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Cancer is one of the leading causes of premature deaths worldwide1. In 2018, this led 
to over 9.5 million deaths and the discovery of 18 million new cancer cases. The most 
common cancer types were lung, breast, colorectum, prostate, skin and stomach cancer2. 
For the treatment of patients, we largely depend on natural products and the knowledge 
of traditional medicine. Between 1981 and 2019, around 30 % of the approved anticancer 
drugs were natural products or their derivatives and another 50 % contained structures 
inspired by nature3. On the WHO list of essential anticancer drugs there are several natural 
products or their derivatives, such as bleomycin, cytarabine, doxorubicin, etoposide, 
paclitaxel, vinblastine and vincristine4. The dependence on natural products and their 
derivatives can lead to shortages. For example, high demand and production issues have 
led to a shortage of etoposide in 20185,6. 

Etoposide is an important anticancer drug that is listed for the treatment of various cancer 
types, such as lung, testicular, ovarian, lymphoma cancer and leukemia4. Etoposide is 
obtained via semisynthesis from the lignan podophyllotoxin7, which has been reported to 
occur in various plants, such as the Callitris, Dysosma, Hernandia, Hyptis, Juniperus, Linum, 
Nepeta, Podophyllum, Teucrium and Thuja species8. Most of these species produce low 
amounts of podophyllotoxin. One of the exceptions is Podophyllum hexandrum (Himalayan 
mayapple) that produces the highest podophyllotoxin levels reported to date with yields 
up to 6 – 7 % (dry weight) in the roots9,10. The excessive harvesting has resulted in the 
inclusion of P. hexandrum in the Convention of International Trade in Endangered Species11. 
Furthermore, chemical synthesis of podophyllotoxin is difficult due to the presence of four 
contiguous chiral centers and the presence of a base sensitive trans-lactone moiety12. 
Therefore, we decided to explore alternative production routes toward podophyllotoxin, 
such as in vitro or in vivo production hosts that produce podophyllotoxin or related lignans. 

For in vitro production, knowledge on the biosynthetic pathway in plants is required. 
Podophyllotoxin is produced in P. hexandrum via the lignan pathway13. In short, matairesinol 
is converted into deoxypodophyllotoxin by 5 consecutive enzymatic steps; before further 
conversion into podophyllotoxin by a hitherto unidentified enzyme. Deoxypodophyllotoxin 
can be converted to epipodophyllotoxin, the C-7 epimer of podophyllotoxin, by a human 
liver cytochrome P45014. Therefore, we assume that the enzyme responsible for this 
conversion in P. hexandrum is also a cytochrome P450. For catalytic activity, cytochrome 
P450 requires a NADPH-cytochrome P450 reductase as redox partner15. A transcriptome 
database of P. hexandrum is publicly available; therefore, searching for both enzymes 
should be possible followed by recombinant conversion of deoxypodophyllotoxin in an 
in vitro system, such as Eschericia coli or transgenic plant cultures. For plant cultures, first 
deoxypodophyllotoxin generating cultures need to be regenerated. Complete regeneration 
of Anthriscus sylvestris has been reported16; therefore, regenerating root cultures should 
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be possible. When in vitro conversion is possible, large quantities of deoxypodophyllotoxin 
are required, which can be obtained from the roots of the weed A. sylvestris (wild chervil) 
that is very common in the Netherlands17,18. A large-scale and environmentally friendly 
extraction method should be designed for the extraction of deoxypodophyllotoxin from 
A. sylvestris roots. 

Instead of focusing on the in vitro conversion of deoxypodophyllotoxin into podophyllotoxin, 
research into the controlled cultivation of P. hexandrum is an option. For example, 
investigating if large-scale cultivation of P. hexandrum is possible in glasshouses in the 
temperate latitudes, like the Netherlands. 

Scope of the thesis

The research presented in this thesis focuses on production routes toward podophyllotoxin. 
In chapter 2, we first elaborate further on the importance of etoposide and other podo-
phyllotoxin derivatives for chemotherapy. This is followed by a systemic literature review 
describing the lignan biosynthetic pathway toward podophyllotoxin in plants. In addition, 
we discuss the engineering possibilities for recombinant production of podophyllotoxin, 
such as conversion of deoxypodophyllotoxin into podophyllotoxin by a plant cytochrome 
P450 in a heterologous host. 

For the in vitro production of podophyllotoxin, we first need to identify the cytochrome 
P450 responsible for the conversion of deoxypodophyllotoxin into podophyllotoxin in 
P. hexandrum. In chapter 3, we searched for this cytochrome P450 in the publicly available 
P. hexandrum transcriptome database. To this end, we combined knowledge on cytochrome 
P450 transcript expression under stress conditions and sequence characteristics, such 
as highly conserved domain sequences in plant cytochrome P450s. In addition, we 
searched for the endogenous NADPH-cytochrome P450 reductase by searching for 
proteins containing the highly conserved domain sequences for NADPH-cytochrome P450 
reductases in the predicted products dataset of the P. hexandrum transcriptome database. 
Subsequently, we demonstrated the expression of one P. hexandrum cytochrome P450 
and NADPH-cytochrome P450 reductase in our E. coli expression system. 

When the in vitro production of podophyllotoxin is possible, large quantities of deoxy-
podophyllotoxin are required. Deoxypodophyllotoxin can be obtained from the roots of 
the very common weed A. sylvestris. In chapter 4, we assessed the extraction of deoxy-
podophyllotoxin by the environmentally friendly supercritical carbon dioxide extraction 
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method and compared this to the traditional solvent-based extraction method. Not only the 
extraction of deoxypodophyllotoxin, but also the improvement of deoxypodophyllotoxin 
production by A. sylvestris is of interest. For this, a small scale extraction method with high 
throughput is necessary; therefore, we designed a quick method vortex method for this 
(chapter 4). 

Another source for deoxypodophyllotoxin could be in vitro cultures of A. sylvestris. In 
chapter 5, we regenerated root cultures of A. sylvestris and determined if they produced 
deoxypodophyllotoxin. For the large-scale cultivation of these roots, a disposable bioreactor 
system with integrated oxygen sensors was designed. An alternative route toward 
podophyllotoxin production would be controlled large-scale cultivation of P. hexandrum. 
In chapter 6, we report the cultivation of P. hexandrum in a glasshouse in the Netherlands 
under various conditions. We investigated the influence of soil type, temperature and 
hormone treatment on the biomass formation and podophyllotoxin production.

Finally, a summary of all study results described in this thesis is presented in chapter 7 
(English) and the Appendix (Dutch).
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Abstract

The pharmaceutically important anticancer drugs etoposide and teniposide are derived 
from podophyllotoxin, a natural product isolated from roots of Podophyllum hexandrum 
growing in the wild. The overexploitation of this endangered plant has led to the search 
for alternative sources. Metabolic engineering aimed at constructing the pathway in 
another host cell is very appealing, but for that approach, an in-depth knowledge of 
the pathway toward podophyllotoxin is necessary. In this chapter, we give an overview 
of the lignan pathway leading to podophyllotoxin. Subsequently, we will discuss the 
engineering possibilities to produce podophyllotoxin in a heterologous host. This will 
require detailed knowledge on the cellular localization of the enzymes of the lignan 
biosynthesis pathway. Due to the high number of enzymes involved and the scarce 
information on compartmentalization the heterologous production of podophyllotoxin 
still remains a tremendous challenge. At the moment, research is focusing on the 
last step(s) in the conversion of deoxypodophyllotoxin to (epi)podophyllotoxin and 
4′-demethyldeoxypodophyllotoxin by plant cytochromes.  

Keywords

etoposide, podophyllotoxin, Podophyllum hexandrum, Anthriscus sylvestris, metabolic 
engineering
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1. Introduction

The high demand of podophyllotoxin derivatives for chemotherapy gives a severe pressure 
on the natural sources, such as Podophyllum hexandrum and Podophyllum peltatum1. The 
highest concentration of podophyllotoxin is found in P. hexandrum roots, with reported 
yields up to 6 – 7 % dry weight (d.w.) in most populations2,3. The excessive harvesting 
has resulted in inclusion of P. hexandrum in the Convention on International Trade in 
Endangered Species (CITES)4. Chemical synthesis of podophyllotoxin is difficult due to 
the presence of four contiguous chiral centers and the presence of a base sensitive 
trans-lactone moiety5. The shortest synthesis described contains five steps from the 
commercially available 6-bromopiperonal into (epi)podophyllotoxin6. As an alternative, 
cell suspension cultures have been explored, but these produce only low amounts (max. 
0.5 % d.w.) of podophyllotoxin7,8. As neither chemical synthesis nor in vitro production of 
podophyllotoxin is economically competitive with the extraction of podophyllotoxin from 
P. hexandrum roots, other alternatives are being searched for. Metabolic engineering 
aimed at constructing the pathway in a heterologous host is very appealing, but for that 
approach, an in-depth knowledge of the biosynthetic pathway toward podophyllotoxin 
is necessary.

2. Lignans and their biological activities

In 1936, Haworth was the first to describe a group of phenylpropanoid dimers (C6C3) linked 
by the central carbon (C8) as lignans9. The Haworth’s definition of lignan has been adopted 
by the IUPAC nomenclature recommendations in 200010. According to this nomenclature, 
lignans can be divided into eight subgroups based on the oxygen incorporation into the 
skeleton and the cyclization pattern11. In the lignan pathway toward podophyllotoxin, 
six subgroups of lignans can be defined in the order of occurrence: furofuran, furan, 
dibenzylbutane, dibenzylbutyrolactol, dibenzylbutyrolactone, and aryltetralin (Fig. 1). The 
other two subgroups are arylnaphthalene and dibenzocyclooctadiene. Dibenzylbutanes 
are only linked by the 8,8′ bond. An additional oxygen bridge is found in furofurans, 
furans, dibenzylbutyrolactols and dibenzylbutyrolactones. A second carbon-carbon 
link is found in aryltetralins, arylnaphthalenes, and dibenzocyclooctadienes11,12. The 
majority of the lignans has oxygen at the C9 (C9′) carbon; however, some lignans in the 
dibenzylbutanes, furans, and dibenzocyclooctadiene subgroups are missing this oxygen11. 
Humans metabolize the furofurans pinoresinol and sesamin, the furan lariciresinol, the 
dibenzylbutane secoisolariciresinol and the dibenzylbutyrolactone matairesinol. These 
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→ FIGURE 1. Lignan pathway in Podophyllum hexandrum and Anthriscus sylvestris. 

A) Coniferyl alcohol toward matairesinol (brown box). B) matairesinol toward deoxypodophyllotoxin (purple 
box), and (C) deoxypodophyllotoxin toward podophyllotoxin and demethyldeoxypodophyllotoxin (green box). 
Lignan subgroups are shown by various colors: yellow = furofuran, orange = furan, red = dibenzylbutane,  
blue = dibenzylbutyrolactol, purple = dibenzylbutyrolactone, and green = aryltetralin

lignans are phytoestrogens, which can be converted into enterolactone or enterodiol 
by intestinal bacteria13,14. Enterolactone and enterodiol have antioxidant, estrogenic and 
anti-estrogenic activities in humans; furthermore, they may protect against certain chronic 
diseases15. Several lignans have been described to have antiviral properties; however, 
therapeutic applications are limited due to the toxicity16. The extract, podophyllin, of 
Podophyllum roots and rhizome was included in the U.S. Pharmacopeia in 1820. In 1942, it 
was removed, because of its severe gastrointestinal toxicity17. However, Kaplan described 
in 1944, the successful treatment of venereal warts (Condylomata acuminata) in 200 
members of the military by topically applied podophyllin18. The aryltetralin podophyllotoxin 
is the active ingredient in podophyllin, which has been commercialized as a treatment for 
warts caused by the human papilloma virus19. Semisynthetic derivatives of podophyllotoxin 
were designed as chemotherapy compounds for oral administration or for intravenous 
treatment20,21.

3. Importance of podophyllotoxin and derivatives  
for chemotherapy

Podophyllotoxin is a tubulin-interacting agent that inhibits mitotic spindle formation22. As 
podophyllotoxin is severely toxic if applied systemic, a number of less toxic derivatives have 
been generated and these are now widely used in cancer chemotherapy. Interestingly, the 
derivatives currently used in the clinic, etoposide, and teniposide, have a different mode 
of action than podophyllotoxin. They inhibit topoisomerase II by stabilizing its binding to 
DNA, which results in double-stranded breaks in the DNA and arrest of the cell cycle in 
the G2 phase22. Etoposide (VP-16, VePesid®) was synthesized in 1966 by Sandoz and was 
further developed by Bristol-Meyers from 1978 onwards. In 1983, it was approved by the 
FDA for the treatment of testicular cancer23. As etoposide is poorly soluble in water, the 
etoposide prodrug etoposide phosphate (Etopophos®) was designed by Bristol-Meyers 
Squibb, which was approved by the FDA in 199624. The prodrug is converted to etoposide 
within 30 min presumably by alkaline phosphatases. Furthermore, the pharmacokinetics 
and toxicity of etoposide phosphate are equal to etoposide25,26. 
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 According to the National Cancer Institute and the Dutch government, etoposide phos-
phate should be used in combination therapy for various cancers (Table 1)27–29. Teniposide 
(VM-26, Vumon®) was synthesized in 1967 by Sandoz and was further developed by 
Bristol-Meyers from 1978 onwards23. It is used in the treatment of acute myeloid leukemia 
and myelodysplastic syndromes in children and in acute lymphocytic leukemia30,31. Toxicity 
problems are still an issue with etoposide; therefore, novel derivatives were designed and 
evaluated in preclinical and clinical studies32. The derivatives NK611, Gl-311, and TOP-53 
were discontinued after phase I or II studies23,33,34. NK611, which is more water soluble 
than etoposide, shows similar toxic effects in humans as etoposide. However, only few 
patients showed efficacy in phase I studies35–37. No data of the phase I or II studies were 
found for GL-311 and TOP-53. Four newer derivatives are tafluposide, F14512, Adva-27a, 
and QS-ZYX-1-6132,33. Tafluposide (F-11782), a pentafluorinated epipodophylloid, inhibits 
topoisomerase I and II activity38,39. In phase I study, stable disease was observed in 7 out of 
21 patients with advanced solid tumors, such as choroid and skin melanoma40. Increasing 
the selectivity of anticancer agents is of great interest. As the polyamine transport system 
is upregulated in cancer cells, F14512 was designed to target the transport system by 
linking the epipodophyllotoxin core to a spermine chain41. Phase I study in adult patients 
with acute meloid leukemia showed clinical activity in relapsed patients, but limited activity 
in refractory patients42. F14512 will be tested in combination with cytarabine in a phase II 
study42. The minimal therapeutic effect of etoposide on dogs with relapsing lymphomas 
has resulted in a phase I study of F14512, which showed a strong therapeutic efficacy43. 
The derivative adva-27a, a GEM-difluorinated C-glycoside derivate of podophyllotoxin, is 
effective against multidrug resistant cancer cells44. Preparations are being made for a phase 
I study in pancreatic and breast cancer patients in Canada45. The derivative QS-ZYX-1-61 
induces apoptosis by inhibition of topoisomerase II in human non–small-cell lung cancer46. 
Further investigations are necessary for this compound. 

4. Overview of the lignan biosynthetic pathway

Podophyllotoxin is produced in the lignan pathway, which we will discuss in more detail 
in this section (Fig. 1). Lignins and lignans are the major metabolic products of the phenyl-
propanoid pathway in vascular plants. Lignins are derived from coumaryl, coniferyl, and 
sinapyl alcohol, whereas lignans are derived from coniferyl alcohol47.
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4.1 Coniferyl alcohol toward matairesinol
The pathway toward podophyllotoxin starts with pinoresinol, lariciresinol, secoisolariciresinol, 
and matairesinol. Pinoresinol and lariciresinol are found in most vascular plants, such as 
Arabidopsis thaliana. Some species follow the lignan pathway toward podophyllotoxin until 
the branch point matairesinol, such as the Forsythia species. Lignans further downstream 
toward podophyllotoxin are found in more specialized plants. An interesting question is 
whether the capability of podophyllotoxin production is restricted to a limited number of 
plants, or that other closely related plants have cryptic pathways as shown in bacteria48. 
To answer this question, an in-depth discussion of the lignan pathway is necessary as we 
do below. Coniferyl alcohol is converted into matairesinol in five steps by three enzymes: 
dirigent protein, pinoresinol-lariciresinol reductase, and secoisolariciresinol dehydrogenase 
(Fig. 1A). 

Cancer Combination of drugs

Hodgkin lymphoma in children Vincristine sulfate, etoposide phosphate, prednisone, doxorubicin hydrochloride 

Doxorubicin hydrochloride, bleomycin, vincristine sulfate, etoposide phosphate

Doxorubicin hydrochloride, bleomycin, vincristine sulfate, etoposide phosphate, 
prednisone, cyclophosphamide

Non-Hodgkin lymphoma

     -     All Rituximab, ifosfamide, carboplatin, etoposide phosphate

Etoposide phosphate, ifosfamide, methotrexate

Iomustine, etoposide phosphate, chlorambucil, prednisolone

     -     B-cell Rituximab, etoposide phosphate, prednisone, vincristine sulfate, cyclophosphamide, 
doxorubicin hydrochloride

Malignant germ cell tumors

     -     Non-brain Cisplatin, etoposide phosphate, bleomycin

     -     Ovarian / Testicular Bleomycin, etoposide phosphate, cisplatin 

     -     Advanced testicular Etoposide phosphate, ifosfamide, cisplatin

Acute myeloid leukemia

     -     Children Cytarabine, daunorubicin hydrochloride, etoposide phosphate

     -     Phase II Cytarabine and amsacrine, etoposide or mitoxantron

High-risk retinoblastoma in children Carboplatin, etoposide phosphate, vincristine sulfate

Small cell lung cancer Etoposide with cisplatin or carboplatin

Cisplatin, cyclophosphamide, doxorubicin, vincristine, methotrexate

Relapsed Wilms tumor Ifosfamide, carboplatine, etoposide

TABLE 1. Cancer chemotherapy combination treatments with etoposide.
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4.1.1 Dirigent protein
In 1997, Davin and coworker showed that the dirigent protein (DIR) from Forsythia suspensa 
can couple two coniferyl alcohols stereospecific to (+)-pinoresinol after their oxidation by 
a nonspecific oxidase or nonenzymatic single-electron oxidant49. Davin and coworkers 
showed that the DIR protein lacks a detectable catalytic active (oxidative) center and that 
the rate of dimeric lignan formation is similar in the presence or absence of DIR protein; 
however, the DIR protein is necessary for enantioselectivity49. Both (+)- and (−)-pinoresinol-
forming proteins were found in plants. The (+)-forming DIR protein is important for the 
lignan pathway in the direction of podophyllotoxin synthesis. (+)-Forming DIRs are the ScDIR 
protein from Schisandra chinensis, the PSD-Fi1 from Forsythia intermedia, and PsDRR206 
from Pisum sativum50–52. In A. thaliana, 16 DIR homologs were found of which four were 
characterized as follows: two formed (−)-pinoresinol (AtDIR5 and AtDIR6); the other two 
showed nonstereoselective coupling of coniferyl alcohols50,53. On the other hand, Linum 
usitatissimum has (+)-forming and (−)-forming DIR proteins54. Kim and coworkers solved 
the crystal structure of the (+)-pinoresinol forming PSDRR206 of P. sativum to 1.95 Å55. 
Homology modeling of the (−)-pinoresinol forming AtDIR6 in the PSDRR206 crystal structure 
showed six additional residues in the longest loop of the (+)-forming DIR, which are present 
in all (+)-forming DIRs. Site-directed mutagenesis could be used to confirm whether one 
or more of these residues are responsible for the enantioselectivity of the DIR55.

4.1.2 Pinoresinol-lariciresinol reductase  
In 1996, Dinkova-Kostova and coworkers found the pinoresinol-lariciresinol reductase 
(PLR) in F. intermedia, which could reduce (+)-pinoresinol to (+)-lariciresinol and sequentially 
to (−)-secoisolariciresinol56. The (−)-secoisolariciresinol-forming PLRs are important for 
podophyllotoxin synthesis. These PLRs were found in F. intermedia (PLR-Fi1), Linum 
album (PLR-La1), L. usitatissimum (PLR-Lu2) and Linum corymbulosum (PLR-Lc1)57–60. A 
PLR with opposite enantio-selectivity was found in L. usitatissimum (PLR-Lu1)58,59. PLR can 
have selectivity or preference toward one of the enantiomers. The Thuja plicata PLRs 
accept both enantiomers of pinoresinol; however, they were selective for the lariciresinol 
substrate, as PLR-TP1 accepts only (−)-lariciresinol and PLR-TP2 only (+)-lariciresinol61. In 
Linum perenne, it was found that PLR-Lp1 can convert (±)-pinoresinol to (±)-lariciresinol 
and (±)-secoisolariciresinol, with a preference for (+)-pinoresinol and (−)-lariciresinol62. 
The F. intermedia (PLR-Fi1) and L. usitatissimum (PLR-Lu1) PLRs were found to convert 
(+)-lariciresinol to (−)-secoisolariciresinol before depletion of (−)-pinoresinol57,58. On the other 
hand, L. album (PLR-La1) and L. perenne (PLR-LP1) PLRs first seem to convert all (+)-pinoresinol 
to (+)-lariciresinol before converting (+)-lariciresinol further to (−)-secoisolariciresinol58,62. 
For A. thaliana, proteins with strict substrate specificity toward pinoresinol were found, 
as weak or no activity toward lariciresinol was observed63. Therefore, these proteins are 
annotated as pinoresinol reductases (AtPrRs). AtPrR1 reduces both enantiomers and 
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AtPrR2 only reduces (−)-pinoresinol63. The crystal structure of PLR-TP1 of T. plicata was 
resolved to 2.5 Å, and a homology model of PLR-Tp2 with opposite enantioselectivity was 
deduced from the PLR-Tp1 structure64. Three residues in the substrate binding site were 
different, which could explain the enantioselectivity64.

4.1.3 Secoisolariciresinol dehydrogenase
Secoisolariciresinol dehydrogenase (SDH) from F. intermedia and P. peltatum convert 
(−)-secoisolariciresinol into (−)-matairesinol, through the intermediary (−)-lactol. Neither 
of them was able to convert the opposite enantiomer65. Crystallization of P. peltatum SDH 
(1.6 Å) showed that it is a tetramer. The ternary complex was obtained by the addition of 
cofactors and (−)-matairesinol. Based on the position of (−)-matairesinol, also (−)-secoiso-
lariciresinol could be modeled into the crystal structure. Using the same constrains, 
(+)-secoisolariciresinol could not be modeled into the crystal structure, which could explain 
the enantioselectivity65,66.

4.2 Matairesinol toward deoxypodophyllotoxin
Plant feeding experiments performed by various groups have revealed the metabolites 
intermediate between matairesinol and podophyllotoxin, such as yatein and deoxy-
podophyllotoxin in P. hexandrum67,68. This was followed by the identification of the enzymes 
in P. hexandrum (Fig. 1B). Marques and coworkers found that pluviatolide synthases in 
P. hexandrum (CYP719A23) and P. peltatum (CYP719A24) can convert (−)-matairesinol 
into (−)-pluviatolide by formation of the methylenedioxy bridge69. Lau and Sattely used 
transcriptome mining in P. hexandrum to identify four additional biosynthetic enzymes in 
the lignan pathway, which convert (−)-pluviatolide into deoxypodophyllotoxin70. Pluviatolide 
4-O-methyltransferase (OMT3) converts (−)-pluviatolide into bursehernin by methylation 
at C4′OH. Bursehernin 5′-hydroxylase (CYP71CU1) incorporates a molecular oxygen at C5′ 
in bursehernin, which results in (−)-5′-demethylyatein. In the following step, 5′-demethyl-
yatein O-methyltransferase (OMT1) converts (−)-demethylyatein to (−)-yatein by methylation 
at C5′OH. In the last step, deoxypodophyllotoxin synthase (2-ODD) converts (−)-yatein 
to (−)-deoxypodophyllotoxin by ring closure between C2 and C7′ 70. Sakakibara and 
coworkers suggest a different route toward deoxypodophyllotoxin for Anthriscus sylvestris 
(Fig. 1B)71.  Feeding experiments showed incorporation of matairesinol, thujaplicatin, 
5-methylthujaplicatin, and 4,5-dimethylthujaplicatin into yatein71. This was followed by the 
discovery of the enzyme thujaplicatin O-methyltransferase (AsTJOMT), which methylates 
thujaplicatin to form 5-O-methylthujaplicatin72. Furthermore, they found incorporation 
of matairesinol and pluviatolide in bursehernin, but no further incorporation into yatein. 
No literature has been reported on the presence of 5-demethylyatein in A. sylvestris. 
However, feeding of 5-demethylyatein to A. sylvestris results in yatein formation71. In the 
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transcriptome of L. album, genes related to OMT3 and CYP71CU1 were found; however, no 
gene related to CYP719A24 was found (Fig. 1B)73,74. The differences in the lignan pathways 
in P. hexandrum, A. sylvestris, and L. album indicate the possibility that the later part of the 
lignan pathway might have convergently evolved in the various species, which decreases 
the probability of the presence of a cryptic pathway in other species. 

4.3 Conversion of deoxypodophyllotoxin into demethyldeoxy-
podophyllotoxin

The P. hexandrum enzyme that converts deoxypodophyllotoxin into podophyllotoxin has 
not been identified yet. Lau and Sattely, attempted to find this enzyme, presumably a 
cytochrome, by mining the publicly available RNA-sequencing data set from the Medicinal 
Plants Consortium. Furthermore, they analyzed transcriptome data from P. hexandrum 
after upregulating the podophyllotoxin biosynthesis genes by wounding the leaves. Both 
methods were successful in identifying podophyllotoxin biosynthesis genes as described 
in the previous section; however, the enzyme converting deoxypodophyllotoxin into 
podophyllotoxin was not found (Fig. 1C). They found two P450 cytochromes that can 
convert deoxypodophyllotoxin into 4′-demethylepipodophyllotoxin70. In the first step, 
CYP71BE54 converts (−)-deoxypodophyllotoxin to (−)-4′-demethyldeoxypodophyllotoxin. 
In the second step (−)-4’-demethyldeoxypodophyllotoxin is converted to 4′-demethyl-
epipodophyllotoxin by CYP82D61. 

5. Engineering approaches

In this part we will focus on genetic engineering approaches to produce podophyllotoxin 
in a heterologous system. In order to produce podophyllotoxin in Escherichia coli or 
Saccharomyces cerevisiae, the pathway from the easily available glucose toward coniferyl 
alcohol has to be implemented into these organisms.

5.1 Production of coniferyl alcohol in E. coli and S. cerevisiae
Coniferyl alcohol can be produced in E. coli by a co-culture system. Coumaryl alcohol is 
produced upon insertion of four phenylpropanoid pathway genes75. The production can 
be increased by addition of four key shikimate pathway genes to overproduce tyrosine76. 
Addition of the genes for methyltransferase and HpaBC in another strain resulted in the 
accumulation of 125 mg/L coniferyl alcohol after 24 h. Co-culturing was necessary as 
HpaBC converts tyrosine to an unwanted side product75. The full biosynthetic pathway 
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toward coniferyl alcohol has not been tested for expression in S. cerevisiae yet. However, 
production of ± 100 mg/L coumaric acid has been shown77. To convert coumaric acid 
to coniferyl alcohol in S. cerevisiae, four or five additional genes have to be expressed; 
therefore, in order to produce coniferyl alcohol levels similar to E. coli, further optimization 
of coumaric acid production is necessary.  

5.2 Cellular localization of enzymes from the lignan pathway
In order to engineer the lignan pathway for podophyllotoxin production in a heterologous 
cell, knowledge about the localization of lignans and their corresponding enzymes is 
necessary. Localization to the wrong organelle might abolish or lower production, as 
was shown for penicillin production78. The monolignol coniferyl alcohol is synthesized in 
the cytosol and transported over the plasma membrane for incorporation into lignin or 
lignan by an ABC membrane transporter, whereas the glucosylated form (coniferin) for 
storage could only be transported over the vacuolar membrane possibly by another ABC 
membrane transporter or proton-coupled antiporter79,80. Analyses of transmembrane 
helices by the TMHMM predictor81 indicated that DIR has one transmembrane helix. 
Furthermore, the DIR protein is a glycoprotein with a secretory signal peptide51. This 
indicates that the DIR protein is membrane attached, which is consistent with the findings 
in F. suspensa stems. Only the insoluble fraction was capable of stereoselective conversion 
of coniferyl alcohol to (+)-pinoresinol, whereas soluble enzyme preparations only form 
racemic pinoresinol82,83. As the DIR protein was found primarily localized within the plant 
cell wall84, it might be difficult to target DIR to its natural compartment in bacteria and yeast. 
However, there is strong indication that monolignol dimerization also occurs intracellular 
as shown by protoplast experiments in A. thaliana and the racemic pinoresinol formation 
in crude cell-free enzyme preparation of F. suspensa stems82,85. The disadvantage is the 
absence of stereoselectivity in the coupling of the two coniferyl alcohols. However, this 
should not be a problem if the influx of coniferyl alcohol is large enough. The following 
proteins lack a transmembrane helix or signal peptide according to the TMHMM predictor 
and SignalP86: PLR, SDH, OMT3, OMT1, and 2-ODD. PLR and 2-ODD are localized to the 
cytoplasm, and SDH, OMT3, and OMT1 to the chloroplast according to the plant specific 
localization tool Plant-mPloc87. However, the specific chloroplast localization tools ChloroP 
and PCLR suggest no chloroplast localization, which was confirmed by the localization 
tools MultiLoc2-LowRes and LocTree388–91. Therefore, we think that the proteins PLR, 
SDH, OMT3, OMT1, and 2-ODD are all localized in the cytoplasm. The four cytochromes 
CYP719A23, CYP71CU1, CYP71BE54, and CYP82D61 contain a targeting peptide and 
one or two transmembrane helixes. They are probably located in the endoplasmic 
reticulum (ER) membrane (according to an analysis by Plant-mPloc and MultiLoc2) as 
most plant cytochromes are anchored in the ER membrane and face the cytosolic side92.  
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Our hypothesis is that deoxypodophyllotoxin is converted to podophyllotoxin by a cyto-
chrome that is ER bound (Fig. 2). Production of podophyllotoxin in E. coli would be feasible 
assuming that PLR, SDH, OMT3, OMT1, and 2-ODD can be actively expressed in the cytosol. 
As coniferyl alcohol has been produced before in this organism and cytochrome P450 
enzymes with modified N-terminus have also been expressed successfully93, some of the 
major steps toward podophyllotoxin might be performed in E. coli. The disadvantage of 
E. coli is the lack of NAD(P)H P450 reductase, the redox partner of cytochromes necessary 
for the supply of electrons from the cofactor NAD(P)H93. The establishment of a renewable 
supply has been proven difficult in E. coli. 

5.3 Conversion of deoxypodophyllotoxin to (epi)podophyllotoxin  
by engineering

In 2006, Vasilev and coworkers showed that the human liver cytochrome P450 3A4 
(CYP3A4) together with human NADPH P450 reductase can convert deoxypodophyllotoxin 
stereoselectivity into epipodophyllotoxin94. The disadvantage of this system is the usage 
of frozen cells and therefore; the need to supply a regenerative system, such as glucose-
6-phosphate dehydrogenase and NADP. Changing the system to a resting cell assay or 
cell-free assay with the usage of a cheaper cofactor and increasing the electron transfer 
between cytochrome and reductase would greatly increase the usability of this system. 
As CYP3A4 is quite unspecific, an approach to find a dedicated cytochrome converting 
deoxypodophyllotoxin into podophyllotoxin could be provided by the systematic analysis 
of cytochrome encoding genes found by Kumari and coworkers, who analyzed the 
transcriptome of P. hexandrum cultivated at two temperatures. The expression of DIR 
protein, PLR and SDH were upregulated by at least a factor two at 15 °C compared to 
25 °C95, accompanied by an increase of podophyllotoxin accumulation at 15 °C. Fifteen 
cytochrome transcripts were upregulated by at least a factor two at 15 °C compared to 
25 °C. These fifteen upregulated cytochrome transcripts would be interesting candidates 
for future investigation. A cytochrome P450 system with high activity toward deoxy-
podophyllotoxin can form a very interesting production platform in conjunction with a 
sustainable source of this lignan, as is A. sylvestris, a common wild plant in Europe and 
temperate Asia, that can be cultivated easily96,97.

→ FIGURE 2. Schematic view of the proposed cellular localization of the enzymes in the lignan pathway 

in plant cells.
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5.4 Production of etoposide
Industrially, podophyllotoxin is chemically converted to etoposide (Fig. 3). Podophyllotoxin 
is converted to 4′-demethylepipodophyllotoxin by demethylation and epimerization 
in two steps with a yield of 52 % followed by the protection of the phenolic group by 
conversion to 4′-O-carbobenzoxy-epipodophyllotoxin in one step with 89 % yield98. 
4′-O-carbobenzoxy-epipodophyllotoxin is then glycosylated to the esterification of ortho-
cyclopropylethynylbenzoic acid (82 %), which is obtained in six steps from β-D-glucose 
pentaacetate99,100. After glycosylation the protective groups are removed in one step 
with 90 % yield99. As podophyllotoxin production from deoxypodophyllotoxin is not yet 
applicable on industrial scale, the chemical conversion of deoxypodophyllotoxin into 
epipodophyllotoxin is of interest, which can be performed in one step with a yield of 53 %101. 
Epipodophyllotoxin can be converted chemically to etoposide in the same manner as 
podophyllotoxin. The chemical synthesis of etoposide from deoxypodophyllotoxin can be 
shortened by production of 4′-demethylepipodophyllotoxin from deoxypodophyllotoxin by 
CYP71BE54 and CYP82D61 from P. hexandrum (see Section 4.3). As only proof of concept 
has been shown, optimization is required to make this enzymatic conversion suitable 
for industrial application. Whether deoxypodophyllotoxin can be converted chemically 
directly to 4′-demethylepipodophyllotoxin still needs to be investigated. 

6. Future perspectives

Recent insights in the lignan biosynthetic pathway by Lau and Sattely70 have progressed 
the research in the lignan pathway enormously. Engineering of the lignan pathway in a 
heterologous host will become feasible, if the localization of the enzymes in the pathway 
has been determined. Depending on this localization, either E. coli or S. cerevisiae could be a 
suitable host for production of podophyllotoxin from glucose. The only missing step is the 
conversion of deoxypodophyllotoxin to podophyllotoxin. Finding this enzyme or replacing 
this step by the epipodophyllotoxin producing CYP82D61 (with or without CYP71BE54) 
will advance the development even more. Alternatively, deoxypodophyllotoxin can be 
chemically converted to etoposide. Considering the huge number of enzymes necessary for 
conversion of glucose to podophyllotoxin in E. coli or S. cerevisiae, commercial production 
in microbial hosts still has a long way to go. Until that time, an alternative approach can 
be the extraction of deoxypodophyllotoxin from the easy to cultivate A. sylvestris and 
converting this to (epi)podophyllotoxin. Enzymatic conversion needs to be optimized in 
order to obtain a system that can be used by the industry. Improvement should focus 
on engineering a cheap system, by usage of a resting cell assay or the usage of a cheap 
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cofactor in a cell-free system. Furthermore, the deoxypodophyllotoxin conversion should 
be scaled up to industrial production. 

FIGURE 3. Conversion of podophyllotoxin into etoposide.
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Abstract

Podophyllotoxin derivatives are in high demand for cancer chemotherapy. The natural 
source producing the highest podophyllotoxin levels, Podophyllum hexandrum, is endan-
gered; therefore, other resources have to be exploited. In this chapter, we searched 
for the P. hexandrum cytochrome P450 and endogenous redox partner, NADPH P450 
reductase, responsible for the conversion of deoxypodophyllotoxin into podophyllo-
toxin. In total, six cytochrome P450 candidates and one NADPH P450 reductase were 
found by transcriptome analysis of P. hexandrum datasets using motifs of conserved 
cytochrome P450 and NADPH P450 reductase domains. P. hexandrum CYP82D61 and 
NADPH P450 reductase were functionally expressed in Escherichia coli and this combi-
nation resulted in conversion of deoxypodophyllotoxin into epipodophyllotoxin.

Keywords

etoposide, podophyllotoxin, epipodophyllotoxin, deoxypodophyllotoxin, 
Anthriscus sylvestris
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Introduction

The high demand for the anticancer drug etoposide and its precursor podophyllotoxin 
has led to the shortage of etoposide1,2. Podophyllotoxin is extracted from Podophyllum 
hexandrum roots, which produces the highest podophyllotoxin levels reported. Due to 
the high demand, this plant is listed in CITES as an endangered species3,4; therefore, 
alternatives routes toward podophyllotoxin are being explored. Podophyllotoxin is 
produced in P. hexandrum via the lignan pathway5. In short, matairesinol is converted into 
deoxypodophyllotoxin by five consecutive enzymatic steps; before further conversion into 
podophyllotoxin by a hitherto unidentified enzyme. Deoxypodophyllotoxin can be obtained 
from the roots of the easily cultivated Anthriscus sylvestris6 or from recombinant tobacco 
leaves7. Subsequently, deoxypodophyllotoxin can be converted to epipodophyllotoxin, 
the C-7 epimer of podophyllotoxin (Fig. 1). Either by recombinantly expressed membrane-
bound cytochrome P450 enzyme (P450) from the human liver, CYP3A4, in Escherichia coli8 
or the P. hexandrum CYP82D61 in tobacco leaves9. 

FIGURE 1. Chemical structures of deoxypodophyllotoxin, podophyllotoxin, epipodophyllotoxin and 

etoposide.

P450s catalyze a large number of reactions of which hydroxylation is the most common; 
therefore, P450s are classified as monooxygenases. Plant P450s form a highly divergent 
gene superfamily with high structural conservations, but relatively low sequence con-
servation; except for some highly conserved domains for oxygen binding and activation; 
the catalytic triade; and heme binding10. For catalytic activity the P450 requires a redox 
partner, the membrane-bound NADPH-cytochrome P450 reductase (CPR). The CPR 
shuttles electrons from NADPH (nicotine amide dinucleotide phosphate) to the heme 
group of the P450 through the highly conserved flavin adenine dinucleotide (FAD) and 
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flavin mononucleotide (FMN) binding domains11; other highly conserved domains are the 
NADPH-, P450-, and cytochrome c-binding domains12. P450 and CPR are often expressed 
as fusion protein in E. coli to ensure they both localize closely together; however, this is 
not always necessary for activity13. 

A dedicated P450 enzyme that converts deoxypodophyllotoxin into podophyllotoxin 
and its endogenous redox partner could possibly be found by a systematic analysis of 
P. hexandrum transcriptome datasets. Vascular plants, like P. hexandrum, contain one 
to three CPR paralogs depending on the species11. To our knowledge a P. hexandrum 
CPR has not been annotated to date. The limited number of possible candidates and 
the high sequence conservation eases the search. On the contrary, approximately 1 % 
of the protein-encoding genes in plants are P450s14; therefore, narrowing the search is 
essential. Most plant P450s are anchored in the ER membrane and face the cytosolic 
side15; therefore, the predicted presence of a transmembrane domain can be used to 
select full-length candidates in combination with the presence of conserved domains. 
Transcripts of the genes involved in the podophyllotoxin biosynthesis pathway are known 
to be upregulated under stress conditions. Interestingly, podophyllotoxin production was 
increase and fifteen P.  hexandrum P450 transcripts were upregulated16; therefore, further 
exploration of these transcripts might reveal the P450 responsible for the conversion of 
deoxypodophyllotoxin into podophyllotoxin.

In this chapter, we report the search for full-length candidate P. hexandrum P450s for 
the conversion of deoxypodophyllotoxin to podophyllotoxin as well as its endogenous 
redox partner. To this end, we mined the P. hexandrum transcriptome database yielding 
six P450s and one CPR.

Material and Methods

Materials

Cloning
All synthetic genes were obtained from ThermoFisher Scientific (GeneArt Strings DNA 
Fragments/De novo gene synthesis, Landsmeer, the Netherlands). The pGEM T-easy 
Vector System was obtained from Promega Benelux (Leiden, the Netherlands). Primers 
were ordered from Eurofins (Ebersberg, Germany). The cells used were E. coli Dh5α (Gibco 
BRL, Gaithersburg, USA). Chemical used were: dNTP (separate tubes), restriction enzymes 
and buffers used in cloning from ThermoFisher Scientific (Landsmeer, the Netherlands); 
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kinase, ligase and ligation buffer from Promega Benelux (Leiden, the Netherlands); Taq 
polymerase and buffers, Q5 hot start high-fidelity DNA polymerase and buffers from 
Bioké (Leiden, the Netherlands).

Bioconversion
The cells used were E. coli Dh5α (Gibco BRL, Gaithersburg, USA). Tryptone, yeast 
extract, sodium chloride (> 99 %), ampicillin, peptone, glycerol (> 98 %), IPTG (> 98.5 %), 
δ-aminolevulinic acid hydrochloride (≥ 97 % (v/v)) and thiamine hydrochloride (≥ 99 %), 
glucose (> 99.5 %) were purchased from Duchefa (Haarlem, the Netherlands). Iron(III)
chloride hexahydrate (≥ 99 %), di-potassium hydrogen phosphate trihydrate (≥ 99.0 %) 
and potassium dihydrogen phosphate (≥ 99.5 %) were purchased from Merck (Darmstadt, 
Germany). Other chemicals used were DMSO (≥ 99.9 %, Sigma-Aldrich, St. Louis, USA) and 
HCl (37 %, VWR, Fontenay-Sous-Boris, France). Deoxypodophyllotoxin was purified at the 
department of Chemical and Pharmaceutical Biology (≥ 98 %, University of Groningen, 
the Netherlands).

Western blot
Sample buffer (4x), MOPS buffer, PageRuler Plus Prestained Protein Ladder, and NuPage 
4-12 % Bis-Tris Protein gels were purchased from ThermoFisher Scientific (Landsmeer, 
the Netherlands). Glycine (≥ 99 %) and Tween 20 were purchased from Sigma-Aldrich 
(St. Louis, USA). Other chemicals used are Immobilon-P PVDF membrane (pore size 
0.45 µm, Merck, Darmstadt, Germany), Tris base (ultrapure, > 98.5 %, Duchefa, Haarlem, 
the Netherlands), methanol (technical grade, Boom, Meppel, the Netherlands), and blocking 
buffer for fluorescent western blotting (Rockland, Limerick, USA).

LC-ESI-MS/MS
Chemicals used were acetonitrile (≥ 99.8 % (v/v), VWR, Fontenay-Sous-Boris, France), 
ammonium formate (≥ 97 % Sigma-Aldrich, St. Louis, USA) and formic acid (≥ 98 %, 
Merck, Darmstadt, Germany). The reference compounds deoxypodophyllotoxin, epi-
podophyllotoxin (98 %, Toronto Research Chemicals, Toronto, Canada) and podophyllotoxin 
(≥ 98 %, Sigma-Aldrich, St. Louis, USA) were obtained for reference purpose. 

NADPH-P450 reductase assay
Di-potassium hydrogen phosphate trihydrate (≥ 99.0 %) and potassium dihydrogen 
phosphate (≥ 99.5 %) were purchased from Merck (Darmstadt, Germany). Cytochrome C 
from equine heart (≥ 95 %, C2506), potassium cyanide (≥ 98 % (v/v)) and NADPH (≥ 97 %) 
were purchased from Sigma-Aldrich (St. Louis, USA). Protease inhibitor cocktail (EDTA 
free) was obtained from Roche Diagnostics (Mannheim, Germany).
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Transcriptomic data analysis 

Search for cytochrome P450 candidates in Podophyllum hexandrum database
To identify candidate P450s involved in podophyllotoxin biosynthesis, fifteen cytochrome 
transcripts upregulated under stress conditions and related to increased podophyllotoxin 
production were downloaded from the Studio of Computational Biology and Bioinformatics16 
and BlastN analysis against the Medicinal Plants consortium P. hexandrum contig dataset 
was performed17. The contigs of the P450 hits were downloaded and open reading 
frames were searched for by ORFfinder and subsequently the coding region of the 
P450 candidates were downloaded (NCBI ORFfinder tool at https://www.ncbi.nlm.nih.
gov/orffinder/). 
To select full-length P450 candidates, we used the MEME motif discovery tool18 to identify 
three motifs required for oxidation reactions (heme-binding, KETLR consensus of the 
catalytic triade (E-R-R) and oxygen-binding) in 18 cytochromes from various plant species19. 
Default settings were used and the motif length was restricted to 20 amino acids. The MAST 
scanning tool18 was used to identify these motifs in the P450 candidates. Predictions for 
presence of transmembrane domains (TMHMM tool20), localization to the ER (Plant-mPLoc 
tool21) and theoretical molecular weight were performed for the P450 candidates (pI/Mw 
tool22). The remaining P450 candidates were compared by multiple sequence alignment 
using the Clustal Omega server (default parameters)23. 

Search for NADPH P450 reductase in Podophyllum hexandrum database
To identify candidate CPRs in P. hexandrum, the MEME tool18 was used to identify five 
motifs required for CPR activity (FMN-, cytochrome C-, FAD- and NADPH binding domains) 
in 54 plant CPRs of 35 different plant species (default settings)11,12. The MAST tool (default 
settings)18 was used to identify one or more CPR candidates containing these motifs in 
the P. hexandrum predicted product dataset of the Medicinal Plants consortium17. 
The corresponding contigs were obtained from the P. hexandrum contig database and 
open reading frame searches were performed to search for the CPRs containing the 
5 motifs (ORFfinder) and subsequently the coding regions were downloaded (NCBI). 
Predictions for presence of transmembrane domains (TMHMM tool20), localization to 
the ER (Plant-mPLoc tool21) and theoretical molecular weight were performed for the 
candidate CPRs (pI/Mw tool22). The CPRs were compared to other plant CPRs by multiple 
sequence alignment using the Clustal Omega server (default settings)23.
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Cloning

Plasmid
The six P. hexandrum P450 genes were cloned together with a CPR gene into a bicistronic 
pCW vector. The used vector allowed for independent expression of the P450 and CPR 
gene under control of a Tac-promoter. A plasmid without P450 and CPR was used for 
control experiments and is referred to as a control plasmid. As starting material for cloning, 
a pCW vector containing the human CYP3A4 and human CPR was used as previously 
described by our laboratory8.

Genes
The six P. hexandrum P450 genes and the CPR were ordered as DNA strings. For the 
P450s, we replaced the first six amino acids of the P450s by the amino acids MALLLAVF 
to facilitate expression24; inserted restriction sites NdeI and XbaI respectively at the N- and 
C-terminus (including noncoding overhangs) and a SalI restriction site before the stop 
codon to facilitate cloning (Fig. 2A). The nucleotide sequence of the bicistronic vector 
between the stop codon and XbaI was kept unaltered. 
For the P. hexandrum CPR, we inserted the restriction sites XbaI and HindIII at the N- and 
C-terminus respectively to facilitate cloning (including noncoding overhangs, Fig. 2B). The 
nucleotide sequence of the bicistronic vector between the XbaI restriction site and the 
start codon was kept unaltered in order to maintain the ribosomal binding site and the 
promotor region. 
The P450s and CPR genes were codon pair-optimized for E. coli. Only, the synthesis of 
CYP89A167 failed.

Constructs
Constructs used in this study are listed in Table 1 and Suppl. Table 1; the construct 
number is indicated between brackets in this section. The graphical representation of 
the various constructs are shown in Fig. 2 (C-E). The sequences of all the constructs were 
confirmed by sequencing (Macrogen, Europe). The synthesized P. hexandrum P450s 
and CPR genes (Fig. 2 A-B) were cloned into pGEM-T Easy Vector System according to 
Promega’s protocol for blunt-ended PCR products. Subsequently, the constructs were 
transformed into Dh5α cells (1-6). 

Bicistronic construct
The CYP82D61 gene was cloned into the bicistronic pCW vector containing the human 
CYP3A4 and human CPR genes (7) using NdeI and XbaI restriction sites; thereby, removing 
the CYP3A4 gene (8, Fig. 2C). To facilitate detection of protein expression, a polyhistidine-tag 
was attached to the C-terminus of CYP3A4 and CYP82D61 by Q5 site-directed mutagenesis 
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following the protocol of New England Biolabs (9-10, Fig. 2D). Mutagenic primers were 
designed using the NEBaseChanger (www.nebasechanger.neb.com, Suppl. Table 2). 
The P. hexandrum CPR was cloned (from 6) into the bicistronic pCW vector containing 
the P. hexandrum CYP82D61 and human CPR (10) using XbaI and HindIII restriction sites; 
thereby, removing the human CPR gene (11). 

Fusion construct
For the P. hexandrum P450 fusion to CPR, we removed 50 amino acids of the N-terminus  
of the CPR to reduce membrane association without compromising catalytic activities25. 
The construct was obtained by amplification of a truncated part of the P. hexandrum CPR 
from the pGEM CPR construct (6). Mutagenic primers were designed with NEBaseChanger 
(Suppl. Table 2), which included a SalI restriction site and the artificial linker (STSSGS) at the 
N-terminal of the CPR and a polyhistidine-tag at the C-terminal of the CPR. The truncation 
was performed by PCR amplification using the Q5 hotstart polymerase protocol of New 
England Biolabs. The PCR product was digested with SalI and HindIII and the resulting 
product was ligated into the SalI and HindIII cut pCW CYP82D61His and human CPR (10); 
thereby removing the stop codon of CYP82D61 (12, Fig. 2E). 

Nr. Construct Genes Abbreviation Reference

1 pGEM CYP81D61 CYP82D61 None This study

2 pGEM CYP81B56 CYP81B56 None This study

3 pGEM CYP81B57 CYP81B57 None This study

4 pGEM CYP82D174 CYP82D174 None This study

5 pGEM CYP709F5 CYP709F5 None This study

6 pGEM PhCPR P. hexandrum CPR None This study

7 pCW CYP3A4 + hCPR CYP3A4, human CPR None 8

8 pCW CYP82D61 + hCPR P. hexandrum CYP82D61, human CPR None This study

9 pCW CYP3A4His + hCPR Human CYP3A4, human CPR + This study

10 pCW CYP82D61His + hCPR P. hexandrum CYP82D61, human CPR None This study

11 pCW CYP82D61His + PhCPR P. hexandrum CYP82D61 and CPR Ph This study

12 pCW CYP82D61-tPhCPRHis P. hexandrum CYP82D61 and CPR  
(fusion protein)

tPh This study

13 pCW ori (control plasmid) None - 8

TABLE 1. Constructs used in this study.

His = polyhistidine tag attached to the C-terminus of the P450 or P450 fusion to CPR 
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Expression in E. coli 
Expression in E. coli DH5α containing the expression constructs has been performed as 
described previously8, with some modifications. Briefly, the cells were grown overnight 
(37 °C, 250 rpm) in Luria-Bertani broth medium (ampicillin 100 µg/mL). The cultures were 
diluted to an OD600 of 0.1 in 100 mL Terrific broth medium (according to Cold Spring 
Harbor Protocols) in 500 mL Erlenmeyer flasks supplemented with 100 µg/mL of ampicillin. 
The cultures were incubated at 30 °C and 200 rpm until an OD600 of 0.3 was reached. 
Gene expression was under control of a Tac-promoter and was induced by addition of 
1 mM IPTG, 0.5 mM δ-aminolevulinic acid, 1 mM thiamine and 25 μM FeCl3 followed by 
incubation for 24 h. Cells were harvested by centrifugation (2900 g, 10 min, 4 °C) and 
washed in 0.1 M potassium phosphate buffer (pH 7.4). 

FIGURE 2. Graphical representation of DNA strings and constructs.

A) DNA string P450 candidates as ordered; B) DNA string CPR candidate as ordered, the CPR part that will be 
truncated in the protein fusion is represented by the left part of the cpr gene (50 amino acids); C) construct 
part on the bicistronic pCW vector containing P450 and CPR genes (constructs 7-8); D) construct part on the 
bicistronic pCW vector containing P450 gene with C-terminal polyhistidine tag (brown box) and CPR gene 
(constructs 9-11); E) construct part on the pCW vector containing the genes encoding for the fusion protein of 
P450 with truncated CPR with C-terminal polyhistidine tag (brown box, constructs 12). Artificial linker is shown 
by a grey box. Abbreviations used: p450, cytochrome P450; cpr, NADPH cytochrome reductase
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Western blot
The P450s or fusion protein of P450 with CPR were detected by their poly-histidine 
tag at the C-terminus. Cells were resuspended in 0.1 M potassium phosphate buffer 
(pH 7.4) supplemented with protease inhibitor cocktail to a final OD600 of 3.5. Cells (600 µL) 
were lysed by sonication for 30 seconds (Brandson Sonifier 450, duty cycle 20 % and 
output 1, Danbury, Connecticut). Supernatant and pellet fractions were separated by 
centrifugation. The pellet fraction was resuspended in 600 µL buffer. Sample buffer was 
added to supernatant and pellet samples and the samples were boiled for 5 minutes. 
The proteins were separated on a 4-12 % NuPage Bis-Tris gel (MOPS buffer, 150 V) and 
transferred to a PVDF membrane (transfer buffer: 25 mM Tris base, 150 mM glycine, 
20 % methanol, chilled before usage). The membrane was incubated sequentially with 
blocking buffer, a 1:2000 dilution of monoclonal anti-polyhistidine peroxidase conjugate 
antibody (A7058, Sigma), and a 1:10000 dilution of a goat-anti-mouse IgG H&L (IRDye 
800CW) antibody (AB216772, Abcam). The membrane was washed with TBST buffer 
before, between and after the incubation steps. Detection was performed by a ODESSEY 
Imaging system (LI-COR, Bad Homburg, Germany). 

Bioconversion assay
E. coli DH5α cells with expressed P450 and CPR were resuspended in 0.1 M potassium 
phosphate buffer (pH 7.4) supplemented with 1 % glucose to a final OD600 of 33.0 and added 
to buffer (20 % of total volume (v/v)) supplemented with 100 µM deoxypodophyllotoxin 
(prepared as 1.0 mM stock solution in DMSO). The reaction mixture was incubated for 90 
minutes at 37 °C and 250 rpm. The reaction was stopped by addition of 1 M HCl (12.5 % 
v/v). The cells were pelleted by centrifugation (2900 g, 20 minutes, 4 °C). The formation 
of epipodophyllotoxin in the supernatant was determined by LC-ESI-MS/MS.

LC-ESI-MS/MS analysis
The formation of epipodophyllotoxin in the bioconversion samples was investigated by 
liquid chromatography-electrospray ionization-tandem mass spectrometry (LC-ESI-MS/
MS). The analysis was performed using a Shimadzu LC system, consisting of two LC-20AD 
gradient pumps and a SIL-20AC auto sampler. The LC system was coupled to an API 3000 
triple quadrupole mass spectrometer (Applied Biosystems/MDS Sciex) via a TurboIonSpray 
source. Data were collected and analyzed by Analyst 1.5.2 acquisition software (Applied 
Biosystems/MDS Sciex). For analysis a Zorbax Eclipse XDB-C18 column (4.6 id. x 150 mm; 
5 μm, Agilent, Santa Clara, USA) and an Eclipse XDB-C18 guard column containing cartridges 
(4.6 id. x 12.5 mm, 5 μm, Agilent, Santa Clara, USA) were used. The mobile phase A was 
[water:acetonitrile (95:5)] and B [acetonitrile:water (95:5)], both supplemented with 0.1 % 
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formic acid and 2 mM ammonium formate. A flow rate of 1 mL/min was used and a time 
program of 25 minutes consisting of (A:B) gradient 15 min 70:30 to 0:100 (v/v); 4 min 0:100 
(v/v) isocratic; gradient 2 min 0:100 to 70:30 (v/v) and equilibration of the LC column with 
4 min 70:30 (v/v) isocratic elution prior to the next analysis. The column temperature was 
held constant at 40 °C. The ionization was performed by electrospray in the positive mode 
(M+NH4). The source temperature was set to 450 °C. The instrument was operated with 
an ionspray voltage of 5 kV. Nitrogen was used both for curtain gas and nebulizing gas. 
Full scan mass spectra were acquired with a scan range of 250 – 1000 amu and a step 
size of 0.1 amu. The presence of the lignans podophyllotoxin and epipodophyllotoxin 
was determined by total ion current (TIC), extracted ion current (XIC), multiple reaction 
monitoring (MRM, 432/185; 432/203; 432/313) and product ion scan (MS2).

NADPH-P450 reductase assay
The active amount of CPR enzyme in the bacterial cells was determined by the cytochrome 
C reduction assay26 with some modifications. In this assay, the CPR accepts electrons 
from NADPH and transfers these to cytochrome C26. Cells were resuspended in 0.1 M 
potassium phosphate buffer (pH 7.4) to a final OD600 of 0.8 and protease inhibitor cocktail 
was added. The cells were lysed by sonication for three times 30 seconds (Brandson 
Sonifier 450, duty cycle 20 % and output 1). Measurements were performed in a 96-wells 
plate in a Spectrostar Omega (BMG Labtech, Ortenburg, Germany). The reaction mixture 
consisted of: 20 µL cell lysate, 30 µL cytochrome C (200 mM), 5 µL potassium cyanide 
(200 mM) and 150 µL potassium phosphate buffer (0.1 M, pH 7.4). Potassium cyanide was 
added to block potential nonmicrosomal activity in E. coli26. The samples were incubated 
for 3 minutes in the spectrophotometer before baseline recording at 550 nm and 10 µL 
NADPH (10 mM) was added. The reduction of cytochrome C was monitored by following 
the increase of absorbance at 550 nm for 3 minutes. The cytochrome C reduction was 
calculated per mL cell lysate using the extinction coefficient of 21 mM-1 cm-1 and Beer’s 
law to correct for the pathlength (0.6 cm).

Results

Selection of cytochrome P450s from Podophyllum hexandrum transcriptome 
database
To find the P. hexandrum P450 enzyme responsible for conversion of deoxypodophyllotoxin 
to podophyllotoxin, transcriptome analysis was performed on an existing dataset, followed 
by bioinformatic analysis of the candidates and selection of full-length P450s. First, we 
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selected fifteen P450 transcripts upregulated under stress conditions in P. hexandrum 
roots that are related to increased podophyllotoxin production16. Next, BlastN analysis was 
performed against the P. hexandrum dataset from the Medicinal Plants Consortium17. We 
found thirteen unique contigs, which contained one to four open reading frames (Suppl. 
Table 3). In total, 10 open reading frames larger than 200 amino acids were found. We 
assumed that full-length P450 candidates contain all conserved P450 domains necessary 
for oxidation reactions and are localized in the ER membrane facing the cytosolic side15. 
Motifs were designed for three conserved P450 domains (Suppl. Fig. 1): oxygen binding 
and activation; K-helix consensus sequence (KETLR) of the catalytic triade (E-R-R); and heme 
binding. In total, six candidates contained all three domains and one or two transmembrane 
helixes (Fig. 3). Two of the four candidates that were not selected (contig 6655 and 44497), 
probably represent two of the remaining six P450 candidates, respectively contig 4178 
(66 % query cover and 96 % identity) and 5369 (56 % query cover and 100 % identity). 
The six full-length P450 candidates were designated by the nomenclature committee 
(David Nelson: dnelson@uthsc.edu) as CYP82D61, CYP81B56, CYP81B57, CYP82D174, 
CYP89A167 and CYP709F5. 

FIGURE 3. Graphical representation of Podophyllum hexandrum P450 candidates.

Graphical representation of Podophyllum hexandrum P450 candidates longer than 200 amino acids. The 
conserved domains are indicated by colored boxes: oxygen binding and activation (yellow); KETLR consensus 
sequences in the catalytic triade (E-R-R, green); and heme binding (orange). The representation is based on 
multiple sequence alignment generated with Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/)23

2443

Contig nr. P450 
nomenclature

35407

14928

6812

4178

2327

10374

6655

44497

5369

CYP81B56

CYP82D174

CYP82D61

CYP81B57

CYP709F5

CYP89A167

509

Amino acid 
length

507

519

516

516

330

523

258

261

396



Conversion of deoxypodophyllotoxin in Escherichia coli

51

Selection of NADPH cytochrome P450 reductase from Podophyllum 
hexandrum transcriptome database
To find the endogenous redox partner for the P450 candidates, the P. hexandrum CPR, 
transcriptome analysis of the P. hexandrum dataset from Medicinal Plants Consortium 
was performed, followed by bioinformatic analysis of the candidates and selection of full-
length CPRs. We assumed that full-length CPR candidates contained all conserved CPR 
domains necessary for shuttling electrons from NADPH to the heme group of the CYP, 
which occurs via the FAD and FMN-domains. Motifs were designed for four conserved 
CPR domains: FMN-; cytochrome C-; FAD-; and NADPH binding (Suppl. Fig 2). Subsequent, 
we searched for protein sequences containing all motifs in the P. hexandrum dataset from 
the Medicinal Plants Consortium17. One candidate CPR was found (predicted molecular 
weight 77 kDa) that was predicted to have a transmembrane domain and localizes to 
the ER. This CPR showed high homology to Camptotheca acuminate CPR (Query coverage 
100 % and identity 79 %) and high sequence similarity in the catalytic domains with other 
plant CPRs, such as Catharanthus roseus and Arabidopsis thaliana (Fig. 4). Therefore, we 
assumed that this candidate represents the P. hexandrum CPR.

FIGURE 4. CPR motifs and graphical representation of various plant CPRs.

Graphical representation of Podophyllum hexandrum CPR (Ph_CPR) compared to various plant CPRs: Ca_CPR 
from Camptotheca acuminata (AJW67229.1); Cro_CPR2 from Catharanthus roseus (CAA49446.1); and At_ATR1 
from Arabidopsis thaliana (AAK96879.1). The conserved domains are indicated by colored boxes: FMN binding 
(purple), P450 binding (yellow); cytochrome C binding (orange); FAD binding (brown) and NADPH binding (green). 
The representation is based on multiple sequence alignment generated with Clustal Omega (https://www.ebi.
ac.uk/Tools/msa/clustalo/)23
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FIGURE 5. Expression of Podophyllum hexandrum CYP82D61 and CYP82D61 fused to CPR in Escherichia 

coli.

Western blot of expressed CYP82D61 (Ph, 59 kDA) and CYP82D61 fused to CPR (tPh, 131 kDA). Escherichia coli 
expressing CYP3A4 (56 kDA) co-expressed with human CPR (+) and E. coli expressing the control plasmid (-) 
were used as controls. Protein molecular weight marker (M, 50, 115 and 185 kDA). The supernatant fraction 
was used for the western blot. Similar results were obtained for the pellet fraction. The molecular mass was 
predicted with pI/MW tool (ExPaSy: https://web.expasy.org/compute_pi/)5

Functional expression of Podophyllum hexandrum P450 and CPR in 
Escherichia coli
To confirm functional expression of the putative P. hexandrum CPR and to assess the 
suitability of our expression system for plant P450s and CPRs, we expressed P. hexandrum 
CYP82D61 and CPR in E. coli. To this end, CYP82D61 was co-expressed with the putative 
P. hexandrum CPR (Ph) and a construct expressing a fusion protein of CYP82D61 and CPR 
(tPh) was designed. Western blot revealed expression of the CYP82D61 and CYP82D61 
fused to the CPR (Fig. 5). The human CYP3A4 co-expressed with human CPR (+) was used 
as positive control and a control plasmid as a negative control (-). 
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Ph -+
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Next, the ability to convert deoxypodophyllotoxin was assessed. Upon incubation of 
deoxypodophyllotoxin with E. coli cells either co-expressing CYP3A4 with human CPR or 
expressing CYP82D61 fused to the putative P. hexandrum CPR, a product was formed at 
Rt 5.1 min. with a molecular weight of 414 Da and a signal-to-noise ratio larger than 10; 
no product formation was observed in cells expressing the control plasmid (Fig. 6A). The 
product was identified as epipodophyllotoxin by comparison with authentic standards 
(Suppl. Fig. 3). Spectra with increased sensitivity showed that epipodophyllotoxin is also 
produced in the E. coli cells co-expressing P. hexandrum CYP82D61 and CPR (Fig. 6B). 
Further assessment of the construct expressing the CYP82D61 fusion to CPR showed 
similar reduction rates of the universal CPR substrate, cytochrome C, as the human CPR 
co-expressed with CYP3A4, which was a factor 3 - 4 above the autooxidation level (Fig. 
6C). This strengthens our believe that the truncated P. hexandrum CPR is functionally 
expressed and is indeed a P. hexandrum CPR. 
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Discussion 

The high demand for etoposide and production issues have led to the shortage of eto-
poside in the past1,2. It is of utmost importance to have a reliable and sustainable supply 
of etoposide and other podophyllotoxin derivatives in the future to prevent further 
shortages. Podophyllotoxin is produced by plants of various species with the roots of the 
endangered P. hexandrum being the most productive27,28. Therefore, alternative production 

FIGURE 6. Functional expression of CYP82D61 with endogenous Podophyllum hexandrum CPR.

Chromatograms show aligned XICs (A) and TIC +MRM (B), m/z = 432, molecular ion of [M+NH4]. Escherichia coli 
cells co-expressing CYP82D61 with Podophyllum hexandrum CPR (Ph) and E. coli expressing a protein fusion of 
CYP82D61 and P. hexandrum CPR (tPh). C) Cytochrome C reduction assay. Cytochrome C activity is expressed 
as nmol cytochrome C reduced per mL cell lysate (OD600 0.8). The data represent the mean + SD (n=2). E. coli 
expressing CYP3A4 co-expressed with human CPR (+) and E. coli expressing control plasmid (-) were used as 
controls
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routes toward podophyllotoxin have to be explored, such as a bacterial expression system 
using deoxypodophyllotoxin as a substrate. 

The enzyme responsible for the conversion of deoxypodophyllotoxin into podophyllotoxin 
in P. hexandrum is unknown; therefore, we searched for this enzyme in the P. hexandrum 
transcriptome database. Deoxypodophyllotoxin can be converted into epipodophyllotoxin, 
the C-7 epimer of podophyllotoxin, by a cytochrome P4508,9. Therefore, we assumed that 
the enzyme responsible for the conversion of deoxypodophyllotoxin into podophyllotoxin 
is also a P450. Approximately 1 % of the protein-encoding genes in plants are P450s14; 
therefore, the selection should be narrowed in order to find the P450 responsible for 
this conversion. The podophyllotoxin production in P. hexandrum increases under stress 
conditions, such as hormone treatment or temperature stress16,29. Additionally, fifteen 
P450 transcripts were upregulated under temperature stress and these were used as 
basis for the P450 search.

The fifteen P450 transcripts were used to find P450 candidates in the P. hexandrum 
transcriptome database of the Medicinal Plants Consortium. In addition, bioinformatic 
analysis was performed to select only full-length P450s. In our search, we found six P450 
candidates from P. hexandrum for the conversion of deoxypodophyllotoxin into podo-
phyllotoxin: CYP82D61, CYP81B56, CYP81B57, CYP82D174, CYP89A167 and CYP709F5. 
Although, CYP81B56 and CYP81B57 have been previously cloned into Saccharomyces 
cerevisiae, a substrate was not identified yet17. CYP82D61 has been previously expressed in 
recombinant tobacco leaves and converted deoxypodophyllotoxin into epipodophyllotoxin 
and demethyldeoxypodophyllotoxin into demethylepipodophyllotoxin9. In plants, CPR is 
the endogenous redox partner of P450 and one to three paralogs are found in vascular 
plants11. We searched in the translated P. hexandrum transcriptome database for proteins 
containing the highly conserved domain sequences for NADPH-cytochrome P450 
reductases. We found one candidate containing all conserved domains.

We expressed one P. hexandrum P450 candidate, CYP82D61, and the endogenous CPR 
in E. coli, which was challenging. Although various medium compositions and cultivation 
conditions were tried, none seemed to increase the expression or conversion levels. 
Therefore, we co-expressed and fused CYP82D61 with various plant CPRs, because the 
endogenous plant CPR is not obligatory for a working expression system25,31,32.

When P450 and CPR are co-expressed, this increases the flexibility of the system as 
protein-protein interaction and P450/CPR ratio can be optimized and multiple P450s can 
be expressed together without introducing additional CPRs13. We co-expressed CYP82D61 
with the putative P. hexandrum CPR and A. thaliana CPR. For both epipodophyllotoxin 
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production was shown with LC-ESI-MS/MS, but the selective MRM spectra was required 
for detection indicating that the production level was low (Suppl. Fig 4). However, we found 
that co-expressing CYP82D61 with C. roseus CPR resulted in epipodophyllotoxin formation 
a factor 10 above the noise level in the extracted ion current spectra (Suppl. Fig. 5A).

Expressing enzymes from various species can be challenging in E. coli, especially membrane-
bound enzymes from eukaryotic origin. Therefore, we expressed P450 and CPR as fusion 
protein, in order to localize both to the same compartment13. An additional advantage 
of fusion proteins is that catalytic rates can be enhanced30. Expressing CYP82D61 as a 
fusion protein with the putative P. hexandrum CPR led to epipodophyllotoxin formation 
above the noise level (signal to noise ratio > 10). When CYP82D61 was fused to C. roseus or 
A. thaliana CPR, epipodophyllotoxin could only be detected in the selective MRM spectra 
(Suppl. Fig. 4 and 5A). 

For all constructs the current production level in the supernatant was too low to quantify; 
therefore, we assume a low conversion of deoxypodophyllotoxin into epipodophyllotoxin.   
Whether the conversion levels were higher for CYP82D61 co-expressed with C. roseus CPR 
and CYP823D61 fused to P. hexandrum CPR compared to the other constructs cannot 
be concluded as we did not normalize for the expression levels. 

Future research should focus on the other P450 candidates and their ability to convert 
deoxypodophyllotoxin. The expression and conversion levels should be compared in a 
more systemic way by including housekeeping control in blots and quantification of (epi)
podophyllotoxin levels by HPLC. However, first the bottleneck for deoxypodophyllotoxin 
conversion should be found and the system should be improved accordingly by using 
various methods as reviewed elsewhere24,33,34. Of the constructs assessed, the CYP82D61 
fused to C. roseus seems to be the only construct without detectable levels of expression 
(Suppl. Fig. 4B); indicating that the expression level is probably very low as epipodo-
phyllotoxin formation was detected (Suppl. Fig. 5). For all constructs a similar expression 
profile was shown for CYP82D61 in supernatant and pellet fractions; whether part of the 
protein is not membrane bound or present in inclusion bodies should be determined. 

Until now, high conversion yields for deoxypodophyllotoxin into epipodophyllotoxin 
have not been reported. Our laboratory showed conversion by the human liver enzyme 
CYP3A4 in E. coli and Lau and Sattely showed conversion by CYP82D61 in recombinant 
tobacco leaves8,9, but both reported yields in the nanogram or low micromole range. 
Furthermore, obtaining a high conversion rate is not sufficient, as subsequently a highly 
efficient extraction is necessary. We detected residual deoxypodophyllotoxin and epi- 
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podophyllotoxin in the pellet fraction of the bioconversion assay; indicating that the current 
extraction protocol should be improved. 

The ability to produce epipodophyllotoxin with CYP82D61 in combination with multiple 
plant CPRs either co-expressed or fused, increases the possible roads toward a system 
producing high (epi)podophyllotoxin levels. This is the first report to date on the functional 
expression of P. hexandrum CYP82D61 and CPR in E. coli. Furthermore, to our knowledge, 
this P. hexandrum CPR was not reported to date.

Until high conversion rates are obtained in the E. coli system, the chemical conversion 
of deoxypodophyllotoxin into epipodophyllotoxin and subsequently to etoposide can 
be used to prevent the extinction of P. hexandrum35–37. Taken together, this study shows 
that searching through publicly available databases can be fruitful in the search toward 
specific enzymes in plants.

Acknowledgements

The authors thank C.M. Jeronimus-stratingh and H. P. Permentier of the Mass Spectrometry 
Core Facility of the University of Groningen for the LC-ESI-MS/MS analysis. The authors thank 
A. Hartono for performing the NADPH-P450 reductase assay. This work was supported by 
EU regional funding: the PhytoSana project in the INTERREG IV A Deutschland-Nederland 
program: 34- INTERREG IV A I-1-01=193.



Conversion of deoxypodophyllotoxin in Escherichia coli

57

References

1. U.S. Food and Drug Administration. 
FDA drug shortages. https://www.
accessdata.fda.gov (2018). 

2. Drug shortage Canada. 
Drug shortage report for 
etoposide injection. https://
www.drugshortagescanada.ca 
(Accessed: 28-08-2020) (2020).

3. Guerram, M., Jiang, Z.-Z. & 
Zhang, L.-Y. Podophyllotoxin, a 
medicinal agent of plant origin: past, 
present and future. Chin. J. Nat. Med. 
10, 161–169 (2012).

4. CITES. Convention of international 
trade in endangered species of wild 
fauna and flora. https://www.cites.
org (Accessed: 28-10-2015) (2015).

5. Seegers, C. L. C., Setroikromo, R. 
& Quax, W. J. Towards 
metabolic engineering of 
podophyllotoxin production. 
in Natural Products and Cancer 
Drug Discovery (ed. Badria, F. A.) 
287-306 (InTech, 2017).

6. Seegers, C. L. C., Tepper, P. G., 
Setroikromo, R. & Quax, W. J. 
Cytotoxic deoxypodophyllotoxin 
can be extracted in high purity 
from Anthriscus sylvestris roots 
by supercritical carbon dioxide. 
Planta Med. 84, 544–550 (2018).

7. Schultz, B. J., Kim, S. Y., Lau, W. & 
Sattely, E. S. Total biosynthesis 
for milligram-scale production 
of etoposide intermediates in a 
plant chassis. J. Am. Chem. Soc. 
141, 19231–19235 (2019).

8. Vasilev, N. P. et al. Bioconversion 
of deoxypodophyllotoxin into 
epipodophyllotoxin in E. coli using 
human cytochrome P450 3A4. 
J. Biotechnol. 126, 383–393 (2006).

9. Lau, W. & Sattely, E. S. Six enzymes 
from mayapple that complete 
the biosynthetic pathway to 
the etoposide aglycone. Science 
349, 1224–1228 (2015).

10. Werck-Reichhart, D., Bak, S. & 
Paquette, S. Cytochromes P450. 
Arab. B. 1, e0028 (2002).

11. Jensen, K. & Møller, B. L. 
Plant NADPH-cytochrome 
P450 oxidoreductases. 
Phytochemistry 71, 132–141 (2010).

12. Qu, X. et al. Molecular cloning, 
heterologous expression, and 
functional characterization 
of an NADPH-cytochrome 
P450 reductase gene from 
Camptotheca acuminata, a 
camptothecin-producing plant. 
PLoS One 10, e0135397 (2015).

13. Biggs, B. W. et al. Overcoming 
heterologous protein 
interdependency to optimize 
P450-mediated Taxol precursor 
synthesis in Escherichia coli. 
PNAS 113, 3209–3214 (2016).

14. Nelson, D. & Werck-Reichhart, D.  
A P450-centric view of plant 
evolution. Plant J. 66, 
194–211 (2011).

15. Schuler, M. A. & Werck-
Reichhart, D. Functional genomics 
of P450s. Annu. Rev. Plant Biol. 
54, 629–667 (2003).

16. Kumari, A. et al. Transcriptome 
sequencing of rhizome 
tissue of Sinopodophyllum 
hexandrum at two temperatures. 
BMC Genomics 15, 871 (2014).



Chapter 3

58

17. Marques, J. V. et al. Next generation 
sequencing in predicting gene 
function in podophyllotoxin 
biosynthesis. J. Biol. Chem. 
288, 466–479 (2013).

18. Bailey, T. L. et al. MEME SUITE: 
tools for motif discovery and 
searching. Nucleic Acids Res. 
37, W202–W208 (2009).

19. Saxena, A. et al. Identification 
of cytochrome P450 heme 
motif in plants proteome. 
Plant Omi. J. 6, 1–12 (2013).

20. Krogh, A., Larsson, B., von Heijne, G. 
& Sonnhammer, E. L. . Predicting 
transmembrane protein topology 
with a hidden markov model: 
application to complete genomes. 
J. Mol. Biol. 305, 567–580 (2001).

21. Chou, K.-C. & Shen, H.-B. 
Plant-mPLoc: a top-down 
strategy to augment the 
power for predicting plant 
protein subcellular localization. 
PLoS One 5, e11335 (2010).

22. Gasteiger, E. et al. Protein 
identification and analysis tools on 
the ExPASy server. in The Proteomics 
Protocols Handbook 571–607 (2005).

23. Sievers, F. et al. Fast, scalable 
generation of high-quality 
protein multiple sequence 
alignments using Clustal Omega. 
Mol. Syst. Biol. 7, (2011).

24. Hausjell, J., Halbwirth, H. & 
Spadiut, O. Recombinant 
production of eukaryotic 
cytochrome P450s in microbial cell 
factories. Biosci. Rep. 38, (2018).

25. Leonard, E. & Koffas, M. A. G. 
Engineering of artificial 
plant cytochrome P450 
enzymes for synthesis of 
isoflavones by Escherichia coli. 
Appl. Environ. Microbiol. 73, 
7246–7251 (2007).

26. Guengerich, F. P., Martin, M. V, 
Sohl, C. D. & Cheng, Q. 
Measurement of cytochrome 
P450 and NADPH-cytochrome 
P450 reductase. Nat. Protoc. 
4, 1245–1251 (2009).

27. Alam, M. A. & Naik, P. K. Impact of 
soil nutrients and environmental 
factors on podophyllotoxin content 
among 28 Podophyllum hexandrum 
populations of northwestern 
Himalayan region using linear 
and nonlinear approaches. 
Commun. Soil Sci. Plant Anal. 
40, 2485–2504 (2009).

28. Liu, W., Liu, J., Yin, D. & Zhao, X. 
Influence of ecological factors 
on the production of active 
substances in the anti-
cancer plant Sinopodophyllum 
hexandrum (Royle) T.S. Ying. 
PLoS One 10, e0122981 (2015).

29. Seegers, C. L. C. et al. Methyl 
jasmonate treatment increases 
podophyllotoxin production in 
Podophyllum hexandrum roots 
under glasshouse conditions. Plant 
and Soil 417, 117–126 (2017).

30. Munro, A. W., Girvan, H. M. & 
McLean, K. J. Cytochrome P450–
redox partner fusion enzymes. 
Biochim. Biophys. Acta 1770, 
345–359 (2007).

31. Harada, H. et al. Efficient functional 
analysis system for cyanobacterial 
or plant cytochromes P450 involved 
in sesquiterpene biosynthesis. 
Appl. Microbiol. Biotechnol. 
90, 467–476 (2011).

32. Schückel, J., Rylott, E. L.,  
Grogan, G. & Bruce, N. C.  
A Gene-fusion approach to 
enabling plant cytochromes P450 
for biocatalysis. Chembiochem 
13, 2758–2763 (2012).



Conversion of deoxypodophyllotoxin in Escherichia coli

59

33. Li, S. & Li, Y. Strategies for 
microbial synthesis of high-
value phytochemicals. 
Nat. Chem. 10, 395–404 (2018).

34. Li, Z. et al. Engineering cytochrome 
P450 enzyme systems for 
biomedical and biotechnological 
applications. J. Biol. Chem. 
295, 833–849 (2020).

35. Lee, K.-H. et al. Antitumor agents, 
107. New cytotoxic 4-alkylamino 
analogues of 4’-demethyl-
epipodophyllotoxin as inhibitors 
of human DNA topoisomerase II. 
J. Nat. Prod. 52, 606–613 (1989).

36. Yamaguchi, Hi., Arimoto, M., 
Nakajima, S., Tanoguchi, M. 
& Fukada, Y. Studies on the 
constituents of the seeds of 
Hernandia ovigera L.  
V Syntheses of epipodophyllotoxin 
and podophyllotoxin from 
desoxypodophyllotoxin. 
Chem. Pharm. Bull. 34, 
2056–2060 (1986).

37. Liu, H., Liao, J.-X., Hu, Y., Tu, Y.-H. & 
Sun, J.-S. A highly efficient approach 
to construct (epi)-podophyllotoxin-
4-O-glycosidic linkages as well as 
its application in concise syntheses 
of etoposide and teniposide. 
Org. Lett. 18, 1294–1297 (2016).



Chapter 3

60

Supplementary methods

Cloning

Genes
The CPR genes encoding the At_ATR1 from Arabidopsis thaliana (AAK96879.1) and the 
Cro_CPR2 from Catharanthus roseus (CAA49446.1) were ordered as DNA strings. The 
synthesis of A. thaliana At_ATR1 failed; therefore, we obtained At_ATR1 on the pMA vector 
from Invitrogen. For both CPRs, we inserted the restriction sites XbaI and HindIII at the 
N- and C-terminus respectively (including noncoding overhangs) to facilitate cloning 
(Fig. 2B). The nucleotide sequence of the bicistronic vector between the XbaI restriction 
site and the start codon was kept unaltered in order to maintain the ribosomal binding 
site and the promotor region. 

Constructs
Constructs used in this study are listed in Table 1 and Suppl. Table 1; the construct 
number is indicated between brackets in this section. The C. roseus CPR2 was cloned 
into pGEM-T Easy Vector System according to Promega’s protocol for blunt-ended PCR 
products. This construct and the A. thaliana ATR1 on the pMA vector were transformed 
into Dh5α cells (14-15).

Bicistronic constructs
The C. roseus CPR2 and A. thaliana ATR1 genes were cloned into the bicistronic pCW 
vector containing the P. hexandrum CYP82D61 and human CPR (12) using XbaI and HindIII 
restriction sites; thereby, removing the human CPR gene (16-17). 

Fusion constructs
For the fusion protein, the 71 N-terminal residues from the C. roseus CPR were removed in 
order to reduce membrane association without compromising catalytic activities1. For the 
A. thaliana ATR1 fusion, we removed 49 amino acids to mimic the truncation of C. roseus. 
The constructs of the fusion proteins were obtained by amplification of a truncated part 
of the plant CPRs from the pGEM/pMA CPR construct (14-15). 
For the C. roseus truncation, mutagenic primers were designed with NEBaseChanger 
(Suppl. Table 2), which included a SalI restriction site and the artificial linker (STSSGS). 
The truncation was performed by PCR amplification using the Q5 hotstart polymerase 
protocol of New England Biolabs. The PCR product was digested with SalI and HindIII 
and the resulting product was ligated into the SalI and HindIII cut pCW CYP82D61His and 
human CPR (10); thereby removing the stop codon of CYP82D61 (18). In the next step, 
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Nr. Construct Genes Abbreviation Reference

14 pGEM CroCPR C. roseus CPR2 None This study

15 pMA AtATR A. thaliana ATR1 None This study

16 pCW CYP82D61His + CroCPR P. hexandrum CYP82D61, C. roseus CPR2 Cr This study

17 pCW CYP82D61His + AtATR P. hexandrum CYP82D61, A. thaliana ATR1 At This study

18 pCW CYP82D61-tCrCPR P. hexandrum CYP82D61, C. roseus CPR2 
(protein fusion)

None This study

19 pCW CYP82D61-tCrCPRHis P. hexandrum CYP82D61, C. roseus CPR2 
(protein fusion)

tCRO This study

20 pCW CYP82D61-tAtATRHis P. hexandrum CYP82D61, A. thaliana ATR1 
(protein fusion)

tAt This study

SUPPLEMENTARY TABLE 1. Additional constructs used in this study.

His = polyhistidine tag attached to C-terminus of the P450 or P450 fusion to CPR

a polyhistidine-tag was attached (18→19), to facilitate detection of protein expression, to 
the C-terminus of C. roseus CPR by Q5 site-directed mutagenesis following the protocol 
of New England Biolabs (Fig. 2E). 
For A. thaliana ATR1, the truncation and insertion of the polyhistidine-tag was performed 
in one amplification step (10→20, Fig. 2E) by using Phusion polymerase protocol of New 
England Biolabs. The mutagenic primers were designed with NEBaseChanger (Suppl. 
Table 2). The sequences of all the constructs were confirmed by sequencing (Macrogen, 
Europe). Expression was performed in E. coli Dh5α under the control of a Tac-promotor.
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Nr. Primer Primer Sequence 5’-3’

1 CS_3A4His_FQ CACCACCACTGAATTTTCCTAAGGCCGGTC

2 CS_3A4His_RQ ATGATGATGGGCTCCACTTACGGTGCC

3 CS_6812His_FQ CACCACCACTGAATTTTCCTAAGGCCGGTC

4 CS_6812His_RQ ATGATGATGAGTCGACACAAAACATTTC

5 CS_Sh_CPR1_TF CACGGGCAAGTCGACTAGCAGCGGTAGCAAAAGCAGCAAAC

6 CS_Sh_CPR1_Rhis AGGCTTAAGCTTTTAATGGTGATGGTGATGGTGCCAAACGTCACGCAGATAAC

7 CS_CPR_Cro_TF CACGGGCAAGTCGACTAGCAGCGGTAGTGGTAAA

8 CS_CPR_Cro_R CACGGGAAAAGCTTTTACCAAACGTCACGCAGATAAC

9 CS_tCroCPRHisFQ2 CACCACCACTAAAAGCTTATCGATGATAAGCTGTCAAAC

10 CS_tCroCPRHisRQ ATGATGATGCCAAACGTCACGCAGATAAC

11 CS_At_ATR1_TF GAGCCCGAAGTCGACTAGCAGCGGTAGTACCACCGCAGATCGTAG

12 CS_At_ATR1_Rhis AGGCTTAAGCTTTTAATGGTGATGGTGATGGTGATGGTGCCAAACATCACGCAGATAACG

SUPPLEMENTARY TABLE 2. Primers used in this study. 

Primers 1-4 were used to introduce a polyhistidine-tag to the C-terminal of CYP3A4 and CYP82D61. Primers 5 
and 6 were used to truncate Podophyllum hexandrum CPR at the N-terminal and introduce polyhistidine-tag to 
C-terminal. Primers 7 and 8 were used to truncate Catharanthus roseus CPR at the N-terminus. Primers 9 and 10 
were used to introduce a polyhistidine-tag to the C-terminus of the C. roseus CPR. Primers 11 and 12 were used 
to truncate Arabidopsis thaliana CPR at the N-terminal and introduce polyhistidine-tag to C-terminal. Restriction 
site is underlined (SalI, HindIII); polyhistidine tag sequence is indicated in italics; stop codon is indicated in bold; 
artificial linker is indicated in grey highlight



Conversion of deoxypodophyllotoxin in Escherichia coli

63

P450 
transcripts2

Length (bp) Contignr. in 
P. hexandrum 

database3

Length (bp) Query 
coverage

Identity (%) E-value

22374_113.2 231 2443 2121 100 100 8e-124

21231_74.8 207 2443 2121 100 100 2e-110

7480_81.9 282 35407 1909 100 94.9 2e-76

23096_65.8 225 14928 1681 100 99.1 3e-117

C633658_170.0 129 6812 2446 100 100 3e-67

622_83.1 221 35407 1909 100 97.6 1e-57

22550_157.2 382 39280 738 88 98.2 3e-175

24443_58.5 1594 4178 1886 98 99.6 0

1594 6655 1987 97 95.4 0

8044_85.5 458 3169 1764 100 99.5 2e-111

14613_62.4 299 29413 1360 100 100 1e-161

4571_45.1 366 10374 1469 100 92.9 9e-159

545_158.6 325 2327 1920 100 98.1 1e-168

C723312_251.0 313 44497 2690 100 100 4e-169

313 5369 1708 100 100 2e-169

621_127.4 221 6812 2446 100 96.8 6e-56

C623664_30.0 122 2327 1920 100 92.6 3e-51

SUPPLEMENTARY TABLE 3. Results of BlastN analysis of fifteen P450 transcripts against the Podophyllum 

hexandrum contig datasets of the Medicinal Plants Consortium.

Supplementary Results
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SUPPLEMENTARY FIGURE 1. Conserved domains in P450s.

Logos of MEME motifs representing conserved P450 domains required for oxidation reactions. From top to 
bottom: oxygen binding and activation; K-helix consensus sequence (KETLR) of the catalytic triade (E-R-R); and 
heme binding. Motifs were generated by MEME motif discovery tool and protein sequences containing these 
motifs were searched for by MAST scanning tool (http://meme-suite.org/)4

Oxygen binding

E-R-R triade
(KETLR consensus)

Heme binding

Domain Search motif
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SUPPLEMENTARY FIGURE 2. Conserved domains in CPRs.

Logos of MEME motifs representing conserved CPR domains required for shuttling electrons. From top to bottom: 
FMN binding and cytochrome C binding; FAD binding; FAD and NADPH binding; twice NADPH binding. Motifs 
were generated by MEME motif discovery tool and protein sequences containing these motifs were searched 
for by MAST scanning tool (http://meme-suite.org/)4

FMN binding /
cytochrome C binding

FAD binding

FAD binding /
NADPH binding

Domain Search motif
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SUPPLEMENTARY FIGURE 3. Production of epipodophyllotoxin by CYP82D61 fused to putative Podophyllum 

hexandrum CPR compared to authentic standards.  

LC-ESI-MS/MS analysis after deoxypodophyllotoxin addition to Escherichia coli cells expressing CYP82D61 fused 
to putative Podophyllum hexandrum CPR (tPh). A) TIC +MRM of CYP82D61 fused to P. hexandrum CPR. B) MS2 
of CYP82D61 fused to P. hexandrum CPR. C) TIC +MRM of epipodophyllotoxin, D) MS2 of epipodophyllotoxin, 
E) TIC +MRM of podophyllotoxin, F) MS2 of podophyllotoxin
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SUPPLEMENTARY FIGURE 4. Functional expression of CYP82D61 with various plant CPRs.

LC-ESI-MS/MS analysis after deoxypodophyllotoxin incubation with Escherichia coli cells. Chromatograms show 
TIC +MRM, m/z = 432, molecular ion of [M+NH4]. E. coli cells co-expressing CYP82D61 with Catharanthus roseus 
CPR (A); Arabidopsis thaliana CPR (B); or Podophyllum hexandrum CPR (C) and E. coli expressing protein fusions 
of CYP82D61 to C. roseus CPR (D); A. thaliana CPR (E); or P. hexandrum CPR (F)
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SUPPLEMENTARY FIGURE 5. Functional expression of CYP82D61 with various plant CPRs in Escherichia coli.

A) Chromatograms show aligned XICs, m/z = 432, molecular ion of [M+NH4]. B) Western blot of CYP82D61 
constructs. The supernatant fraction was used for the western blot. Similar results were obtained for the pellet 
fraction. Escherichia coli cells co-expressing CYP82D61 (59 kDA) with Catharanthus roseus CPR (Cr); Arabidopsis 
thaliana CPR (At); or Podophyllum hexandrum CPR (Ph) and E. coli expressing protein fusions of CYP82D61 to 
C. roseus CPR (tCro, 132 kDA); A. thaliana CPR (tAt, 132 kDA); or P. hexandrum CPR (tPh, 131 kDA). E. coli expressing 
CYP3A4 (56 kDA) co-expressed with human CPR (+) and E. coli expressing the control plasmid (-) were used as 
controls. Protein molecular weight marker (M, 50, 115 and 185 kDA). The molecular mass was predicted with 
pI/MW tool (ExPaSy: https://web.expasy.org/compute_pi/)5
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Abstract

Deoxypodophyllotoxin is present in the roots of Anthriscus sylvestris. This compound is 
cytotoxic on its own, but it can also be converted into podophyllotoxin, which is in high 
demand as a precursor for the important anticancer drugs etoposide and teniposide. In 
this study, deoxypodophyllotoxin is extracted from A. sylvestris roots by supercritical carbon 
dioxide extraction. The process is simple and scalable. The supercritical carbon dioxide 
method extracts 75-80 % of the total deoxypodophyllotoxin content, which is comparable 
to a single extraction by traditional Soxhlet. However, less polar components are extracted. 
The activity of the supercritical carbon dioxide extract containing deoxypodophyllotoxin 
was assessed by demonstrating that the extract arrests A549 and HeLa cells in the G2/M 
phase of the cell cycle. We conclude that biologically active deoxypodophyllotoxin can 
be extracted from A. sylvestris by supercritical carbon dioxide extraction. The method is 
solvent free and more sustainable compared to traditional methods. 

Keywords

Anthriscus sylvestris, Apiaceae, deoxypodophyllotoxin, etoposide,  
supercritical carbon dioxide extraction
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Introduction

Podophyllotoxin, which serves as the precursor of several pharmaceutically important 
antitumor drugs like etoposide and teniposide (Fig. 1), is extracted from the roots of 
Podophyllum hexandrum native to the Himalayan area. Overharvesting has led to the 
listing of P. hexandrum on the Convention on International Trade in Endangered Species 
of Wild Fauna and Flora list1. Therefore, an alternative source for podophyllotoxin has to 
be found. The lignan deoxypodophyllotoxin can be extracted from the roots of Anthriscus 
sylvestris (L.) Hoffm. (Apiaceae). This common wild plant grows in Europe and temperate 
Asia, and is considered an invasive species in the Netherlands, Sweden, and Iceland2–4. 
Deoxypodophyllotoxin has higher cytotoxicity than podophyllotoxin5, but it has never been 
in clinical development. Deoxypodophyllotoxin can be converted into epipodophyllotoxin 
by insertion of a hydroxyl group using cytochrome P450 3A4 produced in Escherichia coli6 
or via chemical synthesis7. The resulting epipodophyllotoxin can be easily converted into 
etoposide6. Therefore, A. sylvestris might become an alternative source to P. hexandrum 
for the production of etoposide.

FIGURE 1. Chemical structures of deoxypodophyllotoxin, podophyllotoxin, epipodophyllotoxin and 

etoposide.

Deoxypodophyllotoxin has been extracted previously by Soxhlet8, and by sonication9 for 
small-scale analysis of the deoxypodophyllotoxin content in A. sylvestris. Both methods 
are strongly dependent on the use of organic solvents, such as methanol. The hazardous 
nature, high costs, and environmental risks of organic solvent extraction led to the quest 
for alternative extraction techniques10. Green chemistry approaches are aimed at the 
reduction or elimination of organic solvent usage in extraction techniques. A “greener” 
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alternative is supercritical fluid extraction11. The most popular fluid for supercritical 
extraction is carbon dioxide, as it is nonflammable, nontoxic, easily available, and cheap. 
Furthermore, supercritical conditions are reached at a relatively low pressure (73 bar) and 
temperature (31 °C)12,13. Supercritical carbon dioxide extraction can be used to selectively 
extract compounds, as the solubility of components can be manipulated by changing 
the pressure and/or temperature12. SC-CO2 extraction has already been applied for the 
extraction of lignans from the seeds, fruits, and stems of Schizandra chinensis14,15. However, 
extracting a high yield of lignans from the leaves was only possible by the addition of 
the cosolvent ethanol14. Furthermore, Gupta and coworkers extracted podophyllotoxin 
from P. hexandrum roots using SC-CO2 extraction and the cosolvents ethyl acetate and 
methanol16.

This study focuses on the feasibility of using SC-CO2, without the addition of organic 
cosolvents, for the extraction of biologically active deoxypodophyllotoxin from A. sylvestris 
populations in the wild. Furthermore, a novel quick methanol vortex extraction method 
for analytical determination of the deoxypodophyllotoxin content in A. sylvestris roots is 
provided. 

Materials and Methods

Plant material
Roots of A. sylvestris were collected in May 2013 from flowering populations at various 
locations in the province of Groningen, the Netherlands. The plants were identified by 
Christel Seegers using the Dutch flora book17. Voucher specimens have been deposited 
in the collection of the University of Groningen; Asylv2013. The roots were collected, 
rinsed with tap water, and dried overnight at 30 °C. All roots were pooled, cut into pieces, 
ground, and sieved (1-2.8 mm).

Chemicals
Technical methanol (98.5 %, v/v) and acetonitrile (99.8 %, v/v) were purchased from 
VWR. Ammonium formate (> 97 %, v/v), propidium iodide (> 94 %, v/v), and the reference 
compound etoposide (≥ 98 %) were purchased from Sigma-Aldrich. Other chemicals 
used were methanol absolute AR (99.8 %, v/v; Biosolve), formic acid (98-100 %; Merck), 
carbon dioxide (99.7 %, v/v; Linde), triton X-100 (Fluka Biochemica), and RNAse A 
(Qiagen). The cell lines A549 and HeLa were obtained from ATCC. Reference compound 
deoxypodophyllotoxin (> 98 % pure, 1H NMR (CDCl3) and HPLC-ESI/MS, Suppl. Fig. 1) 
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for HPLC and LC-ESI-MS/MS analysis was isolated from A. sylvestris at the Department of 
Chemical and Pharmaceutical Biology, Groningen, the Netherlands by the method of van 
Uden8. Deoxypodophyllotoxin (98 % pure, 1H NMR (CDCl3) and HPLC-ESI-MS/MS, Suppl. 
Fig. 2) for FACS analysis was purchased from Toronto Research Chemicals.

Extraction of deoxypodophyllotoxin from plant roots
SC-CO2 extraction as a “green process” was compared with Soxhlet, methanol-vortex, and 
sonication for extraction of deoxypodophyllotoxin from A. sylvestris roots. Root fragments 
varying from 1 to 2.8 mm were used for the extractions.

Supercritical carbon dioxide extraction
The SC-CO2 extraction method was designed with a future large-scale extraction of 
deoxypodophyllotoxin in mind. The high-pressure setup consists of a stirred batch reactor 
(Parr Instrument, 100 mL), an electrical heating element with temperature controller, a 
high-pressure pump unit and a carbon dioxide feeding bottle (Suppl. Fig. 3). The carbon 
dioxide was supplied to the reactor using a membrane pump (Lewa, capacity 60 kg/h, 
maximum pressure 35 MPa). To prevent cavitation in the pump, the carbon dioxide 
was first cooled to 0 °C in a heat exchanger (Huber). After pressurizing, a second heat 
exchanger with hot oil was used to heat the carbon dioxide to the desired temperature18.
For extraction, a spinning basket was filled with 1 g of plant material and placed on the 
stirrer in the batch reactor. A heat exchanger was placed around the reactor and the 
reactor was filled with CO2 until the desired pressure was achieved (between 15 and 42 g 
of CO2). The plant material was extracted in a static extraction system for 1 h at 90 rpm. A 
factorial design was used to establish the most critical parameters: pressure (100, 175, and 
250 bar) and temperature (40, 60 and 80 °C). After the extraction, the reactor was cooled 
down to 30 °C and depressurized. The residue in the reactor was dissolved in methanol 
and transferred to a 25-mL volumetric flask. The amount of deoxypodophyllotoxin was 
determined by HPLC using a calibration curve. Samples were stored at 4 °C before analysis.

Soxhlet extraction
In the literature, up to now, the report on deoxypodophyllotoxin extraction was by the 
traditional Soxhlet method8. We adjusted the protocol to a small-scale extraction method 
performed in a Tecator Soxtec System HT2 comprising two 1045 extraction units connected 
to an oil heating device (1046 service unit; Gemini). One gram of plant material was 
transferred to a cellulose thimble (FOSS Benelux BV) and extracted three times (80 mL 
methanol) for 1 h. After every extraction step, the thimble was rinsed with the solvent 
three times before the beaker was refilled with fresh solvent. The first two extractions 
were pooled and concentrated, and the volume was adjusted to 100 mL in a volumetric 
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flask. The volume of the third extraction was concentrated and adjusted to 20 mL. The 
amount of deoxypodophyllotoxin was determined by HPLC analysis. Samples were stored 
at 4 °C before analysis.

Methanol vortex extraction
For analytic purposes, a quick methanol vortex extraction method was designed for 
extraction of deoxypodophyllotoxin from A. sylvestris roots. Ten mL of methanol were 
added to 1 g of plant material. The sample was vortexed for 30 s on a Heidolph Reax top, 
at 2500 rpm (Heidolph), followed by 10 min of centrifugation (2900 g and 4 °C) to separate 
the supernatant from the solid fraction. This extraction was repeated four times. The first 
three supernatants were pooled and the volume was adjusted to 50 mL in volumetric 
flasks. The fourth supernatant was kept separate and the volume was adjusted to 25 mL 
in a volumetric flask. The deoxypodophyllotoxin concentration was determined by HPLC 
analysis. Samples were stored at 4 °C before analysis.

Sonication
Deoxypodophyllotoxin has been extracted by sonication as described previously9. Briefly, 
100 mg of dried plant material were weighed into a Sovirel tube. The sample was sonicated 
for 1 h in a Brandson 5210 ultrasonic bath (Boom B. V.) after the addition of 2 mL 80 % of 
methanol. Subsequently, 4 mL of dichloromethane and 4 mL of water were added. The 
mixture was vortexed and centrifuged (1000 g, 5 min). The organic layer was transferred 
to Eppendorf tubes and dried overnight in the fume hood and dissolved in 2 mL of 
methanol (volumetric flask). The amount of deoxypodophyllotoxin was determined by 
HPLC. Samples were stored at 4 °C before analysis.

Assessment of deoxypodophyllotoxin amount by HPLC
The amount of deoxypodophyllotoxin was analyzed by HPLC as previously described19, 
with some modifications. A Shimadzu-VP system was used, consisting of an LC-10AT 
pump, SIL-20A autosampler, and diode array detector SPD-M10A. A Zorbax Eclipse 
XDB-C18 column (4.6x 150 mm; 5 µm; Agilent) and an Eclipse XDB-C18 guard column 
containing cartridges (4.6 id. x12.5 mm, 5 µm; Agilent) were used for the analysis. The 
mobile phase consisted of water/acetonitrile (95:5) (A) and acetonitrile/water (95:5) (B), 
both supplemented with 0.1 % formic acid and 2 mM ammonium formate. The elution flow 
rate was 1 mL/min and the column temperature was held constant at 25 °C. The injection 
volume for the standard and extracts was 20 µL. A gradient program was performed that 
consisted of gradient buffer A-B: 10 min 70:30 (v/v) isocratic; gradient 8 min 50:50 (v/v); 
gradient 7 min 10:90 (v/v); 5 min 10:90 (v/v) isocratic; gradient 5 min 70:30 (v/v); 5 min 
70:30 (v/v) isocratic. The HPLC method was able to separate deoxypodophyllotoxin from 
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the other compounds. The extracts were diluted in methanol (see Extraction section) to 
obtain deoxypodophyllotoxin concentrations within the range of the calibration curve. 
The procedure was validated according to ICH guidelines20. Evaluation of linearity, limit 
of detection (LOD), limit of quantification (LOQ), precision, and accuracy are presented 
in Suppl. Table 1. 

Identification of deoxypodophyllotoxin by LC-ESI-MS/MS
The presence of deoxypodophyllotoxin and related lignans in the extracts was confirmed 
by LC-ESI-MS/MS. The analysis was performed using a Shimadzu LC system consisting of 
2 LC-20AD gradient pumps and a SIL-20AC autosampler. The LC system was coupled to 
an API 3000 triple quadrupole mass spectrometer (Applied Biosystems/MDS Sciex) via 
a TurboIonSpray source. Data were collected and analyzed by Analyst 1.5.2 acquisition 
software (Applied Biosystems/MDS Sciex). An Alltima C18 (Grace Davison) narrow-bore 
guard column (2.1 x 150 mm, 5 µm) was used. Buffers and the gradient program were 
the same as for HPLC analysis. The ionization was performed by electrospray in the 
positive mode [(M + NH4)+ adduct ions]. The source temperature was set to 450 °C. The 
instrument was operated with an ionspray voltage of 5.2 kV. Nitrogen was used for both 
the curtain gas and nebulizing gas. Full scan mass spectra were acquired at a scan rate 
of 1 scan / 4 sec with a scan range of 100-1400 amu and a step size of 0.1 amu. 

Analysis of cell cycle by flow cytometry
Cell cycle arrest was studied in A549 and HeLa cells by fluorescence-activated cell sorting 
(FACS). A549 cells were cultivated in DMEM/F12 media and HeLa cells in DMEM media. 
Both media were supplemented with 10 % fetal calf serum, 100 units/mL penicillin, 
and 100 µg/mL streptomycin. The cell lines were cultivated in a humidified incubator at 
37 °C containing 5 % CO2. One million cells were seeded in 6-well plates and treated with 
different concentrations of SC-CO2 extract, pure deoxypodophyllotoxin, or etoposide (0, 
0.1, 0.5, 1, and 10 µM) for 24 h. Cells were fixated in 70 % ice-cold ethanol and stained 
in 300 µL propidium iodide solution [1 % (v/v) Triton X-100, 200 µg/mL RNase A, and 20 
µg/mL propidium iodide]. The DNA contents of 20,000 events were measured by flow 
cytometer (Becton Dickinson). Histograms were analyzed using Modfit LT 4.1 software.

Statistics
Statistical analysis was performed with SPSS 23 software. Comparative statistical analysis 
of the groups was performed using Studentʼs t-test (n = 6). The lines in Figs. 2 and 5 
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represent the mean. The values in the text are reported as the mean ± SD. P values < 0.05 
were considered significant.

Results and Discussion

An initial experiment showed that deoxypodophyllotoxin can be extracted in the absence 
of solvents from A. sylvestris by SC-CO2. Subsequently, the parameters for supercritical 
carbon dioxide as described in the Methods section were altered in a systematic fashion 
to investigate the most efficient extraction of deoxypodophyllotoxin from A. sylvestris 
roots. A factorial design approach was deployed to find the combination with the highest 
deoxypodophyllotoxin yield. Deoxypodophyllotoxin yields at a pressure of 175 bar were 
20 % higher than at 100 bar and more reproducible than at 250 bar. Therefore, 175 
bar was set as the standard. Extractions for 1 h at 40, 60, and 80 °C yielded comparable 
amounts of deoxypodophyllotoxin (Fig. 2). In total,  1.6 ± 0.3 mg/g deoxypodophyllotoxin 
was extracted at 40 °C, 2.0 ± 0.3 mg/g at 60 °C, and 1.7 ± 0.3 mg/g at 80 °C. To test for 
residual deoxypodophyllotoxin in the plant material after extraction at 60 °C, a sequential 
extraction on the same plant residue was performed by SC-CO2 (1 h  at 60 °C), followed 
by Soxhlet extraction (2 x 1 h).  The SC-CO2 extraction yielded an additional 0.5 ± 0.1 mg/g 
and the Soxhlet extraction 0.7 ± 0.06 mg/g (Suppl. Fig. 4). Therefore, we calculate that 2.5 
± 0.4 mg/g deoxypodophyllotoxin was extracted at 60 °C after 2× 1 h extraction at 175 bar 
by SC-CO2. Approximately 20-25 % of deoxypodophyllotoxin remains in the plant material, 
which can be extracted by Soxhlet extraction. The presence of deoxypodophyllotoxin 
in the extracts was confirmed by LC-ESI-MS/MS analysis (fragment ions of m/z 231 and 
m/z 187)21. 

The next question was whether the SC-CO2 extract from A. sylvestris was biologically active. 
Deoxypodophyllotoxin binds to tubulin and prevents microtubule assembly resulting in 
cell cycle arrest at the G2/M phase, which can be analyzed by FACS analysis of propidium 
iodide-stained cells22. We treated lung epithelial cells (A549) and cervix epithelial cells 
(HeLa) with SC-CO2 extract, pure A. sylvestris deoxypodophyllotoxin and etoposide (a 
deoxypodophyllotoxin-derived drug). Etoposide blocks the cell cycle in the late S or 
early G2 phase of the cell cycles by inhibition of DNA topoisomerase II23, and is used, for 
example, in the treatment of small lung cancer24. After 24 h treatment, SC-CO2 extract 
containing 0.5 µM deoxypodophyllotoxin, increased the percentage of cells in the G2/M 
phase from 9.4 to 70.4 % in A549 cells (Fig. 3). This increase is comparable to the one 
obtained with 0.5 µM pure deoxypodophyllotoxin (70.7 %), confirming that the extracted 
deoxypodophyllotoxin is active (Fig. 4). It is noteworthy that the effect of etoposide was less 
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pronounced as the percentage of G2/M phase cells reached only 46.4 % after treatment 
with the high concentration of 10 µM etoposide (Fig. 4). The same trend was observed 
for HeLa cells (Suppl. Fig. 5). These findings show that extract from SC-CO2 extraction is 
capable of arresting cells in the G2/M phase of the cell cycle in a dose-dependent manner 
that correlates well with the dose-response curve of pure deoxypodophyllotoxin. This 
suggests that deoxypodophyllotoxin accounts for the cytotoxic activity of the SC-CO2 

extract, which is in concert with the findings using methanolic extracts of A. sylvestris22. 
The high activity on cell cycle arrest by pure deoxypodophyllotoxin is in accordance to 
literature values22,25. Interestingly, at similar concentrations, the clinically used etoposide 
was much less potent in obtaining arrest in the G2/M phase. The difference in the action 
mechanism, topoisomerase inhibition for etoposide versus tubulin destabilization for 
deoxypodophyllotoxin, might be responsible for this26. 

FIGURE 2. Extraction yields of deoxypodophyllotoxin by SC-CO2 extraction. 

Anthriscus sylvestris roots were extracted at 175 bar for 1 hour at 40 °C (□), 60 °C (△) or 80 °C (▽). The values 
have been corrected for dilutions and calculated back to dry weight of the initial plants (n = 6)
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In order to assess the new extraction method, we have compared (i) the solvent-free 
SC-CO2 extraction method to (ii) the Soxhlet, (iii) a methanol vortex extraction, and (iv) a 
sonication method. The deoxypodophyllotoxin absolute yields for the SC-CO2 method 
were compared to the other methods (Fig. 5). As mentioned earlier, the yield of SC-CO2 

extraction at 175 bar after  2× 1 h  is 2.5 ± 0.4 mg/g (i). Deoxypodophyllotoxin extracted 
by Soxhlet extraction (ii) yielded 3.2 ± 0.5 mg/g after two rounds of extraction. The new 
analytical methanol vortex extraction method (iii) after extraction three times gave a yield 
of 2.8 ± 0.3 mg/g. Extraction by sonication (iv) yielded 3.1 ± 0.4 mg/g deoxypodophyllotoxin. 
An additional round of extraction did not result in higher yields for any of the methods. 
Significantly more deoxypodophyllotoxin was extracted by Soxhlet (p value = 0.012) and 
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FIGURE 3. Cell cycle arrest of A549 cells treated with SC-CO2 extract. 

A549 cells were treated with SC-CO2 extract, containing 0 (A), 0.1 (B) or 0.5 µM (C) deoxypodophyllotoxin, for 
24 hours. FACS was used as method of analysis
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FIGURE 5. Comparison of deoxypodophyllotoxin extraction yields by various extraction methods. 

The extraction yields of SC-CO2 (△), Soxhlet (□), methanol vortex (MeOH, ▽) and sonication (○) were compared. 
The values have been corrected for dilutions and calculated back to dry weight of the initial plants (n = 6). P value 
< 0.05, Student’s t-test

FIGURE 4. Cell cycle arrest of A549 cells in the G2/M phase after 24h treatment. 

Cells were treated with SC-CO2 extract containing 0, 0.1, 0.5, 1 or 10 µM deoxypodophyllotoxin or with pure 
deoxypodophyllotoxin or etoposide (n = 1)
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sonication (p value = 0.023) than by SC-CO2 extraction. The yield of the methanol vortex 
extraction was not significantly different from the yields obtained with the other methods. 
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→ FIGURE 6. HPLC profiles of Anthriscus sylvestris root extracted by various extraction methods.

The four extraction methods were SC-CO2, Soxhlet, methanol vortex and sonication (top to bottom). HPLC 
chromatograms were analyzed at 289 nm. The components were identified by LC-ESI-MS/MS (Table 1). The 
encircled peaks represent polar components that were only extracted by Soxhlet and methanol-vortex method

Apart from absolute yield, we also looked at the cleanness of the HPLC profiles. Additional 
polar plant components were observed with the Soxhlet (ii) and methanol vortex methods 
(iii) (encircled peaks in Fig. 6). These peaks were absent from the HPLC chromatogram of 
the SC-CO2 (i) and sonication (iv) method. This study shows that deoxypodophyllotoxin 
can be extracted from A. sylvestris by SC-CO2 extraction in a reasonable yield, as around 
75-80 % of the deoxypodophyllotoxin was recovered. Furthermore, the HPLC profile of 
the SC-CO2 extraction is cleaner than that of the Soxhlet extraction. This is caused by 
the absence of polar components, which will not be extracted by SC-CO2 extraction and 
therefore remain in the plant residue. In contrast, these polar components are extracted 
in the Soxhlet and methanol-vortex methods, as observed in the HPLC chromatograms 
where they are eluted with the front of the solvent peak. This suggests that the SC-CO2 (i) 
and sonication (iv) methods could be more selective. Furthermore, the removal of CO2 in 
a gaseous state reduces the volume in further downstream processes. 

LC-ESI-MS/MS analysis confirmed the presence of six lignans in all of the extracts:  
isopicropodophyllone (1), podophyllotoxone (2), deoxypodophyllotoxin (3), yatein (4), 
anhydropodorhizol (5), and angeloyl podophyllotoxin (6) (Table 1, Fig. 6, and Suppl. Fig. 6). 
Additionally,  the  compounds  anthriscrusin  (7),  and 2-methyl-4-[[(2Z)-2-methyl-1-oxo-2-
buten-1-yl]oxy]-,(2E)-3-(7-methoxy-1,3-benzodioxol-5-yl)-2-propen-1yl ester, 2(Z)-2-butenoic 
acid (8) were detected  (Table 1, Fig. 6, and Suppl. Fig. 6). Identification of the peaks was 
based on the data of Hendrawati et al. and Koulman et al.9,21. In all four extracts, the 
fingerprint of these peaks was similar, indicating that all extraction methods are equally 
capable of extracting lignans present in A. sylvestris roots. The lignans found in this study 
are structurally related to deoxypodophyllotoxin. The main lignan peaks found were 
deoxypodophyllotoxin (3) and anhydropodorhizol (5) (peak area, Fig. 6). Anhydropodorhizol 
is structurally linked to yatein, which is a precursor of deoxypodophyllotoxin27,28. Therefore, 
it could be of interest to increase the deoxypodophyllotoxin yields by pathway engineering 
aimed at converting anhydropodorhizol to deoxypodophyllotoxin29.
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Deoxypodophyllotoxin is a precursor of podophyllotoxin, which can be converted to 
the pharmaceutically important anticancer drugs etoposide and teniposide. Since the 
natural source of podophyllotoxin, P. hexandrum, is endangered in its native habitat, we 
were interested in the extraction of deoxypodophyllotoxin from A. sylvestris. The SC-CO2 

extraction method has been used to extract lignans from various plant material and 
components from root material, but has not been described yet for the extraction of 
deoxypodophyllotoxin from A. sylvestris. Furthermore, deoxypodophyllotoxin has not 
been extracted before from a plant without the addition of a cosolvent. We showed that 
low volume and deoxypodophyllotoxin-enriched A. sylvestris extracts can be obtained 
by SC-CO2 extraction. The SC-CO2 method can be scaled up for industrial application, 
which has already been done for the decaffeination of coffee and tea30. Therefore, the 
SC-CO2 method has the potential to be used in the future for large-scale extraction of 
deoxypodophyllotoxin from A. sylvestris. A quick methanol vortex extraction method was 
developed, which can be used for quantification of the deoxypodophyllotoxin content in 
A. sylvestris roots. This can be convenient for plant breeding programs of A. sylvestris aimed at 
higher deoxypodophyllotoxin production yields. Taken together,  this research underscores 
the importance of A. sylvestris as a novel source for anticancer drugs. Although, further 
research is necessary to determine if A. sylvestris can become a cash crop for farmers.

Nr. Compound MW Quasi-molecular ions 
[M+NH4]+ 

Fragment ions

1 Isopicropodophyllone 412 430 245, 201

2 Podophyllotoxone 412 430 245, 201

3 Deoxypodophyllotoxin 398 416 231, 187

4 Yatein 400 418 223, 181

5 Anhydropodorhizol 398 416 231, 135

6 Angeloyl podophyllotoxin 496 514 397, 313, 229

7 Anthriscrusin 388 406 191

8 2-methyl-4-[[(2Z)-2-methyl-1-oxo-2-buten-
1-yl]oxy]-,(2E)-3-(7-methoxy-1,3-benzodioxol-
5-yl)-2-propen-1yl ester, 2(Z)-2-butenoic acid

388 406 191

TABLE 1. Overview of components found in Anthriscus sylvestris roots extracts.

Compound 1-5, 7 and 8 were identified by Multiple Reaction Monitoring based on the data of Hendrawati and 
coworkers21. Compound 6 was identified by Product Ion Scan and compared to data of Koulman and coworkers9
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Parameter Deoxypodophyllotoxin

Correlation coefficient (R2) >0.999

Linearity range (µg/mL) 5 - 320

LOD (µg/mL) 0.04

LOQ (µg/mL) 0.15

Precision (%)

     -     intra-daya 1.2

     -     inter-dayb 1.2

Accuracyc (%)

     -     high spice 89.1 ± 2.8

     -     medium spike 91.7 ± 0.5

     -     low spike 92.7 ± 0.3

SUPPLEMENTARY TABLE 1. Summarized HPLC method validation data.

Supplementary Results

aStandard deviation within one day based on deoxypodophyllotoxin concentration (n=6), bstandard deviation over 
two days based on deoxypodophyllotoxin concentration (n=2x 6), cexpressed as recovery rate in percent (n=3)
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SUPPLEMENTARY FIGURE 1. Total ion current chromatogram of deoxypodophyllotoxin extracted at 

the Department of Chemical and Pharmaceutical Biology.

In
te

ns
ity

 (c
ps

)

Time (min)
2 4 6 8 2422201816141210 363432302826

5.9e6
5.6e6

5.2e6

4.8e6

4.4e6

4.0e6

3.6e6

3.2e6

2.8e6

2.4e6

2.0e6

1.6e6

1.2e6

8.0e5

4.0e5



Chapter 4

90

SUPPLEMENTARY FIGURE 2. Total ion current chromatogram of deoxypodophyllotoxin obtained from 

Toronto Research Chemicals.

SUPPLEMENTARY FIGURE 3. Schematic drawing of supercritical carbon dioxide extraction apparatus 
for extraction of deoxypodophyllotoxin from Anthriscus sylvestris roots.
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SUPPLEMENTARY FIGURE 4. HPLC profile of Soxhlet extract of SC-CO2 extracted Anthriscus sylvestris roots.

SUPPLEMENTARY FIGURE 5. Cell cycle arrest of HeLa cells in the G2/M phase after 24 h treatment.

Cells are treated with SC-CO2 extract containing 0, 0.1, 0.5, 1 or 10 µM deoxypodophyllotoxin or with pure 
deoxypodophyllotoxin or etoposide (n = 1)
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SUPPLEMENTARY FIGURE 6. Chemical structures of identified components in the root extract of Anthriscus 

sylvestris.
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Abstract

The usage of disposable bioreactors to produce pharmaceutical relevant secondary plant 
metabolites is increasing. We developed an inexpensive bioreactor with integrated non-
invasive, reliable and easy to use sensor system. In this study, an optical oxygen sensitive 
coating is integrated in the wall material that enables oxygen measurements at every 
spot in the disposable bioreactor. The suitability of the disposable bioreactor system was 
evaluated by cultivation of various plant cultures. Mucuna pruriens cell suspension culture 
showed good growth and no signs of toxicity from the bioreactor material. Furthermore, 
L-DOPA production in the disposable bioreactor system seemed comparable to the 
production in traditionally used Erlenmeyer flasks. Additionally, deoxypodophyllotoxin 
producing Anthriscus sylvestris root cultures were regenerated in the disposable bioreactor. 
These root cultures produce deoxypodophyllotoxin and showed visual growth, which is 
the first report on productive root cultures of A. sylvestris. 

Keywords

Optical sensor technology, fluorescence, Mucuna pruriens, L-DOPA,  
Anthriscus sylvestris, deoxypodophyllotoxin
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Introduction 

Plants produce a wide range of secondary metabolites, which are a valuable source 
for pharmaceuticals. Producing metabolites by plant cultures ensures controlled and 
reproducible cultivation conditions independent from geographical and climatic factors1. 
The increased interest in cultivating plant tissue cultures in bioreactors has resulted in 
the development of disposable bioreactors as an alternative to the traditional glass or 
stainless steel bioreactors2. There are many advantages of using disposable bioreactors, 
such as improved flexibility of the process, reduction of cross-contamination, downtime 
and capital costs3–7. Disposable bioreactors have been used to produce pharmaceuticals 
from transgenic cell cultures, such as the US Food and Drug Administration approved 
production of Taliglucerase alfa for the treatment of Gaucher’s disease8,9. This opened 
the road for production of pharmaceuticals or its precursors through (transgenic) in vitro 
cultures in disposable bioreactors. 

The development of disposable bioreactors was followed by the development of sensors 
that are cheap, noninvasive and enable simple and quick monitoring of important 
parameters for plant growth, such as temperature, oxygen and cell density10.  One of 
the techniques for monitoring oxygen levels is optical sensor technology, which has the 
additional advantages that the measurement does not disturb electromagnetic fields 
nor consumes oxygen10–12. It relies on the reversibly and quantitatively quenching of the 
fluorescence signal, either by oxygen directly or via an intermediate species, such as a 
fluorescent dye13. These dyes can be stabilized by immobilizing them into a gas permeable 
polymer matrix14. For example, by integration in a patch attached to the outside of a 
disposable bioreactor15. 

Various bioreactor types, such as the mechanically driven wave-mixed or stirred reactors 
and the pneumatically driven bubble column and gas-phase bioreactors have been used for 
cultivating in vitro cultures2,16–18. In order to minimize mechanical stress we chose the wave-
mixed driven system. We verified the growth characteristics of L-DOPA producing Mucuna 
pruriens cell culture and deoxypodophyllotoxin producing Anthriscus sylvestris roots to 
determine the quality of our disposable bioreactor system. The pharmaceutically important 
neurotransmitter L-DOPA (L-3,4-dihydroxyphenylalanine) has been used as a drug for 
Parkinson’s disease since the 1960s and can be produced by M. pruriens cell suspension 
cultures19. We developed in the past Mucuna cell suspension cultures that can produced 
endogenous L-DOPA with a content up to 2 %, on a dry weight basis20. The optimal growth 
medium has been determined and the growth characteristics are well-known in our 
laboratory; therefore, this cell suspension culture can be used to validate the disposable 
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bioreactor system compared to the traditionally used Erlenmeyer flasks. Furthermore, of 
interest would be the cultivation of more complex cultures in our disposable bioreactor, 
such as root cultures. The pharmaceutically important anticancer drug etoposide is 
semi-synthetically produced from podophyllotoxin that accumulates in the roots of 
the endangered Podophyllum hexandrum21. Its, precursor deoxypodophyllotoxin can 
be obtained from the roots of A. sylvestris22,23. Whether A. sylvestris roots cultures can be 
generated and if they produce deoxypodophyllotoxin has not been reported up to now.  

In this study, we report a novel type of wave-mixed bioreactor with integrated oxygen sensor 
system that enables oxygen concentration measurements at every spot in the bioreactor. 
The system is easy to scale-up and can be used for the cultivation of cell suspension and 
root cultures. Furthermore, deoxypodophyllotoxin producing A. sylvestris root cultures 
were regenerated and we could expand them in our bioreactor system. 

Material and Methods

Chemicals
Murashige & Skoog medium (MS), Gamborg B5 vitamin mixture, plant-agar, indole-3-acetic 
acid (IAA, > 99.0 %), indole-3-butyric acid (IBA, > 98.0 %), 6-benzylaminopurine (6-BAP, 
> 99 %), zeatin riboside (> 97 %) and sucrose (> 99.7 %) were purchased from Duchefa, 
Haarlem, the Netherlands. Technical methanol (98.5 % (v/v)) and acetonitrile (≥ 99.8 % 
(v/v)) were purchased from VWR, Fontenay-Sous-Boris, France. Formic acid (98-100 %), 
di-potassium hydrogen phosphate trihydrate (≥ 99.0 %) and phosphoric acid (85 %) were 
purchased from Merck, Darmstadt, Germany. Other chemicals used were ammonium 
formate (> 97 % (v/v), Sigma Aldrich, St. Louis, USA), methanol absolute AR (99.8 % (v/v), 
Biosolve, Valkenswaard, the Netherlands) and the reference compounds L-DOPA (≥ 98 %, 
Sigma Aldrich, St. Louis, USA) and deoxypodophyllotoxin (> 98 % pure). The latter was 
isolated from A. sylvestris at the Department of Chemical and Pharmaceutical Biology, 
Groningen, the Netherlands22. 

Disposable bioreactor
In collaboration with Fytagoras B.V. and Sylvaphane Plastics B.V. a disposable bioreactor 
with integrated fluorescent dye as an oxygen sensitive coating was designed. The dis-
posable bioreactor consists of multiple layers of recyclable polyethylene (PE) plastic: a gas 
permeable inner layer containing the oxygen sensitive coating, and a non-gas permeable 
outer layer (Fig. 1). The outer layer was laminated in order to render it non-gas permeable. 
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FIGURE 1. Schematic drawing of cross-section of the disposable bioreactor. 

The inner layer (dashed line) consists of an oxygen sensitive coating containing a fluorescence dye (●) imbedded 
into a gas-permeable transparent PE. The outer layer consists of transparent PE (solid black line) and transparent 
or white PE (grey solid line). Two filters are connected to the disposable bioreactor where mentioned in the 
text, these are the inlet and outlet for medical grade oxygen

The coating of the inner layer contains an oxygen-sensitive fluorescent dye Tris-Ru2+-4,7-
biphenyl-1,10-phenalthroline, where the amount of fluorescence and the fluorescence 
lifetime are depending on the oxygen concentration in the medium14. The performance 
of the oxygen-sensitive coating was determined by measuring the fluorescence intensity 
decay up to atmospheric oxygen levels (0 – 21 % oxygen). The fluorescence decay obeys 
the linear Stern-Volmer relationship (I0/I). The oxygen levels were varied by mixing nitrogen 
and compressed oxygen in the required quantities and introducing this to the disposable 
bioreactor. 

Cultivation of Mucuna pruriens cell suspension cultures
M. pruriens cell suspension cultures were cultivated, as described earlier by our laboratory19, 
in a climate-controlled room (25 °C) in autoclaved MS suspension medium (pH 5.9) 
containing 1.0 mg/L IAA, 1.0 mg/L 6-BAP and 40 g/L sucrose. Cell suspension cultures 
were cultivated in Erlenmeyer flasks (300 mL) and disposable bioreactors (1 L). Cultures 
were orbital shaken at 110 rpm under continuous illumination (1000 lux). Each day, 
medical grade oxygen was added to the disposable bioreactor for 1 hour to supply 
enough oxygen to the cells.

Regeneration and cultivation of Anthriscus sylvestris root cultures
A. sylvestris callus regenerated as described earlier by our laboratory24, was used for 
generation of the root cultures. Callus was transferred to solid medium composed of 
autoclaved Gamborg’s B5 salts and vitamins (pH 5.7) supplemented with 2.0 mg/L zeatin 
riboside, 1.0 mg/L IBA, 40 g/L sucrose and 8 g/L agar. Regenerated shoots were transferred 
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inner compartment
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coating transparent 
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into plates with rooting medium. The rooting medium contained Gamborg’s B5 salts and 
vitamins (pH 5.7) supplemented with 10 g/L sucrose. No growth regulators were added. 
After root formation a root segment measuring about 2 cm in length was transferred 
to liquid rooting medium in Erlenmeyer flasks. Growth of roots was only observed upon 
incubation in the dark. The root cultures were cultivated in a climate-controlled room 
(25 °C) under orbital shaking at 70 ppm and medium was refreshed every four weeks. 
For extraction, roots were collected and dried untill constant weight at 40 °C. Roots were 
ground with a pestle and mortar.

Extraction of L-DOPA from Mucuna pruriens cell suspension cultures
L-DOPA was extracted as described previously with some modifications19. Briefly, formic 
acid (0.5 mL of 2 % solution) was added to 15 mL cell suspension. The mixture was 
ground in an Ultra-Turrax (IKA, Staufen, Germany) for 15 min on ice. The supernatant 
was collected after centrifugation (10 min, 2900 g, 4 °C) and the L-DOPA concentration 
was directly determined by high-performance liquid chromatography (HPLC) analysis. 

Extraction of deoxypodophyllotoxin from Anthriscus sylvestris root cultures
Deoxypodophyllotoxin was extracted as described previously with some modifications23. 
Briefly, methanol (10 mL) was added to the plant material. The sample was vortexed for 
thirty seconds on a Heidolph Reax top, at 2500 rpm (Heidolph, Essex, UK). The supernatant 
was collected after centrifugation (10 min, 2900 g, 4 °C). The root material was extracted 
for an additional five rounds. The supernatants were pooled and concentrated by rotary 
evaporation. The samples were transferred to 5 mL volumetric flasks and the volume 
was adjusted with methanol. The deoxypodophyllotoxin concentration was determined 
directly by HPLC analysis.

Assessment of L-DOPA and deoxypodophyllotoxin amounts by HPLC 
The amounts of L-DOPA and deoxypodophyllotoxin were analyzed by HPLC. A Shimadzu-VP 
system (Shimadzu, ‘s-Hertogenbosch, the Netherlands) was used, consisting of a LC-10AT 
pump, a SIL-20A auto sampler, a diode array detector SPD-M10A. The elution flow rate 
was 1 mL/min and the column temperature was held constant at 25 °C.

L-DOPA
A Synergy Hydro-RP column (4.6x 150mm; 4µm, Phenomenex, Torrance, USA) and a 
Hydro-RP security guard column (AJ0-7511, Phenomenex) were used for L-DOPA analysis. 
The method for catecholamine separation on Synergy Hydro-RP by Phenomenex was used. 
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In brief, the mobile phase was 20 mM potassium phosphate (K2HPO4) in water, acidified 
to pH 2.5 with phosphoric acid. A calibration curve was used to determine the amount 
of L-DOPA (10 – 100 µg/mL, correlation coefficients > 0.998) in the samples, which was 
detected at a wavelength of 210 nm.
 
Deoxypodophyllotoxin
Deoxypodophyllotoxin content was determined as described before23. A Zorbax Eclipse 
XDB-C18 column (4.6x 150 mm; 5μm, Agilent, Santa Clara, USA) and an Eclipse XDB-C18 
guard column containing cartridges (4.6 id. X 12.5 mm, 5μm, Agilent, Santa Clara, USA) 
were used for deoxypodophyllotoxin analysis. The mobile phase A [water : acetonitrile 
(95:5)] and B [acetonitrile : water (95:5)], were both supplemented with 0.1 % formic acid 
and 2 mM ammonium formate. A gradient program of 40 min was used consisting of A-B: 
10 min 70:30 (v/v) isocratic; gradient 8 min to 50:50 (v/v); gradient 7 min to 10:90 (v/v); 5 min 
10:90 (v/v) isocratic; gradient 5 min to 70:30 (v/v); and equilibration of the LC column with 
5 min 70:30 (v/v) isocratic elution prior to the next analysis. A calibration curve was used 
to determine the amount of deoxypodophyllotoxin (5-80 µg/mL, correlation coefficients 
> 0.999) in the samples, which was detected at a wavelength of 289 nm.

Results

Optimization of oxygen measurements in the disposable bioreactor
To measure the oxygen levels inside the disposable bioreactor, an oxygen sensitive 
coating containing a fluorescent dye was imbedded into the gas-permeable transparent 
PE inner layer. This layer was surrounded by an air- and watertight PE outer layer (Fig.1). 
First, the relationship between fluorescence ratio (I0/I) and oxygen concentration was 
determined in gas-filled bags up to atmospheric oxygen level (21 %). Gas containing a 
certain oxygen concentration (N2 gas mixed with compressed air) was purged through 
the bag. The first-generation bags, containing only transparent outer layer, showed an 
increase of the fluorescence ratio of 0.05 per 1 % oxygen added (∆ fluorescence) in gas-
filled bags. However, these bags were incapable of differentiating various oxygen levels in 
medium-filled bags. In the experimental set-up for the gas-filled bags a white background 
was used, which reflected the fluorescent signal back to the measuring device to increase 
the sensitivity of the measurement. This does not happen in medium-filled bags as the 
fluorescence signal was scattered by the medium. This issue was solved by incorporating a 
white outer layer at one side of the bioreactor in the second-generation bags as depicted 
in Fig. 1. In this second-generation bags a ∆ fluorescence of 0.11 was achieved, which was 
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FIGURE 2. Fluorescence intensity ratio (I0/I) plotted against oxygen concentration in a disposable 

bioreactor. 

A) Ratio in air for a disposable bioreactor with completely transparent outer layer (●, first-generation) and partly 
transparent and partly white outer layer (■, second-generation) was determined. The oxygen concentration 
was varied from 0 -  21 % by mixing of N2 gas and compressed air in certain quantities. The standard deviation 
for the measurement was < 1.5 % between separate experiments (n=3). B) Ratio in disposable bioreactor 
(second-generation) filled with medium. The ratio was measured in time, starting from 0 % oxygen (N2 gas) and 
increased finally to 21 % by flushing with compressed air

2.3-fold higher as for the first-generation bags (Fig. 2A). Furthermore, a linear relationship 
was observed between 0 and 21 % oxygen in medium-filled bags (Fig. 2B).

Cultivation of Mucuna pruriens cell suspension culture in disposable 
bioreactor
The suitability to grow plant cultures in the disposable bioreactor was investigated with 
a model M. pruriens cell suspension culture. First, we assessed whether the PE material 
with the oxygen sensitive coating was toxic for the cells. The cultures were cultivated in 
Erlenmeyer flasks in the presence or absence of beads of gas-permeable PE, which would 
be in contact with the cell suspension culture during cultivation in the disposable bioreactor. 
The growth characteristics and L-DOPA production of M. pruriens were not affected by 
the presence of the disposable bioreactor material as beads. The lack of toxicity of the 
disposable bioreactor material was further evaluated by incubating M. pruriens cells with 
the gas-permeable PE layer of 10 and 20 cm2 area containing the oxygen-sensitive coating. 
Biomass and L-DOPA production in the cultures containing the disposable bioreactor 
material seemed similar to the cultures without the material (Fig. 3). Next, we determined 
if M. pruriens cells and PE material are not aggregating, which can influence the cell viability 
or productivity. After 7 days of cultivation, cells were to some extent attached to the beads. 
This interaction was weak as PBS washing removed the cells from the beads. 
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Finally, M. pruriens cells were cultivated in a disposable bioreactor of the second generation. 
During cultivation the cells became brown indicating cell death. Toxicity of the disposable 
bioreactor material was already eliminated as an issue; therefore, another bottleneck was 
hampering the system, such as insufficient passive aeration by the inlets. When medical 
grade oxygen was added once per day, the cells survived; therefore, we can conclude 
that indeed insufficient aeration was the problem. The L-DOPA production (weight/weight 
(w/w), dry weight) seemed comparable in the disposable bioreactor (5.4 mg/g) and the 
Erlenmeyer flask (4.7 mg/g) after 7 days of cultivation; moreover, observations by eye 
indicated that the culture in the disposable bioreactor was not fully grown yet (Fig. 4). 
Incubation for another 3 days resulted in an increase of biomass by almost 40 %. 

Generation and cultivation of Anthriscus sylvestris root culture 
In nature, most deoxypodophyllotoxin is produced in the roots of A. sylvestris. Therefore, 
we were interested if we could cultivate A. sylvestris root cultures in a disposable bioreactor 
in the absence of light. A. sylvestris root cultures were initiated from regenerated roots by 
introducing the roots in liquid rooting medium in Erlenmeyer flasks. First, we determined 
the increase of root biomass in one month, which was 12 ± 3 mg to 26 ± 9 mg (dry weight, 
n=3). Followed by the deoxypodophyllotoxin content in the roots, which was 11 ± 3 µg/g 
(dry weight, n=4). In the next step, we cultivated the roots in the absence of light in the 
(second-generation) disposable bioreactor, where we observed that numerous new roots 
were formed within a month (white roots, Fig. 5). 

FIGURE 3. Effect of disposable bioreactor material on the biomass and L-DOPA production of Mucuna 

pruriens cell suspension cultures.

 A) Effect of the inner layer of PE on the biomass production normalized to the cultures without PE material B) 
Effect of the inner layer of PE on the L-DOPA production normalized to the cultures without PE material. The 
data represent the mean ± standard deviation (n=2)
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FIGURE 5. Growth of Anthriscus sylvestris root tissue in Erlenmeyer flask and disposable bioreactor. 

Root culture grown in Erlenmeyer flask (A) and disposable bioreactor (B) were followed for 26 days

FIGURE 4. Growth of Mucuna pruriens in Erlenmeyer flask and disposable bioreactor. 

Medical grade oxygen was added every day for 1 hour to supply oxygen to the cells in the disposable bioreactor. 
The biomass was observed by eye at day 1 and 7 for cultivation in Erlenmeyer flask (A) and disposable bioreactor (B)

A
Day 7Day 0
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Discussion

Plants produce a wide range of secondary metabolites, which are a valuable source for 
pharmaceuticals. The increased interest in cultivating plant tissue cultures in disposable 
bioreactors has led to the development of sensors that are cheap, noninvasive and 
enable simple and quick monitoring of important parameters for plant growth10. We 
demonstrated a novel approach to determine oxygen levels in disposable bioreactors by 
integrating an oxygen-sensitive coating in the material of the reactor. The first-generation 
bags consisted of a completely transparent outer layer, which had in gas-filled bags a 
linear oxygen dose-response relationship. However, measuring oxygen concentrations 
in medium-filled bags was more complex. This is caused by scattering of the signal in 
the medium; resulting in insufficient reflection of the signal back to the detector. Next, 
we designed the second-generation bags that had a partly white outer layer. These bags 
showed an improved ∆ fluorescence and had a linear relationship between fluorescence 
ratio and oxygen concentration in medium-filled bags. Our integrated sensor system has 
the ability to measure the oxygen concentration at every spot in the reactor; therefore, 
differences in oxygen concentration can be measured. This is a benefit compared to 
existing systems containing a patch or sample loop15,26. For our disposable bioreactor, the 
production was small-scale and the sealing of the bags and inlets was done manually; the 
sealing alone contributed to 90 % of the production costs. Therefore, future work should 
focus on scaling-up the production to reduce the costs. Furthermore, the oxygen sensor 
should be improved to increase the ∆ fluorescence ratios and the culture system should be 
improved to omit the addition of medicinal oxygen to the system. These improvements will 
result in an economically feasible system for the production of secondary metabolites from 
in vitro cultures; however further techno-economic analysis will be needed to determine 
the break-even point. Additionally, our system can be easily expanded to measure multiple 
parameters, such as pH, cell density and possibly secondary metabolites, by including more 
optical sensors. Effort should be put in sensors that can measure multiple parameters 
simultaneously, such as dissolved oxygen and pH27. 

To determine the suitability of our disposable bioreactor, cell suspension and root 
cultures were cultivated. First, we assessed the growth and production of L-DOPA 
by the easy to handle M. pruriens cell suspension cultures. We showed that L-DOPA 
production levels seemed similar for cells cultivated in our disposable bioreactor system 
and Erlenmeyer flasks. Optimizing the L-DOPA yields from M. pruriens cultivated in our 
disposable bioreactor system was not part of this study as it will be difficult to create a 
commercial market for L-DOPA production as there are other alternatives. So far, L-DOPA 
has mostly been produced through chemical synthesis despite its disadvantages, such 
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as poor conversion rate, low enantioselectivity and usage of harsh operation conditions. 
Therefore, biotechnological approaches, such as microbial fermentation, enzymatic and 
electroenzymatic synthesis have been explored28. For example, recombinant E. coli can 
produce almost 9 g/L L-DOPA in 60 h from the substrate glucose29. When elimination of 
E. coli lipopolysaccharides poses a problem then L-DOPA production via M. pruriens cell 
cultures might be a viable alternative if improvements are made. For example, switching 
to a high L-DOPA producing M. pruriens strain would increase productivity as strains 
accumulating up to 3 times more L-DOPA have been reported19. Additionally, we have 
shaken our cultures orbitally due to accumulation of cells at the area of the filters, although 
the bags were designed as wave-mixed systems. Therefore, we assume the biomass and 
L-DOPA production can be increased when the experimental set-up is improved to allow 
cell movement via the wave/undertow mechanism. Additionally, the addition of medicinal 
oxygen can be omitted when optimal cell culture/air ratios are used.

After validating the system with M. pruriens cell suspension culture, we attempted to 
generate A. sylvestris root cultures and assessed whether deoxypodophyllotoxin was 
produced and subsequently cultivated these roots in our disposable bioreactor. Until 
now, the only in vitro cultures of A. sylvestris reported are cell suspension cultures, which 
produce trace amount of deoxypodophyllotoxin (< 0.001 % w/w, based on dry weight)30. 
This study describes for the first time the generation of deoxypodophyllotoxin producing 
A. sylvestris root cultures. Growth was observed of the roots in the dark in Erlenmeyer flask 
and our disposable bioreactor. The cultivation in the dark is a benefit as it reduces the 
production cost as continuous light is unnecessary10. Although the production is lower than 
in plant roots (0.008 – 1.7 % w/w, based on dry weight)24,25,31, the doubling of the biomass in 
a month is promising. Future research should focus on improvements in the system set-up 
and culturing conditions to increase root formation and deoxypodophyllotoxin production. 
Furthermore, generation of a transgenic A. sylvestris root culture producing podophyllotoxin 
would be of interest as this saves an additional conversion of deoxypodophyllotoxin to 
podophyllotoxin. In the end, the design of the disposable bioreactor and the cultivation 
of A. sylvestris roots should be increased to industrial scale.
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Abstract

Background and aim 
The endangered Podophyllum hexandrum is an important industrial source of podo-
phyllotoxin, which is a precursor for the anticancer drugs etoposide and teniposide. 
Attempts to obtain podophyllotoxin through cell cultures or chemical synthesis have 
still a long way to go before being economical feasible. The objective of this study was to 
increase the root formation and podophyllotoxin production of P. hexandrum cultivated 
in a glasshouse.

Methods 
Root formation and podophyllotoxin production of P. hexandrum in sand or peat-perlite 
soil at 15 °C or 25 °C was determined. Furthermore, the influence of methyl jasmonate 
on the podophyllotoxin production was determined.

Results 
More root formation was observed in peat-perlite soil than in sand soil. Furthermore, root 
formation was higher at 15 °C than at 25 °C. This resulted in the highest podophyllotoxin 
production per plant in peat-perlite at 15 °C (160 ± 22 mg/plant d.w.). Furthermore, 
methyl jasmonate treatment of the leaves increased the podophyllotoxin production 
in the roots by 21 %.

Conclusion
We were able to cultivate P. hexandrum in a glasshouse in the Netherlands and improve 
the root formation and podophyllotoxin production. This paves the way for large-
scale cultivation of P. hexandrum in the temperate latitudes for the production of the 
pharmaceutical interesting podophyllotoxin.

Keywords 

Podophyllum hexandrum, podophyllotoxin, etoposide, soil, temperature,  
methyl jasmonate
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Introduction

The high demand for podophyllotoxin as precursor for the synthesis of important anti-
cancer drugs (etoposide and teniposide) has led to the search for alternative sources1. The 
commercially exploited natural sources of podophyllotoxin are Podophyllum hexandrum 
and Podophyllum peltatum2. Other podophyllotoxin producing plants in this genus are 
Podophyllum sikkimensis and Podophyllum pleianthum3,4. The highest concentration of 
podophyllotoxin was found in P. hexandrum roots, which varies between 0.025 % and 
9.53 % (d.w.) depending on the geographic location5–10. Podophyllotoxin production 
is not restricted to the roots as low amounts of podophyllotoxin (0.003–0.229 % d.w.) 
are also found in P. hexandrum leaves11. Furthermore, several researchers reported 
podophyllotoxin production in the leaves of P. peltatum12–15. The most recent population 
study was by Zheljazkov and coworkers who found up to 2.53 % (d.w.) podophyllotoxin15. 
The leaves of P. peltatum can be an attractive alternative source for podophyllotoxin due 
to its renewable properties.

P. hexandrum is an endangered species according to the Convention of Trade in Endan-
gered Species of Wild Fauna and Flora (https://www.cites.org/eng/app/appendices.
php#hash2), because of its excessive harvesting. Therefore, several researchers focused 
on production of podophyllotoxin by chemical synthesis or in vitro cell cultures. The 
chemical synthesis is difficult due to the presence of four contiguous chiral centers, and 
the presence of a base sensitive trans-lactone moiety16. Therefore, at least five chemical 
synthesis steps are necessary to convert the commercially available bromopiperonal, 
a building block of the GPR30 receptor antagonist17, into podophyllotoxin or epipodo-
phyllotoxin18. As an alternative, podophyllotoxin production in cell suspension cultures has 
been explored. This approach, however, provides a low yield with the highest production 
rate of podophyllotoxin reaching 0.65 % (d.w.)19,20. Until now neither the chemical synthesis 
nor the in vitro production of podophyllotoxin is economically competitive with the 
extraction of podophyllotoxin from P. hexandrum. Therefore, we focused in this study 
on improving the cultivation conditions of P. hexandrum to ensure a sustainable supply 
of P. hexandrum roots for isolation of podophyllotoxin. Until now, most conservation 
studies focused on enhancing seed germination or the propagation / transplantation of 
the plants21,22. However, no research was done on increasing root formation of mature 
plants or increasing podophyllotoxin production in vivo. Several researchers reported that 
the plant morphology and the geographic location, especially the altitude, are important 
factors for podophyllotoxin production4–7,10. Alam and Naik found that high podophyllotoxin 
production was correlated to low pH, high organic content and high nitrogen levels in the 
soil23. Another factor important for the production of podophyllotoxin is temperature as 
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some lignan biosynthesis genes were found to exhibit a higher expression level at 15 °C 
rather than at 25 °C24. Until now, the influence of soil composition and cultivation tem-
perature on podophyllotoxin production in P. hexandrum roots has not been investigated 
in a glasshouse.

Besides cultivation conditions, hormone induction can be used to increase production 
of secondary metabolites. Elicitation of medicinal plant species by jasmonates activates 
transcription factors followed by upregulation of the production of structurally divergent 
secondary metabolites, such as nicotine and artemisinin25. Most elicitation studies have 
been performed on cell suspension and hairy root cultures26–31. Also the podophyllotoxin 
production in P. hexandrum suspension cultures was increased by seven to eight-fold after 
stimulation with methyl jasmonate32. Furthermore, methyl jasmonate treatment is also 
effective in vivo, as treatment of Nicotiana attenuata leaves increased nicotine production 
in the roots33. Whether methyl jasmonate can increase the amount of podophyllotoxin 
in vivo, and whether this effect can be obtained by spraying the leaves, has not been 
reported up to now.

Our aim was to enhance the root formation and podophyllotoxin production in 
P. hexandrum in a glasshouse in the Netherlands to meet the high demand of podo-
phyllotoxin. The influence of soil, temperature and methyl jasmonate was investigated 
in a systematic approach. In order to compare the podophyllotoxin production between 
conditions, a novel quick extraction method was designed.

Materials and Methods

Experimental design
P. hexandrum plants were cultivated under various growth conditions (soil, temperature 
and jasmonate treatment) to investigate root formation and podophyllotoxin production. 
The temperature study was done with 150 plants; 75 plants cultivated at 15 °C and 75 
plants cultivated at 25 °C. The soil study (sand versus peat-perlite) was performed at both 
temperatures with 30 plants for each soil type. Sand and peat-perlite were previously 
described to be successful for P. hexandrum, respectively for the germination of seeds and 
in transplanting of rootlets into soil22,34. For statistical analysis, a factorial design was used 
with three factors: soil, temperature and time. Soil was analyzed at two levels: sand and 
peat-perlite soil; temperature at two levels: 15 °C and 25 °C; and time at three levels: 0, 20 
and 40 days. The podophyllotoxin content was determined per three plants; therefore, 
plant identifiers were included as additional factor in the podophyllotoxin data analysis. 
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The methyl jasmonate study was performed with 75 plants, from which 30 plants were 
treated with methyl jasmonate and 45 plants were treated with water. 

Chemicals
Technical methanol (98.5 % (v/v)) and acetonitrile (99.9 % (v/v)) were purchased from VWR, 
Fontenay-Sous-Boris, France. Podophyllotoxin (≥ 98 % (v/v)), methyl jasmonate (95 % (v/v)) 
and ammonium formate (> 97 % (v/v)) were purchased from Sigma-Aldrich, St. Louis, USA. 
Other chemicals were methanol absolute AR (99.8 % (v/v), Biosolve, Valkenswaard, the 
Netherlands) and formic acid (98-100 % (v/v), Merck, Darmstadt, Germany), peat (Horticoop, 
Klazienaveen, the Netherlands) and perlite (Pull Rhenen, Rhenen, the Netherlands).

Plant cultivation
Two batches of isogenetic P. hexandrum plants were obtained from plant breeder Heutinck 
(Borculo and Gilde, the Netherlands). The first batch contained 150 plants that had been 
grown for 12 to 24 months in Borculo. The second batch contained 75 plants that had 
been grown for 24 months in Gilde. All plants arrived in pots with peat soil enriched by 
addition of calcium and NPK (nitrogen, phosphorous, and potassium) and were stored 
at 7-8 °C in the dark to prevent shoot formation. Plants were cultivated in the glasshouse 
of Proeftuin Ron Peters (Klazienaveen, the Netherlands) in sand soil or peat-perlite soil 
(Suppl. Table 1). The peat and perlite were mixed in a ratio 2:1 (w/w). For every condition 
and time point fifteen plants were randomly harvested.
The soil and temperature study was done with the batch from Borculo (150 plants). 
The plants cultivated at 15 °C were grown in March and April of 2015 and the plants 
cultivated at 25 °C in May and June 2015. The average temperatures were 15 ± 2 °C and 
22 ± 4 °C, respectively, and the average radiation sums were 1158 ± 450 joules/cm2 and 
1554 ± 531 joules/cm2 (Suppl. Table 2). The root biomass and podophyllotoxin content 
of fifteen plants of each temperature group were analyzed at the beginning. The other 
plants were harvested after 20 or 40 days of cultivation.
The batch from Gilde (75 plants) was used for the methyl jasmonate experiment from 
March until April 2015. All plants were first cultivated for 20 days before methyl jasmonate 
treatment; 15 plants were immediately harvested for baseline control, 30 plants were 
sprayed with water (control) and 30 plants were sprayed with 5 L of 1.5 mM methyl 
jasmonate. After nine days, fifteen plants in each group were harvested for analysis. The 
plants in the treatment group were sprayed again for three consecutive days, 5 L 
of 3 mM methyl jasmonate each day. The next day all plants were harvested for analysis.
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Plant processing
Roots were collected from each plant and rinsed with tap water. The roots were dried for 
18 h at 40 °C (Suppl. Table 3). Plant roots were pooled per three plants and ground to 
1 mm size with an MF 10 basic grinder of IKA, 3000 rpm, and stored at room temperature 
in closed containers in the dark.

Extraction of podophyllotoxin from plant roots
The amount of podophyllotoxin in the roots was determined by extraction of podo-
phyllotoxin by two different extraction methods: quick methanol and Soxhlet.

Quick methanol extraction
A quick methanol extraction method was designed to process the large number of 
samples in this study. All extractions were done in triplicate. One gram of plant material 
was weighed and 10 mL methanol was added. The sample was vortexed for thirty seconds 
on a Heidolph Reax top, at 2500 rpm (Heidolph, Essex, UK), and incubated in a 65 °C water 
bath for ten minutes. The sample was centrifuged at 2400 g for ten minutes at 4 °C and 
the supernatant was transferred to a clean tube. This extraction was repeated five times. 
The volume of each extraction was separately adjusted in volumetric flasks, 50 mL for 
the first three extractions and 20 mL for the last three extractions. The podophyllotoxin 
concentration was determined by HPLC analysis. Samples were stored at 4 °C before 
analysis. Podophyllotoxin is stable in the refrigerator at 4 °C for at least three months and 
at 25 °C in the autosampler of the HPLC for at least 30 h.

Soxhlet extraction
The Soxhlet method has been previously used for podophyllotoxin extraction35. Soxhlet 
extraction was done in a Tecator Soxtec System HT2 that consisted of two 1045 extraction 
units connected to one 1046 service unit (Gemini, Apeldoorn, the Netherlands). One gram 
of plant material was weighed and transferred to a cellulose thimble (Fisher Scientific, 
Pittsburgh, USA). The sample was extracted three times for one hour. The first two 
extractions were pooled and the volume was adjusted to 100 mL in a volumetric flask. The 
volume of the third extraction was adjusted to 20 mL. The podophyllotoxin concentration 
was determined by HPLC analysis. Samples were stored at 4 °C before analysis.

Assessment of podophyllotoxin concentration by HPLC
To determine the amount of podophyllotoxin in the extracted samples, HPLC analy-
sis was performed as previously described by Hendrawati and coworkers with some 
modifications36. A Shimadzu-VP system (Shimadzu, ‘s-Hertogenbosch, the Netherlands) 
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was used, consisting of a LC-10AT pump, a SIL-20A auto sampler and a diode array 
detector SPD-M10A. For analysis a Zorbax Eclipse XDB-C18 column (4.6 id. x 150 mm; 5 
μm, Agilent, Santa Clara, USA) and an Eclipse XDB-C18 guard column containing cartridges 
(4.6 id. x 12.5 mm, 5 μm, Agilent, Santa Clara, USA) were used. The mobile phase A was 
[water:acetonitrile (95:5)] and B [acetonitrile:water (95:5)], both supplemented with 0.1 % 
formic acid and 2 mM ammonium formate. The injection volume was 10 µL with a flow 
rate of 1 mL/min using a time program of 40 min consisting of (A:B) 10 min 70:30 (v/v) 
isocratic; gradient 8 min to 50:50 (v/v); gradient 7 min to 10:90 (v/v); 5 min 10:90 (v/v) 
isocratic; gradient 5 min to 70:30 (v/v) and equilibration of the LC column with 5 min 
70:30 (v/v) isocratic elution prior to the next analysis. The column temperature was held 
constant at 25 °C and for detection a wavelength of 289 nm was used. A calibration curve 
was used to determine the podophyllotoxin concentration (10-320 μg/mL, correlation 
coefficients >0.999).

Confirmation of podophyllotoxin by LC-ESI-MS/MS
The presence of podophyllotoxin in the extracted samples was confirmed by LC-ESI-MS/
MS (Suppl. Fig. 1). The analysis was performed using a Shimadzu LC system, consisting of 
two LC-20AD gradient pumps and a SIL-20AC auto sampler. The LC system was coupled 
to an API 3000 triple quadrupole mass spectrometer (Applied Biosystems/MDS Sciex) via 
a TurboIonSpray source. Data were collected and analyzed by Analyst 1.5.2 acquisition 
software (Applied Biosystems/MDS Sciex). The same column, guard column, buffers and 
gradient program were used as for the HPLC analysis. Samples were diluted 50 times and 
20 µL was injected. The ionization was performed by electrospray in the positive mode 
((M+H)+ and/or (M+NH4) adduct ions). The source temperature was set to 450 °C. The 
instrument was operated with an ionspray voltage of 5.2 kV. Nitrogen was used both for 
curtain gas and nebulizing gas. Full scan mass spectra were acquired at a scan rate of 
1 scan/4 sec with a scan range of 100-1300 amu and a step size of 0.1 amu.

Statistics
Statistical analysis was performed with SPSS 23 software and Matlab R2013b. For tem-
perature and soil study, two-way ANOVA was used for significance testing of the root 
biomass and multiple-way ANOVA with plant as nested factor for the podophyllotoxin 
content (mg/g or mg/plant). ANOVA analysis assumes normal distribution and homo-
scedasticity of the residuals. The data were loge transformed before ANOVA analysis. 
Outliers were discarded with 5 % cumulative distribution cut-off for the root biomass data 
and 2.5 % cumulative distribution cut-off for the podophyllotoxin data (two-sided). Factors 
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were considered significant for p-values < 0.05. Bonferroni multiple testing correction was 
performed for post hoc analysis and for the methyl jasmonate study.

Results

Validation of the quick methanol extraction method for podophyllotoxin 
extraction
A novel, quick methanol extraction method was applied in this study to process the 
large number of samples. To validate this method the amount of podophyllotoxin in the 
roots was determined by the traditional Soxhlet extraction method earlier described by 
Gupta and coworkers35. Furthermore, the presence of podophyllotoxin was confirmed 
by LC-ESI-MS/MS. The podophyllotoxin yield after two rounds of methanol extraction 
was 16.0 ± 0.4 mg/g, after three rounds 18.1 ± 0.6 mg/g and after six rounds 19.4 ± 0.5 
mg/g (Table 1). On the contrary, only 18.1 ± 0.7 mg/g was extracted by Soxhlet extraction. 

Extraction method Extraction round Podophyllotoxin (mg/g) 

Methanol (n=4) 1-2 16.0 ± 0.4

3 2.4 ± 0.1

4 0.90 ± 0.02

5 0.35 ± 0.03

6 0.15 ± 0.03

Soxhlet (n=3) 1-2 18.1 ± 0.6

3 ND

TABLE 1. Podophyllotoxin extraction by quick methanol and Soxhlet extraction.

Podophyllotoxin content was determined by HPLC. Values present means ± standard deviation (d.w.). ND: not 
detectable

For the quick methanol extraction method the intraday and interday variation were 
lower than 4 % (Table 2). As the majority of podophyllotoxin was extracted from 
P. hexandrum roots in the first three fractions, the final extraction protocol included 
three consecutive extraction rounds. The quick methanol extraction method is able to 
extract podophyllotoxin from P. hexandrum roots in high quantities. Moreover, this method 
uses less solvent and is quicker, easier and more suitable to extract multiple samples 
simultaneously than the Soxhlet extraction method.
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Influence of soil and temperature on root formation and podophyllotoxin 
production
Root formation and podophyllotoxin production of P. hexandrum roots cultivated in 
a glasshouse were determined for two soil types and two temperatures. Soil type, 
temperature and cultivation time have effect on the root formation as shown by two-way 
ANOVA (Fig. 1A, Table 3). After 20 days of cultivation no increase in biomass was observed; 
therefore, we focused on the effect of soil and temperature after 40 days of cultivation 
(Fig. 1A, Table 4). Soil has an effect on root biomass production. In peat-perlite soil (7 ± 
2 g d.w.) higher root biomass was observed than in sand soil (4 ± 2 g d.w.) for cultivation 
at 25 °C. No differences were observed at 15 °C. Furthermore, after 80 days of cultivation 
the average root weight was increased three times more on peat-perlite soil (13 ± 2 g) 
than on sand soil (3.6 ± 0.2 g, Fig. 1B). Next, the effect of temperature on root biomass 
production was determined. At 15 °C (8 ± 1 g d.w.) more root biomass was observed 
than at 25 °C (4 ± 2 g d.w.) for cultivation in sand soil. However, this difference was not 
observed in peat-perlite soil. Increase in root formation in time was only observed for 
peat-perlite at 15 °C (5 ± 2 g to 10 ± 3 g d.w.).

Besides root formation, the effect of soil and temperature on the podophyllotoxin 
production was also determined.  Soil and temperature had no effect on podophyllotoxin 
production if normalized for biomass (mg/g d.w.) (Fig. 2A, Table 3). Higher podophyllotoxin 
production per plant (Fig. 2B, Table 3) was observed for cultivation in peat-perlite (126 ± 
40 mg/plant d.w.) than in sand soil (107 ± 26 mg/plant d.w.). Cultivation at 15 °C (138 ± 29 
mg/plant d.w.) had significantly higher production than at 25 °C (72 ± 25 mg/plant d.w.).

Overall, we can conclude that peat-perlite soil and 15 °C are the best conditions for root 
formation and podophyllotoxin production per plant.

Coefficient of Variation (%)

Conc. (μg/mL) Intra-day Inter-day

Podophyllotoxin 14.2 ± 0.6 3.1 3.8

TABLE 2. Intra-day and inter-day variation in quick methanol extraction.

Podophyllotoxin was extracted from five samples on each of the three analysis days (n=15). Podophyllotoxin 
content was determined by HPLC
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FIGURE 1. Influence of soil type and temperature on the root biomass of Podophyllum hexandrum roots. 

A) Root biomass production after 20 days (left) and 40 days (right) was determined. Means are shown by 
horizontal lines. Podophyllum hexandrum was cultivated in sand soil at 15 °C (●) or 25 °C (■) or in peat-perlite 
soil at 15 °C (▲) or 25 °C (▼). Post hoc analysis p < 0.0042 * is shown in the figure. B) Visual comparison of 
P. hexandrum roots cultivated for 80 days in sand soil (left, n=2) and peat-perlite (right, n=3)

Influence of methyl jasmonate treatment on the production of 
podophyllotoxin
In literature, enhancement of certain secondary metabolites was obtained through 
chemical induction by methyl jasmonate treatment. Therefore, we studied whether spraying 
of methyl jasmonate on P. hexandrum leaves can increase the amount of podophyllotoxin 
in the roots. A single methyl jasmonate treatment (1.5 mM solution) was insufficient to 
enhance the podophyllotoxin production after 9 days (Fig. 3A, p-value 0.39). Increasing 
the dosage to 2-fold (3 mM solution) and treatment on three consecutive days resulted 
in 21 % higher podophyllotoxin production (14 ± 3 mg/g to 17 ± 3 mg/g d.w., Fig. 3B, 
p-value 0.01). In conclusion, methyl jasmonate treatment on the leaves can enhance the 
podophyllotoxin production in the roots of P. hexandrum.
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Cultivation time 
(days)

Temperature 
(°C)

Soil type Root Biomass 
(g)

PPT 
(mg/g)

PPT 
(mg/plant)

0 15 Pot 8 ± 3 12 ± 2 66 ± 12

25 Pot 5 ± 3 15 ± 2 71 ± 11

20 15 Sand 5 ± 2 12 ± 2 62 ± 9

Peat-perlite 5 ± 2 13 ± 4 64 ± 24

25 Sand 3 ± 2 12 ± 3 45 ± 12

Peat-perlite 5 ± 2 16 ± 4 85 ± 23

40 15 Sand 8 ± 1 13 ± 1 115 ± 12

Peat-perlite 10 ± 3 15 ± 2 160 ± 22

25 Sand 4 ± 2 12 ± 3 56 ± 16

Peat-perlite 7 ± 2 12 ± 3 92 ± 17

Soil *** ns ***

Temperature *** ns **

Time *** ns ***

Soil x Temperature x Time ns *** ***

TABLE 3. The influence of cultivation time, temperature and soil type on root biomass and podophyllotoxin 

production.

Values present means ± standard deviation (d.w.) and ** and *** denote significance at 0.01 and 0.001 
probability level, respectively. ns: non-significant, PPT: podophyllotoxin

Discussion

Podophyllotoxin is the precursor for high value anti-cancer drugs, such as etoposide and 
teniposide. The scarcity of the podophyllotoxin source, P. hexandrum, in nature has led to 
the need of controlled cultivation. Furthermore, increase of podophyllotoxin production 
per plant will reduce the number of plants necessary for podophyllotoxin extraction. 
Therefore, the influences of soil, temperature and methyl jasmonate treatment on the 
root biomass formation and podophyllotoxin production were determined by cultivation of 
P. hexandrum in a glasshouse in the Netherlands. First, a novel quick methanol extraction 
method was designed for the extraction of podophyllotoxin from P. hexandrum roots 
in order to process the large number of samples. The extraction yield of this method is 
comparable to Soxhlet. However, the benefit of the quick methanol extraction method 
is a shorter and easier extraction procedure and usage of less organic solvent.
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Environmental conditions like soil composition and temperature are important parameters 
for P. hexandrum cultivation and podophyllotoxin production6,24. Therefore, root biomass 
and podophyllotoxin production were determined for two soil types (sand and peat-perlite) 
and two temperatures (15 °C and 25 °C). As expected controlling soil aeration and water 
drainage by perlite in combination with the properties of peat to absorb moisture and 
nutrients resulted in the highest root biomass per plant. Lower temperatures are favorable 
for root formation as the root biomass production was higher at 15 °C than at 25 °C. 
However, the podophyllotoxin production normalized to the root biomass was neither 
effected by various soils nor temperatures. This is in contrast to the report of Kumari and 
coworkers who observed a decreasing trend of podophyllotoxin accumulation at 25 °C in 
growth chambers under controlled artificial light24. This contrast in findings can be explained 
by the importance of sunlight duration on the production of podophyllotoxin9,37. Kumari’s 
study was performed under constant artificial light and our study was done in natural 
daylight, which varied at 15 °C (1158 ± 450 joules/cm2) and 25 °C (1554 ± 531 joules/cm2).

Factor 1  vs.  Factor 2 Root Biomass 
(g)

Podophyllotoxin 
 (mg/plant)

t=0, 15 °C t=0, 25 °C 0.0113 0.2990

t=20, 15 °C, Sand t=20, 15 °C, Peat-perlite 0.3163 0.7632

t=20, 25 °C, Sand t=20, 25 °C, Peat-perlite 0.0236 <0.0001 **

t=20, 15 °C, Sand t=20, 25 °C, Sand 0.0736 0.0007 *

t=20, 15°C, Peat-perlite t=20, 25 °C, Peat-perlite, 0.634 0.0643

t=40, 15 °C, Sand t=40, 15 °C, Peat-perlite 0.1173 <0.0001 **

t=40, 25 °C, Sand t=40, 25 °C, Peat-perlite 0.0011 * <0.0001 **

t=40, 15 °C, Sand t=40, 25 °C, Sand 0.0015 * <0.0001 **

t=40, 15 °C, Peat-perlite t=40, 25 °C, Peat-perlite, 0.0487 <0.0001 **

t=20, 15 °C, Sand t=40, 15 °C, Sand 0.0112 <0.0001 **

t=20, 15 °C, Peat-perlite t=40, 15 °C, Peat-perlite 0.0018 * <0.0001 **

t=20, 25 °C, Sand t=40, 25 °C, Sand 0.16 0.0363

t=20, 25 °C, Peat-perlite t=40, 25 °C, Peat-perlite 0.0251 0.2916

TABLE 4. Bonferroni multiple testing correction for root biomass and podophyllotoxin production.

* and ** denote significance at 0.0038 and 0.0001 probability level, respectively
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Methyl jasmonate is known to upregulate various transcription factors, such as R2R3 
Myb. This transcription factor upregulates the rate-limiting steps in the phenylpropanoid 
biosynthesis, which is followed by the lignan pathway where podophyllotoxin is produced38. 
Treatment of the leaves of the P. hexandrum plant with methyl jasmonate indeed increased 
the podophyllotoxin production in the roots by 21 %. This observation is in line with the 
findings of Bhattacharyya in cell cultures of P. hexandrum32. As previously observed by 
Baldwin, treatment of the leaves triggers the secondary metabolite production (nicotine) in 
the roots33. In our study, the podophyllotoxin production was increased from 1.4 to 1.7 % 
(d.w.). These percentages are also observed for P. hexandrum in the natural habitat5–10. 
Our study describes the ability to improve the root formation and the podophyllotoxin 
production in isogenic P. hexandrum cultivated in a glasshouse in the Netherlands. The 
seasonal variations in temperature in the Netherlands are optimal for cultivation of 
P. hexandrum in glasshouses without extra heating expenses. The advantage of growing 

FIGURE 2. Influence of soil type and temperature on the podophyllotoxin production in Podophyllum 

hexandrum roots.

A) Biomass normalized podophyllotoxin production after 20 days (left) and 40 days (right). B) Podophyllotoxin 
production per plant after 20 days (left) and 40 days (right). Means are shown by horizontal lines. Podophyllum 
hexandrum was cultivated in sand soil at 15 °C (●) or 25 °C (■) or in peat-perlite soil at 15 °C (▲) or 25 °C (▼). 
Post hoc analysis: p-value < 0.0042 (*) and p-value < 0.0001 (**) are shown in the figure
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in a glasshouse is the ability to control cultivation conditions, such as light and water. 
Furthermore, pest control can be applied in order to create stable and robust conditions 
for growth of this medicinal plant. This study paves the way for large-scale cultivation 
of P. hexandrum in the temperate latitudes for the production of the pharmaceutically 
important podophyllotoxin.

FIGURE 3. Influence of methyl jasmonate on the amount of podophyllotoxin in Podophyllum hexandrum 

roots.

A) Single methyl jasmonate treatment (1.5 mM, harvested after 9 days). B) Additional treatment on three 
consecutive days (3 mM, harvest on the fourth day), Means are shown by horizontal lines and the baseline 
by the dotted line. Post hoc analysis p-value < 0.025 (*) is shown in the figure. Treatment symbols: ● = water;  
■ = methyl jasmonate (MeJA)
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SUPPLEMENTARY FIGURE 1. LC-ESI-MS/MS profiles of root methanolic extract. 

The UV chromatogram at 289 nm (A), extracted ion current (XIC, B) and fragmentation (MS2, C) are shown.  
PPT = podophyllotoxin
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  Sand soil 
mmol/L

Peat-perlite soil 
mmol/L

N 1,6 7,0

P 0,2 0,9

K 3,8 3,4

Mg 3,6 1,0

B 0,0 0,2

Cu 0,0 0,0

Fe 0,0 0,0

Mn 0,0 0,0

Mo <0,1 0,0

Zn 0,0 0,0

pH 4,0 5,8

EC 3 0,7

Radiation (joules cm-1) Sunlight (h)

15 °C 25 °C 15 °C 25 °C

Total 50968 65249 326 377

Average 1158 ± 450 1554 ± 531 7.4 ± 2.8 9.0 ± 2.5

SUPPLEMENTARY TABLE 1. Soil composition.

SUPPLEMENTARY TABLE 2. Radiation and sunlight data.

Leaves  
(g, f.w.)

Roots  
(g, f.w.)

Roots 
(g,  d.w.)

15 °C 9,0 ± 3 23,6 ± 6 7,3 ± 3

25 °C 3,9 ± 1 18,3 ± 6 5,4 ± 2

Average 6,4 ± 4 20,9 ± 4 6,3 ± 1

Ratio roots / leaves (f.w.) 3

Ratio roots (f.w./d.w.) 3

Radiation in joules cm-1 was measured in the glasshouse. The hours of sunlight were measured by a nearby 
weather station. According to literature glass filters 10 % of the PAR (400-700 nm), more than 97 % of IR 
(> 3000 nm) and 30-40 % of the UV (300-400 nm) light1

SUPPLEMENTARY TABLE 3. Average fresh weight (f.w.) of leaves and roots and dry weight (d.w.) of the 

roots. 
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Cancer is one of the leading causes of premature deaths worldwide1. In 2018, this led 
to over 9.5 million deaths and the discovery of 18 million new cancer cases2. For the 
treatment of patients, we largely depend on natural products and their derivatives3. For 
example, etoposide is obtained from the plant lignan podophyllotoxin via hemisynthesis4. 
Podophyllotoxin is produced by plants of various species with the roots of Podophyllum 
hexandrum (Himalayan mayapple) being the most productive5,6. The excessive harvesting 
has resulted in the inclusion of P. hexandrum in the Convention of International Trade in 
Endangered Species7; therefore, alternative production routes toward podophyllotoxin 
have to be explored.

The research presented in this thesis focuses on production routes toward podophyllotoxin. 
To this end, a systematical literature review describing the lignan biosynthetic pathway 
toward podophyllotoxin in plants was written (chapter 2). Other topics discussed were the 
importance of podophyllotoxin derivatives and their development for chemotherapy; and 
the engineering approaches to produce podophyllotoxin in a heterologous system. For the 
latter a detailed knowledge of the previously described lignan biosynthetic pathway was 
necessary. Up to now, the majority of the enzymes in the lignan pathway are elucidated, 
except for the last enzyme that converts deoxypodophyllotoxin into podophyllotoxin.

For the in vitro production of podophyllotoxin, we first need to identify the enzyme 
responsible for the conversion of deoxypodophyllotoxin into podophyllotoxin in 
P. hexandrum. Deoxypodophyllotoxin can be converted to epipodophyllotoxin, the C-7 
epimer of podophyllotoxin, by a cytochrome P450 enzyme8,9. Therefore, we assumed that 
a cytochrome P450 enzyme is responsible for the conversion of deoxypodophyllotoxin 
into podophyllotoxin in P. hexandrum. For catalytic activity, cytochrome P450 requires a 
NADPH-cytochrome P450 reductase as redox partner. In chapter 3, we searched for 
both enzymes in the publicly available P. hexandrum transcriptome database. To this 
end, we combined knowledge on cytochrome P450 transcript expression under stress 
conditions and sequence characteristics, such as highly conserved domain sequences 
in plant cytochrome P450s. In addition, we searched for proteins containing the highly 
conserved domain sequences for NADPH-cytochrome P450 reductases in the translated 
P. hexandrum transcriptome database. In total, six candidate cytochrome P450s and 
one candidate NADPH-cytochrome P450 reductase were found. We chose Escherichia 
coli as expression host for the expression of one of these cytochrome P450 candidates, 
CYP82D61, and NADPH-cytochrome P450 reductase from P. hexandrum. Subsequently, 
we showed conversion of deoxypodophyllotoxin into epipodophyllotoxin, when CYP82D61 
was co-expressed with the endogenous NADPH-cytochrome P450 reductase or when 
a fusion protein of CYP82D61 and NADPH-cytochrome P450 reductase was expressed. 
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In addition, we showed that other plant NADPH-cytochrome P450 reductases were able 
to support the deoxypodophyllotoxin conversion of CYP82D61. 

For the bacterial expression system, large quantities of deoxypodophyllotoxin are required 
as substrate; therefore, a large-scale extraction method for deoxypodophyllotoxin is 
necessary. In the Netherlands, deoxypodophyllotoxin can be obtained from the roots of 
the very common weed Anthriscus sylvestris10. In chapter 4, we investigated the extraction of 
deoxypodophyllotoxin from A. sylvestris roots with the environmentally friendly supercritical 
carbon dioxide extraction method. We showed that this method extracts 75 - 80 % of 
the total deoxypodophyllotoxin content, which is comparable to a single extraction by 
traditional Soxhlet. Furthermore, less unwanted polar components were extracted with the 
supercritical carbon dioxide method. To obtain large quantities of deoxypodophyllotoxin, 
we should focus not only on the extraction, but also on the deoxypodophyllotoxin content 
in A. sylvestris roots via plant breeding programs. The supercritical carbon dioxide extraction 
method is not suitable as quick screening method, therefore, we designed a quick small 
scale methanol vortex method for this in chapter 4.

Another way to obtain deoxypodophyllotoxin is via in vitro root cultures. In chapter 5, 
we induced shoots from A. sylvestris callus tissue. These shoots were rooted to obtain 
regenerated plant and root cultures. We were able to cultivate large batches of the root 
cultures in Erlenmeyer flasks and showed  that they produced deoxypodophyllotoxin. 
A more economical system is the large scale cultivation of these roots in disposable 
bioreactors; therefore, we designed a novel type of wave-mixed disposable bioreactor 
that enables oxygen measurements at every spot in the bioreactor. The reactor system 
was evaluated with Mucuna pruriens cell suspension culture, which showed good growth 
and production of the pharmaceutical relevant L-DOPA. 

We discussed the possibilities to produce podophyllotoxin or related lignans by in vitro 
systems. Another route toward podophyllotoxin focused on improving the cultivation 
conditions of P. hexandrum to ensure a sustainable supply of P. hexandrum roots. In 
chapter 6, we investigated whether P. hexandrum could be cultivated in a glasshouse in 
the Netherlands. To this end, we determined the biomass and podophyllotoxin production 
of plants cultivated under various conditions. We investigated the influence of soil type, 
temperature and treatment with the plant hormone, methyl jasmonate. Biomass and 
podophyllotoxin production per plant were higher if the water drainage control of the soil 
was high and the temperature was kept low. Furthermore, the podophyllotoxin production 
in the roots was increased upon treatment of the leaves with methyl jasmonate.



Summary

137

Overall, we demonstrated various production routes toward podophyllotoxin. One 
route is via the precursor deoxypodophyllotoxin, which can be obtained by extraction 
of deoxypodophyllotoxin from A. sylvestris roots by the supercritical carbon dioxide 
extraction method; or production of deoxypodophyllotoxin by A. sylvestris roots cultures 
in a disposable bioreactor system. Subsequently, deoxypodophyllotoxin can be converted 
into (epi)podophyllotoxin in a recombinant E. coli system. As an alternative, we suggest 
controlled cultivation of P. hexandrum in a glasshouse in the Netherlands. 

Future perspectives

This thesis describes several production routes toward podophyllotoxin, which still need 
to be further developed to become economically feasible. The controlled cultivation of 
P. hexandrum could be a potential replacement for harvesting P. hexandrum populations 
in nature. We believe improvement of the podophyllotoxin yield is possible by further 
optimizing the cultivation conditions by investigating other soil types and biotic factors, 
such as water and (UV) light5,6,11–15. 

An alternative way to produce podophyllotoxin is via its precursor deoxypodophyllotoxin; 
however, we need a cytochrome P450 enzyme for the conversion of deoxypodophyllotoxin 
into podophyllotoxin. If this is possible, then it would be interesting to cultivate A. sylvestris 
as a crop either on the field or as root culture to produce deoxypodophyllotoxin. 
We believe that a few factors should be considered before large-scale cultivation of 
A. sylvestris is economically feasible. A plant breeding program is necessary to increase the 
deoxypodophyllotoxin content in A. sylvestris roots. Additionally, the green supercritical 
carbon dioxide extraction method for the extraction of deoxypodophyllotoxin from 
A. sylvestris roots should be scaled-up to industrial dimensions, like the decaffeination 
of tea and coffee16. An alternative route is the production of deoxypodophyllotoxin via 
A. sylvestris root cultures in a disposable bioreactor system. Although, deoxypodophyllotoxin 
production should be improved by investigating various culturing conditions. Furthermore, 
the efficiency of the supercritical carbon dioxide extraction method to extract 
deoxypodophyllotoxin from A. sylvestris root cultures should be assessed.

The other part of the thesis focused on using a heterologous host for the production of 
(epi)podophyllotoxin. We discussed the conversion of deoxypodophyllotoxin into (epi)
podophyllotoxin by P. hexandrum cytochrome P450 and NADPH-cytochrome reductase in 
E. coli. Another route interesting to explore would be the production of (epi)podophyllotoxin 
via transgenic A. sylestris root cultures transformed with Agrobacterium tumefaciens carrying 
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CYP82D61. Shortening the chemical synthesis route toward etoposide17,18 is possible 
by adding CYP71B54 to one of the systems to convert deoxypodophyllotoxin directly 
into (−)-4’-demethylepipodophyllotoxin as was shown before in tobacco leaves9. More 
challenging is the expression of the complete lignan pathway toward (epi)podophyllotoxin 
or (−)-4’-demethylepipodophyllotoxin in a heterologous host. In literature, the production 
of deoxypodophyllotoxin in recombinant tobacco leaves from phenylalanine was reported 
with high yield19; however, further conversion to (−)-4’-demethylepipodophyllotoxin showed 
production in the nanogram range and should be improved or repeated in another 
production host. Another possibility is a culturing system producing deoxypodophyllotoxin 
via recombinant tobacco leaves or A. sylvestris root cultures and subsequently conversion 
of deoxypodophyllotoxin by E. coli or chemical synthesis to (epipodophyllotoxin)20. 

Overall, technically all methods discussed can be performed, but process optimization, 
up-scaling and economic analysis are necessary to determine which routes are economically 
feasible for the future. 
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Nederlandse samenvatting

Kanker is een van de belangrijkste oorzaken van vroegtijdige sterfte wereldwijd1. In 2018 
stierven meer dan 9,5 miljoen mensen aan kanker en werden er 18 miljoen nieuwe gevallen 
vastgesteld2. Voor de behandeling van patiënten zijn we grotendeels afhankelijk van 
producten van natuurlijke oorsprong en daarvan afgeleide producten3. Het kankermedicijn 
etoposide wordt bijvoorbeeld verkregen uit het lignaan podofyllotoxine via hemisynthese4. 
Podofyllotoxine wordt geproduceerd door meerdere plantensoorten, waarbij de hoogste 
gehaltes worden gevonden in de wortels van Podophyllum hexandrum (voetblad)5,6. 
P. hexandrum is veel geoogst om podofyllotoxine te verkrijgen. Daarom is P. hexandrum 
inmiddels een bedreigde plantensoort7 en is het belangrijk om alternatieve productieroutes 
voor podofyllotoxine te verkennen. 

Het onderzoek, beschreven in dit proefschrift, richt zich op productieroutes voor 
podofyllotoxine. Hiervoor hebben we literatuuronderzoek gedaan naar de biosyntheseroute 
van lignanen in planten die podofyllotoxine maken (hoofdstuk 2). Andere onderwerpen die 
besproken worden in dit hoofdstuk zijn: (i) het belang van producten die afgeleid zijn van 
podofyllotoxine, (ii) hun ontwikkeling voor gebruik in chemotherapie en (iii) de mogelijkheden 
om podofyllotoxine te produceren in een heteroloog systeem. Voor dit laatste was de 
gedetailleerde kennis van de eerder beschreven lignaan biosyntheseroute noodzakelijk. 
Tot nu toe zijn de meeste enzymen in de lignaan biosyntheseroute opgehelderd, behalve 
het laatste enzym dat deoxypodofyllotoxine omzet in podofyllotoxine. Dit is van belang 
omdat enkele plantensoorten deoxypodofyllotoxine als eindproduct maken en dus dat 
enzym lijken te ontberen.

Voordat we deoxypodofyllotoxine in vitro kunnen omzetten naar podofyllotoxine moeten 
we dus eerst het enzym identificeren dat deze omzetting doet in P. hexandrum. We 
weten al dat deoxypodofyllotoxine kan worden omgezet in epipodofyllotoxine, de C-7 
epimeer van podofyllotoxine, door een cytochroom P450 enzym8,9. Daarom gingen 
we ervan uit dat ook in P. hexandrum een cytochroom P450 enzym verantwoordelijk is 
voor de omzetting van deoxypodofyllotoxine in podofyllotoxine. Het cytochroom P450 
heeft een NADPH-cytochroom P450 reductase nodig als redoxpartner voor katalytische 
activiteit. In hoofdstuk 3 wordt beschreven dat we gezocht hebben naar beide enzymen 
in de gepubliceerde P. hexandrum transcriptoom database. Hiervoor hebben we kennis 
gecombineerd over de expressie levels van cytochroom P450 transcripten onder stress 
condities en de kenmerken van hun sequentie, zoals sterk geconserveerde domeinen 
in plant cytochroom P450s. Daarnaast hebben we gezocht naar eiwitten, die sterk 
geconserveerde domeinen voor NADPH-cytochroom P450 reductase bevatten, in de 
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vertaalde P. hexandrum transcriptoom database. In totaal hebben we zes kandidaat 
cytochroom P450’s en één kandidaat NADPH-cytochroom P450-reductase gevonden. 
We hebben Escherichia coli als gastheer gekozen voor de expressie van een van deze 
cytochroom P450 kandidaten (CYP82D61) en NADPH-cytochroom P450 reductase 
van P. hexandrum. Daarna hebben we de omzetting van deoxypodofyllotoxine in 
epipodofyllotoxine aangetoond, wanneer CYP82D61 tot expressie gebracht werd met de 
endogene NADPH-cytochroom P450 reductase of wanneer een fusie-eiwit van CYP82D61 
en NADPH-cytochroom P450 reductase tot expressie werd gebracht. Bovendien toonden 
we aan dat NADPH-cytochroom P450 reductases van andere planten in staat waren om 
de deoxypodofyllotoxine conversie van CYP82D61 te ondersteunen.

Om het bacteriële expressiesysteem economisch rendabel te krijgen, zijn grote 
hoeveelheden deoxypodofyllotoxine als substraat nodig. Daartoe is een grootschalige 
extractiemethode voor deoxypodofyllotoxine noodzakelijk. In Nederland kan 
deoxypodofyllotoxine worden verkregen uit de wortels van het veelvoorkomende 
onkruid Anthriscus sylvestris (fluitenkruid)10. In hoofdstuk 4 beschrijven we de extractie 
van deoxypodophyllotoxin uit A. sylvestris wortels met de milieuvriendelijke superkritische 
koolstofdioxide extractiemethode. We hebben aangetoond dat deze methode 75-80 % 
extraheert van het totale gehalte aan deoxypodofyllotoxine, wat vergelijkbaar is met 
een enkele extractie door de traditionele Soxhlet-extractie. Bovendien werden minder 
ongewenste polaire componenten geëxtraheerd met de superkritische koolstofdioxide 
extractiemethode. Om grote hoeveelheden deoxypodofyllotoxine te verkrijgen moeten we 
ons niet alleen concentreren op de extractie, maar ook op het deoxypodofyllotoxine gehalte 
in A. sylvestris wortels via plantenveredelingsprogramma’s. De superkritische koolstofdioxide 
extractiemethode is niet geschikt als snelle methode voor deoxypodofyllotoxine bepaling 
en daarom hebben we een snelle methanol-vortex extractiemethode ontworpen die 
gebruikt kan worden voor deoxypodofyllotoxine bepaling op kleine schaal (hoofdstuk 4).

Een andere manier om deoxypodofyllotoxine te verkrijgen is via in vitro wortelkweken. In 
hoofdstuk 5 wordt beschreven dat we scheuten van A. sylvestris callus weefsel induceerden. 
Deze scheuten hebben we laten wortelen om op deze manier geregenereerde plant- 
en wortelculturen te verkrijgen. We hebben grote hoeveelheden A. sylvestris wortels 
kunnen telen in Erlenmeyers en hebben aangetoond dat ze deoxypodofyllotoxine 
produceerden. Een economischer systeem is de grootschalige teelt van deze wortels in 
wegwerpbioreactoren. Daarom hebben we een nieuw type wegwerpbioreactor ontworpen, 
waarbij zuurstofmetingen op elke plek van de bioreactor gedaan kunnen worden. Het 
reactorsysteem werd geëvalueerd met de Mucuna pruriens celsuspensiecultuur die een 
goede groei liet zien en productie van het farmaceutisch relevante L-DOPA. 



Nederlandse samenvatting

147

We hebben de mogelijkheden besproken om podofyllotoxine of verwante lignanen in vitro 
te produceren. Een andere route naar podofyllotoxine was gericht op het verbeteren van 
de teeltomstandigheden van P. hexandrum om een duurzame aanvoer van P. hexandrum 
wortels te verzekeren. In hoofdstuk 6 wordt beschreven dat we onderzochten of 
P. hexandrum in een broeikas gekweekt kan worden in Nederland. Hiervoor hebben we 
de biomassa- en podofyllotoxine productie bepaald van planten die onder verschillende 
omstandigheden werden gekweekt. We onderzochten de invloed van grondsoort, 
temperatuur en behandeling met het plantenhormoon methyl jasmonaat. Biomassa- 
en podofyllotoxine productie per plant was hoger als de controle van waterafvoer in de 
bodem hoog was en de temperatuur laag werd gehouden. Verder nam de productie van 
podofyllotoxine in de wortels toe na behandeling van de bladeren met methyl jasmonaat.

Al met al hebben we verschillende productieroutes naar podofyllotoxine gedemonstreerd. 
Een route is via de precursor deoxypodofyllotoxine die verkregen kan worden door extractie 
van deoxypodophyllotoxin uit A. sylvestris wortels met de superkritische koolstofdioxide 
extractiemethode, of productie van deoxypodofyllotoxine door het telen van A. sylvestris 
wortels in een wegwerpbioreactor-systeem. Vervolgens kan deoxypodofyllotoxine worden 
omgezet in (epi)podofyllotoxine in een recombinant E. coli systeem. Als alternatief stellen 
we de gecontroleerde teelt van P. hexandrum voor in een broeikas in Nederland.

Toekomstperspectieven

Dit proefschrift beschrijft verschillende productieroutes naar podofyllotoxine, alhoewel 
deze nog verder ontwikkeld moeten worden voor economische haalbaarheid. Het 
gecontroleerd telen van P. hexandrum in een broeikas zou een mogelijke vervanging 
kunnen zijn voor het oogsten van P. hexandrum populaties in de natuur. Wij geloven dat 
een verbetering van de podofyllotoxine opbrengst mogelijk is door verdere optimalisatie 
van de teeltomstandigheden door onderzoek te doen naar andere grondsoorten en 
biotische factoren, zoals water en (UV) licht5,6,11–15.

Een alternatieve manier om podofyllotoxine te produceren is via de precursor 
deoxypodofyllotoxine; we hebben echter een cytochroom P450 enzym nodig voor 
de omzetting van deoxypodofyllotoxine in podofyllotoxine. Als dit mogelijk is zou het 
interessant zijn om A. sylvestris te telen als gewas op het veld of als wortelcultuur om 
deoxypodofyllotoxine te produceren. Wij zijn van mening dat een paar factoren moeten 
worden overwogen voordat grootschalige teelt van A. sylvestris economisch haalbaar 
is. Een plantenveredelingsprogramma is nodig om het deoxypodofyllotoxine gehalte 
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te verhogen in de wortels van A. sylvestris. Bovendien moet de groene superkritische 
koolstofdioxide extractiemethode voor de extractie van deoxypodofyllotoxine uit A. sylvestris 
wortels worden opgeschaald naar industriële dimensies, zoals eerder gedaan is voor 
de superkritische koolstofdioxide extractiemethode om thee en koffie cafeïnevrij te 
maken16. Een alternatieve route is de productie van deoxypodofyllotoxine via A. sylvestris 
wortelculturen in een wegwerpbioreactor-systeem. Daarvoor moet eerst onderzocht 
worden hoe de deoxypodofyllotoxine productie kan worden verbeterd door de productie 
onder verschillende kweekomstandigheden te bekijken. Daarnaast moet bekeken worden 
hoe efficiënt de superkritische koolstofdioxide extractiemethode is in de extractie van 
deoxypodofyllotoxine uit A. sylvestris wortelculturen.

Het overige deel van het proefschrift was gericht op het gebruik van een heterologe 
gastheer voor de productie van (epi)podofyllotoxine. We hebben de omzetting van 
deoxypodofyllotoxine in (epi)podofyllotoxine door P. hexandrum cytochroom P450 en 
NADPH-cytochroom reductase in E. coli besproken. Een andere interessante route om te 
verkennen is de productie van (epi)podofyllotoxine via transgene A. sylvestris wortelculturen 
getransformeerd met Agrobacterium tumefaciens die het enzym CYP82D61 bij zich draagt. 
Het is mogelijk de route van de chemische synthese naar etoposide17,18 te verkorten - 
door CYP71B54 toe te voegen aan een van de systemen om deoxypodofyllotoxine direct 
om te zetten naar (−)-4’-demethylepipodofyllotoxine - zoals eerder werd aangetoond in 
tabaksbladeren9. Meer uitdagend is de expressie van de volledige lignaan biosynthese 
route naar (epi)podofyllotoxine of (−)-4’-demethylepipodofyllotoxine in een heterologe 
gastheer. Gerapporteerd in de literatuur is de hoge opbrengt van de productie van 
deoxypodofyllotoxine in recombinante tabaksbladeren uitgaande van fenylalanine19; 
echter na verdere omzetting in (−)-4’-demethylepipodofyllotoxine was de productie in 
het nanogrambereik en zal het een en ander verbeterd of herhaald moeten worden 
in een alternatieve productie gastheer. Een andere mogelijkheid is een kweeksysteem 
dat deoxypodofyllotoxine produceert via recombinante tabaksbladeren of A. sylvestris 
wortelkweken en vervolgens omzetting van deoxypodofyllotoxine door E. coli of chemische 
synthese tot (epi)podofyllotoxine20.

Over het algemeen kunnen alle besproken methode technisch worden uitgevoerd, maar 
procesoptimalisatie, opschaling en economische analyse zijn nodig om te bepalen welke 
routes economisch haalbaar zijn voor de toekomst.
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List of abbreviations

2-ODD  deoxypodophyllotoxin synthase (2-oxoglutarate/Fe(II)-dependent  
  dioxygenase)
6-BAP  6-benzylaminopurine
ABC   ATP-binding cassette
ANOVA  analysis of variance
At  Arabidopsis thaliana gene or protein
BlastN  nucleotide-nucleotide BLAST
CITES  Convention of International Trade in Endangered Species
CPR  NADPH-cytochrome P450 reductase
Cr  Catharanthus roseus gene or protein
d.w.  dry weight
DIR  dirigent protein
DMEM/F12 Dulbecco’s modified Eagle medium: nutrient mixture F-12
DMSO  dimethylsulfoxide
ER  endoplasmic reticulum
f.w.  fresh weight
FACS  fluorescence-activated cell sorting
FAD  flavin adenine dinucleotide
FDA  U.S. Food and Drug Administration
FMN  flavin mononucleotide
His  polyhistidine tag
HPLC  high pressure liquid chromatography
I0/I    Stern-Volmer relationship
IAA  indole-3-acetic acid
IBA  indole-3-butyric acid
IPTG  isopropyl β-D-1-thiogalactopyranoside
L-DOPA   L-3,4-dihydroxyphenylalanine
LC-ESI-MS/MS liquid chromatography-electrospray ionization-tandem  
  mass spectrometry
LOD  limit of detection
LOQ  limit of quantification
MeJA  methyl jasmonate
MOPS  3-morpholinopropane-1-sulfonic acid
MRM  multiple reaction monitoring
MS2  product ion (fragments of selected mass)
MS  Murashige & Skoog medium



Appendix

154

NAD/NADP nicotine amide dinucleotide
NADP/NADPH nicotine amide dinucleotide phosphate
NCBI  National Center for Biotechnology Information
NMR  nuclear magnetic resonance
NPK  nitrogen, phosphorous and potassium
OD600  optical density measured at a wavelength of 600 nm
OMT1  5’-demethylyatein O-methyltransferase)
OMT3  pluviatolide 4-O-methyltransferase
P450  cytochrome P450 enzyme (enzymes are annotated as CYP)
PE  polyethylene
Ph  Podophyllum hexandrum gene or protein
PLR  pinoresinol-lariciresinol reductase
PPT  podophyllotoxin
PVDF  poly-1,1-difluoroethene
Rt  retention time
SC-CO2  supercritical carbon dioxide
SDH  secoisolariciresinol dehydrogenase
tAT  truncated Arabidopsis thaliana gene or protein
TBST  tris-buffered saline + Tween 20
tCRO  truncated Catharanthus roseus gene or protein
TIC  total ion current
tPh  truncated Podophyllum hexandrum gene or protein
v/v  volume/volume
w/w  weight/weight
WHO  World Health Organization
XIC  extracted-ion current
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Dankwoord

Eindelijk is het zover. Het heeft een aantal jaren langer geduurd dan gepland, maar 
uiteindelijk heb ik er daardoor des te meer van geleerd. Tijd om dit hoofdstuk af te sluiten, 
maar niet voordat ik alle mensen die mij onderweg geholpen hebben heb bedankt. Zonder 
jullie was dit proefschrift er nu niet in deze vorm geweest. Dus heel erg bedankt voor jullie 
bijdrage! Bij deze wil ik graag een aantal mensen specifiek benoemen. 

Als eerste wil ik graag mijn promotor bedanken; Prof. Dr. Wim J. Quax. Beste Wim, ik wil je 
bedanken voor de mogelijkheid om binnen jouw groep mijn promotieonderzoek te doen. 
Je wist mij, maar ook vele studenten te interesseren voor dit “fluitenkruid” project. In het 
bijzonder waardeer ik de vrijheid die ik tijdens mijn onderzoek had om mijn eigen koers 
te varen. Ik heb veel van je geleerd in de afgelopen jaren waardoor ik als wetenschapper, 
maar ook als persoon gegroeid ben. Dank hiervoor. Tijdens mijn promotieonderzoek kreeg 
ik van jouw meerdere keren de gelegenheid om dit project te promoten zowel binnen 
als buiten de Rijksuniversiteit, bijvoorbeeld bij de cursussen Medicinale Natuurstoffen en 
Farmaceutische Biologie, de consortium bijeenkomsten van PhytoSana en het congres 
van de Nederlandse Vereniging van Geneeskruidenonderzoek (NVGO). Daarnaast hebben 
we samen ook bijgedragen aan een kleine tentoonstelling over krachtige kruiden in het 
Universiteitsmuseum. Deze werkzaamheden heb ik altijd met veel plezier gedaan en ik 
ben blij dat ik hier de ruimte voor kreeg. 

My thanks also goes to the members of the assessment committee, Prof. Dr.  K. Taxis, 
Prof. Dr. J.T.M. Elzenga en Prof. Dr. S. Sukrasno for critically reading and evaluating 
my thesis. 

Mijn onderzoek zou onmogelijk geweest zijn zonder de hulp en steun van de vaste staf 
van de 9de verdieping. Rita, bedankt voor alles wat je mij geleerd hebt in de afgelopen 
jaren. Ik kon altijd bij jou terecht als het ging over het groeien van culturen van bacteriële-, 
humane- of plantencellen dan wel het kloneren van bacteriële constructen. Als ik met 
schrijven weer eens niet de bomen door het bos kon zien wist jij mij altijd weer naar de 
rode draad terug te brengen. Verder heb ik genoten van onze veldtripjes om fluitenkruid 
te oogsten. Een goed excuus om met mooi weer een rondje om het Hoornse meer te 
fietsen. Pieter, ik wil je bedanken voor alles wat je mij geleerd hebt over analytische 
chemie en het gebruik van de HPLC. Het waren mooie tijden als we samen aan het 
sleutelen waren om de HPLC weer aan de gang te krijgen. Verder heb ik genoten van 
onze veldtripjes om fluitenkruid te oogsten als het weer eens korte broeken-weer was. 
Ronald, ik wil je bedanken voor alles wat je mij geleerd hebt over kloneren van bacteriële 
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constructen, opzuiveren van enzymen en de technische hulp met de spectrofotometers. 
Bedankt ook voor de tripjes naar het Noorderplantsoen op mooie zomerse dagen of 
tijdens het Noorderzonfestival. Tevens wil ik jullie alle drie bedanken voor het kritische 
commentaar op mijn manuscripten. Yvonne, Janita, en Elsemiek, bedankt voor de hulp 
met alle administratieve klusjes en dank voor de gezellige praatjes. 

Graag bedank ik de coauteurs voor hun bijdragen aan mijn onderzoekshoofdstukken. 
Dr. Henrie Korthout en Peter Kieneker bedankt voor jullie bijdragen aan het hoofdstuk 
over de wegwerpbioreactoren. Zonder jullie hadden we niet de beschikking gehad over 
wegwerpbioreactoren met een zuurstofgevoelige coating. Ron Peters bedankt voor 
het goed verzorgen van de voetbladplanten in de broeikas en het meedenken over het 
praktisch uitvoeren van de onderzoeksopzet. Prof. Dr. Peter Horvatovich, thank you for 
your help with the complicated statistics in my glasshouse chapter. Daarnaast wil ik de 
collega’s van andere afdelingen bedanken voor hun hulp met analyses of het beschikbaar 
stellen van hun apparatuur en kennis. Dankjewel Dr. Hjalmar Permentier en Margot 
Jeronimus-Stratingh voor de LC-ESI-MS/MS analyse en hulp bij de interpretatie van de 
spectra. Dankjewel Prof. Dr. Erik Heeres en Marcel de Vries voor het mogen gebruiken 
van de superkritische koolstofdioxide installatie en het begeleiden van de experimenten.

Verder wil ik graag de andere onderzoeksleiders en docenten van de afdeling Chemische 
en Farmaceutische Biologie, Prof. Dr. Gerrit Poelarends, Prof. Dr. Hidde Haisma, Prof. 
Dr. Frank Dekker, Dr. Ykelien Boersma and Dr. Robbert Cool bedanken voor hun 
kritische vragen en de discussies tijdens de groepsbijeenkomsten.

My office roommates: Putri, thanks for being such a lovable and cheerful roomie for those 
4 years. I love your enthusiasm for music and drawing, and you rock at both! A memorable 
journey was my trip to Indonesia with Arnout to be present at your wedding in Bandung. 
Thank you so much for your friendship all those years and I wish you all the best for the 
future! Putri, Hegar and Joko, you three Indonesians made me feel a minority in the office 
in a good way. Thank you for your good company and friendship. 

My lab roommates: Dan, Hegar, Ingy, Jane, Linda and in the last months also Yafeng. 
Thank you all for lighting up my time in the laboratory. Linda, it was nice to be a part of 
the Gopher board with you as a captain. The girls: Brenda, Dan, Ingrid, Ingy, Jane, Jielin, 
Magda, Putri, Rita and Yizhou, thank you for all the awesome girls nights with food, movies 
and sometimes karaoke. All our different backgrounds have amazing food cultures, that I 
really enjoyed. Especially the Indonesian lunches arranged by Putri or the Chinese lunches 
arranged by Brenda, Jielin and Yizhou. To the other former and present group members 
of the 9th floor that I was lucky enough to meet: Abel, Andreas, Bert-Jan, Carlos, Chao, 
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Edzard, Elena, Emanuelle, Haigen, Hans, Harshwardhan, Ilse, Jan, Jandre, Jan Ytzen, 
Lieuwe, Marianne, Mark, Mehran, Sabry, Saif, Saravanan, Tjie, Yufeng, Zainal, as well 
as the 3th floor: Bin, Hannah, Hao, Laura, Marielena, Martijn, Niek, Nikolaos, Olivia, 
Petra, Roberta, Thea, thank you for the discussions and fun that we had during my PhD 
period.  Daarnaast wil ik Mattijs Julsing, voormalig bewoner van de 9de, bedanken voor 
het beantwoorden van mijn praktische vragen omtrent het tot expressie brengen van 
P450 in Escherichia coli.

Bij deze wil ik de studenten bedanken die mij geholpen hebben tijdens mijn promotietraject. 
De bachelor studenten Maaike en Joyce voor het isoleren van deoxypodofyllotoxine 
uit fluitenkruid; Theo, Shvan en de studenten van de Hanzehogeschool (Ivan, Jacob, 
Kees, Sicco en Willem) voor de eerste test experimenten om deoxypodofyllotoxine uit 
fluitenkruid te halen met behulp van superkritische koolstofdioxide extractie. Daarnaast wil 
ik de master studenten bedanken die betrokken zijn geweest bij de bacteriële omzetting 
van deoxypodofyllotoxine: Nshunge, Yan Yee, Richard, Robin en Adriaan. Ook wil ik de 
studenten bedanken die tijdens de cursussen Medicinale Natuurstoffen (2013 en 2014) 
en/of Farmaceutische Biologie (2013) onderzoek gedaan hebben naar inhoudsstoffen 
van fluitenkruid of bacteriële omzetting van deoxypodofyllotoxine. Hoewel, het meeste 
werk uiteindelijk niet in dit boekje beland is, heeft het er wel voor gezorgd dat er meters 
gemaakt werden in de verschillende projecten. Er werden nieuwe dingen uitgeprobeerd en 
waardevolle lessen geleerd waardoor dit proefschrift uiteindelijk toch tot stand kon komen.

Putri, Navessa, Thea and Maureen, thank you for being such good friends. Getting into 
contact with you girls during my PhD period enriched my life. We could talk all night long 
about so many different topics. I’m grateful that we still meet each other, although we live 
in different cities/countries. Whether we have a dinner, drinks or do something else, we 
always have fun.  Thea and Putri, I will always remember our adventure to Iceland where 
we were lucky enough to watch the northern lights together in the middle of nowhere. 
What a beautiful trip to a beautiful country!  

Keri, Brenda, Jenny, Els, Wouter, Simon and Linda. Thank you for the nice journey in 
the Gopher Board. We had lots of fun and learned stuff in the meantime. For me the 
highlight of our time together was the PhD gala at the Van Swinderen Huys. 

Mijn PhD aanstelling is financieel mogelijk gemaakt door het PhytoSana project in het kader 
van het INTERREG IV A-programma Deutschland-Nederland. Hiervoor dank. Daarnaast wil ik 
ook graag de partners binnen dit consortium bedanken. Solutio Labor GmbH, Color&Brain, 
Deutsches Institut für Lebensmitteltechik, Hanzehogeschool Groningen, W-foods Ventures, 
Bildungsforum Glasshütte, Medex, Emonta, Peters Proeftuin, Stiftung Klima Schützen 
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damit Kinder leben können, De Kruidhof en Friedrich Schulz Gartenbau. Binnen dit 
consortium hadden we als doelstelling om traditionele therapeutische kruidenkennis te 
benutten voor de ontwikkeling van nieuwe farmaceutische, cosmetische en functionele 
voedingsproducten, gericht op het thema ‘gezond ouder worden’. In het bijzonder wil ik 
Dr. Herman Woerdenbag (Rijksuniversiteit), Dr. Doede Binnema (Hanzehogeschool), 
Dr. Rob van Haren (Color&Brain) en Jan Willem Zwart (De Kruidhof) bedanken voor 
de inhoudelijke discussies. Verder wil ik Jan Willem Zwart, Karin Hoogterp, Hein Drost 
en Katja Seel van de botanische tuin De Kruidhof bedanken voor het beschikbaar 
stellen van voetblad, fluitenkruid en andere planten voor bepaling en extractie van 
planteninhoudsstoffen. Verder ben ik blij dat ik aan het begin van mijn promotietraject 
heb kunnen aanhaken bij het lopende project Disposable Bioreactoren (IAG-3-D02) 
gesubsidieerd door Innovatief Actieprogramma Groningen. Hierbinnen heb ik mogen 
samenwerken met Henrie Korthout (Fytagoras B.V.) en Peter Kieneker (Sylvaphane Plastics 
B.V.). Bedankt voor de fijne samenwerking.

Ik ben dankbaar voor de mogelijkheid om meerdere keren te mogen deelnemen aan 
het jaarlijkse NVGO-congres georganiseerd door de Nederlandse Vereniging voor 
Geneeskruidenonderzoek. Jullie slaagde er elk jaar in om een boeiend dagvullend 
programma op te stellen op bijzondere locaties, welke de dag erna gevolgd werd door 
een buitenexcursie. Zoals in 2014 waarbij het congres gehouden werd in Burgers’ Zoo 
en de buitenexcursie bij het Nationaal Openluchtmuseum met een rondleiding door de 
kruidentuin. In 2017, mocht ik een lezing geven en heb ik als erkenning voor dit onderzoek 
de Van Os prijs in ontvangst mogen nemen. Dank hiervoor. 

Ik heb al enige tijd een nieuwe baan bij Avebe. Tijdens de afgelopen jaren hebben mijn 
collega’s me gesteund om mijn proefschrift af te ronden. Marco, Marc en Onno, bedankt 
voor jullie begrip en de mogelijkheden om extra vrije dagen op te nemen om aan mijn 
proefschrift te werken.  Robin en Yfke, we zitten al sinds ik bij Avebe werk in hetzelfde 
team. De naam en samenstelling veranderde bijna jaarlijks, maar jullie waren daarin 
een constante factor. Bedankt voor jullie adviezen, en niet te vergeten de masterclass 
“Stellingen schrijven”. My thanks also goes to all other (former) Avebe collegues who 
helped me during this period by having valuable discussions, sharing life experiences, 
having “gezellige” lunches at the University canteens, toasting to the weekend (vrijmibo) 
and/or their contribution to the PhD survivalkit: Annet, David, Gert, Jacob, Joan, Jorge, 
Jurre, Laure, Lizette, Maarten, Maureen, Nikos, Stefano, Stevina, Thomas, Robbert, 
and van Ahn. This list is by far not complete; therefore, I would additionally like to thank 
all other Avebe collegues working in the Innovation Center.
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Waterpolo is altijd een belangrijk onderdeel van mijn leven geweest. Het zorgde ervoor dat 
ik al op jonge leeftijd in contact kwam met veel leeftijdsgenoten uit verschillende regio’s 
van Nederland. Via de regionale selectie, kwam ik terecht bij Jong Oranje, waar ik vele jaren 
met plezier getraind heb. Daarnaast heb ik bij verschillende clubs gespeeld: HZPC (Horst), 
PSV (Eindhoven), Polar Bears (Ede), De Walvisch (Groningen) en TriVia (Groningen). Mijn 
sportieve hoogtepunten bereikte ik bij Polar Bears, waarmee ik tweemaal de landstitel 
en eenmaal de beker veroverde. Daarnaast speelde we meerdere jaren in Europeese 
clubtoernooien (Len Trophy / Champions Cup). Waterpolo was een manier om mijn 
energie kwijt te kunnen en mijn hoofd leeg te krijgen. Daarnaast heb ik veel essentiële 
vaardigheden geleerd door waterpolo zoals planningskills, samenwerking, coaching 
en feedback verwerken. Graag wil ik al mijn team- en clubgenoten bedanken voor hun 
bijdragen aan mijn ontwikkeling. In het bijzonder wil ik nog een aantal mensen bedanken. 
Paula en Rosé voor een schitterende reis door Israël. Xenia voor de geweldige trips naar 
de Zwarte Cross en Toscane. Marijke voor de vele wandelingen in en rond onze wijk om 
weer eens lekker bij te kletsen over van alles. Annelies voor het luisterende oor tijdens 
onze borrelmomentjes. Heerlijk genieten van een glaasje wijn met een lunch, diner of 
een borrelplank. En natuurlijk de sauna-club voor de broodnodige ontspanning: Annelies, 
Kim, Marleen en Sanne.

Na mijn studie in Wageningen ben ik contact blijven houden met meerdere studiegenoten. 
The girls, Marjolein en Simone, wat was het fijn om af en toe lekker meiden dingen te 
doen zonder de mannen. Van patat met frikandel speciaal afhalen bij de snackbar tot 
weekendjes weg of vakantie in Parijs, Praag, Boedapest en Zeeland. Bij die laatste vloog de 
tuinset letterlijk door de tuin. Gelukkig konden we binnen spelletjes spelen en bonbons 
maken. The boys, Bart, Jan-Eise, Marcel, Randy en Stefan bedankt voor de mooie rondreis 
die we samen hebben gemaakt in Schotland en Engeland. Daarnaast kan ik natuurlijk 
Bjorn, Matthijn en Robert Jan niet vergeten. Ik heb genoten van al onze gezamenlijke 
uitjes met de hele groep waarbij er een duidelijke voorkeur was voor Escape rooms. 

Agnes en Suzanne, onze wegen kruiste elkaar om meerdere redenen tijdens onze 
studententijd in Wageningen. Jullie zochten mij op toen ik in Madrid woonde en ook na 
die tijd toen we allemaal ergens anders in Nederland gingen wonen bleven we elkaar 
zien. Ik geniet elke keer weer van onze sauna bezoekjes en de wandelingen in de natuur. 

Astrid en Lydia, we kennen elkaar al bijna 20 jaar. Wat gaat de tijd toch snel. Ondanks 
dat we na de middelbare school andere kanten op gingen hebben we toch allemaal 
iets met biologie gedaan. Wat hebben we samen met z’n 3en veel beleeft van dagjes 
shoppen, weekendjes of dagjes weg en geregeld een spellenmiddag/avond. Daarnaast 
hebben jullie mij opgezocht toen ik voor stage in Madrid woonde. De laatste jaren mag de 
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aanhang soms ook lekker aanhaken, Sjaak, Robin en Arnout, voor een dagje ijssculpturen 
bezichtigen of spellenmiddag/avond.

Mijn lieve ouders, bedankt voor jullie onvoorwaardelijke steun. Jullie hebben mij altijd 
bijgebracht dat het niet uit maakt wat je prestatie is als je maar je best doet. En dat de 
motivatie om iets te doen vanuit mezelf moest komen en niet omdat jullie graag wilden 
dat ik iets ging doen. Ik ben jullie dankbaar voor al die autoritten naar zwembaden voor 
trainingen en wedstrijden. Jullie waren altijd mijn trouwste supporters, daarbij maakte 
het voor jullie niet uit of het zwembad 30 minuten of 2,5 uur rijden was. Daarbij ging de 
camera altijd mee om mooie actiefoto’s te maken. Die werden ook zeer gewaardeerd 
door mijn teamgenoten. Zonder jullie was ik nooit zo ver gekomen met waterpolo. Daar 
ben ik jullie heel dankbaar voor. Mijn broertjes, Michiel en Daniël bedankt voor het altijd 
aanhoren van mijn eindeloze verhalen. En leuk dat jullie dankzij mij ook de waterpolo 
ontdekt hebben. Al heb ik door mijn drukke schema natuurlijk veel te weinig van jullie 
wedstrijden gezien.

Lieve Arnout, jij was de afgelopen jaar mijn steun en toeverlaat op meerdere vlakken. 
Zonder jou had dit proefschrift er nu niet gelegen in deze vorm. Ik kon altijd bij je terecht 
voor taaladvies. Je controleerde spelling, grammatica en logica in meerdere delen van dit 
proefschrift door deze kritisch te lezen en van commentaar te voorzien. Daarnaast was 
je ook op andere vlakken waardevol. Je hield mij een spiegel voor als mijn planning weer 
eens onrealistisch was; je remde me af als ik weer eens wilde ideeën had, stimuleerde 
me om dingen af te maken en pepte me op als ik er doorheen zat. Ik ben heel blij dat ik 
mijn leven met jou en onze kat Emiel mag delen. Ik geniet elke keer weer van de dingen 
die we samen doen, maar ook van de vrijheid die we elkaar geven om ons eigen ding te 
doen. Met jou heb ik altijd plezier of het nu gaat om grote dingen zoals op vakantie gaan 
of de kleine dingen zoals samen wandelen, fietsen, spelletjes spelen, chillen op de bank, 
tuinieren of klussen. Ik hoop dat wij dit nog een hele lange tijd samen mogen doen. Op 
naar een mooie gezamenlijke toekomst.

Christel Seegers
Groningen, maart 2021
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