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ABSTRACT 

Hyperforin is a major active constituent of Hypericum perforatum (St. John’s wort). It has amazing 

pharmacological activities, such as antidepressant properties, but it is labile and difficult to synthesize. 

Its sensitivity and lipophilicity are challenges for processing and formulation. Its chemical complexity 

provokes approaches of biotechnological production and modification. Dedifferentiated H. perforatum 

cell cultures lack appropriate storage sites and hence appreciable hyperforin levels. Shoot cultures are 

capable of forming hyperforin but less suitable for biomass up-scaling in bioreactors. Roots commonly 

lack hyperforin but a recently established adventitious root line has been demonstrated to produce 

hyperforin and derivatives at promising levels. The roots also contained lupulones, the typical 

constituents of hop (Humulus lupulus). Although shear-sensitive, these root cultures provide a 

potential production platform for both individual compounds and extracts with novel combinations of 

constituents and pharmacological activities. Besides in vitro cultivation techniques, the reconstruction 

of hyperforin biosynthesis in microorganisms is a promising alternative for biotechnological production. 

The biosynthetic pathway is under study, with omics-technologies being increasingly implemented. 

These biotechnological approaches may not only yield hyperforin at reasonable productivity but also 

allow for modifications of its chemical structure and pharmacological profile. 

 

Keywords: Hypericum perforatum • Hyperforin • Formulations • Stabilization • Pharmacological profile 

• In vitro cultures • Root cultures • Gene identification • Heterologous production • Hypericin  

 

1. Introduction   

Since its isolation in the 1970s [1,2], hyperforin became the flagship constituent of the medicinal 

plant Hypericum perforatum (Hypericaceae). The common name of the Eurasian perennial species, 

St. John's wort, originates from the blooming and harvesting period around the St. John's day (June 

24
th
; Fig. 1). According to recent counts [3,4] H. perforatum is one of 496 species of the genus 

Hypericum, which is spread worldwide except Antarctica. Its invasiveness was attributed to high 

genotypic plasticity, paired with facultative apomixis at various levels [5,6]. The ability of the plant to 

overcome environmental challenges via altering its metabolic profile increases its capacity to adapt to 

and thrive in various habitats [7]. The verified use of H. perforatum as a healing remedy to treat a 

number of ailments, such as wounds and burns, dates back to 400 BCE, the time of the Greek 

physicians Galen, Dioscurides, Pliny and Hippocrates [8,9]. 

Today, the best known and most widely investigated indication of H. perforatum is mild to 

moderate depression, which may be better characterized by the more traditional and broader 

indication ‘psycho-vegetative disorders, depressive disorders, anxiety and/or nervous agitation’ [10]. A 

multitude of randomized controlled clinical trials and meta-analyses demonstrated that H. perforatum 

extracts are more effective than placebo in the acute treatment of depressive disorders and similarly 

effective as standard antidepressants [11,12,13]. In addition, their tolerability is much better, which is 

an important factor in the treatment of mild to moderate depression. Patients often fear the adverse 

effects of psychoactive drugs, which is believed to lead to an overall low rate of compliance of 

standard pharmacological treatment [14]. The efficacy and tolerability of H. perforatum extracts were 



  

validated by a monograph of the Herbal Medicinal Product Committee of the European Medicines 

Agency [15,16]. However, hyperforin is responsible for drug–drug interactions upon co-medication with 

H. perforatum extracts [9,17]. 

 
2. Commercial formulations 

Hyperici herba consists of the dried upper third of the flowering aerial parts of H. perforatum [10]. It 

is used as raw material to derive, besides medicinal teas, a large variety of preparations. The majority 

of these phytopharmaceuticals are used for the treatment of depression. They are commonly dried 

hydroalcoholic extracts, which result from complex and sophisticated preparation processes for 

achieving a high and constant quality. Depending on the manufacturing process, H. perforatum 

preparations vary qualitatively and quantitatively in the profile of their constituents, which exhibit 

additive and synergetic effects and, in addition, contribute to solubility and bioavailability [18]. The 

drug-extract ratios are in the range of 3:1 to 7:1. Extracts are available as capsules, tablets and coated 

tablets. Common daily doses range from 500 to 1,200 mg dry extract.  

The topical application is used for skin care and treatment of skin diseases, such as 

neurodermatitis [19]. Fresh plant material, i.e. either flowers or flowering aerial parts of H. perforatum, 

is commonly used to produce oil-based preparations, which are applied either internally for treatment 

of dyspeptic complaints or externally for curing lesions and burns. Hyperici oleum is the most 

commonly used topical preparation [19]. A hyperforin-rich oil may be prepared from fruit capsules 

under light exclusion. The treatment with a hyperforin-rich ointment resulted in an improvement of the 

stratum corneum moisture, skin surface dryness, skin lipids and the subjective skin parameters, 

indicating stabilization and improvement of the barrier [20]. 

In most countries, H. perforatum products are marketed as dietary supplements, which are not 

subject to the strict scrutiny for safety and efficacy as synthetic drugs [10]. Within the European 

Community, they are available as both food supplements and drugs. Herbal pharmaceuticals must 

fulfil the same requirements of authorization as chemical drugs. Efficacy, safety and quality have to be 

demonstrated, besides efficiency and sustainability of the production [21]. The Red List, the directory 

of drugs licensed in Germany, lists approximately 40 H. perforatum preparations. 

 

3. Extraction and stability 

Hyperforin is a mixture of interconverting tautomers (Fig. 2). It is sensitive to oxygen, light, 

temperature and non-polar solvents. Due to oxidation liability, its contribution to the pharmacological 

profile was neglected until lipophilic supercritical CO2 extraction yielded H. perforatum extracts that 

were rich in hyperforin (38.8 %) but devoid of hypericins [22,23]. The choice of proper solvents and 

extraction conditions are critical for both high yield and good manufacturing process quality [12,24,25,26]. 

In the European Union, the selected extraction solvent should be registered for production of food and 

food ingredients (council directive 88/344/EEC). Most common solvents are ethanol, n-hexane and 

carbon dioxide. Carbon dioxide extraction has proven to be most selective for hyperforin recovery (Table 

1). While subcritical CO2 extraction conditions (29.1 mg g
-1

 dry weight [DW], 70 bar) obeyed a typical 

extraction curve, the extraction rate rapidly decreased under supercritical conditions (22.9 mg g
-1

 DW, 



  

300 bar) [27,28]. Despite comparable hyperforin recoveries, supercritical extraction required less CO2 

consumption. An extraction pressure of 90-120 bar was recommended for a short extraction time (1 

h); extraction temperatures > 40°C degraded hyperforin [29,30]. 

 The first strategy of hyperforin stabilization made use of weak salts, dicyclohexylamine (DCHA) 

being the most popular salt base (Fig. 2). The weak salt retained similar bioactivities by releasing 

stable hyperforin in solution [31,32]. Recently, a non-polar extract prepared from H. perforatum in vitro 

root cultures was stabilized via DCHA salt formation and the resulting hyperforin-rich extract proved to 

be stable for prolonged periods [26]. The same was reported for DCHA-stabilized octa- and 

tetrahydrohyperforins, the bioactivities of which were either similar or even superior to hyperforin itself 

(Fig. 2) [33,34,35]. 

 Hyperforin has recently been complexed with hydroxypropyl- -cyclodextrin (HP- -CD), leading 

to improved photoprotection and increased aqueous solubility [36]. In HaCaT keratinocytes and atopic 

skin ex vivo, this formulation with a hyperforin concentration of 1 µM enhanced the mechanosensitive 

Ca
2+

 signaling. In addition, hyperforin/ HP- -CD treatment of atopic skin ex vivo led to a recovery of 

the mechanosensitive ATP/Ca
2+

 signaling whereas stretch-induced ATP/Ca
2+

 signaling was only 

detectable in normal skin but not in atopic skin ex vivo. This suggests the usefulness of hyperforin in 

the treatment of atopic dermatitis. Very recently, albumin nanoparticles (ANP), prepared by 

desolvation and hardened by heat, were examined as a stabilizing hyperforin carrier system [37, this 

issue]. In contrast to hyperforin supplied without ANP, 10 µM hyperforin loaded on ANP strongly 

decreased the viability of HaCaT cells due to strong cytotoxicity. 

Oxidation of hyperforin usually involves the enolized β-dicarbonyl system and the adjacent prenyl 

group, yielding more stable products which, however, lack antidepressant activity [25,38,39]. 

Furohyperforin is a hyperforin oxidation product with an interrupted β-dicarbonyl system through a 

furan-type oxygen bridge and it exhibited only 1/10 of the activity of the parent structure when in vitro 

tested for serotonin synaptosomal accumulation [38]. Regarding the ability of eight hyperforin 

congeners to inhibit the growth of bovine aorta endothelial cells, visible antiangiogenic activity was 

only observed for structures with the enolized-β dicarbonyl system, namely hyperforin and the tetra- 

and octahydrohyperforin derivatives (Fig. 2). Interestingly, human albumin protected the enolized 

system for approximately one week even in the presence of H2O2, while control samples lacking 

albumin experienced complete oxidation in less than 5 h [40].  

An alternative stabilization strategy is chemical saturation of the prenyl residues, leading to the 

analogue octahydrohyperforin (Fig. 2), whose improved lipophilicity endows an antiproliferative effect 

superior to that of hyperforin [33]. Aristoforin is an O-(carboxymethyl)-hyperforin derivative, which is 

more stable and better soluble in aqueous solution than the parental compound [41]. While 

solubilization in water of at least 170 µM of aristoforin was possible, hyperforin itself reached only 20 

µM. While aristoforin was not degraded within a week after exposure to light and air in phosphate-

buffered-saline containing 20 % DMSO, hyperforin was not detectable due to instability and 

precipitation. Hyperforin acetate (Fig. 2) as an active and stable derivative had in vitro antitumor activity 

against various cell lines and caused no change in the pentobarbital sleeping time in rats [42,43]. 

 



  

4. Pharmacological potential 

Hyperforin exhibits multiple activities, of which the antidepressant potential is best known and most 

intensely studied (Fig. 3). It is a broad-band neurotransmitter reuptake inhibitor, based on a novel 

mode of action. The molecular target is the transient receptor potential channel 6 (TRPC6) in the 

central nervous system [44,45]. TRPCs constitute a group of non-selective cation channels and 

hyperforin is the first selective activator of type 6. Stimulation of TRPC6 leads to increased intracellular 

sodium and calcium. While the calcium entry induces axonal sprouting, the sodium influx inhibits the 

sodium gradient-driven reuptake of neurotransmitters, such as serotonin, norepinephrine and 

dopamine. Thus, hyperforin does not directly interact with the transmitter transporters, as e.g. do 

selective serotonin reuptake inhibitors (SSRIs), which interact competitively at the transmitter binding 

site. The acute hyperforin effect is followed by adaptive changes in the receptor system [46]. 

Hyperforin-induced TRPC6 activation also stimulates keratinocyte differentiation, which is impaired 

in atopic eczema (neurodermatitis) and psoriasis [45]. Influx of calcium through the activated non-

selective cation channel results in an enhanced intracellular level, which promotes differentiation but 

blocks proliferation of keratinocytes in the upper epidermis. Furthermore, a hyperforin-rich cream 

reduced radical formation, which also plays an important role in the development of atopic eczema 

and barrier-disrupted skin [47,48]. Thus, hyperforin offers an innovative medicine for treatment of skin 

diseases, mediated by altered keratinocyte differentiation [20,45,49]. In addition, human dermal 

fibroblasts have recently been shown to undergo anti-proliferative and anti-migratory effects stimulated 

by hyperforin [50, this issue]. This finding may provide a new option for the treatment of hypertrophic 

scars.  

The anti-proliferative activity of hyperforin on HaCaT keratinocytes in vitro is established [45,51]. 

Recently, this effect has been found to be affected by the fetal calf serum (FCS) content of the 

medium [37, this issue]. At least 5 % FCS was required to recover ~100 % of loaded hyperforin (10 

µM). In the absence of the serum and most likely due to nanoprecipitation and oxidation of hyperforin 

the live-dead cell staining showed a dramatic cytotoxicity, which was confirmed by a drastic decrease 

of cell viability. The anti-proliferative effect was confirmed in medium with 10 % FCS using extracts 

prepared from H. perforatum flower buds and in vitro root cultures, both standardized to 10 µM 

hyperforin [Gaid et al., unpublished]. Besides the morphological evaluation, the viability of the HaCaT 

keratinocytes and the cytotoxicity of hyperforin were studied using the microculture tetrazolium [52] 

and Celltox Green assays, respectively. Relative to control cells faced with 1 % Triton X-100, the 

treatment with the extracts was not toxic to HaCaT cells, however, around 60 % loss of viability was 

observed. Taking the total cell number as a confirmatory parameter for keratinocyte proliferation, no 

appreciable change was observed after treatment with either pure hyperforin or root culture extract 

over 48 h, confirming that the loss of viability of the HaCaT cells was primarily due to the anti-

proliferative rather than the cytotoxic effect of hyperforin. Similar observations were recorded for 

extracts containing 15 µM hyperforin, whereas a visible loss of viability with clear cytotoxicity was 

found for extracts standardized to 30 µM. Very recently, root culture extracts standardized to 

concentrations even less than 10 µM hyperforin have also been found to exhibit antiproliferative 

activity, which may be due to additive and/or synergetic effects (Gaid et al., unpublished). 



  

Hyperforin also possesses anti-inflammatory properties by acting as a dual inhibitor of the key 

enzymes of the eicosanoid metabolism, i.e. cyclooxygenase and 5-lipoxygenase [53,54]. An 

acylphloroglucinol-rich fraction from H. gentianoides also exhibited anti-inflammatory activity without 

affecting cell viability [55]. In addition, hyperforin has antibacterial properties. The antibiotic potential of 

H. perforatum extract, first reported in 1959, was attributed to hyperforin [1,56,57]. The growth of 

Gram-positive bacteria, such as Corynebacterium diphtheriae, is inhibited at concentrations as low as 

0.1 µg ml
-1

 [57]. Multiresistant strains of Staphylococcus aureus are also inhibited by hyperforin and its 

chemically stabilized congener, octahydrohyperforin (MICs = 1 µg ml
-1

) [34,57,58]. No growth inhibition 

was observed for Gram-negative bacteria and Candida albicans. Taken together, the above hyperforin 

activities explain the traditional use of H. perforatum preparations for the topical treatment of infected 

wounds as well as inflamed and atopic skin [57,59,60]. 

Hyperforin and its stable derivative tetrahydrohyperforin (Fig. 2) also generate neuroprotective 

effects and prevent memory loss in a double transgenic mouse model of Alzheimer’s disease. The 

compounds hamper deposition of beta-amyloid (Aβ) peptides, prevent Aβ-induced spatial memory 

impairments and alleviate Aβ neurotoxicity in hippocampal neurons [61]. The Aβ plaque size and the 

oxidative damage in cortex and hippocampus are reduced and adult neurogenesis is increased 

[62,63]. Like hyperforin, tetrahydrohyperforin most likely targets TRPC6, the activation of which plays 

a key role in neuronal survival by transmitting brain-derived neurotrophic factor signalling and 

promoting gene expression via the cAMP response element-binding protein [44,64,65]. The brain level 

of tetrahydrohyperforin in the mouse model reached ∼700 nM after repeated administration, 

rationalizing the positive effects on memory and cognitive performance [35]. In another study, 

however, the hyperforin content of H. perforatum extracts did not necessarily correlate with the 

therapeutic effects in Alzheimer's disease [66]. A hyperforin-poor extract was able to activate the 

ABCC1 transporter, resulting in a significant reduction of intracerebral Aβ42 levels and a decrease in 

both the number and the size of amyloid plaques in the mouse model. 

Hyperforin induced apoptosis in a number of tumor cell lines, inhibited angiogenesis and 

suppressed metastasis formation and lymphangiogenesis in vivo [67,68,69,70,71,72]. The semi-

synthetic derivative aristoforin exhibited activity against the MT-450 tumor in vivo and DNA protective 

properties, which were comparable to those of hyperforin [41,73]. The compounds lacked signs of acute 

toxicity in vivo [41,67]. 

Finally, hyperforin activates the nuclear pregnane-X receptor (PXR), a transcriptional regulator for 

the genes that encode CYP3A4 and P-glycoprotein (MDR1, multidrug resistance 1), which are 

involved in hepatic metabolism and intestinal efflux of drugs, respectively [74,75,76]. These processes 

can massively affect the level of co-administered drugs, such as immunosuppressant ciclosporin, 

cardioactive digoxin, and antineoplastic irinotecan [9,17]. Some diacylphloroglucinols activated TRPC6 

but lacked PXR activation [77,78]. Thus, hyperforin derivatization aiming at elimination of the 

interaction potential while retaining the pharmacological activity is desirable [79]. 

 

5. Localization in plants 



  

Hypericum species contain an amazing array of constituents [80]. Besides flavonoids, which 

ubiquitously occur in plants, the most prominent constituents of H. perforatum herb extract involve 

naphthodianthrones, such as hypericin and pseudohypericin, and acylphloroglucinol derivatives, 

represented mainly by hyperforin. Hypericins (0.3 – 1 %) are crimson pigments and accumulate in 

dark cell clusters distributed in leaves and flowers (Fig. 4 A,C,E) [81,82,83]. Not all Hypericum species 

develop these dark nodules in their leaves. H. pulchrum and H. bupleuroides contain dark nodules 

only on the reproductive organs [84]. While the upper leaves of H. erectum lack dark dots, the third 

pair of leaves starts to form them throughout the leaf blade. H. tomentosum either lacks dark dots or 

has a single pair of them, symmetrically placed on the leaf apex. Hypericins naturally occur as 

protopigments (protohypericin and -pseudohypericin), which are photoconverted upon exposure to 

light. The resulting hypericins are photosensitizers and contribute to the antiretroviral activity [85]. 

Hypericin is useful in photodynamic diagnosis and therapy of precancerous cells [86]. Although topical 

application of hypericin-containing creams to irritated skin or fair-skinned individuals causes 

phototoxicity after extended solar irradiation, the clinical relevance is limited for usual dose ranges 

[87,88]. 

The perforated appearance of the leaves is due to schizogenous translucent glands, the storage 

organelles of hyperforins (Fig. 4 D, F) [89,90]. Flowers, especially pistils and unripe fruits (6 – 8 %) 

show highest hyperforin content when compared to leaves [81,91]. Occurrence of translucent glands 

in the genus Hypericum does not necessarily correlate with the accumulation of hyperforins [55,92]. 

The presence of dimeric phloroglucinols rather than monomeric hyperforin is the chemotaxonomic 

marker of members of the Brathys and Trigynobrathys sections [93]. The contents of the biomarkers 

hyperforin and hypericin in some Hypericum species either resemble or even exceed those in H. 

perforatum. While H. maculatum, the diploid sister of H. perforatum, owes a similar glandular density 

and a comparable metabolic profile [94,95], H. montanum houses ~1.6, 1.5 and 2-fold higher 

hypericin, pseudohypericin and emodin (hypericin precursor) contents, respectively [96]. Among seven 

field-grown Hypericum species screened for their total amount of hyperforins in flowers, H. perforatum 

showed the highest level (44 mg g
-1

 DW), followed by H. polyphyllum (38.5 mg g
-1

 DW) and H. 

kouytchense (26.6 mg g
-1

 DW) [97]. However, in vitro plantlets of H. perforatum and H. androsaemum 

housed comparable amounts of hyperforin (16.7 and 12.4 mg g
-1

 DW, respectively) [98]. Some 

species with high pharmaceutical value might be useful alternatives to H. perforatum, which, however, 

has to be approved by further studies. 

  

 

 

6. Cell suspension and shoot cultures 

The growing number of consumers of H. perforatum medications continuously elevates the 

worldwide market demands for raw plant material. However, the production of high quality plant 

material at large quantities is adversely affected by non-controllable factors, such as climatic 

fluctuations, variable soil properties, plant diseases and genotypic variation [99,100]. In addition, the 



  

post-harvest processes, such as drying, storage and extraction, may cause batch-to-batch variability 

[101]. For example, the hyperforin and hypericin contents were negatively affected by the decrease in 

light intensity and temperature [102]. Similarly, plants grown under water stress showed significant 

reduction in the content of hypericins [103]. Conversely, feeding by insect herbivores caused 30 – 100 

% increases in the hyperforin and hypericin levels, compared to non-fed control plants [104]. Among 

different plant lines, metabolic fluctuations were observed especially for the hyperforin content (0.3 - 

1.3 %) [105]. Finally, the risk of contamination represents a great challenge. Recently, H. perforatum 

preparations appeared to be contaminated with liver-toxic pyrrolizidine alkaloids due to unintended 

harvest of co-occurring weeds, causing supply shortage and batch recall [106]. 

The drawbacks of field cultivation have for a long time stimulated researchers to strive for stable in 

vitro systems, which produce a desired active pharmaceutical ingredient (API) under proper 

maintenance and rational biodiversity utilization. A number of in vitro systems of Hypericum species 

were established, including cell suspension, shoot and root cultures [107]. The majority of in vitro 

systems were derived from H. perforatum (Table 2). Due to the high medicinal potential, factors 

especially influencing the in vitro contents of hyperforins and hypericins were studied. In vitro 

propagation affected the development of translucent glands and the acylphloroglucinol content. For 

example, in vitro shoots of H. tomentosum and H. pulchrum lacked hyperforin and its analogues, 

whereas hyperfirin analogues lacking the C5 unit at C-7 were localized in the translucent glands of H. 

rumeliacum and H. bupleuroides [84]. Leaves of H. tetrapterum in vitro seedlings developed small 

translucent cavities, in which hyperfirin and other unidentified acylphloroglucinols were co-localized. 

However, only negligible amounts of acylphloroglucinols were detected in intact plants despite the 

presence of translucent glands [96,97,108]. Ultrastructural comparison of the dark glands of two H. 

perforatum in vitro shoot lines indicated a clear difference in the size of the peripheral cells, which 

correlated to variations in the total hypericin content (0.53 vs. 6.8 mg g
-1

 DW) [109]. Recently, 

consistent ploidy of H. perforatum in vitro shoots has been confirmed, thereby offering a pivotal 

biotechnological tool for long-term supply of stable elite clones [110]. In vitro selection combined with 

propagation under controlled environmental conditions are essential sequences for germplasm 

improvement [7]. Furthermore, the cryopreservation technology allows for long-term maintenance of 

clonally propagated germplasm [111,112]. 

Variations in the in vitro system and the culture medium foster the yields of hyperforins and 

hypericins (Table 2). Accumulation of hyperforins and hypericins is related to leaf morphogenesis and 

the occurrence of accumulation sites. Dedifferentiated cell cultures (Figs. 5 A, B) are therefore a poor 

source of hyperforins [113]. Similarly, their capability of hypericin accumulation correlates to a certain 

degree of differentiation [114,115]. The best records of hyperforin yield during normal growth were 

reported for regenerated plantlets with 74 mg g
-1

 DW [116]. However, abnormalities like hyperhydricity 

and fasciated shoots were detected upon cultivation in liquid medium, making large-scale cultivation of 

shoot cultures an undesirable application [117,118]. Transplanting H. perforatum plantlets from in vitro 

bioreactors to a closed controlled environmental system supported with a CO2-rich atmosphere 

provided good biomass and stable constituent content [119]. Agar cubes and cork pieces were applied 

to shoot cultures cultivated in liquid medium to study the mechanical interaction (massage effect) and 



  

to mimic the shear stress in bioreactors. Visible changes in hyperforin and hypericin production were 

recorded with five-fold (30 - 35 mg g
-1

 DW) and three-fold increases (10 - 21 mg g
-1

 DW), respectively, 

compared to non-supplemented control cultivation [120].  

A common and often effective strategy of increasing the API yield is the use of elicitors, which 

mimic a microbial infection and stimulate formation of secondary products as defense compounds 

[107,121]. However, the reproducibility of the results is still a matter of concern. While ozone treatment 

(3 h, 90 nL L
-1

) was an effective elicitor leading to a 4-fold increase in hypericin yield (~29 mg L
-1

) 

[122], methyl jasmonate appeared to be an efficient elicitor of hyperforin formation. In numerous cell 

cultures of Hypericum species, elicitors caused accumulation of xanthones, which appear to be the 

inducible defense compounds of Hypericaceae. The induction provides useful systems for studying 

the xanthone biosynthetic pathway [123,124,125,126,127]. 

Feeding of biosynthetic precursors is an alternative biotechnological tool to enhance the in vitro 

yield. Valine is the precursor amino acid of hyperforin, while isoleucine and its precursor threonine 

lead to adhyperforin formation. Feeding these adhyperforin precursors to shoot cultures stimulated 2 

to 3.7-fold the production of adhyperforin [128]. In contrast, feeding of valine failed to enhance the 

accumulation of hyperforin, indicating that its endogenous pool is not a limiting factor in hyperforin 

biosynthesis.  

 

7. Root cultures and bioreactor scale 

In contrast to shoot cultures, root cultures can be readily subjected to biomass up-scaling in 

bioreactors (Table 3) [129,130,131,132]. Roots can be grown as submerged cultures [133]. In 

addition, they lack chlorophylls, which are typically present in the aerial plant parts and known to 

interfere with downstream processes, such as API extraction and isolation [134]. However, roots are 

filamentous biological systems and very sensitive to hydromechanical shear stress. Therefore, 

process equipment requires special design and it needs to be operated at specific conditions to 

maximize productivity and to achieve constant product quality. These approaches have to be 

complemented by corresponding strategies for downstream processing [135]. 

Upon selection of highly productive elite material for further regeneration and propagation, root 

cultures are attractive production systems for interesting API [109,136,137]. H. perforatum cultures 

consisting of auxin-induced adventitious roots can be used to produce both xanthones and hypericins 

[127,138,139,140,141,142]. Extracts from O-carboxymethylchitosan-treated roots exhibited high 

antifungal activity against Candida spp., Cryptococcus neoformans and dermatophytes [139]. When 

grown in a mist bioreactor, leading to biomass doubling within 28 d, a xanthone-rich extract exhibited 

activity against planktonic cells and biofilm of Malassezia furfur [143]. Similarly, H. perforatum hairy 

roots, which resulted from transformation with Agrobacterium rhizogenes and were independent of 

growth regulators, were reported to be xanthone-producing systems, the hyperforin content remaining 

open [127,144]. 

An important step towards biotechnological production is replacement of shake flasks with 

bioreactor devices for scale-up. When growth conditions have been adapted to obtain sufficient 

biomass, variation of the cultivation medium, treatment with elicitors and feeding of precursors may 



  

enhance API accumulation. A number of bioreactor systems were successfully employed for 

cultivation of differentiated plant in vitro systems, however, the choice of the appropriate construction 

is a challenge [145]. Recently, a huge batch of H. perforatum root culture biomass was grown in a 

pilot-scale cultivation (500 L bioreactor) for producing hypericin at a level of 0.03 - 0.04 mg g
-1

 DW 

[131]. Treatment with methyl jasmonate enhanced the production 6 and 11 times, compared to 1-year-

old field-grown plants and in vitro plantlets, respectively [132]. The maximum hypericin yield (1.68 mg 

g
-1

 DW) and productivity (15.57 mg L
-1

) were obtained at a 350 µmol L
-1

 elicitor concentration. The 

surface of the hypericin-containing roots was covered by gland-like structures, which were proposed to 

be the place of hypericin accumulation [141].  

As to hyperforin production in vitro, a breakthrough has recently been reported for auxin-induced 

H. perforatum root cultures [26]. The selection of adventitious root lines for hyperforin formation 

resulted in root cultures with a hyperforin extraction yield of 5 mg g
-1

 DW. The productivity at the flask 

scale was ~50 mg L
-1

 culture after 6 weeks (Figs. 5C and 6). Importantly, hyperforins are barely 

detectable in roots of field-grown plants but readily found in aerial parts. A single publication reports 

hyperforin detection in roots of field-grown plants (1.34 mg/g) [96]. Thus, the root cultures recently 

established represent a unique in vitro system for hyperforin production and its up-scaling. Using 

petroleum ether and n-hexane, various extraction procedures, such as stirring and rotation, and 

evaporation techniques, such as vacuum and N2 stripping, were studied [26,146, this issue]. Gland-like 

structures previously observed on the surface of the hypericin-containing roots [141] were absent from 

the hyperforin-producing roots (Fig. 5D). Consistently, methanolic extracts from the hyperforin-forming 

root cultures were devoid of hypericins, which offers the chance of producing hypericin-free extracts 

without photosensitization upon topical use. 

Furthermore, some hyperforin analogues were detected in the cultivated adventitious roots [26]. 

Seco- and adsecohyperforins, which lack the 8-prenyl side chain, were previously detected in shoot 

cultures but they are absent from field-grown plants and that is true for both aerial and underground 

parts [147]. This additional finding promotes the root cultures as attractive bio-factories for discovering 

the unexploited pharmacological activities of the detected hyperforin derivatives. Another observation 

likewise unprecedented for Hypericum species is the production of colupulone and adlupulone, which 

are biosynthetically related to hyperforins. The lupulones are the typical constituents of hop (Humulus 

lupulus) cones, used for sedation. The compounds continuously accumulated during root culture 

growth, offering the chance of product recovery by in situ extraction to avoid feedback inhibition of 

product biosynthesis and its degradation. Current studies focus on treating the root cultures with 

elicitors, feeding them with precursors and varying their cultivation medium to increase the production 

of hyperforins and to tailor the metabolite profile. The unprecedented combination of constituents, i.e. 

hyperforins, lupulones and xanthones, bundles interesting pharmacological activities, such as anti-

bacterial and anti-Alzheimer properties [148,149]. Both hyperforin and colupulone activate the PXR, 

which controls the level of the P-glycoprotein efflux pump. In Alzheimer’s disease, this transporter is 

related to the clearance of the beta-amyloid peptide [150].  

 

8. Towards production in heterologous systems 



  

Hyperforin is the prototype molecule of type A polycyclic polyprenylated acylphloroglucinols 

(PPAP). Its de novo chemical synthesis is complicated and the yield is low [151]. In the most recent 

approach, synthesis of the substituted bicyclo[3.3.1]nonane-1,3,5-trione skeleton took six steps 

starting from 2-methylcyclopent-2-en-1-one, followed by four more steps to integrate the acyl, prenyl 

and hydroxyl groups at C-1, C-3 and C-4, respectively [152]. The substituted core would be an 

attractive starting material for the preparation of highly diverse hyperforins and related analogues. Till 

now, naturally occurring hyperforin remains the only source to satisfy the commercial demand. 

However, the extraction and isolation yield is not always sustainable and varies depending on 

biological and environmental factors as well as downstream processes [102,153,154]. Thus, 

reassembling the biosynthetic pathway of hyperforin in microorganisms might offer an alternative 

production platform. 

All major constituents accumulating in H. perforatum, including hyperforins, hypericins, flavonoids 

and xanthones, are polyketide derivatives [79,97,155]. Their aromatic cores are biosynthesized by 

type III polyketide synthases from an acyl-CoA starter and malonyl-CoA extenders [79,113,156]. The 

hyperforin nucleus, phlorisobutyrophenone, results from condensation of isobutyryl-CoA and three 

molecules of malonyl-CoA (Fig. 7). Modifications of the aromatic core, especially by prenylation and 

cyclization reactions, explain the astounding complexity of the acylphloroglucinols 

[113,157,158,159,160,161,162]. Thus, proper chemical and biochemical characterization of Hypericum 

species is a challenge [55,84,97].  

Prenylations of phlorisobutyrophenone are catalyzed by aromatic prenyltransferase (PT) enzymes. 

Generally, PTs catalyze the addition of isoprenoid side chains to an aromatic core (Fig. 8). Although 

cytosolic and soluble PTs occur in fungi and bacteria [163,164], PTs isolated from plants are 

membrane-spanning proteins (Fig. 8 A). They share common characters including plastid localization, 

dependency on divalent cations, and relatively narrow substrate specificities [165]. An exception is 

Lithospermum erythrorhizon p-hydroxybenzoate:geranyltransferase (LePGT1), which was localized to 

the endoplasmic reticulum [166]. The occurrence of multiple transmembrane α-helices makes 

prokaryotes a challenging expression system for PTs. As an alternative, yeast cells (Saccharomyces 

cerevisiae), insect cells (Spodoptera frugiperda, Sf9) and plants like Nicotiana benthamiana were 

explored as heterologous expression systems for PT characterization (Fig. 8 B). For example, the 

LePGT1 expression level in Sf9 cells was 1000-fold that in yeast [166,167]. While functional 

expression of Petroselinum crispum PT failed in yeast, transient expression in N. benthamiana leaves 

disclosed its coumarin-specific prenylation activity [168]. Functional expression of H. calycinum 

xanthone-specific PT was successful in Sf9 but failed in yeast [126]. Conversely, yeast expression 

succeeded with Morus alba isoliquiritigenin 3'-dimethylallyltransferase, which promoted the 

regiospecific C-2 prenylation of 1,3,7-trihydroxyxanthone [169]. 

Little is known about phlorisobutyrophenone-specific PTs. Three genes were cloned from hop and 

shown to be involved in colupulone biosynthesis [170,171]. Although the prenylation sequence of 

colupulone has recently been resolved and reconstructed in yeast [171], the prenylation and 

cyclization steps leading to bridged PPAPs, such as hyperforin, remain open [79,172]. The proposed 

hyperforin biosynthetic sequence involves stepwise prenylation of the unsubstituted 



  

phlorisobutyrophenone core using one geranyl (C10) and two dimethylallyl (C5) units, followed by ring 

closure that is triggered by electrophilic attack of a third C5 unit (Fig. 7) [79,172,173]. Before 

heterologous production in one of the above-mentioned systems can be attempted, the complete 

biosynthetic pathway has to be established at the gene level. 

 

9. Discovery of biosynthetic genes 

Besides hyperforin, more than 300 PPAP compounds have been identified in the past decades, half 

of them in the genus Hypericum [174,175]. Forty PPAPs have recently been found in a single species, H. 

henryi [176]. In light of this diversity, the genus Hypericum represents a great reservoir of new genes to 

be discovered by next-generation-sequencing. This tool has recently been used to identify genes 

related to hypericin biosynthesis [98,177]. New transcriptomic resources have been assembled for 

four Hypericum species, which were selected by the existence of dark nodules and the ability to 

synthesize hypericins [84]. This capability ranged from well-detectable hypericin in H. perforatum and 

H. annulatum (5.41 and 2.06 µg mg
-1 

DW, respectively) to H. tomentosum (0.27 µg mg
-1 

DW) [98], in 

which up to two dark dots are distributed on the leaf apex, while H. kalmianum and H. androsaemum 

accumulate neither hypericin nor its precursor emodin. In analogy, comparative analysis of sequences 

in the publicly available NCBI Sequence Read Archive may help to approach the molecular basis of 

hyperforin biosynthesis. In addition, sequence information can be derived from a transcriptomic 

analysis of a hyperforin-forming but hypericin-free species (H. androsaemum; SRX1528157), a 

hyperforin-free but hypericin-forming species (H. tomentosum; SRX1528963, SRX1528964), and 

finally a species (H. pulchrum), the leaves of which accumulate neither hypericins nor hyperforins [84]. 

Spatio-temporal expression analysis in combination with enzymatic characterization after heterologous 

expression would provide information about possible involvement of the differentially expressed genes 

in distinct metabolic pathways. Genes gleaned from these studies are promising targets for de novo 

assembly of PPAP scaffolds in heterologous hosts, which would extend the research direction toward 

synthetic biology and would provide promising perspectives for future applications.  

 

 

 

10. Impact of gene identification on drug discovery 

In the past years, researchers focused on polyketide-specific PTs due to their significant role in 

generating structural diversity, which offers new frontiers in drug discovery. Impressive changes in the 

pharmacological activity after prenylation were mostly attributed to increased lipophilicity accompanied 

by enhanced affinity for biological membranes and proteins. In nature, carbo- and oxy- modifications 

with dimethylallyl and geranyl residues are more abundant than attachments of farnesyl and 

geranylgeranyl chains [165,178]. Licoflavone C and isobavachin are two prenylated flavonoids with 

cytotoxic activity against rat H4IIE hepatoma (IC50 = 42 and 96 µmol L
-1

, respectively) and C6 glioma 

cells (IC50 = 37 and 69 µmol L
-1

, respectively). In contrast, increasing concentrations of the non-

prenylated precursors up to 250 µmol L
-1

 failed to exhibit cytotoxicity [179]. Three prenylated 



  

chalcones, namely, 2′,4′,6′,4-tetrahydroxy-3′-C-geranylchalcone, 2',4',4-trihydroxy-6'-methoxy-3'-C-

prenylchalcone (xanthohumol) and 2′,4′,6′,4-tetrahydroxy-3′-C-prenylchalcone 

(desmethylxanthohumol), inhibited the copper-mediated oxidation of LDL at concentrations of 5 and 

25 µmol L
-1

 by 70 % after 5 h of incubation, compared to non-prenylated naringenin chalcone that 

even showed pro-oxidant effects [180]. Due to its effectiveness as a cytotoxic agent against HT-29 

(human colon cancer), the diprenylated xanthone α-mangostin was used as a lead compound to 

synthesize eight derivatives, of which 3,6-di-O-acetyl-α-mangostin was most potent (ED50 = 1.0 µmol 

L
-1

) [181]. γ-Mangostin, a 1,3,6,7-tetrahydroxy-2,8-diprenylxanthone, was previously reported to be a 

cholinesterase inhibitor [182]. Genes for xanthone-specific PTs were cloned and characterized from H. 

calycinum and Morus alba cell cultures. The recombinant enzymes were able to catalyze regiospecific 

C-8 and C-2 prenylations of 1,3,6,7-tetrahydroxyxanthone and 1,3,7-trihydroxyxanthone to form 

1,3,6,7-tetrahydroxy-8-prenylxanthone and 1,3,7-trihydroxy-2-prenylxanthone, respectively [126,169]. 

Due to the properties of these compounds, both genes may offer the chance of biotechnological 

synthesis of new API for the treatment of Alzheimer’s disease.  

 

11. Conclusions 

H. perforatum preparations have a well-established market position and hyperforin is a valuable 

constituent, which has a challenging chemical structure and an amazing pharmacological potential. 

However, the chemical composition of extracts derived from H. perforatum, including the hyperforin 

content, is affected by environmental conditions, ontogenetic changes and genotypic variation. 

Moreover, the bicyclic β-triketone core of hyperforin is oxidation-sensitive posing challenges to 

extraction and downstream processing. In vitro cultivation of H. perforatum under controlled conditions 

is feasible; however, the hyperforin content in derived plant material is commonly poor. In vitro 

selection of elite clones and their controlled propagation in vivo may offer a new technology for mass 

propagation while keeping genotypic stability. As an alternative, a recently established root culture 

system provides a controllable in vitro production platform for hyperforin itself as well as its derivatives 

and intermediates. Efforts will be directed towards increasing the productivity of these cultures and 

expanding their chemical profile. Biomass production and processing will be transferred to larger 

scales, thereby advancing the development of equipment and operation know-how for shear-sensitive 

biological systems. Synthetic biology is playing an ever increasing role for sustainable supply of APIs. 

Therefore, the hyperforin biosynthetic pathway and its regulation need to be elucidated. This is also 

true for hyperforin-related PPAPs, which occur in other Hypericum species. In the future, reconstitution 

of their biosynthetic routes in heterologous hosts such as microbes may be possible. This would not 

only provide a sustainable route of hyperforin production independent of field cultivation, but also 

contribute to exploiting the huge biosynthetic potential of Hypericum species for pharmaceutical 

applications. 
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Legends 

Fig. 1. Hypericum perforatum. (A) Entire plant; (B) Blossom. 

Fig. 2. Naturally occurring hyperforin and representative examples of stable semi-synthetic 

derivatives.  

Fig. 3. Pharmacological activities of hyperforin and underlying mechanisms. Aβ, amyloid beta; BAEC, 

bovine aorta endothelial cells; BDNF, brain derived neurotrophic factor; COX-1, cyclooxygenase-1; 

CYP, cytochrome P-450 enzyme; EC50, half maximal effective concentration; HDMEC, human dermal 

microvascular endothelial cells; HUVEC, human umbilical vein endothelial cells; HEK 293, human 

embryonic kidney cells; IC50, half maximal inhibitory concentration; K562, human erythroleukemia cell 

line; LEC, lymphatic endothelial cells; LH-60, human leukemia cell line; LN229, glioblastoma human 

cell line; 5-LO, 5-lipoxygenase; MCF-7, human breast adenocarcinoma expressing estrogen 

receptors; MDA-MB-468, human breast adenocarcinoma lacking estrogen receptor expression; MIC, 

minimal inhibitory concentration; MRSA, methicillin resistant Staphylococcus aureus; MT-450, rat 

mammary carcinoma; PC12, pheochromocytoma of the rat adrenal medulla; PBCEC, porcine brain 

capillary endothelial cells; PRSA, penicillin resistant Staphylococcus aureus; PXR, pregnane-x-

receptor; SIRT, sirtuins, homologous to silent information regulator; TRPC6, transient receptor 

potential cation channel; U937, human leukemia monocyte lymphoma cell line; Δᴪm, mitochondrial 

membrane potential. 

Fig. 4. H. perforatum in vitro shoot cultures. (A) Occurrence of dark nodules 3 d after transfer to new 

medium; (B) Six-day-old culture; (C, E) Dark nodules at the leaf margin, which accumulate hypericins; 

(D, F) Translucent glands in the leaf lamina, which accumulate hyperforins. 

Fig. 5. In vitro cultures and products. (A) Cell suspension cultures of H. calycinum accumulate 

hyperxanthone E after elicitor treatment; (B) Dedifferentiated cells of H. calycinum under the light 

https://www.google.de/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0ahUKEwi6xuKXvN_MAhWjKcAKHfBGBYwQFgggMAA&url=https%3A%2F%2Fde.wikipedia.org%2Fwiki%2FCyclooxygenase-1&usg=AFQjCNEETKRErI5cUymNvWzfgt4nvThdFg


  

microscope; (C) Root cultures of H. perforatum accumulate hyperforin; (D) Electron microscopy of a H. 

perforatum root tip. 

Fig. 6. Establishment of H. perforatum in vitro root cultures. (A) In vitro plantlets; (B,C) Callus and root 

formation in auxin-containing medium; (D) Freeze-dried root biomass (Bars = 100 µm). 

Fig. 7. Hyperforin biosynthesis. PKS, polyketide synthase; PTs, prenyltransferases. Solid arrow, 

established reaction; broken arrows, reactions under study. 

Fig. 8. Topology and reactions of aromatic prenyltransferases. (A) Topology including membrane 

spanning domains, conserved aspartate-rich motifs located in the non-membrane loops (L1 and L3), 

and a putative transit peptide (TP); (B) Representative in vitro activities reported for recombinant 

enzymes. 
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Antidepressant
Non-selective neurotransmitter re-uptake inhibitor
-Noradrenaline: IC50  = 0.033 -0.123 µM
-Dopamine:IC50  = 0.011-0.024 µM
-Serotonin: IC50  = 0.067-0.12 µM [22,23,183,184,185]

Neuroprotective

Decreases  Aβ aggregation and Aβ-mediated neuropathological changes
In vitro: Primary neuronal hippocampal cell culture [61]

In vivo: male Sprague–Dawley rats
Induces neurite outgrowth: PC12 cells 0.1-0.3 µM [44]

Regulates BDNF expression by TRPC6 activation:

In vitro: HEK293 cells 10 µM [44] and mouse cortical neurons [185] 
In vivo: male Sprague–Dawley rats [188]

Antitumoral

Caspase- mediated apoptosis 

MT-450 , MDA-MB-468 and MCF-7: IC50 < 5 µM [41,67]
K562, U937 and LN229: IC50  = 14.9-19.9 µM [189]

Induction of mitochondrial apoptosis in HL-60 cells

Loss of  Δᴪm: EC50 = 0.2 µM [190]
Suppression of mitochondrial ATP synthesis: IC50  = 0.2 µM [190]
Inhibition of sirtuins in HUVE cells

SIRT1: IC50 = 15 µM; SIRT2: IC50 = 28 µM [191,192]

Anti-
inflammatory

Dual inhibitor of key enzymes in eicosanoid biosynthesis
Intact cells or cell-free systems
5-LO: IC50  = 1-2 µM  
COX-1: IC50 = 3 µM [53,54]

Antibacterial

Gram positive bacteria
Multiresistant Staphylococcus aureus PRSA, MRSA (planktonic form)

MIC = 1 µg/ml [34,57]

Corynebacterium diphtheriae

MIC = 0.1 µg/ml  [57,186,187]
Bacillus subtilis, B. cereus
MIC = 25-50 µg/ml [187]

Pharmacokinetic 
effects

Activates PXR: In primary cultures of human hepatocytes  EC50 = 23 nM [74]
Metabolism: Induces  CYP3A4 and CYP2C9 [74,195,196]
Excretion: Activates P-glycoprotein in PBCEC [197,198]

Anti-angiogenic

Inhibits proliferation and growth of endothelial cells
HUVEC: IC50 = 2.07 µM [70]
Dermal: IC50 = 1.32 µM (LEC), IC50 = 3.7 µM (HDMEC) [70,193]
Lung LEC: IC50 = 1.84 µM [70]
Aortic BAEC: IC50 = 2.1 µM [33,69]

Antimalarial Inhibits  growth of Plasmodium falciparum
IC50 = 1.5-2.1 µM [194]
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Table 1. Methods and yields (mg g
-1

 dry weight) of API extraction from field-grown SJW 

plants 

Extraction method Extract Hyperfori

n 

Hyperici

n 

Reference 

Maceration without 

ultrasound 

229.6 0.85 0.13 204 

Sonication (60 W, 1h) 319 1.52 0.20 205 

Soxhlet extraction  253 0.89 0.15 206 

Accelerated solvent 240 0.87 0.15 204 

p-Hydroxybenzoic acid m-Geranyl-p-Hydroxybenzoic acid 

Tetrahydroxy-8-prenylxanthone Tetrahydroxyxanthone 

 

Trihydroxy-2-prenylxanthone Trihydroxyxanthone 
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extraction  
C

O
2
 e

x
tr

a
c
ti
o
n
 

Subcritical 57.3 

(70 

bar/37.6°C) 

29.1 

+5.1* 

absent 27 

Supercritical ~14
 

(120 

bar/40°C) 

~5.7 absent 30 

25
 

(100 

bar/40°C)
 

12.4 

+ 2* 

absent 29 

59.9
 

(300 

bar/40°C) 

22.9 

+ 3.9* 

absent 27 

35.5 

(100 

bar/50°C) 

14.7–

19.3 

+ 2.1–

2.9* 

absent 28 

 

*Adhyperforin  
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Table 2. Yields of hyperforins and hypericins (mg g
-1

 dry weight) in SJW in vitro cultures (shake flask level) in 

response to various treatments (nd: not determined) 

Cultures Treatment Hyperforin  Adhyperforin  Hypericin  Pseudohypericin  References 

C
e
ll 

s
u
s
p
e
n
s
io

n
 

No treatment nd nd 0.15  0.51 207 

No treatment nd nd ~ 0.13  nd 208 

No treatment trace 0.25 nd nd 113 

Jasmonic acid nd nd ~ 0.32 nd 209 

Methyl jasmonate/ 

jasmonic acid  

nd nd 0.03 0.03 210 

Ozone  nd nd ~1.2-1.6 nd 122 

Mycelia from  

Aspergillus flavus  

nd nd 0.026  nd 211 

No treatment nd nd 0.012-

0.013  

0.012-0.013  115 

Salicylic acid  nd nd 0.03  0.03  

Fungal mycelia 

(various sources) 

nd nd 0.04-0.05  0.04-0.05  212  

A
p
ic

a
l 
m

e
ri
s
te

m
 

c
u
lt
u
re

s
 

Colletotrichum 

gloeosporioides 

0.4  nd 0.018  0.035  213  

Salicylic acid 0.85  nd 0.25  1.65  

Methyl jasmonate 1.1  nd 0.30  1.3  

R
o
o
t 

c
u
lt
u
re

s
  

No treatment 5  nd absent absent 26 

P
la

n
tl
e
ts

 
w

it
h
o
u
t 

ro
o
ts

 No treatment 74.1  3.1  0.15  0.23  116 
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Table 2 (continued) 

Cultures Treatment Hyperforin  Adhyperforin  Hypericin  Pseudohypericin  References 

S
h
o
o
t 

c
u
lt
u
re

s
 

Mannan  nd nd 0.05  0.82 214 

β-1,3-Glucan 

(curdlan) 

nd nd 0.03  0.55 

Pectin (from citrus) nd nd 0.03 0.35 

Methyl jasmonate/  

jasmonic acid 

4 nd nd nd 147  

Mannan 5 nd nd nd 

L-Threonine  

(2 mM) 

~3.6 ~0.4 nd nd 128 

L-Isoleucine 

(2 mM) 

~3 

 

0.67 

 

nd nd 

L-Valine 

(2 mM) 

~3.6 

 

~0.26 

 

nd nd 

L-Leucine 

(2 mM) 

~3.3 ~0.18  nd nd 

Methyl jasmonate 

(at 10 g/L sucrose) 

7 nd 0.0078  nd 215 

Methyl jasmonate 

(at 30 g/L sucrose) 

13.5 nd 0.0055 nd 

Agar cubes 35  nd 7.5  21  120 

Cork pieces 30  nd 5  10  

Salicylic acid  nd nd 0.075  0.165  115 

Pectin nd nd 0.09  0.21  216 

Dextran  nd nd 0.08  0.23  

T
ra

n
s
g
e
n
ic

 
s
h
o
o
ts

 
re

g
e
n
e
ra

te
d
 

fr
o
m

 h
a
ir
y
 

ro
o
ts

 

No treatment nd nd 0.495  6.35 109 

0.01-0.09 nd 0.01-0.25 nd 136 



  

39 

 

 
 
 
 
 
 
 
 
 

 
 
 

Hyperforin

 

Graphical abstract 

 

nd nd 0.222-

1.187 

nd 217 

Table 3. Yields of hyperforin and hypericins (mg g
-1

 fresh weight) in bioreactor-grown SJW cultures 

Cultures Treatment Photoperiod Hyperforin  Hypericin  Pseudohypericin  References 

S
h
o
o
t 

c
u
lt
u
re

s
 No treatment 16 h 

photoperiod 

~0.5
a
 ~0.004

a
 

 

~0.05
a
 129, 130 

 

A
d
v
e
n
ti
ti
o
u
s
 r

o
o
ts

 

c
u
lt
u
re

s
 

No treatment Dark nd 1.39*
,b 

nd 218 

No treatment Dark nd 0.04*
,c
 nd 131 

Methyl 

jasmonate 

(350 µM) 

Dark nd 1.68*
,d
 nd 132 

a 
2 L balloon type bubble bioreactor, 

b 
3 L balloon type bubble bioreactor, 

c 
500 L pilot-scale airlift 

bioreactor, 
d 
5 L balloon-type airlift bioreactor; *mg g

-1
 dry weight. 


