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Background: Biosynthetic pathways to structurally complex plant medicinals are incomplete or unknown.
Results:Next generation sequencing/bioinformatics andmetabolomics analysis of Podophyllum tissues gave putative unknown
genes in podophyllotoxin biosynthesis.
Conclusion: Regio-specific methylenedioxy bridge-forming CyP450s were identified catalyzing pluviatolide formation.
Significance: Database of several medicinal plant transcriptome assemblies and metabolic profiling are made available for
scientific community.

Podophyllum species are sources of (�)-podophyllotoxin, an
aryltetralin lignan used for semi-synthesis of various powerful
and extensively employed cancer-treating drugs. Its biosyn-
thetic pathway, however, remains largely unknown,with the last
unequivocally demonstrated intermediate being (�)-mataires-
inol. Herein,massively parallel sequencing ofPodophyllumhex-
andrum and Podophyllum peltatum transcriptomes and subse-
quent bioinformatics analyses of the corresponding assemblies
were carried out. Validation of the assembly process was first
achieved through confirmation of assembled sequences with
those of various genes previously established as involved in
podophyllotoxin biosynthesis as well as other candidate biosyn-
thetic pathway genes. This contribution describes characteriza-
tion of two of the latter, namely the cytochrome P450s,
CYP719A23 fromP. hexandrum andCYP719A24 fromP. pelta-
tum. Both enzymeswere capable of converting (�)-matairesinol
into (�)-pluviatolide by catalyzing methylenedioxy bridge for-
mation anddidnot act onother possible substrates tested. Inter-
estingly, the enzymes described herein were highly similar to
methylenedioxy bridge-forming enzymes from alkaloid biosyn-
thesis, whereas candidates more similar to lignan biosynthetic
enzymes were catalytically inactive with the substrates
employed. This overall strategy has thus enabled facile further
identification of enzymes putatively involved in (�)-podophyl-
lotoxin biosynthesis and underscores the deductive power of
next generation sequencing and bioinformatics to probe and
deduce medicinal plant biosynthetic pathways.

Massively parallel sequencing technologies (1) are rapidly
evolving and increasingly provide unprecedented opportuni-

ties to significantly enhance the understanding of biosynthetic
processes, including those in important and yet poorly under-
stood (non-model) medicinal plants. One main advantage is
that such technologies can potentially lower the time frame for
discovery of new genes and thus more rapidly improve our
understanding of metabolism, e.g. when compared with more
traditional approaches including labeled precursor administra-
tion, potential intermediate identification, enzyme purification
and characterization, gene cloning, expressed sequence tag
(EST)2 libraries, etc. In this context several recent investiga-
tions have used these massive parallel sequencing technologies
to study a variety of non-model plants, with transcriptome
assembliesmainly being generated fromdata from454 and Illu-
mina sequencing. Among others, these include Panax quinque-
folius L (2), Panax ginseng (3), Gynostemma pentaphyllum (4),
Phalaenopsis orchids (5, 6), Camellia sinensis (7), Catharan-
thus roseus (8), Papaver somniferum (9), Acacia auriculiformis,
Acacia mangium (10), Cicer arietinum (11), and Abies bal-
samea (12). Although massive amounts of information can be
obtained in this way, an informed analysis is required to help
select candidate genes and carefully determine if they have a
specific biosynthetic function of interest.
Podophyllum species produce the aryltetralin lignan, (�)-

podophyllotoxin (1b), which is of great medicinal importance
due to its extensive use in the semi-synthesis of the anticancer
drugs, teniposide (2), etopophos� (3), and etoposide (4) (Fig. 1).
The latter are topoisomerase II inhibitors that are widely used
for treating several cancers, including lung and testicular can-
cers (13). However, as the main source of (�)-podophyllotoxin
(1b), Podophyllum hexandrum is intensively collected, and
some reports suggest it has become endangered due to over-
harvesting (14).
Although various synthetic chemical approaches to (�)-

podophyllotoxin (1b) have been described, its production is not
economical through such routes (15–17). An alternative
approach that may be more productive is to obtain it in higher
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amounts via biotechnologicalmanipulationwhether in cell cul-
ture or in whole plants. Yet this is currently not possible as our
knowledge of the (�)-podophyllotoxin (1b) biosynthetic path-
way is still incomplete. Nevertheless, after monolignol forma-
tion, the entry point in its biosynthetic pathway occurs via ste-
reoselective coupling of two E-coniferyl alcohol (5)-derived
free radicals involving the participation of dirigent proteins
(18–20) to afford (�)-pinoresinol (6a) (Fig. 2). The latter then
undergoes enantiospecific reduction via action of pinoresinol/
lariciresinol reductase to sequentially afford (�)-lariciresinol
(7a) and (�)-secoisolariciresinol (8b). Stereospecific dehydro-
genationnext converts the latter into (�)-matairesinol (9b), the
last unequivocal known step in (�)-podophyllotoxin (1b) bio-
synthesis (18, 21). Several of these known steps have been sub-
sequently confirmed using Podophyllum and Linum species
(20, 22). On the other hand, putative downstream steps con-
verting (�)-matairesinol (9b) into (�)-podophyllotoxin (1b)
have only been reported using crude enzymatic assays; no genes
have yet been identified or the enzymes purified to homogene-
ity (23–27).
The investigation herein describes the use of transcriptome

sequencing using Illumina technologies and bioinformatics
together with metabolomic analysis as a strategy to facilitate
rapid gene discovery in (�)-podophyllotoxin (1b) biosynthesis.
Specifically, this led to discovery of two new genes in P. hexan-
drum and Podophyllum peltatum that encode enzymes capable
of catalyzing methylenedioxy bridge formation through con-
version of (�)-matairesinol (9b) into (�)-pluviatolide (14b).

EXPERIMENTAL PROCEDURES

Plant Material—P. hexandrum and P. peltatum plants were
obtained from Digging Dog Nursery (Albion, CA) and Com-

panion Plants (Athens, OH), respectively, and maintained in
Washington State University greenhouse facilities.
Chemicals—(�)-Matairesinol (9b) (28), (�)-arctigenin (34b,

Fig. 3), and (�)-phillygenin (38a) (29) were isolated from For-
sythia intermedia. (�)-Pinoresinols (6a/b) (22), (�)-7�-hy-
droxymatairesinols (10a/b) (18), (�)-7-hydroxymatairesinols
(32a/b), (�)-isoarctigenins (33a/b) (29), and (�)-piperitols
(37a/b) (30)were synthesized as described. (�)-�-Conidendrin
(36b) and (�)-5-methoxymatairesinol (35b) were gifts from
Dr. Eric P. Swan (Forentek), whereas (�)-�- and (�)-�-pelt-
atins (20b and 27b) were obtained from Dr. Paul M. Dewick
(University ofNottingham,UK). (�)-Podophyllotoxin (1b) was
purchased from Sigma.
Metabolite Extraction and Analysis—Rhizomes, stems, and

leaves (2 g, fresh weight) were individually harvested, immedi-
ately frozen in liquid nitrogen, ground to a fine powder, and
subsequently lyophilized. Each tissue was then successively
sized via passage through a 150-�m sieve and extracted with 10
�l/mg methanol-water (7:3, v/v) with the corresponding
extractsmaintained at�80 °C until analysis. Sampleswere ana-
lyzed by liquid chromatography using a Waters Acquity ultra
performance liquid chromatography system equipped with a
Waters BEHC18 column (1.7-�mparticles, 2.1� 50mm), with
detection at 280 nm and by electrospray ionization mass spec-
trometry in the positive mode (Table 1). The gradient program
was as follows: flow rate of 0.3 ml/min and a linear gradient of
water with 0.1% formic acid and acetonitrile with 0.1% formic
acid from 95:5 to 75:25 in 11min, to 60:40 in 5min, and to 0:100
in 4min followed by 1.5 min at 0:100. The column temperature
was held at 25 °C, and sample injection volumewas 5�l.Masses
were determined using a Waters Xevo G2 Q-TOF mass spec-
trometer and using leucine-enkephalin as a lock-mass
standard.
(�)-Podophyllotoxin (1b)—m/z 437.1215 ([M � Na]�, 81%),

calculated 437.1207; 432.1652 ([M � NH4]�, 25%), calculated
432.1653; 415.1391 ([M � H]�, 36%), calculated 415.1387;
397.1285 ([M � H � H2O]�, 100%), calculated 397.1282;
247.0605 (19%), calculated 247.0601.
(�)-�-Peltatin (20b)—m/z 423.1059 ([M � Na]�, 60%), cal-

culated 423.1050; 418.1503 ([M � NH4]�, 45%), calculated
418.1496; 401.1236 ([M � H]�, 71%), calculated 401.1231;
247.0608 (100%), calculated 247.0601.
(�)-�-Peltatin (27b)—m/z 415.1397 ([M � H]�, 44%), cal-

culated 415.1387; 247.0605 (100%), calculated 247.0601;
203.0708 (1%), calculated 203.0703.
Podophyllotoxin-glucoside (41)—m/z 599.1739 ([M � Na]�,

61%), calculated 599.1735; 594.2181 ([M � NH4]�, 11%), cal-
culated 594.2182; 397.1289 ([M � H � H2O � Glc]�, 100%),
calculated 397.1282.

�-Peltatin-glucoside (42)—m/z 580.2030 ([M � NH4]�, 3%),
calculated 580.2025; 563.1763 ([M � H]�, 3%), calculated
563.1759; m/z 409.1134 (33%), calculated 409.1129; 247.0603
(100%), calculated 247.0601.

�-Peltatin-glucoside (43)—m/z 594.2183 ([M � NH4]�, 1%),
calculated 594.2182; 577.1926 ([M � H]�, 11%), calculated
577.1916; 415.1393 ([M � H � Glc]�, 22%), calculated
415.1387; 409.1140 (10%), calculated 409.1129; 247.0599
(100%), calculated 247.0601.

FIGURE 1. (�)-Podophyllotoxin (1b) and its derivatives teniposide (2),
etopophos (3), and etoposide (4) used in cancer treatment.
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4�-Demethylpodophyllotoxin (16)—m/z 423.1057 ([M �
Na]�, 53%), calculated 423.1050; 418.1499 ([M�NH4]�, 37%),
calculated 418.1496; 401.1229 ([M � H]�, 14%), calculated
401.1231; 383.1134 ([M � H � H2O]�, 100%), calculated
383.1125; 247.0606 (21%), calculated 247.0601.
For relative abundance assessment of metabolites, integration

was performed using extracted specific ion chromatogram for
each compound:m/z 397.128 for (�)-podophyllotoxin (1b),m/z

247.060 for (�)-�- and (�)-�-peltatin (20b and27b),m/z594.218
for podophyllotoxin-glucoside (41), m/z 409.113 for �-peltatin
glucoside (42),m/z 577.193 for�-peltatin glucoside (43), andm/z
383.113 for 4�-demethylpodophyllotoxin (16) (see Fig. 4 for
structures).
RNA Extraction and cDNA Preparation—Total RNA was

individually isolated from100mg of flash-frozen rhizome using
Invitrogen Plant RNA Purification Reagent, and from stems,

FIGURE 2. Possible biosynthetic pathway and/or grid leading to (�)-podophyllotoxin (1b) and related lignans. Known biosynthetic steps are highlighted
in blue, and the reaction catalyzed by CYP719A23 and CYP719A24 described in this work is in green.
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and leaves using a Qiagen (Valencia, CA) RNeasy Mini kit
according to the manufacturer’s instructions including the
additional Qiagen cleanup protocol. An aliquot (1 �g) of each
was subsequently used for cDNA preparation. After DNase I
(Invitrogen) treatment, cDNA was prepared using Super-
Script� III First-Strand Synthesis System (Invitrogen) accord-
ing to the manufacturer’s instructions and used for candidate
gene amplification.
Transcriptome Sequencing and Library Assembly—Total

RNA samples (�25 �g) dissolved in water were evaluated for
integrity using the Bioanalyzer 2100 (Agilent, CA)with samples
having an RNA integrity number (31) (RIN) �5.0 processed
further. RNA sample concentrations were estimated using a
RiboGreen assay in a Qubit fluorometer, and each was then
processed using either Illumina RNA-Seq or Illumina TruSeq
RNA sample preparation kits, according to Illumina protocols.
Briefly, poly-A� RNA was isolated from total RNA samples
using oligo-d(T)25 magnetic beads (Dynabeads; Invitrogen),
then fragmentedwith the supplied reagents. First-strand cDNA
synthesis followed using random hexamers and the enzyme
master mix provided. After second strand cDNA synthesis, the

cDNA fragmentswere end-repaired by treatmentwithT4DNA
polymerase and a Klenow fragment of Escherichia coli DNA
polymerase I followed by the addition of a single deoxyadenos-
ine to the 3� end of blunt-ended phosphorylated fragments.
Sequencing adapters were attached with bacteriophage T4
ligase followed by agarose gel electrophoresis with excision of
fragments circa 500 bp in length. Each libraryDNAwas purified
from agarose using Qiagen QiaQuick gel extraction reagents
and subjected to 15 cycles of PCR. Amplified libraries were
evaluated for quality and quantity using the Bioanalyzer 2100
and Nanodrop ND-1000 (Thermo Scientific), respectively.
Based on Nanodrop concentrations, libraries were normalized
to 10 nM, and accurate concentrations of sequenceable mole-
cules were determined by quantitative PCR using a reference
library of known concentration as a standard. Flow cells were
prepared on the IlluminaCluster Station, and paired-end 54-bp
sequence reads were obtained using an Illumina Genome Ana-
lyzer IIx instrument.
Initial read sets were examined for gross anomalies (e.g. over-

represented reads due to library preparation issues) and for the
presence of known sequencing artifacts, specifically �X and
known Illumina adapters. Read sets were then partitioned
into collections of roughly one million reads, with these
being quality-rimmed using the FASTX Toolkit at the level
of phrap Q � 10.

Cleaned paired-end read data were next subjected to multi-
ple assemblies using ABySS (32, 33) run in parallel mode over a
range of kmers (k) with 24 � k � 54. Contigs thus generated
were named synthetic ESTs, which in turn were created by per-
formingmultiple assemblies using different kmer sizes, pooling
the resulting synthetic ESTs, and as described below, perform-
ing a subsequent assemblywith a standard EST assembler. Typ-
ically this led to the production of at least 20 sets of synthetic
ESTs.
Contigs resulting from eachABySS assembly were scaffolded

using the ABySS scaffolder taking advantage of read pairing
constraints. TheNNNgap spacers inserted through scaffolding
were resolved using GapCloser from the SOAPdenovo suite
(34), and synthetic EST sets, per kmer, were constructed from
the resulting scaffolds of at least 80 nucleotides. All read data
were incorporated in the assembly producing an overall tran-
script reference.
Final Assembly—Pooled synthetic EST sets were assembled

using MIRA in EST assembly mode (35). To control redun-
dancy explicitly (at 98% sequence identity), the assembly results
were processedwith cd-hit (36). Resulting contigs of at least 100
nucleotides were reported as the final contig set for the build.
Manual assessments of the longest contigs and contigs with
anomalously low or high read counts were performed by
inspection of the pileup-view using Tablet (37). Final assembly
for all tissues and species investigated can be accessed in the
Medplants website.
Bioinformatic Analysis—Amino acid sequences of reference

genes for shikimate, phenylpropanoid, and lignan biosynthetic
pathways were obtained from the NCBI database. Most genes
were from Arabidopsis thaliana, except Petunia � hybrida for
prephenate aminotransferase,Nicotiana tabacum for hydroxy-
cinnamoyl CoA:shikimate hydroxycinnamoyl transferase, For-

FIGURE 3. Lignans tested as putative substrates in assays for CYP719A23
and CYP719A24 methylenedioxy bridge formation and (�)-haplomyrfo-
lin (40b).
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sythia � intermedia for dirigent protein, and pinoresinol/lar-
iciresinol reductase and P. peltatum for secoisolariciresinol
dehydrogenase and dirigent protein, respectively (Table 2 and
supplemental Table S1). Amino acid sequences of each refer-
ence gene were applied to tblastn in BioEdit (Version 7.0.5.3,
Oct. 28, 2005) (38) to search homologous genes against either
P. hexandrum or P. peltatum contig databases. Some contigs
with high homology (with identity � 30% and E � 5 � 10�23)
against each reference gene were selected, and the respective
ORFs for each contig were determined using ORF Finder
(NCBI). ORFs were individually translated into amino acid
sequence using EMBOSS Transeq (European Bioinformatics
Institute), and each amino acid sequence translation was
applied to tblastn (NCBI) to confirm whether it corresponded
to each target gene. The procedures mentioned above were
carried out to avoid ambiguity of chimeric contigs (39, 40). In
addition, E-values and identity (%) of each candidate gene were
calculated using blastp (NCBI) against the amino acid sequence
of the corresponding reference genes. Unknown candidate
genes for (�)-podophyllotoxin (1b) biosynthesis were selected
using the same approach based on known sequences for cin-
namate 4-hydroxylase (CYP73A1), p-coumaroyl CoA 3-hy-
droxylase (CYP98A44), ferulate 5-hydroxylase (CYP84A3), fla-
vonoid 6-hydroxylase (CYP71D9), flavonoid 3�-hydroxylase
(CYP75A1), and corytuberine synthase (CYP80G2) as well as
themethylenedioxy bridge-forming enzymes piperitol/sesamin
synthase CYP81Q1 (41) and (S)-canadine synthase CYP719
(42) (supplemental Table S2).
Gene Cloning and Yeast Expression—Candidates for CyP450

genes were amplified from P. hexandrum cDNA using the
primers described in supplemental Table S2. Amplificationwas
performed using PfuTurboDNApolymerase (Agilent PCR) in a
thermocycler with 35 cycles of 94 °C denaturing for 30 s, 55 °C
annealing for 30 s, and 70 °C extension for 3 min, and a final
extension for 10 min. PCR products were resolved in 1% aga-
rose gels, where single bands of �1500 bp were obtained.
Sequences were deposited in the GenBankTM database under
accession numbers KC110988–KC110998 (supplemental
Table S2).
Products were cloned into pENTR/D-TOPO (Invitrogen)

and subsequently transferred to a yeast expression vector
pYES-DEST52 (Invitrogen) according to the manufacturer’s
instructions. From P. hexandrum, yeast expression clones
pYES-DEST52::CYP719A23 and pYES-DEST52::CYP73A107
were obtained and from P. peltatum, pYES-DEST52::
CYP719A24. Each was subsequently individually introduced in
the Saccharomyces cerevisiae strainWAT11 (43) using the lith-
ium acetate procedure according to the vector manufacturer’s
instructions. An empty vector pYES-DEST52 was also intro-
duced into WAT11 and used as a negative control.
Transformed yeasts were selected using synthetic complete

media lacking uracil (SC-U) plates with 2% agar and 2% glucose.
Single colonies of transformed yeast were spiked in liquid SC-U
(10ml) containing 2% glucose, then grown overnight untilA600
reached 3–4 and subsequently inoculated in Erlenmeyer flasks
(1 liter) containing induction media (200 ml SC-U with 1% raf-
finose and 2% galactose) to a finalA600 of 0.05. Inductions were

carried out for 24 h at 30 °C in an orbital shaker at 300 rpmuntil
cells were harvested for immediate microsome preparation.
Microsome Preparations—After induction, cells for each

candidate recombinant enzyme were harvested by centrifuga-
tion at 3900 � g for 10 min then resuspended in 3 ml/g of cell
weight Tris-HCl buffer (50 mM, pH 7.4) containing EDTA (1
mM), sorbitol (600 mM), DTT (0.1 mM), and PMSF (0.4 mM).
Cells were disrupted using 0.5-mm glass beads (Biospec Prod-
ucts, Inc.) with approximately half of the total volume added to
cell suspensions in Falcon tubes (50 ml) by vortexing for 10 �
30 s at full speed with 30 s intervals on ice. Cell lysates were
individually separated from glass beads by decantation, and
glass beads were washed twice with half the total volume of
buffer used initially to resuspend the cells. Cell debris was
removed by centrifugation at 15,000� g for 10min, andmicro-
somal preparations were individually obtained as gelatinous
pellets after ultracentrifugation of the supernatant at 91,000 �
g for 75 min. Each microsomal fraction was resuspended in
Tris-HCl buffer (50 mM, pH 7.4) containing EDTA (1 mM) and
30% glycerol (500 �l/g of fresh weight of cell harvested) and
homogenized using a Dounce homogenizer. Microsomal prep-
arations were kept at �80 °C for up to 8 weeks with no detect-
able loss in activity.
Enzymatic Assays—Assays were performed in sodium phos-

phate buffer (200�l, 100mM, and pH 7.5) with the addition of a
methanol solution of the substrates (10 �l) at the desired con-
centration (from 0.1 to 25mM) followed byNADPH (50mM, 10
�l) in sodiumphosphate buffer (100mM, pH 7.5) and finally the
microsomal preparation (30�l) with a protein concentration of
�60 �g/�l. Upon the addition of each microsomal preparation
reaction, themixtures were vortexed and incubated at 25 °C for
5 min with constant shaking. Reactions were individually ter-
minated by the addition of glacial acetic acid (10 �l) and then
centrifuged at 16,000 � g for 30 min. Aliquots of supernatant
were then directly analyzed by ultra performance liquid chro-
matography using the samemethodology described for metab-
olite analysis. For all kinetic data, assays were performed in
three independent experiments. Kinetic parameters (Km and
kcat) were estimated by nonlinear least-squares data fitting (44),
and cytochrome P450 (CyP450) content in microsomes was
determined by the reducedCOdifference spectrum (45) using a
Lambda 20 UV-visible spectrophotometer (PerkinElmer Life
Sciences).
Isolation of Enzymatic Product—150 enzymatic assays using

microsome preparations of yeast expressing CYP719A23 and
with (�)-matairesinol (9b) as substrate were pooled together,
and the whole (�37.5 ml) preparation was extracted 3 times
with chloroform (40 ml). The combined organic solubles were
evaporated to dryness in vacuo and resuspended inmethanol (1
ml), and the enzymatically formed (�)-pluviatolide (14b) was
next purified by HPLC using a SymmetryShield RP18 column
(Waters, 5 �m particle size, 3.9 � 150 mm) eluted as follows:
flow rate of 1 ml/min and linear gradient of water and acetoni-
trile from 9:1 to 4:6 in 25 min and to 1:0 in 2.5 min followed by
4.5min at 1:0. Fractions containing (�)-pluviatolide (14b) were
pooled, freeze-dried, and subjected to 1H, 13C, and 13C,1H het-
eronuclear single quantum coherence NMR spectroscopic
analyses using deuterated chloroformas solvent and tetrameth-
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ylsilane as the internal standard in a Varian VNMRS 600 MHz
spectrometer (supplemental Table S3 and Figs. S1–S3).
(�)-Pluviatolide (14b)—�H (CDCl3): 2.45–2.62 (4H, m); 2.89

(1H, dd, J � 7.0 and 14.1); 2.96 (1H, dd, J � 5.2 and 14.0); 3.85
(3H, s); 3.86 (1H, dd, J � 7.4 and 9.1); 4.11 (1H, dd, J � 7.1 and
9.2); 5.93 (1H, d, J � 1.4); 5.94 (1H, d, J � 1.4); 6.44–6.47 (2H,
m); 6.63 (1H, dd, J� 1.8 and 7.9); 6.67 (1H, d, J� 1.8); 6.69 (1H,
d, J� 7.7); 6.84 (1H, d, J� 8). �C (CDCl3) 178.64, 147.85, 146.65,
146.32, 144.52, 131.59, 129.43, 122.07, 121.55, 114.22, 111.48,
108.79, 108.31, 101.04, 71.19, 55.87, 46.59, 41.00, 38.30, 34.62.
MS:m/z 379.1155 ([M � Na]�, calculated 379.1157), 357.1337
([M � H]�, calculated 357.1338), 339.1230 ([M � H � H2O]�,
calculated 339.1232), 161.0604 (calculated 161.0603), 137.0604
(calculated 137.0603) and 135.0445 (calculated 135.0446).

RESULTS AND DISCUSSION

Metabolite Profiling—First, metabolite profiling was carried
out to ensure that target and biochemically related metabolites
were present in the various tissues of the Podophyllum species
investigated. Thus, utilizing ultra performance liquid chro-
matography-electrospray ionization-mass spectrometry, the
extracts of rhizome, stem, and leaves were examined. Based on
metabolite UV, retention time, and mass spectra, it was readily
possible to detect and confirm the presence of the targetmetab-
olite, (�)-podophyllotoxin (1b). In P. hexandrum, it accumu-
lates in higher amounts in the rhizome, but was barely detect-
able in leaves and stem (Fig. 4A). In P. peltatum, the same trend
was observed, with a higher accumulation in the rhizomes,
although the stem and leaves also had (�)-podophyllotoxin
(1b) contents closer to that in the rhizomes (Fig. 4B). Its iden-
tification was performed by comparison with an authentic
standard, having the same retention time as well as mass spec-
trum (Table 1 and “Experimental Procedures”). Other two
related lignans, (�)-�- and (�)-�-peltatins (20b and27b), were
detected in different tissues of both species and also identified
using authentic standards (Table 1 and “Experimental Proce-
dures”). Interestingly, in P. hexandrum, the accumulation pat-
tern of these two lignans was quite different from that observed
for (�)-podophyllotoxin (1b), with (�)-�-peltatin (20b) being
detected throughout all the different tissues. Conversely, there
was a higher accumulation of (�)-�-peltatin (27b) in the aerial
tissues, especially in leaves (Fig. 4A). In P. peltatum, on the
other hand, both lignans accumulated in a somewhat similar
pattern to that of (�)-podophyllotoxin (1b), with increasing
amounts from leaves to stems and with the highest abundance
in the rhizomes (Fig. 4B).
Based on the mass spectroscopic analyses (Table 1 and

“Experimental Procedures”), it was also possible to identify the
known (46–48) glycosylated forms of the aforementioned lig-
nans: podophyllotoxin-glucoside (41), �-peltatin-glucoside
(42), and �-peltatin-glucoside (43). It was also possible to
detect 4�-demethylpodophyllotoxin (16) with mass identical to
the isobaric (�)-�-peltatin (20b) but with the additional base
peak resulting from loss of water [M � H � H2O]� of m/z
383.1134 (calculated 383.1125). The accumulation patterns of
podophyllotoxin-glucoside (41) and 4�-demethylpodophyllo-
toxin (16) were similar to that of podophyllotoxin (1), with
higher amounts in the underground tissues in both species,

especially in P. hexandrum. As for (�)-�- and (�)-�-peltatin
glucosides (42b and 43b), they accumulated in all tissues, with
slightly higher levels in the leaves (Fig. 4).
Based on themetabolite profiles observed for (�)-podophyl-

lotoxin (1b) and the other related lignans described above, it
could be considered that the overall functional biosynthetic
pathway leading to these lignans might be present in all tissues
in both species; on the other hand, specific hydroxylation
enzymes regiospecifically placing hydroxyl groups leading
either to (�)-podophyllotoxin (1b) or to (�)-�- and (�)-�-
peltatin (20b and 27b) might be tissue-specific.

FIGURE 4. Relative lignan contents in different tissues of P. hexandrum
and P. peltatum. Lignans identified included (�)-podophyllotoxin (1b), (�)-
�-peltatin (20b), (�)-�-peltatin (27b), podophyllotoxin-glucoside (41), �-pel-
tatin-glucoside (42), �-peltatin-glucoside (43), and 4�-demethylpodophyllo-
toxin (16) in both P. hexandrum (A) and P. peltatum (B) tissues. The individual
lignan amounts are presented as relative peak areas (280 nm) with each given
compound having a relative peak area of 100% for the most abundant
amount, and the others are reported as a percentage of that value.
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Transcriptome Assembly and Analysis—Upon confirmation
and analysis of metabolites as compared with authentic stand-
ards, RNA was extracted from tissues, and transcriptome data
were generated as described under “Experimental Procedure.”
From the crude RNA, poly-A� RNA was isolated, fragmented,
and converted into cDNA using random hexamers and end-
paired to increase data quality for later assembly. After the
addition of adapters and quality control of the products,
sequencing was performed using the Illumina Genome Ana-
lyzer IIX generating the read sets. These first read sets were
then examined for known anomalies like significant sequence
similarity to either the �X genome or the Illumina adapter ref-
erence set, and those anomalies were discarded; the initial data
were thus slightly reduced, typically by 1–5%. The reads were
then partitioned in paired data blocks to take advantage of par-
allel processing in the workflow and subsequently assembled
using ABySS, which provides the ability to associate input files
of read data with their source library. In this step, kmer size
tended to be the most sensitive factor in the construction and
analysis of the deBruijn graph, anddifferent choices often led to
similar, yet different, assemblies. Contigs from these assemblies
tended to be 100–500 bp long and were treated as “synthetic
ESTs,” and these were then assembled into the final contig set.
It is important to stress that working with large quantities of
data in this way presents a number of challenges, and for this
reason each of the stages above includes a number of integrity
checks (e.g. incomplete processing caused by system failures),
basic data quality measurements (e.g. abundance of sequencing
contaminants), and biological significance. The transcriptome
database assembled for P. hexandrum and P. peltatum pro-
duced final databases of 227,885 and 147,960 contigs, respec-
tively, including several complete and incomplete ORFs. The
transcriptome data obtained is available alongside that of other
important medicinal plants and can be accessed in the Med-
plants website.

Next, comparative analysis of metabolite profiles and tran-
scriptome assembly data from each of the various tissues (rhi-
zomes, stems and leaves) was carried out to (a) verify whether
known genes previously cloned from P. peltatum (18, 22) were
correctly assembled; (b) identify candidate genes in the shiki-
mate-chorismate pathway to phenylalanine, the entry point
into the phenylpropanoid pathway and in the core phenylpro-
panoid pathway leading to monolignols, such as coniferyl alco-
hol (5) (the latter is also the entry point metabolite into the
(�)-podophyllotoxin (1b) biosynthetic pathway); (c) conduct a
bioinformatics analysis to identify potential candidate genes
encoding steps beyond (�)-matairesinol (9b) and leading to the
target compound, (�)-podophyllotoxin (1b).
Thus, assemblies were first interrogated to assess the validity

of the presence of contigs corresponding to previously
described genes and to obtain a first measure of the assembly
quality. In our earlier studies of (�)-podophyllotoxin (1b) bio-
synthesis in P. peltatum, we had cloned and characterized a
dirigent protein responsible for mediating the stereoselective
coupling of E-coniferyl alcohol (5) leading to (�)-pinoresinol
(6a) (18) and a secoisolariciresinol dehydrogenase, responsible
for the conversion of (�)-secoisolariciresinol (8b) into (�)-ma-
tairesinol (9b) (22). When the assemblies obtained for P. pelta-
tum were interrogated using these known sequences, contigs
with very high identity (�98%) and lowE value (	10�110) to the
previously described genes were observed (Table 2). This sug-
gested that the assembly process was providing high quality
data related to known genes; however, whether the sequences
were fully correct or not (e.g. if they had point mutations, etc.)
was not explored further, i.e. by confirmation through cloning,
protein expression, etc.
The search for homologs in the shikimate/phenylpropanoid

and monolignol-forming pathways was also successful, with
several homologs to each gene in both species identified. This
included 10 enzymes in the initial shikimate/chorismate path-
way and 9 enzymes from the core phenylpropanoid pathway
(supplemental Table S1) with identity �30% and E � 5 �
10�23, as stated under “Experimental Procedure.” Overall, this
successful search for homologs for all known genes from the
shikimate/phenylpropanoid pathway that lead to the target lig-
nans and several other important compounds (e.g. flavonoids,
lignin, etc.) indicated that the assemblies obtained had a satis-
factory coverage of the species transcriptomes. On the other
hand, cloning and confirmation of the absolute accuracy of the
assembly and the actual function of the corresponding genewas
not carried out for non-CyP450s as thiswas outside the scope of
the current study.

TABLE 1
Characteristic ions from detected lignans in positive mode mass spec-
tral analyses
Base peaks are in bold.

Lignan
Molecular

mass ESI-MSm/z

Daltons
(�)-Podophyllotoxin (1b) 414 437, 432, 415, 397, 247
(�)-�-Peltatin (20b) 400 423, 418, 401, 247
(�)-ß-Peltatin (27b) 414 415, 247, 203
Podophyllotoxin-glucoside (41) 576 599, 594, 397
�-Peltatin-glucoside (42) 562 580, 563, 409, 247
ß-Peltatin-glucoside (43) 576 594, 577, 415, 409, 247
4�-Demethylpodophyllotoxin (16) 400 423, 418, 401, 383, 247

TABLE 2
BLAST result for known protein sequences from P. peltatum and P. hexandrum
Pp, P. peltatum; Ph, P. hexandrum.

Protein Query accession number/species of origin Species/transcript Identity E value

%
Dirigent protein AAK38666.1/P. peltatum PpDir1_Pp27246 99.0 2 E�115

PhDir1_Ph08051 92.0 4 E�93

Pinoresinol/lariciresinol reductase ACF71492.1/P. hexandrum PhPLR2_Ph140193 99.4 0
PpPLR1_Pp37193 95.5 0

Secoisolariciresinol dehydrogenase AAK38664.1/P. peltatum PpSDH1_Pp12640 99.3 3 E�163

PhSDH1_Ph12248 97.5 2 E�152
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Even considering the highly encouraging results from this
initial assessment of the assembled datasets, the potential lim-
itations of this overarching approach need to be considered.
This is because the assembly protocol is a tradeoff of the strin-
gency of the assembly and the length of the transcripts
obtained. It is thus always possible to find chimeric contigs,
especially in cases of highly similar transcripts (close homologs)
or in those cases where repeating elements are present. On the
other hand, if the stringency of the assembly procedure is
increased to minimize the presence of chimeric contigs, the
result can be an increase in the number of incomplete and
redundant (more than one contig for the same transcript) con-
tigs. During the assembly process, several parameters were thus
optimized to reach a balance, but in the final assembly examples
of both could still be observed.
CyP450s in Podophyllotoxin Biosynthesis—Once the quality

of the assemblies was evaluated and validated in silico, a search
for unknown putative genes involved in the last steps in (�)-
podophyllotoxin (1b) biosynthesis was then undertaken. The
possible biochemical modifications required for conversion of
(�)-matairesinol (9b) into (�)-podophyllotoxin (1b) are read-
ily deduced (Fig. 2), but the order of these reactions, on the
other hand, has several possible permutations. Indeed, these
could possibly either occur in parallel in a biosynthetic “grid” or
through a specific sequence of conversions (Fig. 2). To verify
the role of possible substrates, it would be necessary to test a
variety of compounds, most of which are not commercially
available. From (�)-matairesinol (9b), the biosynthetic path-
way leading to (�)-podophyllotoxin (1b) can, however, be
expected to include several CyP450s involving two hydroxyla-

tions, one carbon-carbon (C-C) coupling/cyclization and
methylenedioxy bridge formation, respectively (Fig. 2). Addi-
tionally, although the C-C coupling and hydroxylation on the 7
position could be putatively performed by enzymes other
than CyP450 (e.g. by a laccase in the first case and/or an
oxoglutarate dependent dioxygenase for the latter), the for-
mation of a methylenedioxy bridge functionality should be
catalyzed by CyP450s. Accordingly, the first genes chosen
for investigation were CyP450s.
The CyP450s are a very large (e.g. more than 200 genes in

A. thaliana) and diverse family of pivotal importance in plant
secondary metabolism (49–51). Many are involved in phenyl-
propanoid metabolism and have been identified, cloned, and
characterized from several plant species.More specifically, they
can be employed inmonolignol biosynthesis, where cinnamate-
4-hydroxylase, p-coumaroyl CoA 3-hydroxylase, and ferulate
5-hydroxylase are responsible for the successive hydroxylation
of the C6C3 core (52, 53) as well as in the biosynthetic pathway
leading to many downstream products, e.g. in flavonoid (54)
and lignan (41, 55) biosynthesis.
The prediction of CyP450 physiological function is, however,

frequently a difficult endeavor. This is becausemembers of dis-
tinct gene families can perform similar functions, and in some
cases, members of the same families can catalyze different reac-
tions (51). To increase the probability of obtaining the pre-
sumed CyP450s responsible for methylenedioxy bridge forma-
tion, several different known CyP450s were used as templates
for the search of homologs that could be involved in (�)-podo-
phyllotoxin (1b) and related phenylpropanoid biosynthesis.
Initially focusing on P. hexandrum, its transcriptome was

FIGURE 5. Sequence alignment of methylenedioxy bridge-forming cytochrome P450s. CYP719A23 and CYP719A24, cloned from P. hexandrum and
P. peltatum, respectively, show �68% identity to Coptis japonica (S)-canadine synthase (CYP719A1).
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mined as described under “Experimental Procedure” for
homologs to cinnamate 4-hydroxylase (CYP73A1), p-couma-
royl CoA 3-hydroxylase (CYP98A), ferulate 5-hydroxylase
(CYP84A3), flavonoid 6-hydroxylase (CYP71D9), flavonoid
3�-hydroxylase (CYP75A1), corytuberine synthase (CYP80G2),
(�)-�-canadinene 8�-hydroxylase (CYP706B1), (S)-canadine
synthase (CYP719), and piperitol/sesamin synthase (CYP81Q).
The highest homology contigs in the assembled transcriptome
were then selected for cloning and further analysis (supplemen-
tal Table S2). All genes cloned matched transcriptome contig
sequences perfectly (100%), therefore, again validating the
sequencing and assembly procedures employed.
Each of the above-cloned candidates was heterologously

expressed as described under “Experimental Procedure” for
methylenedioxy bridge-forming enzymes and assayed against a
range of possible substrates. The first genes to be tested
encoded homologs of well established enzymes CYP73A107
(cinnamate 4-hydroxylase homolog), CYP98A68 (p-coumaroyl
CoA 3-hydroxylase homolog), CYP84A52 (ferulate 5-hydroxy-
lase homolog), and CYP71BE30 (flavonoid 6-hydroxylase hom-
olog); these CyP450s were assayed and found to carry out
the anticipated enzymatic conversion (data not shown).
CYP73A107 showed the highest activity and was thus used as a
positive control in all assays. We then proceeded to investigate
the methylenedioxy bridge-forming steps of (�)-podophyllo-
toxin (1b) and related lignans.
Methylenedioxy Bridge Formation in Podophyllotoxin Bio-

synthesis—Methylenedioxy bridge formation by CyP450s has
been described in isoflavonoid (56), lignan (41, 55), and alkaloid
(42, 57–59) biosynthesis, with encoding genes cloned and char-
acterized. Transcriptome data were interrogated looking for
sequences similar to either CyP450 families, and we were able
to identify putative methylenedioxy bridge-forming enzyme
homologs to both lignan (CYP81Q1 and CYP81Q2) (41) and
alkaloid (CYP719A1 and AY610513) (42, 57) biosynthesis. In
the assembled P. hexandrum transcriptome, there was one full-
length transcript with �50% identity to the former, coded
CYP81B57 (supplemental Table S2), and another full-length
candidate with �68% identity to the latter, coded CYP719A23
(Fig. 5). Later, the P. peltatum assembled transcriptome was
also interrogated, and the transcript coded CYP719A24 was
selected showing �68% identity to CYP719A1 and �96% iden-
tity to CYP719A23 (Fig. 5).
These three candidateswere cloned and their sequences con-

firmed by traditional Sanger sequencing (60). Subsequently,
eachwas individually expressed in yeast, and the corresponding
recombinant proteins were assayed for methylenedioxy bridge
formation using a range of potential substrates and analogs
thereof including (�)-matairesinol (9b), the last confirmed
intermediate in (�)-podophyllotoxin (1b) biosynthesis in
Podophyllum species, (�)-7�-hydroxymatairesinols (10a/b),
(�)-7-hydroxymatairesinols (32a/b), (�)-5-methoxymataires-
inol (35b), (�)-isoarctigenins (33a/b), (�)-arctigenin (34b),
(�)-pinoresinols (6a/b), (�)-piperitols (37a/b), (�)-philly-
genin (38a), and (�)-�-conidendrin (36b) (Fig. 3). Of these,
(�)-7�-hydroxymatairesinol (10b) has been shown to be an
intermediate in (�)-5-methoxypodophyllotoxin (39b) for-
mation in Linum flavum (18), and isoarctigenin (33) could

also be an intermediate in (�)-podophyllotoxin (1b) biosyn-
thesis if (�)-matairesinol (9b) underwent methylation in the
4� position before other modifications. The other analogs,
(�)-pinoresinols (6a/b), (�)-arctigenin (34b), (�)-�-
conidendrin (36b), (�)-piperitols (37 a/b), and (�)-philly-
genin (38a) have similar overall structure to possible inter-
mediates and were tested to assess the enzyme substrate
versatility.

FIGURE 6. Ultra performance liquid chromatography-mass spectrometry
analysis of enzymatic assays. A, ultra performance liquid chromatography
chromatogram shows product formation in CYP719A24 and CYP719A23
assays in comparison to negative controls (empty vector and cinnamate-4-
hydroxylase, CYP73A107). Positive ion mass spectra of substrate (�)-ma-
tairesinol (9b, B) and product (�)-pluviatolide (14b, C) show loss of two mass
units.
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The first candidate evaluated was the homolog to the piperi-
tol/sesamin synthase, namely CYP81B57. In our hands no cat-
alytic activity could be observed, including toward piperitol/
sesamin synthase natural substrates, (�)-pinoresinol (6a) and
(�)-piperitol (37a) (data not shown).
We then proceeded to evaluate the methylenedioxy bridge-

forming candidate homologs to the enzymes putatively anno-
tated as involved in alkaloid biosynthesis. These (S)-canadine
synthase homologs were found to act on (�)-matairesinol (9b)
in the presence of NADPH, leading to the formation of a prod-
uct with a longer retention time in ultra performance liquid
chromatography analysis (Fig. 6A), whose protonated molecu-
lar ionwas atm/z 357 (Fig. 6C), corresponding to the loss of two
hydrogens as compared with (�)-matairesinol (9b) (Fig. 6B). It
was not possible to detect any activity and/or product forma-
tion, however, with the other putative substrates tested (data
not shown), indicating that the (S)-canadine synthase
homologs had a considerable degree of specificity toward (�)-
matairesinol (9b). From the three possible products formed by
a methylenedioxy bridge-forming enzyme (either with forma-
tion of onemethylenedioxy bridge in either one of the aromatic
rings or in both), the expected biosynthetic pathway reaction
product to (�)-podophyllotoxin (1b) would be (�)-pluvia-
tolide (14b) rather than (�)-haplomyrfolin (40b). In this
respect, the fragmentation pattern of the enzymatic product
was consistent to that described in the literature (61, 62) for
(�)-pluviatolide (14b) (Fig. 7). The product had a base peak of
m/z 355.1183, corresponding to [M � H]� (calculated

355.1182) in the negative ion mode (data not shown). The pos-
itive ionmode spectrumwasmore informative (Fig. 6C), show-
ing a base peak of m/z 339.1230 corresponding to [M � H �
H2O]� (calculated 339.1232) and further peaks ofm/z 357.1337
and m/z 379.1155 corresponding to [M � H]� (calculated
357.1338) and [M � Na]� (calculated 379.1157), respectively.
More importantly, it was possible to observe the predicted frag-
mentation that unequivocally indicated formation of themeth-
ylenedioxy bridge; that is, the characteristic substituted tropy-
lium cation corresponding to the methylenedioxy group with
m/z 135.0445 (calculated 135.0446) as well as the hydroxyme-
thoxy-substituted fragment with m/z 137.0604 (calculated
137.0603). Finally, a fragment of m/z 161.0605 was also
observed that allowed the distinction between the two potential
isobaric products, (�)-pluviatolide (14b) and (�)-haplomyrfo-
lin (40b) (Fig. 7); this corresponded to the allylbenzodioxole
fragment (calculated 161.0603) and shows that the methylene-
dioxy bridge was formed in the expected ring forming (�)-
pluviatolide (14b), as the alternative product (�)-haplomyrfo-
lin (40b) would produce a 4-allyl-2-methoxyphenol fragment
of m/z 163.0754 (Fig. 7). Therefore, the product obtained had
the methylenedioxy bridge introduced into the correct aro-
matic ring. Analysis of the 1H, 13C, and heteronuclear single
quantum correlation NMR spectra of the enzymatically
obtained product also clearly supports the formation of the
product, in accordance with literature values (63), e.g. with the
methylenedioxy bridge characteristic peaks at 5.9 and 101 ppm

FIGURE 7. Fragmentation pattern of (�)-pluviatolide (14b) and (�)-haplomyrfolin (40b). The expected fragments generated by the two isobaric com-
pounds 14b (A) and 40b (B) during LC-ESI-MS analyses are shown (adapted from Schmidt et al. (61)). The fragment at m/z 161 and the absence of a fragment
at m/z 163 point to (�)-pluviatolide (14b) as the products of CYP719A23 and CYP719A24.
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in 1H and 13C NMR spectra, respectively (supplemental Table
S3 and Figs. S1–S3).
Kinetic Data of Putative Pluviatolide Synthase—Using (�)-

matairesinol (9b) as a substrate, microsomes from S. cerevisiae
expressing the P. hexandrum CYP719A23, with a concentra-
tion of 72 pmol as determined by analysis of the reduced CO
binding spectrum (Fig. 8B), showed a saturation curve consist-
ent with Michaelis-Menten kinetics with a Km of 9.7 � 2.2 �M

(Fig. 9A) and kcat of 14.9 � 1.0 min�1. In addition, the homolog
cloned from P. peltatum, CYP719A24, with a concentration of
26 pmol as determined by reduced CO binding spectrum (Fig.
8C), displayed an apparentKm of 5.8� 1.4�M (Fig. 9B) and kcat
of 7.8 � 0.4 min�1. This tight binding toward (�)-matairesinol
(9b) indicated that these CyP450s from both species can be
provisionally presumed to be those involved in the methylene-
dioxy bridge formation leading to (�)-podophyllotoxin (1b)
and pathway related lignans. Still, to determine if (�)-pluvia-
tolide (14b) is the true biosynthetic intermediatewill ultimately
require in vivo verification, e.g. by down-regulation or knock-
out of this gene and identification of corresponding changes in
metabolite profile. However, to date there is no system in place
to transform Podophyllum species.

It is very interesting that the candidates with the highest
homology to enzymes from alkaloid biosynthesis, the
CYP719A1 (S)-canadine synthase (Fig. 10), were found to be
capable of performing the same reaction in lignan metabolism,

whereas the candidate CYP81B57, closely related to the lignan
piperitol/sesamin synthase from the Pedaliaceae, Sesamum
indicum, had no activity detected. Podophyllum species, how-
ever, belong to the Berberidaceae family and Ranunculales
order, the only family with CYP719 genes described thus far
(64). The Podophyllum species also form a closely related phy-
logenetic group (65) with other species known for biosynthe-
sizing similar aryltetralin lignans but with no alkaloids in them
reported so far, such as Dysosma (66, 67) and Diphylleia (68)
species. This clade forms amonophyletic groupwithmany ben-
zylisoquinoline alkaloid producing species (69), including those
from which other CYP719s have been described. It can thus be
tentatively postulated that this Podophyllum group has either
no or strongly reduced alkaloid level of biosynthesis while
“recruiting” some of its genes for the podophyllotoxin pathway.
Conclusions—In this work the utility of massively parallel

sequencing was demonstrated for the study of non-model
Podophyllummedicinal plants. The Illumina-based technology
produced abundant high quality data, with 100% agreement
with sequences obtained from the cloned transcripts obtained
using traditional Sanger sequencing. In addition to verifying the
validity of known sequences in the lignan pathway leading to
(�)-podophyllotoxin (1b), the two CyP450s from P. hexan-
drum and P. peltatum studied herein are putative pluviatolide
synthases, i.e. capable of catalyzing methylenedioxy bridge for-
mation for (�)-podophyllotoxin (1b) biosynthesis. As an
extension of this work and as a resource for the scientific com-

FIGURE 8. Reduced CO binding spectra for (�)-pluviatolide synthases.
Spectra were obtained with microsomes isolated from S. cerevisiae (strain
WAT11) transformed with pYES-DEST52 (empty vector as negative control)
(A), pYES-DEST52::CYP719A23 (B), and pYES-DEST52::CYP719A24 (C).

FIGURE 9. Kinetic parameters for CYP719A23 and CYP719A24. Steady
state Michaelis-Menten kinetics derived from initial rates of CYP719A23 (A)
and CYP719A24 (B) enriched microsomes with (�)-matairesinol (9b) as sub-
strate. Assays were performed in triplicate.
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munity, the transcriptome data and metabolic profiling of the
species investigated herein and in several other important
medicinal plants are available for the community in the open
websites MedPlTranscriptome and Medplants.
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