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Abstract 

Podophyllotoxin (PPT) is the unique natural precursor of Etoposide, a topoisomerase II inhibitor drug, 

used in more than a dozen anticancer chemotherapy treatments. Etoposide is appearing on the list of 

essential medicines of the World Health Organization. PPT is still exclusively extracted from rhizome 

of Podophyllum species, its main natural source. The supply of Podophyllum plants is limited, since the 

occurrence of these plant species is scarce, collection is destructive and the plants need a long 

regeneration period. As a consequence, this species is now endangered and listed on Appendix II of 

the Convention on International Trading of Endangered Species. Chemical synthesis of PPT is difficult 

due to the presence of four contiguous chiral centers and the presence of a base sensitive trans-lactone 

moiety. Alternatives are being actively searched, but so far, no wild plants have been described with 

similar PPT production capacity as compared to Podophyllum. However, several plants producing PPT 

or other related aryltetralin lignans (ATL) have been identified in recent decades, including Linaceae. 

Given its high lignan accumulation capacity, Linum flavum is considered a promising alternative source 

of PPT and other related ATL. However, unlike the common flax L. usitatissimum, L. flavum have low 

agricultural potential (e.g., slow growth and dehiscence of fruits). Therefore, in vitro cultures of plant 

cells and/or tissues provide an interesting alternative to whole L. flavum plants for the production of 

these valuable ATL. In particular, L. flavum hairy roots (HRs) accumulate high levels of ATL and it is also 

possible to further increase this ATL accumulation by the selection of the best genotype, optimization 

of cultures media and conditions and choice of carbon sources, use of plant growth regulators, elicitor 

treatments or precursors’ addition. To date, the ATL accumulation levels can still be perceived 

insufficient for L. flavum HRs before being used as a commercially viable biotechnological production 

system. To reach this goal, a better knowledge of the mechanisms that regulate the metabolic flux of 

intermediates in the different branches of the ATL metabolic pathway will be an important prerequisite 

to direct the biosynthesis toward the production of high amount of the desired PPT. In the future, 

metabolic engineering aiming at constructing the PPT pathway in a heterologous host is very appealing, 

but for that approach in-depth knowledge of the biosynthetic pathway toward PPT and other related 

ATL is necessary.  

 

Abbreviations 

ATL aryltetralin lignan  

B5 Gamborg B5  

DPT deoxypodophyllotoxin 

DW dry weight  

FW fresh weight 

LS Linsmaier and Skoog  

MS Murashige and Skoog 

MPT methoxypodophyllotoxin 

MPTG methoxypodophyllotoxin-β-D-glucoside  

PPT podophyllotoxin 

PPTG podophyllotoxin-β-D-glucoside 

WPM Woody plant medium 
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1. Introduction – General presentation of the lignans, a group of plant specialized metabolites 

Lignans are a group of specialized metabolites widely distributed in the plant kingdom. Lignans are 

found in both nonvascular plants, such as hornworts like Anthoceros punctatus L. and Megaceros 

flagellaris (Mitt.) Stephani [1], liverworts like Lepicolea ochroleuca (L. f. ex Spreng.) Spruce and 

Bazzania trilobata (L.) Gray [2, 3], and many vascular plants including pteridophytes like Blechnaceous 

ferns [4]. All parts of the plants can accumulate lignans, including heartwood, root or seed.  

From a chemical point of view, lignans are dimers of two phenylpropanoid units with different degrees 

of oxidation in the side chain and different substitution patterns in the aromatic moieties [5, 6] (Figure 

1). For nomenclature purposes, one C6-C3 unit is treated as propylbenzene and numbered from 1 to 6 

in the aromatic ring, starting from the propyl group, while propyl group is numbered from 7 to 9, 

starting from the benzene ring. In the case of the second C6-C3 unit, numbers are primed. When two 

C6-C3 units are linked by a bond between positions 8 and 8ʹ the compound is named lignan (Figure 1). 

In the absence of the C-8 to C-8ʹ bond, the dimers formed from the two C6-C3 units that are known as 

neolignans [5, 7] (Figure 1). Compounds in which an ether oxygen atom provides the linkage between 

the two C6-C3 units are also classified as subclass of neolignans named oxyneolignans (Figure 1). 

Norlignans are defined as a group of related natural compounds with C16 to C17 core structure, usually 

found to co-occur with lignans and neolignans (Figure 1). From the biosynthetic point of view, 

norlignans are probably derived from two arylpropane units by the loss of one or two carbons, most 

likely through decarboxylations [8]. 

Lignans are classified into eight groups based on their structural patterns, including their carbon 

skeletons oxygen incorporation the skeleton, and cyclization pattern. These are arylnaphthalene, 

aryltetralin, dibenzocyclooctadiene, dibenzylbutane, dibenzylbutyrolactol, dibenzylbutyrolactone, 

furan and furofuran (Figure 2). Neolignans consist of fifteen subtypes designated as NL1 to NL15 but 

no special names have been assigned to them [8–10]. 

The exact biological role of the lignans in planta is still unknown, but it is hypothesized that their main 

function is to protect plants against herbivores and microorganisms. Lignans are mainly described as 

defensive molecules with an antifungal and antibacterial properties [11, 12]. One of the main interests 

in lignans is due to their preventive and/or curative, biological activities towards promoting human 

health [13–16]. 
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Figure 1: Parent structures of lignans, neolignans, oxyneolignans, and norlignans. Different linkages of two phenylpropanoid units (C6C3). 
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Figure 2: Lignan classification in eight groups. 
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2. Podophyllotoxin is a bioactive lignans with potent anticancer properties 

Owing to their biological activities ranging from antioxidant, antitumor, anti-inflammatory to antiviral 

properties [13], lignans and neolignans have been used for a long time both in traditional as well as in 

conventional medicines. They represent an enormous class of pharmacologically active compounds. 

Remarkable advances have been made in the isolation and identification of lignans and neolignans in 

recent years, which has already led to about 500 new congeners most of which possess beneficial 

pharmacological effects [8]. Several lignans have been reported to have antiviral properties. However, 

therapeutic applications are limited due to the toxicity and poor solubility in water [17]. Podophyllin, 

the extract of Podophyllum roots and rhizomes was included in the U.S. Pharmacopeia in 1820 (Figure 

3). In 1942, it was removed due to severe gastrointestinal toxicity [13]. Podophyllotoxin (PPT) is the 

active ingredient in podophyllin, which has been commercialized as a treatment for warts caused by 

the human papilloma virus [18]. Semisynthetic derivatives of PPT were designed as chemotherapy 

compounds for oral administration or for intravenous treatment in humans (Stähelin and von 

Wartburg, 1991). From a medicinal point of view, the most important compounds today are the 

semisynthetic derivatives (Etoposide, Teniposide and Etopophos) of the natural metabolite PPT [19] 

(Figure 3). PPT is a tubulin-interacting agent that inhibits mitotic spindle formation (Imbert, 1998). The 

potent cytotoxic activity of PPT suggested that it could be developed into an anticancer drug, but in 

practice, the compound proved to be too toxic for clinical use. On the contrary, its semisynthetic 

derivatives are widely used as anticancer drugs and have shown acceptable clinical effects against 

several types of neoplasms including testicular and small-cell lung cancer, lymphoma, leukemia, etc. 

[13, 20]. The 4ʹ-demethylation and the introduction of a β-glycosidic moiety in 7-position of PPT 

converts these compounds into potent irreversible inhibitors of DNA topoisomerase II. Their action is 

based on the formation of a nucleic acid-drug-enzyme complex which induces breaks in single- and 

double-stranded DNA as the initial step in a series of biochemical transformations that eventually lead 

to cell death [13, 21, 22].  

 

3. The podophyllotoxin supply issue 

PPT is unique natural precursor of etoposide, a topoisomerase II inhibitor drug, used in more than a 

dozen anticancer chemotherapy treatments. Etoposide is, therefore, appearing on the list of essential 

medicines of the World Health Organization. The important plant metabolites, including PPT, that are 

useful for drug development, are mainly isolated from wild plants with low yield. Indeed, PPT is still 

exclusively extracted from rhizome of Podophyllum species, its main natural source, in which PPT can 
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Figure 3: A. Extraction and semi-synthesis leading to Etoposide from podophyllotoxin (PPT) extracted from the rhizomes of Podophyllum species. B. 

Structure of the main anticancer drugs (Etoposide, Teniposide and Etopophos) deriving from PPT. C. Tridimensional structure of Etoposide. 
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reach up to 4% dry weight (DW) [23]. The supply of Podophyllum plants is limited, since the occurrence 

of these plant species is scarce and the plants need a long growth period of 5 to 7 years before 

harvesting to have enough PPT in the rhizomes [24]. This species is now endangered by overcollection, 

which exceeds its regeneration capacity and a lack of cultivation. As a consequence, Podophyllum 

hexandrum Royle (which is currently a synonym of Sinopodophyllum hexandrum (Royle) T.S. Ying) is 

listed on Appendix II of the Convention on International Trading of Endangered Species. Chemical 

synthesis of PPT is difficult due to the presence of four contiguous chiral centers and the presence of 

a base sensitive trans-lactone moiety. As neither chemical nor in vitro production of PPT is 

economically competitive with the extraction of PPT from P. hexandrum roots, other alternatives are 

being searched for. So far, no wild plants have been described with similar high PPT accumulation 

capacity. However, several plants producing PPT or related aryltetralin lignans (ATL) have been 

identified in recent decades, including some species members of Cupressaceae, Lamiaceae, Linaceae, 

Podophyllaceae and Polygalaceae [25] (Figure 4). Given their high lignan accumulation capacity, some 

Linum species are considered a promising alternative source of ATL [26–29]. The Linaceae family is a 

part of the order Malpighiales. Its 13 genera and around 250 species [30] are divided into two 

subfamilies Linoideae (8 genera including the genus Linum) and Hugonioideae (6 genera, the largest 

genus is Hugonia) [30, 31]. The genus Linum consists of around 180 species [30] found primarily in 

temperate and subtropical regions [32]. Traditionally used classification divides the genus Linum into 

the five sections that form two major clades: Linum and Dasylinum (blue flowering clade) and  

Cathartolinum (monotypic: L. catharticum), Syllinum and Linopsis (yellow flowering clade) [32]. Section 

Linum is paraphyletic (because of L. stelleroides) in relation to section Dasylinum which is monophyletic 

and nested inside of the section Linum. Section Cathartolinum and Syllinum (monophyletic) are nested 

inside section Linopsis (para- or polyphyletic) [32]. Taxonomic separation in two clades and five 

sections is supported by lignan accumulation analysis in seeds and aerial parts of different species of 

the genus Linum. These results showed that blue flowering clade accumulates 

arylnaphthalene/aryldihydronaphthalene (AN/ADN) and yellow flowering clade accumulates 

aryltetralin (ATL) lignans [33, 34]. Specialization to high accumulation of either AN/ADN or ATL lignans 

probably appeared after segregation of two clades in common ancestor but before section separation 

and remained a dominant biosynthetic pathway through diversification of the clades [33]. Section 

Linum consists of about 50 species that can be divided into two groups based on morphology of their 

sepals and stigmas: (1) L. perenne group (L. austriacum, L. lewisii, L. pallescens and L. perenne) and (2) 

group containing L. bienne, L. decumbens, L. grandiflorum, L. marginale, L. narbonense and L. 

usitatissimum [32]. In particular, Linum species of the Syllinum section, including Linum flavum, 

accumulate a large amount of ATL in their aerial parts, roots and seeds [33–35] (Figure 4, 5). L. flavum 

seeds are the richest source of ATL in Linum [34]. However, unlike the common flax L. usitatissimum, 
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Figure 4: Examples of some natural alternative sources of podophyllotoxin. 
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L. flavum (also called golden or yellow flax) is a small, hardwood perennial native to Central Europe 

with low agricultural potential (e.g., slow growth and dehiscence of fruits). Therefore, in vitro cultures 

of plant cells and/or tissues provide an interesting alternative to whole L. flavum plants for the 

production of these valuable ATL [36, 37]. Plant in vitro culture can be a long and laborious approach 

as it involves finding the best growth medium, selecting a highly productive cell line and creating the 

conditions for consistent growth and production of target metabolites. The use of Agrobacterium 

rhizogenes-induced hairy root (HR) transformation and bioreactor culture proved to be an effective 

system to produce ATL [38]. Additionally, the use of HR also offers the possibility for elicitors’ 

application as well as a platform for genetic engineering to further increase ATL production. The use 

of biotechnological approaches for the production of PPT using cell cultures, organ cultures and 

biotransformation route or by manipulating biosynthetic pathway can be an attractive choice for 

production of ATL. Several barriers need to be addressed before providing commercial cell lines 

producing ATL, including the poor understanding of the biosynthetic pathway and its regulation. 

Metabolic engineering aimed at constructing the pathway in a heterologous host is very appealing, but 

for that approach in-depth knowledge of the biosynthetic pathway toward PPT and other related ATL 

is necessary. In recent years, analysis of the transcriptome and proteome of elicited cell cultures has 

been used to advance knowledge of lignan biosynthesis pathway and its regulatory elements [39, 40]. 

 

Figure 5: A. Linum flavum whole plant morphological aspect. B. In vitro germination of wild type L. 

flavum. C. In vitro grown L. flavum plantlet. C. Aspect of hairy roots of L. flavum, line HRLF15.2 

deriving from A. rhizogenes ACTT15834 transformation. D. Aspect of hairy roots of L. flavum, line 

HRLF94-6 deriving from A. rhizogenes LBA9402 transformation (C: callus, B: bud, S: shoot). 
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4. An overview of the ATL biosynthesis 

4.1. The origins of lignans  

A thorough understanding of the podophyllotoxin biosynthetic pathway is an essential step in 

considering effective metabolic engineering approaches. Lignans and lignins share, but also compete 

for, the same common precursors (i.e. monolignols) provided by the phenylpropanoids pathway 

present in vascular plants [41]. Lignin biosynthesis is the result of a random combination through 

oxidative coupling process of at least three different monolignols, namely the coumaryl, coniferyl and 

sinapyl alcohols, respectively H, G and S units of lignin, involving various inter-unit couplings making 

the heterogeneous structure of this cell wall polymer optically inactive [41]. On the contrary, sensu 

stricto lignans are, most of the time, optically active coniferyl alcohol dimers connected by the central 

carbons of their propane side chains as a result of a stereo- and regiospecific coupling controlled by a 

multiprotein complex involving dirigent proteins (DIR, a name from the Latin word dirige, to guide or 

align) [42]. It should be noted that although most vascular plants accumulate lignans, for the majority 

of them, the biosynthetic pathway is limited to the first steps, and these plants accumulate only 

pinoresinol and/or lariciresinol, as it is the case for the model plant Arabidopsis thaliana. Some plants, 

such as Forsythia x intermedia, L. usitatissimum or Arctium lappa L., accumulating secoisolariciresinol, 

matairesinol, arctigenin or yatein, go a little further in the biosynthetic steps thus providing the 

opportunity to identify more biosynthetic genes. Lastly, few plants go even further downstream in the 

lignan biosynthetic pathway to produce (-)-PPT or other related ATL. This is the case for some genera 

Podophyllum, Juniperus, Callitris or Linum including L. flavum. These plants are of a special interest for 

identifying the genes responsible for PPT biosynthesis, but also as a platform to design metabolic 

engineering strategies for the production of ATL. 

The early lignan biosynthetic steps have been well described in different plant species and are well 

accepted. Two coniferyl alcohol moieties are converted into matairesinol in five steps involving three 

enzymes. An oxidase (most probably a laccase) in association with a DIR, a pinoresinol-lariciresinol 

reductase (PLR) and a secoisolariciresinol dehydrogenase (SDH) [43]. Some steps of the downstream 

biosynthetic pathway from matairesinol leading to PPT are still mainly hypothetical as will be described 

later (Figure 6).  

 

4.2. The key role of the DIR for the enantioselective formation of pinoresinol 

Early work conducted on Forsythia cell-free extracts dealing with initial formation of (+)-pinoresinol 

concluded that the entry point for the stereoselective coupling of this lignan occurs from the achiral 

precursor coniferyl alcohol [44, 45]. Subsequent investigations led to the purification of the first DIR 
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Figure 6: A. Proposed biosynthetic pathways leading from podophyllotoxin (PPT).  

B. Detail of podophyllotoxin (PPT) and methoxypodophyllotoxin (MPT) biosynthesis from deoxypodophylltoxin (DPT). 
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from Forsythia suspensa, tentatively considered as a trimer of approximately 78 kDa, producing (+)-

pinoresinol from coniferyl alcohol radicals [46] (Figure 6). An active catalytic center was absent within 

the DIR protein, and (+)-pinoresinol was formed following coniferyl alcohol oxidation by a nonspecific 

oxidase or a single non-enzymatic oxidant. The formation rate of dimeric lignans was very similar in 

presence or absence of the DIR protein, but the DIR was absolutely necessary for enantioselectivity 

[46]. In 1999, the gene encoding this (+)-pinoresinol-forming DIR was isolated [47, 48] and the 

biochemical characteristics of the recombinant protein were determined in terms of kinetic properties 

[49, 50]. Since then, the existence of two types of DIR, forming (+)- or (-)-pinoresinol enantiomer has 

been found in many plant species such as in Schisandra chinensis (Turcz.) Baill, Pisum sativum or 

Arabidopsis thaliana [51, 52]. In the genome of L. usitatissimum 44 genes encoding DIR were identified, 

and both (+)- or (-)-pinoresinol-forming DIR were biochemically characterized [53, 54]. In good 

accordance with expression patterns of (+)- and (-)-pinoresinol forming DIRs, differential accumulation 

of pinoresinol enantiomers was observed in different organs of L. ussitatissimum. Flax leaves form (+)-

pinoresinol to form (-)-yatein derivatives while flax seeds produce (-)-pinoresinol to form (+)-

secoisolariciresinol diglucoside (SDG) [53–59]. The same differential accumulation was reported in A. 

lappa whereon petioles formed (+)-pinoresinol, while the maturing seeds accumulated the (-) antipode 

[60]. On the contrary, some species preferentially accumulate only one antipode: (-)-pinoresinol in A. 

thaliana [51], and (+)-pinoresinol in Forsythia species [46], Thuja plicata [61] and L. flavum [62]. 

Recently, the crystal structure of the two DIRs has been solved [63, 64]. Interestingly, AtDIR6, a (-)-

pinoresinol-forming DIR from A. thaliana presents six additional residues in the longest loop as 

compared to the (+)-pinoresinol-forming DIR, PsDRR206 from P. sativum [63, 64], thus giving the 

opportunity to identify key residues possibly responsible for the DIR enantioselectivity. These 

additional residues were also found in DIR from other plant species, including flax [53, 54].    

 

4.3. PLR enzymes: steps from pinoresinol to secoisolariciresinol 

The first PLR activity was reported from F. intermedia cell-free extracts incubated with (±) -pinoresinol 

that exclusively converted (+)-pinoresinol to (+)-lariciresinol and (-)-secoisolariciresinol (Figure 6). F. 

intermedia PLR isoform genes were cloned and functional characterization showed their capacity to 

sequentially convert (+)-pinoresinol to (+)-lariciresinol and then to (-)-secoisolariciresinol [65]. PLRs 

forming (-)-secoisolariciresinol are important for the production of PPT. This biosynthetic step was later 

confirmed in other plant species such as L. usitatissimum (LuPLR2), Linum corymbulosum (LcPLR1) [58, 

66, 67], and in particular in L. album (LaPLR1) species known to accumulate PPT and other related ATL 

[57]. PLR with opposite enantioselectivity were also described and functionally characterized both in 

vitro and in vivo, for example in L. usitatissimum (LuPLR1) [57, 58, 68]. However, selectivity and/or 
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enantiomeric preferences of one PLR enzyme are not always clearly defined. PLRs from Thuja plicata 

Donn ex D.Don can accept both enantiomers of pinoresinol, while being selective toward lariciresinol 

substrate with TpPLR1 exclusively accepting (-)-lariciresinol whereas TpPLR2 strictly converts (+)-

lariciresinol [69]. One PLR from Linum perenne, has been found to convert (±)-pinoresinol to (±)-

lariciresinol and (±)-secoisolariciresinol, but with a preference for (+)-pinoresinol and (-)-lariciresinol 

[70]. Due to a strict substrate specificity toward pinoresinol, but little or no activity with respect to 

lariciresinol two PLRs from A. thaliana were renamed pinoresinol reductase 1 (AtPrR1) and 2 (AtPrR2) 

[71]. Interestingly, while AtPrR1 reduced both pinoresinol enantiomers, AtPrR2 used only (-)-

pinoresinol as substrate [71]. Mechanistically, PLRs from F. intermedia (FiPLR1) and L. usitatississimum 

(LuPLR1) convert (+)-lariciresinol to (-)-secoisolariciresinol before (-)-pinoresinol depletion [57, 65]. 

However, PLRs from L. album (LaPLR1), L. perenne (LpPLR1) and L. usitatissimum first converted all (+)-

pinoresinol to (+)-lariciresinol before converting (+)-lariciresinol into (-)-secoisolariciresinol [57, 58, 

70]. The resolved crystal structures (2.5 A) of the T. plicata TpPLR1 and homology modeling TpPLR2, 

from the same species but with opposite enantioselectivity pointed some key residues which could 

explain the PLR enantioselectivity [72]. 

 

4.4. The formation of matairesinol by SDH 

The closure of the D ring to produce the dibenzylbutyrolactone (-)-matairesinol catalyzed by 

secoisolariciresinol dehydrogenase (SDH) is a key step for PPT biosynthesis since only this levorotatory 

matairesinol is a precursor for ATL biosynthesis [73] (Figure 6). It was proposed that the optical purity 

in the lignan biosynthetic pathway is reached at this stage, since upstream lignans such as pinoresinol, 

lariciresinol and secoisolariciresinol are obtained in reactions giving rise to highly variable racemic 

mixtures as a function of different organs and/or plant species [74]. The first enzymatic conversion of 

(-)-secoisolariciresinol to (-)-matairesinol was described in F. intermedia cell free extracts [75]. The 

gene encoding SDH was isolated and biochemical characteristics of the recombinant protein confirmed 

the two step-conversion of (-)-secoisolariciresinol to (-)-matairesinol via the (-)-lactol intermediate 

[76]. Enzyme activities of these early biosynthetic steps leading to matairesinol were first revealed in 

F. intermedia [46, 65, 75], but this plant species is a PPT producer. Therefore, it has been important to 

determine whether other species that biosynthesize PPT use the same sequence of reactions. Same 

biosynthetic sequence was confirmed in both L. flavum and Podophyllum peltatum [62, 76]. Crystal 

structure (1.6 A) of the P. peltatum SDH was obtained and the enantioselectivity of the enzyme 

elucidated [77]. Interestingly, we can note that among SDH characterized from F. intermedia and P. 

peltatum, none of them were able to convert the opposite dextrorotatory enantiomer of matairesinol 

[76].  
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4.5. Hypotheses on the biosynthetic steps from matairesinol to podophyllotoxin 

The enzymatic conversions leading to matairesinol are well accepted and have been described in many 

plant species from Forsythia, Linum, Podophyllum, Anthriscus, Schisandra, Pisum, Tsuga and Thuja 

genera [9, 78, 79] (Figure 6). Feeding experiments conducted in Anthriscus sylvestris revealed the 

successive reaction steps: 1) an hydroxylation of (-)-matairesinol to (-)-thujaplicatin, 2) two successive 

methylation steps to produce 5-O-methylthujaplicatine and then 4,5-O,O-dimethylthujaplicatin, and 

finally 3) the formation of the methylenedioxy bridge leading to (-)-yatein [80]. Isolation and 

biochemical characterization of a thujaplicatine O-methyltransferase from A. sylvestris (AsTJOMT) 

confirmed the first regioselective methylation step leading to 5-O-methylthujaplicatin [81]. In sharp 

contradiction, in Podophyllum, the methylenedioxy bridge formation occurs prior to the hydroxylation 

and methylation steps [82]. This assertion is supported by the isolation and characterization of two 

enzymes, CYP719A23 from P. peltatum and CYP719A24 from P. hexandrum, catalyzing the closure of 

ring A to convert (-)-matairesinol to (-)-pluviatolide [82] . Later, other experimental evidences 

supported this biosynthetic sequence from (-)-pluviatolide to (-)-deoxypodophyllotoxin by Lau and 

Sattely [83] in their attempt to a partial reconstruction of the enzymatic conversions leading to the 

formation of (-)-deoxyPPT using candidate genes obtained from Podophyllum transcriptomic data [83]. 

With this approach 4 additional steps leading to deoxyPPT were identified: 1) O-methyltransferase-3 

(OMT-3) catalyzing the conversion of (-)-pluviatolide to allow (-)-5'-desmethoxy-yatein by transferring 

a methyl group at the C4' position, 2) cytochrome P450 CYP71CU1 responsible for the hydroxylation 

leading to (-)-5'-demethyl-yatein, 3) O-methyltransferase-1 (OMT-1) catalyzing the C5' methylation to 

(-) – yatein, and 4) C-C bond formation leading to the ring C closure to obtain the ATL skeleton of (-)-

deoxyPPT catalyzed by the 2-oxoglutarate/Fe(II)-dependent dioxygenase (2-ODD) [83] (Figure 6). The 

last enzyme transforming (-)-deoxyPPT into (-)-PPT is still unidentified. However, (-)-deoxyPPT-7 

hydroxylase activity leading to (-)-PPT have been detected in L. album [84]. The corresponding enzyme 

activity was not affected by cytochrome P450 monooxygenase specific inhibitors suggesting that the 

corresponding enzyme is not a member of this enzyme family [85].  

Interestingly, the differences in the late lignan pathway from (-)-matairesinol to the ATL in P. 

hexandrum, A. sylvestris and L. album may indicate the possibility of a convergent evolution in different 

species, and offer the possibility to identify additional genes for the development of metabolic 

engineering approaches. 
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The recent discovery of two additional cytochromes P450: CYP71BE54 and CYP82D61 converting (-)-

DPT to (-)-4'-demethyl-DPT and then to (-)-4'-demethyl-epiPPT (Etoposide aglycone), respectively, 

opened a new avenue for the biotechnological supply of this ATL anticancer drug [83].  

 

4.6. Regulatory aspects of the lignan biosynthesis 

Developmental, tissue-specific, hormonal and stress expression regulations have been reported for 

some lignan biosynthetic genes.  

In L. usitatissimum, the LuPLR1 expression is controlled by abscisic acid (ABA), the plant hormone which 

plays a crucial role in the seed maturation and dormancy [86]. Not surprisingly, GA (gibberellic acid) 

exerted an opposite regulation effect on the expression of LuPLR1 [87]. Stimulating effect of  ABA on 

LuPLR1 gene expression is mediated through at least two cis-regulation elements, MYB2 and ABRE 

elements, located in the LuPLR1 gene promoter [87], whereas GA down-regulation of LuPLR1 gene 

expression influenced by GA is mediated through ABRE element only [87]. Through pharmacological 

approach, by using specific inhibitors, the implication of Ca2+ sensors such as calmodulin-like proteins 

and Ca2+-dependent protein kinases in this regulation was pointed. A calmodulin-like protein, 

LuCML15b, was proposed as a key player involved in this signal transduction [88]. In contrast, a 

negative effector of the ABA effect on LuPLR1 gene expression, the LuERA1 (enhanced response to 

abscisic acid 1) protein was reported [89]. LuERA1 could possibly inhibit LuPLR1 expression through 

farnesylation events possibly by the direct and/or indirect modulation of the action of specific 

transcription factors, such as ABI3 (abscisic acid insensitive 3) [89, 90]. The involvement of PtMYB8, a 

R2R3-MYB TF, in the transcriptional control of PLR genes from Pinus taeda L. was also reported [91]. 

In A. thaliana, the AtPrR1 gene was positively regulated by the secondary cell wall related TF SND1 and 

MYB46 [92]. High PPT content was also correlated with the expression levels of bZIP and MYB in P. 

hexandrum, and bHLH and MYB in P. peltatum [93].  

The gene expression of LuPLR2, involved in biosynthesis of (-)-yatein in flax leaves was increased by 

methyl jasmonate (MeJa) and wounding which is in accordance with the knowledge that lignans can 

act in plant defense response [59]. MeJa have been shown to regulate lignan production through the 

control of several lignan biosynthetic gene expression, including DIR and PLR in Isatis indigotica 

Fortune ex Lindl., a synonym of Isatis tinctoria L. [94], in which a AP2/ERF TF was a key regulator of 

lignan accumulation [95]. In P. hexandrum, the PhPLR gene shows an increase in expression as a 

response to MeJa, wounding and UV treatment of leaves [96]. Synthesis of PPT has been shown to be 

MeJa responsive [96]. PPT could play a role in a plant response to wounding in leaves since an increase 

in PhDIR, PhPLR and PhSDH gene expression was observed [97]. In this species, putative cis-acting 
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elements were identified in promoter regions of the SDH, including putative binding sites of MYB and 

WRKY transcription factors that could be considered for further research [93]. Different TFs have been 

identified in P. hexandrum and P. peltatum belonging to different families potentially involved in the 

regulation of secondary metabolism, including AP2, NAC, bHLH, MYB, bZIP, or WRKY [98]. Some TFs 

were also identified in MeJa-treated P. hexandrum cell cultures [40]. Beside MeJa, a number of results 

have also been published on L. album with salicylic acid (SA), chitosan and Fusarium extracts 

treatments being able to trigger an overproduction of ATL when applied to the cell cultures [36, 99–

102]. Fusarium oxysporum extracts have been shown to stimulate LuPLR1 gene expression [103, 104] 

and a WRKY transcription factor, LuWRKY36 acting through a direct binding to the LuPLR1 gene 

promoter identified [105]. Interestingly the ATL increase in response to F. oxysporum extracts was 

correlated with an increase of the LaPLR1 gene expression [36, 101]. Nevertheless, the PLR expression 

and ATL biosynthesis are not necessarily linked: even though a lignan synthesis improved three times 

(over control cultures) following the SA treatment, the LaPLR expression was not found stimulated 

[100]. These results suggest the existence of a complex regulation of the whole pathway and a 

differential control of the gene expression between distinct transduction signals that mediate the 

hormonal control which is confirmed by the work conducted on flax. This provides preliminary 

information and guidance for future researches including metabolic engineering approaches. 

 

5. Linum flavum Hairy roots, a good way to produce ATL 

5.1. L. flavum is a rich source of ATL 

In vitro cultures of different Linum species, such as L. album, L. flavum, L. mucronatum or L. nodiflorum, 

have demonstrated their capacity to accumulate high amounts of ATL [106–111]. High levels of ATLs  

has been reported that root-like cultures of L. flavum accumulate [112]. Beside accumulation of PPT, 

L. flavum also accumulate high amounts of 6-methoxypodophyllotoxin (MPT) as main compound [113, 

114]. Interestingly, MPT shows cytotoxic activity similar to that of PPT and could therefore serve as a 

new scaffold to synthesize anticancer drugs [115]. It has been shown that following their 

establishment, the selection of the cell lines for their production capacities, the optimization of the 

culture medium as well as the use of elicitors could further improve ATL accumulation levels [116, 117]. 

However, in comparison with the amounts accumulated in hairy roots (HR) of L. flavum, L. album, L. 

persicum, L. strictum and L. mucronatum, cell suspensions or calli produce approximately two-fold less 

ATL [116, 118–122] (Figure 5). HR are obtained following inoculation with Agrobacterium rhizogenes, 

a Gram-negative soil bacterium, inducing a very characteristic HR phenotype due to a natural gene 

transfer to wounded plants [123]. The HR phenotype is characterized by vigorous growth, lack of 
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geotropism, high lateral branching and genetic stability in a hormone-free medium [123]. HRs have 

been widely described in plant biotechnology as promising systems for the large-scale production of 

various secondary metabolites, due to higher differentiation compared to tissue culture systems of 

plant cells and organs such as cell suspensions [124]. It has been proposed that phenolic compounds, 

such as acetosyringone, can be used as inducers of the A. rhizogenes virulence to increase their 

capacity to induce HR in recalcitrant plant species [123].  

 

5.2. L. flavum HR obtention 

HR lines of L. flavum have been successfully established by different A. rhizogenes strains, in particular 

with the ATCC-15834 and LBA-9402 strains [113, 116, 125, 126] (Figure 5). A clear impact of initial 

explant on the HR induction rate was  reported, with a higher transformation rate obtained with 

hypocotyls [114]. However, A. rhizogenes strains induce HR on L. flavum explants with similar 

transformation efficiencies ranging from 15 to 20 % [113, 116, 125, 126]. HR induced by the A. 

rhizogenes strain ATCC-15834 exhibited a true HR phenotype with vigorous growth [113, 114, 116] 

(Figure 5). However, the growth of some of these ATCC-15834-derived lines appeared unstable and 

biomass production tend to decrease after repeated subculturing [114]. HR induced by the A. 

rhizogenes strain LBA-9402 showed a more stable biomass production [116, 126]. Nonetheless, 

depending on the lines, morphological instabilities with the spontaneous development of calli and/or 

shoots on the HR surfaces was reported (Figure 5). This morphological instability were first supposed 

to be the consequence of the presence of zeatin in the culture medium [125]. However, these 

morphological changes have been also reported in the absence of any growth regulator [114]. The 

capacity of A. rhizogenes strain LBA-9402 to induce agropine and mannopine production could explain 

these morphological instabilities. Indeed, the induction of somatic embryos in HR by mannopine has 

been reported [127].  

Concerning ATL production, the main ATL accumulated in L. flavum HR are MPT and PPT (aglycones 

and glycosidic forms) as well as DPT, with maximum ATL accumulation ca 1.5 to 4.0 % on DW basis, 

with 1.5 to 3.2 % DW of total MTP [113, 114, 116]. Compared to untransformed roots, with an ATL 

content ca 0.4% DW, a 2- to 10-fold increase was observed following A. rizhogenes transformation 

[114, 116, 128], although note that untransformed roots from plants grown in vitro on agar plates 

already contain 10-fold higher ATL contents than those from plants potted in soil under greenhouse 

conditions [128]. All these observations clearly indicated the considerable potential of HR cultures of 

L. flavum for the production of ATL. However, as observed for growth characteristics, ATL accumulation 

levels and profiles variable from one line to another. Such differences in growth pattern and ATL 
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accumulation in Linum species have been ascribed to the genotypes, to the influence of initial explant 

and A. rhizogenes strain used for HR induction as well as to somaclonal variations [27, 114], therefore, 

the selection of high-producing lines is an essential preliminary step before considering large-scale 

stable production. 

 

5.3. Culture medium optimization for the production of ATL in L. flavum HR 

The composition of in vitro culture media influence biomass accumulation and the production of 

specialized metabolites [129, 130]. In the literature, culture media with different mineral composition 

have been used for the cultivation of L. flavum HR. Murashige and Skoog (MS), Linsmaier and Skoog 

(LS) [131], Gamborg B5 (B5) [132] and Woody plant medium (WPM) [133] mineral basis were used. 

The main differences between the mineral composition of these culture media resulted in 1) the 

quantity and form of nitrogen, and 2) the anions abundance. For comparison, MS and LS media are 

richer in total nitrogen but differ in their vitamin compositions, whereas WPM medium is rich in 

sulphates. B5 medium is intermediate in its total nitrogen content, but contains more nitrate and 

potassium as compared to the 3 other media [131–134]. Higher biomass productions for L. flavum HR 

were reported with B5 and WPM media [113, 114]. These “low nitrogen” media (B5 and WPM) were 

also effective to stimulate ATL accumulation [114]. However, it should be noted that higher 

morphological instability with a higher propensity to callogenesis was also noted with WPM medium 

[114]. Nitrogen is one of the main nutrients required for plant growth, and is therefore generally 

empirically applied in large quantities in order to ensure high yields. Like other phenylpropanoids, ATL 

are not nitrogen-containing compounds. But, their synthesis relies on the availability of L-Phe. The 

deamination of the amino acid L-Phe (nitrogenous compound) to form trans-cinnamic acid (the first 

phenylpropanoid to be formed) catalyzed by the L-phenylalanine ammonia lyase (PAL) is the entry 

point of the phenylpropanoid pathway, and an important crossroad between primary (growth) and 

secondary metabolism (here ATL production). Contrary to what might be assumed, recent studies have 

shown that low nitrogen content may contribute to higher production of phenylpropanoids. The 

accumulation of phenylpropanoids was increased in Labisia pumila (Blume) Fern.-Vill. (a synonym of 

Marantodes pumilum (Blume) Kuntze) grown in a low nitrogen fertilization context [135] as well as in 

Clidemia hirta (L.) D. Don in vitro cultures grown in a culture medium containing less nitrogen [130]. 

These results show that a particular attention have to be paid on the basal culture medium 

composition itself for the production of ATL. For example, a significant 10% gain in MPT production by 

reaching 3.3% DW was noted with the B5 medium as compared to other culture media [114].  
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5.4. Influence of the carbon source and concentration on the production of ATL in L. flavum HR 

HRs are heterotrophically grown in vitro cultures and therefore for an optimal plant growth, but also 

the production of specialized metabolites, carbon sources have to be provided by their culture medium 

in the form of simple sugars. It is clearly established that both sugar type and content affect the 

production of specialized metabolites by in vitro plant cell, tissue or organ cultures [129]. Beyond the 

simple nutritional effect, a high sugar concentration also induces osmotic stress that can affect the 

secondary metabolism of plants, as described for sucrose [129]. In terms of sugar type, in L. flavum HR 

cultures, the use of sucrose resulted in a higher biomass and ATL productions than glucose or fructose 

[28, 114]. Similarly, the substitution of glucose by sucrose have resulted in higher biomass and PPT 

accumulation in the L. album cell suspension [136]. A higher PPT production was also obtained in callus 

of P. peltatum by using sucrose rather than maltose [137]. With respect to the carbon source used for 

in vitro plants producing lignans, 3% (w/v) is the most frequently used sucrose concentration. In L. 

flavum HR cultures, increasing sucrose concentration to 5% (w/v) further increased ATL production 

and biomass production [114] maybe as a consequence of an osmotic stress induced by the use of such 

a concentration. A similar effect was observed in F. x intermedia cell suspension, with the use of 6% 

(w/v) sucrose resulting in a higher accumulation of pinoresinol and matairesinol as compared to a 

concentration of 2% (w/v) [138]. An optimal biomass production associated with an 1% DW 

accumulation of MPT in root (non-HR) of L. flavum lines with sucrose at 6% (w/v) concentration in the 

culture medium [139]. A productivity of 4.26 mg/L PPT with an accumulation biomass of 6.5 g (DW)/L 

was reached with P. hexandrum cell suspensions by using 7.2% (w/v) glucose as unique carbon source 

[140, 141]. 

 

5.5. Influence of phytohormones and elicitors on the production of ATL in L. flavum HR 

Plant growth regulators (PGR) are important players in the control of plant specialized metabolites 

production [142]. Elicitation is also an effective strategy to mimic a stress in in vitro plant cell, tissue 

and/or organ cultures leading to the stimulation of specialized metabolite production [143–145]. 

Various PGRs and/or elicitors have been used to stimulate the production of lignans [28]. With respect 

to L. flavum HR, the influence of PGRs involved in root growth and development (such as the synthetic 

auxin NAA), acting as stress mediators (such as salicylic acid SA and Methyl jasmonate MeJA) or that 

may be involved in both aspects (such as abscisic acid ABA), as well as fungal elicitors (such as yeast 

extract, YE) have been evaluated for their impact on biomass production and ATL accumulation [114]. 

Of all these treatments, only NAA addition (1 mg / mL) induced a 10% significant increase in L. flavum 
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Table 1: Biomass and ATL productions in L. flavum HR as a function of culture media mineral composition, sugar type and concentration as well as hormonal, 

elicitor and permeation treatments 

A. 
rhizogenes 

strain 

Culture 
media 

mineral 
basis1 

Sugar2 Treatments Biomass production ATL production3,4 Reference 

LBA9402 B5 Suc 2% (w/v) - nd MPT: 1.4-3.5% DW [116] 

LBA9402 MS Suc 3% (w/v) - 0.26-0.45g DW/25mL nd [125] 

LBA9402 LS Suc 3% (w/v) 
HORMONE 

2,4D (0.221mg/L) + NAA 
(0.186mg/L) 

0.13-0.43g DW/25mL nd [125] 

ATCC-
15834 

B5 Suc 3% (w/v) - 19.40g FW/100mL 

PPT: 0.001% FW 
PPTG: 0.73% FW 
MPT: 0.14% FW 

MPTG: 0.94% FW 

[107] 

LBA9402 B5 Suc 3% (w/v) - 8.80-22.70g DW/100mL 

PPT: 0.02-0.08% DW 
PPTG: 0.13-0.29% DW 
MPT: 0.15-0.83% DW 

MPTG: 0.58-2.26% DW 
DPT: 0.05-0.13% DW 

[108] 

ATCC-
15834 

B5 Suc 3% (w/v) - 6.80-8.00g DW/100mL 

PPT: 0.02-0.06% DW 
PPTG: 0.12-0.49% DW 
MPT: 0.32-0.84% DW 

MPTG: 0.41-2.41% DW 
DPT: 0.06-0.10% DW 

[108] 

LBA9402 B5 Suc 5% (w/v) - 25.10g DW/100mL 

PPT: 0.14% DW 
PPTG: 0.36% DW 
MPT: 1.24% DW 

MPTG: 5.27% DW 
DPT: 0.13% DW 

[108] 
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LBA9402 B5 Glc 3% (w/v) - 15.75g DW/100mL 

PPT: 0.11% DW 
PPTG: 0.21% DW 
MPT: 0.79% DW 

MPTG: 2.05% DW 
DPT: 0.02% DW 

[108] 

LBA9402 B5 Glc 5% (w/v) - 18.15g DW/100mL 

PPT: 0.20% DW 
PPTG: 0.24% DW 
MPT: 0.94% DW 

MPTG: 3.34% DW 
DPT: 0.05% DW 

[108] 

LBA9402 B5 Fru 3% (w/v) - 16.75g DW/100mL 

PPT: 0.12% DW 
PPTG: 0.22% DW 
MPT: 0.80% DW 

MPTG: 1.92% DW 
DPT: 0.03% DW 

[108] 

LBA9402 B5 Fru 5% (w/v) - 18.65g DW/100mL 

PPT: 0.19% DW 
PPTG: 0.28% DW 
MPT: 0.98% DW 

MPTG: 2.84% DW 
DPT: 0.08% DW 

[108] 

LBA9402 LS Suc 3% (w/v) - 18.10g DW/100mL 

PPT: 0.03% DW 
PPTG: 0.07% DW 
MPT: 0.23% DW 

MPTG: 0.43% DW 
DPT: 0.016% DW 

[108] 

LBA9402 MS Suc 3% (w/v) - 17.25g DW/100mL 

PPT: 0.03% DW 
PPTG: 0.08% DW 
MPT: 0.29% DW 

MPTG: 0.71% DW 
DPT: 0.02% DW 

[108] 
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LBA9402 WPM Suc 3% (w/v) - 23.45g DW/100mL 

PPT: 0.038% DW 
PPTG: 0.13% DW 
MPT: 0.38% DW 

MPTG: 1.03% DW 
DPT: 0.016% DW 

[108] 

LBA9402 B5 Suc 3% (w/v) 
HORMONE 

NAA (1 mg/mL) 
28.85g DW/100mL 

PPT: 0.13-0.22% DW 
PPTG: 0.19-0.29% DW 
MPT: 0.35-0.48% DW 

MPTG: 2.71-3.04% DW 
DPT: 0.04-0.05% DW 

[108] 

LBA9402 B5 Suc 3% (w/v) 
 

HORMONE 
ABA (100µM) 

14.7g DW/100mL 

PPT: 0.14-0.30% DW 
PPTG: 0.28-0.32% DW 
MPT: 0.83-1.50% DW 

MPTG: 1.78-2.24% DW 
DPT: 0.04-0.06% DW 

[108] 

LBA9402 B5 Suc 3% (w/v) 
ELICITATION 

MeJA (100µM) 
17.95g DW/100mL 

PPT: 0.26-0.34% DW 
PPTG: 0.30-0.36% DW 
MPT: 1.34-2.17% DW 

MPTG: 3.44-6.15% DW 
DPT: 0.07-0.09% DW 

[108] 

LBA9402 B5 Suc 3% (w/v) 
ELICITATION 

SA (100µM) 
18.45g DW/100mL 

PPT: 0.19-0.34% DW 
PPTG: 0.21-0.42% DW 
MPT: 1.13-1.31% DW 

MPTG: 3.42-4.47% DW 
DPT: 0.04-0.09% DW 

[108] 

LBA9402 B5 Suc 3% (w/v) 
ELICITATION 

YE (3% w/v) 
18.40g DW/100mL 

PPT: 0.16-0.29% DW 
PPTG: 0.28-0.34% DW 
MPT: 0.52-0.70% DW 

MPTG: 3.39-5.15% DW 
DPT: 0.06-0.09% DW 

[108] 
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LBA9402 B5 Suc 3% (w/v) 
FEEDING 

L-Phe (1 mM) 
22.55g DW/100mL 

PPT: 0.13-0.23% DW 
PPTG: 0.31-0.36% DW 
MPT: 0.85-0.93% DW 

MPTG: 2.84-3.43% DW 
DPT: 0.04-0.08% DW 

[108] 

LBA9402 B5 Suc 3% (w/v) 
FEEDING 

Ferulic acid (1 mM) 
26.35g DW/100mL 

PPT: 0.20-0.42% DW 
PPTG: 0.35-0.54% DW 
MPT: 0.90-2.03% DW 

MPTG: 2.85-5.58% DW 
DPT: 0.06-0.13% DW 

[108] 

LBA9402 B5 Suc 3% (w/v) 
PERMEATION 

Tween-20 (2 % w/v) 
13.25g DW/100mL 

PPT: 0.10-0.14% DW 
PPTG: 0.34-0.47% DW 
MPT: 0.59-0.90% DW 

MPTG: 1.83-3.39% DW 
DPT: 0.03-0.04% DW 

[108] 

1: Murashige and Skoog (MS), Linsmaier and Skoog (LS), Gamborg B5 (B5), Woody plant medium (WPM); 2: sucrose (suc), glucose (glc), fructose (fru); nd: not determined; 3: fresh weight (FW), 

dry weight (DW); 4: podophyllotoxin (PPT), podophyllotoxin-β-D-glucoside (PPTG), methoxypodophyllotoxin (MPT), methoxypodophyllotoxin-β-D-glucoside (MPTG), deoxypodophyllotoxin 

(DPT).  
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HR biomass production, accompanied by only a small increase in ATL accumulation (mainly MPTG) and 

resulting in an increase in ATL productivity [114]. In Pinus taeda cell suspension cultures, auxin 

treatment stimulated lignin biosynthesis detrimentally to lignan accumulation [146]. In contrast, ATL 

accumulation is stimulated by MeJA (100 μM) treatment in L. flavum HR with a 2-fold increase in MPTG 

compared to untreated HR and a total MPT content reaching 7.5% DW [114]. Similarly, a slight increase 

in MPTG accumulation (up to 3.6% DW) as well as of its dimethyl derivatives (up to 3.1% DW) was also 

noted in HR cultures of Linum tauricum after MeJA (150 μM) treatment [37]. However, these increases 

in ATL production resulting from MeJA treatments were at the expense of biomass production, which 

resulted in an overall decrease or short gain in the ATL productivity [37, 114]. SA (100 μM) treatment 

results in effects comparable to YE 3% (w/v) treatment in L. flavum HR with a decrease in biomass 

accumulation and a specific stimulation in the biosynthesis of ATL [114]. The similarity in the response 

observed between with SA and YE is not surprising considering that SA is generally seen as an essential 

mediator for fungal stress signaling [147]. Interestingly, these treatments induced a stimulation of the 

accumulation of MPTG (up to 5.6% DW) and PPT while, simultaneously, having much less impact on 

the MPT and the PPTG [114]. These results showing that the glycosylation steps, from MPT to MPTG 

vs PPT to PPTG, certainly involved different glucosyltransferases for these two ATL substrates, with a 

possible distinct regulation of these enzymes at the transcriptional and/or post-translational levels. 

ABA (100 µM) treatment resulted in a stimulation of PPT biosynthesis at the expanse of the other ATL 

accumulated in L. flavum HR [114]. This very specific stimulation could be the result of a differential 

induction of hydroxylation enzyme acting on DPT, the DOP7H leading to PPT vs the DOP6H leading to 

MPT, already described in L. flavum cell suspension [85]. But, the stimulation of ATL biosynthesis by 

ABA treatment was obtained at the expanse of biomass production. Overall, these results demonstrate 

that a specific induction of distinct branch(es) of ATL biosynthesis as a function of hormonal and/or 

elicitor treatment(s) is possible. This specific induction could also be useful for directing the metabolic 

flux towards the production of a single ATL. However, these results also highlight the difficulty of 

obtaining significant productivity gains for the production of specialized metabolites using such 

approaches. Indeed, most of the stress signal also induce growth arrest or reduction, thus limiting the 

overall effect of such stimulation on the final ATL productivity.  

 

5.6. Precursors feeding for the production of ATL in L. flavum HR 

Precursors feeding could represent an effective strategy to direct the metabolic flux towards the 

production of a desired compound [148].  As already demonstrated in F. x intermedia, precursor 

feeding approaches using L-Phe or ferulic acid can result in an effective stimulation of lignans 

biosynthesis [149]. Although it led to a decrease in biomass and viability, L-Phe feeding (1 mM) resulted 
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in a stimulation of PPT accumulation in L. flavum HR [114]. Differential stimulation of DOP6H leading 

to a greater accumulation of PPT at the expense of DOP7H is therefore also suspected. Consequently, 

both ABA treatment and L-Phe feeding could be exciting strategies to identify the genes encoding 

DOP6H and DOP7H by an RNAseq strategy, and then consider a metabolic engineering approach using 

these sequences to stimulate PPT production. The toxicity and stress-induced response associated with 

L-Phe feeding on plant cells has already been reported [150, 151]. In particular, L-Phe feeding has 

contrasting effects on L. flavum cells viability vs lignan production: van Uden et al. (1990) [151] 

described an increase in MPT accumulation in the cell suspension, while Berlin et al. (1986; 1988) [107, 

108] have only observed an increase in coniferin, a possible lignan precursor [152] in non-transgenic 

roots. The fact that L-Phe is a precursor for a wide range of primary and secondary metabolites may 

explain these contrasting results. Ferulic acid, a precursor more soluble in culture media than coniferyl 

alcohol, and far less expensive than ATL precursors such as pinoresinol, does not have this negative 

impact on cell viability and growth. Ferulic acid addition into the culture medium at a concentration of 

1 mM resulted in a 2-fold increase in ATL accumulation in L. flavum HRs, in particular reaching 7.2% 

DW of MPT under these conditions [114]. Considering these results, ferulic acid feeding has emerged 

as an interesting feeding compound for increasing ATL accumulation. 

Other feeding strategies can be envisaged. But the use of non-commercial precursors, more difficult 

to obtain and/or more expensive. Van Uden et al. [112] showed the high bioconvertion capacity by L. 

flavum cell cultures of DPT into MPT and MPTG, in agreement with other work [153]. Xia et al. (2000) 

[62] showed that fed matairesinol is first hydroxylated before being effectively converted to MPT. As 

described in the section on biosynthetic pathway, it seems more likely that there are at least two 

different pathways leading to MPT. An important observation of the DPT feeding experiments of L. 

flavum cell suspension cultures is the detection of PPT alongside with large amounts of MPT and MPTG. 

Therefore, it appears that PPT could be a kind of by-product in the process of bioconversion of DPT to 

MPT. Therefore, to increase the 7-hydroxylation of the DPT, it seems very useful to block the 6-

hydroxylation and to prevent the formation of β-peltatin-A-methylether, or to introduce a 7-

hydroxylating enzyme of another plant species with high specificity for the substrate for DPT [153]. 

 

5.7. Permeation experiments for the excretion of ATL in L. flavum HR culture medium 

In vitro cultures of cells, tissues or organs excreting specialized metabolites into their culture medium 

are preferable for biotechnological approaches because they allow for a more convenient and less 

expensive purification process of the desired metabolite. Tween-20 has been used as a permeation 

agent on L. flavum HR culture, resulting in efficient excretion of ATL in the culture medium [114]. 
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However, this strategy also led to a significant reduction in cell viability and biomass production, thus 

highlighting the limits of the approach. In such a context, the use of sequential batch culture could 

solve this biomass and viability issue in order to first create biomass and then proceed to a permeation 

treatment to release the produced ATL. The surviving roots could then be sub-cultured and the cycle 

started again. The exudation of specialized metabolites by HR has been reviewed by Cai et al. [154]. 

The identification of specific transporters to secrete ATL into the culture medium could be a more 

effective method in future metabolic engineering experiments than the use of permeation agent. Plant 

are known to release significant amount of fixed carbon biomass through their roots in their 

surrounding medium/environment. It is estimated that about 20% of the fixed carbon biomass is 

excreted from the roots [155]. ABC transporters have been described as key players in this exudation 

process [156], thus after their identification, the use of ATL specific ABC transporter expressed at the 

surface of the plasma membrane of L. flavum HR could be a desirable way for ATL exudation in the 

culture medium to facilitate their extraction and purification processes. 

 

5.8. Scale-up studies for the production of ATL in L. flavum HR in bioreactors 

To date, scale-up is the main limit factor for the use of L. flavum HR for the production of ATL. There 

are only few reports on the large-scale in vitro production of ATL Linum species, but these reports 

shown that scale-up could nevertheless be possible in the future. Considering HR cultures, ATL 

production level of L. persicum HR were significantly improved by single bag culture, maybe as a 

consequence of immobilization [157]. L. album cells in 5L stirred tank bioreactor reached maximum 

biomass of 23.2 g/L, and up to 176.3 mg/L PPT and 10.86 mg/L MPT accumulation levels for cells 

cultured at 30% dissolved oxygen [136]. The oxygen level appeared as an important parameter for the 

large-scale production of ATL [136]. 

 

6. Conclusions and Future prospects 

The global sales of Etoposide tripled in the 1970s and have been increasing from 7 to 8% per year on 

average. This growing demand for PPT, the unique natural compound used for the hemi-synthesis of 

Etoposide, puts a strong pressure on the natural source. The traditional source of PPT, Indian 

Podophyllum species is becoming scarcer and is now endangered as its demand have greatly increased. 

Significant efforts were made to identify alternative sources for a sustainable production of ATLs 

cytotoxic lignans such as PPT and its derivatives, in particular through the development of 

biotechnological approaches. Among the natural renewable resources that can be substituted for the 

only natural source, wild species of the genus Linum appear as credible alternative sources. In 
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particular, L. flavum HRs accumulate high levels of ATL and it is also possible to further increase this 

ATL accumulation through the selection of the best genotype, the optimization of cultures media and 

conditions, the choice of carbon sources, the use of PGRs and/or elicitor treatments or the addition of 

precursors.  

Accumulation levels and/or profiles in ATL (higher accumulation of MPT than PPT) can still be perceived 

insufficient for L. flavum HRs before being used as a commercially viable biotechnological production 

system. To reach this goal, a better knowledge of the mechanisms that regulate the metabolic flux of 

intermediates in the different branches of the ATL metabolic pathway will be an important prerequisite 

to direct the biosynthesis toward the production of high amount of the desired PPT. Combinatorial 

biochemistry is probably the future avenue for the bioproduction of PPT by biotechnological systems. 

Some studies have pointed the possibility to express a biosynthetic pathway in alternative systems. In 

HR-type systems, several studies have demonstrated the feasibility of engineering lignans biosynthesis 

in various flax species such as L. album, L. perenne or L. corymbulosum [57, 58, 67]. In cell culture 

systems of F. koreana, it was possible to redirect the lignan biosynthetic pathway to the accumulation 

of new lignan compounds not naturally produce by this plant by a metabolic engineering approach 

[158, 159]. Although yields were low, the transient expression of several biosynthetic genes in tobacco 

leaves resulted in the production of an Etoposide precursor [83]. Application of transgenesis to modify 

lignan biosynthetic pathway at whole plant level was reported in L. usitatissimum [66, 126]. These 

examples clearly indicate the feasibility of a metabolic engineering approach for a future sustainable 

bioproduction of PPT, and L. flavum may constitute an attractive scaffold to develop it. The microbial 

expression of enzymes involved in ATL production from L. flavum (or other ATL producing plants) may 

also represent a credible alternative to the use of plant cells as it has been already demonstrated for 

production of the plant-derived alkaloid strictosidine in yeast [160].  
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