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Plants make complex and potent therapeutic molecules"?, but sourcing these
molecules from natural producers or through chemical synthesisis difficult, which
limits their use in the clinic. A prominent example is the anti-cancer therapeutic
paclitaxel (sold under the brand name Taxol), which s derived from yew trees

(Taxus species)®. Identifying the full paclitaxel biosynthetic pathway would enable
heterologous production of the drug, but this has yet to be achieved despite half a
century of research*. Within Taxus’ large, enzyme-rich genome’, we suspected that the
paclitaxel pathway would be difficult to resolve using conventional RNA-sequencing
and co-expression analyses. Here, to improve the resolution of transcriptional
analysis for pathway identification, we developed a strategy we term multiplexed
perturbation x single nuclei (mpXsn) to transcriptionally profile cell states spanning
tissues, cell types, developmental stages and elicitation conditions. Our data show
that paclitaxel biosynthetic genes segregate into distinct expression modules that
suggest consecutive subpathways. These modules resolved seven new genes, allowing
adenovo17-gene biosynthesis and isolation of baccatin Ill, the industrial precursor

to Taxol, in Nicotiana benthamianaleaves, at levels comparable with the natural
abundance in Taxus needles. Notably, we found that a nuclear transport factor 2
(NTF2)-like protein, FOTO1, is crucial for promoting the formation of the desired
product during the first oxidation, resolving along-standing bottleneck in paclitaxel
pathway reconstitution. Together with anew 3-phenylalanine-CoA ligase, the

eight genes discovered here enable the de novo biosynthesis of 3’-N-debenzoyl-
2’-deoxypaclitaxel. More broadly, we establish a generalizable approach to efficiently
scale the power of co-expression analysis to match the complexity of large,
uncharacterized genomes, facilitating the discovery of high-value gene sets.

Plants defend themselves with complex chemical arsenals that are
an essential source of therapeutics?. Paclitaxel (Taxol), a potent
microtubule-stabilizing agent discovered in yew (Taxus) plants as part
ofaNational Cancer Institute screening campaign during the1960s and
1970s, remains one of the most valuable chemotherapeutics used inthe
clinic®. Afteritsapproval by the US Food and Drug Administration (FDA)
in1992 for the treatment of ovarian cancer, this diterpenoid became a
best-selling pharmaceutical and remains the active component of diverse
formulations, derivatizations and biological conjugates’. This extensive
use, combined with the chemical complexity and low natural abundance
(0.001-0.050% dried weight in Taxus bark)”® of Taxol has made it one of
the most sought-after molecules for synthesis. Although elegant synthetic
routes have been developed’, none are economically viable; drug supply
still relies on extracting late-stage intermediates, such asbaccatin Il (16),
fromyewtissue'®. The promise of abiomanufacturing strategy has made
the discovery of the complete Taxus enzyme set for heterologous Taxol
biosynthesis a grand challenge for natural product chemistry.

The search for the complete Taxol biosynthetic gene set, which was
originally proposed toinvolve 19 enzymes, including 14 enzymes to bac-
catinlll (16), beganin the late 1990s. By 2006, the Croteau laboratory
and others had discovered 12 enzymes, including the scaffold-forming
enzyme, taxadiene synthase (TDS), as well as several tailoring oxidases
and acyltransferases (Fig. 1a and Supplementary Table 1). Progress
mostly stalled for two decades, until recent reportsidentified ataxane
oxetanase (TOT) that installs Taxol’s unique oxetane moiety, and sev-
eral additional enzymes that are thought to act in the pathway' .
However, several of the crucial functional groups on Taxol, such as the
C-1P hydroxyl, still lack an assigned enzyme with direct biochemical
evidence.Inaddition to missing pathway enzymes, heterologous recon-
stitution of the Taxol pathway has been stymied by the inefficiency
of the first proposed oxidation. Despite extensive troubleshooting
efforts in a variety of heterologous systems', the first Taxol oxidase,
taxadiene 5a-hydroxylase, (T5aH), mainly produces side products
with rearranged carbon bonds instead of the proposed ‘on-pathway’
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Fig.1|A platform combining multiplexed perturbation and snRNA-seq
(mpXsn) to overcome the challenges of Taxol biosynthetic gene discovery.
a, Proposed Taxol biosynthesis pathway, with gaps highlighted in orange.
Inaddition to ourincomplete knowledge of the biosynthetic gene set,
inefficiencies (red arrows) of the first oxidase, T5aH, prevent reconstitution
and discovery of the Taxol pathway. b, Prominent classes of taxane metabolites
thathavebeenisolated from Taxusspecies. The tailoring acyl groups on taxanes
include acetyl, benzoyl, short-chain fatty acid residues and phenylisoserine
derivatives.c, Number of enzymesin the Taxus chinensis genome belonging to
secondary-metabolism-related families. P450, cytochrome P450; a-hydro,

intermediate, taxadien-5a-ol (2) (refs. 17-20). These two challenges
highlight the major gap in our understanding of the endogenous
biochemistry, and remain hurdles to heterologous Taxol production
(Fig.1a).

The missing components of the Taxol pathway have probably eluded
scientists because of the metabolic and genomic complexity of Taxus.
Taxolis one of almost 600 taxanes that have beenisolated from Taxus
species’, including hundreds of 6/8/6-taxanes that differ from Taxol
only by subtle tailoring modifications’ (Fig. 1b). Within the Taxus
genome, Taxol pathway genes are a minute fraction of the hundreds
of oxidases, acyltransferases and other enzymes thatareinvolvedin the
primary and secondary metabolism’® (Fig. 1c). Consequently, despite
extensive transcriptional profiling of Taxustissues*? (see also the Yew

o/B-hydrolase; AcylT, acyltransferase; TPS, terpene synthase. d, Overview of
the differences between conventional co-expressionapproaches and the
mpXsnmethodology described here. Dot networks are visualizations of the
co-expression network, inwhich nodes are linked when mutual rank is lower
than 20, using either bulk RNA-seq or our mpXsn data. For visual clarity, only
P450s are shown. e, Experimental overview of mpXsn, with uniform manifold
approximation and projection (UMAP) of single-nucleus transcriptomes. f, Rank
ofeachknown Taxolgene by PCC to TDS using either bulk (n =79 samples) or
mpXsn (n=17,143 cells across 3 experiments) data.

Genomics Resource; http://langelabtools.wsu.edu/ygr/), conventional
transcriptional co-expression approaches have notidentified the com-
plete Taxol biosynthetic gene set. We hypothesized that an updated
approach, which captured a much larger diversity of transcriptional
states, would be required to improve co-expression resolution and
discriminate between different branches of metabolism (Fig. 1d). Such
improvementsin resolution would be especiallyimportant if the Taxol
pathway uses unanticipated genes.

To improve gene-association resolution within the taxane meta-
bolic network, we developed a single-nucleus approach to efficiently
profile Taxus cell states across a vast set of cell types and pertur-
bations. Differential transcriptional activation of Taxus’s diverse
biosynthetic processes enabled the discovery of several Taxol
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transcriptional modules, from which we identified eight new genes
in Taxol biosynthesis. Highlighting the importance of thisapproach,
most identified genes do not belong to previously proposed Taxol
gene families, and would not have been anticipated from the pro-
posed biosynthetic model. None of the three oxidases identified
here belong to the cytochrome P450 CYP725A subfamily that has
been the focus of previous search efforts' . Three other enzymes
catalyse the addition and removal of cryptic acetylations absent
in Taxol, but their inclusion is essential for progression through
the pathway, akin to the protection-deprotection strategy used by
chemists. Finally, we identified a protein from the NTF2-like fam-
ily, not previously implicated in plant metabolism, that is crucial
for high yields of the reconstituted pathway by resolving the inef-
ficiency during the first taxane oxidation”2°, With these 8 genes,
together with 11 that have been described previously, we constructed
a total biosynthesis for the direct Taxol precursors baccatin lll and
3’-N-debenzoyl-2’-deoxypaclitaxel in N. benthamiana. Without fur-
ther optimization, our system heterologously produces baccatinlIl,
the industrial semi-synthesis precursor for taxane therapeutics, at
levels comparable with the natural abundance in yew, showcasing
its tremendous potential as a sustainable source.

Multiplexed perturbationimprovesresolution

First, we developed a single-nucleus RNA sequencing (snRNA-seq)
protocol for Taxus (Methods) and assessed whether natural cell-type
heterogeneity alone would be sufficient to identify new Taxol genes
by co-expression. However, after profiling 6,077 cells from unelicited
(‘naive’) mature tissues, we observed that several Taxol biosynthetic
enzymes, including TDS, T5aH and 10-deacetylbaccatin IlI-10-O-acetyl
transferase (DBAT), were not highly expressed in any cell (Extended
DataFig.1a). This exemplifies one of the core challenges of using tran-
scriptomes to find secondary-metabolism genes: tissues must beina
state of active biosynthesis to capture pathway-associated transcripts?,
but the search for such a tissue state can be difficult, because it might
require aspecific developmental age?* or exposure to a specific biotic
stressor®,

To mitigate the difficulty of identifying biosynthetic cell states by
individually testing large panels of perturbations, we made use of
the scale of single-cell transcriptomics to develop a method we term
multiplexed perturbation x single nuclei (mpXsn), which simultane-
ously tests hundreds of perturbations. Although single-cell transcrip-
tomics have been developed into parallelized screens in mammalian
systems® ¥, no comparable platform was available for plants. Unlike
most large-scale perturbation technologies, we designed mpXsn to
require no genetic tools, so that it would be generalizable to diverse,
non-model species.

By pooling diverse tissues and conditions before asingle snRNA-seq
library synthesis step, individual sample processing is no longer limit-
ing. Thisapproachenabled us to affordably test alarge number of sam-
ples (272), spanning conditions and time points, in asingle experiment
(Fig.1e). To maximize the probability of activating biosynthetic states,
we compiled a panel of hormones, microorganisms and other potential
elicitors (Supplementary Table 2). We subjected both young and mature
Taxus media needles to this panel for one to four days before pooling
alltissues and time points for snRNA-seq library synthesis. Compared
with the naive cell states we originally profiled, asubset of the elicited
cell states now exhibited high expression of the early Taxol pathway
(Extended Data Fig. 1a).

To determine whether these single-cell transcriptional data provide
new information to identify Taxol enzymes, we directly compared
co-expression analyses using either our mpXsn data or bulk RNA-seq
data from six previous studies spanning tissues and elicitation condi-
tions (Methods). Using either bulk RNA-seq datasets (79 samples) or
the mpXsn data (2,901 pseudobulk cell states), we ranked each gene
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in the Taxus genome by Pearson correlation coefficient (PCC) to TDS
(Fig.1f). Of the 14 genes previously associated with Taxol biosynthesis
(Supplementary Table1), all but 2 ranked higher in the mpXsn analysis
thaninthe bulk RNA-seqanalysis (Fig. 1f and Extended Data Fig. 1b-d).
This suggested that the Taxol pathway was better resolved in the mpXsn
dataset thanin compiled bulk RNA-seq datasets.

Identification of three Taxol biosynthetic modules

The Taxol pathway has been hypothesized to involve 19 transforma-
tions, and at least 13 enzymes have been characterized (Fig. 2a and
Supplementary Table 1). Although the expression of the first enzyme
inthe pathway, TDS, does correlate with most Taxol genes (Fig. 1fand
Extended Data Fig. 1c-e), some known Taxol genes show stronger
co-expression relationships with one another, forming distinct sub-
clusters of co-expression (Fig. 2b). These subclusters prompted us to
analyse the mpXsn dataset with an untargeted approach to identify
gene co-expression modules across the 7. media transcriptome.

To systematically organize genes into co-expressed modules, we
factored the gene-by-cell matrix from the mpXsn dataset using a con-
sensus non-negative matrix factorization ((NMF) approach (Fig. 2c)
thatwas previously developed for single-cell datasets®®. The modules
and corresponding gene scores produced by thisapproach canreveal
patterns of corresponding gene expression that are not readily appar-
ent from linear correlation analysis (Methods). We ran cNMF analysis
with different numbers of total modules (range 50-400). In all runs
with more than 125 modules, known Taxol genes consistently domi-
nated not one, but three separate gene modules (subsequently called
Taxol modules 1,2 and 3) (Fig. 2d,e,h,i and Supplementary Fig. 1). We
proceeded with an intermediate value (200 total modules) for sub-
sequent analysis to avoid over- or under-clustering. The observation
that different subsets of Taxol genes rank highly in separate modules,
roughly segregating by proposed order of biosynthesis (Fig. 2e and
Supplementary Data 1), suggests that Taxol biosynthesis consists of
separately regulated transcriptional programs. Furthermore, Taxol
modulelisenriched in genes of the methylerythritol phosphate (MEP)
pathway, but not the mevalonate pathway, highlighting alink between
primary and secondary metabolism (Fig. 2f). This finding aligns with
the current consensus that the MEP pathway supplies precursors for
diterpenoids in gymnosperms®.

The enrichment of P450, 2-oxoglutarate dependent dioxygenase
(2-ODD) and acetyltransferase genes among the top 100 genes of the
3 Taxol modules (Fig. 2g) suggests that these modules are involved in
Taxus secondary metabolism. In addition, these three modules were
expressed in different subsets of cells (Fig. 2h). Elicitation was crucial
foractivating module 1, consisting of the early Taxol pathway, because it
was not expressed in the naive young and mature Taxustissues we pro-
filed (Fig.2h).Indeed, metabolomic analysis suggests that elicitors such
aschitosanand methyljasmonate lead toincreased accumulation of an
early pathway intermediate in Taxusneedles (SupplementaryFig. 2),in
line with previousreports that these are elicitors of gymnosperm stress
responses*® and taxane biosynthesis®. An unfiltered analysis of the top
genes in Taxol module 1 revealed all the genes that we had previously
used to reconstitute the early Taxol pathway®, including TDS, T5aH,
taxadien-5a-ol-O-acetyltransferase (TAT), taxane 103-hydroxylase
(T10BH) and DBAT (Fig. 2i). We therefore began our search for the miss-
ing components of the Taxol pathway by examining the uncharacter-
ized genes in this highly co-expressed gene module.

Discovery of FoTO1

The first oxidation in the Taxol pathway, by T5aH, is highly inefficient
and yields a large set of closely related products, most of which do
not seem to be productive pathway intermediates. Numerous stud-
ies, including our own, have investigated and attempted to optimize
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Fig.2|Identification of taxane biosynthetic gene modules. a, Schematic

of Taxol biosynthesis and previously hypothesized gene order. Blue, previously
identified Taxol biosynthesis enzymes; red, hypothesized enzymes.b, PCC
betweenknown Taxol-related genes using mpXsndata. Toidentify substructures,
genes were hierarchically clustered (SciPy fcluster, Euclidean distance) on both
axes. ¢, Schematic for matrix factorization. mpXsn data were factorized using
cNMF?.d, Heat map showing the rank of known Taxol biosynthetic genesin
each of the modules produced by matrix factorization. e, Asind, but showing
only the three modules enriched in Taxol genes (modules 1,2 and 3). f, Heat map
of Taxol modules, showing module rankings for the two isoprenoid pathways
inthe primary metabolism potentially upstream of the Taxol biosynthesis.

T5aH across various contexts'® 2, Previously, we reported' the
de novo reconstitution of the six early steps in Taxol biosynthesis,
consisting of TDS, T5aH, TAT, TIOBH, DBAT and taxane 13a-hydroxylase
(T13aH), in N. benthamiana; this resulted in the production of
5a,10B-diacetoxytaxadien-13a-ol (4) (Fig. 3a). This required exten-
sive tuning of the expression of T5aH, which increased yields of the
on-pathwayintermediate taxadien-5a-ol (2) (ref. 32) relative to cyclo-
taxane (OCT; 2’a), iso-OCT (2’b) and other rearranged side products
(2c). Despite our optimization efforts'®, these side products still accu-
mulated as the dominant products of T5aH. Notably, OCT-derived
products do not naturally accumulate to notable levels in Taxus plants.

Module usage Gene rank in module

Only the MEP pathway is co-expressed with the first Taxol module, supporting
itsroleinsynthesizing Taxol precursors. g, Allgene modules ranked by the
totalnumber of 2-ODD, P450 and acetyltransferase (AcylT) genesin the top
100 genes of eachmodule. h, Module usage of each cell, which is analogous

to gene expression, plotted onto the single-nucleus transcriptomic UMAP.
Taxolmodules1-3 are expressedin non-overlapping cellstates,and were
mainly identified in different experiments. i, Unfiltered lists of the top genes
ineach module, plotted as module rank and score. Blue, previously identified
genes associated with Taxol biosynthesis; red, new biosynthetic genes
identified in this study.

We hypothesized that Taxol module 1 contains unanticipated pro-
teins that facilitate this initial oxidation and prevent the formation
of side products. During our testing of approximately 77 gene can-
didates that were highly ranked in Taxol module 1 (Fig. 3b), we found
that the addition of a single protein, a NTF2-like protein ranked 13 in
module 1, increased the yield of our pathway (Supplementary Fig. 3).
We hypothesized that this protein is involved in altering the product
flux of the early oxidative steps. Expressing this gene, which we later
named FoTO1 (facilitator of taxane oxidation), resulted ina10-17-fold
increase in yields from early Taxol pathways (Fig. 3c). To determine
whether FoTO1 ameliorates side-product formation during the first
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Fig.3|Characterization of FOTOL. a, Early Taxol biosynthetic pathway and the
T5aH product divergence. Blue shading highlights the biosynthetic pathway
towards Taxol. Diamond indicates the structure is supported by NMR. b, Rank
andscore of genesin Taxolmodulel. ¢, Bar graph showing the FoTOl-induced
fold change in end-products’ peak area of subpathways when transiently
expressed in N. benthamianaleaves. Fold changeis calculated by quantifying
the GC-MS totalion chromatogram (TIC) peak area of compounds 2-4 and
normalizing to the -FoTO1 condition. cytoTDS, cytosolic TDS. Dataare

mean +s.d.,n=3biological,independent leafsamples. Statistical analyses
were performed using atwo-sided, unpaired Welch’s t-test.d, GC-MSTIC of
N.benthamianaleaves transiently expressing theindicated genes. e, Bar graph
oftotal oxidized taxanes for the +TSaH and +T5aH+FoTOl conditions. Data are
mean +s.d.n =6 biological,independentleafsamples. One asterisk indicates
previously characterized; two asterisks indicate characterized in this study.

oxidation, we compared gas chromatography-mass spectrometry
(GC-MS) analyses of N. benthamianaleaf extracts expressing TDS and
T5aH with and without FoTO1. Without FoTO1, T5aH yields mainly
undesired side products, including 2’a-c and many uncharacterized
compounds, and very little of the desired product, taxadien-5a-ol (2)
(Fig.3d,e). However, inclusion of FoTO1 markedly alters the product pro-
file:side products 2’a-care no longer produced, and taxadien-5a-ol (2)
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f, Phylogenetictree of FoTO1homologuesidentified by HMMER. The tree was
produced with FastTree, rooted with red algae homologues. g, Structural model
of FoTOl, generated by AlphaFold3 and aligned with the Arabidopsis thaliana
orthologue with FoldSeek. h, Bar graphs showing the integrated peak area
of2and2’awhenN-or C-terminally truncated FoTOl is transiently expressed in
N.benthamianaleaves together with TDS and TSaH. Dataaremean +s.d.,n=3
biologicalreplicates. i, Quantification of binding between purified T5aH and
FoTOl or FoTO1(AC) using microscale thermophoresis. Dataaremean +s.d.,
n=3replicates.j, Quantification of binding between purified TDS2 and FoTO1
or FoTO1(AC), asini (n =3replicates). N-terminal transmembrane domains of
TSaHand TDS2 are removed for purification purposes. Dataaremean +s.d.,
n=3.k,Immunoblot ofthe co-IP of TSaH-HA (prey) by V5-FoTO1 (bait) in
N.benthamianaleaves expressing both proteins (Supplementary Fig. 7).

and an over-oxidized product, 4f3,20-epoxy-taxadien-5a-ol (2'd, Sup-
plementary Note 1), become the major products (Fig. 3d,e and Sup-
plementary Fig.4).

To gain insight into how FoTO1 modulates T5aH product forma-
tion, we further analysed its sequence and phylogeny. FoTOl is a
195-amino-acid protein in the NTF2-like family, which has not previ-
ously been implicated in plant metabolism. Although some fungal



NTF2 proteins have evolved catalytic activity®***, plant and animal
NTF2 proteins have been studied mainly for their capacity to medi-
ate protein transport to the nucleus®. Using HMMER®®, we identified
1,957 homologues in plant genomic databases. We found that FoTO1
homologues are widespread across Viridiplantae, and generally pre-
sent as a single copy per genome, suggesting a conserved function
(Fig. 3f). Gymnosperms, however, contain multiple paralogues that
derive from both an ancient duplication (Fig. 3f) and recent dupli-
cations, including in the genus Taxus (Supplementary Fig. 5). These
duplications might have allowed one paralogue to evolve alternative
functions and contribute to taxane biosynthesis. Supporting this func-
tional divergence, we found that neither the FoTO1 paralogue from
T. media nor the homologue from Arabidopsis thaliana could produce
the same metabolomic change for early Taxol pathway reconstitution
asFoTOl1 (Fig. 3g and Extended Data Fig. 2).

We anticipated that FOTO1 could be operating through several
mechanisms, including (i) scaffolding or allosteric support of Taxol
enzymes, (ii) transport or positioning of taxane intermediates or
(iii) enzymatic resolution of an unstable intermediate. FOTO1 does
not affect the production of taxadiene (1) and iso-taxadiene by TDS1
or TDS2 (Extended Data Fig. 3a), suggesting that it has no enzymatic
activity on taxadiene (1). To further test for potential active sites that
could be important for catalysis or substrate binding, we generated
mutations of residues within the protein’s cavity on the basis of the
AlphaFold-predicted structure of FOTO1 (Fig. 3g and Extended Data
Fig. 3b-d). Although none of the tested amino acid substitutions
caused FoTO1 to lose its capacity to suppress oxidation side pro-
ducts (Extended Data Fig. 3b-d), deletion of the C-terminal a-helix,
but not the N-terminal helix, eliminated FOTO1’s in planta phenotype
(Fig.3g,h).

To determine whether the function of FoTOlinvolved adirect inter-
action with Taxol enzymes and perhaps a scaffolding role, we purified
FoTOl1 (fused to N-terminal mTurquoise2) and the soluble portions
of TDS2 and T5aH. Using microscale thermophoresis, we found that
FoTO1binds to both T5aH and TDS2 with high nanomolar dissocia-
tion constant (K,) values (Fig. 3i,j). Deletion of the C-terminal helix,
which disrupts FoTO1’s in planta metabolic phenotype (Fig. 3g), also
eliminated binding affinity with both proteins (Fig. 3i,j), suggesting
that this region is involved in protein-protein interactions. To deter-
mine whether this physical interaction was physiologically relevant,
we conducted co-immunoprecipitation (co-IP) of epitope-tagged pro-
teins, V5-FoTOland T5aH-HA, co-expressedin N. benthamianaleaves
(Fig. 3k). Immunoprecipitation of V5-FoTO1 using a V5 antibody was
able to capture T5aH-HA (Fig. 3k and Supplementary Figs. 6 and 7).
Furthermore, the TSaH-HA co-IP signal increased fourfold when leaf
lysates were incubated with 45 pM taxadiene (1), but not when they
wereincubated withamock terpene (caryophyllene) (Fig. 3k and Sup-
plementary Figs. 6 and 7).

Together, these datasupportamechanisminvolving adirectinterac-
tion between FoTO1, T5aH and possibly TDS. The influence of taxadiene
(1) ontheefficiency of co-IP of T5aH and FoTO1 could indicate that the
metabolite hasadirectroleinthisinteraction. Although TDS, T5aH and
FoTOllocalize to different subcellular regions—plastid, endoplasmic
reticulum (ER) membrane and cytoplasm, respectively (Supplementary
Fig.8)—direct contacts between the outer lamina of these membranes
areknown sites of lipid trafficking® and the biosynthesis of other diter-
penoids such as gibberellin®,

Independently evolved T9aHs for different pathways

The presence of FoTO1 and all biosynthetic enzymes for 4 in gene
module 1suggested a coordinated regulation of early Taxol biosyn-
theticenzymes, and an opportunity to discover missing Taxol enzymes
from this module (Fig. 3b). The next oxidation after C-5«, C-103 and
C-13a hydroxylation is proposed to be the C-9a hydroxylation. In V.

benthamiana, we screened 2-ODD and P450 oxidases within the top 50
genes of module 1by co-expressing candidate genesin batches together
with the upstream pathway to 4, ataxane with three oxidationand two
acylation modifications (302A; hereafter, the nomenclature nOmA
describes the collection of taxane isomers bearing n oxy groups, for
example, hydroxylation and epoxidation, and m acylations, for exam-
ple, acetylation and benzoylation, on the taxadiene scaffold). We found
that the 27th gene in module 1, a P450 in the CYP750C family (T9aH-
750C), resulted indepletion of 302A (4) and concurrent productionof a
mass corresponding to anew 403A (5) intermediate with an additional
oxidationand anacetylation on 4 (Fig. 4b). This additional acetylation
was unexpected given that the acetyltransferases expressed, TAT and
DBAT, were known mainly for acetylation activity on the C-5and C-10
hydroxyls, respectively. To confirm the function of T9aH-750C and to
provide support for the structural assignment of 5, we co-expressed
the biosynthetic genes to 5 with TAX19, the previously characterized
C-13a-O-acetyltransferase®, and isolated the resulting acetylated 404A
products from N. benthamianaleaves. Through nuclear magnetic reso-
nance (NMR) analysis and tandem mass spectrometry (MS/MS) com-
parison with a standard, we structurally characterized the products
as taxusin (6) and its isomer 13f-taxusin (6’) (Fig. 4b, Supplementary
Table 3 and Extended Data Fig. 4a,b). This structural analysis supports
therole of T9aH-750C as ataxane 9a-hydroxylase (T9aH) and TAT asa
bi-functional C-5a/9a-0-acetyltransferase (Extended Data Fig. 4cand
Supplementary Note 2).

Several groups have independently reported that a CYP725A P450,
with less than 20% identity at the protein level to T9aH-750C, is the
T9aH in Taxol biosynthesis (referred to here as T9axH-725A, for distinc-
tion). This enzyme was identified by transcriptome-informed screen-
ing of CYP725A genes, a Taxus-specific enzyme family that includes
all previously known Taxol P450s* ™, Although both T9aH-750C and
T9aH-725A canactas T9aH to produce taxusin (6) when TAX19 is pre-
sent, only T9aH-750C can deplete 302A to yield 403A (Fig. 4b, Supple-
mentary Fig. 9 and Extended Data Fig. 4a,b). By contrast, T9aH-725A
is unable to produce 403A and seems to require a substrate with a
C-13a acetoxy group. Extremely low sequence conservation between
these enzymes suggests the independent evolution of T9aH activi-
ties in two distinct P450 families (CYP725A and CYP750C), and their
different substrate specificities suggest that T9aH-725A is involved
in the biosynthesis of C-13a-acetoxyl taxanes, whereas T9aH-750C is
involved in the biosynthesis of C-13a-hydroxyl taxanes. Because Taxol
andits precursor baccatin Il (16) lack the C-13a-acetoxy moiety thatis
required for T9aH-725A, we used T9aH-750C, instead of T9aH-725A, as
the 9a-hydroxylase for all subsequent taxane pathway reconstitutions
(Fig. 4c and Supplementary Fig. 10).

Discovery of T7AT and two T1Hs

The missing C-1f3 hydroxylation in Taxol is proposed to occur after
functionalization by several known mid-pathway enzymes: taxoid
2a-hydroxylase (T2aH) and 7B-hydroxylase (T7BH)***, taxane 2a-
0-benzoyltransferase (TBT)*? and taxane oxetanase (TOT)" >, When we
co-expressed T2aH and TBT with the pathway to 5, we detected amass
feature correspondingto the expected hydroxylated and benzoylated
product (7-Bz) (Fig. 4c). Notably, we also detected a mass feature cor-
responding to the acetylated product (Fig. 4c), suggesting that TBT
also catalyses acetylation. Testing of TBT with 1-hydroxybaccatinland
baccatin VI showed that TBT mediates the interconversion between
C-2a-benzoyl and acetyl groups (Supplementary Fig. 11), consistent
with a previous report*, and this might explain the prevalence of
C-2a-acetoxy taxanes in nature’?,

Expression of T7BH with the 504A gene set yielded the expected
benzoylated and acetylated 604A products, but subsequent addition of
TOT did not convert these 604A compounds to a hepta-oxidized (70)
product (Fig. 4d). Given that many of the highly oxygenated taxanes
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Fig.4|Discovery and characterization of T9aH, T7AT and two T1BHs. a, Heat
map showing the ranks of new T9aH and T1Hs and other Taxol biosynthetic
genesinthethreemodules. T9aH-725Ais the T9aH independently reported
by other groups'>™*. Black, previously known Taxol genes. Orange, new Taxol
pathway genesidentified in this figure.Red, Taxusenzymes proposed toactin
other taxane pathways. b, Proposed biosynthetic pathway from 4, the latest
intermediate we reported recently'®, to taxusin (6), and the corresponding
extractedion chromatograms (EICs) of products 4-6 when the indicated sets
of genes were expressedin N. benthamianaleaves. Blue shading highlights the
biosynthetic pathway towards Taxol, which only involves 4 and 5. ¢, Proposed
biosynthetic pathway from 5 to baccatin VI (11-Bz), and the corresponding
EICsofintermediates when the indicated sets of genes were expressedin
N.benthamianaleaves. Blue shading highlights the biosynthetic pathway

with an oxetane or epoxide moiety originating from TOT activity are
also C-7B-O-acetylated” (for example, baccatin|, baccatin IV and bac-
catin VI; Supplementary Fig. 12), we reasoned that the installation
of a C-7B-acetoxy group might be a prerequisite for TOT function.
Therefore, we screened acyltransferase candidates from the top 30
genes of module 2 and found that the 15th gene in module 2, which
we named taxane C-73-0-acyltransferase (T7AT), was capable of vari-
ous C-7B-0-acylations, including acetylation (Supplementary Fig. 13).
Expression of T7AT with the upstream 604A pathway resulted in the
acetylated and benzoylated 605A products, 8-Acand 8-Bz, respectively
(Fig. 4c). In contrast to 604A products (7-Ac and 7-Bz), these 605A
products are depleted after the addition of TOT, yielding dominant
mass features that correspond to the hepta-oxidized products 9-Ac
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towards Taxol. Structures of 5, 7-Ac, 7-Bz, 8-Ac, 8-Bz, 9-Ac, 9-Bz,10-Ac, 10-Bz
and11-Acare proposed on the basis of the functions of enzymes previously
characterized (TAT, TAX19, T2aH, TBT, T7BH and TOT) and described in
thisstudy (T9aH-750C, T7AT and T1IBH). TAX19 is used to generate known
13-0O-acetylated products, including taxusin (6) and baccatin VI (11-Bz), for
structural analysis. Diamond indicates the structureis supported by NMR.
d, EICs of expected products when the pathway to 604A is expressed with
TOT, T7AT or bothin N. benthamiana.In the absence of T7AT, no notable 604A
depletionor product formationby TOT is observed. e, MS/MS fragmentation
patterns of heterologously produced baccatin VI (11-Bz) in N. benthamiana
compared with that of 11-Bz standard. MS/MS fragmentations were generated
using [M+Na]" (m/z=737.2788) asthe precursor ion and fragmented witha
collisionenergy of 30 eV.

and 9-Bz (Fig. 4c,d). These major peaks (9-Ac and 9-Bz) are likely to
correspond to the non-interchangeable epoxide and oxetane products
generated by TOT (refs. 11-13). T7AT was independently reported in a
recent publication, but itsimportance for TOT function has not been
described®.

Afterreconstituting a pathway to 9-Acand 9-Bz (705A), we screened
37 oxidases (2-ODDs and P450s) of module 2 to identify the missing
C-1P hydroxylase. This revealed two 2-ODDs (2-ODD184 and 2-ODD686,
protein sequence identity 72%), the 20th and 24th genes of module
2, that yielded multiple mono-oxidized products when expressed
with various upstream pathways (Fig. 4c, Supplementary Fig. 14 and
Extended DataFig. 5a-d). Expression of the 705A pathway and TAX19
(C-13a-O-acetyltransferase) with either 2-ODD184 and 2-ODD686



resulted in the production of baccatin VI (11-Bz), as confirmed by
MS/MS comparison with the standard (Fig. 4c,e) as well as several
1B-hydroxybaccatin I isomers (11-Ac peaks; Supplementary Fig. 15).
This result suggests that either 2-ODD can function as the missing
taxane 13-hydroxylase (T1BH), because all other functional groupsin
baccatin VI (11-Bz) can be explained by other enzymesincludedin the
reconstitution. Of note, both 2-ODDs resulted in two major products
with the 2a-O-acetylated pathways but only one major product with
the 2a-O-benzoylated pathways (Fig. 4c and Extended Data Fig. 5a-d).
Among the two major products in the 2a-O-acetylated pathways, one
is presumably the 13-hydroxylated product, but the other remains
unidentified. Therefore, weisolated the two products from 2-ODD184
co-expressed with the taxusin (6) pathway in N. benthamiana and struc-
turally characterized them as 13-hydroxytaxusin (6-01) and its struc-
turalisomer, 15-hydroxy-11(15->1)abeo-taxusin (6-02) (Supplementary
Tables4-6 and Extended DataFig. 5). We propose that the non-classical
11(15~>1)abeo-taxane scaffold arises fromaradical rearrangement asso-
ciated with2-ODD-mediated 1B3-hydroxylation (Extended Data Fig. Se).
These datasupportarole for these 2-ODDs in the C-1f hydroxylation,
and thus we hereafter refer to them as T13H-184 and T13H-686.

Together, these results reveal the discovery of an independently
evolved T9aH, a T7AT important for the function of TOT, and two
T1BHs, which allow us to reconstitute the biosynthesis of highly oxy-
genated taxanes (10-Ac and 10-Bz) and their C-13a-acetoxy counter-
parts (11-Ac and 11-Bz). TIBH-686 results in significantly higher levels
of the 2a-0-benzoylated product 10-Bz than does T13H-184, which is
desirable for Taxol production; thus, all subsequent pathway recon-
stitution was done with TIBH-686.

Deacetylases and T90x enable baccatin Il biosynthesis

The structure of baccatin Ill (16), the direct precursor to Taxol before
side-chaininstallation, suggests that it requires nine oxidations (seven
hydroxylations, one oxetane formation and one ketone formation)
and three acylations (two acetylations and one benzoylation) on the
taxadiene (1) scaffold. Our latest intermediate 10-Bz has two addi-
tional acetylations that are not foundinbaccatinIll (16), and islacking
aC-9ketone oxidation (Fig.5a). The two additional acetylations come
from (i) TAT that promiscuously O-acetylates the C-9-hydroxyl (Sup-
plementary Note 2), and (ii) T7AT that O-acetylates the C-7-hydroxyl,
which s crucial for the function of TOT (Fig. 4c¢,d). Although the role
of these additional acetylations is unknown, we considered that they
might serve as transient protecting groups during the biosynthesis—
astrategy used in the biosynthesis of other plant terpenoids**—and
might subsequently be removed by downstream deacetylases. To test
forrelevant deacetylases and identify the C-9 oxidase, we fed substrate
baccatin VI(11-Bz) or 9-dihydro-13-acetylbaccatin Il (9DHAB, 13), which
structurally resemble our latestintermediate10-Bz, to N. benthamiana
leaves expressing top candidate genes to screen for desired activities.

Screening of 27 a/B-hydrolase candidates from modules 2 and 3
revealed two deacetylases (DeAc898 and DeAc1023) capable of the
stepwise removal of two acetyls from baccatin VI (11-Bz) to yield a
product matching a 9DHAB (13) standard (Supplementary Fig. 16),
which lacks the C-7 and C-9 O-acetyl groups, as supported by MS/MS
analysis (Supplementary Fig.17a and Extended Data Fig. 6a). Express-
ing the full baccatin VI (11-Bz) pathway with the two deacetylases also
resultedinthe production of 9DHAB (Extended DataFig. 6b). Screening
of oxidase candidates identified a putative taxane C-9-oxidase (T90x)
in the 2-ODD family capable of oxidizing 9DHAB with the loss of two
protons, presumably through ketone formation at C-9 (Supplementary
Fig.18). Thisgene has beenindependently reported by another group™.
When we combined T90x, DeAc898 and DeAc1023 with our 14-gene
pathway to10-Bz, anabundant and notable new taxane product formed
(Fig.5b,c, Supplementary Fig.17b and Extended Data Fig. 7a), which was
subsequently isolated and confirmed as baccatin Il (16), on the basis

of NMR and MS/MS analysis compared with a standard (Fig. 5d and
Extended DataFig. 7b). Stepwise assembly of the final steps of the path-
way revealed that DeAc898 is a prerequisite for T90x, suggesting that
this enzyme hydrolyses the C-9 acetyl group (Fig. 5c). Consequently, we
renamed DeAc898 and DeAc1023 as taxane 9a-O-deacetylase (T9dA)
and taxane 7B-O-deacetylase (T7dA), respectively.

Discovery of PCL for side chain biosynthesis

The side-chain installation and maturation of Taxol from bac-
catin Ill (16) is proposed to involve phenylalanine aminomutase
(PAM), B-phenylalanine-CoA ligase (PCL), baccatin Ill:3-amino-3-
phenylpropanoyl transferase (BAPT), taxane 2'a-hydroxylase (T2'aH)
and 3’-N-debenzoyl-2’-deoxypaclitaxel-N-benzoyl transferase
(DBTNBT)*** (Fig. 5b and Supplementary Table 1). Although all
five enzymes have been separately reported, we failed to observe
Taxol when attempting to reconstitute complete biosynthesis by
co-expressing these reported enzymes with our pathway in Nicotiana.
Specifically, despite previous reports'****¢ that two separate Taxus
acyl-activating enzymes (AAEs) canact as PCL, neither resulted in the
production of the expected 3’-N-debenzoyl-2’-deoxypaclitaxel (17)
when expressed with PAM and BAPT with fed-in baccatin Il (16) in our
system. To identify the missing PCL, we examined the top AAEs in the
Taxol expression modules (Fig. 5e), which revealed a single prominent
candidate: AAE-867.5. Co-expression of AAE-867.5, PAM and BAPT with
fed-inbaccatinlll (16) or our baccatin Il pathway in plantaresultedina
mass corresponding to 3’-N-debenzoyl-2’-deoxypaclitaxel (17) (Fig. 5f),
indicatingthat AAE-867.5is the functional PCL. This constitutes the first
(toour knowledge) de novo biosynthetic production of the late-stage
paclitaxel precursor 3’-N-debenzoyl-2’-deoxypaclitaxel (17).

Similarly, although T2’aH and DBTNBT have been previously repor-
ted**, we were not able to produce Taxol (18) when we added them to
our pathway to 17. However, when DBTNBT was expressed with PCL,
PAM and DBAT with fed-in baccatin Ill (16) we detected a mass cor-
responding to 2’-deoxypaclitaxel at very low levels (Supplementary
Fig.19). This result suggests that DBTNBT might be functional but
requires upstream 2’a-hydroxylation by T2’aH to react efficiently,
consistent with previous specificity measurements*s,

Expression and essentiality of Taxol genes

Of the eight Taxol genes discovered in this work (Supplementary
Tables1and 11), few were clear candidates for the pathway when per-
forming co-expression analysis using bulk RNA-seq datasets (Fig. 5g).
Correlation with TDS ranked these genes as1,000th-10,000th priority
when using bulk RNA-seq data, but within the top tens to hundreds
when using mpXsn data (Fig. 5g), showing that our mpXsn strategy was
crucial for efficient gene discovery. Furthermore, the transcriptional
modaules of these genes provide insights into the organization of the
biosynthetic pathway. When ordered by presumed biosynthetic order,
the early pathway forms an especially discrete cluster in Taxol module
1(Fig. 5h), suggesting that the pathway up to 403A (5) is controlled
by separate transcriptional regulation from the later pathway. The
latter pathway is not as clustered by order, suggesting that either our
presumed biosynthetic order does not reflect the real order, or the
pathway is regulated at various post-transcriptional stages.

For our 17-gene reconstituted baccatin Il (16) pathway, dropping
most of the genes completely abolishes the production of baccatin Il
(16), with the exception of FOTO1, T5aH, DBAT and T9ox (Fig. 5i and
Supplementary Figs. 20 and 21). Of these four genes, only T5aH can
be left out without a substantial loss of baccatin Il yield. Moreover,
our17-gene pathway yields levels of baccatin Il1 (16) that are consider-
ably higher than those obtained with two previously published gene
sets™* (Fig. 5i and Supplementary Figs. 20 and 21), both of which did
not produce baccatin Ill above the limit of detection in our system
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quantified with standards (Methods), of our 17-gene pathway with each
single-gene dropout tested in N. benthamiana.Yields fromreplicating
published gene sets'*"* and from T. media needles are shown for comparison.
Dataaremean +s.d., n=3biological replicates (Supplementary Data 2).

j,EICshowingthe proposed taxadien-5a,13a-diol produced by T13aH and

facilitated by FoTO1 (Extended Data Fig. 8). Over-oxidized derivative and

TAX19-acetylated product are confirmed by NMR (diamond). k, Phylogenetic
tree of Taxus P450s. See Extended Data Fig. 9.1, Single-cell expression of
T5aH and T13aH. m, Taxol biosynthesis (blue shading) and the reconstituted

13a-acetoxy taxane biosynthesis. Structures assigned on the basis of high-
resolution mass spectrometry (HRMS) (HRMS-predicted chemical formula),
NMR (NMR analysis followed by purification) and/or HRMS/MS (MS/MS
spectracomparisonwith authentic standards). A detailed biosynthetic

pathwayisshownin Extended DataFig.10.



(Supplementary Fig. 20). The low yield of these enzyme sets is likely
to be due to the absence of several biosynthetic genes identified
here, the functions of which might be partially compensated for by
multi-functional Taxus enzymes® or endogenous host enzymes in
other systems. Finally, exchanging the T9aH-750C discovered in this
work for a recently reported™ ™ alternative T9aH-725A also yielded
no detectable baccatin Il (16) in our system (Supplementary Fig. 21
and Extended DataFig. 7c), as would be anticipated because of T9aH-
750C’s specificity requirement of a C-13a acetoxy that is absent from
Taxol and our pathway (Fig. 4b).

Notably, our dropout experiment revealed that T5aH is not essen-
tial in our reconstituted 17-gene baccatin 11 (16) biosynthesis (Fig. 5i
and Supplementary Figs. 20 and 21). Despite the widely accepted
model that T13aH is the second oxidase after T5aH, we found that
T13aH can directly oxidize taxadiene (1), producing multiple oxi-
dized products, some of which are the same as those formed by T5aH,
including OCT (2"a), iso-OCT (2’b) and 2’c (Extended Data Fig. 8a). This
prompted us to further investigate whether T13aH can compensate
for T5aH. Similar to its effect on the product profile of T5aH, FoTO1
alsostreamlines T13aH’s products, eliminating 2’a-c, and selectively
boosting the formation of taxadien-5a,13a-diol and its derivatives
(Fig. 5jand Extended Data Fig. 8a—c). We structurally characterized an
over-oxidized derivative, 4a,20-epoxy-5a-hydroxy-taxadien-13-one
(Supplementary Note 3 and Supplementary Tables 8 and 9),and a
TAX19 derivative, 5a,13a-diacetoxy-taxadiene (Extended Data Fig. 8d
and Supplementary Table 10) by NMR, confirming that T13aH can
compensate for T5aH by catalysing both 5a- and 13a-hydroxylation
(Fig. 5j), consistent with the previously reported multifunctionality of
T13aH (converting taxadiene (1) to taxadien-5a,10p,13a-triol)2. This
exemplifies a repeated observation of enzyme functional overlap,
including pairs of differentially expressed C-5-hydroxylases (T5aH and
T13aH; Fig. 5k,1), TDSs, T9aHs, T1BHs and C-5-O-acetyltransferases,
during our dissection of the Taxol biosynthetic pathway (Extended
DataFig.9).

Discussion

Inthisinvestigation, we have identified eight new genesin the Taxol bio-
syntheticpathway,andusedthemtobuild17-geneand20-gene pathways
for the de novo biosynthesis of baccatin 11l (16) and 3’-N-debenzoyl-
2’-deoxypaclitaxel (17), respectively (Fig. 5Smand Extended Data Fig.10),
in N. benthamiana. This updates our long-held model of Taxol bio-
synthesis: two additional acetylations seem to be necessary for the
functions of intermediate oxidases, and downstream deacetylations
by two deacetylases furnish the baccatin I11 (16) end-product (Extended
Data Fig. 10). Future engineering or discovery of the final oxidase,
T2'aH, would enable de novo total biosynthesis of Taxol. Two of the new
enzymes, T7AT and T90x, have recently beenindependently reported
by othergroups™" (Supplementary Table 1). Without optimization, our
reconstituted 17-gene pathway yields 10-30 pg g baccatin I11 (16) in
N. benthamianaleaves, equivalent toits naturalabundancein 7. media
needles (Extended Data Fig. 7d). Because baccatin Il (16) extracted
from Taxus is the main precursor for industrial semi-synthesis, our
work represents a major step towards the sustainable production of
Taxol and other taxane-based therapeutics.

Our discovery of FOTO1 and its interaction with T5aH challenges
along-standing assumption that T5aH is the sole actor in the first
oxidative steps of the Taxol pathway. Although most P450s require
interaction with acytochrome P450 reductase partner, few are known
to associate with scaffold proteins. In Arabidopsis, membrane steroid-
binding proteins have beenidentified as the scaffolds for three lignin
biosynthetic P450s on the ER membrane*. More recently, a cellulose
synthase-like protein, GAME1S5, was discovered to be an ER-localized
scaffold for two P450s and one 2-ODD in the biosynthesis of steroids
in Solanaceae®®'. Together with our work, this hints at a broader role

for scaffolding proteins in plant secondary metabolism (Supplemen-
tary Note 4).

Theidentities of the new Taxol genes shed light on why they remained
unknown for so long. Pathway reconstitution required unanticipated
gene families (for example, NTF2-like proteins, 2-ODDs and deacety-
lases) and functionalizations (for example, acetylation and deacetyla-
tion). Moreover, ‘red herring’ enzymes further complicated pathway
dissection, including: (i) enzymes that diverged biosynthesis towards
other classes of taxanes (for example, abeo-taxanes and 13a-acetoxy
taxanes; Extended Data Fig.10) and (ii) homologues with relevant activ-
ity, but with substrate specificities incompatible with our Taxol pathway
(for example, T9aHs and T1BHs). These challenges, exacerbated by
the sheer quantity of specialized metabolism enzymes in Taxus, were
overcome by developing a scalable transcriptomic strategy which
prioritized candidates withimproved specificity (Figs.1fand 5g). Our
mpXsn strategy uses scalable profiling of cell states with differentially
perturbed biosynthetic processes, enabling better discrimination
between their defining gene sets. In addition to gene discovery, mpXsn
data provide biological context, including links with primary meta-
bolism (Fig. 2f) and the partitioning of Taxol enzymes into modules
that seem to be separately regulated.

Beyond Taxol biosynthesis, mpXsn will be useful for studying gene
sets of interestin other non-model organisms. Inmammalian systems,
single-cell techniques with parallelized genetic® or chemical®*? per-
turbation experiments have enabled the de-orphaning of genes and
dissection of gene networks. However, most organisms and biological
systems lack genetic interrogation tools, and thus researchers rely
heavily on observational experiments, such as transcriptomics and
other ‘omics’. Eukaryotes, especially, pose major challenges for func-
tional genomics and gene-guided discovery, because they generally
lack the comprehensive gene clusters that are found in prokaryotes.
The advent of methods such as mpXsn, which affordably capture
precise gene covariance across hundreds of transcriptional states,
might help to overcome this long-standing challenge in functional
genomics.
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Methods

Chemical and biological materials

Chemical standards were purchased from the following vendors (with
catalogue number listed): taxusin (TargetMol; TN6763), 1-hydroxy-
baccatin I (LKT Labs; T0092), baccatin VI (Santa Cruz Biotechnology;
sc-503244), 10-deacetylbaccatin Il (Sigma-Aldrich; D3676), bac-
catin Il (MedChemExpress; HY-N6985) and 9-dihydro-13-acetyl-
baccatin Il (TargetMol; T5132). Taxadien-5a-ol was synthesized as
previously described'®. Taxus media var. hicksii was obtained from
FastGrowingTrees.

Tissue preparation and single-nucleus sequencing

The cells of Taxus species, like those of many plants, are often two
to three times larger than the 35-pm diameter limit for the standard
10x Genomics Chromium single-cell library devices. Consequently,
single-cellisolation approaches (such as protoplasting) risked introduc-
ingasevere cell-typebias, and weinstead adapted previously described
nuclei isolation methods* into a conifer-compatible snRNA-seq pro-
tocol. Taxus media var. hicksii aerial tissues (needles, stems and bud
scales) were manually disrupted by razor blade and detergent treat-
ment, followed by DNA staining, fluorescence-activated cell sorting
(FACS) purification and library synthesisin the 10x Chromium platform.
Nuclei extraction buffer (NIB) consisted of 5 mM MgCl,, 10 mM HEPES
pH 7.6, 0.8 M sucrose, 0.1% Triton X-100 and (for density matching
to prevent nuclei settling during flow sorting) 1% dextran T40 and
2% Ficoll. On the day of use, NIB was supplemented with 1 mM dithi-
othreitol. All nuclei-extraction steps were performed at 4 °C and
wide-bore pipette tips were used when handling nuclei. Steps between
tissue collection and loading into the Chromium device were completed
within 90 minto avoid RNA loss. Toisolate nuclei, approximately 1 g of
T. media tissue was removed from the plant and immediately placed
in a Petri dish with 10 mI NIB. Tissue was chopped by hand at around
200 rpm with a fresh razor blade for 5 min until most of the large tis-
sue was broken down, and was then gently rocked at 4 °C for 15 min.
To remove large debris, disrupted tissue was then passed through a
pre-wet 100-pum cell strainer stacked on top of a 40-pum cell strainer.
Nuclei were gently pelleted at 300gat 4 °C for 5 min and resuspended
in1mINIBwith 5 ng pl™4,6-diamidino-2-phenylindole (DAPI, Thermo
Fisher Scientific) and 5 ng pl™ propidiumiodide. Using a Sony SH800
cell sorter with a 70-um chip, 140,000-200,000 nuclei were sorted
intoatube containing1 ml PBS+ (PBS, 0.1% bovine serum albumin and
20 U ml™ Invitrogen ribonuclease inhibitor). The gating strategy is
shown in Supplementary Fig. 22. Nuclei were centrifuged at 300g at
4 °C for 5 min, then gently resuspended in 40 pl PBS+. Nuclei were
immediately loaded onto a10x Genomics Chromium controller and
libraries were generated using v3 chemistry. Libraries were sequenced
on an Illumina NextSeq 3000.

Multiplexed tissue elicitation

For the multiplexed elicitation experiment, Taxus needles were
subjected to perturbation in deep-well 96-well plates with 200 pl
MS medium (7.5 g 1" Murashige and Skoog macronutrients (Fisher),
3 g1 sucrose, pH 5.7) supplemented with elicitor. Two needles (bio-
logical replicates), each from two developmental stages (young and
mature), were treated with each elicitation condition (17 conditions
listed inSupplementary Table 2) for each time point (1,2, 3 and 4 days),
resulting in 272 tissue samples (2 replicates of 136 perturbations). To
minimize contamination, needles were washed thoroughly in sterile
water before moving to MS plates, which were sealed with breathable
rayon film (VWR) and placed under 18-h light cycles. Tissue elicitation
was started at staggered times so that all tissues could be collected
simultaneously. To extract nuclei from elicited tissues, all tissues were
combinedin awire mesh, washed withwater and subjected to the above
nuclei-extraction protocol.

Analysis of single-cell data

Reads were cleaned with Trimmomatic®and mappedto the genomes
of T. chinensis® with STARsolo (v.2.7.10b)>* (STAR...-runThreadN 32-
alignintronMax 10000-soloUMIllen 12-soloCellFilter EmptyDrops_
CR-soloFeatures GeneFull-soloMultiMappers EM-soloType CB_UMI_
Simple). Ambient RNA was removed with CellBender (v.0.3.0)%. Using
the doubletdetection (v.4.2) library>®, doublets were removed, as well
as cells with outlier numbers of reads or in which most reads were the
most expressed genes (pct_counts_in_top_20_genes <25). Genes were
removed from analysis if expressed in fewer than 50 cells. For integrated
UMAP plots, scVI was used to integrate cells from multiple single-cell
experiments®. Scanpy (v.1.10.1)* was used for processing and plot-
ting post-filtered nuclear transcriptomes. For co-expression analysis
and gene-gene correlation calculations, scVI-normalized® transcrip-
tomes (8,039 elicited transcriptomes, 3,027 naive transcriptomes from
young tissues and 6,077 naive transcriptomes from mature tissues)
were clustered into 2,901 cell states (around 10 cells per state) by Lei-
den clustering, and then raw reads from each cluster were pooled to
yield pseudobulk transcriptomes. These pseudobulk transcriptomes
were used to calculate gene-gene correlations. For module analysis,
raw reads were analysed by a cNMF package®® run with default para-
meters, except ‘total modules’) to yield gene modules and their usage
across cells. Factorization approximates the observed dataset as the
product of two smaller, meaningful matrices: (i) agene-module matrix
(aweight value for each gene in each module); and (ii) a cell-module
matrix (expression values of each module in each cell) (Fig. 2¢c). The
weight values of the gene-module matrix can be used as scores that
identify the genes that dominate each module; top-scoring genes from
the same module have coordinated expression patterns and are likely
to be part of the same molecular processes. This approach adapts to
therichbutnoisy datainherentinsingle-cell analysis, and reveals pat-
terns of coordinated gene expression that might not be apparent from
linear correlation analysis. For example, it allows for genes to be in
multiple, overlapping modules, whichis likely to better represent how
genes in a highly branched metabolism may be expressed. The ‘total
modules’ parameter was scanned from k=50 to k=400 to determine
the sensitivity of the results on this parameter (Supplementary Fig.1).

Bulk RNA-seq analysis

Raw fastq files from six previous studies were downloaded from
NCBI (PRJNA493167, PRJNA251671, PRINA733140, PRJNA427840,
PRJNA497542, PRINA499080 and PRJNA864083), cleaned with Trim-
momatic*and aligned to the T. chinensis genome’® (STAR map®*). Gene-
gene correlation was calculated with numpy. Mutual rank (mr), used to
calculate the gene linkage maps (Fig. 1d), is defined as:

mr; = [rank; x rank;;,

where rank; indicates the Pearson correlation rank of gene i to gene;.

5,59-63

Cloning of Taxus genes

The cloning of cytosolic diterpenoid boost genes (t(HMGR and GGPPS),
cytosolic TDS1and TDS2, T5aH, TAT, TIOBH, DBAT, T13aH and TAX19
genes has been described previously®®. Candidate genes were ampli-
fied from T. media gDNA or cDNA (generated with SuperScript 1V,
Thermo Fisher Scientific) by PCR (PrimeStar, Takara Bio RO45B, primers
in Supplementary Table 13), and the PCR products were ligated with
Agel- and Xhol- (New England Biolabs) linearized pEAQ-HT vector®®
using HiFi DNA assembly mix (New England Biolabs). Gene annota-
tions used for cloning were taken from the T. chinensis genome’ by
default, but were BLAST-searched against the 7. media genome (NCBI
PRJNA1136025) to determine whether alternative gene models were
available. Constructs were transformed into 10-beta competent
E.colicells (New England Biolabs). Plasmid DNA was isolated using the
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QIAprep Spin Miniprep kit (QIAGEN) and the sequence was verified by
whole-plasmid sequencing (Plasmidsaurus).

Transient expression of Taxus genes in N. benthamiana by
Agrobacterium-mediated infiltration

PEAQ-HT plasmids containing the Taxus gene were transformed into
Agrobacterium tumefaciens (strain GV3101) cells using the freeze-thaw
method. Transformed cells were grown on bacteria screening medium
523-agar (Phytotech Labs) plates containing kanamycin and gentamicin
(50 pg ml™ and 30 pg ml™, respectively; same for the 523 medium
below), at 30 °C for two days. Single colonies were then picked and
grown overnight at 30 °Cin 523-kanamycin-gentamicin liquid medium.
The overnight cultures were used to make dimethyl sulfoxide (DMSO)
stocks (7% DMSO) for long-term storage in the -80 °C fridge. For routine
N. benthamiana infiltration experiments, individual Agrobacterium
DMSO stocks were streaked out on 523-agar containing kanamycin and
gentamicinand grown for around one to two days at 30 °C. Patches of
cells were scraped off from individual plates using 10-pl inoculation
loops and resuspended in around 1-2 ml of Agrobacterium induction
buffer (10 mM MES pH 5.6, 10 mM MgCl, and 150 puM acetosyringone;
Acros Organics) in individual 2-ml safe-lock tubes (Eppendorf). The
suspensions were briefly vortexed to homogeneity and incubated at
room temperature for 2 h. The optical density at 600 nm (ODy ) Of
theindividual Agrobacterium suspensions was measured, and the final
infiltration solution, in which the OD¢, ., Was 0.2 for each strain (except
for TDS, T7AT and T7dA; ODygo,m 0f 0.6, 0.4 and 0.1, respectively), was
prepared by mixing individual strains and diluting with the induction
buffer. Leaves of four-week-old N. benthamiana were infiltrated using
needleless 1-ml syringes from the abaxial side. Each experiment was
tested on leaf 6, 7 and 8 (numbered by counting from the bottom) of
the same N. benthamiana plant, as three biological replicates.

For the reconstitution of pathways that involve TBT, the following
modifications were made to the procedure above to increase the pro-
duction of the desired benzoylated products: N. benthamiana plants
were watered with 2 mM benzoic acid in water (buffered to pH 5.6) a
day before Agrobacterium infiltration, 1 mM benzoic acid was added
to the induction buffer and the pH was adjusted to 5.6 before being
used for the resuspension of Agrobacterium and preparation of the
final infiltration solution.

Phylogenomic analysis

FoTO1 homologues were identified by scanning the Thousand Plant
Transcriptome (1KP)¥, RefSeq plants and Uniprot Viridiplantae data-
bases with jackhmmer®¢ (command: jackhmmer -o tempout.txt-Ele-5
-N 4). Hits with greater than 40% sequence gaps to the original query
were discarded. A phylogenetic tree was generated with the remaining
protein sequences with FastTree®s,

Metabolite extraction of N. benthamianaleaves

Five days after Agrobacterium infiltration, N. benthamiana leaf tissue
was collected using aleafdisc cutter1cmin diameter and placedinside
a2-mlsafe-lock tube (Eppendorf). Each biological replicate consisted of
four leaf discs from the same leaf (approximately 40 mg fresh weight).
Theleaf discs were flash-frozen and lyophilized overnight. Analyses of
the more hydrophobic metabolites (for example, compounds 1-6) were
doneby GC-MS, and analyses of the more hydrophilic metabolites (for
example, compounds 4-18) were done by liquid chromatography-
mass spectrometry (LC-MS). To extract metabolites, ethyl acetate
(ACS reagent grade; ).T. Baker) or 75% acetonitrile (high-performance
liquid chromatography (HPLC) grade; Fisher Chemical) in 500 pl
water was added to each sample along with one 5-mm stainless steel
bead for GC-MS or LC-MS analysis, respectively. The samples were
homogenized in a ball mill (Retsch MM 400) at 25 Hz for 2 min. After
homogenization, the samples were centrifuged at 18,200g for 10 min.
For GC-MS samples, the supernatants were transferred to 50-pl glass

inserts, placed in 2 ml vials and subjected to analysed by the GC-MS
instrument. For LC-MS samples, the supernatants were filtered using
96-well hydrophilic PTFE filters with a pore size of 0.45 pm (Millipore)
and analysed by the LC-MS instrument.

GC-MS analysis

GC-MS samples were analysed using an Agilent 7820A gas chroma-
tography system coupled to an Agilent 5977B single quadrupole mass
spectrometer. Datawere collected with Agilent Enhanced MassHunter
and analysed by MassHunter Qualitative Analysis B.07.00. Separation
was done using an Agilent VF-5HT column (30 m x 0.25 mm x 0.1 pum)
with a constant flow rate of helium of 1 ml per min. The inlet was set
at 280 °Cin split mode with a10:1 split ratio. The injection volume
was 1pl. Oven conditions were as follows: start and hold at 130 °C for
2 min, ramp to 250 °C at 8 °C per min, ramp to 310 °C at 10 °C per min
and hold at 310 °C for 5 min. The post-run condition was set to 320 °C
for 3 min. MS data were collected with a mass range 50-550 m/zand a
scan speed of 1,562 u s™ after a 4-min solvent delay. The MSD transfer
line was setto 250 °C, the MS source was set to 230 °C and the MS Quad
was set to 150 °C.

LC-MS analysis

LC-MS samples were analysed on either or both of our two instruments:
(1) an Agilent 1260 HPLC system coupled to an Agilent 6520 Q-TOF
mass spectrometer or (2) an Agilent 1290 HPLC system coupled to an
Agilent 6546 Q-TOF mass spectrometer. Typically, the 6520 system
shows better sensitivity for the more hydrophobic metabolites, such
as4-6,whereasthe 6546 system works better for the more hydrophilic,
highly modified taxanes. Data were collected with Agilent MassHunter
Workstation Data Acquisition and analysed by MassHunter Qualitative
Analysis10.0. Separation was done using a Gemini 5-um NX-C18 110-A
column (2 x 100 mm; Phenomenex) with amixture of 0.1% formic acid
in water (A) and 0.1% formic acid in acetonitrile (B) at a constant flow
rate of 400 pl per minatroom temperature. The injection volume was
2 plor1plforthe 6520 or the 6546 system, respectively. The following
gradient of solvent Bwas used: 3% 0-1min, 3%-50%1-2 min, 50%-97%
2-12 min, 97%12-14 min, 97%-3%14-14.5 min and 3% 14.5-21 min (6520
system) and 3% 0-1min, 3%-50% 1-5 min, 50%-97% 5-10 min, 97%
10-12 min, 97%-3% 12-12.5 min and 3% 12.5-15 min (6546 system).
MS datawere collected using electrospray ionization (ESI) in positive
mode with a mass range of 50-1,200 m/z and a rate of one spectrum
per second (6520 system), or Dual AJS ESlin positive mode with a mass
range of 100-1,700 m/z and a rate of one spectrum per second (6546
system). The ionization source was set as follows: 325 °C gas tempera-
ture, 10 I min™ drying gas, 35 psi nebulizer, 3,500 V VCap, 150 V frag-
mentor, 65V skimmer and 750 V octupole 1 RF Vpp (6520 system), or
325°Cgastemperature, 10 I min” drying gas, 20 psinebulizer, 3,500 V
VCap, 150 V fragmentor, 65 V skimmer and 750 V octupole 1 RF Vpp
(6546 system). MS/MS fragmentations were generated using [M+Na]"
as the precursor ion and fragmented with a collision energy of 30 eV
unless otherwise stated.

Quantification of baccatin 111 (16)

The samples in Fig. 5i were analysed by an Agilent 1290 HPLC system
coupled to an Agilent 6470 triple quadrupole (QQQ) mass spectrom-
eter toaccurately quantify the concentration of baccatinIll. Data were
collected with Agilent MassHunter Workstation Data Acquisition and
analysed by MassHunter Quantitative Analysis 10.1 and Microsoft
Excel. Separation was done using a ZORBAX RRHD Eclipse Plus C18
Column (2.1 x 50 mm, 1.8 pm; Agilent) with a mixture of 0.1% formic
acid in water (A) and 0.1% formic acid in acetonitrile (B) at a constant
flow rate of 600 pl per min at 30 °C. The injection volume was 0.5 pl.
The following gradient of solvent Bwas used: 30% 0-1 min, 30%-100%
1-5min, 100% 5-6.5 min, 100%-30% 6.5-7 min and 30% 7-8 min. MS
data were collected using AJS ESlin positive mode. Multiple reaction



monitoring was used to monitor the 609.2 to 549.2 ion transition ata
collision energy of 24 eV as the quantifier, and the 609.2 to 427.1ion
transition atacollision energy of 32 eV as the qualifier. The ionization
source was set as follows: 250 °C gas temperature, 12 I min™ drying gas,
25 psinebulizer, 300 °C sheath gas temperature, 12 | min™ sheath gas
flow, 3,500 V VCap, 0 V nozzle voltage.

Extraction and purification of taxanes from N. benthamiana
Nicotiana benthamiana plants were infiltrated with the combina-
tions of biosynthetic genes shownin Supplementary Table 12 for the
purification of taxusin (6), taxusin (6’), 13-hydroxytaxusin (6-01)
and 15-hydroxy-11(15>1)abeo-taxusin (6-02). Lyophilized N. bentha-
miana materials were cut into small pieces and extracted with
1lethylacetate (ACS reagent grade;]).T. Baker) in a 2-1flask for 48 h at
room temperature with constant stirring. Extracts were filtered using
vacuum filtration and dried using rotary evaporation. Two rounds
of chromatography were used to isolate compounds of interest. The
chromatography conditions for each compound are summarized
in Supplementary Table 12. In brief, the first chromatography was
performed using a 7-cm-diameter column loaded with P60 silica gel
(SiliCycle) and using hexane (HPLC grade; VWR) and ethyl acetate as
the mobile phases. The second chromatography was performed on
anautomated Biotage Selekt system with a Biotage Sfar C18 Duo 6-g
column using Milli-Q water and acetonitrile as the mobile phases.
Fractions were analysed by LC-MS to identify those containing the
compound of interest. Desired fractions were pooled and dried using
rotary evaporation (first round) or lyophilization (second round).
Purified products were analysed by NMR.

NMR analysis of purified compound

CDCl; (Acros Organics) was used as the solvent for all NMR samples.
H,C and 2D-NMR spectra were acquired on a Varian Inova 600-MHz
or a Bruker NEO 500-MHz spectrometer at room temperature using
VNMRJ 4.2, and the data were processed and visualized on MestReNova
v.14.3.1-31739. Chemical shifts were reported in ppm downfield from
Me,Siby using the residual solvent (CDCl,) peak as aninternal standard
(7.26 ppm for the 'H and 77.16 ppm for the *C chemical shift). Spectra
were analysed and processed using MestReNova v.14.3.1-31739.

Taxane feeding experiments

Taxus genes were expressed in N. benthamiana leaves using the
Agrobacterium-mediated infiltration method described above. Three
days after Agrobacteriuminfiltration, taxanes (purified 302A (4), taxu-
sin (6),10-deacetylbaccatin Il or 9-dihydro-13-acetylbaccatin 1l (13);
unless otherwise specified, al00-uM solution after diluting with 10 mM
DMSO stock was used) were fed into the leaves. Approximately 150 pl
of solution was used per leaf to yield a circle with a diameter around
3 cm, which was marked for reference. After 18-24 h, four leaf discs
were collected within the marked areawith al-cmdiameter cutter, and
LC-MSsamples were prepared following the methods described above.

Construction of phylogenetic trees

Sequences from the T. chinensis genome were selected using Pfam
to identify 672 P450s (PFO0067), 218 2-ODDs (PF03171) and 195 acyl-
transferases (PF02458). P450s were further filtered to those longer
than 300 amino acids (467 P450s). Multiple sequence alignment for
each family was performed using Clustal Omega, and the phyloge-
netic trees were constructed using the neighbour-joining method in
Geneious Prime (v.2024.0.4) with 100 bootstrap replicates for initial
analysis. Arabidopsis thaliana cinnamate 4-hydroxylase (AtC4H, acces-
sion NP_180607.1), A. thaliana gibberellin 20-oxidasel (AtGA200x1,
accession NP_194272.1), and Hordeum vulgare agmatine coumaroyl-
transferase (HVACT, accession AAO73071.1) were used as outgroups for
the P450, 2-ODD and acyltransferase families, respectively. All analy-
ses were performed with default settings unless otherwise specified.

Representative genes from major clades of the initial analyses and
the Taxol biosynthetic genes were then selected to construct the final
phylogenetictrees (Extended Data Fig. 9) using the neighbour-joining
method with1,000 bootstrap replicates.

Purification of proteins and binding assays

All proteins were purified from standard pET28a vectors expres-
sed in BL21DE3 cells (New England Biolabs, C2527H). FoTO1 and
FoTO1(ACterm)were purified as C-terminal fusions: His6-3xFlag-TEV-
mTurq2-GSG-FoTO1. T5aH and TDS were purified with N-terminal
purification tags (His6-3xFlag-TEV-enzyme) with N-terminal signal
peptides removed (T5aH, 47 amino acids removed; TDS2, 60 amino
acids removed). Proteins were purified as previously described®’,
with post-lysis steps done at 4 °C. In brief, 11 of cells were grown to
an ODggg nm Of 0.4-0.5, induced with 0.3 mM IPTG and expressed for
16 h overnight at 18 °C. Cell pellets were lysed in lysis buffer (0.5 M
NaCl, 20 mM HEPES pH 8.0, 0.1% Triton X-100, 1 mg ml™ lysozyme,
HALT protease cocktail (Thermo Fisher Scientific) and 1 ul mI" DNAsel
(New England Biolabs)) by sonication, clarified by centrifugation for
1hat8,000g. Proteins were purified on pre-equilibrated Ni-NTA beads
(New England Biolabs) and exchanged into a protein storage buffer
(10 mM HEPES-KOH pH 8.0, 50 mM KCL, 10% glycerol,1mM DTT and
1 mMEDTA). Purified proteins were quantified by Bradford assay, and
SDS-PAGE gels were used to verify protein size and correct protein
concentration.

For each multiscale thermophoresis experiment, one protein was
firstlabelled with the NanoTemper His-Taglabelling kit (RED-tris-NTA
v2, MO-L018) for 30 min at room temperature according to reagent
protocols. MST experiments were performed in PBS with 0.05% Tween-
20 with labelled query protein (T5aH- or TDS-labelled) at 100 nM and
atitration series of target protein.

Co-IP

Nicotiana benthamianaleaves were harvested four days after infiltra-
tion. Leaftissue was homogenized in liquid nitrogen and resuspended
inextractionbuffer (50 mM Tris pH7.5,150 mM NaCl, 0.6% NP-40, 0.6%
CHAPS and 1 mM B-mercaptoethanol)’. Lysates were kept on ice and
centrifuged at 20,000g for 10 min at 4 °C. The protein content of the
clarified extract was determined by Bradford assay (Abcam,119216). Ten
microlitres of protein-G-coated magnetic beads (Invitrogen,10003d)
were washed twice in binding buffer (50 mM Na,HPO,, 25 mM citricacid,
pH 5.0) before al-hincubation at room temperature under agitation
with 1 planti-V5 antibody. Lysates were incubated with the indicated
compounds for 15 min under agitation. Antibody-bound beads were
then washed twice in extraction buffer and incubated for 15 minunder
agitation at room temperature with lysate corresponding to 100 pg of
total protein content (approximately 40 pl). After incubation, bead
complexes were washed three times in extraction buffer and mixed
with LDS sample buffer (Invitrogen, NPOOO7) for subsequent analysis
by immunoblotting.

Immunoblotting

Lysates were separated for 1.5 h at 80 V on a NuPAGE gel (Invitrogen,
NP0321) before transfer onto a PVDF membrane using a Bio-Rad
Trans-Blot Turbo Transfer System (Bio-Rad, 1704150). Immunoblots
were incubated with the indicated antibodies (anti-V5 at 1:1,000 and
anti-HA-HRP at 1:2,500) for 3 h at room temperature under agitation.
Blots were subsequently washed and incubated with HRP-protein G
(Genscript, MO0090) for 1 h, thenimaged on the iBright FL1500 Imag-
ing System (Invitrogen, a44241). The extraction buffer was adapted
from a previously published procedure’.

Reporting summary
Furtherinformation onresearch designis available in the Nature Port-
folio Reporting Summary linked to this article.
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Data availability

Raw and processed single-nucleus transcriptome data have been
deposited at the NCBI Gene Expression Omnibus (GEO) (accession
GSE292840). The bulk RNA-seq data from six previous studies for
comparison were downloaded from NCBI (accession PRJNA493167,
PRJNA251671, PRJNA733140, PRJNA427840, PRJNA497542,
PRJNA499080 and PRJNA864083). The Python code used for trans-
criptomic and metabolomic analysis is available at GitHub (https://
github.com/mcclune/nature2025). The raw NMR free induction
decay data of individual compounds have been deposited in the
Natural Products Magnetic Resonance Database (https://np-mrd.
org/) with the following IDs: 4x,20-epoxy-taxadien-5a-ol (2’d)
(NP0350670); 4a,20-epoxy-5a-hydroxy-taxadien-13-one (NP0350671);
5a,13a-diacetoxy-taxadiene (NP0350849); taxusin (6) (NPO074778);
13-taxusin (6”) (NP0341907); 13-hydroxytaxusin (6-01) (NP0341908);
and 15-hydroxy-11(15>1)abeo-taxusin (6-02) (NP0341909). The pro-
cessed NMR data are shown in Supplementary Figs. 23-65 and Sup-
plementary Tables 3-10.
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Extended DataFig.2|Functional testing and structural analysis of FoTO1
homologues. a, FoTO1homologues from 7. media and A. thaliana have no
effect ontaxaneyieldincrease. TDS2 and the first three pathway oxidases were
co-expressed in N. benthamiana with either GFP, FoTO1, At5g04830 (A. thaliana
homologue), or ctg8326.3 (T. mediahomologue). Masses corresponding to

the expected products, 5a,10p3,13a-triol and 5a,103-diol 13-one, are displayed
asEICsand bar graph quantified across threeindependentreplicate leaves.
Unlike FoTO1, neither FoTO1 homologue alters the product profile of this early
subpathway. Dataare shown as the mean + standard deviation,n=3.b, FoTO1
structural homologuesidentified in otherland plants. Using FoldSeek v4” we

searched all pre-folded protein databases in FoldSeek for full-length structural
homologues of FOTO1. The top five hits were proteins from the genomes of
model plants Oryza sativa)aponica (rice), Zea mays (corn), A. thaliana and
Glycine max (soy). After the NTF2 domain, each of these homologues contain
the a-helical C terminus (highlighted in transparent turquoise) that we found
tobecrucial for FoTOl's phenotype invivo and for binding to TDS and T5aH.
Theidentification of these structural homologues indicates that FoTO1is not
justrestricted togymnosperms, but has structural analogues across both
angiosperms.
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GGPPS) and TDS (TDS1 or TDS2) with and without FoTO1. When FoTOl is
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observed new peaks. Representative traces of three biological replicates for
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N.benthamiana.Candidate residues for catalytic or substrate interactionin
the cavity of the NTF2-like fold and regions of truncation were selected based
onthe AlphaFold3 structure. Dataare shown as the mean + standard deviation,
n=3.d,FoTOl1structure predicted by AlphaFold3"2.
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Extended DataFig. 4 |Metabolic pathways to taxusin (6): two convergently
evolved T9aHs and the bi-functional TAT. a, Combinations of genes,
indicated ontheleft, are expressedin N. benthamiana via Agrobacterium-
mediated infiltration, and the EICs of the corresponding intermediates are
shown. Expression of T9aH-725A with the 302A (2) pathway did not yield any
new product, while expression of T9aH-750C resulted ina403A (5). 402A
was proposed to be theintermediate; however, at the presence of TAT (within
the early 302A pathway), it was quickly turned over to 403A (5) and was not
detectable (see c forinvestigation of this transformation). TAX19 produced
two major products which we proposed to be the C-13a/B isomers that
eventually resulted in taxusin (6) and 13f3-taxusin (6”) with the addition of
either T9aH. As T9aH-725A did not affect 302A (4) accumulation but was
ableto produce taxusin (6) when TAX19is added, itis only possible that T9aH-
725A acts after TAX19, asshown onthe upper route. The proposed 403A
intermediate wasis likely to have been quickly turned over by TAT and not
detectedinthe TAX19 + T9aH-725A experiment. b, MS/MS fragmentation
patterns of heterologously produced taxusin (6) in N. benthamiana compared
to that of taxusin (6) standard. MS/MS fragmentations were generated

using [M+Na]* (m/z =527.2621) as the precursor ion and fragmented with a
collisionenergy of 30 eV.Regions between m/z100 to 800 are shown. The
following gene set was heterologously expressed in N. benthamiana via

Agrobacterium-mediated transient expression: tHMGR, GGPPS, TDS, FoTO,
TSaH, TAT, TIOBH, DBAT, T13aH, T9aH-750C, and TAX19. ¢, Feeding experiment
revealsthebi-functional role of acetyltransferase TAT. Toinvestigate the origin
oftheacetylgroup on 9a-hydroxy in taxusin (6) and study the biosynthetic
routes, we fed purified 302A (4) to N. benthamianaleaves expressing different
combinations of T9aH-750C, TAT, DBAT, and TAX19. We found that only TAX19,
the previously reported C-13a-O-acetyltransferase, yielded an acetylated
303A product and neither DBAT nor TAT did. Both T9aH-750C and T9aH-

750C + TAX19 condition resulted in the formation of two isomers of 402A
and403A, respectively, whichwe proposedis due to the spontaneous acyl
migrationbetween 9a- and 10B-hydroxyl groups. As taxane scaffolds are highly
strained and congested, acyl migration of acetyl groups are poised to happen,
forexample, the migration from 10B- to 7B-hydroxy’®, and from 2a- to
Sa-hydroxy™ have beenreported. T9aH-750C + TAT generated asingle 403A
acetylated productdifferent from the twoisomers generated by T9oH-

750C + TAX19. This suggests a 9a-0-acetylated product and theinvolvement
of TAT on 9a-0-acetylation. Lastly, T9aH-750C + TAT + TAX19 condition
successfully resultedin the production of taxusin (6). Overall, these data
suggest ametabolic network model from302A (4) to 404Ainvolving TAT,
TAX19,and T9aH-750C, and reveal the bi-functional role of TAT on both 5a- and
9a-0-acetylation.
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Extended DataFig.5|Product profiles of TIBH-184 and TIBH-686
withdifferentupstream pathways and the proposed mechanism for
1B-hydroxylation and abeo-taxane rearrangement. Two 2-ODDs, TIBH-184
and T1BH-686, were expressed in N. benthamiana with four different background
conditions: a, Feeding taxusin. b, Feeding taxusin and co-expressing T2aH,
TBT, T7BH, and T7Ac. ¢, Co-expressing full biosynthetic pathway to 705A, i.e.
tHMGR, GGPPS, TDS, FOTO, T5aH, TAT, TIOBH, DBAT, T13aH, T2aH, TBT, T73H,
T7AT, TOT.d, Co-expressing full biosynthetic pathway to 706A, i.e. 705A pathway
and TAX19. EIC of mono-oxidized products on both C-2a-0-acetyl and -benzoyl
precursors are shown as well as their potential structures. Among all products,
1B-hydroxytaxusin (6-01) and 15-hydroxy-11(15>1)abeo-taxusin (6-02) are
confirmed by NMR (Supplementary Tables 5-7) while baccatin VI (11-Bz) is
confirmed by comparing to chemical standard (Fig.4c,e). The observed product
diversity (formation of multiple peaks) is likely to arise from the dual-function

of TIBH and TOT: T1BH performs both 1B-hydroxylation and rearrangement
to11(15~>1)abeo-taxane,and TOT generates both epoxide and oxetane
products. Notably, C-2a-O-benzoylated products mostly show asasingle
dominant peak. This suggests that the TIBH 1-hydroxylationactivity is
selective toward C-2a-0-benzoylated/oxetane intermediates. e, Proposed
mechanismof TIBH. Formation of the two characterized products
1B-hydroxytaxusin (6-01) and 15-hydroxy-11(15>1)abeo-taxusin (6-02) from
taxusin (6) by TIBH-184 can be explained by the different fates of the C-1radical
after thefirst protonabstraction: direct hydroxyl radical rebound from the
enzyme wouldyield 1B-hydroxytaxusin (6-01) while radical rearrangement
forming C-1/11bond followed by ring opening and hydroxyl radical rebound
would give 15-hydroxy-11(15>1)abeo-taxusin (6-02). The rearrangement route
islikely tolead to many non-classical abeo-taxanes, like brevifoliol, while the
1B-hydroxylationleads to classical taxanes like baccatin VI (16).
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Extended DataFig. 6 | Characterization of deacetylases T7dA and T9dA.
a, Conversion of baccatin VI (11-Bz) to 9-dihydro-13a-acetylbaccatin I
(9DHAB, 13) by T7dAand T9dA in N. benthamianaleaves. T7dA and T9dA were
heterologously expressed in N. benthamiana via Agrobacterium-mediated
transient expression and baccatin VI (11-Bz) 20 pM was fed to the leaves three

daysafterinfiltration. b, Reconstitution of 9DHAB (13) biosynthetic pathway
inN. benthamiana.EICs of leaves expressing the reconstituted pathway
compared to the 9DHAB standard are shown. MS/MS fragmentations were
generated using[M+Na]* (m/z = 653.2576) as the precursorion and fragmented
witha collision energy of 30 eV. Regions between m/z100 and 800 are shown.
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Extended DataFig.7|Heterologous productionofbaccatinIll (16) in
N.benthamiana. a, Untargeted analysis shows baccatin 11 (16) as amajor
productin the final step of pathway. Linear volcano plot comparing
N.benthamianaleaves expressing the full baccatin Ill (16) pathway and full
pathway without the penultimate enzyme T7dA (AT7dA). Metabolomic
features with putative taxane masses are shown as dots whose sizes indicate
EICintegrated area. P-values calculated by two-sided t-test with a Bonferroni
correction for multiple hypothesis testing. The full baccatin 111 (16) pathway
include: tHMGR, GGPPS, TDS, FoTO1, TSaH, TAT, TI0BH, DBAT, T13aH,
T9aH-750C, T2aH, TBT, T7BH, T7AT, TOT, TIBH-686, T9dA, T7dA, and T9ox.

b, 'H-NMR spectra of partially purified baccatin 111 (16) from N. benthamiana
andbaccatin Il (16) standard (CDCI;, 500 MHz, 298 K). The spectra of our
partially purified baccatin 111 (16) align with the standard, exhibiting all
characteristic peaks (labelled with carbon number) as well as the H-20 coupling
constant (/= 8.3 Hz) of the oxetane. The full baccatin I11 (16) pathway excluding
T5aHwas used toinfiltrate 53 N. benthamiana plants [30.70 g DW] toyield
baccatinlll (16), whoseyield (270 pg) is derived from the total yield (1.33 mg)
with anestimated 20% purity. ¢, T9aH-725A cannot complement T9aH-750C
for baccatin 11 (16) production. Representative EIC of N. benthamianaleaves

expressing our full baccatin Il pathway gene set, compared to full gene set
without TDS (ATDS) or an exchange of our T9aH-750C for the recently
reported T9aH-725A'", Bar graph of integrated EICs for baccatin 11 (16)
areshown. T9aH-725A pathway yields negligible baccatin I11, statistically
indistinguishable to a ATDS negative control. This would be expected from

our finding that T9aH-725A appears to require al3a-O-acetylation (Fig. 3b)
thatisabsent from our baccatin Ill (16) pathway and from Taxol. Data are shown
asthe mean, n=3biological replicates. Significance indicates results of an
ordinary one-way ANOVA comparison to the full pathway (****P=5.63 x10"°).

d, Variationsinbaccatin Il (16) production. Bar graph showing baccatin 11 (16)
yields from N. benthamianaleaves expressing the full 17-gene pathway from
different plants, calculated based on abaccatinIll standard curve. Each sample
(dot) was taken from the 7th or 8th leaf counted from the bottom from separate
plants under the same experimental conditions. The yields range from

1.7 -31.5 pg/g DW, comparable to those reported for the twig and leaf samples
from T. chinensis, T. cupsidata, and T. media”. Furthermore, our isolated yield
(-8.7 pg/g DW) aligns well with the calculated yield. Data are shown as the

mean + standard deviation,n=6.
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Extended DataFig. 8| Characterization of T13aHactivity and products.
a,FoTOl modulates T13aH oxidation on taxadiene (1). GC-MSTIC of
N.benthamianaleaves expressing TDS + T13aH with and without FoTO1 and the
mass spectra (MS) of selected peaks are shown. Without FoTO1, T13aH oxidizes
taxadiene (1) tomultiple products, including OCT (2a), iso-OCT (2’b), rearranged
products (2’c) thatare alsomade by T5aH, and other uncharacterized products.
Similar to the effect of FoTO1on T5aH, FoTO1 significantly changes the product
profile of T13aH by suppressing the formation of 2’a-cand selectively boosts the
production of several products. b, Three of these increased products are shown
hereand annotated with their corresponding molecular structures (either
proposed or confirmed). The structure of taxadien-5a,13a-diol (m/z304.2) is
confirmed based on MS comparison to previously published MS spectrum™
anditssubsequent utilization by TAT and TAX19. The structure of 4a,20-epoxy-
Sa-hydroxy-taxadien-13-oneis confirmed after purificationand NMR analysis

(Supplementary Table 8). Regions between m/z50to 320 are shown for the
MSspectrum.c, Proposed route for the formation of these taxanes in
N.benthamiana.d,Products of TSaHand T13aH canbe acetylated by TAT or
TAX19.GC-MSTIC of N. benthamianaleaves expressing theindicated genes are
shown.Both TAX19 and TAT can acetylate taxadien-5a-ol (2) to Sa-acetoxy-
taxadiene. However, TAX19 and TAT acetylate T13aH products differently: TAT
results intwo overlapping, major products, presumably Sa-acetoxy-taxadien-
13a-ol and 5a-acetoxy-taxadien-13-one (proposed based on MS spectra), while
TAX19yields one major product, 5a,13a-diacetoxy-taxadiene, whose structure is
confirmed by NMR (Supplementary Table 10). These data are consistent with
previous characterization of TAX19’s regioselective Sa- and 13a-O-acetylation
activity®. Allacetylated products are proposed based on the characterized
TAT/TAX19 functions and MS fragmentation patterns.
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Extended DataFig. 9 | Functional redundancy in Taxol biosynthesis.

Five pairs of functionally redundant enzymes in the Taxol biosynthetic pathway
with their functions, single-cell expression patterns, percentage identity (% ID)
inproteinsequence, and protein structures or phylogenetic trees shown.
Beginning with the first committed step of taxane biosynthesis, which can

be catalysed by either of two TDS paralogues®, we found that many taxane
functional groups could be installed by multiple genes with different
sequences and expression patterns. Inthe extreme case of the T9aHs, highly
divergentsequencesimply convergent evolution. For the T9aH and T1H
variants we found, different substrate and product specificity suggests that
these enzymes may be involved in different branches of taxane metabolism,
like C-13a-acetoxy taxanes and 11(15>1)abeo-taxanes. Regardless of the

2-0DD Acyltransferase

mechanism, the prevalence of functional redundancy across the four major
enzyme classes in taxane biosynthesis complicates both the dissection of
various branches of endogenous taxane metabolism and the identification of
optimal enzyme sets for heterologous taxane production. Crystal structure
of TDS1(Protein Data Bank 3P5P) and the AlphaFold3 predicted structure of
TDS2are shown. Phylogenetic trees of the three main tailoring enzyme families
involved in Taxol biosynthesis — P450s, 2-ODDs, and acyltransferases. Protein
sequences from each family were aligned using Clustal Omega, and the
phylogenetic trees were constructed using the neighbour-joining method

in Geneious Prime with1,000 bootstrap replicates. AtC4H, AtGA200x1, and
HVACT were selected as outgroups for each family.
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Extended DataFig.10|Biosynthetic pathway reconstituted in N. benthamiana
and proposed final steps to Taxol. In this work, we demonstrated the complete
transformation from taxadiene (1) to 3-N-debenzoyl-2-deoxypaclitaxel, which
isproposed to be two steps away to Taxol, in N. benthamiana. While T2'aH has
been previously reported**’, we were unable to reconstitute itsactivity. The
first oxidation of taxadiene (1) can be conducted by either TSaH or T13aH,
under the modulation by FoTO1. Branching of the Taxol pathway occurs at
multiple enzymatic steps, including previously characterized T14BH”’, and
morerecently reported TBT*?, T7AT, TOT" "3, and T1BH-184, leading to other
taxanes (showninthelast panel). The structural differences of other taxanes to
Taxol are highlighted in brown. Furthermore, TAX19%* allows the reconstitution
ofbranching pathway to 13a-acetoxy taxanesincluding taxusin (6), baccatin1V,
baccatin VI(11-Bz), and 9-dihydro-13-acetylbaccatin Il (9DHAB, 13) that can be

confirmed with chemical standards (Fig. 4e, Extended Data Figs. 4b and 6b).
However, the potential roles of these 13a-acetoxy taxanes as alternative
intermediates toward baccatin Illremain tobe explored. The prevalence of
these 13a-acetoxy taxanesin Taxus plants suggestsitis difficult to rule out
that the natural biosynthetic pathway might proceed through 13a-acetoxy
intermediates. However, we were unable toidentify a corresponding
C-13a-0-deacetylase (question mark from 13 to 16), which prevented us from
accessing baccatin Il (16) via this putative, alternative route. Similarly,
10-deacetylbaccatinIll, an abundant taxane in most Taxus species, might be
analternative biosynthetic intermediate with DBAT catalysing alate-stage
acetylation (question mark from 13 to 10-deacetylbaccatin I11)’®, Fullenzyme
namesare providedin Supplementary Table 1.
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Data collection  GCMS and LCMS data is collected with Agilent 7820MS/Enhanced MassHunter and Agilent MassHunter Workstation Data Acquisition version
10.1, respectively.
Sony SH800 Cell Sorter Software v2.2.4
FlowJo v10

Data analysis Routine data compilation was performed in Microsoft Excel (version 16.8). GCMS data analysis was performed with Agilent MassHunter
Qualitative Analysis B.07.00. LCMS data analysis was performed with Agilent MassHunter Qualitative Analysis 10.0. Bar graphs were plotted
using GraphPad Prism 10. NMR data were processed and visualized on MestReNova vl4.3.l. Molecular weight calculation and chemical
structural visualization were conducted with Chem Draw Professional v22.2.0. Python code used for transcriptomic and untargeted
metabolomic analysis will be deposited on GitHub. Published transcriptome datasets were cleaned with trimmomatic and mapped to the
Taxus chinensis genome with STARmap.Ambient RNA was removed with cellbender (v.0.3.0) 57. Using the doubletdetection (v.4.2) library58,
doublets were removed, as well as cells with outlier numbers of reads or where most reads were the most expressed genes
(pct_counts_in_top_20_genes < 25).
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reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.




Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Raw and processed single-nuclei transcriptome data have been deposited at NCBI Gene Expression Omnibus (accession GSE292840). The bulk RNA-seq data from
six previous studies for comparison were downloaded from NCBI (accession PRINA493167, PRINA251671, PRINA733140, PRINA427840, PRINA497542,
PRINA499080, PRINA86408). Python code used for transcriptomic and metabolomic analysis are deposited on GitHub (https://github.com/mcclune/nature2025).
The raw NMR free induction decay (FID) data of individual compounds have been deposited in the Natural Products Magnetic Resonance Database (np-mrd.org)
with the following ID: 4a,20-epoxy-taxadien-5a-ol (2'd, NPO350670), 4a,20-epoxy-5a-hydroxy-taxadien-13-one (NPO350671), 5a,13a-diacetoxy-taxadiene
(NP0350849), taxusin (6, NP0341906), 13B-taxusin (6’, NP0341907), 1B-hydroxytaxusin (6-O1, NP0341908), 15-hydroxy-11(15->1)abeo-taxusin (6-02, NP0341909);
the processed NMR data are shown in Fig. S23-65 and Table S3-10.
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Sample size All experiments in this manuscript were conducted with a sample size of at least three to ensure minimal statistical power for analysis.
Data exclusions  No data were excluded during analysis.
Replication All experiments were replicated at least once, and in most circumstances, in greater than three independent experiments.

Randomization  Randomization is not relevant to the experiments of this manuscript. The various experimental conditions were specifically defined to probe
for the function of distinct enzymes, and there was no random assigning of samples to experiment groups.

Blinding Blinding was not relevant to data collection as the metabolic data were acquired in an unbiased manner on automatic LCMS/GCMS
instruments, where all detectable metabolites were measured without prior assumptions.
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X] Plants
Antibodies
Antibodies used Mouse monoclonal anti-VS antibody (SVS-Pkl) (Invitrogen #R960-2S) for detection of VS-tagged proteins by immunoblot in the
Nicotiana benthamiana gene expression system used.
HA tag horseradish peroxidase-conjugated antibody (Biotechne #HAMO0601) for detection of HA-tagged proteins by immunoblot in
Nicotiana benthamiana. Dilution for each antibody is indicated in the method.
Validation The mouse monoclonal anti-VS antibody (Invitrogen #R960-2S) is validated by the manufacturer to be specific to VS-tagged proteins

by immunoblot, immunofluorescence microscopy, and functional analysis of the antibody against a fusion protein containing a VS
epitope. Certificates of analysis and antibody validation are available on the manufacturers website (https://www.thermofisher.com/
antibody/product/VS-Tag-Antibodyclone-SVS-Pkl-Monoelonal /R960-25)

The HA tag horseradish peroxidase-conjugated antibody (Biotechne #HAMO0601) is validated by the manufacturer to be specific to
HA-tagged proteins via immunoblot. Certificates of analysis and antibody validation are available on the manufacturers website
(https://www.rndsystems.com/products/ha-tag-horseradish-peroxidase-conjugated-antibody-1049f _ham 0601)
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Plants

Seed stocks Nicotiana benthamiana plants used in this study are a gift from the Mudgett lab (Stanford) and propagated in house. Taxus plants are
obtained from FastGrowingTrees.

Novel plant genotypes  No novel plant genotype was produced. Only Agrobacterium-mediated transient expression was used in this manuscript.
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Flow Cytometry

Plots
Confirm that:
|Z| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|Z| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Nuclei were extracted as described in Methods section, resuspended in 1 ml NIB with 5 ng/ul 4,6-diamidino-2-phenylindole
and 5 ng/ul propidium iodide and sorted on a Sony SH800 cell sorter with a 70 um chip

Instrument Sony SH800

Software Sony SH800 software used during sorting and FlowJo vIO was used for post-sorting data analysis.

Cell population abundance For single-nuclei sequencing experiments, 150,000-200,000 nuclei were sorted prior to sequencing. During initial
experiments, nuclei were examined under the microscope determine that that they were still spherical and intact. Nuclei
quality could also be determined by the narrow width of the peak in DAPI and Pl channels, indicating homogeneous nucleus
size. Nuclei were extremely abundant (>30% of particles in sorted populations).

Gating strategy Nuclei are gated on three subsequent gates: (i) size selection using forward scatter (FSC) vs side scatter (SSC), (ii) singlet

selection using Pl fluorescence height and width, and (iii) co-staining with DAPI and Pl to identify clean nuclei.

|X| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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