the five
transgenes specifically in isolated glandular trichomes (Fig. 6 A).
Although the transgene expression level conferred by the MALD1 pro-
moter is gene-specific, all five transgenes were found to be expressed,
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Fig. 4. (A) RT-gPCR for T1 transgenic lines expressing AtFPS2, ScERG9 and
ScERG1 with different subcellular localizations in isolated trichomes. For each
combination of constructs, two independent lines were analyzed (trichomes
from three plants per line were collected and pooled prior to RNA extraction).
The subcellular localization of the different recombinant proteins (AtFPS2,
ScERGY, ScERG1) is indicated at the bottom, either in the endoplasmic retic-
ulum (ER) or in plastids. Gene expression levels are expressed relative to that
corresponding to the geometric mean of three different internal control genes
(NtEF1a, NtTac9, NtUbc2). (B) Squalene and oxidosqualene accumulation in
leaves from TO plants expressing AtFPS2, ScCERG9 and ScERG1. AtFPS2, SCERG9
and ScERG1 are localized in plastids or in the ER, under the trichome-specific
promoter pMALD1. For each combination of construct, means were obtained
from five randomly chosen independent TO lines. Results obtained by GC-MS/
MS. ND: not detected (below the GC-MS detection limit). Results are displayed
as mean+ SD. Asterisks indicate significant differences determined using Stu-
dent’s t-test: *p < 0.05, * *p < 0.01.

with a relative gene expression between 0.1 and 0.8 compared to the one
of the reference genes (Fig. 4 A and Fig. 6 A). However, these expression
levels are relatively low compared to the one of endogenous NtMALD]1,
which has a relative gene expression level up to 12 (Supplemental Figure
6).

Regarding the metabolites, we observed a significant 2.2-fold
decrease in the quantity of squalene in three lines which expressed the
five transgenes specifically in the trichomes, regardless of the subcel-
lular location of ScERG1 (down to 1.2 ug/g gw, while WT plants have
2.6 ug/g rw; Fig. 6B). Given that the transgenes were specifically
expressed in the glandular heads of the trichomes, while extracts for GC-
MS analysis were prepared from whole leaf discs, this is a big difference.

Concerning the triterpenic acids, as MdOSCI is a multifunctional
enzyme that produces a 5:1 ratio of a-amyrin to f-amyrin (Andre et al.,
2016), we looked at the concentrations of ursolic and oleanolic acids.
These triterpenic acids correspond to the triterpene acids of a- and
B-amyrin respectively. Of the eighteen plants analyzed, we detected a
small quantity of ursolic acid (~ 2.1 pg/g rw) in three plants (2 plants
when ScERG1 was in plastids and one plant when in the ER; Fig. 6B and
Fig. 6 C). The concentration was above the limit of detection defined as
the mean+ 3 SD of the signal baseline (Knoll, 1985, Fig. 6C). Ursolic
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acid concentration was quantified based on the standard calibration
curve (Supplemental Fig. 7A). No olanolic acid was detected as it was
below the limit of detection (Fig. 6C). Besides squalene, 2,3-oxidosqua-
lene, oleanolic and ursolic acid (as shown in Fig. 6), we also attempted to
measure the levels of campesterol, stigmasterol, p-sitosterol, f-amyrin
and o-amyrin on whole leaf extracts from T1 transformants, using
GC-MS/MS. No significant difference was observed in term of sterol
profile/accumulation in the different T1 lines we tested: the levels of
campesterol, stigmasterol and b-sitosterol were similar to those of WT
lines (Supplemental Table 3). No accumulation of oxidosqualene,
B-amyrin or a-amyrin was detected in WT or T1 transgenic lines as the
concentration of these terpenes was below the limit of detection in our
GC-MS/MS assays (Supplemental Table 3).

No modified phenotypes were observed in these transgenic plant
lines. No ursolic acid was detected in WT lines (Fig. 6C) or in lines co-
expressing only the first three transgenes (AtFPS2, ScERG9 and
ScERG1). As a result, ursolic acid production was specifically due to the
activity of the recombinant MdOSCI and MdCYP90-like enzymes when
expressed in addition to recombinant AtFPS2, SCERG9 and ScERG1. We
did not test the presence of ursolic acid upon co-expression of MdOSC1
and MdCYP90-like in a wild type background and may not exclude
ursolic acid could be formed in this case (probably at an even lower
amount than the one we observed in this study).

3.4. Boosting the precursors: overexpression of HMGR in trichomes

As one of the possibilities to increase the overall yield is to increase
the availability of IPP/DMAPP precursors, overexpression of rate
limiting enzymes for IPP/DMAPP biosynthesis, such as AtHMG1/HMGR
(Leivar et al., 2005), in the glandular heads of trichomes for the MVA
pathway was attempted. HMGR overexpression in trichome glandular
heads caused a modest but significant 1.2-fold accumulation of squalene
(up to 3.7 ug/g rw, while WT plants have 3.2 pg/g gw; Supplemental
Fig. 5). No modified phenotypes were observed in transgenic lines.

4. Discussion

In the present effort, our objectives were threefold. The first objec-
tive was to test the feasibility of redirecting the metabolic flux of terpene
biosynthesis to produce triterpenic acids in N. tabacum. Our second
objective was to evaluate the impact of various subcellular localizations
(plastidial or cytosolic) of the enzymes to produce triterpenic acids most
efficiently from the existing pools of IPP/DMAPP precursors. Our last
objective was to evaluate the potential of a newly identified trichome-
specific promoter, pMALD1, for metabolic engineering purposes
(Pottier et al., 2020). Given these objectives, our study initially estab-
lishes the first three biosynthetic steps to the intermediate oxidosqua-
lene in a transient assay, re-targeting the enzymes to the plastids and
with that demonstrating the principle. Moving the route into stably
engineered transgenic plants with the trichome specific promoter and
adding the last two enzymes resulted in detectable accumulation of the
oxidized triterpenoid, albeit at low level.

4.1. Redirecting the metabolic flux of terpenes

A de novo biosynthesis of oxidosqualene, the last common interme-
diate of triterpenic acids, was attempted in N. tabacum glandular tri-
chomes. When AtFPS2, truncated SCERG9 and ScERG1 were transiently
expressed in plastids of N. benthamiana leaves, an 82-fold increase in
oxidosqualene, compared to non-infiltrated plants, was observed
(Fig. 1).

However, when the three transgenes were stably expressed in
N. tabacum trichomes, we did not detect accumulation of oxidosqualene.
This result was expected since SQE is a rate-limiting enzyme in the sterol
synthesis pathway (Asadollahi et al., 2010; Satoh et al., 1993; Jennings
et al., 1991). Another possibility could be that oxidosqualene was
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Fig. 5. Confocal fluorescence microscopy images of leaf tissue of N. benthamiana expressing transiently the fusion proteins (A) p35S:MdCYP90-like-eGFP (left) and
p35S:HDEL-CFP (middle) or (B) p35S:MdOSCI-eGFP (left) and p35S:HDEL-CFP (middle)after Agrobacterium-mediated infiltration. On the right panels, superposition
of fluorescence signals allowing the visualization of the colocalization of the p35S:MdCYP90-like-eGFP or p35S:MdOSCI-eGFP protein with HDEL-CFP, a marker of

the endoplasmic reticulum.

converted to triterpenes and/or sterols by endogenous enzymes.
Therefore, we decided to look at squalene, synthesized upstream of
oxidosqualene in the biosynthesis pathway. Whatever the subcellular
localization of the three enzymes, a 1.5-2-fold increase in squalene
concentration was observed compared to WT controls (Fig. 4B).
Compared to published results (up to 1760 pg/g rw) by locating AtFPS2
and ScERG9 in plastids of N. tabacum trichomes (Wu et al., 2012), the
observed accumulations seem relatively low. However, in Wus study,
the plants had many deleterious phenotypes (chlorosis, dwarfism, ...)
probably due to the lack of tissue specificity of the promoter used.
Indeed, the authors used the CBTS promoter with additional enhancers
of the 35S promoter of cauliflower mosaic virus. In another study
(Tissier et al., 2012), the same promoter was used with and without
these enhancers and these latter indeed seemed to be responsible for the
deleterious phenotypes. Therefore, one cannot rule out that the accu-
mulation observed by Wu et al. (2012) did not only originate from
specific trichome-born enzymatic activity, but also from activity in the
entire leaf tissue considering that the activity of this CBTS promoter may
not be restricted to trichomes (Jiang et al., 2016, Pottier et al., 2020).
The second part of the project consisted of expressing AtFPS2,
ScERGY, ScERG1, MdOSC1 and MdCYP90-like necessary for the syn-
thesis of triterpenic acids from the pool of IPP/DMAPP. First, we looked
at the squalene accumulation in these transgenic plants. Interestingly,
we observed a 2.2-fold decrease in the amount of squalene when all five
transgenes were present (down to 1.2 pg/g gw, while WT plants have
2.6 ug/g rw), whereas an increase in squalene accumulation was
observed when only the first three enzymes were overexpressed in tri-
chomes. This decrease in squalene accumulation upon overexpression of
the five transgenes in trichomes suggests squalene did not accumulate
and was further metabolized into triterpenes upon MdOSCI and
MdCYP90-like activity. Indeed, out of the eighteen plant lines analyzed
by GC-MS, we detected a modest but significant accumulation of ursolic
acid (a triterpenic acid of interest) in three lines, but no oleanolic acid.
This indicates that our genetic constructs indeed trigger a redirection of
the metabolic flux in glandular trichomes. As MdOSCI is a multifunc-
tional enzyme that produces a 5:1 ratio of a-amyrin to f-amyrin (Andre
et al., 2016), oleanolic acid, synthetized from p-amyrin, is probably
produced, but below the detection limit. Ursolic acid production seemed
to be specifically due to the activity of the recombinant MdOSCI and

MdCYP90-like enzymes as no ursolic acid was detected in WT lines or in
lines co-expressing only the first three transgenes (AtFPS2, ScCERG9 and
ScERG1).

By overexpressing these five enzymes specifically in the glandular
head of trichomes, we were able to redirect the metabolic flux of ter-
penes but only observed low yields of triterpenic acids. Further research
is needed to investigate and resolve the bottlenecks impacting such
biosynthesis.

However, while transgenes were specifically expressed in the glan-
dular heads of trichomes, all chromatographic analysis were carried out
on extracts from entire leaf disks where the bulk of the plant mass is not
contributing to the biosynthesis of the compounds of interest. Therefore,
although the accumulation may seem modest, these results show we
were actually able to redirect the flux of terpenes in glandular trichomes.

4.2. Impact of subcellular localization

The bioavailability of existing pools of natural precursor molecules is
controlled by so-called cross-talks between different biosynthetic path-
ways. As highlighted in Huchelmann et al. (2017), the exact nature and
extent of such cross-talks are only partially understood. The second
objective was therefore to test whether sinking precursors localized in
plastids, by exploiting potential cross-talks allowing the transport of
terpenoid precursors from the chloroplast to the cytosol, could be a way
to improve overall yield. To do so, we decided to test the impact of
different subcellular localizations of the enzymes on the yield in terpe-
noids of interest. Studies using constitutive promoters showed that
yields were higher when enzymes were localized in plastids, which are
metabolically active in leaves (Wu et al., 2006, Jiang et al., 2016).
However, in stable transgenic lines we did not detect, a significant
impact of the different subcellular localization of the enzymes (cytosolic
vs plastidial) on the production of squalene or of triterpenic acids
whether upon trichome-specific co-expression of AtFPS2, SCERG9 and
ScERG1 only (Fig. 4B) or in conjunction with MdOSC1 and
MdCYP90-like (Fig. 6B).

In all the transgenic lines we analyzed, the AtFPS2 expression level
was significantly higher than the one of ScCERG9 and ScERGI (Fig. 4A
and Fig. 6A). It is hard to explain how the activity of the pMALD1 pro-
moter could be regulated by feedback mechanisms, especially given the
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Fig. 6. (A) RT-gPCR for T1 transgenic lines co-expressing AtFPS2, ScERGY,
ScERG1, MdOSC1 and MdCYP90-like with different subcellular localizations in
isolated glandular trichomes. For each combination of constructs, five inde-
pendent lines were analyzed (trichomes from three plants per line were
collected and pooled prior to RNA extraction). The subcellular localization of
the different recombinant proteins (AtFPS2, ScERG9, ScERG1, MdOSC1 and
MdCYP90-like) is indicated at the bottom, either in the endoplasmic reticulum
(ER) or in plastids. Gene expression levels are expressed relative to that cor-
responding to the geometric mean of three different internal control (NtEFla,
NtTac9, NtUbc2). (B) Squalene and ursolic acid accumulation in T1 lines
expressing AtFPS2, ScCERGY9, ScERG1, MdOSC1 and MdCYP90-Like in trichomes.
GC-MS analysis of squalene, oxydosqualene and ursolic acid accumulation (for
each combination of constructs, three plants per line and three independent
lines were analyzed). ND: below the limit of detection in GC-MS. (C) Chro-
matogram of authentic standards (500 ug/mL) of oleanolic acid
(peak:13,22 min) and ursolic acid (peak:13,67 min) (grey trace), a sample
prepared from a transgenic line expressing all five transgenes (red trace) and a
wild type line (violet trace). The limit of detection (LOD, defined as the
mean+3 SD of the signal baseline) for the sample is shown (black line). The
chromatogram shows selected ions at m/z: 203.140 + /- 0.001. Results are
displayed as mean =+ SD. For ursolic acid, means were calculated only from
plants where ursolic acid was detected. Asterisks indicate significant differences
determined using Student’s t-test: *p < 0.05, * *p < 0.01, * **p < 0.001.
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fact that the expression levels of SCERG9 and ScERGI were much more
affected than the one of the AtFPS2 transgene (despite the use of the
same transcriptional promoter in the construct). The lower expression
levels of SCERG1 and ScERG9 could be caused by the architecture of the
construct used in this study and thus reflect an experimental artifact
rather than actual feedback regulation mechanisms. Readthrough from
the first transcript (AtFPS2) could cause reduced expression of down-
stream transgenes (ScERG9 and ScERG1), especially since tNOS is not a
very strong terminator.

Actually, given that FPP can be transported across the plastid enve-
lope (Bick and Lange, 2003), plastid-derived FPP, synthesized by the
plastid-targeted AtFPS2 could be used, thanks to existing cross-talks, by
endogenous ER membrane-associated SQS and SQE and thereby ac-
counts for the observed squalene accumulation via the endogenous
cytosolic pathway. No linear correlation could be observed between the
expression level of the AtFPS2 transgene and squalene accumulation in
the different transgenic lines we analyzed, squalene accumulation
appearing to plateau around 1.5 pg/grw in transgenic lines (Supple-
mental Fig. 4), a concentration much lower than the > 600 pg/g rw
observed by Wu et al., 2012.

4.3. pMALDI for metabolic engineering purposes

The last objective was to assess the potential of a newly identified
trichome-specific promoter, pMALD1 (Pottier et al., 2020), for metabolic
engineering purposes.

We could confirm that pMALD1 promoter sequence used is appro-
priate to drive gene expression specifically in secretory cells of glandular
trichomes (Supplemental Fig. 2) as reported in Pfigottier et al. (2020).
This 2 kb promoter sequence was also sufficient to produce clearly
detectable amounts of GUS-VENUS or mCherry proteins using confocal
microscopy (Supplemental Fig. 2E) in the different selected lines.

The expression levels of the different transgenes are in the same
range or slightly lower than the one of the control genes used to
normalize the data (Fig. 4A and Fig. 6A). However, these expression
levels are relatively low compared to the expression of MALD1, which
has a relative gene expression up to 12 compared to the control genes
(Supplemental Fig. 6). This could suggest that the 2 kb promoter
sequence probably does not fully reflect the transcriptional activity of
the endogenous MALDI promoter (due to a different genomic context
(presence of enhancers) or the fact the 2 kb sequence cloned did not
include all the necessary regulatory regions). In addition, we cannot
exclude the existence of retroinhibition mechanisms (or even RNA
silencing events) in our transgenic lines that would limit the expression
levels of the transgenes, in a gene-specific way.

From a metabolic point of view, we have shown that it is possible,
using this promoter, to accumulate squalene by overexpressing AtFPS2,
ScERG9 and ScERGI1 specifically in trichomes (up to 17.7 pg/g pw;
Fig. 4B) and some ursolic acid by overexpressing five transgenes.
However, the concentrations obtained in this project (~ 2.1 pg/g rw of
ursolic acid) remain low compared to the ones of endogenous diterpenes
(~ 300 pg/g pw of diterpenes).

During the development of this project, we decided to express pro-
teins from different species (S. cerevisiae, M. domestica, A. thaliana)
whose activity had already been characterized and to try to avoid/limit
endogenous negative feedback regulation mechanisms. Therefore, genes
previously studied in the literature (Wu et al., 2012) or whose enzymatic
activity had already been characterized (Andre et al., 2016) were used.
This choice of enzymes could probably have been optimized in term of
enzymatic activity as there is a possibility that more efficient enzymes
(in term of enzymatic activity or selectivity profile) could be found.

As boosting the MVA pathway via overexpression of full length
HMGR had only a modest impact on squalene accumulation (Supple-
mental Fig. 5), it might be interesting to test the effect of a truncated
version of this protein (Chappell et al., 1995, Harker et al., 2003).
N-terminally truncated HMGRs, lacking the membrane binding domain,
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are soluble and are not subjected to retroinhibition making them
significantly stronger in supporting the engineered isoprenoid path-
ways. Overexpression of either a truncated hamster HMGR or a trun-
cated rubber tree HMGR in transgenic tobacco indeed resulted in sterol
overaccumulation due to enhanced HMGR activities (Chappell et al.,
1995; Harker et al., 2003).

As improperly terminated transcripts can serve as a basis for gene
silencing, optimization of the choice of terminator used in the different
constructs could be a way to increase the gene expression levels (Luo and
Chen, 2007). In this project, the terminator of nopaline synthase from
A. tumefaciens (tNOS) was used, which is less efficient than other ter-
minators (de Felippes et al., 2020). Optimizing the choice of terminator
might be another option.

Diterpenes are synthesized and continuously secreted via ABC
transporters (Jasinski et al., 2001, Crouzet et al., 2013). In this project,
we did not express any ABC transporter. Therefore, we cannot exclude
that the metabolites were accumulated in the head of the glandular
trichomes without getting secreted. When metabolites from leaf surface
extracts prepared from TO lines expressing the five transgenes were
analyzed by GC-MS/MS, no significant difference compared to WT was
detected regarding the terpenoid profile (Supplemental Figure 8). This
suggests that the metabolites synthesized by the engineered pathway
were not properly secreted. This could negatively impact their biosyn-
thesis (e.g., cytotoxicity, activation of negative feedback regulation
mechanisms) in comparison to a situation where, as for diterpenes, they
would get secreted at the leaf surface.

Altogether those results suggest that using pMALDI, a trichome-
specific promoter to drive the expression of AtFPS2, ScCERGY9, ScERG1,
MdOSC1 and MdCYP90-like we were able to partly redirect the meta-
bolic flux of terpene biosynthesis towards the production of low
amounts of ursolic acid, a triterpenic acid, in secretory cells of glandular
trichomes in Nicotiana tabacum. However, further research is needed to
investigate and resolve the bottlenecks impacting such biosynthesis to
significantly improve the yield.
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