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Echinacoside (ECH), one of the most representative phenylethanoid glyco-
sides (PhGs), has considerable neuroprotective effects and is an effective
ingredient in numerous commercial drugs. Here, we elucidate the complete
ECH biosynthetic pathway in the medicinal plant Cistanche tubulosa. In total,
14 related genes are cloned and functionally characterized. Two upstream
pathways for tyrosol biosynthesis from L-tyrosine are identified: one includes
separate decarboxylation, deamination and reduction steps; the other uses
microbial-like transamination, decarboxylation and reduction steps. In addi-
tion, a distinct downstream assembly process from tyrosol to ECH is revealed
that includes sequential glucosylation, acylation, hydroxylation, and rham-
nosylation to form acteoside, and ends with a final glucosylation converting
acteoside to ECH. Furthermore, the de novo synthesis of 23 PhG derivatives is
achieved via the heterologous expression of different combinations of the
functional genes in tobacco. Our findings provide insights into the biosynth-
esis of ECH and a platform for alternative production of complex PhGs.

Cistanche Herba (CH, Chinese name: Rou Cong Rong), often referred
to the dried succulent stem of Cistanche plants (Fig. 1a), is a valuable
traditional Chinese medicine known as the “ginseng of the desert”. It
has a long history of use in Asian countries because of its pharmaco-
logical effects on treating kidney deficiency, impotence, and chronic
renal diseases”. Phenylethanoid glycosides (PhGs) are the primary
chemical components of Cistanche species’®. These compounds pos-
sess a phenylethanol glucoside skeleton, substituted with various
sugar moieties and acyl groups at different positions on the glucose
residue (Fig. 1b). Echinacoside (ECH, Fig. 1c) is a representative PhG

and one of the most well-studied. It processes pharmacological ben-
efits in the prevention and treatment of neurodegenerative diseases,
such as Alzheimer’s disease and Parkinson’s disease*’. In nature, Cis-
tanche tubulosa (Schenk) Wight, documented in the 2005 Edition of
the Chinese Pharmacopoeia, contains up 30% (w/w) ECH>°. The total
glycosides of C. tubulosa, with ECH as the primary ingredient, have
been certified by the National Medical Products Administration of
China to be used in clinical trials for treating vascular dementia®.

As a holoparasitic medicinal plant grown in desert regions, wild
CH resources are substantially impacted by the natural environment
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Fig. 1| A plausible biosynthesis pathway of echinacoside. a Cistanche tubulosa
plant in desert. b Skeleton of PhG compounds. ¢ Chemical structure of echinaco-
side (ECH). d Three possible upstream pathways for tyrosol or hydroxytyrosol
biosynthesis, including the TyDC-TYO-ADH pathway (pathway 1), AAS-ADH

Echinacoside, 21

pathway (pathway 2) and TAT-PPDC-ADH pathway (Ehrlich pathway, pathway 3)
that are shown in different colours. e Downstream pathways involving the assem-
bling of acyl, hydroxyl, rhamnosyl, and glucosyl modules in the biosynthesis

of ECH.

and are currently confronted with escalating constraints on both its
supply and demand. On the other hand, as a triglycoside that has
rhamnosyl, caffeoyl and glucosyl substituents at the 3’-OH, 4’-OH and
6’-OH positions of the hydroxysalidroside backbone, respectively, ECH
(Fig. 1c) possesses one of the most complex PhG structures among
natural products’. Many other bioactive PhGs, such as salidroside,
osmanthuside A (osmA), osmanthuside B (osmB), syringalide A and
acteoside, are predicted to be key intermediates in the ECH biosyn-
thetic pathway®. However, the complete biosynthetic pathway of ECH
remains unelucidated.

Biosynthesis of ECH is generally considered to involve three pri-
mary steps: the formation of tyrosol or hydroxytyrosol as the aglycone
(annotated “upstream pathway” in Fig. 1d); the incorporation of the
central glucose moiety; and the assembly of the 4’-acyl, 3-hydroxyl, 3"
rhamnosyl and 6’-glucosyl groups (annotated “downstream pathway”
in Fig. 1e)°. 4-Hydroxyphenylacetaldehyde (4-HPAA) is the direct bio-
synthetic precursor to form tyrosol through reduction catalysed by
alcohol dehydrogenase (ADH). However, reports on the upstream
pathway of 4-HPAA biosynthesis are controversial, especially in PhGs-
producing plants®®. For many years, 4-HPAA was considered to be
synthesized from tyrosine through separate decarboxylation (catalysed
by tyrosine decarboxylase (TyDC)) and oxidative deamination (cata-
lysed by tyramine oxidase (TYO)) reactions, referred as TyDC-TYO-ADH
pathway (pathway 1in Fig. 1d). However, only a limited number of TyDC
genes involved in PhG biosynthesis have been identified thus far"™,
and no TYO genes have been functionally validated in PhGs-producing
plants’®*. Torrens-Spence et al. reported a pyridoxal phosphate (PLP)-
dependent 4-HPAA synthase (4-HPAAS) named Rr4HPAAS from Rho-
diola rosea that can directly convert tyrosine into 4-HPAA through a

combination of “decarboxylation-deamination” and then into tyrosol
via ADH, thus providing the only fully elucidated upstream AAS-ADH
pathway (pathway 2 in Fig. 1d)"°. Additionally, in microbes, tyrosol can
be synthesized from tyrosine through the sequential actions of tyrosine
aminotransferase (TAT) and phenylpyruvate decarboxylase (PPDC),
referred to as Ehrlich pathway (pathway 3 in Fig. 1d)"'. Genes encoding
TATs have also been identified”'®, however, 4-hydroxyphenylpyruvic
acid (4-HPPA) decarboxylase genes have not yet been identified in
plants®?. Therefore, the roles of these three potential upstream
pathways in PhG biosynthesis and which pathway occurs in Cistanche
are still unknown. In terms of the downstream pathway (Fig. 1e), a
sequential assembly process including p-coumaroylation, rhamnosyla-
tion and hydroxylation from salidroside to acteoside has been reported
in Ligustrum robustum, Rehmannia glutinosa and Sesamum indicum®.
An alternative route for introducing the dihydroxy groups of acteoside
was also identified in S. indicum where an efficient glucosyltransferase
that catalyses hydroxytyrosol to hydroxysalidroside and an acyl-
transferase that transfers the caffeoyl group to hydroxysalidroside
to form calceolarioside A (calA) were discovered”, suggesting that
multiple routes may be involved in the biosynthesis of PhGs within
plants. Recently, Yao et al. reported the enzymatic synthesis of PhGs
through multienzyme cascades using enzymes of different origin
and engineered variants”. However, the complete ECH biosynthetic
pathway, particularly several enigmatic processes such as the con-
troversial upstream pathway and the unclear downstream assembly
procedures, as well as the natural 6’-O-glucosyltransferase, remains to
be elucidated.

In this work, we elucidate the complete ECH biosynthetic pathway
from L-tyrosine in C. tubulosa. A total of 14 related enzymes are
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identified (Supplementary Table 1). Three potential upstream path-
ways for tyrosol and hydroxytyrosol biosynthesis are proposed using
naturally identified or artificially modified enzymes. A distinct assem-
bly mechanism that utilizes rhamnosylation as the last step for
acteoside synthesis, which differs from what has been reported in L.
robustum and R. glutinosa™, is elucidated. It indicates the presence of
multiple parallel pathways for PhGs biosynthesis in different plants.
Additionally, the natural glucosyltransferase responsible for the final
glucosylation of acteoside to form ECH is reported. Furthermore, de
novo synthesis of 23 structurally diverse PhGs is achieved in tobacco
leaves, providing as an effective platform for the production of ECH
and various PhGs.

Results and discussion

Identification of glycosyltransferases involved in downstream
ECH biosynthetic pathways

Glycosyltransferases were initially explored to elucidate the biosyn-
thetic pathway of ECH (Fig. 2a). A total of 31 candidate genes belonging
to the UDP-glycosyltransferase (UGT) family with gene lengths
>500 bp and FPKM values >20 were screened from the transcriptome
of C. tubulosa. Phylogenetic analysis of their amino acid sequences was
conducted using the previously reported “sugar-sugar UGTs” that
catalyse sugar chain elongation? and UGTs that catalyse the glucosy-
lation of tyrosol to form salidroside (Supplementary Data 1)**%, As
shown in Fig. 2b, clades I, I and Il contained most of the referenced
sugar-sugar UGTs, and clade IV contains both sugar-sugar UGTs and
UGTs involved in salidroside biosynthesis. In total, 11 C. tubulosa UGT
genes were phylogenetically located in clades I and IV. These genes
were selected as candidates for further heterologous expression in
Escherichia coli (Supplementary Fig. 1) and subsequent in vitro enzy-
matic assays.

For the glycosylation of tyrosol to generate salidroside, three UGT
candidates exhibited corresponding activities. They were further
named CtUGT85A191, CtUGT85AF12 and CtUGTSS5AFI3, respectively, by
the UGT Nomenclature Committee. These three genes clustered in the
same clade and were phylogenetically closely related to genes
encoding tyrosol glucosyltransferases in R. rosea. In vitro enzymatic
assays revealed that under the same conditions, CtUGT85A191 and
CtUGTS85AF12 effectively converted tyrosol (9) to salidroside (11,
Fig. 2c) in >50% yield within 1 h, whereas CtUGT85AF13 required 12 h to
provide a similar conversion rate (Fig. 2c and Supplementary Fig. 2). In
addition, unlike salidroside, the aglycone of ECH harbours a hydro-
xytyrosol moiety. Therefore, we also examined the glucosylation
activity of CtUGT85A191, CtUGT85AF12 and CtUGT85AF13 towards
hydroxytyrosol (10). Both CtUGT85A191 and CtUGT85AF12 glucosy-
lated hydroxytyrosol (10) to form hydroxysalidroside (12), whose
structure was elucidated through nuclear magnetic resonance (NMR)
analysis (Supplementary Figs. 3-6), whereas the catalytic activity of
CtUGTS85AF13 was relatively weak (Fig. 2c). Moreover, the expression
profiles of CtUGT85A191 and CtUGT85AF12 were in accordance with the
observed ECH accumulation patterns in PEG6000-treated C. tubulosa
cell cultures, whereas that of CtUGT85AF13 was not. The apparent Ky
values of CtUGT85A191 and CtUGTS85AFI12 for tyrosol (or hydro-
xytyrosol) were further determined to be 137.70+22.66 uM
(288.50 +36.81 M) and 9.92 +2.20 uM (75.74 +11.95 uM), respectively
(Fig. 2d, e; kinetic parameters are summarized in Supplementary
Table 2), under the identified optimal conditions (Supplementary
Figs. 7 and 8). Both of these UGTs exhibited greater affinity for tyrosol
than for hydroxytyrosol, and CtUGT85AF12 demonstrated greater
substrate affinity and catalytic efficiency towards tyrosol substrates
than CtUGT85A191 did.

Another crucial glycosylation step in ECH biosynthesis is the
introduction of a rhamnose moiety into the central glucose through a
rhamnose (1 - 3) glucose linkage. Bioinformatics analysis revealed that
the enzyme encoded by Unigene8227 (later named CtUGT79G13)

shares a close phylogenetic relationship with LrtUGT79G7, a known
rhamnosyltransferase responsible for converting osmA (13) (Supple-
mentary Fig. 9) into osmB (14), which is further hydroxylated to form
acteoside in L. robustum®. However, for the dihydroxyl-type substrate,
calA (18), the probable direct precursor of acteoside,
LrUGT79G7 showed deficient activity*. In contrast to LrUGT79G7,
comprehensive enzymatic assays revealed that CtUGT79G13 could
catalyse the rhamnosylation of both osmA (13) and calA (18) in the
presence of UDP-rhamnose, with higher activity towards calA (Fig. 2f).
When osmA was utilized as the substrate, only a minor product was
detected within 30 min. When the reaction time was extended to 12 h,
the peak of 14 was prominently observed. Using a reference standard
for comparison, 14 was identified as osmB (Supplementary
Figs. 10-13). Improved rhamnosylation activity of CtUGT79G13 was
observed when calA (18) was used as the substrate, with a conversion
rate of 35.7% within 30 min and up to 76.4% after 12 h under the same
conditions, affording product 20, whose chemical structure was
identified as acteoside through further NMR analysis (Supplementary
Figs. 14-17). The kinetic parameters of CtUGT79Gl3 were further
evaluated under the identified optimal conditions (Supplementary
Fig. 18), which yielded a Ky, value of 77.82 + 6.10 uM, and a k../Kv value
of 5.71 x 10s™ uM™ for calA (Fig. 2g and Supplementary Table 2). To
investigate the structural basis for substrate preference, we predicted
the protein structure of CtUGT79G13 using AlphaFold2 (Supplemen-
tary Fig. 19) and further docked osmA and calA into the
CtUGT79G13-UDP-rhamnose binary complex. The tyrosol (hydro-
xytyrosol) and central glucose moieties of osmA and calA exhibited
similar conformations when interacting with CtUGT79G13 (Fig. 2h, i),
whereas the 3-hydroxyl group of calA formed an extra hydrogen bond
with K89 of CtUGT79G13. In addition, the conformation of the caffeoyl
moiety of calA was flipped compared with that of osmA, thus facil-
itating the formation of a hydrogen bond between the 3”-hydroxyl
group of calA and residue S82, as well as two hydrophobic interactions
between the caffeoyl-aromatic ring and residues A18 and A81 (Fig. 2h
and Supplementary Fig. 20), which benefit the binding of calA to
CtUGT79G13.

On the basis of the identified activity of CtUGT79G13 in the pro-
duction of acteoside, the final step in the biosynthesis of ECH was
conclusively determined to be the glucosylation of acteoside at the 6’-
OH position. All the UGT candidates in clades I and IV (Fig. 2b) were
assayed with acteoside as substrate in the presence of UDP-glucose
(UDP-GIc). The protein encoded by Unigenell946 specifically recog-
nized acteoside to generate a single product 21 with the same retention
time as that of ECH (Fig. 2j). The product peak exhibited an [M - H] ion
at m/z 785.2476 with the predicted formula of Cs3sH460,0 (calcd
785.2510 [M — HJ), an MS? fragment at m/z 623.2137 [M - H -162] and
an MS? fragment at m/z 477.1546 [M - H-162-146]", which are iden-
tical to those of ECH (Supplementary Fig. 21). The structure was further
confirmed to be that of ECH based on NMR analysis (Supplementary
Figs. 22 and 23). Unigenel1946 was subsequently named CtUGT73EV1.
Interestingly, CtUGT73EVL1 is located in clade IV and is phylogenetically
close to both UGT703E1 (a sugar-sugar UGT) and UGT73B6 (a tyrosol
glucosylation-related UGT). The Ky and k¢./Kym values of CtUGT73EV1
with acteoside were further determined to be 135.3 + 24.06 uM and 0.15
x 107 s uM™, respectively (Fig. 2k) under the identified optimal con-
ditions (Supplementary Fig. 24).

Identification of acyltransferases involved in downstream ECH
biosynthetic pathways

The PhGs in C. tubulosa usually feature acyl substituents such as
p-coumaroyl, caffeoyl, or feruloyl groups, at the 4’-OH or 6’-OH group
of the central glucose moiety”. In plants, such acylation is catalysed by
acyltransferases (ATs), which can be divided into two families: BAHD-
ATs (named after the first four biochemically characterized enzymes),
which use acyl-CoA thioesters as donors®®®, and serine
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carboxypeptidase-like ATs (SCPL-ATs), which use 1-O-3-glucose esters
as donors**** (Fig. 3a). Here, we employed multiple strategies to refine
the candidate ATs. Initially, a local protein BLAST was conducted using
known ATs with a preference for aromatic acyl donors as search
templates (Supplementary Data 2). We subsequently assessed the
expression levels of the obtained genes in PEG6000-treated C. tubu-
losa cell cultures through comparative transcriptome sequencing, and
the upregulated genes were further screened since drought stress
induced by PEG6000 could effectively increase the accumulation of

ECH and acteoside in cell suspension cultures of C. tubulosa (Supple-
mentary Fig. 25). Moreover, Murayama et al. discussed the key amino
acids for acyl-CoA selectivity using Gt5,3’AT as a template and revealed
that caffeoyl/p-coumaroyl-CoA-selective enzymes have Ala/Gly at
position 179 and Gly/Ser at position 401 and include Arg neither at
position 45 nor 182 (Fig. 3b)*. According to these criteria, six BAHD-AT
candidate genes were further screened and named CtAT-A-F (Fig. 3b).
These genes were subsequently amplified and heterologously
expressed in E. coli. In vitro enzymatic assays were designed
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Fig. 2 | Functional characterization of glycosyltransferases involved in the
downstream ECH biosynthesis pathway. a The identified glycosyltransferases in
the downstream biosynthesis pathway of ECH, including CtUGT85A191,
UGT85AF12, UGT85AF13, UGT79G13 and UGT73EV1. b Phylogenetic analysis of
candidate genes with reported “sugar-sugar UGTs”, which catalyse sugar chain
elongation (distributed in clades I-1V labelled in black), and UGTs, which catalyse
the glucosylation of tyrosol to form salidroside (located in clade IV labelled in black
with green circles). Candidate genes located in clades I-1V for further functional
analysis are labelled in red. Information on the referenced genes is summarized in
Supplementary Data 1. ¢ Glucosylation of tyrosol (9) to form salidroside (11) or
hydroxytyrosol (10) to form hydroxysalidroside (12), catalysed by CtUGT85A191,

UGT85AF12 and UGT85AF13 at 1 h or 12 h. d Kinetic parameter determination of
CtUGT85A191 towards 9 or 10. e Kinetic parameter determination of UGT85AF12
towards 9 or 10. f Rhamnosylation of calA (18) to form acteoside (20) or osmA (13)
to form osmB (14) by CtUGT79G13 at 0.5 h and 12 h. g Kinetic parameter deter-
mination of CtUGT79G13 towards 18. h, i Molecular docking of CtUGT79G13-UDP-
rhamnose binary complex with calA (h) or osmA (i). j Glucosylation of acteoside
(20) to form ECH (21) by CtUGT73EVL. k Kinetic parameter determination of
CtUGT73EV1 towards 20. The detection wavelengths were set at 280 nm (c) and
330 nm (f, j), respectively. Kinetic assays were performed in independent tripli-
cates, and data are presented as mean values + SDs (d and e; g and k). Source data
are provided as a Source Data file.

orthogonally using PhGs lacking acyl substitutions, including salidro-
side, forsythoside E and decaffeoylacteoside as substrates and aro-
matic CoAs, including cinnamoyl-CoA, p-coumaroyl-CoA, feruloyl-CoA
and caffeoyl-CoA, as acyl donors. CtAT-E exhibited acylation activity
towards salidroside when p-coumaroyl-CoA (Fig. 3c) or caffeoyl-CoA
(Fig. 3d) was used as the acyl donor to form the corresponding pro-
ducts 13 and 15, respectively. Two additional products, 15’ and 15”7,
with the same molecular weight as 15 were also generated; these
products were assumed to be formed due to the migration of the
caffeoyl moiety?’. More noticeable products 14 and 16 (Fig. 3¢, d) were
observed when UGT79G13 was added to catalyse the coupled rham-
nosylation reaction, effectively preventing acyl group migration and
increasing the substrate conversion rate. Compounds 13 and 14 were
confirmed to be osmA and osmB, respectively, upon comparison with
reference standards. Product 15 exhibited an m/z of 461.1455 [M — H]®
with the predicted formula Cy3H,60:0, Which supported the occur-
rence of caffeoyl transfer to salidroside. Its rhamnosylated product 16
exhibited an [M — H]™ ion at m/z 607.2035 and an MS? fragment at m/z
4451752 [M-H-162] (Fig. 3e), corresponding to cleavage of the
caffeoyl group. This mass spectral information was identical to that of
syringalide A-3’-rhamnoside®. Other candidate ATs did not show acy-
lation activity towards the tested PhG substrates (Supplementary
Figs. 26 and 27). The above results indicated that CtAT-E could
recognize either p-coumaroyl-CoA or caffeoyl-CoA as an acyl donor to
acylate salidroside to form osmA or syringalide A, respectively (Fig. 3f),
both of which are important intermediates in the biosynthesis of ECH.
In addition, acyl-CoA donor degradation was also observed in the
reactions generating p-coumaric acid and caffeic acid, which are
shown as the predominate peak in Fig. 3¢ and Fig. 3d, respectively.

Elucidation and identification of upstream biosynthetic path-
ways of ECH in C. tubulosa

Tyrosol is a common precursor of many important phenolic natural
products in plants, including the representative PhGs*. Three poten-
tial pathways for tyrosol biosynthesis were predicted in plants,
including TyDC-TYO-ADH pathway (pathway 1in Fig. 1d), which occurs
through sequential decarboxylation and tyramine oxidation; AAS-ADH
pathway (pathway 2 in Fig. 1d), which involves aromatic acetaldehyde
synthase (AAS) through a combined decarboxylation-deamination
process'’; and TAT-PPDC-ADH pathway (pathway 3 in Fig. 1d), through
sequential tyrosine aminotransfer and phenylpyruvate decarboxyla-
tion. However, only AAS-ADH pathway has been thoroughly char-
acterized in PhGs-producing plants™.

To elucidate the three potential upstream pathways, TyDC in
pathway 1 and AAS in pathway 2 were firstly identified in C. tubulosa.
These two enzymes both belong to the plant aromatic amino acid
decarboxylase (AAAD) family*. They presented high sequence simi-
larity with each other but were distinguished using two key residues
differentiating their catalysis activity (decarboxylase activity or
aldehyde synthase activity determined by a tyrosine or phenylalanine
residue at the position marked with an asterisk in Supplementary
Fig. 28a)'°*7*% and substrate selectivity (indolic substrate selectivity
or phenolic substrate selectivity determined by a glycine or serine

residue marked with an asterisk in Supplementary Fig. 28b)>*, On
the basis of transcriptome analysis, two AAAD genes were cloned
from C. tubulosa. According to the residues that dictate substrate
specificity and activity, one gene was predicted to encode a dec-
arboxylase that used phenolic amino acid as substrate and was
named CtTyDC. The other gene encodes a protein that indicated an
aldehyde synthase activity using indolic substrate; therefore, this
gene was named CtAAS (Supplementary Fig. 28). The expression
profile of CtTyDC coincided with that of the identified downstream
genes as well as with the ECH accumulation patterns, whereas that of
CtAAS did not (Fig. 4a). Additionally, the protein sequences encoded
by these genes were phylogenetically distinct (Supplementary
Table 3 and Supplementary Fig. 29). In vitro enzymatic assays were
subsequently designed accordingly. CtTyDC can catalyse the dec-
arboxylation of tyrosine (1) to form tyramine (2) (Fig. 4b) with strict
stereoselectivity for L-tyrosine (Supplementary Fig. 30). In contrast,
CtAAS did not exhibit aldehyde synthase activity towards either
tyrosine or tryptophan.

To achieve aldehyde synthase activity, the tyrosine residue at
position 347 of CtTyDC was mutated to phenylalanine. Then incu-
bation of L-tyrosine (1) with the CtTyDCys47 mutant and the cofactor
PLP led to the production of 4-HPAA (7). Since 4-HPAA is chemically
unstable, the identity of 4-HPAA product was confirmed through a
coupled reduction with NaBH, to yield tyrosol (9) (Fig. 4c). In addi-
tion, the production of peroxide was detected during the reaction
process (Supplementary Fig. 31), which provided more evidence for
the occurrence of the decarboxylation-deamination process. How-
ever, when we used this activity-related residue as a clue to screen
the 4-HPAAS gene in the C. tubulosa transcriptome (SRR31047969),
no targeted gene was found, implying that the AAS-ADH pathway for
tyrosol biosynthesis might be not present in C. tubulosa based on
current transcriptome data.

Then, TAT and PPDC in pathway 3 were explored. Bioinformatics
analysis revealed that the expression of one TAT gene in the C. tubulosa
transcriptome was consistent with that of the identified downstream
genes (Fig. 4a). This gene was subsequently cloned and named CtTAT.
CtTAT is phylogenetically closely related to PsTyrAT from Opium
poppy”, which uses a-ketoglutarate and L-tyrosine as the preferred
amino acceptor and amino donor, respectively (Supplementary
Table 4 and Supplementary Fig. 32a). Conserved residues involved in
PLP cofactor linkage were also observed in the CtTAT amino acid
sequence (Supplementary Fig. 32b). Hence, an in vitro enzymatic assay
was designed in the presence of PLP and a-ketoglutarate. CtTAT
effectively catalysed the amino transfer from L-tyrosine (1) to a-
ketoglutarate to yield L-glutamate and 4-HPPA (5), which was con-
firmed upon comparison with a reference standard, as shown in
Fig. 4d. These findings confirmed the transamination activity of CtTAT.

Three candidate PPDC genes, namely CtPPDCI, CtPPDC2, and
CtPPDC3, were identified by screening of C. tubulosa transcriptome
data. All of their protein coding sequences contained an approximately
30-residues sequence motif common to thiamine pyrophosphate
(TPP)-binding enzymes that begins with the highly conserved
sequence “-GDG-” and ends with the conserved “-NN-” (Supplementary
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acyltransferases CtAT-A-CtAT-G and reported acyltransferases belonging to the reactions using salidroside (11) as the acyl acceptor and p-coumaroyl-CoA (c) or
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Table 5 and Supplementary Fig. 33)*°. CtPPDC2 and CtPPDC3 presented  CtPPDC2-conducted assay based on high-performance liquid chro-
increased expression levels in PEG6000-treated cell cultures (Fig. 4a). matography (HPLC) and high-resolution mass spectrometry (HRMS)
In vitro assays were performed using 4-HPPA (5) as a substrate in the analyses as well as upon comparison with the reference standard
presence of TPP. To prevent degradation of the 4-HPAA (7) product  (Fig. 4e), demonstrating the decarboxylation activity of CtPPDC2,
and facilitate product detection, NaBH,, which can directly convert the  which was subsequently renamed CtPPDC.

produced 4-HPAA (7) into tyrosol (9), was also added to the reaction The last step of tyrosol biosynthesis is the reduction of 4-HPAA
mixture. The production of tyrosol (9) was detected only in the by hydroxyphenylacetaldehyde reductase (HPAR), which belongs to
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a large family of NAD(P)H-dependent reductases. Using the pre-
viously reported gene encoding 4-HPAR from R. rosea as a query
(Supplementary Table 6)'°, one gene annotated as an alcohol dehy-
drogenase with a consistent expression pattern that correlated with
the identified downstream genes was screened from the C. tubulosa
transcriptome and named Ct4HPAR accordingly (Supplementary
Fig. 34). With the addition of NADH as a cofactor, Ct4HPAR catalysed

the reduction of 4-HPAA (7) to tyrosol (9) (Fig. 4f), revealing the
universal last step for tyrosol biosynthesis in all three upstream
pathways.

Finally, TYO in pathway 1 was investigated using the Nicotiana
benthamiana expression system. The TyDC-TYO pathway has long
been regarded as one of the primary routes for tyrosol biosynthesis.
However, functional identification of TYO genes involved in PhG
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Fig. 4 | Elucidation of the upstream pathway of ECH biosynthesis. a Expression
heatmap of candidate upstream genes and the identified downstream genes in C.
tubulosa cell suspension cultures treated with 6% PEG6000. b Decarboxylation
reaction catalysed by CtTyDC towards L-tyrosine (1) or L-dopa (3) to form tyramine
(2) or dopamine (4), respectively. c Combined decarboxylation-deamination
reaction catalysed by the mutant CtTyDCys47¢ in the presence of PLP towards
L-tyrosine (1) to form 4-HPAA (7), which was further reduced to tyrosol (9) by
NaBH,, or L-dopa (3) to 3,4-diHPAA (8), which was further reduced to hydro-
xytyrosol (10) by NaBH,. d The amino transfer reaction of L-tyrosine (1) to form
4-HPPA (5) or L-dopa (3) to form 3,4-diHPPA (6), respectively, catalysed by CtTAT in

the presence of PLP and a-ketoglutarate. e With the addition of TPP, CtPPDC could
decarboxylate 4-HPPA (5) to form 4-HPAA (7), which was further reduced to tyrosol
(9) by NaBH,, or decarboxylate 3,4-diHPPA (6) to form 3,4-diHPAA (8), which was
further reduced to hydroxytyrosol (10) by NaBH,. f Ct4HPAR could catalyse the
reduction of 4-HPAA (7) or 3,4-diHPAA (8) to generate tyrosol (9) or hydroxytyrosol
(10), respectively, using NADH as the cofactor. (b-f) HRESI-MS and MS? spectra of
the products are listed in Supplementary Fig. 36. g Heterologous transient
expression of different combinations of upstream-related genes (Comb. 1-Comb. 7
annotated in Supplementary Table 8) in N. benthamiana. The detection wavelength
was set at 280 nm. Source data are provided as a Source Data file.

biosynthesis has been frustrated in many studies and these genes
remain elusive. In particular, after Torrens-Spence et al. rectified the
function of many previously mischaracterized TyDCs were actually
4-HPAAS on the basis of their actual function'*****°*1, the participa-
tion of TYO in the upstream pathway of PhGs was considered
doubtful'®. Using the reported amine oxidases as templates (Supple-
mentary Table 7), we obtained three TYO genes from the C. tubulosa
transcriptome data and named them CtTYOI-CtTYO3. These genes all
encode copper-containing amine oxidases with a consensus sequence
of Asn-Tyr-Asp/Glu-Tyr (Supplementary Fig. 35)**"*. Although many
efforts have been made towards the heterologous expression and
functional identification of CtTYOI-CtTYO3, the targeted products
have not been detected in in vitro enzymatic assays. Therefore, a plant
expression system was subsequently used. The substrate tyramine (2)
was initially injected into N. benthamiana leaves; however, these leaves
tended to wilt, which was likely attributable to the toxicity of the
injected tyramine. To solve this problem, we subsequently attempted
to test the activity of candidate TYO genes by coexpressing the entire
upstream pathway. This manipulation could allow the simultaneous
verification of the functions of other upstream pathway-related genes
in N. benthamiana. All candidate genes were inserted into the pCAM-
BIA1300 vector, and transiently expressed in N. benthamiana via dif-
ferent combinations (Combs. 1-7) as detailed in Supplementary
Table 8. Interestingly, the coexpression of CtTyDC, CtTYOI and
Ct4HPAR (Comb. 1 in Fig. 4g) led to the formation of tyrosol (9), as
determined by comparison with the reference standard, suggesting
that CtTYOL has the ability to oxidize tyramine; therefore, it was
renamed CtTYO. The expression of CtTYO2 and CtTYO3 did not result
in the detectable production of tyrosol but rather the obvious accu-
mulation of tyramine (2), which is generated via the decarboxylation
activity of CtTyDC (Combs. 2 and 3 in Fig. 4g). No products were
detected with any of other combinations (Combs. 4-7 in Fig. 4g).

Biosynthesis of hydroxytyrosol from dopamine using the iden-
tified upstream genes

There are two phenolic hydroxyl substituents on the phenylethyl
alcohol moiety of ECH. Since tyrosol has been well accepted as the
crucial biosynthetic precursor of ECH, the introduction of the other
hydroxy group is considered controversial and may occur at different
stages. According to Yang et al., hydroxylation is the last step in
acteoside biosynthesis using osmB as substrate in L. robustum and R.
glutinosa®, whereas Yao et al. recently reported that polyphenol oxi-
dase undergoes hydroxylation at the C3 position in the early stage of
the downstream biosynthetic pathway for acteoside biosynthesis in
Forsythia suspensa®. Based on the three possible upstream pathways
for tyrosol biosynthesis, we further validated the catalytic activity of
the upstream enzymes using L-dopa (3) as the initial precursor. As
shown in Fig. 4b—f, CtTyDC in pathway 1 catalysed the decarboxylation
of dopa (3) to dopamine (4) in 100% yield (Fig. 4b). CtTAT and CtPPDC
in pathway 3 also catalysed amino transfer from dopa (3) to form 3,4-
dihydroxyphenylpyruvic acid (3,4-diHPPA, 6) (Fig. 4d), followed by the
decarboxylation of 3,4-diHPPA (6) to form 3,4-dihydrox-
yphenylacetaldehyde (3,4-diHPAA, 8) (Fig. 4e), with a conversion rate
comparable to that of reactions using tyrosine as the initial precursor.

The final step in the upstream biosynthesis of ECH catalysed by
Ct4HPAR, which is shared by all three pathways, was also performed
using 3,4-diHPAA (8) as the substrate, and the reduced product
hydroxytyrosol (10) was effectively generated (Fig. 4f). The aldehyde
synthesis ability of the CtTyDCys47 mutant towards dopa was also
tested. 3,4-DiHPAA (8) was effectively generated through the one-step
decarboxylation-deamination of dopa (3) by CtTyDCys47¢ (Fig. 4c).
Therefore, enzymes involved in upstream biosynthesis that demon-
strate catalytic activity towards tyrosine in vitro are also capable of
catalysing corresponding reactions using dopa as a starting precursor
(Supplementary Fig. 36), thereby offering additional alternative path-
ways for the incorporation of dihydroxyl groups.

In vivo functional identification of upstream biosynthesis genes
of ECH in C. tubulosa

The transient expression of the upstream biosynthetic genes in N.
benthamiana enabled the functional identification of CtTYO, which led
to the identification of the predicted TyDC-TYO-ADH pathway for
tyrosol biosynthesis (Fig. 4g and Supplementary Fig. 37). Moreover,
CtAAS showed no activity in either in vitro enzymatic assays or inthe N.
benthamiana expression system, further excluding AAS-ADH pathway
for tyrosol biosynthesis in C. tubulosa. Moreover, although CtTAT and
CtPPDC in Ehrlich pathway showed obvious transamination and dec-
arboxylation activity in vitro (Fig. 4d, e), when they were transiently
expressed in N. benthamiana together with Ct4HPAR (Comb. 6 in
Fig. 4g), no product was detected. Therefore, to further explore the
roles of TyDC-TYO-ADH pathway-related genes and Ehrlich pathway-
related genes in ECH biosynthesis in C. tubulosa (Supplementary
Fig. 37), the in vivo functions of the genes involved in these two
pathways were evaluated.

Initially, CtTyDC, CtTYO, CtTAT, CtPPDC and Ct4HPAR were
expressed in C. tubulosa suspension cell cultures separately (Supple-
mentary Fig. 38a) and in two different combinations (“C¢TyDC+
CtTYO + Ct4HPAR” and “CtTAT + CtPPDC + Ct4HPAR”, Supplementary
Fig. 38b). The contents of ECH and acteoside in C. tubulosa suspension
cells subjected to different treatments were subsequently determined.
Overexpressing these genes individually resulted in only slight
increases in the contents of ECH and acteoside (Fig. 5a), whereas clear
increases in the ECH and acteoside contents were detected with both
gene combinations (Fig. 5b), which indicated that overexpression of
the entire pathway 1 or pathway 3 was beneficial for the accumulation
of both ECH and acteoside.

In addition, the expression of C¢TyDC, CtTYO, CtTAT, and CtPPDC
in C. tubulosa calli was knocked down using RNAi (Supplementary
Fig. 38¢). The individual downregulation of these genes led to only a
marginal reduction in the ECH and acteoside contents (Fig. 5c). When
CtTyDC and CtTYO (pathway 1) or CtTAT and CtPPDC (pathway 3) were
suppressed in together (Supplementary Fig. 38d), the contents of ECH
and acteoside decreased moderately (Fig. 5d). This observation was
consistent with the gene overexpression results and suggested that the
biosynthesis of tyrosol was not solely dependent on either pathway.
Thus, we downregulated the expression of CtTyDC and CtTYO in
pathway 1 and CtTAT and CtPPDC in pathway 3 simultaneously (Sup-
plementary Fig. 38d). The content of ECH in the treated callus culture
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CtPPDC genes individually (c) or in three combinations of “CtTyDC + C(TYO",
“CtTAT + CtPPDC” and “CtTyDC + CtTYO + CtTAT + CtPPDC”, respectively (d). The
data are presented as the means + SDs (n = 3 biologically independent replicates).
Statistical analysis was performed with unpaired two-tailed Student’s ¢ tests. P value
for each comparison from left to right in (d): 0.0484, 0.0045, <0.0001, 0.0206,
0.0022, and 0.0002. Source data are provided as a Source Data file.

showed a sharp decrease from 28.8% (control) to 10.1% (Fig. 5d). Based
on these results, we speculated that both TyDC-TYO-ADH pathway and
TAT-PPDC-ADH pathway are employed by C. tubulosa to generate the
precursor tyrosol for ECH biosynthesis. Utilization of microbial-like
pathways for the biosynthesis of natural products in plants has been
revealed recently*®. Our study demonstrated that plants could also
utilize a microbial-like Ehrlich pathway to synthesize tyrosol in vivo.

Reconstruction of the ECH biosynthetic pathway in N.
benthamiana

Given the desired de novo synthesis activity of CtTyDC, CtTYO and
Ct4HPAR in N. benthamiana to produce tyrosol (Comb. 1in Fig. 4g), all
the functionally identified enzymes related to ECH biosynthesis were
sequentially introduced into the N. benthamiana expression system. It
was found that adding either CtUGT85A191 or CtUGTS8SAFI2 to N.
benthamiana led to the efficient de novo biosynthesis of salidroside,
with CtUGT85AF12 exhibiting better activity, which is in agreement
with the in vitro assays (Supplementary Fig. 39). On the other hand, we
also attempted tyrosol infiltration with the transient expression of
CtUGTS85A191 or CtUGT8SAFI2. However, only minor salidroside pro-
ducts were detected (Supplementary Fig. 39). This observation high-
lights the advantage of utilizing the identified TyDC-TYO-ADH
upstream pathway genes in the generation of PhGs. The identified
acyltransferase gene CtAT-E was subsequently introduced into the N.
benthamiana expression system, resulting in the production of osmA
(13) and syringalide A (15) based on comparisons with the reference
standard and HRESI-MS" analysis (Supplementary Figs. 40 and 41).
These two compounds were further rhamnosylated to form osmB (14)
and syringalide A-3’-rhamnoside (16), respectively, after CtUGT79G13
was coexpressed in N. benthamiana (Supplementary Figs. 40 and 42).
These observations demonstrated that CtAT-E could transfer p-cou-
maroyl or caffeoyl groups and that CtUGT79G13 could catalyse the
subsequent rhamnosylation for ECH biosynthesis in the N. benthami-
ana system, which are consistent with their in vitro activities.

The in vitro enzymatic assays demonstrated that, in comparison
with osmA, calA serves as the optimal natural substrate for
CtUGT79G13. Thus, the introduction of the phenolic hydroxy at the C3
position should occur before rhamnosylation. To elucidate the gene
responsible for C3 hydroxylation, a comprehensive screening of 23
oxidase or hydroxylase genes was conducted using the transcriptome
of C. tubulosa. Among them, a cytochrome P450 gene that is phylo-
genetically close to the CYP98A family (Supplementary Table 9 and
Supplementary Fig. 43) and named CtCYP98A248 by the Cytochrome
P450 Nomenclature Committee exhibited targeted hydroxylation
activity when coexpressed with other genes. In the extracts of N.
benthamiana transiently expressing the CtTyDC, CtTYO, Ct4HPAR,
CtUGT85AFI12, CtAT-E and CtCYP98A248 combination, the extracted ion
chromatogram (EIC) for calA (18) revealed a product peak with the
same retention time as the standard (Supplementary Fig. 44). The EIC
for Cy3H»50,0 [M — H]™ showed a peak for 17 (Supplementary Fig. 44),
which was further rhamnosylated to generate 19 after CtUGT79G13 was
coexpressed (Supplementary Figs. 40 and 45). Compound 19 exhib-
ited a different retention time from 16. Its molecular ion was detected
at m/z 607.2002, with an MS? fragment at m/z 461.1643, which corre-
sponds to the mass spectrum of isosyringalide A 3’-rhamnoside (Sup-
plementary Fig. 45). Owing to the weak activity of CtCYP98A2438, all of
these hydroxylated products were detected in trace amounts. There-
fore, we further tested the catalytic activity of CtUGT79G13 and
CtUGT73EV1 through substrate infiltration. The formation of acteoside
was detected after the transient expression of CtUGT79G13 in N. ben-
thamiana with calA coinfiltration (Supplementary Fig. 46). The for-
mation of ECH was detected both in the CtUGT73EVI transient
expression system in N. benthamiana with acteoside coinfiltration and
in the CtUGT79G13 and CtUGT73EVI transient expression system in N.
benthamiana with calA coinfiltration (Supplementary Fig. 47), con-
firming the last two steps of in vivo biosynthesis of ECH through the
rhamnosylation of calA and the subsequent glucosylation of acteo-
side (Fig. 6).
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The functionally identified enzymes in

De novo biosynthesis of various phenylethanoid glycosides in N.
benthamiana

Most of the identified genes displayed desired activities in N. ben-
thamiana, except CtCYP98A248, whose activity improvement was under
investigation. The combinatorial transient expression of other identi-
fied genes paves a way for the efficient de novo synthesis of PhGs with
mono-hydroxyl unit (Fig. 6). These genes were therefore coexpressed in
different combinations in N. benthamiana (Fig. 7a). De novo synthesis of
tyrosol and salidroside, in yields of 0.3% DW and 2% DW, respectively,
was initially achieved through using gene Combs. 8 and 9 (Fig. 7b). Since
the downstream modifications involve multiple glycosylation steps, we
further identified a sucrose synthase (SuS) gene CtSuS from C. tubulosa
to increase the supplementation of glycosyl donors (Supplementary
Fig. 48). The incorporation of CtSuS in tobacco leaves harbouring
CtTyDC, CtTYO, Ct4HPAR and CtUGTS5AF12 effectively improved the de
novo production yield of salidroside 11 from 2% DW to 3% DW (Fig. 7b).
Subsequently, the combined transient expression of CtSuS in conjunc-
tion with CtTyDC, CtTYO, Ct4HPAR, CtUGTS5AFI2 and CtAT-E resulted in
the generation of eleven additional PhG products labelled al-all
(Fig. 7c). These compounds were converted into their corresponding
rhamnosylated products (b1-b11), as labelled in Fig. 7d, after transient
coexpression of CtUGT79G13. According to the mass spectrometric
patterns and diagnostic fragments summarized in Supplementary
Figs. 49-71, as well as comparisons with the reference standards (for a2
and b2), the chemical structures of al-all and b1-bll were putatively
identified (Fig. 7e). These compounds all harbour tyrosol moieties with
different acyl substituents, including caffeoyl (al and bl; a3 and b3),
coumaroyl (a2 and b2; a5 and b5; a7 and b7), feruloyl (a4 and b4; a6 and
bé6), cinnamoyl (a8 and b8; al0 and b10), and methoxycinnamoyl (a9
and b9; all and b11) substituents. Products with caffeoyl or coumaroyl
substituents were predominant, which indicated the strong in vivo
acylation ability of CtAT-E when unitizing the endogenous coumaroyl-
CoA and caffeoyl-CoA in tobacco and is in accordance with the in vitro
coumaroyl transferase and caffeoyl transferase activities of CtAT-E.
Additionally, we hypothesized that other types of acylation reactions
may be beneficial due to the improved activity of CtAT-E in the plant
expression system; meanwhile, the possibility that the acyl group was

methylated by native methyltransferases in N. benthamiana cannot be
fully excluded. Moreover, the major peaks of a3, a5, a6, a7, al0 and all
and their corresponding rhamnosylated products b3, b5, b6, b7, b10
and b11 all showed the characteristic sequential neutral loss of 44 Da for
CO, and 86 Da for the malonyl substituent, which is consistent with the
spectrometric pattern of malonylated glycosides. We speculated that
malonylation of the PhG products was conducted by an endogenous
malonyltransferase that exists in tobacco since malonylation is recog-
nized as a key reaction in the metabolism of xenobiotic phenolic glu-
cosides in tobacco, and several glycoside malonyltransferases have
been identified previously**°. Moreover, because the malonyl sub-
stituent occupied the 6’-OH position, which is the preferred glucosyla-
tion site of UGT73EV], further incorporation of the UGT73EVI gene in
the N. benthamiana transient expression system did not generate new
products. According to the residue content of 11 (-2% DW), the yields of
al-all and bl-bll ranged from 0.02-1% DW (Fig. 7f). This finding
indicated that N. benthamiana harbouring the functional genes identi-
fied in this study can serve as an efficient platform for the de novo
synthesis of a wide range of natural and synthetic PhG derivatives.
Further improvement of the C3 hydroxylation activity as well as inhi-
bition of endogenous malonylation will offer a more advantageous
approach for the de novo synthesis of ECH.

In summary, we have elucidated the complete biosynthetic
pathway of ECH and various PhG intermediates from L-tyrosine in C.
tubulosa. A total of 14 genes were functionally identified, including
the separate decarboxylation and tyramine oxidation pathway i.e.
TyDC-TYO-ADH pathway for tyrosol biosynthesis in PhG-producing
plants. In addition, a microbial-like Ehrlich pathway for tyrosol bio-
synthesis was elucidated, which involves a separate tyrosine amino-
transfer and phenylpyruvate decarboxylation pathway i.e. TAT-
PPDC-ADH pathway. Furthermore, downstream assembly processes
of tyrosol were elucidated, which involves sequential glucosylation
to form salidroside, acylation to produce osmA and syringalide A,
hydroxylation to produce calA, rhamnosylation to form acteoside,
and ultimately glucosylation to yield ECH through the action of a
specific 6-O-glucosyaltransferase enzyme. Finally, de novo bio-
synthesis of salidroside, osmA, omsB, syringalide A, syringalide A-3"-
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Chemicals and reagents
Chemicals and reference standards used in this study were listed in
Supplementary Table 10. p-Coumaroyl-CoA and caffeoyl-CoA were
prepared using a 4-coumarate coenzyme A ligase®. All solvents for
preparative HPLC and MS analysis were of HPLC grade and MS grade,
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respectively, and purchased from Fisher Scientific.
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Fig. 7 | De novo synthesis of tyrosol, salidroside, osmA, osmB, syringalide A,
syringalide A-3’-rhamnoside and 18 PhGs in tobacco leaves. a De novo bio-
synthesis of PhGs using endogenous L-tyrosine in N. benthamiana harbouring
functionally identified genes in different combinations (Combs. 8-14). b Yields of
tyrosol (0.3% DW) or salidroside (2-3% DW) in tobacco harbouring gene Combs.
8-10. The data are presented as the means + SDs; n =3 biological replicates. Sta-
tistical analysis was performed with unpaired two-tailed Student’s t-tests. ¢ HPLC
chromatogram of tobacco extracts harbouring gene Comb. 12, which led to the
production of salidroside and PhGs al-all. The detection wavelength was set at

330 nm. d HPLC chromatogram of tobacco extracts harbouring gene Comb. 14,
which led to the production of salidroside and PhGs b1-b1l. e Plausible identities of
the generated products al-all and b1-b11 based on their mass spectrometric
patterns and diagnostic fragments (Supplementary Figs. 49-71), as well as through
reference standard comparisons. Compounds bl-bl1 are the corresponding
rhamnosylated products of al-all, respectively. f The liquid chromatography mass
spectrometry peak areas of products al-all and b1-b11 from engineered tobacco
harbouring different gene combinations. The data are presented as the means +
SDs; n =3 biological replicates. Source data are provided as a Source Data file.

Plant materials and comparative transcriptome sequencing

C. tubulosa plant was obtained from Hetian, Xinjiang Uygur Autono-
mous Region. Callus culture and cell suspension of C. tubulosa were
induced and maintained in our laboratory for years™ 6% PEG6000
treatment was performed on cell suspension of C. tubulosa after sub-
culture in MS liquid medium. Cells were harvested after 15 days’
treatment at 25 °C, 120 rpm in darkness. Total RNA of different C.
tubulosa samples was extracted using OMEGA plant RNA kit (GA, USA).
Comparative transcriptome sequencing and analysis were completed
using the BGISEQ-500 sequencing platform (BGI, Wuhan, China).

HPLC and MS analysis methods

HPLC analyses were performed using Agilent 1260 Series HPLC system
equipped with a diode array detector and a LC-20ADXR modular
platform (Shimadzu, Kyoto, Japan). HRESI-MS data were recorded on
an LCMS-IT-TOF system in negative ion mode with automatic multi-
level MS?, MS?, MS? full scans using ultrahigh-purity Ar as the collision
gas, N, as the atomizing gas. lon accumulation time was 100 ms; CID
collision energy was set to 50%. lon trap was set to 1.9 x 107 Pa. The
mobile phase and gradient programs for different detection purpose
are listed in Supplementary Data 3.

Gene cloning, heterologous expression, and recombinant pro-
tein purification

Total RNA was extracted from the fresh stem of C. tubulosa using a
plant RNA Extraction Kit (OMEQA Bio-Tek, USA) and used to synthe-
size the cDNA using M-MLV reverse transcriptase (Promega, USA). The
coding sequences of genes of interest were amplified from cDNA using
high fidelity KOD-Plus-Neo DNA polymerase (TOYOBO, Japan) through
three steps or gradient touch down PCR methods. To achieve the
soluble expression in E. coli, pET-28a vector, pET-24b vector, pCold™ I
vector and pCold™ TF vector were used for recombinant strain con-
struction. Protein expression in pET expression system was induced by
addition of 0.5 mM isopropyl-S-D-thiogalactopyranoside (IPTG) and
grown for 16 h at 25 °C, 200 rpm®. For pCold expression system,
strains were induced via adding IPTG with the final concentration of
0.5 mM when the ODg4o value reached 0.4-0.6, and the cells were
grown for 24 h at 16 °C, 180 rpm. All primers used in this study are
listed in Supplementary Data 4. SDS-PAGE analysis of all soluble pro-
teins is shown in Supplementary Fig. 1.

Bioinformatic analysis

Hierarchical clustering for gene expression data analysis was per-
formed in TBtools software™ based on the FPKM values of candidate
genes. Phylogenetic analyses were performed using the Neighbour-
Joining method based on the Poisson model by MEGA?7 software. The
reliability of the tree was measured by bootstrap analysis with 1000
replicates®. The amino acid sequences were aligned using Clustal W*.

In vitro enzymatic assays

In vitro enzymatic assays of different enzymes were performed in the
reaction mixture as the following descriptions. Parallel reaction using
boiled enzymes were set as control. The reactions were terminated by
the addition of two-fold volume of ice-cold methanol. Afterward, the
samples were centrifuged at 12,000 x g for 30 min at 4°C. The

obtained supernatants were analysed by HPLC and HRESI-MS using
different methods summarized in Supplementary Data 3.

In vitro enzymatic assays of CtTyDC were performed using a
mixed reaction solution (100 pL) containing 100 mM sodium phos-
phate (pH 8.0), 60 pg of the purified protein and 4 mM L-tyrosine, and
incubated at 30 °C for 2 h.

In vitro enzymatic assays of CtPAAS and CtTyDCyz47r Were per-
formed using a mixed reaction solution (100 pL) containing 50 mM
sodium phosphate (pH 8.0), 0.2 mM PLP, 2 mM L-tyrosine, and 30 pg
purified protein, and incubated at 30 °C for 3 h. After termination,
NaBH, was added to reduce the product, the obtained supernatants
were analysed.

In vitro enzymatic assays of CtTAT were performed using a mixed
reaction solution (100 pL) containing 100 mM HEPES (pH 8.5), 0.2 mM
PLP, 2 mM L-tyrosine, 10 mM a-ketoglutarate and 30 pg purified pro-
tein, and incubated at 30 °C for 1h.

In vitro enzymatic assays of CtPPDC were performed using a
mixed reaction solution (100 pL) containing 50 mM Tris-HCI (pH 7.5),
2 mM 4-HPPA, 0.2 mM TPP and 30 pg purified protein, and incubated
at 30 °C for 10 h. After termination, NaBH4 was added to reduce the
product. The obtained supernatants were analysed.

In vitro enzymatic assays of Ct4HPAR were performed using a
mixed reaction solution (100 pL) containing 50 mM Tris-HCI (pH 7.5),
4 mM 4-HPAA, 2 mM NADH and 50 pg purified protein, and incubated
at 30°C for 2 h.

In vitro enzymatic assays of CtUGT85A191, CtUGT85AF12 and
CtUGTS85AF13 were performed in the reaction mixture containing
0.8 mM UDP-Glc, 0.4 mM tyrosol or hydroxytyrosol, 10-60 pg of pur-
ified protein in 50 mM Tris-HCI (pH 7.5), 50 mM NaCl, 1mM DTT at a
final volume of 100 pL, respectively. The reactions were incubated at
30°C for 1-12 h.

In vitro enzymatic assays of CtUGT79G13 were conducted in
enzyme reaction mixtures containing 100 mM K,HPO4-KH,PO, (pH
7.0), 0.4 mM osmaA or calA, 0.8 mM UDP-rhamnose and 50 pg purified
CtUGT79G13. The reactions were incubated at 30 °C for 0.5-12 h.

In vitro enzymatic assays of CtUGT73EV1 were performed in the
reaction mixture containing 2 mM UDP-Glc, 0.4 mM acetoside, 100 pg
of purified CtUGT73EVI in 100 mM K,HPO,4-KH,PO, (pH 7.0), 50 mM
NaCl, 1mM DTT at a final volume of 100 pL. The reactions were incu-
bated at 37 °C for 1.5h.

In vitro enzymatic assays of CtATs were performed using a mixed
reaction solution (100 pL) containing 50 mM Tris-HCI (pH 7.5), 0.4 mM
salidroside, 0.6 mM aromatic acyl coenzyme A and 30 pg purified
protein, and incubated at 30 °C for 12 h.

In vitro enzymatic assays of CtATs and CtUGT79G13 were per-
formed in the reaction mixture containing 1 mM aromatic acyl coen-
zyme A, 1mM UDP-rhamnose, 0.4 mM salidroside, 50 pg of purified
CtATs and 30 pg of purified CtUGT79G13 in 50 mM Tris-HCI (pH 7.5),
50 mM NaCl, 1mM DTT at a final volume of 150 pL. The reactions were
incubated at 30 °C for 12 h.

Biochemical properties determination and kinetic studies

The time courses of the reactions were assayed by terminating the
reactions at different time points (5min, 15min, 30 min, 1h, 2h, 4h,
6 h, 8 h,12 h and 24 h). To assay the optimal reaction temperature, the
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reactions were incubated at various temperatures ranging from O to
65°C. To investigate the optimal pH, the enzymatic reactions were
performed in various reaction buffers ranging in pH values from 4.0 to
6.0 (100 mM citric acid-sodium citrate buffer), 6.0 to 8.0 (100 mM
K,HPO4-KH,PO, buffer), 7.0 to 9.0 (50 mM Tris-HCI buffer) and 8.0 to
10.0 (100 mM Na,CO3-NaHCO; buffer).

Kinetic characterization of CtUGT85A191, CtUGT85AF12,
CtCTUGT79G13, CtUGT73EV1 was performed as listed in Supplemen-
tary Method 1-4. Kinetic constants were calculated by nonlinear
Michaelis-Menten regression using GraphPad Prism 8. All the reactions
were terminated by adding a double volume of methanol. After being
centrifuged at 12,000 x g for 30 min, the samples were analysed by
HPLC using methods in Supplementary Data 3.

Preparation, separation and structural elucidation of glycosy-
lated products

For preparative enzymatic synthesis of glycosylated products, reactions
were carried out in 50 mL total volume containing 50 mM of Tris-HCI
buffer (pH 7.0), 0.6-1 mM glycosyl-acceptors, 3 mM glycosyl-donors and
50-100 mg of purified enzymes at 30 °C for 12h. Then the reaction
solutions were centrifuged at 12,000 x g for 30 min to obtain the
supernatants which were subjected into a MCL Gel (Mitsubishi Chemical)
using gradient elution (0%-100% methanol/H,0). The obtained fractions
were analysed by HPLC-UV. Fractions contained targeted products were
combined and evaporated to dryness before being redissolved in 2 mL
of 50% methanol. The glycosylated products were subsequently purified
by reversed-phase semi-preparative HPLC using a YMC-Pack ODS-A
HPLC column (10 mm i.d. x 250 mm, 5 um) at a flow rate of 3.0 mL/min.
Water and acetonitrile were used as the mobile phase. The obtained
glycosylated products were further structurally identified by HRESI-MS,
'H NMR and 2C NMR analyses (Supplementary Note 1).

AlphaFold2 protein structure prediction and molecular docking
The protein model for UGT79G13 was established using Alphafold2”’.
Software AutoDock Vina v.1.2.0. was used for molecular docking®®. Grid
boxes for sugar donor and acceptor were calculated using the crystal
structures of plant originated glycosyltransferases UGT89C1 (PDBID:
61JA) and UGT72B1 (PDBID: 2VCE), respectively. Discovery Studio 2016
and Pymol 2.0.6 were used to visualize models and construct graphical
illustrative figures.

Transient expression of candidate genes in N. benthamiana

Candidate biosynthetic genes were expressed in N. benthamiana via
Agrobacterium mediated transient expression. Interested genes were
constructed into pCAMBIA-1300-35S-EGFP vector using primers in
Supplementary Data 4. Agrobacterium strains that contained the
recombinant plasmid were grown in LB medium with antibiotics
(25 pg/mL rifampicin, 50 pg/mL kanamycin) for 16 h at 28 °C. Then the
cells were collected through centrifuge at 4000 x g for 6 min. The cell
pellet was resuspended in infiltration buffer (10 mM MES, pH 5.6,
10 mM MgCl,, 150 uM acetosyringone) and centrifuged at 4000 x g for
6 min. The supernatant was removed and the cell pellet was resus-
pended in infiltration buffer to the optical density ODgoo of 0.6. For
individually tested strains, Agrobacterium suspensions were diluted.
After incubation at 28 °C for 2-4 h, infiltration was performed using a
1mL needle-free syringe on underside of four-week-old N. benthami-
ana leaves. For substrate infiltration, about 200 pL of aqueous sub-
strate solution was infiltrated into underside side of previously
Agrobacterium-infiltrated leaves with a needleless syringe. The infil-
trated area was marked for further harvest at 48 hours post-infiltration.

Overexpression of interested genes in C. tubulosa cell suspen-
sion culture

The candidate genes were constructed into pCAMBIA1300 35s-EGFP
binary vector and transformed into the A. tumefaciens strain EHA105.

Strains harbouring empty vector were used as negative control. The
transformed cells were cultured on LB medium containing selective
antibiotics (50 pg L™ kanamycin and 25 pg L™ rifampicin) at 28°C on a
shaker rotating at 200 rpm until the ODgoo reached 0.8-1.0. The cells
were harvested by centrifugation at 4000 x g for 6 min and the pellets
were resuspended in MS liquid medium supplemented with 100 mM
acetosyringone to an ODggo reached 0.6-0.8. When gene constructs
were tested in combination, strains were mixed in equal concentration
such that each strain had an ODgq of 0.3. Each test had 3 parallels. The
mixed cultures were added to the suspension cells of C. tubulosa
growing in a stable phase and incubated at 28 °C with gentle shaking
for 4 h. Subsequently, fresh MS liquid medium was added and incu-
bation continued at 25°C for 60 h in darkness. Then the suspension
cells were harvested in duplicate, one was directly dried to constant
weight for content determination, and the other one was frozen in
liquid nitrogen and stored at —80 °C for RNA extraction.

Knockdown of gene expression through RNA interference in C.
tubulosa calli

According to the sequence information of interested genes, the highly
specific fragment about 200 bp was selected as the target and inserted
into pBWA(V)HS-RNAI to generate the hairpin RNA vector with intron.
Primers used for RNAi are summarized in Supplementary Data 4. The
resulting recombinant vectors were transformed into A. tumefaciens
GV3101, and the positive colonies carrying the recombinant plasmids
were inoculated in 10 mL of LB medium with antibiotics (25 pg/mL
rifampicin, 50 pg/mL kanamycin) and grown at 28 °C until the ODggo
reached 0.6. Then the cells were centrifuged at 4 °C, 4000 x g for 6 min
and the supernatant was removed. The Agrobacterium cells were
washed with B5S medium twice and then resuspended in B5 medium for
the infection of healthy C. tubulosa calli. The infected calli were cul-
tured on B5 solid medium containing 300 pg/mL cefotaxime and
50 pg/mL hygromycin for 5 days in the dark at 25 °C. The collected calli
were sampled in duplicate, one was directly dried to constant weight
for content determination, and the other one was frozen in liquid
nitrogen and stored at —80 °C for RNA extraction.

De novo synthesis of PhGs in N. benthamiana

For de novo synthesis of PhGs in N. benthamiana, gene constructs
were expressed in different combination as shown in Supplementary
Table 8. Agrobacterium strains that contained the recombinant plas-
mid were cultured and then collected by centrifuge at 4000 x g for
6 min. The cell pellets were resuspended in infiltration buffer and then
centrifuged at 4000 x g for 6 min. For gene transient expression in
combinations, the multiple constructs were infiltrated simultaneously.
The corresponding A. tumefaciens cell cultures were mixed so that the
final ODgoo of each to be 0.3. The infiltration mixture was subsequently
incubated in an incubator at 28 °C for 2-3 h for injection®. In a typical
experiment, three individual leaves were used as replicates for each
strain combination being tested, with each leaf belonging to a different
plant to randomize any batch effects. The Agrobacterium infection
solutions were infiltrated into the leaves of N. benthamiana with a1 mL
needle-free syringe. The infection area was marked and cultured
overnight in dark, then cultured under normal conditions. After 120 h,
the leaves were freeze-dried and crushed into powders. The powders
were then ultrasonic extracted using 50% methanol (w:v=1:5) for
30 min, The supernatants were obtained after being centrifuged at
12,000 x g, 15min for HPLC and HRESI-MS analyses using method
listed in Supplementary Data 3.

qRT-PCR

RNA retraction of C. tubulosa culture under different treatment and
the subsequent cDNA preparation were performed as described
above. The expression of CtTyDC, CtTYO, CtTAT, CtPPDC, Ct4HPAR
were quantified through real-time PCR using specific primers in
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Supplementary Data 4 by TransStart Top Green qPCR SuperMix
(TransGen Biotech). PCR procedures were performed on BIO-RAD CFX
Connect Real-Time PCR Detection System using procedure as follows:
30s at 94°C, 5s at 94 °C, 30 s at 60 °C. This procedure was repeated
for 40 cycles followed by the dissociation stage. The relative expres-
sion of genes was analysed using the 272*““ method and normalized to
the expression level of the internal standard DNA/.

Content determination

The contents of salidroside, hydroxysalidroside, acteoside and echi-
nacoside for kinetic studies, as well as contents of de novo biosynthesis
of tyrosol and salidroside in tobacco leaves were determined using
standard curves in Supplementary Table 11.

NMR analysis

NMR analysis was performed on 400 MHz, 500 MHz and 600 MHz
Bruker Avance Il spectrometers (Bruker Corp. Karlsruhe, Germany).
Chemical shifts were reported in parts per million and coupling con-
stants were recorded in hertz.

Statistical analysis

All numerical data are expressed as mean + standard deviation (SD).
Unpaired two-tailed Student’s t-tests was performed to evaluate the
difference between groups. P value of less than 0.05 was statistically
significant.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Genes identified in this study have been deposited in GenBank data-
base under following accession numbers: C¢tTyDC, PP911309; CtTYO,
PP911310; CtTAT, PP911311; CtPPDC, PP911312; Ct4HPAR, PP911313;
CtUGT85A191, PPO11315; CtUGTS8SAF12, PP911316; CtUGTS8S5AFI13,
PP911317; CtUGT79G13, PP911318; CtUGT73EV1, P911319; CtAT-E,
PP911321; CtCYP98A248, PQ540720; CtSuS, PP911320. CtUGTSE5A191,
CtUGTS85AF12, CtUGT85AF13, CtUGT/9G13, CtUGT73EVI and
CtCYP98A248 were named by the UGT Nomenclature Committee or
the P450 Nomenclature Committee. The raw reads from the tran-
scriptome analysis of C. tubulosa have been deposited in the NCBI
Sequence Read Archive (SRA) database under the BioProject
PRJNA1175030. Source data are provided with this paper.
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