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Materials and Methods

Generation oMelia azedaraclyenome assembly, annotation and Rd&Y dataset
Two Melia azedaraclp | ants (i ndividuals 6026 and 611)
Plants) and maintained (as descrif2@)) in a John Innes Centre greenhouse, were utilized for
all sequencing experiments described. Raw Ri¢4 reads and genome assembly (with
annotation for assembled pseudwomosomes) have been submitted to NCBI under the
BioProject numbers PRINA906055 and PRINA906622 respectively.

High molecular weight (HMW) genomic DNA (average 58 Kbp in length) was extracted
fromM. azedarach eaves (i ndividual TABPrbtocpl which includest he mo
the addition of proteinase K and RNase A (Qiadéb). Fromthis, the Earlham Institute
constructed a 280 Kbp PacBio shotgun library which was sequenced over 10 SMRT cells on a
Sequel instrument. The resultant filtered subreads (over two million with an average length of 13
Kbp) werede novoassembled, utilizinghe hierarchical genome assembly process 4 (HGAP
PacBio) tool to create a draft genome with a total length of 230 Mbp (550 contigs). The proximo
Hi-C Plant Kit (Phase Genomics) was used for chromatin-tirdéag and subsequent
extraction of DNA fromM. azedarach eaves (i ndividualC@éwidsdé) , f ol |
performed by Phagéenomics. The proximal tool was then used to generate a pseudo
chromosome level assembly based on chromatin interactions from-thamdlysis and the
draft M. azedaraclgenome. A misassembly within the draft genome (contig 000011F) was
identified duringthis process and subsequently split, which resulted in the generation of 14
pseudechromosomes in the final assembly. Karyotyping was performed on yuapedarach
root tips (individual 6116). The pregaration
described previouslid7). Chr omosomes were counterstained w
acquired using a Leica DM5500B microscope equipped with a Hamamatsu-BR&E3H4.0
camera and controlled by Leica LAS X software V2.0.

Seven different tissues (four replicates of eachpvimarvested for RNA extraction from
Melia azedaraclplants. These included: upper leaves, lower leaves, petiole (including rachis)
and roots of a high salanamr oduci ng i ndi vi dual 60116 and wuppe
(including rachis) ofalod al annin individual ©6026. Tissues
liquid nitrogen before being ground to a fine powder using &poéed pestle and mortar. All
tissues were harvested on the same day and extractions were performed in technical.replicates
RNA extraction was performed using the MacKermniedified RNeasy Plant Mini Kit (Qiagen)
protocol(48), with DNAase (Promega) treatment, performed on column. The Earlham Institute
generated higithroughput Illumina stranded RNA libraries (150bp, paired end) of each of the 28
samples, which were multiplexed and sequenced over two land$i®éq 4000 instrument
(Mlumina). This generated over 635 million paired end reads (an average of 91 million per tissue
(table S2)).
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This RNA-seq dataset was utilized to by the Earlham Institute to generate a high quality
structural genome annotation fdr azedarachusing their specialist plant genome annotation
pipeline (including both Mikad{49) and Portcullig50) tools), shown to be capable of
annotating a diverse rangéplant specie¢s1, 52). Functional annotation was generated using
the Assignment of Human Readable Descripti@3 (AHRD) V.3.3.3 tool. AHRD was
provided with results of BLAST V2.6.(b4) searches (galue = 1€5) against reference proteins
from TAIR (55), UniProt(56), SwissProt and TREMBL(57) datasets, along with interproscan
(59) results.

Transcriptome data ming and analysis dfitrus dataset

Publicly available gene expression data from a collection of 297 Citrus datasets were
downloaded from the Network Inference for CitrusExpression (NICCE[22). The dataset
consisted of normalized expression data collected from multiple sotissegs, and treatments
(multiple Citrus spp., fruit, leaf, biotic stress, abiotic stress and age). Linear regression analysis
to calculate Pearsond6és R coefficient on nor ma
CsOSC1as the bait gene (fig. S2). Additional genes were characterized, these were then used
as bait genes along with previously characterized g@@sThese included using
CsCYP71CD)ICsCYP71BQACsCYP88A5landCsL21ATas bait genes. The obtained list was
ranked by decreasing Pearsonb6s R coefficient
list) were then mapped the respectiv€itrus sinensigenes. Candidate genes were then
annotated both via Pfam assignment and via the best blastx hit ushgli@opsis thaliana
proteome as a reference. The final list of candidates was further refined as needed to oely includ
candidates with Pfam assignments belonging to desired biosynthetic genes.

Mining of M. azedarachiesources for gene expression analysis

To process raw RNAeq reads generated fdr azedarackand generate read counts,
STAR V2.5(59) was used to align all reads to e azedaraclyenome annotation (pooling all
reads per replicate (direatial and lane)) and Samtools V16D) was used to index the
subsequent alignment. The featureCounts tool of subread (81§ Was used to generate raw
read counts by counting the number of reads overlapping with genes in each alignment.

Raw read counts were analyzed in R using DEseq2 V1(€2).1Genes with zero counts
were removed from the analysis, normalization was performed based on library siz®(tat ac
for differences in number of reads sequenced for each regli@4)) and subsequent counts
were log transformed with a pseudo count of one. The resultant ldmamnalized logread
countswere used for downstream analyses. Separately, differential expression analysis (to
identify a subset of genes considered differentially rather than constitutively expressed) was
performed by importing the raw read counts into an Ed@&Robject and removing genes with
low coverage (less than one count per million in more than four samgtashalization (by
l'i brary size) was perforwalduesd nmet hed ot Fi manle |
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differentially expressed genes, a genewise negative binomial generalized linear model
(glmQLFit) was used with pairwise comparisons betweesaaliple types. Using these
differentially expressed genes as a subsei lilogry-normalized counts (generated by DEseq2
V1.22.162) for the 28 replicates were used to cal
(PCCs) for each gene to each of the known melianol biosynthetic fa@SC1,
MaCYP71CD2andMaCYP71BQ5Genes were r&ed based on their average PCC value

against these three genes and then filtered to select only the genes with one of the following
interpro annotations of biosynthetic interest; IPR005123 (Oxoglutaratel@pendent

dioxygenase), IPR020471 (Aldo/keto vethse), IPR002347 (Sharhain

dehydrogenase/reductase SDR), IPR001128 (Cytochrome P450), IPR003480 (Transferase) or
IPRO07905 (Emopamibinding protein).

Although at rank 84 in this analysis (Fig. 28)aAKRcan be considered @xpressed, it
is not asstrongly ceexpressed as other functional genes, and was in fact first identified due to its
sequence similarity to the functional Citrus g&sAKR The gene prediction favaAKRin the
M. azedaractgenome is truncated (lacking 38 terminal amino acid¢at®o point mutations).
To identify a fulllength versionde novdranscriptome assembly was performed using Trinity
V2.4.0(65) following a standard protoc@6) and incoporating all petiole replicates from.
azedarach i ndi vi dual 601106 ( po@s)wasduyell to geharaterstauctugat o d e r
annotations for this transcriptome. Subsequently the trunbéaddR (table S10) sequence
identified in the genome was used as a BLASTp query to identify the full I&fegiiKR
sequence (table S20).

Cloning ofcandidate genes fro@. sinensiandM. azedarach

MRNA from Citrus sinensivar. Valencia (Sweet orange) fruit buds (green immature
fruit 1~3 cm in diameter) from orgear old plants were isolated using the Spectrum Plant Total
RNAKit (SigmaAl dri ch) f ol l owing the manuf afrozerur er s
in liquid nitrogen and ground using a pestle and mortar. cONA was generated using Super Script
IV First Strand Synthesis System (Invitrogen). Candidate genesGramensisvere cloned
(via Gibson assembly) into pEART vectors(67), and transferred intAgrobacterium
tumerificang(strainGV310) following methods which have been previously descr{b6&i
Candidate genes froM. azedaraclwere amplified from leaf and petiole cDNA, clahéria
gateway cloning) into pEA@T-DEST1 vectorg67) and transferred intAgrobacterum
tumerificang(strainLBA4404 following methods which have been previously descr{@éjl
Primers used for cloning of functional genes frérsinensiandM. azedaractare listed (table
S21 and table S22, respectively).

Characterization of. sinensi®ndM. azedaracltandidate genes through transient co
expression in Motianabenthamiana

To understand the function of enzymes of interest, candidate geneS finensisand
M. azedaractwere tested via eexpressing various combinations of candidate genes with the
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previously characterized melianol biosynthetic ge#e®$C1/CsSC1,
MaCYP71CD2/CsCYP71CEnhdMaCYP71BQ5/CsCYP71BQ20)). This was performed by
agroirfiltration of A. tumefacienstrains harboring the genes of interest in pEAQ vectors,
following methods previously describéD, 69). In addition to the limonoid biosynthetic genes,
Avena strigosa tHMR& (encoding a truncated feedback insensitive HMG @eductase that
boosts triterpene yiel(69)) was infiltrated in combination witM. azedaracltandidate genes,
while A. thalianaHMG CoA-reductase was used in combination v@thsinensicandidate
genes.

Construction of sterol isomerase phylogenetic tree

Sterol isomerase sequences from kglality plant genomes (33 species) were obtained
from Phytozomelttps://phytozomaext.jgi.doe.goy/ using a PFAM based search with
PF05241 (EXPanded EBP superfbmiFull names of the species for which S| sequences were
downloaded are as followAmaranthus hypochondriacus, Aquilegia coerulea, Arabidopsis
lyrata, Arabidopsis thaliana, Boechera stricta, Brassica rapa, Capsella grandiflora, Capsella
rubella, Citrusclementina, Citrus sinensis, Daucus carota, Eucalyptus grandis, Eutrema
salsugineuma, Fragaria vesca, Glycine max, Gossypium raimondii, Kalanchoe fedtschenkoi,
Linum usitassimum, Malus domestica, Manihot esculenta, Medicago trunculata, Mimulus
guttatus, Oyza sativa, Populus trichocarpa, Prunus persica, Ricinus communis, Salix pupurea,
Solanum lycopersicum, Solanum tuberosum, Theobroma cacao, Trifolium pratense, Vitis vinifera
andZea maysSequences with length of 1800 amino acids were selected for gsa. Sterol
isomerase sequences (Interpro: IPR0O07905 (Emoganding protein)) from the newly
generated. azedaraclgenome were also included in this analysis.

Protein alignments were performed on this set of sequences usingAQafRFT-NS-I
method) with a maximum of 1000 iterations. The phylogenetic tree was generated using
MrBayes(71), with a mixed amino acid probability model and MCMC analysis was performed
over 1 milliongenerations using 4 chains, 2 independent runs and a temperature of 0.7.

Extraction and analysis of limonoids and protolimonoids from Rutaceae specids and
benthamianaxpressing candidaté. sinensidiosynthetiogenes

N. benthamiandeaf tissue was collecteddays posgrobacteriumnfiltration using a 1
cm DIA leaf disc cutter. Each biological replicate consisted of 4 leaf discs from the same leaf
(approx. 0.04 g FW leaves). Leaf discs were lyophilized overnight and placedari&iue
safel ock microcentrifuge tube (Eppendorf). 500
HPLC grade) was added to each sample, and these were then homogenized in a ball mill (Retsch
MM 400) using 5 mm stainless steel beads and milled at 25 Hznam. 2After homogenization,
the samples were centrifuged at 13,200 rpm for 10 min. Supernatants were filtered using either
0.20 or 0.45 em PTFE filteMSandly\GiE) bef ore bein
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LC-MS was carried using electrospray ionization (ESIpositive mode on an Agilent
1260 HPLC coupled to an Agilent 6520TQF mass spectrometer. Separation was carried out
using a 5 &m, 2 -C18 ¢olur@n (PhenonBeex)iusing 0.1¢0Formic acid in
water (A) versus 0.1% formic acid in acetonitrie B8y n at 400 €L/ min, room
following gradient of solvent B was used: 3% 0nin, 3%30% %3 min, 30%97% 318 min,
97% 1822 min, 97%3% 2223 min and 3% 229 min. MS spectra was collected at m/z50
1400. The ESI source was set as follo®&0 °C gas temperature, 10 L/min drying gas, 35 psi
nebulizer, 3500 V VCap, 150 V fragmentor 65 V skimmer and 750 V octupole 1 RF Vpp.

MS/MS data (10700 m/z, 1.5 spectra/sec) was collected using the same instrument,
column and gradient under targete@&MS acquisition mode, with a narrow isolation width
(~1.3 m/z) and collision energies of 20, 40 and 50 eV.

In addition, seeds d?hellodendron amurengamur cork tree) were purchased from
eBay, lyophilized as described above, and 2~3 seeds were honaajenazball mill (Retsch
MM 400) using 5 mm stainless steel beads and milled at 25 Hz for 2 min in 2 mL ethyl acetate
solvent (Fisher Scientific, HPLC grade). The extracts were air dried, redissolved in equal volume
of met hanol , and PTFE filtere(GE) bdefore subjactng  L@E analysis.

Extraction and analysis of limonoids and protolimonoids from Meliaceae spacids
benthamianaxpressing candidate Meliaceae biosynthetic genes

For each sample, 10 mg of freediéed plant material was weighed and then
homogenized using Tungsten Carbide Beads (3 mm, Qiagen) with a TissueLyser (1000 rpm, 2
min). Samples were agitated at 18 °C for 20 min in 500 pl methanol (100%). Samples were
tranderred to a 0.22 puM filter mircolumn (Geneflow) and filtered by centrifugation before
being transferred to a glass analysis vial.

Unless otherwise stated, all UHPIMIS experiments described relating to Meliaceae
material and genes were performed witBipwe mode electrospray ionization (Dual AJS ESI)
on an LC/QTOF instrument (6546, Agilent), with separation by on an 1290 infinity LC system
equipped with a DAD (Agilent). 1 ul of sample was injected for separation on a Kinetex 2.6 pm
XB-C18 100 A 2.1 60 mm column (Phenomenex) using 0.1% formic acid in water (A) versus
acetonitrile (B) at 500 pl/min and 40 °C. Separation was performed using the following gradient
of solvent B: 37% € min (first minute of flow diverted to waste),-87% +11 min, 67100%
11-11.5 min, 100% 11-83.5 min, 10687% 13.514 min and 37% 145 min. Full MS spectra
were collected (m/z 160000, 1 spectra/sec). Spray chamber and source parameters were as
follows; 325 °C gas temperature, 10 L/min drying gas, 20 psi nebulizer \85@ap, 120 V
fragmentor 45 V skimmer and 750 V octupole 1 RF Vpp. Reference masses used for calibration
were 121.05087300 and 922.00979800. In addition DAD spectra4D@m, 2 nm step) were
collected.
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In addition to metabolite extraction from infakedN. benthamianand theMelia
azedarachrees maintained at JIC, extraction and analysis was also performed on dried leaf
material from 13 Meliaceae speci€afapa guianensis, Cipadessa fruticosa, Dysoxylum
spectabile, Khaya nyasica, Malleastrum maretese, Melia azedarach, Nymania capensis,
Toona sinensis, Trichilia havanensis, Turraea floribunda, Turraea obtusifolia, Turraea sericea
andTurraea vogelioidessourced from Kew Gardens in 2017 (Nagoya Protocol compliant) and
stored at70 °C.

General cosiderations for the purification and characterization of limonoid intermediates from
N. benthamian&xpressing Citrus biosynthetic genes

Approximately 500 g of leaves from @MO infiltrated plants were cut into small pieces
of approximately 0.25 cfrin area. Leaves were immediately flash frozen and lyophilized to
complete dryness. Dried leaves were then grinded to powder using a mortar and pestle. Leaf
powder was then placed in a 4 L flask (1 g FW leaves per 12.5 mL) with a magnetic stir bar and
extractedusing EtOAc for 72 h at room temperature with constant stirring. Extracts were filtered
using vacuum filtration and dried using rotary evaporation. Flash chromatography was
performed using a 7 cm DIA column loaded with silica (SiliaFlash® P60). Hexare(Fis
Scientific, ACS & HPLC grade) and ethyl acetate were used as running solvents. 500 mL
fractions were collected via isocratic elution (60% hexane, 40% ethyl acetate). Fractions were
analyzed via LEMS, and those containing the compound of interest weoted and dried using
rotary evaporation. The dried samples were as then resuspended in approximately 1 mL of
DMSO. The samples were then further purified using an Isolera Prime Biotage using a Sfar C18
Duo 12g column. Fractions were collected using w@gand acetonitrile (B) as solvents. The
following gradient of solvent B was used: 30% for 3 column volumes (CV30380 for 25 CV,
80-100% 2 CV. Active fractions, as verified by @S, were then dried to completion using
rotary evaporation or lyophilitian. For Citrus intermediatésl NMR and*3C NMR spectra
were acquired using a Varian Inova 600 MHz spectrometer at room temperature. Shifts are
referenced to the residual solvent peak (GDA&tros Organics) and reported downfield in ppm
using MeSi as he 0.0 ppm internal reference standard.

General considerations for the purification and characterization of limonoid intermediates from
N. benthamian@xpressind. azedaraclbiosynthetic genes aml indica

To enable the purification of heterologouslpguced intermediates froh.
benthamianalargescale vacuum infiltration of the relevahi tumefacienstrains was
performed as previously describ@®, 73), using 100130 largesizedN. benthamianglants.
Once harvested and freedeed, a preliminary triterpene extraction was performed on the leaf
material using a previously described met(id8). Briefly, a speed extractor (Bucchi) was used
to perform high temperature (100 °C) and pressure (130 bar) extraction from leaf material with
ethyl acetate. Unless otherwise specified, theeasdp 900 hydroxide form beads (Sigma
Aldrich) recommended to remove chlorophylf8) were not used, due to the presence of
acetate groups in the compounds being isolated.
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All Preparative HPLC was performed on an Agilent Technologies infinity system
equipped with a 1290 infinity Il fraction collector, a 1290 infinity Il preparative pundp an
column oven, a 1260 infinity Il quaternary pump, a 1260 infinity Il Diode Array Detector
(DAD), a 1260 infinity Il ELSD and an infinity lab LC/MSD XT. Separation for preparative
HPLC was performed on a 250 x 21.2 mm Luna® 5 uM C18(2) 100 A column (Pbeesjmat
25 ml/min, with a collection:detector split of 1000:1 and the quaternary pump providing a make
up flow at 1.2 ml/min for the detectors. All preparative runs included a minimum of 3 min post
time at starting solvent percentage. Unless otherwagedstMS data was collected via MM
ES+APCI scan mode, collecting data after 1.5 min with a mass range220and collection of
[M] or [M+H] * masses.

General considerations for NMR characterizations

Coupling constants are reported as observed and nettarfor second order effects.
Assignments were made via a combinatiofHf*C, DEPTF135, DEPTedited HSQC, HMBC
and 2D NOESY or ROESY experiments. Where signalsovéidapli i s reported as
the respective HSQC crosspeak. Multiplicities described as, s = singlet, d = doublet, dd =
doublet of doublets, dt = doublet of triplets, t = triplet, g = quartet, quint = quintet, tquin = triplet
of quintets, m = multiplet, br = broad, appt = apparent.

Purification ofapo-melianol @) (via expressin of M. azedaraclgenes)

Using vacuum infiltration 115 large. benthamianglants were infiltrated with equal
volumes ofA. tumefacienstrains harboring pEA®IT-DEST1 expression constructs of the
following genesAstHMGR AIOSC1, MaCYP71CD2, MaCYP71BQ&aCYP88A10&nd
MaMOI2. Leaves were harvested and fredred six days after infiltration, yielding 159.9 g of
dried leaf material. Following the preliminary triterpene extraction method described above, and
for this compound utilizing the ambersep 9@ toxide form beads to remove chlorophyll,
successive rounds of fractionation were performed utilizing an Isolera Prime (Biotage) as
described in (table S23). Fractions containing the target were pooled, and to achieve final
purification, subject to senpreparative UHPLC, performed on an Agilent Technologies 1290
Infinity 1l system equipped with an Agilent Technologies 1290 infinity Il Diode Array Detector
(DAD), Agilent 1260 Infinity Evaporative Light Scattering Detector (ELSD) and an Agilent
1260 infinity 1l fraction collector. The sample was dissolved in a minimal volume of acetonitrile
and injected in 200 pl aliquots. Separation was performed on a 250 x 1052 nm Pack
pro C18 column (YMC) using water (A) versus 95% acetonitrile (B) at 4 mémih40 °C with
the following gradient of solvent B; 68%3D min, 68100% 3032 min, 100% 3237 min, 100
41% 3739 min and 41% 394 min. The fraction collector was programmed to collect between
22-25 min (with a maximum peak duration of 2 min) and torlggéred (threshold and peak) by
detection of a peak from either the DAD or ELSD detector. DAD was set to collect signals with
a wavelength of 205 nm and bandwidth of 4 nm. Fractions collected within this region (over 11
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runs) were pooled and dried dowrnig yielded 13.1 mg of3] as a white powder on which
NMR was performed in CDgltable S3).

Purification of 6) (via expression of. sinensigenes)

62 N. benthaminglants (56 week old) were vacuum infiltrated usiAgtumefaciens
mediated transient expression using equal volume of infiltrated strains (OD per strain = 0.2)
harboringAtHMGR, CsOSC1, CsCYP71CD1, CsCYP71BQ4, CsCYP88A51, CsMOI2, CsL21AT
andCsSDR 87109 g of leaves were harvested 6 days-pddtration, dried (yielding 106.89 g)
and extracted in ethyl acetate following the standard procedure outlined above. Isolation and
NMR analysis of §) (table S4) was subsequently performed following the standatidods
outlined above.

Purification of @ Yo(via expression of. sinensigienes)

43 N. benthaminglants (67 week old) were vacuum infiltrated usiAgtumefaciens
mediated transient expression using equal volume of infiltrated strains (OD per strain = 0.2)
harboringAtHMGR, CsOSC1, CsCYP71CD1, CsCYP71BQ4, CsCYP88A51, CsMOI1, CsL21AT
andCsSDR865.1 g of leaves were harvested 6 days-ipd#iration, dried (yieldng 105.5 g)
and extracted in ethyl acetate following the standard procedure outlined above. Isolation and
NMR analysis of4 Ytable S5) was subsequently performed following the standard methods
outlined above

Purification of 21§)-acetoxylapo-melianong6) (via expression dfl. azedaraclgenes)

Using vacuum infiltratior(72, 73), 121 largeN. benthamiang@lants were infiltrated with
equal volumes oA. tumefacienstrains harboring pEA®IT-DEST1 expression constructs of
AstHMGR, AIOSC1, MaCYP71CD2, MaCYP71BQ5, MaCYP88A108, MaMOI2, Malb2tAT
MaSDR One week after infiltration, leaves were harvested and feéxezeé yielding 150.1 g of
dried material. Following thpreliminary extraction of triterpenes described above, successive
rounds of fractionation were performed utilizing an Isolera Prime (Biotage) (table S23).
Fractions containing the target were pooled and final purification was achieved by re
crystallisation. Briefly, hot ethanol (70 °C) was added dropwise to the sample (heated to 70 °C)
until all solids had dissolved. The sample was then covered and left at room temperature for
crystals to form. Crystals were washed in cold ethanol under vacuum andtéred fy
dissolving the samples in methanol to allow collection. Initial recrystallisation was performed in
triplicate, yielding ~300 mg of pale yellow product. The recrystallisation was repeated using this
pale yellow product, to yield 77.25 mg of whitegduct 6). 5 mg of product redissolved in
CDClzfor NMR (table S6).

Purification of Q) (via expression of. sinensigenes)

63 N. benthaminglants (56 week old) were vacuum infiltrated usiAgtumefaciens
mediated transient expression using equalwel of infiltrated strains (OD per strain = 0.2)
harboringAtHMGR, CsOSC1, CsCYP71CD1, CsCYP71BQ4, CsCYP88A51, CsMOI2, CsL21AT,
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CsSDR, CsCYP716A@hdCsCYP88A37864.2 g of leaves were harvested 6 days-post
infiltration, dried (yielding 89.38 g) and exttad in ethyl acetate following the standard
procedure outlined above. This resulted in the isolation of 20.3 n8). MR analysis was
performed following the standard methods outlined above (table S8).

Purification of epineemfruitin B (0) (via expresion ofM. azedaraclgenes)

Using vacuum infiltratior(72, 73), 143 largeN. benthamianglants were infiltrated with
equal volumes of. tumefacienstrains harboring pEA®T-DEST1 expression constructs of
the following genesAstHMGR, AIOSC1, MaCYP71CD2, MaCYP71BQ5, MaCYP88A108,
MaMOI2, MaL21AT, MaSDR, MaCYP88Al&ddMalL1AT. Eight days after infiltration, leaves
were harvested and freedeed, yietling 112.5g of dried material. Following the preliminary
extraction of triterpenes described above, successive rounds of fractionation were performed
utilizing an Isolera Prime (Biotage) (table S23). Fractions containing the target were pooled and
dissolveal in minimal volume of methanol (3 ml) for final purification via injection (SO pl)
onto a preparative HPLC instrument. Separation was achieved using water (A) versus 95%
acetonitrile (B) with the following gradient of solvent B; 4294 @nin, 4273%1-1.5 min, 73
100% 1.511.5 min, 100% 11:86.5 min and 10@2% 16.517 min. Fractions were collected
between 8L1 minutes triggered by detection of an MS peak witlfzof 526 [M] (threshold
5,000) and DAD peak (threshold of 5, wavelength 205 nm). Brectvere pooled and dried to
yield 4 mg of a pale yellow product@), which was dissolved in minimal ethanol and treated
with activated charcoal to remove coloured impurities. This yielded 2.25 mg of purified product,
which was dissolved in CD¢&llor NMR (table S11).

Purification of (3) (via expression of. sinensigienes)

31N. benthaminglants (56 week old) were vacuum infiltrated usiAgtumefaciens
mediated transient expression using equal volume of infiltrated strains (OD per strain = 0.2)
harboing AtHMGR, CsOSC1, CsCYP71CD1, CsCYP71BQ4, CsCYP88A51, CsMOI2, CsL21AT,
CsSDR, CsCYP716AQQsCYP88A37, CsL1AT, CsL7AT, CsAKR, CsCYP716ARISLFS
397.96 g of leaves were harvested 6 days-ipdiftration, dried (yielding 40.07 g) and extracted
in ethyl acetate following the standard procedure outlined above. This resulted in the isolation of
0.3 mg of (3) and 19.4 mg of)( 3.0NMR analysis was performed on both products (table S13
to S14) following the standard methods outlined above.

Purification d (14) (via expression dfl. azedaractygenes)

Using vacuum infiltratior{72, 73), 110 medium/larg&l. benthamianglants were
infiltrated with equal volumes @&&. tumefacienstrains harboring pEA®GIT-DEST1 expression
constructs oAstHMGR, AIOSC1, MaCYP71CD2, MaCYP71BQ5, MaCYP88A108, MaMOI2,
MaL21AT, MaSDR, MaCYP88A164, MaL1AT, MaL&hiIMaAKR.Six days after infitation,
leaves were harvested and freezed yielding 140.4 g of dried material. Following the
preliminary extraction of triterpenes described above, initial fractionation was then performed
utilizing an Isolera Prime (Biotage) (table S23). Fractiongaioimg the target compound were
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then subject to liquidiquid partitioning (80% methanol:hexane, in triplicate). The 80%
methanol fractions were pooled anddissolved in a minimal volume of methanol (10 ml) for
final purification via injection (25@000ul) onto a preparative HPLC instrument. Separation
was performed using water (A) versus 95% acetonitrile (B) with the following gradient of
solvent B: 42%100%, 015 min, 100% 159 min and 10&12% 1919.5 min. Fractions were
collected between-21.5 mindes triggered by a peak of/z570 [M+ACN+H]" (threshold

5,000). The [M+ACN+H] adduct mass was used as an inputted mass rather than [M] or'{M+H]
due to the high accumulation of acetonitrile adducts for this intermediate. Ten fraction collecting
runs wergoerformed and the pooled fractions yielded ~20 mg of product. Initially, 4 mg of
product was dissolved in CD{Zbr NMR, however this appeared to be converted to the known
protolimonoid, gradifoliolenone (36) (fig. S1), in solution. A further 4 mg of pcbavas

dissolved in pyridinals however a suspected rotamer effect was observed. Therefore NMR
characterization was finally performed by dissolving 5 mg of product in beilzdtable S15).

Purification of kihadalactone ALD) (via expression of. sirensisgenes)

63 N. benthaminglants (56 week old) were vacuum infiltrated usiAgtumefaciens
mediated transient expression using equal volume of infiltrated strains (OD per strain = 0.2)
harboringAtHMGR, CsOSC1, CsCYP71CD1, CsCYP71BQ4, CsCYP88A5DIZsOEL21AT,
CsSDR, CsCYP716AC1, CsCYP88A37, CsL1AT, CsL7AT, CsAKR, CsCYPah6&BRFS
705.7 g of leaves were harvested 6 days-pdtration, dried (yielding 79.15 g) and extracted
in ethyl acetate following the standard procedure outlined ateniation and NMR analysis of
(19) (table S1§ was subsequently performed following the standard methods outlined above.

Purification of azadironel@) (from A. indicaleaf powder)

224.9 g of neemA. indicg leaf powder (purchased from H&C Herbal Ingredients
Expert) was extracted following the preliminary triterpene extraction method described above.
Following this the extract was partitioned between ethyl acetate (800 ml) and water (800 ml)
which yielded 212 g of crude extract. Initial fractionation was then performed utilizing an
Isolera Prime (Biotage) (table S23) following a method adapted from previous reports of
azadirone isolation frorA. indicafruits (74). Fractions containing azadirone were then
dissolved in a minimal volume of methanol (with dropwise addition of ethyl acetate)e befo
being filtered, through both a S&ak vac 3cc C18 cartridge (Waters) and a minisart highflow
PES 0.22 pM syringe filter (Sartorius), before injection (7000 pl) onto a preparative HPLC
system. MS was collected via MES+APCI in SIM mode, detecting andllecting for am/zof
437.2 [M+HT. Fractions were collected between2@min (threshold 5,000). Separation was
performed using water (A) versus acetonitrile (B) with the following gradient of solvent B; 65%
0-1.5 min, 66100% 1.526.5 min, 100%, 26-30 min and 10065% 30630.5 min. After 3 runs,
fractions of azadiron€lg) with a reasonable level of purity were pooled, yielding ~1 mg of
purified product, which was dissolved in CRQ@r NMR (table S17).
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Purification of 0) (via expression dfl. azedarahb genes)

Using vacuum infiltratior(72, 73), 120 medium/larg&l. benthamianglants were
infiltrated with equal volumes @&&. tumefacienstrains harboring pEA®T-DEST1 expression
constructs oAstHMGR AIOSC1, MaCYP71CD2, MaCYP71BQ5, MaCYP88A108, MaMOI2,
MaL21AT, MaSDR, MaCYP88A164, MaL1AT, MaAidMaCYP716AD4Eight days after
infiltration, leaves were harvested and fredred yielding 123.1 g of dried material. Following
the preliminary extractio of triterpenes described above, initial fractionation was then
performed utilizing an Isolera Prime (Biotage) (table S23). Fractions containing the target were
then dissolved in a minimal volume of 80% acetonitrile (6 ml) before injectiorX500 pl)
onto a preparative HPLC system. For this product MS was collected viieBIMAPCI in SIM
mode, detecting and collecting for a mass of 503.4 [M+Hijactions were collected between
1.510 min (threshold 5,000). Initial separation was performed using wakere(sus
acetonitrile (B) with the following gradient of solvent B: 6099.8 min, 6075% 0.510 min,
75-100% 1010.5 min, 100% 1045 min and 1060% 1515.5 min. After 9 runs, fractions
containing target were pooled and further purified by a second @iysreparative HPLC, using
the same instrument settings, but a different gradient consisting of water (A) versus methanol (B)
with the following gradient of solvent B: 67%005 min, 6777% 0.520 min, 77100% 20620.5
min, 100% 20.84.5 min and 10867%24.525 min. After two injections, fractions containing
the target were pooled, yielding ~0.6 mg of purified prod2@y, (vhich was dissolved in
benzeneds for NMR (table S20).
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Supplementary text

Off-target activity of MaCYP716AD4/[CSCYP716AD2 activity on non G7 O-acetylated
substrates

The characterisation @4.7AT andMaL7AT in the biosynthesis of early limonoids, e.qg.
azadirone 18) and kihadalactone ALD), was unexpected. TheTCO-acetylation activity of
Cd4d.7AT andMaL7AT seems unnecessary for thiesynthesis of more elaborated limonoids like
limonin and azadirachtin (Fig 1, fig. S1), most of which havé k&tone or hydroxyl instead of
C-7 acetoxyl. However, when we omitt€dl_7AT in the full kihadalactone Al1©) pathway, the
expected19) C-7 deacetylated product was not observed (fig. S45). Instead, an oxidized
intermediate accumulates that still contains the full triterpene scaffold, indicatingThat C
acetylation is important for-@ scission. Furthermore -CO-acetylation also plays a kegle in
the Meliaceae pathway, as in the absenddaif7AT an analogous sideroduct 0) is made

and structurally confirmed (fig. S44, fig. S32, table S20). These data suggest that
MaCYP716ADACSCYP716AD?2 activities require-Z O-acetylation on the subrates, and
downstream € O-deacylation by a deacetylase would be required to reach more elaborated
limonoids. However, we cannot exclude the possibility @&f7AT/MaL7AT are not required

for the pathway to more elaborated limonoids, but we are mistieg key enzymes that would
allow the proper functioning daCYP716AD4CSCYP716AD2.
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Supplementary Figures

Basic scaffold
R

Protolimonoids

grandifoliolenone 1a-acetoxy-luvungin A Luvungin D Luvungin G

Meliaceae limonoids
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Fig. S1. Supplementary limonoid and protolimonoid structures.

Additional structures of protolimonoids, along with Meliaceae and Rutdiceaoids relevant

to the main text. Ring A are labeled on the basic scaffold on the top. The rings and the furan
moiety are colored to show the cleavage and conservation of each ring.
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Fruit datasets

Candidate Gene = PCC Rank C hmon Cpar. Cure C.sinensis

CsOSC1 1.000 O
2-0DD 0860 1
CsL7AT 0780 2
CsLFS 0770 3
Epimerase/Dehydratase 0.745 4
CsCYP716AD2 0.731 5
Glycosyl hydrolase 0.713 6
Unknown 0.685 7
CsCYP88A51 0676 8
CsAKR 0.671 9

CsCYP716AC1 0656 10
CsMOI2 0652 M

2-0DD 0640 12

CsSDR 0.631 13

Maijor latex protein 0622 14

Phosphoglycerate mutase 0.619 15

Ras GTPase 0619 16

SAM methyltransferase 0.611 17

Unknown 0606 18

CsCYP71BQ4 0600 19

CsCYP88A37 0577 39

CsCYP7CD1 0572 42

CsL21AT 0514 79

CsMOIl1 0.368 1614
Z-score
.
-3 3

Fig. S2. Ceexpression analysis of th€. sinensignicroarray expression data from Network
inference for Citrus Co-Expression (NICCE) usingCsOSClas a bait gene.

Linear regression analysis was used to rank
coefficient (PCC) taCsOSC1Heat map displays-Zcore calculated from legnormalized

expression across fruit datasets. Genes in red indicate candidates characterized in this study or
our previous worK20). CYPs and acetyltransferases within the top 100 were selected for initial
screening vigAgrobacteriuramediated expression M. benthamiaawith CSOSC1,

CCYP71CD1 andCsCYP71BQA4.
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Fig. S3. HiC postscaffolding heatmap ofM. azedarachgenome.

Analysis and generation of heatmap was performed by Phase Genomics. The genome was
divided into 3,000 bins (length = 75,470 bp) for this analydig. density of HiC links is plotted

(red). Links between the same contig are not shown (white). White boxes therefore indicate draft

assembly contigs.
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Fig. S4. Karyotyping of M. azedarach.
Representative image of a mitotic metaphase sprelsld atedaach( i ndi vi dual 6116)
28 chromosomes (2n=28). Chromosomes were counterstained with DAPI. Scale bar =5 pm.
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Fig. S5. Characterization ofCSCYP88A51.

(A) Predicted function o€CYP88A51in converting 1) to an unstable epoxidetermediate

(2), which spontaneously rearranges into uncharacterized pro@ad}, (vhich all have the

same mass as melian@) (vith a single oxidation. (B) Extracted ion chromatograms (EICs) for

extracts olN. benthamianagrcinfiltrated with the cheacterized genes (listed in panel A) either

alone (blue) or with the addition @CYP88A51(red). EICs are displayed far/zof 495.3450

(calculated mass fod) [M+Na]*) or 511.3399 (calculated mass f@y [M+Na]"). (C) Mass

spectra ofZa), (2¢) and @d) in panel B with major adducts and fragments labeliede that
[M+tNa]*'doesndt fragment wel l i n "igtSoNO® tobausefulfore par
MSMS analysis. Representative EICs and mass spectra are displayed for experiments of n=6.
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Fig. S6. Individual activity of MaCYP88A108 andMaMOI?2.
Extracted ion chromatograms (EICs) for extracts of -agfilirated N. benthamiandeaves
expressing melianol biosynthetic genAgJSC1 MaCYP71CD2andMaCYP71BQ%& with and
without MaCYP88A10&ndMaMOI2. EICs displayed are for the/zof [melianol
(1)+Na]'=495.3489 (red, calculated mass) ampdmelianol @)+Na]'=511.3411 (blue,
calculated mass). Alternate-aerangment product2#&d) with the same mass apo-melianol
are labeled in addition tmelianol ) andapo-melianol @). For these LCMS traces, analysis
was performed using an UHPHCT-TOF (Shimadzu) instrument following a method and
methanol gradient previously described for the analysis of protolimo(g&igs-urther
characterization dflaCYP88A108 andMaMOI2 (being expressed together) using-d QF
instrument (Agilent) isvailable (fig. S7).
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Fig. S7. Characterization ofMaCYP88A108 andMaMOI2.

(A) Function ofMaCYP88A108 andMaMOI2 in converting melianoll)) to the epimeric
mixtureapo-melianol @), confirmed by NMR (table S3). (B) Extracted ion chromatograms
(EICs) forextracts ofN. benthamianagrecinfiltrated with the characterized genes (listed in
panel A) either alone (blue) or with the additionMdCYP88A10&ndMaMOI2 (red). The EICs
are displayed fom/f 495.3449 (observed mass fat)§Na]") and 511.3395 (aferved mass
for [(3)+Na]"). (C) Mass spectrum o8) being heterologously producedhh benthamianaThe
main observed adduct ([M+N3Jand fragments (including loss of water [M-HHO]", and loss
of water and foucarbon epoxide containirffgagment [M+H(H20+C4HgO)]") are labeled. (D)
Extracted wavelength chromatograms (EWCs) of 245 nm (width of 4nm) for the extracts
displayed in panel B. Due to the lack of an enone systeB) mo(UV peak is observed.
Representative traces and spectradaglayed (n=6). Traces showing individual activity of
MaCYP88A108 andvlaMOI2 are available (fig. S6).
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Fig. S8. Histogram of the number of sterol isomerase genes present in highality plant

genomes.

Plant genomes from higluality annotated genome®we downloaded from Phytozor(i&b).
Sterol isomerases sequences were identified by pa#dgjnment to EBP (PF05241).
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Fig. S9. Characterization ofC4L.21AT.

(A) Predicted function o€4.21AT in convertingapo-melianol @) to 2}-acetoxytapo-melianol

(5). (B) Extracted ion chromatograms (EICs) for extractd.dbenthamianagroinfiltrated with
the characterized genes (listed in panel A) either alone (blue) or with the add{@idrP@AT
(red). EICs are displayed far/zof 511.3399 (calculated mas® f3) [M+Na]") and 553.3505
(calculated mass fob) [M+Na]™). (C) Mass spectrum o6} being heterologously produced in
N. benthamianaas shown in panel B, with major adducts and fragments labiédee that
[M+tNa]"doesnb6t fr agment parentpkak MrH]is8t8oNDS tode uwseful for e
MSMS analysis. Representative EICs and mass spectrum are displayed (n=6).
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Fig. S10. Characterization ofMaL21AT.

(A) Function ofMaL21AT in producing 2iacetoxytapo-melianol §) (confirmed by NMR of
laterproduct ) (fig. S15, table S6 to S7)) froapo-melianol @). (B) Extracted ion
chromatograms (EICs) for extractshf benthamianagrecinfiltrated with the characterized
genes (listed in panel A) either alone (blue) or with the additidnab21AT (red). The EICs
are displayed fom/zof 511.3393 (observed mass faB)¥Na]") and 553.3505 (observed mass
for [(5)+Na]"). (C) Mass spectrum fob) being heterologously producedhh benthamianaThe
main observed adduct ([M+N3aJand fragments (including$s of acetic acid [M+H2H402]"
and loss the fodcarbon epoxide containing fragment and acetic acid [M@&i#HsO+CH402)]¥)
are labeled(D) Extracted wavelength chromatograms (EWCSs) of 245 nm (width of 4nm) for the
extracts displayed in panel B. Due to the lack of an enone syst&mio (JV peak is observed.
Representative traces and spectrum are displayed (n=6).
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Fig. S11. Characterzation of CSSDR.
(A) Predicted function o€sSDRin converting 21acetoxytapo-melianol 6) to 21-acetoxyt
apomelianone§). (B) EICs for extracts dil. benthamianagrainfiltrated with the
characterized genes (listed in panel A) either alone (blueitiothre addition ofCsSDR (red).
EICs are displayed fan/zof 553.3505 (calculated mass f&) (M+Na]") or 551.3349
(calculated mass fo6) [M+Na]*). (C) Mass spectrum o06) being heterologously produced in
N. benthamianaas shown in panel B, with n@jadducts and fragments labelBidte that

[M+Na]*doesnot

fragment

wel | i

n " i8tSoNbB todbe wbeful for e

MSMS analysis. Representative EICs and mass spectrum are displayed (n=6).
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Fig. S12. Characterization oMaSDR.

(A) Function ofMaSDRin producing 219-acetoxylapo-melianone §) (confirmed by NMR

(fig. S15, table S6 to S7)) from Zetoxytapo-melianol ). (B) Extracted ion chromatograms
(EICs) for extracts olN. benthamianagrecinfiltrated with the characterized genes (listed in
panel A) either alone (blue) or with the additiolMdSDR(red), along with a purified standard
(pink). The EICs are displayed for/zof 553.3502 (observed mass fds)fNa]") and 551.3349
(observe mass [f)+Na]"). (C) Mass spectrum fob) being heterologously producedhh
benthamianaThe main observed adduct ((M+Nahnd fragments (including loss of acetic acid
[M+H-C2H402]* and loss the foucarbon epoxide containing fragment and acetic fieH -
(C4HgO+CH40)]") are labeled(D) Extracted wavelength chromatograms (EWCs) of 245 nm
(width of 4nm) for extracts displayed in panel B. Due to the lack of an enone sys@®man (
UV peak is observed. Traces of purified standards have been smatedniparative purposes.
Representative traces and spectrum are displayed (n=6).
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Fig. S13. Substrate promiscuity ofCd_.21AT and CsSDR.

Annotated extracted ion chromatograms (EICs) for extracts ofiafjitcated N. benthamiana
demonstrating the ability &8sSDR andCd_21AT to act on alternative scaffoldsapo-melianol

(3), tirucalla7,24dien-3(&ol and melianol 1) respectively. (A) BCs ofN. benthamian&xtracts
infiltrated with AtHMGR andCs0SC1 alone (black) or witBsSDR (red). EICs are displayed

for observedn/zof tirucalla7,24dien3Zol [M+H]* and tirucalla7,24-dien-3-one [M+H]". (B)

EICs ofN. benthamian&xtracts infiltratd with AHMGR, CSOSC1,CLYP71CD1 and
CLCYP71BQ4 alone (black) or witid_21AT (blue). EICs are displayed for observed masses of
melianol [M+Na] and 2tacetoxytmelianol [M+Na]. Representative EICs are displayed (n=3).
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Fig. S14. Substrate promiscuityof MaSDR and MaL21AT.

Annotated UHPLAT-TOF generated extracted ion chromatograms (EICs) of methanol extracts
of agroinfiltrated N. benthamiandeaves expressingaSDR andViaL21AT in combination

with melianol biosynthetic enzyme&iQSC1,MaCYP71CD2 andvaCYP71BQ5),

demonstrating the ability of boMaSDR andVlaL21AT to act on melianoll) in addition to
apomelianol @) (Fig. 4A). EICs displayed are for the following observed adducts: [melianol
(1)+Na]'=495.3440 (red), [melianone+Na}93.3291 (pink) anfmelianol acetate

+Na]'=537.3563 (purple). Mass spectra of new peaks (highlighted with gray arrows) are shown
in the box. UHPLAT-TOF was performed using the methanol gradient previously described for
the Shimadzu HTOF instrumen{20). Predicted structures of highlighted peaks based on
characterized enzymatic functions are shown on gtg (with exact mass and calculated

sodium adduct). Representative EICs and spectra are displayed (n=3).
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Fig. S15. 3D models of 2§)-acetoxytapo-melianone and 21R)-acetoxylapo-melianone.
The 3D models of 25j-acetoxytapo-melianone (left) and 2Rj-acetoxylapo-melianone
(right) in combination with the NOEs between @2,1C18H3 and C12H2 observed in 2D
NOESY experiments fo6, are consistent with the Z(assignment ofg). 3D models have
been geometry optimized by molecular dynamics (forakfldIMFF94, number of steps: 500,
algorithm: steepest descent and convergence7 10en by AvogadroV 1.1.1). CompletiC and
'H & assignment is shown in table S6.
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Fig. S16. Detection of 21)-acetoxytapo-melianone (6) andepineemfruitin B (10) in Melia
azedarachsamples.

(A) Structure, mass spectra and extracted ion chromatograms (EICs) comparing exiacts of
benthamianaxpressing 2-hcetoxytapo-melianone §) biosynthetic enzyme#{OSC],
MaCYP71CD2MaCYP71BQ5MaCYP88A108 MaMOI2, MaL21AT andMaSDR) to extracts
fromM. azedaractp et i ol e ti ssues (i ndi9-acdtaxgdpo 61 106)
melianone §) (table S6) is also displayed. EICs displayed arenf@of 511.3349, the calculated
mass of [24acetoxytapo-melianone+Nd] (B) Structure, mass spectra and EICs comparing
extracts olN. benthamian@xpressingprneemfruitin B (0) biosynthetic enzymes (the
enzymes described in panel (A) with additiorM#CYP88A164andMaL1AT) to extracts from
M. azedaractpetiole tissuesi(n d i v i d u a | epindemféuitin B (B) is @lsodisplayed
(table S11). EICs displayed are fafzof 549.3192, the calculated mass @bifneemfruitin
B+Na]". Representative EICs and spectra are displayed (n=3).
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Fig. S17. Characterization ofCSCYP716AC1.

(A) Predicted function o€CYP716ACL1 in converting 2acetoxylapo-melianone §) to

luvungin A (7). (B) Extracted ion chromatograms (EICs) for extracts .dbenthamianagrc

infiltrated with the characterized genes (listed in panaitier alone (blue) or with the addition

of CICYP716AC1 (red). EICs are displayed fofzof 551.3349 (calculated mass fé) (

[M+Na]™) or 567.3298 (calculated mass f@y [M+Na]*). (C) Mass spectrum of) being

heterologously produced M. benthamianaas shown in panel B, with major adducts and

fragments labeled. Note that M+Naj o e s n 6t fr agment wel |l i n MSMS
[M+H] " is too low to be useful for MSMS analysis. Representative EICs and mass spectrum are
displayed (n=6).
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Fig. S18. aracterization of CSCYP88A37.

(A) Predicted function o€CYP88A37in converting luvungin A7) to 1-hydroxyl luvungin A
(9). (B) Extracted ion chromatograms (EICs) for extractd.dbenthamianagrcinfiltrated with
the characterized genes (listed in panel A) either alone (blue) or with the addition of
CLYP88A37(red). EICs are displayed for masses of 567.3298 (calculated magp for (
[M+Na]™) or 583.3247 (calculated mass f8) [M+Na]*). (C) Massspectrum of9) being
heterologously produced M. benthamianaas shown in panel B, with major adducts and
fragments labeled. Proposed formation of the loss #1-@ fragment is shown in fig. S35.
Representative EICs and mass spectrum are displayed (n=6
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Fig. S19. Oxidation of 21acetoxytapo-melianone (6) by eitherCSCYP88A37 or
CLYP716ACL1.

Total ion chromatograms (TICs) for extractd\ofbenthamianagroinfiltrated with
characterized enzymeAtHMGR, CSO0SC1,CLYP71CD1,CLYP71BQ4,CsCYP88AS1,
CadVIOI2, C4d.21AT andCsSDR (black)) in combination wit@sSCYP88A37 and
CLCYP716AC1, either alone (green and blue, respectively), or together@s&¥P88A37 or
CLCYP716ACL1 either act alone on-atetoxytapo-melianone §) to yield @) and ),
respectively, or together to yield)( There is incomplete disappearancetyfwhen
CLYPBBA37 is expressed alone. Structuresif(f), and @) are confirmed by NMR while
that of @) is proposed based on the characterized functi@s0P88A37. Repremtative TICs
displayed for the experiments (n=3).
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Fig. S20. Characterization ofMaCYP88A164.

(A) Function ofMaCYP88A164in producing a dhydroxyt21(S-acetoxytapo-melianone §)
(confirmed by NMR of later products (table S11 to table S12)) fror8)zZidetoxytapo-
melianone §). (B) Extracted ion chromatograms (EICs) for extracts.dbenthamianagro
infiltrated with the characterized enzymes (listed in panel A) either alone (blue) or with the
addition ofMaCYP88A164 (red). The EICs display masse5%i1.3348 (observed mass for
[(6)+Na]") and 567.3304 (observed mass f&f{Na]"). (C) Mass spectrum foB) being
heterologously produced M. benthamianalhe main observed adduct ([M+Npahnd
fragmentgincluding loss of acetic acid [M+&2H4O2]* ard loss of the foucarbon epoxide
containing fragment and an acetic acid [M{EkHsO+CH402)]") are labeled. (D) Extracted
wavelength chromatograms (EWCs) of 245 nm (width of 4 nm) for extracts displayed in panel B.
Due to the lack of an enone system8phr{o UV peak is observed. Representative traces and
spectrum are displayed (n=6).
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Fig. S21. Oxidation byCSCYP88A37 or CICYP716AC1 requiresCsSDR.

Predicted structures and representative total ion chromatograms (TICs). Whilst a clear reduction
in (5) is observed whe@sSDR is ceexpressed (convertin)(to (6)), no conversion is seen by
CLYP8BA37 andCLYP716ACL1 in the absence GESDR, demonstrating the lack of activity

of both CYPs without a C3 ketone substrate. TICs are for extrabtsbehthamianagrce

infiltrated with characterized enzymestfiMGR, CSOSC1,CSCYP71CD1,CCYP71BQ4,
CLYP88A51,CIMOI2, andCd.21AT) in combination withCsSDRblack) or withoutCsSDR

(red), with the addition oc£sCYP88A37 orCSCYP716AC1, either alone (pinkd green,

respectively) or together (blue). Representative TICs are displayed (n=3).
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Fig. S22. Characterization ofC4.1AT.

(A) Predicted function o€4.1AT in converting thydroxyl luvungin A ) to l-acetoxyl

luvungin A (L1). (B) Extracted ion chromagrams (EICs) for extracts df. benthamianagrc
infiltrated with the characterized genes (listed in panel A) either alone (blue) or with the addition
of CLL1AT (red). EICs are displayed for masses of 583.3247 (calculated maSgs[fdr-Na]*)

or 603.3533calculated mass fod 1) [M+H]"). (C) Mass spectrum ofl(l) being heterologously
produced ifN. benthamianaas shown in panel B, with major adducts and fragments labeled.
Representative EICs and mass spectrum are displayed (n=6).
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Fig. S23. Charactersation ofMaL1AT.

(A) Function ofMaL1AT in producingepineemfruitin B (L0) (confirmed by NMR, table S11 to

S12) as a major product, along with @iacetoxytapo-melianone 10b), from 1-hydroxy}
21(9-acetoxytapomelianone §). (B) Extracted ion chromatograms (EICs) for extracts.of
benthamianagroinfiltrated with the characterized genes (listed in panel A) either alone (blue),
with MaL1AT (red) or for a purified standard dE@) (pink). The EICs displayn/zof 567.3304
(observed mass forg)+NaJ"), 609.3407 (observed mass fatQp)+Na]") and 549.3203

(observed mass10)+Na]J"). (C) Mass spectra fodQb) and (0) being heterologously produced

in N. benthamianaThe main observed adducts ([M+Nahd [M+H]) and fragmerst(including

loss of acetic acid [M+HC>H4O-]* and loss the foucarbon epoxide containing fragment and an
acetic acid [M+H(CsHsO+C:H402)]*) are labeled. (D) Extracted wavelength chromatograms
(EWCs) of 245 nm (width of 4nm) for extracts displayed in p8n®ue to the lack of an enone
system in 10b), no UV peak is observed, howeva0)is UV active and its UV spectrum

(mAU) is shown on the right. Standards have been scaled. Representative traces and spectra are
displayed (n=6).
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1,21-acetoxyl luvungin A (11) luvungin A (7) epi-neemfruitin B (10) 21-acetoxy apo melianone (6)
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Fig. S24. Characterization ofC4d.1AT in the absence ofCSCYP716AC1 orCSCYP88A37.
Predicted structures and representative total ion chromatograms (TICs) for extMacts of
benthamianagrainfiltrated with the following enzyme&tHMGR, CSOSC1,CCYP71CD]
CLYP71BQ4,CLYP88A51,CIVOI2, Cd.21AT, CsSDR,CLYP716AC1,CLYP8BA37,
andCd.21AT (black), resulting in the production df). Traces for the same combination of
enzymes lacking eith€&2sCYP88A37 (blue) and therefore produciny ¢r CSCYP716AC1

(red) and therefore producind @) and 6) are also shown. This demonstrates that in the absence
of CELLYP8BA37, naC4.1AT activity is observed. Representative TICs are displayed (n=3).
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Fig. S25. Characterization ofC4.7AT.
(A) Predicted function o€4.7AT in converting 1acetoxyl luvungin A11) to 1,%acetoxyl

luvungin A (13). (B) Extracted ion chromatograms (EICs) for extract .dbenthamianagro
infiltrated with the characterized genes (listed in panel A) either alone (blue) or with the addition
of CAL7AT (red). EICs are displayed far/zof 603.3533 (calculated mass fad) [M+H]*) or
667.3458 (calculated mass fa3| [M+Na]"). (C) Mass spectrum o18) being heterologously
produced irN. benthamianaas shown in panel B, with major adducts &nagments labeled.
Representative EICs and mass spectrum are displayed (n=6).
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Fig. S26. Characterization ofMaL7AT.

(A) Function ofMaL7AT in producing a facetoxyleprneemfruitin B (2) (position confirmed
by NMR of later productl(d), table S15) fronepineemfruitin B (0). (B) Extracted ion
chromatograms (EICs) for extractsif benthamianagroinfiltrated with the characterized
genes (listed in panel A) either alone (blue) or with the additidnedf7AT(red). The EICs
displaym/zof 549.3187 (okexrved mass for §(0)+Na]") and 591.3303 (observed mass for
[(12)+Na]"). (C) Mass spectrum folL®) being heterologously producedih benthamianalhe
main observed adducts ([M+Hand [M+Na]) and fragment§including loss of acetic acid
[M+H-C2H402] " or loss the fourcarbon epoxide containing fragment and an acetic acid fM+H
(C4HgO+CH400)]™) are labeled. (D) Extracted wavelength chromatograms (EWCs) of 245 nm
(width of 4nm) for extracts displayed in panel B. UV spectrum (mAUL2¥ lpeing
heterologously produced M. benthamian@ shown on the righRepresentative traces and
spectrum are displayed (n=6).
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Fig. S27. Accumulation of 1,24diacetoxyl (11) and 1,7diacetoxyl (11a) intermediates.

(A) Structures of the two diacetoxyl protolimonoids, 1,21 diacetdk)l énd 1,7diacetoxyl

(114), which are produced when all biosynthetic enzymes for the producti@8)deazymes

in the characterized genes box pis1AT andCd.7AT) are ceexpressd. Structure of11a)

is proposed based on characterized enzymatic functions. (B) Integrated peak area of extracted ion
chromatogram (EIC) showing the accumulationldf) @nd (13 in N. benthamian&xpressing

the characterized genes listed in panel Aébwith the addition o€4.1AT alone orC4.1AT

andCd.7AT (red). Values and error bars represent the mean and the standard error of the mean
(n=6).
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Fig. S28. Characterization ofCsAKR.

(A) Predicted function o€sAKR in converting 1,7acetoxyl luvungirA (13) to (15). (B)
Extracted ion chromatograms (EICs) for extractslobenthamianagrainfiltrated with the
characterized genes (listed in panel A) either alone (blue) or with the addittsAKR (red).
The EICs displayn/zof 667.3458calculated mass fof8) [M+Na]*) or 627.3509 (calculated
mass for 15) [M+Na]*). (C) Mass spectrum ol ) being heterologously producedhh
benthamianaas shown in panel B, with major adducts and fragments labeled. Proposed
formation of the loss ofC;H>0 fragment is shown in fig. S35. Representative EICs and mass
spectrum are displayed (n=6).
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Fig. S29. Characterization ofMaAKR.

(A) Function ofMaAKR in producing the 21,23 diolL@) (confirmed by NMR, table S15) from
7-acetoxytepirneemfruitin B (2), although substrate for enzymatic transformation is likely an
earlier norC2l-acetylated intermediate. (B) Extracted ion chromatograms (EICs) for extracts of
N. benthamianagrcinfiltrated with the characterized genes (listed in panel A) either alone
(blue), with the addition dflaAKR (red) or for a purified standard df4) (pink). The EICs
displaym/zof 591.3296 (observed mass fatZ+Na]") and 529.3526 (observed mass of
[(14)+H]"). (C) Mass spectrum fofLd) being heterologously producedhh benthamianaThe

main observed adducts ([M+H][M+ACN+H]*and [M+Na]) and fragments (including loss of
water molecules [M+FH20]", acetic acid [M+HC,H4Oz]" or a combination of both) are

labeled. The fragments are consistent with the presence of a thel, ttean the precursor hemi
acetal ring. (D) Extracted wavelength chromatograms (EWCs) of 245 nm (width of 4 nm) for
extracts displayed in panel B. UV spectrum (mAU)1) (being heterologously producedhh
benthamianas shown on the right. Traces stindards have been scaled. Representative traces
and spectra are displayed (n=6).
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Fig. S30. Characterization ofCSCYP716AD2.
(A) Predicted function o€CYP716AD2in converting 15) to (1738 and (L7b), both top
features identified by XCMS onlin@6). (B) Extracted ion chromatograms (&) for extracts of
N. benthamianagrcinfiltrated with the characterized genes (listed in panel A) either alone
(blue) or with the addition dEsSCYP716AD2(red). EICs are displayed fan/zof 627.3509
(calculated mass fod§) [M+Na]*), 557.3090 (calcutad mass forl(7a [M+Na]*) and
553.2777 (calculated mass fd7p) [M+Na]*). (C) Mass spectra o17a) and (7b)
heterologously produced M. benthamianare shown in panel B, with major adducts and
fragments labeled®roposed formation of the loss obHZO fragment is shown in fig. S35.
Representative EICs and mass spectra are displayed (n=6).
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Fig. S31. Characterization oiMaCYP716ADA4.

(A) Predicted function oMaCYP716AD4in converting 14) to (16) (proposed mechansiis
shown in fig. S32). (B) Extracted ion chromatograms (EICs) for extra®ls lnénthamiana
agrainfiltrated with the characterized genes (listed in panel A) either alone (blue) or with the
addition ofMaCYP716AD4(red). EICs are displayed far/zof 5293524 (observed mass of
[(14)+H]"), 459.3119 (observed mass fat§@)+H]"), 457.2945 (calculated mass for
[(16c/d)+H]™)) and of 455.2782 (observed mass fa6[)+H]*). (C) Mass spectra fol6a-d)
being heterologously producedhh benthamianahe mainobserved adduct ([M+H]) and
fragment (loss of acetic acid [M+B2H402]", consistent with the loss of C7 acetoxy group) are
labeled. (D) Extracted wavelength chromatograms (EWCs) of 245 nm (width of 4 nm) for
extracts displayed in panel B and UV speam&{) of (16b-d). (168 was not observed on
EWC likely due to low abundance. Representative traces and spectra are given (n=6).
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S32. Hypothetical scheme for the reaction of CYP716ADs via a Baey¢illiger type
mechanism.

Proposed reactions explainitige occurrence of the observed productslaCYP716AD4 (6a&

d) (red background), along with the occurrence of-pideluct 20) (NMR confirmed; table S20)
whenMaCYP716AD4 is expressed in the absencMal7AT (pink background).
MaCYP716AD4 isspeculated to act via a Baeyéiliger mechanism. This would involve the
enzyme converting the epoxide @& to a ketone at @24 prior to the introduction of an ester.
The resulting product may then be spontaneously cleaved, with loss of isobutyriesaiting

in a G23 aldehyde produciL6c) which could spontaneously form entembered herrcetal

ring (16d). Endogenous enzymeshh benthamiana&ould feasibly reduce/oxidize the initial
products {6c/d) to (L6a/b). Evidence to support this hypothes@mes from the purification and
structural analysis of a smembered hemiacetal productM&CYP716AD4 R0) that is

produced only in the absenceMaL7AT (fig. S44, table S20). Although this exact product has
not been isolated from nature before, priatohoids with similar Eings have been reported
(77). This émembered hemiacetal prodwstiggests thaflaCYP716AD4 first converts the
epoxide to a €4 ketone. In the absence off@-acetylation, the €4 ketone is hydroxylated

at G25 instead of undergoing a BaexéHiger oxidation byMaCYP716AD4, perhaps due to
different substrate posihing in the active site. The proposed mechanism can likely be extended
to CICYP716AD?2 as it shows a similar side product in@se7AT dropout experiment (fig.
S45).
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Fig. S33. Characterization ofC4FS.

(A) Predicted function o€4_FSin converting {7a) and (L7b) to (19). (B) Extracted ion
chromatograms (EICs) for extractshf benthamianagrecinfiltrated with the characterized
genes (listed in panel A) either alone (blue) or with the additi&®@dofS (red). The EICs
displaym/zof 557.309(calculated mass fo{a) [M+Na]"), 553.2777 (calculated mass for
(17b) [M+Na]"), or 535.2672 (calculated mass fa@)[M+Na]*). (C) Mass spectrum ol 9)

being heterologously producedhh benthamianaas shown in panel B, with major adducts and
fragments labeled. Proposed formation of the loss #10 fragment is shown in fig. S35.
Representative EICs and mass spectrum are displayed (n=6).
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Fig. S34. Characterisation oMaLFS.

(A) Predicted function oMaLFS in converting 16d) to azadironeX8). (B) Extracted ion
chromatograms (EICs) for extractshf benthamianagreainfiltrated with the characterized
genes (listed in panel A) either alone (blue) or with the additidnabf~S (red). The EICs
displaym/zof 455.2792 (observed mass dtgp)+H]*) ard of 437.2687 (observed mass of
[(18)+H]"). (C) Mass spectrum fofl8) being heterologously producedhh benthamianalhe
main observed adduct ([M+H]and fragment (loss of acetic acid [M+E4#H4O>]", consistent
with the loss of C7 acetoxy group and liberature(74)) are labeled. (D) Extracted wavelength
chromatograms (EWCs) of 245 r(midth of 4 nm) for extracts displayed in Panel B. UV
spectrum (mAU) of azadiron&§) being heterologously producedhh benthamianas shown
on the rightRepresentative traces and spectra are displayed (n=6).
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Fig. S35. Detection of kihadalactone A1Q) but not azadirone (18) in agreinfiltrated N.
benthamianaextracts and amur cork tree seeds.

(A) Extracted ion chromatograms (EICs) for b&tellodendron amurengamur cork tree;
Rutaceae plant) seed extracts (red) ldndenthamian&xtracts agrenfiltrated with the
combinations of genes outlined in the blue box (blue). EICs displagf [M+H]* = 437.2692
(calculated mass of8)) and [M+Na]J=535.2672 (calculated mass @gY). (B) Structure and
exact mass oflQ) sodium adduct used for EIC ancthroposed reaction scheme for the
formation of the most abundance fragmentation peak (m/z 471.2741, logs.af)@sed for
MSMS fragmentation. (C) MSMS spectra @B) in P. amurensextract (red) compared with
(19) being heterologously producedhh benthamiana(blue) using genes listed in panel A.
Proposed structures of major fragmentation peaks are shown. Collision energy 20eV is used in
the MSMS. Representative EICs and mass spectra are displayed, n=3 biological replicates.
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Fig. S36. Azadirone (8) in agro-infiltrated N. benthamianaand Meliaceae extracts.

(A) Structure, formula and exact masses of observed adducts of azadBpmnehich, as well as
being identified in agranfiltrated N. benthamian&xtracts, was identified in three Meliaceae
speciesTrichilia havanensig78), Dysoxylum spectabilendNymania capensjsourced from
Kew Gardens. (B) Extracted ion chromatograms (EICs) comparing an analytical standard of
azadirone 18) (black, purified fromA. indicaleaf powder (table S17)), to extract frolh
benthamianaxpressing azadiron&g&) biosynthetic enzyme&{OSC1 MaCYP71CD2,
MaCYP71BQ5MaCYP88A108 MaMOI2, MaL21AT, MaSDR,MaCYP88A164 MalL 1AT,
MaL7AT, MaAKR, MaCYP716AD4 andvaLFS (red)) and extracts of the thideliaceae
species identified as containing azadirob® (blue). (C) Mass spectra of the azadiroh® (
peak corresponding to each of the extracts displayed in panel B.
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