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SUMMARY

The plant-specialized metabolite montbretin A (MbA) is being developed as a new treatment option for
type-2 diabetes, which is among the ten leading causes of premature death and disability worldwide. MbA
is a complex acylated flavonoid glycoside produced in small amounts in below-ground organs of the peren-
nial plant Montbretia (Crocosmia X crocosmiiflora). The lack of a scalable production system limits the
development and potential application of MbA as a pharmaceutical or nutraceutical. Previous efforts to
reconstruct montbretin biosynthesis in Nicotiana benthamiana (Nb) resulted in low yields of MbA and
higher levels of montbretin B (MbB) and montbretin C (MbC). MbA, MbB, and MbC are nearly identical
metabolites differing only in their acyl moieties, derived from caffeoyl-CoA, coumaroyl-CoA, and feruloyl-
CoA, respectively. In contrast to MbA, MbB and MbC are not pharmaceutically active. To utilize the mon-
tbretia caffeoyl-CoA biosynthesis for improved MbA engineering in Nb, we cloned and characterized
enzymes of the shikimate shunt of the general phenylpropanoid pathway, specifically hydroxycinnamoyl-
CoA: shikimate hydroxycinnamoyl transferase (CcHCT), p-coumaroylshikimate 3'-hydroxylase (CcC3'H), and
caffeoylshikimate esterase (CcCSE). Gene expression patterns suggest that CcCSE enables the predominant
formation of MbA, relative to MbB and MbC, in montbretia. This observation is supported by results from in
vitro characterization of CcCSE and reconstruction of the shikimate shunt in yeast. Using CcHCT together
with montbretin biosynthetic genes in multigene constructs resulted in a 30-fold increase of MbA in Nb.
This work advances our understanding of the phenylpropanoid pathway and features a critical step towards
improved MbA production in bioengineered Nb.

Keywords: montbretia, Crocosmia X crocosmiiflora, type-2 diabetes, obesity, bioengineering, flavonoid bio-
synthesis, phenylpropanoid pathway, hydroxycinnamoyl-CoA: Shikimate hydroxycinnamoyl transferase
(HCT), caffeoyl shikimate esterase (CSE), p-coumaroylshikimate 3'-hydroxylase (C3'H).

INTRODUCTION linked to obesity or being overweight, unhealthy lifestyle

Type-2 diabetes (T2D) is a growing epidemic and one of
the leading causes of death and disability worldwide (The
Lancet, 2023). The disease affects over half a billion people
globally, with healthcare expenditures exceeding US$900
billion in 2021. The number of people affected by T2D is
expected to rise to 1.3 billion by 2050, making it ‘a defining
disease of the 21st century’ (Ong et al., 2023). T2D is often
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conditions, and food insecurity across low-, middle- and
high-income societies (Diabetes Canada, 2020; FAO et al.,
2021). The growing case numbers of T2D, as well as
side effects caused by current T2D medications, require
new or improved treatment options, including easily acces-
sible pharmaceuticals and nutraceuticals, to control
blood glucose levels in T2D patients and prediabetics. The
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plant-specialized metabolite montbretin A (MbA) has been
approved for Phase-1 clinical trials as a T2D treatment,
after having previously passed efficacy and toxicity studies
in animals (Yuen et al., 2016). MbA lowers the glycemic
index of starch-containing food by highly efficient (K; of
8 nm) and specific inhibition of the human pancreatic o-
amylase (HPA), a key enzyme in starch digestion (Andersen
et al., 2009; Asada et al., 1988; Tarling et al., 2008; Williams
et al., 2015).

MbA is a complex acylated flavonoid glycoside
(Figure 1a,b), which according to current phytochemical and
taxonomic knowledge is unique to plants of the genus Mon-
tbretia (Crocosmia; family Iridaceae) that are native to eight
different species in Southern and Eastern Africa (Royal
Botanical Garden, Kew, 2023). The ornamental montbretia
hybrid C. x crocosmiiflora is widely grown around the
world as a perennial garden plant. C. x crocosmiiflora pro-
duces MbA in small amounts in bulb-like below-ground
organs, called corms, during a short time of the growing
season (Irmisch et al., 2018). The limited taxonomic occur-
rence of MbA, its low abundance in montbretia corms, and
its lack of scalable horticultural production make it unfeasi-
ble to obtain sufficient amounts of the metabolite from its
natural source. Due to its complex chemical structure
(Figure 1b), the MbA supply problem also cannot be
resolved by chemical or chemo-enzymatic synthesis. How-
ever, synthetic biology and bioengineering of a heterolo-
gous host have the potential for the development of a
scalable production system for MbA. To this end, all of the
required montbretia MbA biosynthetic genes and enzymes,
as well as several precursor pathway genes, have been
cloned and characterized, and proof of concept of metaboli-
cally engineered MbA production in Nicotiana benthamiana
(Nb) has been established (Irmisch et al., 2018, 2020;
Irmisch, Jancsik, et al., 2019; Irmisch, Ruebsam, et al., 2019).
MbA is assembled from seven building blocks: the flavonoid
myricetin, two units of UDP-glucose (UDP-Glc), two units of
UDP-rhamnose (UDP-Rha), one UDP-xylose (UDP-Xyl), and
the CoA-activated hydroxycinnamic acid caffeoyl-CoA
(Irmisch et al., 2020). The assembly requires the activity of
five UDP-dependent glycosyltransferases (CcUGT1-5) and a
BAHD acyltransferase (CcAT1 or CcAT2) (Figure 1a).

Nb is widely used as a heterologous transient expres-
sion system for the production of a variety of different pro-
teins and discovery of biosynthetic pathways, due to the
ease of Agrobacterium-mediated expression of single or
multiple genes (Bally et al., 2018). In the plant biotechnol-
ogy industry, Nb is used for the production of therapeutic
and diagnostic proteins, enzymes, vaccines, and antibodies
(Schillberg & Finnern, 2021; Tschofen et al., 2016). Biosyn-
thetic systems of several plant-specialized metabolites,
including terpenoids, alkaloids, and flavonoids from a
diverse range of plant species, have been elucidated and
reconstructed using heterologous transient gene
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expression in Nb; and this system is also being explored
for scalable of production of high-value plant metabolites
(Calgaro-Kozina et al., 2020; De La Pena et al., 2023; Dudley
et al., 2022; Irmisch et al., 2020; Kim et al., 2022; Lau & Sat-
tely, 2015; Nett & Sattely, 2021; Reed & Osbourn, 2018;
Schultz et al., 2019). However, one major challenge inher-
ent to the bioengineering and heterologous production of
specific specialized metabolites in Nb is the occurrence
of unwanted side-products due to endogenous Nb enzyme
activities (Dudley et al., 2022; Irmisch et al., 2020). Another
common problem is the lack, or low abundance, of specific
metabolic precursors in Nb, which may result in low yields
of the target product or biosynthesis of non-target metabo-
lites (De La Pena & Sattely, 2021; Irmisch, Ruebsam,
et al., 2019; Kim et al., 2022; Reed & Osbourn, 2018).

In previous work, we successfully reconstructed MbA
biosynthesis in Nb by transiently expressing the six mon-
tbretia MbA assembly genes (CcUGT1-5 and CcAT1), as
well as three additional montbretia genes to enhance myri-
cetin biosynthesis, specifically a MYB transcription factor
(CcMYBA4), flavonol synthase (CcFLS), and flavonol 3'5'-
hydroxylase (CcCYP2) (Irmisch et al., 2020; Irmisch, Rueb-
sam, et al., 2019). However, levels of MbA were low, and
two related compounds, montbretin B (MbB) and montbre-
tin C (MbC), were produced in higher concentrations than
MbA (Irmisch et al., 2020). MbA, MbB, and MbC are nearly
identical, but they differ in their acyl moieties, which are
derived from caffeoyl-CoA, coumaroyl-CoA, and feruloyl-
CoA, respectively (Figure 1b). In contrast to MbA, MbB,
and MbC are not effective as HPA inhibitors (K; of 3600 and
6100 nwm, respectively), highlighting the importance of the
caffeoyl meta-hydroxy group (Tarling et al., 2008; Williams
et al., 2015). Formation of MbA, MbB, and MbC by the
same set of montbretin pathway assembly enzymes is
likely due to lack of substrate specificity of CcAT1 and
CcAT2, which accept caffeoyl-CoA, coumaroyl-CoA, and
feruloyl-CoA (Irmisch et al., 2018). It is not known what
mechanisms regulate the preferential accumulation of
MbA, relative to MbB and MbC, in montbretia corms, and
how the same might be accomplished in Nb. We hypothe-
size that differences in the availability of caffeoyl-CoA in
montbretia corms and Nb leaves may be a factor influenc-
ing the different montbretin profiles in the native and het-
erologous system.

Caffeoyl-CoA, coumaroyl-CoA, and feruloyl-CoA are
all derived from the general phenylpropanoid pathway
(Figure 1c), which plays a central role in plant growth and
development and is tightly regulated by a complex net-
work of transcription factors and signaling pathways (Che-
zem & Clay, 2016; de Vries, First-Jansen, et al., 2021;
Douglas et al., 1992; Renault et al., 2019; Weng & Chapple,
2010; Xie et al., 2018; Zhong & Ye, 2009). The phenylpropa-
noid pathway begins with phenylalanine ammonia-lyase
(PAL) converting phenylalanine to cinnamic acid, followed
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Figure 1. Biosynthesis of montbretin A and hydroxycinnamic acid-CoA esters. (a) Schematic of the six-step assembly pathway of montbretin A (MbA) in mon-
tbretia (Irmisch et al., 2018, 2020; Irmisch, Jancsik, et al., 2019; Irmisch, Ruebsam, et al., 2019). MbA is assembled from seven different building blocks, myricetin,
two units of UDP-glucose, two units of UDP-rhamnose, UDP-xylose, and caffeoyl-CoA. The assembly pathway involves five different UDP-glycosyltransferases
(CcUGT1-5) and a BAHD acyltransferase (CcAT1 or CcAT2). The different building blocks of the MbA molecule are shown as colored symbols. (b) Structure of
montbretin A (MbA), montbretin B (MbB), and montbretin C (MbC). The different acyl moieties are highlighted in purple and are derived from either caffeoyl-
CoA (MbA), coumaroyl-CoA (MbB), or feruloyl-CoA (MbC). (c) lllustration of the general phenylpropanoid pathway from phenylalanine to the hydroxycinnamic
acid-CoA esters, caffeoyl-CoA, coumaroyl-CoA, and feruloyl-CoA, with focus on the shikimate shunt shown with a box. The shikimate shunt may not be con-
served across all land plants, and additional enzymes may exist in different plant species. Arrows depict one possible direction of pathway flux. PAL, phenylala-
nine ammonia-lyase; C4H, cinnamate 4-hydroxylase; 4CL, p-coumaroyl ligase; HCT, hydroxycinnamoyl-CoA:shikimate hydroxycinnamoyltransferases; C3H, p-
coumarate 3-hydroxylase; C3'H, p-coumaroylshikimate 3'-hydroxylase; CSE, caffeoylshikimate esterase; CAMT, caffeic acid O-methyltransferase; CCoA-OMT,
caffeoyl-CoA O-methyltransferase; C3H/APX, bifunctional p-coumarate 3-hydroxylase.

by cinnamic acid 4-hydroxylase (C4H) to yield coumaric
acid (Fraser & Chapple, 2011; Kriegshauser et al., 2021).
Activation of coumaric acid to coumaroyl-CoA is catalyzed

by 4-coumaroyl ligase (4CL) (Costa et al., 2005). It is impor-
tant to note that coumaroyl-CoA provides the acyl moiety
in MbB, and is also the precursor for the biosynthesis of
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myricetin, the central flavonol building block in MbA, MbB,
and MbC (Irmisch, Ruebsam, et al., 2019). Caffeoyl-CoA
and feruloyl-CoA are produced from coumaroyl-CoA via
the formation of shikimate esters, known as the shikimate
shunt (Hoffmann et al., 2003, 2005; Moghe et al., 2023).
Esterification of coumaroyl-CoA with shikimate by
hydroxycinnamoyl-CoA:  shikimate  hydroxycinnamoyl
transferases (HCT), gives rise to coumaroylshikimate (Hoff-
mann et al., 2003). Coumaroylshikimate can be hydroxyl-
ated by p-coumaroylshikimate 3'-hydroxylase (C3'H) to
produce caffeoylshikimate (Alber et al., 2019; Schoch
et al., 2001). In some plant species, HCT may catalyze the
reaction of caffeoylshikimate to caffeoyl-CoA and free shi-
kimate (Hoffmann et al., 2005; Vanholme et al., 2013). Alter-
natively, caffeoylshikimate esterase (CSE) catalyzes the
hydrolysis of caffeoylshikimate into shikimate and caffeic
acid, the latter can then be activated by 4CL to caffeoyl-
CoA (Vanholme et al., 2013). Caffeoyl-CoA can be methyl-
ated by caffeoyl-CoA O-methyltransferase to produce
feruloyl-CoA (CCoA-OMT) (Zhong et al., 1998). Routes that
bypass the shikimate shunt involve direct conversion of
coumaric acid into caffeic acid. For example, in Brachypo-
dium distachyon and Arabidopsis thaliana a bifunctional
ascorbate peroxidase, coumarate 3-hydroxylase (C3H)/
APX, can hydroxylate coumaric acid (Barros et al., 2019). In
poplar (Populus trichocarpa), a C4H/C3H complex has been
reported for this function (Chen et al., 2011), but has
recently been put in question (Gou et al., 2018). Addition-
ally, older literature suggested that phenolases may oxi-
dize coumaric acid to caffeic acid (Duke & Vaughn, 1982;
Kojima & Takeuchi, 1989; Stafford & Dresler, 1972). Since
4CL enzymes are involved in the formation of caffeoyl-
CoA, coumaroyl-CoA, and feruloyl-CoA (Figure 1b), we
recently cloned and characterized montbretia 4CLs.
We tested the two identified Cc4CLs for a possible prefer-
ence for caffeic acid, relative to coumaric acid, as a possi-
ble mechanism for higher levels of MbA production in
montbretia. However, both Cc4CLs preferred coumaric acid
as their substrate and did not enhance MbA levels when
co-expressed with the MbA assembly pathway in Nb (Sun-
strum et al., 2021).

Here, we further investigate the shikimate-shunt of
the phenylpropanoid pathway in montbretia for the bio-
synthesis of the different acyl-CoA precursors for MbA,
MbB and MbC biosynthesis. We describe the discovery of
CcHCT (AT8), CcC3'H, and CcCSE (EST2), the in planta
characterization, the in vitro characterization of CcHCT
(AT8) and CcCSE (EST2), as well as the reconstruction of
the entire shikimate shunt pathway in yeast. We used
both engineered yeast and Nb to shed light on the role of
this pathway in montbretia. Heterologous expression of
montbretia phenylpropanoid pathway enzymes resulted in
increased MbA levels in Nb. This work highlights the

© 2023 The Authors.
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importance of the phenylpropanoid pathway for MbA bio-
engineering in Nb and the metabolic plasticity of this host
for production of rare and valuable specialized
metabolites.

RESULTS
Identification of montbretia HCT candidates

To identify montbretia enzymes involved in the biosynthe-
sis of caffeic acid and caffeoyl-CoA, we used BLASTP
searches against a translated transcriptome database that
covers a time course of corm development, previously
described in Irmisch et al. (2020). Known plant HCT
sequences typically belong to Clade 5 of the BAHD acyl-
transferase (AT) family (Kruse et al., 2022, 2023; Moghe
et al., 2023). A search of the montbretia transcriptome
using A. thaliana HCT (NP_199704.1) revealed three candi-
date genes, for which we cloned the coding sequences
(CDS) from young corms. We named these acyltrans-
ferases CcAT8, CcATY9, and CcAT10, prior to testing them
for HCT function. The three translated amino acid
sequences showed the typical BAHD motifs, HxxxD and
DFGWG (Figure S1), and fell into Clade 5 of the BAHD-AT
family (Figure 2a; Figure S2, File S1). CcAT8 grouped with
known monocot HCTs within the Sub-Clade 5a/b, while
CcAT9 and CcAT10 appear on the margins of this subclade
(Figure 2a, Figure S2). The latter two grouped together
with  OsHCT4 (XM_015786263.1) and PvHCT1-like
(AFY17066.1) involved in the formation of glycerolesters
and chlorogenic acid biosynthesis, respectively (Escamilla-
Trevino et al., 2014; Kim et al., 2012).

Previously characterized genes involved in the MbA
assembly pathway, CcUGT1-5 and CcAT1-2, are co-
expressed with the highest transcript levels during the
early seasonal development of young corms coinciding
with MbA accumulation (Irmisch et al., 2018, 2020). Analy-
sis of the transcriptome data that cover the six different
time points of corm development (Irmisch et al., 2020) did
not reveal a strong correlation (>0.8) of expression patterns
of CcAT8, CcAT9 or CcAT10 with the MbA assembly genes
(Figure S3, Table S1).

Identification of montbretia C3'H candidates

A BLASTP search of the montbretia transcriptome for puta-
tive C3'H sequences using the C3H (CYP98A3) sequence
from A. thaliana (NP_850337.1, CYP98A3) as bait identified
a single montbretia transcript, CcC3'H (CYP98A216), for
which we cloned the full-length CDS. The translated amino
acid sequence shared 75% identity with A. thaliana
CYP98A3 (Figure S4). The time course transcript expres-
sion pattern of CcC3 H did not strongly correlate (>0.8) with
the expression of previously characterized MbA biosyn-
thetic genes (Figure S3, Table S1).
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Figure 2. Position of montbretia candidate HCTs and CSEs within the phylogeny of the plant BAHD acyltransferase enzyme family (a) and plant esterases of the
alpha/beta hydrolase enzyme family (b), respectively. (a) Phylogenetic tree of characterized BAHD acyltransferases (Transferase, Pfam: PF02458) (Kruse
et al., 2022) including the montbretia HCT candidates, CcAT8, CcAT9 and CcAT10. The tree was rooted using the algal clade (Clade 0). Clade 5, with sub-Clade 5
a/b containing characterized HCTs, is shown in full. Sub-Clade 5c¢ contains enzymes involved in phenolamide biosynthesis. Other clades are collapsed (see
Figure S2 for the expanded version of the tree). (b) Phylogenetic tree of characterized and uncharacterized plant esterases of the alpha/beta hydrolase family
(Hydrolase_4, Pfam: PF12146). Montbretia candidates and sequences from other plant species were identified using a BLASTP search with the Arabidopsis thali-
ana caffeoylshikimate esterases (AtCSE, AT1G52760.1) from the Uniprot database. Four previously functionally characterized CSEs from other species are shown
with names in purple. The algae sequence clade was used for rooting the tree and is shown collapsed (see Figure S2 for the expanded version of the tree). The
trees in (a) and (b) were calculated using IQ-TREE v1.6.10 and illustrated in ITOL v5.6.2 (Letunic & Bork, 2021). Light blue circles on branches indicate bootstrap
support values >70. Names highlighted in blue represent the montbretia genes identified in this study. The clades of interest are shown with branches drawn as
thicker lines in purple. The sequences used to calculate the trees are given in File S1 (BAHDs) and File S2 (ESTs). BAHD sequences are from Kruse et al., 2022
and further description can be found there. Species abbreviations for (b): Ahal, Arabidopsis halleri; Alyr, Arabidopsis lyrata, Atha, Arabidopsis thaliana; Atri,
Amborella trichopoda; Bdis, Brachypodium distachyon; Bole, Brassica oleracea; Brap, Brassica rapa; Cbra, Chara braunii; Csat, Cucumis sativus; Csin, Citrus
sinensis; Dcar, Daucus carota; Egra, Eucalyptus grandis; Fves, Fragaria vesca; Ghir, Gossypium hirsutum; Gmax, Glycine max; Grai, Gossypium raimondii; Gsoy,
Glycine soja; Hann, Helianthus annuus; Hvul, Hordeum vulgare; Ljap, lonicera japonica; Mesc, Manihot esculenta; Mtru, Medicago truncatula; Osat, Oryza sativa;
Phal, Panicum hallii; Ppat, Physcomitrium patens; Pper, Prunus persica; Ptre, Populus tremuloides; Ptri, Populus trichocarpa; Pvir, Panicum virgatum; Qrub,
Quercus rubra; Sbic, Sorghum bicolor; Sfal, Sphagnum fallax; Slyc, Solanum lycopersicum; Smoe, Selaginella moellendorffii; Spur, Salix purpurea; Stub, Sola-
num tuberosum; Svir, Setaria viridis; Tcac, Theobroma cacao; Teas, Triticum aestivum; Tpli, Thuja plicata; Tprat, Trifolium pratense; Vvin, Vitis vinifera; Zmar,

Zostera marina; Zmay, Zea mays.

Identification of montbretia CSE candidates

A BLASTP search of the montbretia transcriptome for puta-
tive CSE sequences using the A. thaliana CSE (AtCSE,
NP_175685.1) as query revealed three montbretia esterase-like

transcripts, CcEST1, CcEST2 and CcEST3, which were cloned
as full-length CDS. Their translated amino acid sequences
shared 37%, 67%, and 33% identity with AtCSE, respectively
(Figure S5). A phylogeny with characterized CSEs from other

© 2023 The Authors.

The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2024), 117, 766-785

85U8017 SUOWILIOD BAIIE8.D) 8|qeo!|dde 8y} Aq peuiencb afe se o VO ‘88N Joss|ni 1oy Ariqiauljuo A8|1M UO (SUOTIPUOD-pUe-SLLIBI/L0D" A3 | 1M Afelq 1 [eul|uo//SdNL) SUONIPUOD Pue SWe | 8U} 89S *[7202/80/ST] Uo AriqiTauliuo A8 |im ‘ssikeidi AiseAlun uepi Aq 8269T [dy/TTTT 0T/1I0p/w00 A8 1m ArIq Ul |uo//Sdny Wolj pepeojumod ‘€ ‘720Z ‘XETESIET



species and uncharacterized homologs from the UniProt data-
base (The UniProt Consortium, 2023) placed CcEST2 into a
large clade that contained functionally characterized CSEs
from A. thaliana (AtCSE, AT1G52760.1), switchgrass (Panicum
virgatum;  PvCSE,  Pavir.Ab00639.1), poplar (PtCSE,
XP_002298118.2), and barrel clover (Medicago truncatula;
MtCSE, XP_003610038.1) (Figure 2b; Figure S2b, File S2). In
contrast, CcEST1 and CcEST3 clustered outside of the CSE-
containing clade, suggesting they encode esterases that are
functionally different from CSEs. All three transcripts showed
strong co-expression (correlation >0.8) with MbA biosynthetic
genes during the time course of corm development
(Figure S3, Table S1).

Expression of individual montbretia phenylpropanoid
pathway genes increases MbA formation in NN,
benthamiana

To test if MbA vyields in Nb could be affected by the expres-
sion of CcAT8-10, CcEST1-3, or CcC3 H, we transiently co-
expressed one of each of these seven genes (hereafter
referred to as phenylpropanoid genes) together with a set
of ten genes previously described as required for heterolo-
gous MbA production in Nb (Irmisch et al., 2020). These
ten genes are the six montbretia genes, CcUGT1-5 and
CcAT1, required for the assembly of MbA from its different
building blocks (Figure 1); a set of three montbretia genes
to enhance myricetin biosynthesis, CcMYB4, CcCYP2, and
CcFLS; and the p19 silencer of repression. Hereafter, we
will refer to these ten genes as the ‘10-gene set’, and use
this term in the description of co-expression experiments
with the montbretia candidate phenylpropanoid pathway
genes described here.

CcAT8-10, CcEST1-3, and CcC3H were (Irmisch
et al., 2018; Tarling et al., 2008) individually cloned into
pCAMBIA230035Su and plasmids were individually trans-
formed into Agrobacterium tumefaciens. All genes were
expressed in Nb under the control of the 35S promoter.
For each experiment, Nb leaves were co-infiltrated with the
ten different Agrobacterium strains comprising the 10-gene
set and one strain carrying one of the putative phenylpro-
panoid pathway genes. Experiments were performed
with four biological replicates. As a control, leaves were
infiltrated only with the 10-gene set. Leaf extracts
were analyzed by liquid chromatography-mass spectrome-
try (LC-MS), and MbA, MbB, and MbC were quantified
(Figure S6a). Controls, transformed with the 10-gene set
only, yielded approximately 5 g MbA x g~' leaf fresh
weight (FW), which accounted for 1.3% of the total of the
three different montbretins (MbA plus MbB plus MbC)
(Figure S6b,c), confirming previous results (lrmisch
et al., 2020). In comparison, in montbretia corms, it was
previously reported that MbA is the most abundant mon-
tbretin (Irmisch et al., 2018; Tarling et al., 2008) and makes
up approximately 80% of the produced montbretins (File
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S3). Of the seven different putative phenylpropanoid path-
way genes tested here, co-expression with CcAT8 and
CcEST2, resulted in significant increases of MbA compared
to the control (Figure S6b). Co-expression with CcAT8
resulted in a fivefold increase of MbA (P-value <0.001,
29 ug MbA x g~' FW, 7.4% of total montbretins); and co-
expression with CcEST2 resulted in an eightfold increase
of MbA (P-value <0.001, 45 ug MbA x g~' FW, 7% of total
montbretins). Co-expression with CcC3 H increased MbA
levels slightly, but not significantly (P-value =0.13,
15 ug MbA x g~' FW, 1.8% total montbretins, Figure S6éb).
Co-expression with all other genes did not yield changes
in MbA levels. The increase of MbA levels effected by
CcAT8 or CcEST2 co-expression was confirmed with a sec-
ond independent set of experiments, also performed with
four replicates each (Figure 3). Here, control plants
produced 4 pg MbA x g~' FW (1.2% of total montbretins).
Co-expression with CcAT8 resulted in a 15.2-fold (P-
value = 0.018) increase of MbA vyielding 64 g MbA x g~
FW (13.5% of total montbretins) (Figure 3a,b). Co-
expression with CcESTZ2 resulted in a 9.4-fold (P-value
<0.001) increase of MbA yielding 40 ug MbA x g~' FW
(16% of total montbretins) (Figure 3a,b).

In addition to MbA, MbC levels also increased signifi-
cantly by threefold (P-value <0.001) in co-expression exper-
iments with CcATS, resulting in 185 ug MbC x g~' FW in
comparison to 60 ug MbC x g~' FW in the controls. MbC
levels also increased (but not significant) in comparison to
the control in co-expression experiments with CcESTZ2
to 127 pg MbC x g~' FW. MbB levels decreased signifi-
cantly by 0.57-fold (P-value = 0.011) to 150 ug MbB x g~
FW and 0.51-fold (P-value = 0.005) to 134 ug MbB x g~
FW, in co-expression experiments with CcAT8 and CcEST2,
respectively, in comparison to ~260 ug MbB x g~' FW
in controls. Co-expression of CcC3H resulted in a signifi-
cant twofold increase of MbB in comparison to the control
(P-value = 0.0047).

Beyond the three montbretins, we also attempted to
measure intermediates within the shikimate shunt
(Figure 1c) as well as chlorogenic acid (i.e. caffeoylqui-
nate), an important sink for caffeic acid in some plant spe-
cies (Cardenas et al., 2021; Niggeweg et al., 2004). We did
not observe significant changes in the levels of caffeic acid
and chlorogenic acid relative to the controls (Figure S7a,c).
Levels of caffeoylshikimate significantly increased 34.4-fold
(P-value <0.001) as an effect of CcAT8 co-expression
(Figure S7b). Efforts to measure coumaroylshikimate and
coumaroyl/caffeoyl-CoA were not successful.

Expression of different combinations of montbretia
phenylpropanoid pathway genes has no obvious additive
effect on MbA formation in N. benthamiana

In parallel with testing individual genes in the set of co-
expression experiments shown in Figure S6, we also tested

The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2024), 117, 766-785

85UBD17 SUOLLILLIOD BAIERID 3|qeotjdde ayp Aq peusenoh a1 S3joe YO ‘8sn JO S9|Nn 10y Afeiq1 8UIIUO AS|IA UO (SUORIPUOD-PL-SWLSH LD A3 | 1M Afe.q 1 Bul|uo//SaNY) SUOBIPUOD PUe swie | 84} 83S *[7202/80/GT] U0 AriqiT auluo Ao|im ‘'seieiqi] AiseAlun wepie Aq 8259T (dyTTTT 0T/10p/wo0 Ao M Aiq1eul U0/ SdnY WO papeojumoq ‘€ 7202 ‘XETESIET



772 Lars H. Kruse et al.

(a) (b)
25+
400 —_— " @MbA <
: 'OMbB = 207
S 300-] A—— 0
L 1 OMbC s 157
= | - é
x 200 . S 10
g £
. X
100- ) . e Z s
Wl ‘ :
ole | Wl oL el
Q2 | [ |
> ® A\ > & L
§ & & A
& O &S N L

Figure 3. Levels of MbA, MbB, and MbC in N. benthamiana affected by co-expression of CcAT8 or CcEST2. (a) Levels of MbA, MbB, and MbC, and (b) percent
of MbA of total montbretins (MbA + MbB + MbC). N. benthamiana leaves were transiently transformed using A. tumefaciens strains carrying plasmids with a
set of ten genes previously shown to be required for montbretin production in Nb serving as the control (Irmisch et al., 2020), plus the additional transient trans-
formation with CcAT8 or CcEST2. Leaves were collected 5 days post-infiltration. Metabolites were extracted with 50% MeOH and analyzed by LC-MS. Montbre-
tin concentrations were calculated based on an external calibration curve of MbA. Error bars represent the standard error of the mean for four biological
replicates (n = 4). Individual data points are shown as black dots. Asterisk symbols indicate significant differences (*P-value <0.05; **P-value <0.01; ***P-value
<0.001). Also, see Figure S6 for results with the other phenylpropanoid pathway genes tested.

the effect of co-expression with different combinations of
the candidate phenylpropanoid/shikimate shunt genes, spe-
cifically CcAT8, CcEST2, CcC3H as well as the previously
described Cc4CL2 (identified in Sunstrum et al., 2021) in
combination with the 10-gene set (Figure S8). Here we
tested initially six additional combinations and quantified
MbA, MbB, and MbC levels (Figure S8a). None of these
combinations resulted in significantly increased MbA levels
in comparison to co-expressing CcAT8 or CcEST2 alone
with the 10-gene set (Figure S8a). To validate these results
and test other possible combinations, we performed
another set of similar experiments with a total of 13 combi-
nations of CcAT8, CcEST2, CcC3 H, and Cc4CL with the 10-
gene set (Figure S8d,e). Results from these experiments
confirmed the individual effects of CcAT8 and CcEST2,
where individual co-expression of CcAT8 or CcEST resulted
in 3.0-fold (P-value <0.001, 9.9% of total montbretins) and
4.2-fold (P-value <0.001, 11.2% of total montbretins)
increases of MbA levels, respectively (Figure S8d,e). The
additional combinations tested here did not yield further
increases in MbA (Figure S8e).

In vitro enzyme activities support CcAT8 as bona fide
CcHCT and CcEST2 as bona fide CcCSE in the montbretia
phenylpropanoid pathway

Given that CcAT8 and CcEST2 had the strongest significant
in vivo effect on increasing MbA levels in Nb, we per-
formed in vitro enzyme assays to verify the biochemical
functions of CcAT8 and CcEST2. The full-length CDS of
CcAT8 and CcEST2 were cloned into pASK-IBA37 for heter-
ologous expression in Escherichia coli. Ni-affinity purified
proteins (Figure S9) were used for enzyme assays, and

products were identified based on accurate mass and
authentic standards. CcAT8 was assayed with the acyl
acceptor shikimate or quinate, and one of the acyl donors
caffeoyl-, coumaroyl-, or feruloyl-CoA, which are sub-
strates typically used by HCTs from other plant species
(Kruse et al., 2022, 2023; Moghe et al., 2023). With shiki-
mate as the acyl acceptor, all three acyl-CoA donors were
converted into the respective shikimate esters, caffeoylshi-
kimate (m/z 335.0893), coumaroylshikimate (m/z 319.0807)
and feruloylshikimate (m/z 349.0932) (Figure 4). With qui-
nate as the acceptor, CcAT8 was active only with
coumaroyl-CoA as the acyl donor resulting in coumaroyl-
quinate (m/z 353.0893) production. Protein preparations
from E. coli carrying an empty vector were used as control
(Figure S10). While most substrate combinations did not
yield unspecific product formation in the control assays,
trace amounts of product formation were observed when
shikimate and coumaroyl-CoA were used in control assays
(Figure S10), possibly due to spontaneous, non-enzymatic
reaction or unspecific E. coli enzyme activity, similar to
what has been observed before (Kruse et al., 2022).

The substrate for CSE (Vanholme et al., 2013), caf-
feoylshikimate, is not commercially available. Thus, we ini-
tially tested CcEST2 for activity with the surrogate
substrate chlorogenic acid (i.e., caffeoylquinate). Consis-
tent with esterase activity, samples taken at different time
points of incubation with CcEST2 showed an increase in
free caffeic acid and quinate, as well as a decrease in the
substrate chlorogenic acid (Figure S11). To enable testing
of caffeoylshikimate as well as coumaroylshikimate as sub-
strates, we performed combined enzyme assays with
CcAT8 and CcEST2. First, CcAT8 was incubated with
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Figure 4. Enzyme activity of recombinant CcAT8. CcAT8 was heterolo-
gously expressed in E. coli and Ni-affinity purified protein was assayed with
shikimate or quinate and either coumaroyl-CoA, caffeoyl-CoA or feruloyl-
CoA (indicated in red). Controls were performed with a protein preparation
from E. coli transformed with the empty vector (see Figure S10). (a) Prod-
ucts were analyzed by LC-MS and extracted ion chromatograms (EICs) with
peaks for the detected products are shown. The mass-to-charge ratio (m/z)
in negative ionization mode is given for each expected product. Peak 1, cou-
maroylquinate (m/z 337.0906); peak 2, caffeoylshikimate (m/z 335.0893);
peak 3, coumaroylshikimate (m/z 319.0807); peak 4, feruloylshikimate (m/z
349.0932). (b) Bar graphs show the observed relative peak area of the
detected products and black dots show individual data points. Three inde-
pendent enzyme assay replicates were performed, and the peak area was
normalized using the internal standard (IS, chloramphenicol). Error bars
show the standard error of the mean (n = 3) and black dots indicate individ-
ual data points.
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shikimate and either caffeoyl- or coumaroyl-CoA to pro-
duce the corresponding shikimate esters. Then CcEST2
was added and samples were analyzed for product forma-
tion over a 60 min incubation time course, showing an
increase of free caffeic acid and a decrease of caffeoylshiki-
mate over time (Figure 5). Negative control assays, per-
formed with empty vector preparations instead of CcEST2,
did not show this change in product formation and sub-
strate depletion (Figure S11c,d), nor did changes occur in
samples where coumaroylshikimate served as substrate
(Figure S12).

Together with the in vivo results, the results from in
vitro enzyme assays support a role of CcAT8 as bona fide
HCT and a role of CcEST2 as bona fide CSE involved in caf-
feic acid and caffeoyl-CoA biosynthesis in montbretia. We
are therefore annotating CcAT8 as CcHCT and CcEST2 as
CcCSE. Hereafter, we will use the identifiers CcAT8/CcHCT
and CcEST2/CcCSE, interchangeably depending on
context.

Validation of the montbretia shikimate shunt pathway and
its functional reconstruction in Saccharomyces cerevisiae

After having identified the four genes involved in the mon-
tbretia shikimate-shunt (Figure 1), Cc4CL (specifically
Cc4CL2, Sunstrum et al., 2021), CcHCT (CcAT8, this work),
a candidate CcC 3H (this work), and CcCSE (CcEST2, this
work), we reconstructed pathway in yeast (Saccharomyces
cerevisiae) to confirm the activity of CcC'3H in vivo and to
assess the functionality of the complete pathway. Step-
wise reconstruction in yeast provides a means to identify
potential bottlenecks and assess flux through the pathway.
Plasmids for heterologous expression of combinations of
two, three, or four of these genes under the control of con-
stitutive promotors were assembled using the yeast modu-
lar cloning toolkit (Lee et al., 2015) (Figure 6a; Figure S13)
and transformed into the yeast strain BY4741. Single gene
constructs, a non-transformed wild-type BY4741 strain, as
well as a GFP expressing strain served as controls
(Figure 6a; Figure S13). Yeast cultures were fed with cou-
maric acid as substrate, and the formation of phenylpropa-
noid shikimate shunt intermediates and products,
specifically coumaroyl-CoA, coumaroylshikimate, caffeoyl-
shikimate, caffeic acid and caffeoyl-CoA was analyzed by
LC-MS.

Expression of Cc4CL alone did not yield detectable
levels of the expected product 4-coumaroyl-CoA, despite
depletion of the coumaric acid substrate, which was only
observed when expressing Cc4CL alone or together with
different combination of CcHCT, CcC3H and CcCSE
(Figure S14a). However, previous in vitro characterization
of Cc4CL showed that this enzyme efficiently produces 4-
coumaroyl-CoA (Sunstrum et al., 2021). It is possible that
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coumaroyl-CoA produced in these experiments was con-
verted by endogenous yeast metabolism to avoid toxicity,
which may be caused by coumaroyl-CoA as well as

Figure 5. Activity of recombinant CcEST2 with caffeoylshikimate detected
in coupled assays with CcAT. CcEST2 and CcAT8 enzymes were heterolo-
gously expressed in E. coli and Ni-affinity purified protein was used in
assays. Substrates for CcEST2 were produced by incubating CcAT8 (CcHCT)
for 1 h with shikimate and caffeoyl-CoA to produce caffeoylshikimate. After
1h, CcEST2 was added and samples were taken at four different time
points (0, 10, 30, and 60 min) over a 1-h time course and analyzed using
LC-MS. (a) Representative extracted ion chromatograms (EICs) for the prod-
uct caffeic acid (m/z 179.0443) and (b) the substrate caffeoylshikimate (m/z
335.0753). Peak height is normalized to the highest peak across all shown
chromatograms (relative peak height). (c) Bar graph showing the observed
relative peak area for caffeic acid and caffeoylshikimate. The peak area was
normalized using the internal standard (IS, chloramphenicol). Coupled
assays revealed a time-dependent increase in the product caffeic acid (a)
and a decrease in the substrate caffeoylshikimate (b). Error bars represent
the standard error of the mean for three independent assay replicates
(n = 3) and black dots indicate individual data points. Peak 2, caffeoylshiki-
mate; Peak 5, caffeic acid.

caffeoyl-CoAs (Incha et al., 2019; Liu et al., 2022; Parke &
Ornston, 2004). Co-expression of Cc4CL and CcHCT led to
the formation of the expected coumaroylshikimate inter-
mediate in the shikimate shunt, confirming the functions
of both Cc4CL and CcHCT (Figure 6b,c; Figure S14b). The
additional expression of CcC3’H (CYP98A216) led to
the formation of caffeoylshikimate, the next intermediate
in the shikimate shunt, which validated the role of CcC3'H
in  hydroxylating coumaroylshikimate (Figure 6b,c;
Figure S14b). While caffeoylshikimate accumulated, only
traces of caffeic acid could be detected (Figure 6b;
Figure S14b). Finally, with the addition of CcCSE, the co-
expression of all four shikimate shunt genes in yeast led to
the conversion of coumaric acid to caffeic acid, which vali-
dated the function of CcCSE (Figure 6b,c; Figure S14b).
Here, only trace amounts of the intermediates coumaroyl-
shikimate and caffeoylshikimate were detected, highlight-
ing efficient metabolic flux from coumaric acid to caffeic
acid via shikimate esters, and demonstrating the successful
reconstruction of the shikimate shunt in yeast. Interest-
ingly, yeast expressing the full shikimate shunt did not
show depletion of coumaric acid as observed in other sce-
narios which expressed 4CL2, perhaps indicating a feed-
back regulation (Figure S14a). Competitive inhibition of
ACL by caffeic acid has previously been reported (Chen
et al., 2013; Harding et al., 2002; Watanabe et al., 2018). As
with coumaroyl-CoA, we were not able to detect caffeoyl-
CoA.

In additional experiments, we tested if CcCSE could
hydrolyze coumaroylshikimate. Yeast co-expressing Cc4CL,
CcHCT, and CcCSE accumulated less coumaroylshikimate
than yeast co-expressing Cc4CL and CcHCT, suggesting
that coumaroylshikimate can be used as substrate by
CcCSE as well (Figure 6b; Figure S14b). Yeast expressing
CcC3'H alone also converted coumaric acid into caffeic acid
(Figure 6c), which represents the shikimate-independent
route of the phenylpropanoid pathway (Figure 1). This
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direct conversion produced sevenfold (P-value <0.001) less
caffeic acid compared to yeast expressing the complete
shikimate shunt (Figure 6c). In these experiments, the
endogenous yeast cytochrome P450 reductase (CPR) was
sufficient to support C3'H activity, not requiring heterolo-
gous CPR expression. As expected, individual expression
of CcHCT, CcCSE, or GFP did not lead to accumulation of
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Figure 6. Functional validation and reconstruction of the montbretia shiki-
mate shunt in yeast. (a) Four different single-gene and four different multi-
gene constructs were made to constitutively express the montbretia
shikimate shunt genes, Cc4CL2, CcHCT (CcAT8), CcC3'H, and CcCSE
(CcEST2) in Saccharomyces cerevisiae. Shown for each construct are the
montbretia gene(s), the promoter(s), and terminator(s) used. Details of the
construct design are illustrated in Figure S13. (b) Conversion of coumaric
acid, which was fed to transformed yeast strains, and product formation
was measured after 3 days of incubation and detected by LC-MS analyses.
Representative extracted ion chromatograms of the main product for each
of the four multigene constructs are shown. (c) Integrated peak area for
products detected in yeast carrying single-gene or multigene constructs. A
yeast strain carrying a plasmid expressing GFP was used as control. Error
bars represent the standard error of four independent replicates (n = 4).
Dots indicate individual data points. Peak area was normalized to the inter-
nal standard (m/z 191.0275). A second experiment was conducted in the
same manner and is shown in Figure S14(b). Peak 2, caffeoylshikimate; Peak
3, coumaroylshikimate; Peak 5, caffeic acid.

coumaroylshikimate, caffeoylshikimate, or caffeic acid
(Figure 6¢; Figure S14b).

Reconstruction of MbA biosynthesis in N. benthamiana
using multigene constructs

Here we showed that MbA production in Nb can be
improved by co-expression of the phenylpropanoid path-
way shikimate shunt genes CcHCT (CcAT8) or CcCSE
(CcEST2) in combination with the essential ‘10-gene set’
for heterologous montbretin biosynthesis (Figure 3). The
current laboratory process involves the transient transfor-
mation of Nb with 11 different and separately cultivated
Agrobacterium strains, each containing a single gene on a
separate plasmid. This approach would not be suitable for
an industrial process due to the risk of process failure and
being highly labor intensive. To streamline the system with
fewer plasmids, we used the MoClo Tool Kit (Engler
et al., 2014; Weber et al., 2011; Werner et al., 2012) to com-
bine the 11 genes into two or three multigene constructs
(MGC) (Figure 7a; Figure S15). As CcHCT and CcCSE
effected MbA yield similarly (Figure 3), but no additive
effect was observed with the two genes together
(Figure S8), we chose to include CcHCT in the MGC. Eleven
separate transcriptional units (level 1, Figure S15) were
generated using the p35S promotor for constitutive expres-
sion and a set of different terminators (Engler et al., 2014)
(Figure 7a; Figure S15). Level 1 units were used to assem-
ble five different MGCs and each MGC contained different
combinations of three to six different genes. Combinations
of either two (two-plasmid system) or three (three-plasmid
system) of these MGCs would cover the complete set of 11
genes for MbA biosynthesis. The two-plasmid transforma-
tion system comprised transformation of Nb leaves with
MGC1 (18.8 kb) [35S,,0:(CcUGT1-5 and CcAT1)] and MGC2
(15.3 kb) [35Sp0:(CcFLS, CcCYP2, CcMYB4, CcHCT, and
P19)]; the three-plasmid transformation system comprised
transformation of Nb leaves with MGC3 (14 kb) [35S,:
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Figure 7. Montbretin A production in N. benthamiana using multigene constructs (MGCs). (a) Five different MGCs were designed to achieve the transient
expression of 11 genes in N. benthamiana using a two-plasmid or three-plasmid system to streamline the transformation system. For each construct, the con-
taining genes and the promoter and terminators controlling the expression are shown. Details on how constructs were made are shown in Figure S15. (b) N.
benthamiana leaves were infiltrated with 11 different Agrobacterium strains carrying the 11 different genes on individual pPCAMBIA230035Su plasmids (pCAM-
BIA); on individual level 1 plasmids (L1); or infiltrated with 2 or 3 Agrobacterium strains carrying the 11 genes on two plasmids MGC1 and MGC2
(MGC1 + MGC2); or on three plasmids MGC3, MGC4 and MGC5 (MGC3 + MGC4 + MGC5). Metabolites were extracted 5 days post-infiltration and montbretin
concentrations were determined using an external MbA standard curve. (c) Percent proportion of MbA relative to the total of the three montbretins, MbA, MbB
and MbC. Error bars represent the standard error of five biological replicates (n = 5). Individual datapoints are shown as black dots. Asterisk symbols indicate

significant differences (*P-value <0.05).

(CcUGT1-4)1, MGC4 (11.8 kb) [35S,,:(CcUGT5, CcHCT, and
CcAT1)], and MGC5 (13.2 kb) [35S;0:(CcFLS, CcMYB4,
CcCYP2, and P19)] (Figure 7a; Figure S15). For comparison,
transformations were performed with a set of 11 plasmids
representing the 11 different level 1 constructs, and a set
of 11 different pCAMBIA constructs. Montbretin levels
were quantified in Nb leaf extracts using LC-MS
(Figure 7b; Figure S17). The use of the two-plasmid trans-
formation system and the three-plasmid transformation
system resulted in the accumulation of MbA at levels of
104.3 (+£19.0 SE) ug MbA x g~' FW and 151.6 (+22.1 SE)
ug MbA x g~' FW, respectively (Figure 7b). In comparison,

11 individual pCAMBIA and level 1 plasmids achieved 99.5
(£16.7 SE) pg MbA x g™' FW and 114.8 (+12.4 SE)
ng MbA x g~' FW, respectively (Figure 7b). Overall, the
amounts of MbA and MbB produced with these four differ-
ent conditions were not found to be different. However, we
found that the two-plasmid system produces less MbC in
comparison to the 11 individual plasmid system, both for
pCAMBIA and level 1 (P-value = 0.013 and 0.016, respec-
tively, Figure 7b). Interestingly, when comparing the per-
cent MbA relative to total montbretins between the
different systems, we found that the three-plasmid system
led to the production of a larger proportion of MbA (39.6%
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MbA of total montbretins). In comparison percent MbA
achieved with the two 11-plasmid systems, pCAMBIA
(27.8% MDbA of total montbretins, P-value = 0.015) or level
1 MbA at (29.4% MbA of total montbretins, P-value =
0.037) (Figure 7c), were lower. These results highlight that
the process of transient transformation for MbA production
in Nb was successfully streamlined with the use of either
two or three MGCs, instead of 11 individual plasmids, with-
out compromising on the amount of MbA produced and
potentially increasing the ratio of MbA relative to other
montbretins. Efforts to generate a single MGC with all 11
genes (35.4 kb) were not successful.

DISCUSSION

MbA is a promising new treatment option for T2D and clin-
ical obesity (Andersen et al., 2009; Tarling et al., 2008; Wil-
liams et al., 2015; Yuen et al., 2016), but supply issues pose
a challenge to its development as a pharmaceutical or
nutraceutical. In previous work, we identified the genes
and enzymes for MbA biosynthesis in montbretia and
established proof-of-concept for bioengineering of MbA
production in Nb (Irmisch et al., 2018, 2020; Irmisch, Janc-
sik, et al., 2019; Irmisch, Ruebsam, et al., 2019). Here, we
investigated the biosynthesis of caffeic acid and caffeoyl-
CoA, which are essential precursors for the formation of
MbA in montbretia. While MbA is the predominant of the
different montbretin metabolites that accumulates in mon-
tbretia corms, additional bioengineering tools are needed
to improve MbA yields in Nb in absolute terms and relative
to MbB and MbC. We identified and characterized a set of
montbretia genes, specifically the shikimate shunt genes
CcHCT (CcATS8), CcC3 H and CcCSE (CcEST2), and showed
the utility of CcHCT and CcCSE to improve MbA yields in
Nb. Using the extended set of genes for MbA bioengineer-
ing in Nb, we then improved the process of transient MbA
pathway transformation by designing and testing varia-
tions of multigene constructs, instead of single-gene con-
structs, suitable for industrial process adaptation.

Montbretia shikimate shunt enzymes

It is not known which mechanisms control the preferential
formation of MbA, relative to MbB and MbC, in montbretia.
One possible mechanism, which we had previously tested,
considered substrate specificity of the montbretin pathway
branchpoint enzyme CcAT1 or its isoform CcAT2 (Irmisch
et al., 2018, 2020). This enzyme introduces the different
acyl sidechains, caffeoyl, coumaroyl or feruloyl, into MbA,
MbB and MbC, respectively. Another hypothesized mecha-
nism is the preferential biosynthesis of caffeoyl-CoA, rela-
tive to coumaroyl-CoA and feruloyl-CoA, by Cc4CLs.
However, we found that CcAT is not specific for caffeoyl-
CoA, relative to coumaroyl-CoA or feruloyl-CoA, and thus
does not control selectivity for MbA formation (Irmisch
et al., 2018, 2020). Similarly, montbretia 4CL enzymes are
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also not selective for favoring caffeoyl-CoA formation over
coumaroyl-CoA and feruloyl-CoA (Sunstrum et al., 2021).
We therefore set out to investigate other steps of the mon-
tbretia phenylpropanoid pathway, specifically for the for-
mation of caffeic acid and caffeoyl-CoA (Figure 1). Within
the phenylpropanoid pathway, coumaroyl-CoA is formed
from coumaric acid by 4CL and caffeoyl- and feruloyl-CoA
can then be produced from coumaroyl-CoA via shikimate
ester intermediates, a pathway referred to as the
shikimate shunt. We identified and characterized three
montbretia genes, CcHCT, CcC3'H, and CcCSE, which we
used together with Cc4CL to reconstitute the montbretia
shikimate shunt for the conversion of coumaroyl-CoA into
caffeic acid and caffeoyl-CoA in Nb and also in yeast.

In montbretia, CcHCT catalyzes the conjugation of
coumaroyl-CoA and shikimate to coumaroylshikimate, the
first step of the shikimate shunt. Like HCTs from other
plant species, CcHCT also uses caffeoyl-CoA and feruloyl-
CoA in addition to coumaroyl-CoA; however, the latter
together with shikimate is considered the bona fide
hydroxycinnamoyl-CoA HCT substrate (Hoffmann et al.,
2003; Kruse et al., 2022; Moghe et al., 2023). CcHCT clus-
tered most closely with characterized HCTs from other
plant species (Figure 2), specifically with other character-
ized monocot HCTs from switchgrass and great millet (Sor-
ghum bicolor) supporting its role as HCT in montbretia
(Escamilla-Trevino et al., 2014; Walker et al., 2013).

The second step of the shikimate shunt is catalyzed by
CcC3'H (CYP98A3) (Figure 1), a cytochrome P450 enzyme
of the CYP98 family that hydroxylates coumaroylshikimate
to caffeoylshikimate (Schoch et al., 2001). In addition,
CcC3'H also converted coumaric acid into caffeic acid,
although with lower efficiency compared to the conversion
of the CoA esters. This is similar to what has been reported
for C3H enzymes from other plant species (Franke et al.,
2002; Schoch et al., 2001).

There are two possibilities for the third step from caf-
feoylshikimate to caffeoyl-CoA. One involves the reverse
reaction of HCT; the other involves an ester hydrolysis cat-
alyzed by CSE to yield caffeic acid which is then converted
by 4CL to caffeoyl-CoA (Hoffmann et al., 2005; Kriegshau-
ser et al., 2021; Vanholme et al., 2013). HCTs from A. thali-
ana, switchgrass, and poplar can catalyze the reverse
reaction from caffeoylshikimate to caffeoyl-CoA and shiki-
mate, but preferentially catalyze the forward-reaction
(Escamilla-Trevino et al., 2014; Ha et al., 2016; Saleme
et al., 2017; Wang et al., 2014). Interestingly, these three
species also possess functional CSEs and downregulation
or knock-out of CSE in these species resulted in severe
growth and lignin phenotypes (de Vries, Brouckaert,
et al., 2021; Ha et al., 2016; Saleme et al., 2017; Vanholme
et al., 2013). CSE was first described in A. thaliana (Van-
holme et al., 2013) and subsequently, CSEs have been
characterized in switchgrass, barrel clover, and poplar (de
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Vries, Brouckaert, et al., 2021; Ha et al., 2016; Saleme
et al., 2017). CSE genes have been annotated in both
monocots and dicots, but in some species (e.g., Brachypo-
dium distachyon, Zea mays, Beta vulgaris, Ricinus commu-
nis, and Physcomitrium patens) CSE homologous genes
seem to be missing (Ha et al., 2016). This pattern indicates
that the CSE enzymatic function evolved independently in
different species or CSEs were lost in several lineages (de
Vries, Brouckaert, et al., 2021; Ha et al., 2016).

We could not find evidence supporting the HCT
reverse reaction in montbretia, but we identified a func-
tional CcCSE which clustered with other class | esterases
(Ha et al., 2016) and displayed the canonical esterase activ-
ity. CcCSE is active with caffeoylshikimate and chlorogenic
acid as substrates but did not show activity with coumar-
oylshikimate when assayed in vitro. However, the shiki-
mate pathway reconstruction in yeast indicated that
CcCSE also uses coumaroylshikimate, albeit with lower
activity. This apparent preference of CcCSE toward caf-
feoylshikimate is similar to AtCSE, which strongly pre-
ferred  caffeoylshikimate  over  coumaroylshikimate
(Vanholme et al., 2013). Other characterized CSEs, such as
the two CSEs from poplar, display broad substrate specific-
ity, accepting caffeoylshikimate, feruloylshikimate, coumar-
oylshikimate, and sinapoylshikimate, although with
highest affinity for caffeoylshikimate (de Vries, Brouckaert,
et al., 2021). CcCSE showed a pattern of transcript expres-
sion matching that of previously characterized MbA bio-
synthetic genes and MbA accumulation during the early
summer in developing young corms (Figure S4) (Irmisch
et al., 2018, 2020; Irmisch, Jancsik, et al., 2019; Irmisch,
Ruebsam, et al., 2019).

The results described here from the identification of
montbretia shikimate shunt genes, and successful func-
tional reconstruction of the shikimate shunt in yeast using
these genes, support a model whereby caffeic acid and
caffeoyl-CoA for MbA formation in montbretia are pro-
vided via the shikimate shunt. Of the different montbretia
shikimate shunt genes, the transcript expression pattern of
CcCSE in developing young corms matches that of other
genes of the MbA biosynthetic system, suggesting that
CcCSE may play a critical role in MbA precursor biosynthe-
sis in the shikimate shunt.

The reconstruction of a functional shikimate shunt
module in yeast expands the toolbox to metabolically engi-
neer heterologous hosts for caffeic acid and caffeoyl-CoA
production. While simpler biosynthetic pathways for caf-
feic acid production have been engineered in yeast (Liu
et al., 2019; Zhou et al., 2021), the shikimate shunt may
offer a system to produce high levels of caffeoyl-CoA and
low levels of coumaroyl-CoA. The MbA biosynthetic sys-
tem serves as an example where selective incorporation of
caffeoyl-CoA is essential, and the same applies to other
biosynthetic pathways that require caffeoyl moieties.

Co-expression of the shikimate shunt improves MbA
formation in N. benthamiana

We had previously shown that transient expression of
montbretia MbA pathway genes, together with montbretia
myricetin precursor biosynthesis genes, in Nb resulted in
approximately 10 pg MbA x g~' FW, and more than 50
times higher levels of MbB (Irmisch et al., 2020). Here, we
leverage the capacity of engineered Nb to produce mon-
tbretins (MbA, MbB, and MbC) and the metabolic plasticity
of this system to tailor caffeoyl-CoA precursor biosynthe-
sis, which resulted in the intended decrease of MbB and
increase of MbA.

The previous predominant formation of MbB in Nb
may have been due to the high endogenous availability of
coumaroyl-CoA (Vanholme et al, 2019). Using co-
expression of the shikimate shunt genes CcHCT or CcCSE
we were able to significantly decrease MbB levels and
increase MbA levels, presumably through improved avail-
ability of caffeoyl-CoA (Figure 3; Figure S6). MbC levels
also increased, indicating conversion of caffeoyl-CoA by
Nb endogenous O-methyltransferase activity to feruloyl-
CoA (Figure 1b) (Zhong et al., 1998), which will be a target
for downregulation in future work to further improve MbA
levels and reduce MbC levels. Importantly, the overall
amount of the three montbretins combined did not
change, supporting our hypothesis that the availability of
the different hydroxycinnamoyl-CoA esters, caffeoyl-CoA,
coumaroyl-CoA, and feruloyl-CoA controls the ratio of
MbA, MbB, and MbC in engineering Nb and possibly also
in montbretia. It was not necessary to co-express the com-
plete shikimate shunt in Nb along with other MbA biosyn-
thetic pathway genes to achieve improved production of
MbA, but we observed similar increases in MbA levels by
co-expression of either CcHCT or CcCSE, implicating
endogenous Nb enzymes in the precursor biosynthesis. An
increase of MbA together with the accumulation of the
pathway intermediate caffeoylshikimate upon
co-expression of CcHCT (Figure S7b) suggests that cou-
maroylshikimate is efficiently transformed into caffeoylshi-
kimate by NbC3'H and also suggests that Nb has a
functional CSE. Indeed, while Nb CSE has not yet been
reported, we found two predicted protein sequences
(Niben261Chr08g0084016.1 and Niben261Chr01g1081002.1)
with approximately 88% identity to Arabidopsis CSE
(AT1G52760.1) in the Nb genome assembly (v2.6.1; https:/
solgenomics.net/organism/Nicotiana_benthamiana/genome).

The present work indicated remaining metabolic bot-
tlenecks that will be explored in future work for further
improvement of MbA production in Nb. The interplay and
integration of heterologously expressed montbretia
genes and endogenous Nb metabolism are of particular
interest. For example, we observed accumulation of caf-
feoylshikimate in Nb when CcHCT was co-expressed with
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the 10-gene set for MbA biosynthesis. This compound did
not accumulate in the co-expression of the entire montbre-
tia shikimate shunt in yeast (Figure 6), indicating efficient
flux through the montbretia shunt pathway that was not
yet fully achieved when utilizing both montbretia genes
and endogenous metabolism in Nb. CcCSE co-expression
with the 10-gene set for MbA biosynthesis led to increased
MbA levels, suggesting NbHCT contributes to the pathway
in this scenario. It also is possible that chlorogenic acid,
which is abundant in Nb leaves, may be cleaved by CcCSE
and contribute to increased caffeic acid and caffeoyl-CoA
levels. However, we did not observe changes in chloro-
genic acid levels affected by CcCSE expression (Figure S7).
Chlorogenic acid appears to be closely linked with lignin
biosynthesis (Escamilla-Trevino et al., 2014; Serrani-Yarce
et al., 2021; Volpi e Silva et al., 2019), however recent ana-
lyses suggest that the pathways leading to either lignin or
chlorogenic acid seem to occur independently and are not
part of a metabolic network (Cardenas et al., 2021).

In our approach of engineering the biosynthesis of a
complex molecule, such as MbA, into Nb, we are taking
advantage of the host plant’s endogenous metabolism
(i.e., MbA building blocks), which would not be available
in microbial hosts such as yeast or E. coli. However, the
extent to which such metabolic precursors can be accessed
and redirected may be limited. Precursor limitation has
previously been observed for example in the engineering
of etoposide (Lau & Sattely, 2015; Schultz et al., 2019) or
triterpenoid biosynthesis (De La Pena & Sattely, 2021; Reed
et al., 2017) in Nb. Expression of biosynthetic genes or
transcriptional regulators that enhance individual precur-
sor supply, or entire metabolic networks can alleviate bot-
tlenecks and reshape endogenous precursor pathways
(Butelli et al., 2008; Pandey et al., 2014; Wang et al., 2016).
Previously, we showed that the expression of montbretia
myricetin biosynthetic genes and a montbretia MYB tran-
scription factor enhance myricetin availability for MbA bio-
synthesis in Nb (Irmisch, Ruebsam, et al., 2019). In the
present study, we targeted caffeoyl-CoA availability to
increase MbA vyields. These two approaches generally rep-
resent the ‘push’ strategy in metabolic engineering (Yuan
& Grotewold, 2015), enhancing precursor push toward
MbA. In the present work, we found that individual co-
expression of either CcHCT or CcCSE with the 10-gene set
similarly increased MbA levels. CcHCT expression may
deliver a ‘push’ effect into the shikimate shunt by produc-
ing more coumaroylshikimate, while the effect of CcCSE
could be a ‘pull’ of metabolic flux towards caffeic acid by
hydrolyzing caffeoylshikimate. In this case, both the ‘push’
and the ‘pull’ resulted in the same intended increase of
MbA levels, which illustrates the metabolic plasticity of the
Nb system. Combinations of ‘push’ and ‘pull’ strategies
may result in the highest levels of desired end products
(Yuan & Grotewold, 2015). However, co-expressing
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multiple montbretia shikimate shunt enzymes, including
combinations of CcHCT and CcCSE, did not result in addi-
tive effects (Figure S8), indicating additional potential bot-
tlenecks in Nb. Identifying these bottlenecks will open up
new opportunities to improve MbA vyields in Nb in the
future.

Use of multigene constructs towards improved processes
for MbA production

Transformation of Nb with multiple different Agrobacter-
ium strains may reduce transformation efficiency (Monta-
gue et al., 2011; Stephenson et al., 2020). To address this
general concern, and more specifically to streamline the
transformation system for MbA production in Nb, we suc-
cessfully designed and tested the stacking of 11 different
genes onto two or three multigene constructs. As this
approach requires the handling of fewer plasmids and
fewer Agrobacterium strains for transient transformation,
compared to individual-gene constructs, it reduces the risk
of process failure in an industrial production system, which
is being developed for MbA biosynthesis. The construction
of plasmids carrying multigene expression cassettes was
enabled by modular cloning. The number of genes per
plasmid is, in theory, only limited by the final plasmid size,
and constructs of up to 50 kb have been assembled and
used for Agrobacterium transformation (Dudley et al.,
2022; Grzech et al., 2022; Werner et al., 2012). In addition
to the benefit of a streamlined process, we had speculated
that the use of multigene constructs versus single-gene
constructs may further improve the MbA yield. However,
we found similar MbA levels when using either two or
three Agrobacterium strains carrying multigene constructs
compared to the use of 11 Agrobacterium strains carrying
single-gene constructs (Figure 7). This observation is simi-
lar to another recent study of metabolic engineering with
multigene constructs in Nb (Grzech et al., 2022).

Overall, the co-expression of CcHCT and the previ-
ously described 10-gene set using multigene constructs
resulted in improved MbA vyields in a streamlined transient
Nb transformation system. We achieved reproducible
levels of 0.1 mg MbA x g~' FW, which is about 30 times
higher than previously reported yields (Irmisch et al.,
2020). For comparison, the level of MbA achieved here is
in the range of other plant metabolites heterologously pro-
duced in Nb, such as strictosidine (0.23 mg x g~' dry
weight) (Dudley et al., 2022) or artemisinin (0.8 mg x g~
dry weight) (Malhotra et al., 2016).

CONCLUSION

MbA is a promising new treatment option for T2D and clin-
ical obesity, but development and application as a pharma-
ceutical or nutraceutical is limited by MbA supply from
montbretia plants. Here we investigated the montbretia
phenylpropanoid shikimate shunt and the use of its genes

The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2024), 117, 766-785

85UBD17 SUOLLILLIOD BAIERID 3|qeotjdde ayp Aq peusenoh a1 S3joe YO ‘8sn JO S9|Nn 10y Afeiq1 8UIIUO AS|IA UO (SUORIPUOD-PL-SWLSH LD A3 | 1M Afe.q 1 Bul|uo//SaNY) SUOBIPUOD PUe swie | 84} 83S *[7202/80/GT] U0 AriqiT auluo Ao|im ‘'seieiqi] AiseAlun wepie Aq 8259T (dyTTTT 0T/10p/wo0 Ao M Aiq1eul U0/ SdnY WO papeojumoq ‘€ 7202 ‘XETESIET



780 Lars H. Kruse et al.

to optimize caffeoyl-CoA availability in Nb for MbA produc-
tion. Our findings suggest a model where CSE facilitates
enhanced caffeic acid production and thus may enable
preferential MbA formation in montbretia. Utilizing the
newly identified montbretia genes improved MbA produc-
tion in Nb and demonstrated how the endogenous metab-
olism of Nb can be tuned for the production of high-value
small metabolites. This work highlights the potential to
overcome limitations for MbA production in Nb, which
may also apply to other metabolites derived from phenyl-
propanoid precursors.

EXPERIMENTAL PROCEDURES

Identification and cloning of montbretia candidate genes
and phylogenetic sequence analyses

The databases and methods for the identification of montbretia
(Crocosmia x crocosmiiflora) candidate transcripts and their open
reading frames (ORF) and CDS were as described previously
(Irmisch et al., 2018, 2020; Irmisch, Jancsik, et al., 2019; Irmisch,
Ruebsam, et al., 2019). In brief, a BLASTP search against the trans-
lated transcriptome database that covers a time course of mon-
tbretia corm development (Irmisch et al., 2020) was conducted
using sequences from A. thaliana as query sequences (Table S2).
Montbretia candidate sequences were filtered based on >40%
identity to the query amino acid (aa) sequence and >300 aa length.
In addition, for the identification of esterases, two sequences were
identified with an e-value of 0 that returned the term esterase in a
BLASTP (Camacho et al., 2009) search and showed >2-fold higher
expression in June compared to October, the period of MbA bio-
synthesis in young corms as described in Irmisch et al. (2020)
(Irmisch et al., 2020). This approach yielded three candidate acyl-
transferases (CcAT8-10), three candidate esterase (CcEST1-3), and
one candidate p-coumaroylshikimate 3'-hydroxylase (CcC'3H).
Full-length ORFs were obtained for all seven candidate genes by
PCR from young corm cDNA attained from RNA (see Table S3 for
primer information) (Irmisch et al., 2018). The ORFs were cloned
into the pJET1.2/blunt vector (Thermo Fisher Scientific, Waltham,
MA, USA, https://www.thermofisher.com/) and sequences were
verified through sequencing. Phylogenetic sequence analyses
were performed using methods described in Kruse et al., 2022,
2023 (Kruse et al., 2022, 2023). Additional sequences for the ester-
ase phylogeny were obtained using a BLAST search of the A.
thaliana AtCSE against the UNIPROT (The UniProt Consor-
tium, 2023) database. Amino acid sequence alignments of mon-
tbretia sequences and sequences from other plants (for AT
sequences see File S1; for CSE sequences see File S2) were con-
structed with default settings in the GENEIOUS v2022.2.2 (Biomat-
ters, MA, USA, https://www.geneious.com) plugin of MAFFT
v.7.453 (Katoh et al., 2002) and used to generate a maximum likeli-
hood phylogenetic tree (non-parametric bootstrap, 1000 repli-
cates) with 1Q-Tree v1.6.10 (Nguyen et al., 2015). ITOL v5.6.2
(Letunic & Bork, 2021) was used to visualize the phylogenetic tree.

Candidate gene expression in Escherichia coli

The ORFs for CcHCT (CcAT8) and CcCSE (CcEST2) were subcloned
into expression vectors, heterologously expressed in E. coli, and
proteins purified following previously described methods (Irmisch
et al., 2018; Kruse et al., 2022). Briefly, sequences covering com-
plete open reading frames were amplified and cloned using
Bsal or BspMI into the pASK-IBA37 vector (IBA Lifesciences,

Gottingen, Germany, https://www.iba-lifesciences.com/). The E.
coli 5-alpha strain (New England Biolabs, Ipswich, MA, USA,
https://international.neb.com/) was used for heterologous enzyme
expression. For this, cultures of 250 ml were grown to ODggo = 0.5
at 37°C and 210 rpm, expression induced using 200 pg L~" anhy-
drotetracycline (Sigma-Aldrich, St. Louis, MO, USA, https://www.
sigmaaldrich.com/), and grown for another 16 h at 25°C. Cells
were collected by centrifugation, resuspended in 8 ml lysis buffer
(50 mm NaH,PO,, 300 mm NaCl, 10 mwm imidazole, 1 mg ml~" lyso-
zyme, pH 8.0), and incubated for 1 h at 4°C. Final cell lysis was
achieved by using BUGBUSTER® (MilliporeSigma, Burlington,
MA, USA, https://www.sigmaaldrich.com/) at half the recom-
mended concentration (0.5x) according to the manufacturer’s pro-
tocol. Cell debris and insoluble proteins were removed through
centrifugation (30 min, 21 000 g, 4°C) and the cell-free lysate was
incubated with 200 pl of 50% Ni-NTA-Agarose matrix (Qiagen,
Hilden, Germany, https://www.giagen.com) for 30 min. After
removing the lysate, the matrix was washed with 1 ml wash
buffer (560 mm NaH,PO,, 300 mm NaCl, 20 mm imidazole, pH 8.0)
and then transferred to a 2 ml spin column (BioRad Laboratories,
Hercules, CA, USA, https://www.bio-rad.com/) fitted with a frit.
The matrix was washed again with 500 pl wash buffer, after which
proteins were eluted five times with 100 pl elution buffer (50 mm
NaH,P0,4, 50 mm NaCl, 250 mm imidazole, pH 8.0). The protein
concentration of the eluate fractions was determined by measur-
ing the absorbance at 280 nm and fractions with similar protein
concentrations (~0.2-0.3 mg ml~") were combined. Subsequently,
PD MINITRAP™ SEPHADEX™ G-25 columns (GE Healthcare,
Chicago, IL, USA, https://www.gehealthcare.com/) were used
according to the manufacturer’s instructions to transfer the pro-
tein into assay buffer (10 mm TRIS-HCI, pH 7.2). Glycerol was
added to the protein samples to a final concentration of 50% (v/v)
and samples were stored at —20°C or used directly for enzyme
assays. As a control, a protein preparation of E. coli harboring the
empty pASK-IBA37 vector was obtained in the same way (empty
vector control).

CcHCT and CcCSE enzyme assays

In vitro assays were performed with CcHCT (CcAT8) and CcCSE
(CcEST2) to confirm enzyme functions. To test for CcHCT activity,
1 ug of Ni-affinity purified CcHCT was incubated with 100 pm acyl
donor substrate (coumaroyl-CoA, caffeoyl-CoA, or feruloyl-CoA;
all from TransMIT, GieRen, Germany, https://chemicals.transmit.
shop/) and 200 um acceptor substrate (shikimate or quinate).
Reactions were carried out in assay buffer in a total volume of
25 pl for 1 h and were shaken at 30°C. Control assays contained
5 ul of empty vector enzyme preparation. Assays were stopped
by adding an equal volume of 100% (v/v) methanol (LC-MS
grade, Sigma-Aldrich) which contained 25 um chloramphenicol as
internal standard. After vortexing, the samples were centrifuged
at 21 000 g for 20 min at 4°C and 25 pl of the supernatant was
transferred into LC vials with glass inserts and stored at —80°C
until LC-MS analysis. To test for CSE activity, two different types
of assays were performed. One set of assays used chlorogenic
acid as a surrogate substrate. Here, 200 um chlorogenic acid was
incubated with CcSE (CcEST2) in 25 pl reactions at 30°C for 0, 10,
30, and 60 min. The reactions were stopped by adding an equal
volume of 100% (v/v) methanol (LC-MS grade, Sigma-Aldrich). As
described above, after vortexing and centrifugation 25 pl was
used for LC-MS analysis. In a second set of assays, coupled
assays with CcHCT were performed to generate the substrates
caffeoylshikimate and coumaroylshikimate to be tested with
CcCSE. For the coupled assays, CcHCT reactions were set up as
described above for HCT assays to produce caffeoylshikimate
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(using shikimate and caffeoyl-CoA as substrates) or to produce
coumaroylshikimate (using shikimate and coumaroyl-CoA as sub-
strates) and incubated for 1 h. Reactions were then placed on ice
and 1.5 pg Ni-affinity purified CcCSE (CcEST2) was added and the
reactions were continued for up to 1 h at 30°C. Samples were
taken at 0, 10, 30, and 60 min after the addition of CSE. The addi-
tion of the empty vector preparation (5 pl) instead of CcCSE
served as a negative control. Assays were stopped by adding an
equal volume of 100% (v/v) methanol (LC-MS grade, Sigma-
Aldrich) which contained 25 um chloramphenicol as internal stan-
dard. After vortexing, the samples were centrifuged at 21 000 g
for 20 min at 4°C, and 25 pul of the supernatant was transferred
into LC vials with glass inserts. Products of CcHCT and CcCSE
assays were analyzed and quantified using LC-MS as described
below.

Transformation and transient expression of candidate
genes in Nicotiana benthamiana

Transient expression of CcUGT1-5, CcAT1-2, CcMYB4, CcFLS,
CcCYP2, CcAT8-10, CcEST1-3, CcC3 H, and Cc4CL in N. benthami-
ana was performed as described previously (Irmisch et al., 2018,
2020; Irmisch, Ruebsam, et al., 2019). In brief, the complete ORFs
for each gene were cloned into the pCAMBIA230035Su vector
following the User Cloning method (Geu-Flores et al., 2007; Nour-
Eldin et al., 2006). The resulting plasmids (Table S4) were trans-
formed into Agrobacterium tumefaciens strain C58pMP90
(GV3101pMP90) (Koncz & Schell, 1986). Overnight cultures of 1 ml
were used to inoculate 10 ml cultures (LB-media containing
50 ug ml~" kanamycin, 25 pg ml~" rifampicin, and 25 pg ml~"
gentamycin) and grown over-night at 28°C. Cells were harvested
by centrifugation and resuspended in infiltration buffer (10 mm
MES, pH 5.6, 10 mm MgCl,, 100 um acetosyringone) to a final
ODggp of 0.5 and incubated at room temperature for 1-3 h. Before
infiltration, equal volumes of each strain required for a particular
combination of genes were combined and used to infiltrate leaves
of 3-4-week-old N. benthamiana plants using a needleless syringe
(Figure S17). An Agrobacterium strain carrying the pBIN:p19 plas-
mid was included in each combination. Infiltrated plants were kept
in the growth chamber (8 h light/16 h dark, at 24°C) for 5 days,
after which the infiltrated leaves were sampled using a 9 mm hole
puncher to obtain leaf disks. For each infiltrated leaf, two leaf
disks were cut and pooled (total of 4 disks per plant). Intact
leaf disks were extracted with 1 ml of 50% MeOH (v/v; 12.5 um
chloramphenicol as internal standard) per 100 mg (fresh weight)
plant material by shaking at 100 rpm for 4 h at room temperature.
The same process was used for transient expression using multi-
gene constructs, except kanamycin was replaced with 50 pg ml~"
carbenicillin for growing Agrobacterium strains transformed with
level 1 plasmids.

Construction of multigene plasmids for transient
expression in Nicotiana benthamiana

Multigene  plasmids  for transient expression in N.
benthamiana were assembled using the MoClo Toolkit (Addgene
Kit #1000000044) and the MoClo Plant Parts Kit (Addgene
Kit #1000000047) (Engler et al., 2014; Weber et al., 2011; Werner
et al., 2012). Site-directed mutagenesis was used to remove inter-
nal Bsal and Bpil restriction sites from the candidate sequences
without altering the encoded protein sequence using the Q5 Site-
Directed Mutagenesis Kit (New England Biolabs) according to the
manufacturer protocol (for primers see Table S3). As template,
the previously generated pJET1.2/blunt vector constructs were
used and the modified coding sequences were then amplified
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using gene-specific primers (Table S3) and cloned as Bpil frag-
ments into the level 0 (LO) vector pICH41308. The L0 served as the
basis for the assembly of level 1 plasmids and subsequently level
2 plasmids (Figure S15, Table S4), following the process described
in Weber et al. (2011) and Engler et al. (2014) (Engler et al., 2014;
Weber et al., 2011).

Construction of multigene plasmids for heterologous
expression in yeast

The generation of constructs for heterologous gene expression in
Saccharomyces cerevisiae was as previously described (Sunstrum
et al., 2021). In short, the yeast modular cloning toolkit (MoClo
YTK, Addgene Kit #1000000061, https://www.addgene.org/kits/
moclo-ytk/) (Lee et al., 2015) was used and cds were cloned into
entry vectors, transcriptional units and multigene constructs using
Golden-Gate cloning and Bsal and BsmBl restriction sites (see
Figure S13, Table S4). Plasmids were transformed into the Saccha-
romyces cerevisiae strain BY4741 (GE Life Sciences, Watertown,
MA, USA, https://gelifesciences.com/).

Yeast in vivo assays

Yeast in vivo feeding assays were performed as described previ-
ously (Sunstrum et al., 2021) with minor modifications. Specifi-
cally, starter cultures were grown overnight at 28°C with shaking
at 180 rpm in six-well plates (Greiner bio-one, CELLSTAR®) con-
taining 2.5 ml SD-URA media and using a single yeast colony car-
rying one of the plasmids. The next day, starter cultures were
used to inoculate 250 pl SD-URA media in 48-well plates (Greiner
bio-one, CELLSTAR®) to ODggo = 0.1. Cultures were supplied with
1 mm coumaric acid as substrate and grown for 72 h (28°C,
180 rpm). Plates were covered with breathable film (AXYGEN®)
and placed in a plastic container with high humidity during culti-
vation to prevent evaporation. For the cultivation of wild-type
yeast, YPD media or SD media was used. Assays were stopped by
transferring cultures to glass LC vials (Agilent Technologies, Santa
Clara, CA, USA, https://www.agilent.com/), adding equal volumes
of 100% (v/v) MeOH, and subsequent incubation at 42°C for
10 min. After centrifugation (15 min, 4°C, 4300 g) 50 pl of the
supernatant was transferred to glass inserts (Agilent Technolo-
gies) placed in 1.5 ml glass LC vials, and stored at —80°C until LC-
MS analysis. As an internal standard for peak normalization, a
peak consistently present across all samples with stable intensity
(m/z 191.0275, retention time: 0.84 min) was used. For each multi-
gene construct, cultures were grown with four replicates for each
experiment and each experiment was replicated twice for a total
of eight-fold replication.

Liquid chromatography-mass spectrometry (LC-MS)
analyses

LC-MS analyses were performed as previously described (Irmisch
et al., 2020). Samples from experiments with N. benthamiana,
except for those using multigene constructs, were analyzed on an
Agilent (Agilent Technologies) 1100 LC system coupled to an Agi-
lent MSD Trap XCT-Plus mass spectrometer with electro-spray in
negative ionization mode (capillary voltage, 4000 eV; temp, 350°C;
nebulizing gas, 60 psi; dry gas 12 L min~"). Analyses of products
from the enzyme in vitro assays, yeast in vivo assays and N.
benthamiana samples from experiments with multigene con-
structs were done on an Agilent 1290 Infinity LC system coupled
to an Agilent 6530 Accurate Mass Q-TOF mass spectrometer (both
Agilent Technologies) with an electrospray ion source operated in
negative ionization mode (capillary voltage, 4000 eV; temp, 350°C;
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nebulizing gas, 60 psi; dry gas 12 L x min~") and an Agilent 1290
DAD, detection 190-400 nm. As reference compounds for mass
calibration, Hexakis (1H,1H,3H tetrafluoropropoxy)phosphazene,
purine, and ammonium trifluoroacetate were used according to
the manufacturer’s (Agilent Technologies) instructions. For data
analysis and processing, we used the LC/MSD Trap Software 5.2
(Bruker Daltonik, Billerica, MA, USA, https://www.bruker.com/)
and the MASSHUNTER Workstation Software vB.07.00, 2015 (Agi-
lent Technologies). The same separation methods and protocols
were used with both LC-MS systems: For analyses of N.
benthamiana extracts, LC was performed on an Agilent ZORBAX
SB-C18 column (50 x 4.6 mm, 1.8 um particle size) using water
with 0.2%(v/v) formic acid (solvent A) against a gradient of aceto-
nitrile with 0.2%(v/v) formic acid (solvent B). The gradient profile
was: 0-0.5 min of 95% (v/v) solvent A, 0.5-5 min from 5 to 20% (v/
v) solvent B, 5-7 min of 90% (v/v) of solvent B, followed by equili-
bration to 95% (v/v) solvent A for 3 min. For analyses of products
from enzyme in vitro assays and yeast in vivo assays, the concen-
tration of formic acid in both solvents was increased to 2% (v/v)
while keeping all other LC conditions the same. The injection vol-
umes of 1 ul and 5 ul were used for samples analyzed on the Agi-
lent 6530 Accurate Mass Q-TOF and for samples analyzed on the
Agilent MSD Trap XCT-Plus MS, respectively. For additional
details see Table Sb.

Statistical analyses

All statistical analyses were performed in GRAPHPAD v9.5.1
(Boston, MA, USA, https://www.graphpad.com). One-way analy-
sis of variance (one-way AnovA) was used after testing for nor-
mal distribution to compare the accumulation of metabolites
between multiple samples and Tukey’'s HSD test was used to
test for differences in individual treatments. For comparing two
groups of samples the unpaired t-test was used.
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Table S5. Compounds identified in this study.

File S1. BAHD acyltransferase sequences used for the phyloge-
netic analyses.

File S2. Esterase sequences used for the phylogenetic analyses.
File S3. Montbretin accumulation in montbretia corms.
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