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1. Summary 

Hypericin is a photodynamic naphthodianthrone and a potential therapeutic lead 

compound that accumulates in the dark glands of some species of the genus Hypericum. 

The traditional use of extracts of St. John's wort (Hypericum perforatum L.) and other 

Hypericum species as antidepressants is largely attributed to the presence of hypericin. 

Although hypericin was discovered in the early 19th century, its biosynthetic pathway is 

still not understood, which hinders the application of biotechnological tools to improve 

hypericin production to meet the growing demand of the pharmaceutical industry. This 

dissertation is an attempt to provide new tools that could help in deciphering this unknown 

pathway.  

Since a method to analyze hypericins and their plausible precursors will be of great 

interest in deciphering hypericin biosynthesis, in the first part of the thesis we standardized 

a method to simultaneously quantify hypericins, their putative precursors, and novel 

skyrin derivatives. Briefly, H. perforatum shoot cultures were extracted in different 

solvents (ethanol, acetone, 80% methanol, ethyl acetate, and dichloromethane) and 

analyzed compounds were separated by UPLC, identified by Q-Exactive Orbitrap mass 

spectrometer (QE-MS) and quantified by PDA-FLR. We were able to quantify hypericin, 

pseudohypericin, protohypericin, protopseudohypericin, emodin, skyrin, oxyskyrin, 

iridoskyrin, rubroskyrin, and luteoskyrin simultaneously. The results also showed that the 

extractants and detection methods are crucial for the quantification of these compounds.  

We also investigated the possibility of blocking the biosynthesis of hypericin and related 

compounds with glyphosate. Briefly, H. perforatum shoots regenerated from root cultures 

treated with different concentrations of glyphosate were analyzed using the quantification 

method developed above. Our results showed that sublethal amounts of glyphosate in the 

medium could significantly inhibit naphthodianthrones and their putative precursors, 

emodin and bisanthrones. Production of these compounds was fully restored by glyphosate 

withdrawal. Inhibition of hypericin biosynthesis by glyphosate and its restoration after 

glyphosate withdrawal correlated with the development of dark glands that 

synthesize/accumulate hypericin. We also established the relationship between expression 

of some genes and the development of dark glands and(or) hypericin production by 

comparing gene expression in the inhibited cultures with that of control cultures and 

cultures deprived of glyphosate. The expression of polyketide synthases (HpPKS2 and 
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HpOKS) and phenolic oxidative coupling proteins (HpPOCP2, HpPOCP1, and 

HpPOCP3) was down-regulated by glyphosate treatment, whereas these genes were either 

up-regulated or reached control levels after glyphosate withdrawal, highlighting their 

relationship with dark gland development and(or) hypericin biosynthesis.  
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2. Streszczenie 

Hiperycyna jest fotodynamicznym, posiadającym ważne właściwości terapeutyczne, 

związkiem z grupy naftodiantronów, który jest akumulowany w ciemnych gruczołkach 

liści roślin niektórych gatunków rodzaju Hypericum. Tradycyjne, wieloletnie stosowanie 

ekstraktów z dziurawca (Hypericum perforatum L.) i innych gatunków Hypericum jako 

antydepresantów jest głównie spowodowane obecnością hiperycyny. Chociaż związek ten 

jest znany od wczesnych lat XIX stulecia, szlaki jego biosyntezy nie są wciąż w pełni 

wyjaśnione, co w znacznej mierze uniemożliwia zastosowanie narzędzi 

biotechnologicznych do poprawy produkcji hiperycyny w celu zaspokojenia potrzeb 

przemysłu farmaceutycznego. Przedstawiona rozprawa przedstawia prace zmierzające do 

uzyskania nowych narzędzi umożliwiających rozwiązanie przebiegu procesów 

biosyntetycznych.  

Ponieważ metoda analityczna umożliwiająca jednoczesne oznaczanie hiperycyny i jej 

prawdopodobnych prekursorów ma potencjalnie wielkie znaczenie dla wyjaśnienia 

przebiegu procesu biosyntezy tego związku, w pierwszej części rozprawy dokonano 

standaryzacji metody ilościowego oznaczania hiperycyny, jej możliwych prekursorów 

oraz nowo znalezionych pochodnych skyriny. Analizowane związki ekstrahowano z kultur 

komórkowych H. perforatum przy użyciu różnych rozpuszczalników (etanol, aceton, 80% 

metanol, octanu etylu i dwuchlorometan) a następnie poddawano ultrasprawnej 

chromatografii cieczowej (UPLC) i oznaczano przy użyciu detektorów UV (PDA) oraz 

fluorescencyjnego (FLR). Metabolity identyfikowano przy użyciu spektrometru mas 

QExactive sprzężonego z instrumentem UPLC. Umożliwiło to jednoczesne lościowe 

oznaczanie hiperycyny, pseudohiperycyny, protohiperycyny, protopseudohiperycyny, 

emodyny, skiryny, oksyskiryny, iridoskiryny, rubroskiryny i luteoskiryny. Stwierdzono, że 

zastosowanie odpowiedniego rozpuszczalnika do ekstrakcji oraz odpowiedniej metody 

detekcji miało kluczowe znaczenie w pomiarach zawartości badanych związków. 

Przeprowadzono także badania nad możliwością blokowania biosyntezy hiperycyny i 

powiązanych z nią związków przy użyciu glifosatu. Roślinki H. perforatum regenerowane 

z eksplantatów korzeniowych traktowano glifosatem w różnych stężeniach i zawartość 

metabolitów wtórnych analizowano stosując poprzednio opracowaną metodę. 

Stwierdzono, że subletalne stężenie glifosatu (5 μM) w pożywce istotnie obniżało 
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zawartość naftodiantronów oraz ich prekursorów – emodyny i bisantronów – była. 

Biosynteza tych związków całkowicie wracała do normalnego poziomu poprzez usunięcie 

glifosatu. Inhibicja tego procesu przez glifosat oraz jego przywrócenie po usunięciu tego 

czynnika były skorelowane z tworzeniem ciemnych gruczołków będących organami 

syntetyzującym i akumulującym hyperycynę. Ustalono również związek między ekspresją 

niektórych genów i tworzeniem ciemnych gruczołków oraz/lub produkcją hiperycyny 

poprzez porównanie kultur kontrolnych, kultur traktowanych glifosatem oraz po usunięciu 

tego związku. Ekspresja genów syntetaz poliketydowych (HpPKS2 i HpOKS) oraz białek 

odpowiedzialnych za oksydacyjne wiązanie fenoli (HpPOCP2, HpPOCP1 i HpPOCP3) 

była obniżana przez traktowanie glifosatem, a następnie zwiększana do poziomu 

kontrolnego lub powyżej niego po usunięciu inhibitora. Umożliwiło to powiązanie tych 

genów z biosyntezą hiperycyny oraz tworzeniem ciemnych gruczołków. 
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3. Introduction 

Hypericin is one of the most important secondary metabolites that exhibits several 

pharmacological activities, including antibacterial (Nafee et al., 2013; Rodríguez-Amigo 

et al., 2015), antifungal (Rezusta et al., 2012) and antiviral (Chen et al., 2019; Shih et al., 

2018; Taher et al., 2002). It is a multifunctional drug lead molecule with photodynamic 

properties that can be used as a fluorescent detection agent for the diagnosis and treatment 

of a variety of cancerous and non-cancerous tumors and diseases (Dong et al., 2021; 

Jendželovský et al., 2019; Kim et al., 2015).  

Hypericin is a naphthodianthrone found exclusively in the genus Hypericum and is widely 

distributed on the aerial parts of plants, including flower buds and leaves (Rizzo et al., 

2019; Zobayed et al., 2006). The presence of other naphthodianthrones such as 

pseudohypericin, protohypericin, and protopseudohypericin has also been reported (Alali 

et al., 2004; Ayan and Çirak, 2008; Çirak, 2006; Çirak et al., 2006; Ferraz et al., 2002; 

Piovan et al., 2004). These compounds are abundantly localized in the dark glands 

(Kornfeld et al., 2007; Kucharíková et al., 2016; Kusari et al., 2015; Singh et al., 2016; 

Zobayed et al., 2006). Although their function is still unclear, it is suggested that these 

naphthodianthrones could protect plants from herbivores and plant pathogens (Bruni and 

Sacchetti, 2009; Sirvent et al., 2003).   

To meet the ever-increasing demand for hypericin in the pharmaceutical industry, 

chemical synthesis of hypericin from emodin using hydroquinone (Gruszecka-Kowalik 

and Zalkow, 2009), N-ethyl-di-isopropyl amine (Motoyoshiya et al., 2007) as catalyst 

under nitrogen atmosphere (anaerobic conditions) and light illumination has been 

attempted. However, these approaches have a number of discrepancies in experimental 

conditions, mainly related to the initial emodin reduction phase, multistep synthesis, lower 

yield, stability, and solubility of hypericin (Huang et al., 2014). In addition, the high 

market price of emodin means that the final cost of producing hypericin is increasing, 

making large-scale production impossible. Although genetic improvement of plants to 

increase hypericin production is possible, the lack of information on the hypericin 

metabolic pathway and the recalcitrance of Hypericum species to Agrobacterium-mediated 

transformation are the major bottlenecks in the application of metabolic engineering and 

synthetic biology approaches. 
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Methods have been developed for the extraction of hypericin and pseudohypericin using 

solvents of different polarity, and UV detection methods are used for identification and 

quantification (Avato et al., 2004; Koyu and Haznedaroglu, 2015; Punegov et al., 2015; 

Raškovic et al., 2014). For example, the combination of UV absorption (273 nm) and 

fluorescence (315/590 nm, excitation/emission) was reported for the detection of hypericin 

and pseudohypericin extracted in methanol and cyclodextrin (De los Reyes and Koda, 

2001). Recently, the coupling of xylanase and microwave-assisted extraction was reported 

for the extraction of hypericin and identified by UV detection at 590 nm (Zhang et al., 

2019). Hypericin, emodin, and skyrin in methanolic extracts were identified via a mass-

based detection method (Kimáková et al., 2018; Rizzo et al., 2019).  

Although the pathway leading to hypericin biosynthesis is unknown, emodin anthrone and 

bisanthroquinones are putatively common intermediates in hypericin biosynthesis 

(Kimáková et al., 2018; Rizzo et al., 2019). Chemometric evaluation of hypericin and 

related compounds in Hypericum species revealed a positive correlation between hypericin 

and emodin-anthrone (Kusari et al., 2009a; Nigutová et al., 2017). The presence of 

hypericin in some endophytes is associated with the anthroquinone emodin (Kusari et al., 

2009b, 2008). Bisanthroquinones such as skyrin and penicilliopsin/emodin-dianthrone 

correlated with the concentration of hypericin (Kimáková et al., 2018; Revuru et al., 2020; 

Rizzo et al., 2019).  

Transcriptomic studies of four Hypericum species selected for their potential to synthesize 

naphthodianthrones and the presence of dark glands revealed that the differentially 

expressed contigs were more closely related to HpPKS2 and POCP (Soták et al., 2016a). 

De novo assembly and differential expression in H. perforatum leaves and placental tissue 

with and without dark glands revealed up-regulation of 799 genes in dark glands, which 

includes 55 genes related to polyketide biosynthesis (Soták et al., 2016b). To predict the 

genes involved in the biosynthesis of various compounds, including hypericin, the genome 

of H. perforatum was recently sequenced using PacBio technology (Zhou et al., 2021). 

Despite these studies, the metabolic pathway remains elusive because it is not possible to 

correlate RNA-seq data with hypericin biosynthesis. 
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4. Aim of the study 

Based on the literature, we believe that standardizing a method to simultaneously quantify 

hypericin and its potential precursors, as well as the ability to inhibit hypericin production, 

would help elucidate the hypericin biosynthetic pathway. Therefore, the objectives of this 

study are: 

1. To develop a method for the simultaneous determination of hypericins and their 

putative precursors in H. perforatum cultures. 

2. To inhibit hypericin biosynthesis/dark gland development in H. perforatum cultures.  

3. To establish correlations between hypericin biosynthesis/dark gland development and 

potential genes. 
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5. Materials and methods 

The materials and methods applied in the current study have been described in detail in the 

included publications. The following is a summary of the methods from Pradeep et al, 

2020 and Pradeep and Franklin, 2022. 

5.1. Root culture establishment and plant regeneration in vitro  

Seeds of H. perforatum 'Helos' (Richters Seeds, Ontario, Canada) were germinated as 

previously described (Franklin and Dias, 2006). Roots of 25-day-old seedlings were 

grown in half-strength liquid Murashige and Skoog medium (MS, Duchefa, The 

Netherlands) containing 0.5 ppm indole-3-butyric acid (IBA). The established root 

cultures were used as explants. For plant regeneration, six root segments (2-4 cm long) 

were placed in each Petri dish containing 15 mL MS agar medium supplemented with 0.05 

ppm 1-naphthaleneacetic acid (NAA) and 0.5 ppm 6-benzyladenine (BA). Then, the 

established shoot cultures were maintained in baby food jars containing 30 mL of MS 

liquid medium with the same phytohormones. The establishment and maintenance of the 

shoot cultures were described in publications 1 and 2. 

5.2. Glyphosate treatment and withdrawal  

Root explants were grown on the regeneration medium at doses ranging from 5 to 50 µM 

glyphosate (Sigma-Aldrich, USA). As a control, we grew explants in the glyphosate-free 

regeneration medium. On day 25, samples of the control and glyphosate-treated cultures 

were collected and analyzed for phytochemical profiles. Thereafter, we tested whether the 

effect of glyphosate (5 µM) treatment on the cultures could be reversed upon transfer to a 

glyphosate-free medium. 

5.3. Microscopic analysis of dark glands 

A stereo zoom microscope (Z1x/0.25 FWD 56mm, AXIO Zoom.V16) was used to 

observe the dark glands in the leaves of control (C), 5 µM glyphosate-treated (G5) and 

glyphosate withdrawn (WI) cultures after chlorophyll was removed with ethanol: glacial 

acetic acid (7:3) for 8 hours. The size of the dark glands was determined using ImageJ as 

described in publication 2.   

5.4. Extraction of phytochemicals  

Publication 1: 
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In vitro H. perforatum shoot cultures were frozen in liquid nitrogen and ground to a fine 

powder. An equal amount of the pulverized biomass (200 mg) was extracted separately 

with 1.5 mL of different solvents: Ethyl acetate (EAoC), 80% methanol (80% MeOH), 

96% ethanol (EtOH), acetone (A), and dichloromethane (DCM). 

Publication 2: 

Fresh biomass (150 mg) of control and treated explants was transferred separately to 2 mL 

Eppendorf amber tubes (Eppendorf, Hamburg, Germany) containing 1.5 mL of HPLC 

grade ethanol (96%). A ball mill (Retsch GmbH, Germany) was used to homogenize the 

samples for four minutes at a frequency of 26 Hz/sec.  

The details of vortexing, ultrasonication, centrifugation and filtration of the homogenates 

are described in publications 1 and 2.  

5.5 Identification of compounds  

For compound identification, extracts were analyzed using an Acquity (Waters) ultra-

performance liquid chromatography (UPLC) instrument coupled to a Thermo Fisher 

Scientific Q-Exactive mass spectrometer (QE-MS). Chromatographic separations were 

performed using a binary gradient method with the following mobile phases: (A) 

ammonium acetate (10 mM) and formic acid (0.1%) in ultrapure water; and (B) 

acetonitrile/methanol (80:20) at a flow rate of 0.3 mL/min in a UPLC column (BEH C18 

2.1 x 100 mm, 1.7 µm, Waters) at a temperature of 50 °C, the autosampler was set at 5 °C, 

and the injection volume was 1 μL. The gradient programs were as follows: Program A 

(for anthrones and naphthodianthrones): the first 0.0 to 1.0 min 50% B, from 1.0 to 10.50 

min linear gradient to 100% B, the next 10.50 to 12.50 min 100% B, and the last 12.50 to 

13.0 min 50% B. Program B (for phenolic acids, flavonoids, phloroglucinols, and 

xanthones): initial 0.0 to 0.5 min 5% B, then several steps with linear gradients: 0.5 to 2.0 

min to 15% B, 2.0 to 6.0 min to 20% B, 6.0 to 10.0 min to 60% B, and 10.0 to 17.0 min to 

99% B, then 17.0 to 19.0 min to 99% B and 19.0 to 20.0 min back to 5% (Pradeep et al., 

2021). Manual identification of compounds based on m/z values, retention times, and 

fragmentation spectra was performed by data-dependent scanning in negative mode as 

described in publications 1 and 2. 
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5.6. Quantification of the compounds 

UPLC coupled with photodiode array and fluorescence (UPLC- PDA-FLR) detection was 

used to quantify the compounds in 10 μL of each extract. In 2D channels, compounds 

were detected based on absorbance at 439 nm (emodin and bisanthrones), 254 nm 

(phenolic acids, flavonoids, and xanthones), 270 nm (phloroglucinols), and fluorescence 

detection (naphthodianthrones) with excitation at 236 nm and emission at 590 nm. 

Retention time measured by a liquid chromatograph mass spectrometer (LCMS) was used 

to identify peaks, and target compounds were quantified using external standards as 

described in publications 1 and 2.   

5.7. Gene expression studies 

The relative expression of 3-phosphoshikimate-1-carboxyvinyltransferase 2 (HpPSCVT), 

chorismate synthase (HpCHOSYN), isochorismate synthase 2 (HpICS2), 2-succinyl 

benzoate CoA ligase (HpSBCL), 2-oxoglutarate dehydrogenase (HpDHLST), 1,4-

dihydroxy-2-naphthoyl-CoA synthase (HpDHNC), 2-phytyl-1,4-beta-naphthoquinone 

methyltransferase (HpNQMT), phenylalanine ammonia lyase (HpPAL), trans-cinnamic 

acid 4-monooxygenase (HpC4H), 4-coumarate CoA ligase (Hp4CL), Caffeic acid 3-O-

methyltransferase (HpCOMT), chalcone synthase (HpCHS), benzophenone synthase 

(HpBPS), polyketide cyclase (HpPKC), pathogenesis related 10 (HYP1), phenolic 

oxidation coupling proteins (HpPOCP1, HpPOCP2 & HpPOCP3), Polyketide synthases 

(HpPKS1 & HpPKS2), Octaketide synthase (HpOKS) and Berberine bridge-like enzymes 

(HpBBE7, HpBBE8-14828, HpBBE8-19938, HpBBE13, HpBBE15, HpBBE17 & 

HpBBE21) were analyzed by quantitative real-time PCR (qRT-PCR). Briefly, RNA was 

extracted from control, 5 µM glyphosate-treated (G5) and glyphosate withdrawn (WI) 

cultures using the Spectrum Plant RNA Kit (Sigma-Aldrich, St. Louis, MO, USA) and 

coupled with on-column DNase treatment. Purified RNA (1 µg) from each sample was 

converted to cDNA using the M-MLV Reverse Transcriptase Kit (Promega, Madison, WI, 

USA) and then used for qRT-PCR studies performed with a SYBR Green-based PCR 

assay in a LightCycler 480 real-time PCR system (Roche, Basel, Switzerland). The TUB-

α-gene expression was used to normalize the expression. Details can be found in 

publication 2. 
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5.8. Statistical analysis 

The data were analyzed by one-way software ANOVA using GraphPad Prism. Based on 

the secondary metabolite quantification, principal component analysis (PCA) and 

hierarchical cluster analysis (HCA) were performed in MetaboAnalyst 

(https://www.metaboanalyst.ca/) to visualize statistical differences between treatments and 

control. In GraphPad Prism software, the statistical accuracy of the relative expression of 

G5 and WI samples was assessed using an unpaired t-test with a false discovery rate 

(FDR). All data were analyzed for statistically significant differences between samples at 

p < 0.05. Detailed information about statistical analysis is given in publications 1 and 2. 
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6. The most important results and discussions 

Publication 1: 

6.1. Identification and detection of new bisanthrones using LC-MS-PDA. 

In addition to naphthodianthrones (hypericin, protohypericin, pseudohypericin, and 

protopseudohypericin), bisanthrone (skyrin), and anthrone (emodin), we found four new 

bisanthrones (oxyskyrin, iridoskyrin, rubroskyrin, and luteoskyrin) in shoot cultures of H. 

perforatum extracted in various solvents. The data analysis includes mass, structural 

formula, and mass error of the identified compounds (Table 1). Simultaneously, emodin 

and bisanthrones were detected by UV absorbance at 439 nm over a selected range of the 

3D spectrum from 200 to 700 nm and validated using genuine standards (emodin and 

skyrin). Chromatographic peaks of different extracts show the presence of iridoskyrin (Rt, 

2.51), oxyskyrin (Rt, 3.73), emodin (Rt, 4.05), rubroskyrin (Rt, 4.74), skyrin (Rt, 5.97), 

and luteoskyrin (Rt, 6.95). Only hypericin and pseudohypericin have obtained MS-based 

confirmation in previous investigations (Ganzera et al., 2002; Gioti et al., 2005; Liu et al., 

2005; Tusevski et al., 2014). Recently, two bisanthrones (Skyrin-6-O—glucopyranoside 

and skyrin) and hypericins were identified using bigradient elution in LC–MS (Kimáková 

et al., 2018; Revuru et al., 2020; Rizzo et al., 2019).  

Table 1. The retention time and mass spectral data of various compounds identified in the extracts 

of H. perforatum shoot cultures via. LC-MS. Mass spectra of compounds were presented in the 

supplementary data (Supplementary Figs. S1-10). 

Compound UV RT 

(min) 

MW 

(Da) 

Elemental 

composition 

(CnHmOx) 

Obtained 

mass 

 

Mass 

error 

(PPM) 

 

Level of 

identification 

(A-Standard; B-

MS/MS) 

Iridoskyrin 2.51 538 C30H18O10 537.08 3.71 B 

Oxyskyrin 3.73 554 C30H18O11 553.08 1.32 B 

Emodin 4.05 270 C15H10O5 269.05 3.80 A and B 

Rubroskyrin 4.74 574 C30H22O12 573.11 6.81 B 

Skyrin 5.97 538 C30H18O10 537.08 0.84 A and B 

Luteoskyrin 6.95 574 C30H22O12 573.11 4.18 B 

Protopseudohypericin 4.36 522 C30H18O9 521.09 2.62 B 

Pseudohypericin 5.12 520 C30H16O9 519.07 2.44 A and B 

Protohypericin 7.48 506 C30H18O8 505.09 3.09 A and B 

Hypericin 8.23 504 C30H16O8 503.08 2.54 A and B 
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6.2. Comparison of UV and FLR methods for the detection of naphthodianthrones 

We investigated the effectiveness of PDA (UV) and fluorescence (FLR) detection methods 

for the quantification of naphthodianthrones. UV absorbance was set at 590 nm based on 

the selected range of the 3D spectrum from 200 to 700 nm. FLR detection was performed 

with excitation at 236 nm (λex) and emission at 592 nm (λem). The peaks on the 

chromatograms corresponding to the naphthodianthrones recorded by UV detection gave 

very low signal intensities than FLR detection used for the quantification of these 

compounds. In a previous study, the UV (270 nm and 590 nm absorbance) and FLR 

(315/590 nm, excitation/emission) combinations were used only for the determination of 

hypericin and pseudohypericin (De los Reyes and Koda, 2001).  

6.3. Effect of solvents used in extraction on the detection of compounds 

Solubility and extraction efficiency are largely determined by solvent polarity. One-way 

AVOVA followed by Tukey's multiple comparison tests showed that the concentrations of 

the compounds in the different extracts were very different. For example, iridoskyrin and 

skyrin were abundant in A, EtOH, and 80% MeOH extracts, but absent in EAoC and 

DCM. EtOH was the most efficient extractant for luteoskyrin. The 80% MeOH extract 

contained more emodin and rubroskyrin than A and EtOH. 

In FLR detection, the content of protohypericin showed no significant differences between 

the extracts of A, EtOH, and 80% MeOH. The amount of protohypericin detected by FLR 

and UV also remained constant in the DCM extract. 80% MeOH had a higher 

pseudohypericin content than the other solvents, which were almost the same for both 

detection methods. In both FLR and UV detection, the highest concentration of hypericin 

was found in the EtOH extract. Thus, the order of extraction efficiency of the solvents for 

simultaneous quantification of the target compounds is EtOH > A > 80% MeOH > EAoC 

> DCM, as shown by the statistical analysis of the extracts. 

Publication 2: 

6.4. Glyphosate affected the dark gland development  

After 10 days of culture, it was observed that the leaves of the shoots regenerated from the 

roots in the control medium had several dark glands, whereas no such dark glands were 

found on the leaves of the regenerated shoots in glyphosate-containing media, regardless 
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of concentration. However, after 15 days, some small glands were visible under the 

microscope in some cultures treated with 5 µM glyphosate. By day 25, there was an 

average of nine dark glands per leaf in the control group, but the number of glands in 

cultures treated with 5 µM glyphosate was significantly reduced to one. Cultures treated 

with a higher concentration of glyphosate had no dark glands on day 25. 

6.5. Hypericins and their putative precursors were significantly inhibited by glyphosate 

In the control shoots, 48 secondary metabolites were detected using LCMS fragmentation 

patterns, of which 41 were quantified by PDA and FLR detection using the reference 

standards. To better understand how glyphosate affects overall secondary metabolism, 

compounds were classified into five categories: phenolic acids, flavonoids, xanthones, 

phloroglucinols, anthrones, and naphthodianthrones. The PCA and HCA results obtained 

that regardless of glyphosate concentration, naphthodianthrones and anthrones were 

significantly inhibited, whereas inhibition of phenolic acids, flavonoids, xanthones, and 

phloroglucinols was observed at higher concentrations of glyphosate. Naphthodianthrones 

and anthrones were most affected at 5 µM glyphosate, and higher doses had no further 

effect. A strong inhibition rate was observed for hypericin (97.4%), pseudohypericin 

(89.3%), protopseudohypericin (87%), and protohypericin (96.1%) compared to control. 

Their putative precursors (emodin and skyrin) and other skyrin derivatives (iridoskyrin, 

oxyskyrin, rubroskyrin, and luteoskyrin) also showed a similar downward trend. 

6.6. Inhibition of hypericins and their putative precursors by glyphosate is reversible 

After 35 days of incubation, shoots of glyphosate-treated cultures transferred to 

glyphosate-free medium rooted and grew like control shoots. Thereafter, the number and 

area of dark glands had recovered by 75% in the glyphosate withdrawn cultures. 

Accumulation of naphthodianthrones and their putative precursors was also restored by 

glyphosate withdrawal, whereas it was constantly inhibited in continuous glyphosate 

treatment. Many studies have linked the dark glands to the localization of hypericin and its 

correlation in H. perforatum (Kornfeld et al., 2007; Kucharíková et al., 2016; Kusari et al., 

2015; Piovan et al., 2004; Singh et al., 2016; Soták et al., 2016a, 2016b; Zobayed et al., 

2006). In the current study, a clear positive relationship was found between the number 

and size of glands and hypericin accumulation. Dark glands are where hypericin and its 

putative precursors are most frequently detected, suggesting that they may be the site of 

production (Revuru et al., 2020; Rizzo et al., 2019). Studies have also found a correlation 
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between the levels of emodin, bisanthrones, and naphthodianthrones, which are thought to 

be the key intermediates in the biosynthesis of hypericin (Kimáková et al., 2018; Kusari et 

al., 2009a; Nigutová et al., 2017; Revuru et al., 2020; Zhou et al., 2021). From this study, 

we found out that the reduction in the number and area of dark glands by glyphosate 

treatment directly affects the biosynthesis and accumulation of these compounds. Since 

glyphosate treatment did not completely stop hypericin biosynthesis and dark glands, and 

a small amount of hypericin was actually found in the treated cultures, it can be concluded 

that hypericin biosynthesis was still active after glyphosate treatment, but on a smaller 

scale corresponding to the gland area.  

6.7. Phenolic oxidative coupling protein and polyketide synthase 2 genes are connected 

with the dark gland development and/or hypericin biosynthesis 

Glyphosate inhibited anthrones and hypericins by downregulating polyketide-III pathway 

genes such as HpPOCP1 (2-fold), HpPOCP2 (7.1-fold), HpPOCP3 (1.6-fold), HpOKS 

(9.5-fold), and HpPKS2 (10.8-fold). After glyphosate withdrawal, these genes were up-

regulated or restored at control levels, indicating their role in hypericin biosynthesis. 

Expression of the other polyketide-III pathway genes i.e., HpPKC and HpPKS1, and FAD 

oxidases (HpBBE7, HpBBE8–14828, HpBBE8–19938, HpBBE13, HpBBE15, HpBBE17, 

and HpBBE21), was not altered significantly upon glyphosate treatment and its 

withdrawal. Rizzo et al. (2019) hypothesized that BBE8 plays a key role in the conversion 

of penicilliopsin/emodin dianthrone to protohypericin and hypericin, but no such 

association was found in the present study. 

Even though Bais et al. (2003) assumed the HYP1 gene was a POCP and had a role in 

hypericin biosynthesis, the current study found that its expression level did not change. 

This gene has also been shown to be widely expressed in Hypericum species that are 

unable to produce hypericin (Košuth et al., 2011). Eventually, it was categorized as a 

pathogenesis-related 10 gene (Karppinen et al., 2016; Sliwiak et al., 2015). Expression of 

HpPKS1, which was associated with the concentration of acyl-phloroglucinols (Karppinen 

and Hohtola, 2008), was neither changed during our study. Similarly, genes involved in 

the biosynthesis of phenolic acids (HpPAL, HpC4H, Hp4CL, and HpCOMT) and xanthone 

(HpBPS) were unaffected by glyphosate. On the other hand, glyphosate treatment 

upregulated the genes of chorismate/O-succinyl benzoate (HpICS2, HpSBCL, and 

HpDHNC) and flavonoid (HpCHS) pathways.  
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Overall, the relative expression analysis suggests that HpPOCPs, HpOKS, and HpPKS2 

are involved in the hypericin biosynthesis. Previous investigations also have linked these 

genes to hypericin and pseudohypericin concentrations (Karppinen and Hohtola, 2008; 

Rizzo et al., 2019; Soták et al., 2016b, 2016a). Some POCPs like cytochrome P450 and 

laccases have been reported to execute inter- and intramolecular dimerization (C-C bond 

coupling) in the biosynthesis of magnoflorine (Ikezawa et al., 2008) and naphthopyrones 

(Obermaier et al., 2019) by controlling the site and stereoselectivity. Thus, the formation 

of C-C interunit linkages in the hypericin biosynthetic pathway might be catalysed by 

HpPOCPs.  
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7. Conclusions 

Overall, the results presented in this thesis and the original papers provide new tools that 

could be useful for the elucidation of pathways that lead to hypericin biosynthesis. 

Specifically, we conclude the following.  

 In addition to naphthodianthrones, emodin, and skyrin, four novel skyrin derivatives 

(iridoskyrin, oxyskyrin, rubroskyrin, and luteoskyrin) were quantified simultaneously in 

H. perforatum in vitro shoot cultures (Publication 1). 

 EtOH is the most effective extractant for the efficient detection and quantification of the 

greatest number of compounds (Publication 1). 

 The FLR detection method is critical for the accurate quantification of naphthodianthrones 

(Publication 1). 

 Glyphosate treatment impair the development of dark glands and inhibit the 

biosynthesis/accumulation of naphthodianthrones in H. perforatum (Publication 2). 

 The ability to inhibit and restore hypericin production simultaneously with emodin and 

bisanthrones demonstrated in this study strongly suggests a correlation between these 

classes of compounds at the biosynthetic level (Publication 2). 

 Expression of HpPOCPs, HpOKS and HpPKS2 genes play a substantial role in the 

biosynthesis of hypericin (Publication 2). 

8. Future Prospects 

 Feeding of H. perforatum L. cultures with various compounds (anthrones, bisanthrones 

etc.) in the presence of glyphosate to identify the precursors in the biosynthesis of 

hypericin. 

 Production of transgenic plants expressing HpPOCPs, HpOKS and HpPKS2 to provide 

new insights on their roles in hypericin biosynthesis/ accumulation. 

 Comparative transcriptomic analysis of control and glyphosate-treated cultures to reveal 

genes involved in hypericin biosynthesis and/or dark glands development.  

 Differentially expressed transcriptomes in the presence and absence of dark glands might 

show the developmental, structural, metabolic, biosynthetic and regulatory genes specific 

to the glands. 
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A B S T R A C T

Hypericum perforatum L. (St John's wort) extracts are top-selling herbal medicines for the treatment of various
ailments including mild to moderate depression across the world. One of the major bioactive compounds of these
extracts is hypericin that is also considered as a lead molecule for drug development. Here, we report on the
development of a robust method for the simultaneous quantification of hypericins (hypericin, pseudohypericin,
protohypericin and protopseudohypericin), their presumed precursors (emodin and skyrin) and new skyrin
derivatives (oxyskyrin, iridoskyrin, rubroskyrin and luteoskyrin). Compounds extracted from the in vitro shoot
cultures of H. perforatum L. in ethanol, acetone, 80 % methanol, ethylacetate and dichloromethane were sepa-
rated by ultra-performance liquid chromatography (UPLC), quantified by photo diode array/ fluorescence (PDA-
FLR) and annotated by Q- Exactive Orbitrap mass spectrometer (UPLC-QE-MS). Analyses of the UPLC data
revealed that ethanol is the best extractant for the efficient quantification of all target compounds, although all
of them could also be extracted in acetone and 80 %methanol. The extractants as well as the method of detection
proved to be important for the efficient quantification of naphtodianthrones. Our results are expected to sig-
nificantly contribute to the dissection of the hypericin biosynthesis pathway and the quality control of Hypericum
extracts in the pharmaceutical industry.

1. Introduction

Hypericum species have a long history of use in traditional medicine.
Studies have shown that Hypericum perforatum L. (St John’s wort) ex-
tracts possess antidepressant activities (Bach-Rojecky et al., 2004;
Mennini and Gobbi, 2004; Crupi et al., 2011; Tian et al., 2014). Many
other important pharmacological properties of H. perforatum L. in-
cluding anticancer (Agostinis et al., 2002), neuroprotective (Silva et al.,
2004), antioxidant (Silva et al., 2005) and wound healing (Yadollah-
Damavandi et al., 2015) activities have also been reported. The major
classes of Hypericum compounds that could be extracted in methanol
include naphthodianthrones hypericin and pseudohypericin (Kitanov,
2001), phloroglucinol derivatives hyperforin and adhyperforin (Maggi
et al., 2004; Smelcerovic and Spiteller, 2006), flavonoids (Radusiene
et al., 2005), phenylpropanes (Chandrasekera et al., 2005), essential
oils (Bertoli et al., 2011), xanthones (Hong et al., 2004; Tanaka and
Takaishi, 2006), tannins (Dall’Agnol et al., 2003), procyanidins and
other water-soluble compounds (Greeson et al., 2001). Although many
of these compounds possess interesting biological properties (Patočka,
2003), hypericin holds an unique position in the pharmaceutical in-
dustry due to its application as a drug lead molecule. Hence, many

Hypericum species have been investigated for the presence of hypericin
and related compounds (Ferraz et al., 2002; Alali et al., 2004; Piovan
et al., 2004; Çirak, 2006; Çirak et al., 2006; Ayan and Çirak, 2008).

In the plant kingdom, hypericin is present almost exclusively in the
genus Hypericum, but it is also found in several fungal species
(Kimáková et al., 2018). Hypericin is a hydroxymethyl naphthodian-
throne and is the main phenanthoperylene quinone of H. perforatum L.
that possess antidepressant, antiviral, antineoplastic and immune-sti-
mulating activities (Huang et al., 2014). Presence of other hypericin
related compounds such as pseudohypericin, protohypericin, proto-
pseudohypericin have also been reported (Ferraz et al., 2002; Alali
et al., 2004; Piovan et al., 2004; Çirak, 2006; Çirak et al., 2006; Ayan
and Çirak, 2008). Although a positive correlation between the accu-
mulation of hypericin/pseudohypericin and emodin leading to the
conclusion that this compound could be a putative precursor of hy-
pericin (Kusari et al., 2009; Nigutová et al., 2017), the occurrence of
emodin in higher plants is not restricted to hypericin-producing Hy-
pericum spp. (Izhaki, 2002). In some endophytic fungal species, the
presence of hypericin is accompanied by the anthroquinone emodin
(Kusari et al., 2008). Despite the isolation of skyrin and its glycosides
from some Hypericum spp. (Wirz et al., 2000; Don et al., 2004; Ma et al.,
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2012), its potential role as an intermediate in the hypericin biosynthetic
pathway has been put forward only recently (Kimáková et al., 2018;
Rizzo et al., 2019). However, these compounds as precursors of the
hypericin biosynthesis have not been validated yet. Simultaneous
quantification of these potential precursors and hypericin in H. perfor-
atum L. extracts will be helpful in the dissection of this unknown bio-
synthetic pathway.

To the best of our knowledge, although the presence of skyrin in H.
perforatum L. has been established, its derivatives namely oxyskyrin,
iridoskyrin, rubroskyrin and luteoskyrin have not been reported so far.
Moreover, a method for the simultaneous quantification of the com-
pounds presumed to be related to hypericin biosynthesis in the poly-
ketide pathway is still lacking. In this article, we report on the si-
multaneous determination of hypericins, emodin, skyrin and new
skyrin derivatives namely oxyskyrin, iridoskyrin, rubroskyrin and lu-
teoskyrin in H. perforatum L. in vitro shoot cultures.

2. Material and methods

2.1. Plant material and culture conditions

In vitro shoot cultures of H. perforatum L. variety ‘Helos’ (Richters
seeds, Ontario, Canada) established from root explants (Franklin and
Dias, 2011, 2006) were maintained in baby food jars under 16−8 h
(light-dark) condition at 23± 1 °C in a Phytotron growth chamber.
Murashige and Skoog’s (MS) medium augmented with 3 % sucrose, 0.1
% inositol, 0.05 mg/l 1-Naphthaleneacetic acid and 0.5 mg/l 6-Ben-
zylaminopurine, and autoclaved after adjusting the pH to 5.7 was used
in the experiments. Once in every four weeks the cultures were trans-
ferred to fresh medium.

2.2. Sample preparation and extraction

In vitro shoot cultures of H. perforatum L. collected in 50 ml Falcon
tubes were frozen in liquid nitrogen and ground into fine powder in a
pre-chilled mortar and pestle. Equal amounts of ground biomass (200
mg) taken in Eppendorf tubes (2.0 ml) were mixed separately with 1.5
ml of various solvents namely ethyl acetate (EAoC), 80 % methanol (80
% MeOH), 96 % ethanol (EtOH), acetone (A) and dichloromethane
(DCM). The solvent-biomass mixtures were vortexed at 3000 rpm for 10
min and subjected to ultrasonication (Bandelin Sonorex) at ≤4 °C for
20 min. After centrifuging the tubes at 25,150 x g (Hettich EBA 21,
1024 rotor) at 20 °C for 20 min, the supernatants were collected and
evaporated in a vacuum centrifuge (Univapo 100 ECH, Progen
Scientific, UK) at 40 °C for 60 min. The residues were dissolved in
LC–MS grade methanol and filtered through Kinesis KX syringe filters
(PTFE 13 mm, 0.45 μm discs, Vernon Hills, USA) before injection into
the UPLC-Orbitrap MS. The complete extraction procedure was per-
formed in the absence of light, and the extracts and solutions were
stored at −20 °C under dark condition to prevent any possible dete-
rioration of compounds.

2.3. High-resolution mass spectrometry (HRMS) analysis

Analysis of the extracts was performed in Acquity (Waters) ultra-
performance liquid chromatography (UPLC) system hyphenated to
hybrid Thermo Fisher Scientific Q-Exactive mass spectrometer (UPLC-
QE-MS). Identification of compounds was performed according to mass
spectra, exact mass, characteristic fragmentation, and retention time.
Xcalibur software (version 3.0.63) was used for instrument control,
data acquisition, and data analysis. PubChem database of accurate mass
spectrometry data, molecular characteristics were used as a reference
library to identify compounds.

The chromatographic separations were performed using Acquity
(Waters) instrument with a UPLC column (BEH C18 2.1 × 100 mm, 1.7
μm) using a binary gradient mobile phase consisting of (A) 10 mM of

ammonium acetate acidified with 0.1 % formic acid in Millipore water
and (B) acetonitrile/methanol (80:20) as described before (Bruňáková
and Čellárová, 2017) but with a modified LC time program. The gra-
dient program was as follows: 0.0–1.0 min, 50 % B; 1.0–10.50 min,
from 50 % to 100 % B; 10.50–12.50 min, 100 % B; and 12.50–13.0 min,
from 100 % to 50 % B. The autosampler was set at 5 °C and the injection
volume was 5 μl. Compounds were analyzed in 2D channels under the
absorbance of 590 nm and 439 nm and fluorescence detection was
carried out with excitation at 236 nm and the emission at 590 nm. The
peak identification was based on the comparison of retention time with
those of the reference standards namely emodin, skyrin, hypericin and
pseudohypericin (Sigma-Aldrich) and protohypericin (Extrasynthese,
France) in the same conditions. The eluate was analyzed using full MS
and data-dependent scanning in negative mode to MS/MS analysis. The
normalized collision energy (NCE) of the cell was 30 % for data-de-
pendent scan. N2 was employed as sheath gas (35 arbitrary units),
sweep gas flow was 4 arbitrary units, and auxiliary gas flow was 10
arbitrary units. Automatic gain control (AGC) was established as fol-
lows: Maximum inject time −100 ms, AGC target- 3e6 and resolution
for full MS - 70,000. Data-dependent scanning comprises a full MS scan
in the range between 150–1500 m/z, followed by a data-dependent
scan at a resolution of 17,500. An external standard method was used
for the quantification of target compounds. As there were no standards
available for protopseudohypericin and skyrin derivatives, these com-
pounds were quantified as the equivalents of pseudohypericin and
skyrin, respectively. The UPLC based quantification was done with re-
spect to the peak area of all compounds.

2.4. Statistical analysis

Chromatographic peak area and retention time of the identified
compounds were transferred to Excel sheets for quantification based on
a calibration curve. Briefly, calibration curves for various standards
were obtained by regression statistics (R2 = 0.9921–0.9945) of five
different concentrations. For statistical accuracy, concentration of all
the compounds of respective extracts were grouped and transformed
into logarithmic scale (log10) in Whiskers: Min to Max box plot.
Depicted chromatograms were obtained from the average of the re-
spective peaks. Data representing the peaks were analyzed by one-way
analysis of variance (ANOVA) followed by Tukey’s multiple comparison
test (HSD test p< 0.05) All the analyses were performed using 27
replicates (3 biological × 3 extraction × 3 technical) using GraphPad
Prism 5.03 software.

3. Results and discussion

By comparing the efficiency of different solvents for the extraction
of target compounds and the detection methods used in the quantifi-
cation, we have developed a robust method for the simultaneous
identification and quantification of hypericins and their potential pre-
cursors (emodin and skyrin). In addition, we have also identified four
new skyrin derivatives in H. perforatum L. The structures of the com-
pounds are shown in Fig. 1.

Major studies performed so far with respect to the extraction of
hypericins using solvents of different polarity and identification of these
compounds by UV detection methods are listed in Table 1. Few studies
have used the fluorescence detection with excitation at 236−322 nm
and emission at 590−593 nm for the determination of hypericin and
pseudohypericin extracted in ethanol or methanol (Draves and Walker,
2000; Gioti et al., 2005). Combination of the UV absorption (273 nm)
and fluorescence (315/590 nm, excitation/emission) for the detection
of hypericin and pseudohypericin extracted in methanol and cyclo-
dextrin has been reported (De Los Reyes and Koda, 2001). Hypericin,
emodin and skyrin in methanolic extracts were identified via a mass-
based detection system (Kimáková et al., 2018; Rizzo et al., 2019).
Recently, coupled xylanase and microwave assisted extraction has been
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Fig. 1. The structure of compounds that were simultaneously quantified in the present study. a). emodin, b) skyrin, c) oxyskyrin, d) iridoskyrin, e) luteoskyrin, f)
rubroskyrin, g) protopseudohypericin, h) pseudohypericin, i) protohypericin, j) hypericin.

Table 1
Studies performed so far on the identification and quantification of H. perforatum L. naphtodianthrones via UV (PDA) detection.

Compounds detected Extractant Detection range (λ) Reference

Hypericin, Protohypericin, Pseudohypericin, Protopseudohypericin 80 % Ethanol 520–540 nm (Rückert et al., 2007)
,, 60 % Ethanol 590 nm (Poutaraud et al., 2001)
,, Methanol 590 nm (Pages et al., 2006)
,, Acetone:Ethanol:Methanol (1:1:1, v/v) 590 nm (Tolonen et al., 2003)
Hypericin Ethylacetate 270 and 590 nm (Avato et al., 2004)
Hypericin and Pseudohypericin 40 % Aqueous Ethanol 280 nm (Cai et al., 2015)
,, Ethanol–Acetone (2:3) 590 nm (Liu et al., 2000)
,, Methanol 270 and 590 nm (Koyu and Haznedaroglu, 2015)

55 % Isopropanol 590 nm (Punegov et al., 2015)
,, Aqueous ethanol 590 nm (Raškovic et al., 2014)

Acetone:Methanol 588 nm (Ayan and Çirak, 2008)
,, Methanol 590 nm (Bagdonaitž et al., 2010)

Methanol 590 nm (Li and Fitzloff, 2001)
,, Methanol 590 nm (Williams et al., 2006)
,, 70 % Ethanol 548 and 590 nm (Milevskaya et al., 2016)
,, Methanol 270 nm (Ganzera et al., 2002)

Table 2
The retention time and mass spectral data of various compounds identified in the extracts of H. perforatum shoot cultures via.LC–MS

Compound UV RT (min) MW (Da) Elemental composition (CnHmOx) Obtained mass Mass error (PPM) Level of identification (A-Standard; B-MS/MS)

Iridoskyrin 2.51 270538 C30H18O10 537.08 3.71 B
Oxyskyrin 3.73 538554 C30H18O11 553.08 1.32 B
Emodin 4.05 554270 C15H10O5 269.05 3.80 A and B
Rubroskyrin 4.74 538574 C30H21O12 573.11 6.81 B
Skyrin 5.97 574538 C30H18O10 537.08 0.84 A and B
Luteoskyrin 6.95 574 C30H21O12 573.11 4.18 B
Protopseudohypericin 4.36 522 C30H17O9 521.09 2.62 B
Pseudohypericin 5.12 520 C30H15O9 519.07 2.44 A and B
Protohypericin 7.48 506 C30H17O8 505.09 3.09 A and B
Hypericin 8.23 504 C30H15O8 503.08 2.54 A and B
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reported for the extraction of hypericin and identified by UV detection
at 590 nm (Zhang et al., 2019).

3.1. Detection and confirmation of compounds by mass spectra using
LC–MS

We determined the presence of four new bisanthrones i.e., oxy-
skyrin, iridoskyrin, rubroskyrin, luteoskyrin, in addition to other re-
ported naphtodianthrones (hypericin, protohypericin, pseudohypericin
and protopseudohypericin), bisanthrone (skyrin) and anthrone
(emodin) in H. perforatum L. in vitro shoot cultures. These compounds

were identified on the basis of their MS fragmentation pattern and re-
tention time or by chromatography using an authentic standard, where
possible. Although standards are not available for a few of the com-
pounds, they could be identified on the basis of MS fragmentation data
in most instances.

The list of compounds identified from H. perforatum L. in vitro shoot
cultures extracted in various solvents using LC–MS based on mass
spectral data and retention time is shown in Table 2. The mass spectra
of these compounds are presented in the supplementary data (Supple-
mentary Figs. S1–10). Based on the fragmentation spectra and data
analysis, compounds present in the chromatographic peaks were

Fig. 2. UPLC depicted chromatogram of various extracts of H. perforatum L. in vitro shoot culture. (a) UV (PDA) detection at 590 nm and (b) Fluorescence (FLR)
detection at λex 236 nm and λem 592 nm, respectively.

Fig. 3. UPLC depicted chromatogram recorded at 439 nm showing the presence of emodin and bisanthrones peaks in various extracts by UV detection.
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identified as iridoskyrin (Rt, 2.51 min), oxyskyrin (Rt, 3.73 min),
emodin (Rt, 4.05 min), rubroskyrin (Rt, 4.74 min), proto-
pseudohypericin (Rt, 4.36 min), pseudohypericin (Rt, 5.12 min), lu-
teoskyrin (Rt, 6.95 min), skyrin (Rt, 5.97 min), protohypericin (Rt, 7.48
min) and hypericin (Rt, 8.23 min). Identification of compounds was
confirmed by obtained mass, structural formula with ppm resolution
based on the purity of compounds in various solvents (Table 2). Con-
firmation based on MS data has been shown only for hypericin and
pseudohypericin in the earlier studies (Ganzera et al., 2002; Gioti et al.,
2005; Liu et al., 2005; Kusari et al., 2009; Tusevski et al., 2014). Re-
cently, the presence of two bisanthrones (Skyrin-6-O-β-glucopyranoside
and skyrin) and hypericins along with phenolics and flavonoids have
been reported using bigradient elution in LC–MS (Kimáková et al.,
2018; Rizzo et al., 2019). However, with a modified solvent gradient
time program, we could identify four new skyrin derivatives using
methods reported before (Tolonen et al., 2003; Nigutová et al., 2017).
Basically, we determined anthroquinone, naphtodianthrones and bi-
santhrones simultaneously in the present study.

3.2. Comparison of UV and FLR methods for the detection of
naphtodianthrones

Due to the fluorescent characteristics of naphtodianthrones, we
compared the efficiency of PDA (UV) and fluorescence (FLR) detection
methods for their quantification. Absorbance at 590 nm was chosen

based on the selected range of 3D spectrum from 200−700 nm for UV
detection, whereas λex at 236 nm and λem 592 nm were chosen for FLR
detection. Based on identified peaks, the chromatographic sequence
was protopseudohypericin (Rt, 4.36), pseudohypericin (Rt, 5.12), pro-
tohypericin (Rt, 7.48) and hypericin (Rt, 8.23). The depicted chroma-
tographic peaks show that the signal intensities by UV detection
(Fig. 2a) are lower than that of FLR (Fig. 2b). Previous reports based on
the LC methods have described the separation of the analytes of interest
using a C18 column and detection by UV at 520−540 nm for all the
hypericins (Rückert et al., 2007). Only hypericin and pseudohypericin
were determined by the UV (270 nm and 590 nm absorbance) and by
FLR (315/590 nm, excitation/emission) combination in a previous
study (De Los Reyes and Koda, 2001).

3.3. Detection of anthrone and bisanthrones using UPLC

Anthrone (emodin) and bisanthrones (skyrin, oxyskyrin, ir-
idoskyrin, rubroskyrin, luteoskyrin) were identified by UV absorbance
at 439 nm on a selected range of 3D spectrum from 200−700 nm and
confirmed with authentic standards (emodin and skyrin) and based on
mass spectral data (Table 2). The depicted chromatographic peaks have
shown the presence of iridoskyrin (Rt, 2.51), oxyskyrin (Rt, 3.73),
emodin (Rt, 4.05), rubroskyrin (Rt, 4.74), skyrin (Rt, 5.97), luteoskyrin
(Rt, 6.95) in various extracts (Fig. 3). However, emodin and bisan-
throquinones could only be determined in the methanolic extracts of

Fig. 4. Concentration of emodin and bisanthrones based on UV detection, (a) ethanol, (b) acetone, (c) 80 % methanol, (d) ethylacetate, (e) dichloromethane. Values
represented are mean±SEM of 27 replicates (n = 27).
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Hypericum species in the previous studies (Tusevski et al., 2014;
Kimáková et al., 2018; Rizzo et al., 2019). Our findings indicate that the
absorbance maximum of emodin is 439 nm, a wavelength in which
skyrin and its derivatives could also be detected. HPLC analysis of

emodin and subsequent quantification was previously performed at 252
nm (Zobayed et al., 2006). Recently, mass spectra were used to identify
both emodin and skyrin in the sample (Kimáková et al., 2018).

Fig. 5. Comparison of naphtodianthrones concentration via UV and FLR detection, (a) ethanol, (b) acetone, (c) 80 % methanol, (d) ethylacetate, (e) dichloromethane.
Values represented are mean± SEM of 27 replicates (n = 27).

Table 3
Comparison of solvents for the quantification of anthrone and bisanthrones.

Comparisons b/w extracts Difference of means

Emodin Oxyskyrin Iridoskyrin Skyrin Rubroskyrin Luteoskyrin

A vs DCM 0.4753*** 0.01743 0.1263*** 0.1297*** 1.678*** 0.0006016
A vs EtOH 0.02286 −0.007017 0.01950 0.04316*** 0.06642 −0.07042***
A vs EAoC 0.1381** −0.08602*** 0.1263*** 0.1429*** 0.8513*** −0.0009001
A vs 80 % MeOH −0.06164 −0.002565 0.02411 0.02317 −0.3857* −0.05302***
DCM vs EtOH −0.4525*** −0.02445 −0.1068*** −0.08657*** −1.611*** −0.07102***
DCM vs EAoC −0.3373*** −0.1035*** 0.00 0.01313 −0.8264*** −0.001502
DCM vs 80 % MeOH −0.5370*** −0.01999 −0.1022*** −0.1066*** −2.063*** −0.05362***
EtOH vs EAoC 0.1152** −0.07901*** 0.1068*** 0.09970*** 0.7849*** 0.06952***
EtOH vs 80 % MeOH −0.08451 0.004452 0.004612 −0.01999 −0.4521** 0.01740
EAoC vs 80 % MeOH −0.1997*** 0.08346*** −0.1022*** −0.1197*** −1.237*** −0.05212***

Tukey’s multiple comparison showing significance of means at p< 0.02 (*), p<0.005 (**) and p< 0.0001(***).
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3.4. Effect of solvents used in extraction on the detection of compounds

The polarity of solvents generally determines the solubility of
compounds and the efficiency of extraction. Hence, we investigated the
concentration of the target compounds in H. perforatum L. in vitro shoot
cultures extracted with different solvents. The frequency distribution
analysis revealed the accuracy of data in respective extracts and de-
tection methods (Supplementary Figs. S11, 12). One-way AVOVA fol-
lowed by Tukey’s multiple comparison test of the data revealed that the
concentration of target compounds differed significantly between the
extracts. Although iridoskyrin and skyrin concentration was high in A,
EtOH and 80 % MeOH extracts (Fig. 4a–c), the former was absent in the
EAoC and DCM extracts. A higher concentration of emodin
(0.59±0.02 μg/g) and rubroskyrin (2.1±0.06 μg/g) was found in 80
% MeOH than the A and EtOH (Fig. 4c). EtOH was the best solvent for
luteoskyrin extraction in which the presence of 0.15±0.005 μg/g was
recorded (Fig. 4a).

The quantification of compounds based on FLR and PDA detection
revealed that some of the naphtodianthrones could be detected better in
one of these methods. For instance, a higher level of proto-
pseudohypericin was found in all the extracts except that of DCM in the
UV detection compared to the FLR. Concentration of proto-
pseudohypericin was significantly higher in the UV based quantifica-
tion (0.83± 0.1 μg/g) than the FLR detection (0.25±0.02 μg/g) in the
EtOH extract (Fig. 5a). On the contrary, this naphtodianthrone could be
detected at low concentration in FLR but nothing could be found in UV
detection in DCM extract (Fig. 5e). Protohypericin concentration was
0.40±0.02 μg/g and 0.11± 0.01 μg/g, respectively under FLR and UV
detections in the extract A (Fig. 5b). However, protohypericin content
obtained based on FLR detection was not significantly different be-
tween A, EtOH and 80 % MeOH extracts (Table 4). Similarly, the
quantity of protohypericin revealed by both FLR and UV remained si-
milar in DCM. Pseudohypericin content was higher in 80 % MeOH as
compared to other solvents, which was almost similar in both of the
detection methods (FLR, 22.71±0.6 μg/g and UV, 21.04± 0.6 μg/g)
as seen in Fig. 5c. Hypericin concentration was higher in FLR than UV
across the extracts (Fig. 5), among which, the best concentration for
both FLR (20.72± 3.28 μg/g) and UV (17.32±2.96 μg/g) detection
was observed in EtOH extract (Fig. 5a).

Several studies have reported high efficiency of hypericin and pro-
tohypericin extraction in EtOH, 55 % isopropanol, aqueous MeOH due
to high solubility (Liu et al., 2000; Li and Fitzloff, 2001; Ganzera et al.,
2002; Williams et al., 2006; Bagdonaitž et al., 2010; Koyu and
Haznedaroglu, 2015). Moreover, the structure of hypericin clusters is
preserved in aqueous solutions containing low percentages of alcohol or
other organic solvents due to the hydrophobicity of organic solvents

that could enhance stacking (Milevskaya et al., 2016). In a previous
study, a mixture (1:1:1) of acetone, EtOH and MeOH was used as ex-
tractant for the simultaneous detection of four H. perforatum L. naph-
todianthrones (Tolonen et al., 2003). Our results clearly show that, in
addition to these naphtodianthrones, emodin and bisanthrones could
also be extracted just in EtOH (Figs. 4 and 5). The order of extraction
efficiency of solvents for simultaneous quantification of the target
compounds is EtOH>A>80 % MeOH>EAoC>DCM as revealed by
the multi-comparison statistical analysis performed between the ex-
tracts (Tables 3 and 4).

4. Conclusions

In addition to already known compounds such as hypericins (hy-
pericin, pseudohypericin, protohypericin and protopseudohypericin),
emodin and skyrin, we have reported the presence of four new skyrin
derivatives namely oxyskyrin, iridoskyrin, rubroskyrin and luteoskyrin
in H. perforatum L. in vitro shoot cultures. The efficiency of anthrone and
bisanthrone quantification differed between the extractants, among
which, EtOH seems to be the best for the efficient detection and
quantification of maximum number of target compounds. In addition to
the extractants, the detection method also proved to be important for
the efficient quantification of naphtodianthrones. All the more, our
results show that anthrone, bisanthrones and naphtodianthrones could
be simultaneously quantified in H. perforatum L. extracts. The robust
method developed in the present study will be useful for the quality
control of H. perforatum L. extracts and in the validation of precursors
and pathway leading to hypericin biosynthesis that still remain pre-
sumptive, which in turn would open the door for metabolic engineering
and synthetic biology approaches for the improvement of hypericin
production.
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Table 4
Comparison of solvents for the quantification of naphtodianthrones.

Comparisons b/w
extracts

Difference of means

Protoseudohypericin Pseudohypericin Protohypericin Hypericin

UV (590 nm) FLR (236/590 nm ex/
em)

UV (590 nm) FLR (236/590 nm
ex/em)

UV (590 nm) FLR (236/590 nm
ex/em)

UV (590 nm) FLR (236/590 nm
ex/em)

A vs DCM 0.5712*** 0.1626*** 17.02*** 18.14*** 0.09225 0.3780*** 2.871 3.875
A vs EtOH −0.2629* −0.07768*** 17.17*** 1.088 −0.1053* 0.01316 −14.36*** −16.72***
A vs EAoC 0.3535** 0.07852*** 8.781*** 8.884*** 0.06131 0.2191*** 1.963 2.561
A vs 80 % MeOH 0.1391 0.03372 −3.680*** −4.118** 0.04279 0.009958 −0.6929 −1.038
DCM vs EtOH −0.834*** −0.2403*** 0.1483 −17.05*** −0.1975*** −0.3649*** −17.23*** −20.59***
DCM vs EAoC −0.217 −0.08406*** −8.238*** −9.255*** −0.03093 −0.1590*** −0.9086 −1.314
DCM vs 80 % MeOH −0.432*** −0.1289*** −20.70*** −22.26*** −0.04946 −0.3681*** −3.564 −4.913
EtOH vs EAoC 0.6163*** 0.1562*** −8.387*** 7.795*** 0.1666*** 0.2059*** 16.32*** 19.28***
EtOH vs 80 % MeOH 0.4019*** 0.1114*** −20.85*** −5.206*** 0.1481 *** −0.003206 13.67*** 15.68***
EAoC vs 80 % MeOH −0.2144 −0.04481 −12.46*** −13.00*** −0.01852 −0.2091*** −2.656 −3.599

Tukey’s multiple comparison showing significance at p< 0.02 (*), p< 0.005 (**) and p< 0.0001(***).
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Supporting information (Publication No.1) 

Mass spectra of various compounds analysed in the study 

The chromatographic separation was delayed in MS (~1 min) due to the capillary length and 

incompatibility between UPLC and MS instruments used in our laboratory leading to a difference 

in the retention time of peaks between these analyses.  
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Fig S2. iridoskyrin 
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Fig S3. oxyskyrin 
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Fig S4. luteoskyrin 
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Fig S5. rubroskyrin 
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Fig S6. emodin 

 

 

 

 

 

H3 #1225 RT: 4.99 AV: 1 NL: 3.65E5
T: FTMS - p ESI d Full ms2 269.0460@hcd30.00 [50.0000-290.0000]

60 80 100 120 140 160 180 200 220 240 260 280

m/z

0

5

10

15

20

25

30

35

40

45

50

55

60

65

70

75

80

85

90

95

100

R
e

la
ti
v
e

 A
b

u
n

d
a

n
c
e

269.05

C 15 H9 O5 = 269.04

3.80 ppm

225.05

C 14 H9 O3 = 225.05

0.50 ppm
287.49

163.10

C 7 H15 O4 = 163.10

-8.63 ppm63.97 78.64 122.50 194.82



 

 

 

 

 

Fig S7. hypericin 
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Fig S8. protohypericin 

 

 

 

 

 

H3 #2778 RT: 8.74 AV: 1 NL: 1.41E7
T: FTMS - p ESI Full ms [150.0000-1500.0000]

420 440 460 480 500 520 540 560 580 600 620 640 660

m/z

0

10

20

30

40

50

60

70

80

90

100

110

120

130

140

R
e

la
ti
v
e

 A
b

u
n

d
a

n
c
e

505.09

C 30 H17 O8 = 505.09

3.09 ppm

666.07
463.21

C 28 H31 O6 = 463.21

3.36 ppm

441.26

C 27 H37 O5 = 441.26

3.18 ppm

526.21

C 25 H34 O12 = 526.20

7.64 ppm
613.39

C 29 H57 O13 = 613.38

11.39 ppm

639.28

C 29 H51 O15 = 639.32

-63.94 ppm



 

 

 

 

 

Fig S9. pseudohypericin 
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Fig S10. protopseudohypericin 
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Fig. S11 Frequency distribution for concentration of emodin and bisanthrones based on UV 

detection by Whiskers: Min to Max box plot. 

 

 

 

 

 



Fig. S12 Frequency distribution for comparison of naphtodianthrones concentration via UV and 

FLR detection by Whiskers: Min to Max box plot. 
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Understanding the hypericin biosynthesis via reversible inhibition of dark 
gland development in Hypericum perforatum L. 
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A R T I C L E  I N F O   
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A B S T R A C T   

Despite the pharmaceutical importance of hypericin as a drug lead molecule in various medical applications, the 
hypericin biosynthesis pathway is not known. Herein, we report on the ability to reversibly inhibit hypericin 
biosynthesis via impairing the dark glands that synthesize/accumulate hypericin, and reveal the correlation 
between important genes and hypericin biosynthesis. The number and size of dark glands were significantly 
reduced in shoots regenerated from St. John’s wort (Hypericum perforatum L.) root explants on medium con-
taining sublethal level (5 µM) of glyphosate (N-(Phosphonomethyl)glycine). Ultra-Performance liquid chroma-
tography (UPLC) system coupled with photodiode array (PDA) and fluorescence (FLR) analysis revealed that 
naphthodianthrones and their putative precursors i.e., emodin and bisanthrones were significantly inhibited in 
the presence of glyphosate, and these compounds could be fully recovered by withdrawing glyphosate, whereas 
phenolic compounds and phloroglucinols remain mostly unaffected. The expression of polyketide synthases 
(HpPKS2 and HpOKS) and phenolic oxidative coupling proteins (HpPOCP2, HpPOCP1 and HpPOCP3) were down- 
regulated upon glyphosate treatment and up-regulated after glyphosate withdrawal, highlighting the link be-
tween these genes and hypericin biosynthesis.   

1. Introduction 

Hypericin is one of the major bioactive compounds that provide 
interesting pharmacological properties to Hypericum species. Extracts 
rich in hypericin are well-known for their use in the treatment of 
depression and other ailments (Zirak et al., 2019). Pharmaceutically, 
hypericin is an important multifunctional drug lead molecule that has 
significant inhibitory effects on infectious bronchitis virus (Chen et al., 
2019a, 2019b), human immunodeficiency virus (Taher et al., 2002), and 
hepatitis C virus (Shih et al., 2018). The photodynamic properties of 
hypericin are useful for the detection and treatment of various cancerous 
and noncancerous lesions and disorders (Dong et al., 2021; Jendželov-
ský et al., 2019; Kim et al., 2015) and useful in visible light-induced 
photocatalytic reactions (Wang et al., 2021). Despite the discovery of 
this interesting compound about two centuries ago, its pharmaceutical, 
industrial and economic development via metabolic engineering and 
synthetic biological tools is hindered due to the lack of information on 
hypericin biosynthesis. 

Efforts to decipher the hypericin biosynthetic pathway using 
comparative transcriptome approaches have made very little progress to 

date. Transcriptomic analysis was performed in 4 different Hypericum 
species selected on the basis of differences in the ability to synthesize 
naphthodianthrones and the presence of dark glands (Soták et al., 
2016a). De novo assembly and differential expression were conducted in 
leaves (Soták et al., 2016b) and placental tissue (Rizzo et al., 2019) of 
Hypericum perforatum L. with and without dark glands. Recently, whole 
genome sequencing of H. perforatum was reported, focusing on the 
prediction of candidate genes involved in the biosynthesis of various 
compounds including hypericin (Zhou et al., 2021). In spite of these 
studies, the pathway of hypericin biosynthesis is still unclear. 

Several biosynthetic pathways have been elucidated by blocking 
enzymatic/biochemical steps using inhibitors. The biosynthesis of 
phenolic acids and flavonoids was elucidated using competitive in-
hibitors, namely 2-aminoindan-2-phosphonic acid (AIP), 3,4- (methyl-
enedioxy) cinnamic acid (MDCA) and piperonylic acid (PIP), which are 
specific to phenylalanine ammonia lyase (PAL), 4-coumarate: CoA ligase 
(4CL) and cinnamate 4-hydroxylase (C4H) respectively (Appert et al., 
2003; Kamireddy et al., 2017; Lima et al., 2013; Schalk et al., 1998). 
Fosmidomycin (Kuzuyama et al., 1998) and mevinolin (Alberts et al., 
1980) were used to inhibit methylerythritol phosphate (MEP) and 
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mevalonate pathways respectively for elucidation of isoprenoids 
biosynthesis. Gibberellic acid (GA3)- mediated inhibition of chalcone 
synthase and chalcone isomerase was used in understanding the 
anthocyanin biosynthesis (Ilan and Dougall, 1994). 

Inhibition of neither hypericin biosynthesis nor the dark glands that 
accumulate this compound has been reported so far. In the present 
study, we demonstrate that dark gland formation and the accumulation/ 
biosynthesis of hypericin, and its potential precursors can be reversibly 
inhibited by glyphosate in H. perforatum. The ability to reverse these 
effects by glyphosate withdrawal makes this an attractive tool for 
elucidating the hypericin biosynthetic pathway in H. perforatum. 

2. Materials and methods 

2.1. Establishment of root cultures and plant regeneration in vitro 

Seeds of the H. perforatum variety ‘Helos’ (Richters seeds, Ontario, 
Canada) were germinated as reported before (Franklin and Dias, 2006). 
Roots were excised from 25 days old seedlings and cultured in 
half-strength liquid Murashige and Skoog (Murashige and Skoog, 1962) 
medium (MS, Duchefa, Netherlands) supplemented with 0.5 ppm 
indole-3-butyric acid (IBA, Sigma-Aldrich, USA) and incubated in dark 
conditions at 25 ◦C to establish root cultures. After establishment, the 
root cultures were maintained by frequent subculture and used as the 
source of explants. MS medium supplemented with 0.05 ppm α-naph-
thaleneacetic acid (NAA, Sigma-Aldrich, USA) and 0.5 ppm 6-benzyla-
denine (BA, Sigma-Aldrich, USA), and solidified using 0.8% (w/v) 
bacteriological grade agar (Duchefa Biochemie, Netherlands) was used 
for plant regeneration. As carbon source, 3% (w/v) sucrose was added to 
all media. The pH of all media was adjusted to 5.8 before autoclaving at 
1.0 kg/cm2 for 15 min. Each Petri dish containing 15 mL of regeneration 
medium was inoculated with six root segments (2.0–4.0-cm length) and 
maintained under light–dark (16–8 h) conditions at 25 ◦C. 

2.2. Glyphosate treatment and withdrawal 

Briefly, 250 mg of glyphosate (Sigma-Aldrich, USA) was dissolved in 
30 mL of distilled water to obtain 49.28 mM stock and filtered through a 
sterile 0.22 µm membrane filter (ALWSCI Technologies, China) and 
added to the medium after autoclaving at respective concentrations. 
Root explants were cultured on the regeneration medium augmented 
with different concentrations of glyphosate (5 µM, 10 µM, 35 µM and 50 
µM). Explants cultured on the regeneration medium without glyphosate 
served as control. On day 25, samples from control, and cultures grown 
on media containing glyphosate were collected and subjected to 
phytochemical analysis. To check the reversibility of the effect of 
glyphosate treatment, shoots regenerated from control and 5 µM 
glyphosate containing medium were transferred to half-strength MS 
liquid medium containing 0.5 ppm indole-3-butyric acid (IBA) (Sigma- 
Aldrich, USA) with or without 5 µM glyphosate and observed for 35 
days. 

2.3. Microscopic analysis of dark glands 

Cultures were regularly observed under stereo microscope (SZX7 
series, OLYMPUS, Japan) for any morphological changes. Leaf samples 
collected from control (C), 5 µM glyphosate-treated (G5) and glyphosate 
withdrawn (WI) cultures were photographed under a stereo zoom mi-
croscope (Z1x/0.25 FWD 56 mm, AXIO Zoom.V16) after clearing chlo-
rophyll using ethanol: glacial acetic acid (7:3) for 8 h to visualize the 
glands. The area of the dark glands was measured using the ImageJ 
software. Briefly, the dark glands were observed in ten leaves, and 
captured in Axio imager at 63x magnification under the microscope. The 
images of dark gland were converted to 8-bit color and set the scale bar 
to measure the area by free hand selection tool in ImageJ software 
(Sevanto et al., 2018). The number and area are represented as mean ±

standard error of the mean (SEM). 

2.4. Extraction of phytochemicals 

Freshly collected biomass (150 mg) was added to 2 mL Eppendorf 
tubes containing 1.5 mL of 96% HPLC grade ethanol (EtOH) and ho-
mogenized at 26/sec frequency for 4 min in a ball-mill grinder (Retsch 
GmbH, Germany). The homogenates were mixed by vortexing at 3000 
rpm for 5 min and sonicated for 20 min at 4 ◦C (Bandelin Sonorex) 
before subjecting them to centrifugation for 20 min at 25,150 x g 
(Hettich EBA 21, 1024 rotor) at room temperature. Subsequently, the 
supernatants were collected and filtered through 0.45 µm discs (KX sy-
ringe filter with 13 mm PTFE membrane, Kinesis, Vernon Hills, USA) for 
UPLC analysis. 

2.5. Identification of compounds 

Extracts were analyzed using an Acquity (Waters) UPLC system 
coupled to a Thermo Fisher Scientific Q-Exactive mass spectrometer (QE 
-MS). Chromatographic separations were performed in a UPLC column 
(BEH C18 2.1 × 100 mm, 1.7 µm, Waters) at a temperature of 50 ◦C 
using a binary gradient method with the following mobile phase: (A) 
ammonium acetate (10 mM) and formic acid (0.1%) in ultrapure water 
and (B) acetonitrile/methanol (80:20) at a flow rate of 0.3 mL/min. The 
gradient programs were as follows. Program A (for the anthrones and 
naphthodianthrones): 0.0–1.0 min, 50% B; 1.0–10.50 min, from 50% to 
100% B; 10.50–12.50 min, 100% B; and 12.50–13.0 min, from 100% to 
50% B (Pradeep et al., 2020). Program B (for the phenolic acids, fla-
vonoids, phloroglucinols and xanthones): 0.0–0.5 min, 5% B; 0.5–2.0 
min, 15% B; 2.0–6.0 min, 20% B; 6.0–10.0 min, 60% B; 10.0–17.0 min, 
99% B; 17.0–19.0 min, 99% B; and 19.0–20.0 min from 99% to 5% B 
(Pradeep et al., 2021). The autosampler was set at 5 ◦C and the injection 
volume was 1 μL. The eluted compounds were analyzed and identified as 
previously reported (Pradeep et al., 2021, 2020). PubChem database 
containing accurate mass spectrometry data, molecular characteristics 
and some of the reference standards namely chlorogenic acid (Sig-
ma-Aldrich, USA), quercetin-3-glucoside (Sigma-Aldrich, USA), hyper-
forin (Sigma-Aldrich, USA), mangiferin (Sigma-Aldrich, USA), hypericin 
(Sigma-Aldrich, USA), pseudohypericin (Sigma-Aldrich, USA), proto-
hypericin (Extrasynthese, France), and skyrin (Sigma-Aldrich, USA) was 
used as a reference library to identify the compounds. 

2.6. Quantification of compounds 

To quantify the compounds, 10 μL of each extract was analyzed by 
UPLC-PDA-FLR detection. Compounds were detected in 2D channels at 
the absorbance of 439 nm (emodin and bisanthrones), 254 nm (phenolic 
acids, flavonoids and xanthones), 270 nm (phloroglucinols), and fluo-
rescence detection (naphthodianthrones) was conducted with excitation 
at 236 nm and emission at 590 nm. Peaks were identified by the 
retention time (Rt) determined by the liquid chromatograph mass 
spectrometer (LCMS), and target compounds were quantified by 
external standard methods. Since the standards for some compounds 
belonging to the group of phenolic acids, flavonoids, phloroglucinols, 
xanthone derivatives, skyrin derivatives, and protopseudohypericin 
were not available, they were quantified using chlorogenic acid, 
quercetin-3-glucoside, hyperforin, mangiferin, skyrin, and pseudohy-
pericin as their respective equivalents. 

2.7. RNA extraction and cDNA synthesis 

Approximately 100 mg (fresh weight) biomass taken from control, 5 
µM glyphosate-treated (G5) and glyphosate withdrawn (WI) cultures 
were ground individually into fine powder in liquid nitrogen using 
sterile, pre-chilled mortar and pestle. The Spectrum RNA extraction kit 
(Sigma-Aldrich, St. Louis, MO, USA) was used to extract total RNA 
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according to the manufacturer’s protocol. To remove DNA contamina-
tion, on-column DNase treatment (Sigma-Aldrich, St. Louis, MO, USA) 
was performed. RNA was quantified using a NanoDrop™ OneC (Thermo 
Fisher Scientific, Waltham, MA, USA). Approximately 1 µg of total RNA 
from each sample was converted to cDNA using the M-MLV Reverse 
Transcriptase kit (Promega, Madison, WI, USA). 

2.8. Quantitative analysis of gene expression 

Quantitative real-time PCR (qRT-PCR) analysis was performed by 
the SYBR Green-based PCR assay in a LightCycler 480 real-time PCR 
system (Roche, Basel, Switzerland) using 10 μL reactions containing 5 μL 
of SensiFAST SYBR No-ROX (Bioline, London, UK), 0.4 μL of each for-
ward and reverse primers (10 μM), and 4.2 μL of 50-fold diluted cDNA. 
The reaction was performed in a 96-well plate (Brooks Life Sciences, 
Manchester, UK) with the following PCR parameters: Initial denatur-
ation at 95 ◦C for 5 min, continued through 35 cycles of denaturation at 
95 ◦C for 10 s, annealing at 60 ◦C for 15 s, and extension at 72 ◦C for 25 s. 
qRT-PCR analysis was performed with the RNA isolated from three 
biological replicates each with three technical replications. 
H. perforatum housekeeping genes namely ACT2, ACT3, ACT7, EF1-α, 
GAPDH, H2A, TUB-α, TUB-β, and 18S rRNA (Supplementary Table 3) 
were ranked for their stability upon 5 μM glyphosate treatment and after 
its withdrawal based on the geNorm, NormFinder, BestKeeper, and 
RefFinder analyses (Supplementary Fig. 5) as described earlier (Selva-
kesavan and Franklin, 2020). The relative expression of 3-phosphoshiki-
mate-1-carboxyvinyltransferase 2 (HpPSCVT), chorismate synthase 
(HpCHOSYN), isochorismate synthase 2 (HpICS2), 2-succinylbenzoate--
CoA ligase (HpSBCL), 2-oxoglutarate dehydrogenase (HpDHLST), 1, 
4-dihydroxy-2-naphthoyl-CoA synthase (HpDHNC), 2-phytyl-1,4-beta--
naphthoquinone methyltransferase (HpNQMT), phenylalanine 
ammonia lyase (HpPAL), trans-cinnamate-4-monooxygenase (HpC4H), 
4-coumarate-CoA ligase (Hp4CL), caffeic acid-3-O-methyltransferase 
(HpCOMT), chalcone synthase (HpCHS), benzophenone synthase 
(HpBPS), polyketide cyclase (HpPKC), pathogenesis related 10 (HYP1), 
phenolic oxidation coupling proteins (HpPOCP1, HpPOCP2 & 
HpPOCP3), polyketide synthases (HpPKS1 & HpPKS2), octaketide syn-
thase (HpOKS), and berberine bridge-like enzymes (HpBBE7, 
HpBBE8–14828, HpBBE8–19938, HpBBE13, HpBBE15, HpBBE17 & 
HpBBE21) genes (Supplementary Table 3) were calculated after 
normalizing with one of the most stable reference gene (Supplementary 
Table 4) by 2− ΔΔCt method (Kubista et al., 2006). The primers for rela-
tive expression studies were designed from the sequences obtained by 
single-molecule real-time sequencing (PacBio sequencing) from the 
authors’ laboratory (unpublished data). 

2.9. Statistical analysis 

To quantify the identified compounds, chromatographic peak areas 
were calculated using the value obtained from regression statistics (R2 

= 0.9921–0.9945) of the calibrated curve for five concentrations of the 
standards. All data in 3 biological replicates were analyzed by column 
analysis followed by mean ± SEM and data were modified in percentage 
mode for comparative studies. Data with more than two variants were 
analyzed by one-way ANOVA using Dunnett’s multiple comparison test 
using GraphPad Prism 9 software. 

To analyse the relative expression of genes in G5 and WI, their 2− ΔΔCt 

values were compared individually with those of the control by per-
forming an unpaired false discovery rate (FDR) t-test. The 2− ΔΔCt values 
were further transformed into logarithmic2 fold change (log2 FC) to 
represent in a heatmap (Gu et al., 2016) and enhanced volcano plots 
(Blighe et al., 2021). All these analyses were performed using GraphPad 
Prism 9 software. 

The obtained data were fed into the online software MetaboAnalyst 
(https://www.metaboanalyst.ca/) for statistical analysis. Chemometric 
analysis, namely principal component analysis (PCA) and hierarchical 

cluster analysis (HCA) based on secondary metabolites, was performed 
to visualize the differences between treatments and control. The PCA 
was performed using the prcomp package (default statistics) and the 
calculation was based on the singular value decomposition (Ramon 
Diaz-Uriarte et al., 2020). In the HCA analysis, each sample begins as a 
separate cluster and the algorithm proceeds to combine them until all 
samples belong to one cluster. The datasets are sorted based on the 
Euclidean distance and the average cluster linkage. Both parameters 
were calculated for all analyzed groups were calculated with a signifi-
cance level of p < 0.05. 

3. Results and discussion 

3.1. Glyphosate affected shoot regeneration in a concentration-dependent 
manner 

Shoot regeneration from cultured root segments was affected by the 
concentration of glyphosate (Supplementary Fig. 1). Although the 
lowest tested concentration of glyphosate (5 µM) had very little impact 
on plant regeneration, the morphology of leaves was considerably 
affected (Fig. 1). The reduced regeneration of shoots on glyphosate- 
containing media may be attributed to the attenuation of auxin 
signaling (Belbin et al., 2019), photosynthetic activity (Soares et al., 
2020) and oxidative stress (Fernandes et al., 2020). Similar observations 
were found in the growth of Glycine max (L.) Merr. (Jiang et al., 2013), 
Rubus idaeus L. and Viburnum edule (Michx.) Raf. (Timms and Wood, 
2020). Leaf malformation (Santos et al., 2015), necrosis (de Freitas-Silva 
et al., 2021), wilting and chlorosis (da Silva Santos et al., 2020) have 
been reported in plants treated with glyphosate. 

3.2. Glyphosate inhibited dark (hypericin) gland development 

Leaves of shoots regenerated from the control medium possessed 
several dark glands (Fig. 1a), whereas the glands were absent in those 
shoots regenerated on glyphosate-containing media regardless of con-
centration (Fig. 1c and e), as observed on day 10 of culture initiation. 
Although no dark glands were found during the initial 10 days, a few 
tiny glands were seen under microscope in a few cultures treated with 
5 µM glyphosate after 15 days. On day 25, an average of 9 ± 0.2 dark 
glands per leaf were observed in the control (Fig. 1 b), whereas the 
number of glands was sharply reduced to 1 ± 0.04 in 5 µM glyphosate 
containing cultures (Fig. 1d). However, no dark glands were observed in 
50 µM glyphosate-treated cultures even on day 25 (Fig. 1f). Negative 
effects of glyphosate on glandular structures such as trichomes have 
been reported in Zeyheria tuberculosa Vell. leaves (de Freitas-Silva et al., 
2021). Thus, the inhibition of dark gland development observed in the 
present study might be attributed to the glyphosate-induced 
phytotoxicity. 

3.3. Glyphosate affected secondary metabolism 

A total of 48 secondary metabolites were identified in the ethanolic 
extract of the control shoots based on their LCMS fragmentation patterns 
(Supplementary Table 1) among which, 41 were quantified by PDA and 
FLR detection using available reference standards (Supplementary Fig. 
2, Supplementary Table 2). The compounds were grouped under 
phenolic acids, flavonoids, xanthones, phloroglucinols, anthrones and 
naphthodianthrones, and subjected to PCA and HCA to understand the 
effect of glyphosate on overall secondary metabolism. 

The relationship between the variants based on the levels of sec-
ondary metabolites was visualised by PCA. The first two principal 
components were cumulatively responsible for 90.6% of the total vari-
ance. As can be seen in the score plot (Fig. 2 a), the treatments were well- 
separated from the control regardless of glyphosate concentration. 
Within the glyphosate treatments, the low concentrations (5 µM and 
10 µM) were grouped together, while the highest concentration (50 µM) 
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was separated (Fig. 2a). The influence of secondary metabolites in the 
differentiation of variants is explained by the 2D loading plot (Fig. 2b). 
Among the secondary metabolites, naphthodianthrones and anthrones 
were assigned high loadings, indicating that these groups of compounds 
were mainly responsible for the variability in the dataset. 

The effect of glyphosate treatment on secondary metabolites is 
evident from the heatmap and dendrogram of HCA (Fig. 2c). The heat-
map shows the significant inhibition of naphthodianthrones and 
anthrones, which were clustered together in the HCA irrespective of 
glyphosate concentration. However, the other groups of compounds 

such as phenolic acids, flavonoids, xanthones and phloroglucinols were 
sub-clustered in the HCA. In fact, these groups of compounds were 
affected by glyphosate in a concentration-dependent manner, as shown 
in the heatmap (Fig. 2c), for example, higher concentrations (35 µM and 
50 µM) reduced all classes of compounds and increased shikimic acid 
level (Supplementary Fig. 4) in the glyphosate-treated cultures. 

At the lowest glyphosate concentration (5 µM), naphthodianthrones 
and anthrones were strongly affected. The maximum inhibition of these 
compounds was reached at 5 µM glyphosate itself and higher concen-
trations did not have any further effect. On the other hand, a weak effect 

Fig. 1. Stereomicroscopic images of H. perforatum shoots regenerated from root segments cultured on medium with and without glyphosate. Dark glands were 
present in shoots regenerated on control medium on day 10 (a) and 25 (b). Leaves without any visible dark gland in shoots regenerated on medium containing 5 µM 
glyphosate as observed on day 10 (c) and 25 (d). Leaves without dark glands in shoots regenerated on medium containing 50 µM glyphosate, as observed on day 10 
(e) and 25 (f).   
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was observed for other classes of secondary metabolites at 5 µM 
glyphosate (Fig. 2c; Supplementary Table 2), which might be due to the 
higher availability of hydroxycinnamic acids and hydroxybenzoic acids 
upon glyphosate treatment as observed in Echinacea purpurea L. and 
Pisum sativum L. (Mobin et al., 2015; Zabalza et al., 2017). Inhibition of 
PAL activity using AIP was reported reducing the hypericin content of 
H. perforatum previously (Klejdus et al., 2013). However, the targeted 
inhibition of hypericin without significantly affecting secondary me-
tabolites downstream of PAL by 5 µM glyphosate highlights that there 
may be no correlation between the phenylpropanoid pathway and 
hypericin. 

3.4. Hypericins and its putative precursors were significantly inhibited by 
glyphosate 

Strong inhibition of hypericin (97.4%), pseudohypericin (89.3%), 
protopseudohypericin (87%), and protohypericin (96.1%) was observed 
in cultures treated with 5 µM glyphosate compared with control 
(Fig. 3a). The putative precursors of hypericins i.e., emodin, and skyrin 
were also inhibited respectively by 89.2% and 51.5% (Fig. 3b). A similar 
trend of reduction was also observed for other skyrin derivatives namely 
iridoskyrin, oxyskyrin, rubroskyrin and luteoskyrin (Fig. 3b, Supple-
mentary Table 2). The chromatographic peaks and Rt of the corre-
sponding naphthodianthrones and emodin are shown in Supplementary 
Fig. 3. 

3.5. Inhibition of hypericins and its putative precursors by glyphosate is 
reversible 

Glyphosate withdrawal restored dark gland development and 
biosynthesis of naphthodianthrones. When shoots derived from 
glyphosate-treated cultures were transferred to a rooting medium con-
taining 5 µM glyphosate (continuous inhibition), the root induction and 
shoot growth was very slow (Fig. 4b). However, those shoots transferred 
to the glyphosate-free medium were quickly rooted and elongated 
(Fig. 4c) similar to the control shoots (Fig. 4a). Observation of these 
cultures after 35 days revealed that the glyphosate withdrawal greatly 
rescued the dark glands (Figs. 4c1-c4, 5a). Additionally, gland area 
measurement revealed that the area of dark glands was reduced by 82% 
upon continuous glyphosate treatment, whereas it was reduced only by 
25% in the glyphosate withdrawn cultures (Fig. 5b). Phytochemical 
profiling of these cultures indicated that the continuous presence of 
glyphosate continued to inhibit naphthodianthrones, whereas in the 
absence of glyphosate, naphthodianthrones and their putative pre-
cursors were accumulated indicating the rescue of hypericin biosyn-
thesis (Fig. 5c). 

Hypericin and its structural analogous were reported to accumulate 
in dark glands of H. perforatum (Kucharíková et al., 2016; Kusari et al., 
2015; Zobayed et al., 2006). Accordingly, a clear positive correlation 
could be established between the number and area of glands with 
hypericin in the present study (Fig. 5). Previous studies have also 

Fig. 2. The effect of glyphosate concentration on various classes of H. perforatum secondary metabolites. PCA score plot showing the relationship between variants 
based on the distribution of secondary metabolites (a). Loading plot showing the distribution of secondary metabolite groups after glyphosate treatment (b). Heatmap 
showing the overall changes in different classes of secondary metabolites of H. perforatum cultures exposed to different glyphosate concentrations (c). 
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reported the correlation between the dark glands and the presence of 
hypericin (Kornfeld et al., 2007; Piovan et al., 2004; Singh et al., 2016; 
Soták et al., 2016a, 2016b). Although the site of hypericin biosynthesis 
is not clear, dark glands and associated cells seem to be the potential 
region, as hypericin and its putative precursors are mainly restricted to 
the dark glands (Revuru et al., 2020; Rizzo et al., 2019). Moreover, the 
potential polyketide synthases presumed to participate in emodin and 
hypericin biosynthesis are localized in dark glands (Kimáková et al., 
2018). Thus, the reduction of the number and area of dark glands by 
glyphosate treatment might have directly affected the biosynthesis and 
accumulation of these compounds. Since the glyphosate treatment did 
not completely arrest hypericin biosynthesis and dark glands alike, and a 
low amount of hypericin was actually found in the treated cultures, it 
can be concluded that the hypericin biosynthesis is still active upon 
glyphosate treatment but in a smaller scale corresponding to the gland 
area. Interestingly, when Hypericum hookerianum Wight and Arn shoot 
cultures were subjected to glyphosate treatment, hypericin was not 
inhibited (Pillai and Nair, 2014) suggesting that the dark glands and/or 
the cells that might be synthesizing/accumulating this compound are 
developmentally regulated and glyphosate treatment might not be able 
to disrupt its biosynthesis once these glands/cells are fully developed 
and functional. 

Although many compounds have been proposed as putative pre-
cursors for hypericin biosynthesis, it is still a matter of debate. The 
presence of hypericin was accompanied by the anthraquinone emodin in 
endophytic fungus Thielavia subthermophila Mouch. isolated from 
H. perforatum (Kusari et al., 2009b, 2008). Quantitative secondary 
metabolite spectrum and chemometric evaluation of hypericin and 
related phytochemicals in Hypericum species showed a positive corre-
lation between hypericin and emodin anthrone, which led to the spec-
ulation of the latter as a common precursor in the biosynthetic pathway 
of naphthodianthrones i.e., hypericin and pseudohypericin (Kusari 
et al., 2009a; Nigutová et al., 2017). Other bisanthraquinones such as 
skyrin (Kimáková et al., 2018; Revuru et al., 2020; Zhou et al., 2021) and 
penicilliopsin/emodin dianthrone (Rizzo et al., 2019) as putative pre-
cursors of hypericin biosynthesis have also been proposed recently due 
to their correlation with hypericin. The positive correlation observed 
between the content of emodin, bisanthrones and naphthodianthrones 
(Fig. 5c) argues for the biosynthesis of the latter from the former as 
presumed in previous studies. The fact that emodin, bisanthrones and 
naphthodianthrones are simultaneously affected by the reduction in the 

number and size of dark glands strongly suggests that synthesis and/or 
accumulation of both of these classes of compounds might be occurring 
in the dark glands. 

3.6. Phenolic oxidative coupling protein and polyketide synthase 2 genes 
are connected with the dark gland development and/or hypericin 
biosynthesis 

Inhibition of anthrones and hypericins by glyphosate was accom-
panied by the downregulation of expression of polyketide-III pathway 
genes such as HpPOCP1 (2-fold), HpPOCP2 (7.1-fold), HpPOCP3 (1.6- 
fold), HpOKS (9.5-fold) and HpPKS2 (10.8-fold) (Fig. 6a). While these 
genes were strongly down-regulated upon glyphosate treatment 
(Fig. 6b), they were either up-regulated or on par with the expression in 
control after its withdrawal (Fig. 6c) suggesting their relationship in 
hypericin biosynthesis. However, other tested polyketide-III pathway 
genes namely HpPKC and HpPKS1, and FAD oxidases (HpBBE7, 
HpBBE8–14828, HpBBE8–19938, HpBBE13, HpBBE15, HpBBE17 & 
HpBBE21) did not show any significant change upon treatment and 
withdrawal. 

Although Bais et al. (2003) presumed HYP1 gene as one of the POCPs 
and hypothesized its involvement in hypericin biosynthesis, transcript 
levels of this gene was not affected irrespective of the presence and 
absence of hypericin in the present study. The ability of roots to express 
HYP1 gene but not produce hypericin lead to the hypothesis that 
hypericin might be synthesized in the roots and transported to the dark 
glands (Košuth et al., 2007). It has also been shown that this gene is 
ubiquitously expressed in Hypericum species that are unable to produce 
hypericin (Košuth et al., 2011). Later studies have categorized this as a 
pathogenesis-related 10 gene (Karppinen et al., 2016; Sliwiak et al., 
2015). Although Rizzo et al. (2019) anticipated that BBE8 has an 
important role in the conversion of penicilliopsin/emodin dianthrone to 
protohypericin followed by hypericin, no correlation between any of the 
BBE family genes and hypericin or protohypericin accumulation was 
observed in the present study (Fig. 6). Nevertheless, BBE has been re-
ported to catalyse the conversion of (s)-reticuline to (s)-scoulerine via 
oxidative coupling reaction in alkaloid biosynthesis (Pei et al., 2021). 
HpPKS1, which was correlated with the concentration of 
acyl-phloroglucinols, i.e. hyperforin and adhyperforin (Karppinen and 
Hohtola, 2008) also did not show any significant change (Fig. 6). 
Transcript level of genes related to the biosynthesis of phenolic acids 

Fig. 3. The effect of glyphosate concentration on naphthodianthrones (a), emodin and bisanthrones (b). All values shown are the mean ± SEM of three replicates 
(n = 3). Dunnett’s multiple comparison showing significance of mean at P < 0.05 (*), P < 0.01 (**) and P < 0.001 (***). 
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Fig. 4. The effect of glyphosate on dark gland development. Rooting of control shoots on glyphosate-free rooting medium (a), shoots of glyphosate-treated cultures 
transferred to 5 µM glyphosate containing rooting medium (b) and shoots from glyphosate-treated cultures transferred to glyphosate free rooting medium (c). Images 
taken on day 35 showing glands in leaves of control (a1), glyphosate-treated (b1), and glyphosate withdrawn (c1) cultures. The same leaves after clearing are shown 
below (a2, b2, and c2). Microscopic view of dark gland at 63x magnification from the leaves (a3, b3, and c3). Microscopic view of leaves peeled using adhesive tape 
showing release of hypericin from the dark glands (a4, b4, and c4). a1, a2, b1, b2, c1 and c2 scale bar = 1 mm, a3, a4, b3, b4, c3 and c4 scale bar = 100 µm. 
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(HpPAL, HpC4H, Hp4CL and HpCOMT) and xanthone (HpBPS) showed 
no significant change upon glyphosate treatment. On the other hand, the 
genes related to chorismate/O-succinyl benzoate (HpICS2, HpSBCL and 
HpDHNC) and flavonoid (HpCHS) pathway were upregulated upon 
glyphosate treatment (Fig. 6a). 

Overall, the relative expression analysis of the present study shows 
that the hypericin biosynthetic pathway is correlated to HpPOCPs, 
HpOKS and HpPKS2 (Fig. 6). The expression of these genes has also been 
shown to correlate with the concentration of hypericin and pseudohy-
pericins in previous studies (Karppinen and Hohtola, 2008; Rizzo et al., 

Fig. 5. Graphs showing the effect of 5 µM glyphosate treatment (G5) and its withdrawal (WI) in comparison to control on the average number of dark glands per leaf 
(a), the size of dark gland (b) and the content of emodin, bisanthrones and naphthodianthrones (c). Values presented are the mean ± SEM of three replicates (n = 3). 
Dunnett’s multiple comparison showing significance of mean at P < 0.05 (*), P < 0.01 (**) and P < 0.001 (***). 

Fig. 6. Relative expression of genes in 5 µM glyphosate-treated (G5) and glyphosate withdrawn (WI) cultures of H. perforatum L (a), and volcano plots showing the 
genes downregulated (red dots) and upregulated (green dots) in response to 5 µM glyphosate-treated (b) and after withdrawal of glyphosate (c). The volcano plots 
were done using false discovery rate (FDR) t-test with two stage step-up (Benjamini, Krieger and Yekutieli) method and cut off set to < 0.05. 
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2019; Soták et al., 2016b, 2016a). POCPs such as cytochrome P450 and 
laccases can perform intramolecular and intermolecular dimerization 
(C-C bond coupling) of two phenolic substrates (Zetzsche and Narayan, 
2020). For example, precise control of site and stereoselectivity has been 
reported in the catalysis of intramolecular C-C coupling by cytochrome 
P450 and laccases in the biosynthesis of magnoflorine (Ikezawa et al., 
2008) and naphthopyrones (Obermaier et al., 2019). Hence, HpPOCPs 
might be catalysing the C-C inter unit linkage formation in the hypericin 
biosynthetic pathway. 

4. Conclusions 

We have demonstrated that a sublethal dose of glyphosate can impair 
the development of dark glands and inhibit the biosynthesis/accumu-
lation of naphthodianthrones in H. perforatum. The inhibition of 
hypericin in glyphosate-treated cultures accompanied by the reduced 
frequency and area of the dark glands reconfirms the link between dark 
glands and hypericin biosynthesis/accumulation. Further, the signifi-
cant correlation between the expression of HpPOCPs, HpOKS and 
HpPKS2 with hypericin content indicates a prominent role for their 
proteins in hypericin biosynthesis. The ability to inhibit and restore 
hypericin production simultaneously with emodin and bisanthrones 
demonstrated in this study strongly suggests a correlation between these 
classes of compounds at the biosynthetic level. Overall, an attractive 
new tool for dissecting the hypericin biosynthetic pathway is provided. 
Integrated transcriptomic analysis of these conditions to reveal the gene 
network involved in hypericin biosynthesis is underway. 
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Kimáková, K., Kimáková, A., Idkowiak, J., Stobiecki, M., Rodziewicz, P., Marczak, Ł., 
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Kusari, S., Zühlke, S., Kosǔth, J., Čellárová, E., Spiteller, M., 2009b. Light-independent 
metabolomics of Endophytic Thielavia subthermophila provides insight into microbial 
hypericin biosynthesis. J. Nat. Prod. 72, 1825–1835. https://doi.org/10.1021/ 
np9002977. 

Kuzuyama, T., Shimizu, T., Takahashi, S., Seto, H., 1998. Fosmidomycin, a specific 
inhibitor of 1-deoxy-d-xylulose 5-phosphate reductoisomerase in the nonmevalonate 
pathway for terpenoid biosynthesis. Tetrahedron Lett. 39, 7913–7916. https://doi. 
org/10.1016/S0040-4039(98)01755-9. 

Lima, R.B., Salvador, V.H., Santos, W.D., dos, Bubna, G.A., Finger-Teixeira, A., Soares, A. 
R., Marchiosi, R., Ferrarese, M., de, L.L., Ferrarese-Filho, O., 2013. Enhanced lignin 
monomer production caused by cinnamic acid and its hydroxylated derivatives 
inhibits soybean root growth. PLoS One 8, e80542. https://doi.org/10.1371/ 
JOURNAL.PONE.0080542. 

Mobin, M., Wu, C.-H., Tewari, R.K., Paek, K.-Y., 2015. Studies on the glyphosate-induced 
amino acid starvation and addition of precursors on caffeic acid accumulation and 
profiles in adventitious roots of Echinacea purpurea (L.) Moench. Plant Cell Tissue 
Organ Cult. 120, 291–301. https://doi.org/10.1007/s11240-014-0606-1. 

Murashige, T., Skoog, F., 1962. A revised medium for rapid growth and bio assays with 
tobacco tissue cultures. Physiol. Plant. 15, 473–497. https://doi.org/10.1111/ 
j.1399-3054.1962.tb08052.x. 
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Supplementary Table 1. The retention time (Rt) and mass spectral data of the compounds identified in the extracts of control H. perforatum shoot 

cultures via LC–MS. 

S.No. Compound Rt (min) 
MW 

(Da) 

Elemental 

composition 

(CnHmOx) 

Obtained mass 

 

Mass error 

(PPM) 

Level of identification 

(A-standard; B-MS/MS) 

Program A 

1 Shikimic acid 1.5 174 C7H10O5 173.04 2.12 B 

2 Iridoskyrin 1.97 538 C30H18O10 537.08 1.10 B 

3 Oxyskyrin 3.66 554 C30H18O11 553.08 0.77 B 

4 Emodin 4.28 270 C15H10O5 269.05 2.55 A and B 

5 Protopseudohypericin 4.4 522 C30H18O9 521.09 0.86 B 

6 Rubroskyrin 4.5 574 C30H22O12 573.11 1.12 B 

7 Pseudohypericin 4.98 520 C30H16O9 519.07 0.33 A and B 

8 Skyrin 5.99 538 C30H18O10 537.08 5.08 A and B 

9 Luteoskyrin 7.03 574 C30H22O12 573.11 12.7 B 

10 Protohypericin 7.57 506 C30H18O8 505.09 1.03 A and B 

11 Hypericin 8.24 504 C30H16O8 503.08 1.04 A and B 

Program B 

12 Vanillic acid glucoside 2.12 330 C14H18O9 329.09 3.41 B 

13 Neochlorogenic acid 2.33 354 C16H18O9 353.09 2.57 B 

14 Chlorogenic acid 2.8 354 C16H18O9 353.09 2.83 A and B 

15 Mysorenone A 3.08 288 C17H20O4 287.13 3.8 B 

16 Mangiferin 3.44 422 C19H18O11 421.08 2.39 A and B 

17 Miquelianin 4.87 478 C21H18O13 477.08 1.86 B 

18 Kaempferol 3-O-hexoside 5.35 462 C22H22O11 461.1 4.23 B 

19 Quercetin-3-glucoside 5.59 464 C21H20O12 463.09 2.62 A and B 

20 Quercetin 3-(2''-acetylgalactoside) 5.9 506 C23H22O13 505.09 1.82 B 

21 Avicularin 

(Quercetin 3-O-α-L-arabinofuranoside) 

6.14 434 C20H18O11 433.08 2.34 B 

22 Kaempferol 3-O-arabinoside 7.04 418 C20H18O10 417.08 3.39 B 

23 1,3-Dihydroxy-2-methoxyxanthone 7.7 242 C14H10O4 241.05 2.32 B 

24 Catechin-5-O-beta-D-glucopyranoside 8.01 452 C21H24O11 451.12 4.65 B 

25 1,3,5,6-Tetrahydroxyxanthone 8.06 260 C13H8O6 259.02 3.41 B 

26 Cadensin G 8.58 468 C24H20O10 467.1 2.26 B 
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27 Hyperxanthone F 9.13 316 C16H12O7 315.05 3.58 B 

28 1,3,7-Trihydroxyxanthone 9.37 244 C13H8O5 243.03 3.24 B 

29 3,8''-Biapigenin 9.43 538 C30H18O10 537.08 2.35 B 

30 1,3,5-Trihydroxy-6-methoxyxanthone 10 274 C14H10O6 273.04 4.48 B 

31 1,8-Dihydroxy-3,5-dimethoxy-2-prenylxanthone 10.5 356 C20H20O6 355.12 3.53 B 

32 1,3,7-Trihydroxy-6-methoxy-8-prenylxanthone 11.05 342 C19H18O6 341.1 2.13 B 

33 Gancaonin O 

(6-Prenylluteolin) 

11.21 354 C20H18O6 353.1 3.56 B 

34 1,3,6,7-Tetrahydroxy-2-(3-methylbut-2-

enyl)xanthone 

11.46 328 C18H16O6 327.09 2.58 B 

35 Calycinoxanthone D 11.66 396 C23H24O6 395.15 4.12 B 

36 Paxanthone 11.9 340 C19H16O6 339.08 1.85 B 

37 Paxanthonin 12.4 410 C24H26O6 409.17 1.98 B 

38 Xanthone 13.1 196 C13H8O2 195.04 2.98 B 

39 Tomoeone E 13.7 514 C31H46O6 513.32 1.15 B 

40 Papuaforin C 14.98 426 C27H38O4 425.27 2.82 B 

41 33-Hydroperoxyfurohyperforin 15.12 568 C35H52O6 567.37 5.12 B 

42 Phloroglucinol derivative-03 15.18 550 C35H50O5 549.35 1.52 B 

43 Hyperevolutin A 15.26 468 C30H44O4 467.31 3.82 B 

44 Phloroglucinol derivative-01 15.6 482 C31H46O4 481.33 3.53 B 

45 Phloroglucinol derivative-02 16 428 C27H40O4 427.29 2.89 B 

46 Furohyperforin 16.29 552 C35H52O5 551.37 4.81 B 

47 Hyperforin 16.5 536 C35H52O4 535.38 1.35 A and B 

48 Adhyperforin 16.8 550 C36H54O4 549.4 0.82 B 
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Supplementary Table 2. Effect of different glyphosate concentrations (µM) on the accumulation of various secondary metabolites (µg/g 

FW) in H. perforatum cultures after 25 days. 

Pk. 

no 
Rt Compound name Control 5  10  35  50  

Anthrones   
1. 1.97 Iridoskyrin 0.22±0.082 ND ND ND ND 

2. 3.66 Oxyskyrin 0.04±0.001 ND ND ND ND 

3. 4.28 Emodin 0.76±0.009 0.08±0.018a 0.07±0.008a 0.03±0.006a 0.01±0.001a 

5. 4.5 Rubroskyrin 0.99±0.227 0.25±0.081b 0.18±0.045b 0.04±0.007a 0.03±0.003a 

7. 5.99 Skyrin 0.13±0.025 0.06±0.019c 0.05±0.011c 0.05±0.012c 0.05±0.025c 

8. 7.03 Luteoskyrin 0.41±0.003 0.11±0.007a 0.08±0.01a 0.08±0.01a 0.06±0.01a 

Total 2.56±0.308 0.5±0.119a 0.38±0.057a 0.2±0.004a 0.15±0.038a 

Naphthodianthrones 

4. 4.4 Protopseudohypericin 0.2±0.002 0.03±0.007a 0.02±0.001a 0.02±0.001a 0.02±0.002a 

6. 4.98 Pseudohypericin 17.3±0.055 1.85±0.499a 1.3±0.264a 0.37±0.017a 0.3±0.015a 

9. 7.57 Protohypericin 1.08±0.006 0.04±0.024a 0.04±0.009a 0.02±0.003a 0.02±0.003a 

10. 8.24 Hypericin 6.22±0.032 0.16±0.014a 0.27±0.094a 0.04±0.016a 0.02±0.005a 

Total 24.8±0.058 2.08±0.488a 1.63±0.356a 0.46±0.033a 0.36±0.024a 

Phenolic acids 

11. 2.12 vanillic acid glucoside 160±12.96 144±8.736 141±4.107 89.6±3.453b 41.4±2.76a 

12. 2.33 Neochlorogenic acid 555±88.63 465±99.02 437±39.98 404±74.6 345±3.999 

13. 2.8 Chlorogenic acid 582±42.97 458±91.03 442±65.58 406±52.02 293±17.88c 

Total 1297±42.89 1067±7.133 1020±105.9c 900±51.57b 680±20.92a 

Flavonoids 

15. 4.87 Miquelianin 104±4.145 80.8±19.05 79.8±8.915 76.3±9.632 70.5±16.57 

16. 5.35 Kaempferol 3-O-hexoside 23.9±3.357 21.8±2.894 15.8±1.03 11.7±1.628c 8.88±2.115b 

17. 5.59 Quercetin-3-glucoside 14.1±0.937 10.4±2.236 8.74±0.641c 5.97±0.9b 3.72±0.502a 

18. 5.9 Quercetin 3-(2''-

acetylgalactoside) 

13.1±1.922 10.6±2.078 5.83±0.433c 5.59±0.646c 4.75±1.076b 

19. 7.04 Kaempferol 3-O-arabinoside 5.53±1.238 3.74±2.227 3.1±0.56 ND ND 

21. 8.01 Catechin-5-O-beta-D-

glucopyranoside 

9.48±0.443 9.22±0.872 6.02±0.293b 5.55±0.739b 4.12±0.335a 
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26. 9.43 3,8''-Biapigenin 3.81±0.198 3.42±0.45 3.35±0.175 2.73±0.424 2.52±0.262 

30. 11.21 Gancaonin O 

(6-Prenylluteolin) 

39.8±7.158 37.1±7.597 33±1.177 25.1±1.29 22.2±1.203 

Total 213±2.316 177±4.497 155±8.674b 133±10.14a 117±17.62a 

Xanthones 

14. 3.44 Mangiferin 40.3±3.0 39.5±2.206 32.9±2.523 19.5±3.588a 10.1±0.737a 

20. 7.7 1,3-Dihydroxy-2-

methoxyxanthone 

6.23±0.063 3.49±1.113 2.83±0.971c 1.86±0.514b 0.46±0.016a 

22. 8.06 1,3,5,6-Tetrahydroxyxanthone 5.56±0.993 4.1±0.731 3.21±0.254 1.96±0.379b 1.86±0.091b 

23. 8.58 Cadensin G (xanthone) 31.4±2.938 18.8±1.962b 15.3±1.59a 12.3±1.728a 9.08±0.44a 

24. 9.13 Hyperxanthone F 3.04±0.494 2.79±0.644 2.44±0.649 2.56±0.191 ND 

25. 9.37 1,3,7-Trihydroxyxanthone 1.88±0.494 1.6±0.397 1.51±0.424 1.36±0.178 ND 

27. 10 1,3,5-Trihydroxy-6-

methoxyxanthone 

4.63±0.013 3.53±0.62 2.81±0.355c 2.31±0.558b ND 

28. 10.5 1,8-Dihydroxy-3,5-dimethoxy-

2-prenylxanthone 

7.41±0.3 3.33±0.043a 3.18±0.403a 2.52±0.325a ND 

29. 11.05 1,3,7-Trihydroxy-6-methoxy-8-

prenylxanthone 

4.68±0.487 4.63±0.664 4.54±0.076 4.33±0.046 4.31±0.128 

31. 11.9 Paxanthone 19.3±1.943 15.7±1.706 12.3±0.164b 11.6±0.646b 10.3±0.722b 

32. 12.4 Paxanthonin 19.8±3.925 19.2±8.458 14.6±2.893 14.3±2.915 8.42±0.439 

33. 13.1 Xanthone 4.91±0.631 4.24±1.306 4.1±1.468 3.27±0.615 2.23±0.049 

Total 149±10.42 121±14.27 99.8±1.595b 77.8±7.316a 46.7±0.36a 

Phloroglucinols 

34. 13.7 Tomoeone E 29.4±10.26 19.1±2.298 16±3.746 12.9±2.226 8.98±3.966 

35. 14.98 Papuaforin C 34±8.447 26.7±7.075 24.1±9.376 11.6±0.741 6.4±1.941c 

36. 15.12 33-hydroperoxyfurohyperforin 81.8±16.01 68.1±9.941 62±7.512 57.7±12.71 31.5±5.808c 

37. 15.6 Phloroglucinol derivative-01 32.5±5.724 31.1±3.889 30.3±0.944 30.5±9.199 10.7±5.359 

38. 16 Phloroglucinol derivative-02 17.3±3.529 15.8±3.206 14.3±2.257 11.4±2.851 5.02±2.555c 

39. 16.29 Furohyperforin 15.9±0.468 10.4±2.964 9.19±0.167 8.37±1.175 5.07±2.598b 

40. 16.5 Hyperforin 28.3±4.689 21.5±3.802 19.5±0.553 15.7±2.146c 12.7±0.941c 

41. 16.8 Adhyperforin 15.3±4.533 9.88±1.704 9.91±0.094 7.86±1.499 6.21±0.906 

Total 254±45.178 203±20.01 185±18.1 156±24.86 86.6±16.69b 

All the values represented are the mean ± SEM of three replicates (n = 3). Dunnett’s multiple comparison showing significance of mean at P < 0.05 

(c), P < 0.01 (b) and P < 0.001 (a). ND – not detected. 
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Supplementary Table 3. Details of genes used in qRT-PCR. 

 Gene name Primer name Primer sequence 

Target Genes 

pathogenesis related 10 Hyp1 
Fw: GAGGAAGCAAGGGTAAGATTACA 

Rv: CCCGATCTTGACTTCTTCTTCATT 

polyketide synthases 

HpPKS1 
Fw: ACGGACGCTGCCATCAA 

Rv: ACATAACCGTGTACCTTGTCTTCACA 

HpPKS2 
Fw: GTCCTTGGGTCTCGGTGAAG 

Rv: GTTACACTCGCCACTGGACA 

benzophenone synthase HpBPS 
Fw: ACACATGACCGAGCTCAAGG 

Rv: GGTTGCTATGCCCTGGTTCT 

chalcone synthase HpCHS 
Fw: GTGCCTACATGGCACCTTCT 

Rv: TGACCCCATTCCTTGATGGC 

4-coumarate-coA ligase Hp4CL 
Fw: TGTGCGTTCTTCCTCTGTTC 

Rv: GCCATTGACACCTTGTACTTC 

trans-cinnamate-4-

monooxygenase 
HpC4H 

Fw: ATTGTGTGCAAGCCAAGATC 

Rv: CAAACCAACCCAAGATCATC 

chorismate synthase HpCHOSYN 
Fw: CATGATCCATGTGTTGTACC 

Rv: GTTCAAGGGAAGTAGATTGC 

caffeic acid-3-o-

methyltransferase 
HpCOMT 

Fw: GTGTTCCCAGAGGTGATTGC 

Rv: GCCAACGCTCATTTTCAGAC 

1,4-dihydroxy-2-

naphthoyl-coA synthase 
HpDHNC 

Fw: TTCAGACCACTCACCATCAAG 

Rv: CATCAGCATAGCCACCTTTAG 

2-phytyl-1,4-beta-

naphthoquinone 

methyltransferase 

HpNQMT 
Fw: AGATTAGTGGCGGCTTGATG 

Rv: TGGCTGTGCTAAGTGAAACG 

3-phosphoshikimate-1-

carboxyvinyltransferase 2 
HpPSCVT 

Fw: GGCGAGTTGGAGAGTGAAAG 

Rv: CGGGTGGAGTGATGATACAG 

isochorismate synthase 2 HpICS2 
Fw: AATGGCTGTGTGTCAAAACG 

Rv: GCTGGAGTTGGATGAAGAGAC 

2-succinylbenzoate-coA 

ligase 
HpSBCL 

Fw: GCCAAGAGATGTTTTCCAAG 

Rv: GAATCAGACTTCGGTTTTCC 

2-oxoglutarate 

dehydrogenase 
HpDHLST 

Fw: GGAGGTGTTTATGGAAGTCTC 

Rv: TCTGTGGTCATAGGTTAGAGC 

phenylalanine ammonia 

lyase 
HpPAL 

Fw: TCCGAGCTTCAGTACTTGGC 

Rv: TGGCAAAGTCCGACCATATA 

polyketide cyclase HpPKC 
Fw: GCAGTAATAGCCCATCAGAG 

Rv: ATCACCGCTTTAGTCAACAG 

berberine bridge like 

enzymes 

HpBBE7 
Fw: GTCACCGTGTTCCGAGTAGA 

Rv: ACCTGAGGCATTGTCCTGAT 

HpBBE8-

14828 

Fw: CTGAACTGGTGAAATGTGGA 

Rv: GGAATGGATGGATAGGCAAT 

HpBBE8-

19938 

Fw: CGTAGCAAACAAGACAGACA 

Rv: CAGACCGTACTTCCTCATCA 

HpBBE13 
Fw: AAGGGCTATGGAAGAGACT 

Rv: ATAGGCTCAGGAGTTGGAT 

HpBBE15 
Fw: CCCTGGAACAGTGACAGTT 

Rv: GGCTGGATGATGACTCTGA 

HpBBE17 
Fw: ATCAAGGGGCAACTGACAT 

Rv: ACACGGCAGATTGTATCCA 

HpBBE21 
Fw: GGGATTATGGAAGTTGGGAA 

Rv: AGTTGGGATGCTCTGCTCAT 
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phenolic oxidation 

coupling proteins 

HpPOCP1 
Fw: CAATGGTCTACGAGATCAAG 

Rv: TGGTCCTTCTTCACTTCAC 

HpPOCP2 
Fw: GGCGACAAGTACGAGGAAA 

Rv: TGGATGACGGTGTAGGCTT 

HpPOCP3 
Fw: GCATTAGTCACCGAACGACA 

Rv: CCTCTGGGACATGGACTTGA 

octaketide synthase HpOKS 
Fw: ATTCGAGCTAGTGAAGGGCG 

Rv: GGCTCCTAGGATGTTGTCGG 

Reference 

genes 

 
ACT2 

Fw- AGGAGTCCCTCCACGACCAC 

Rv- GCCGTTGTGTACCGGGTAGG 

ACT3 
Fw- ATCCTTCCCACGGTGGTTGC 

Rv- CAATCGCCTCGTCGCCTACA 

ACT7 
Fw- GAGCAGCAGCAGGTCGACAA 

Rv- ACCCACTCGAGCCCAGTGTA 

EF1- α 
Fw- TGGAGGCTCTCCCTGGTGAC 

Rv- AAGTTGGCAGCCTCCTTGGC 

TUB- α 
Fw- TGCTGCGGTTGCCACCATTA 

Rv- CGCTGCACCTTTGCAAGATCG 

TUB-β 
Fw- CGACGGGAGTGACAGCCTTG 

Rv- CGACCACATCGCTCGTCTCC 

GAPDH 
Fw- GGTCGACTTCAGGTGCAGTGA 

Rv- CACCATGTCGTCTCCCATCA 

H2A 
Fw- CCGGTTGGGAGGGTTCA 

Rv-TGCACCGACCCTTCCATT 

18SrRNA 
Fw- CGTCCCTGCCCTTTGTACAC 

Rv- CGAACACTTCACCGGACCAT 
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Supplementary Table 4. Stability ranking of reference genes in cultures treated with 5 µM 

glyphosate for 25 days (G5) and 35 days after glyphosate withdrawal (WI) based on 

BestKeeper, Normfinder and geNorm analysis.  

Stability 

rank 

G5 WI 

BestKeeper Normfinder geNorm Bestkeeper Normfinder geNorm 

1 TUB-α ACT2 ACT2 TUB-α ACT2 ACT2 

2 ACT2 ACT7 ACT7 ACT2 TUB-α ACT7 

3 TUB-β TUB-α GAPDH ACT7 ACT7 ACT3 

4 ACT7 GAPDH ACT3 ACT3 ACT3 TUB-α 

5 ACT3 H2A TUB-α TUB-β GAPDH GAPDH 

6 H2A ACT3 H2A EF1-α H2A H2A 

7 18SrRNA EF1-α EF1-α 18SrRNA EF1-α EF1-α 

8 GAPDH TUB-β TUB-β GAPDH TUB-β TUB-β 

9 EF1-α 18SrRNA 18SrRNA H2A 18SrRNA 18SrRNA 
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