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Summary 

Herbal drugs are often administered as extracts, i.e. as a complex mixture of secondary 

metabolites. St. John's wort extracts (Hypericum perforatum) are applied to treat mild to moderate 

depression and possess wound healing properties. However, the chemical composition of the 

extracts depends on the plant material used. It varies with the genotype and is influenced by biotic 

and abiotic environmental factors. Hypericum species show a large genetic intraspecific variance, 

which complicates the production of extracts with reproducible quality. In this thesis, the 

metabolite variations of H. perforatum and within the genus Hypericum were investigated. 

Combining analytical methods (TLC, 1D NMR, 2D NMR, LC-HRMS), several hundred 

secondary metabolites can be detected untargeted and simultaneously and are further 

chemometrically evaluated. With the help of comprehensive metabolomics studies of 93 genotypes 

from North America and Europe, the intraspecific variance of H. perforatum could be 

characterized. In particular, rutin and hyperforin, marker compounds of the European 

Pharmacopoeia, were significantly reduced in more than 20% of the genotypes studied. This could 

have a drastic impact on efficacy. Furthermore, the content of astilbin, shikimic acid, and 

acetylated flavonoids also varied. Genetic characteristics such as ploidy and reproduction strategy 

were not reflected in the metabolite variance.  

The large number of samples in the study allowed extensive correlation studies to reveal new 

aspects of hypericin biosynthesis. The combination of metabolome and transcriptome analysis of 

pistil phenotypes with and without dark hypericin-containing glands allowed the identification of 

the metabolites and enzymes involved in the biosynthesis. The characteristic dark and translucent 

glands contain the valuable ingredients hypericin and hyperforin. On the example of two leaf 

phenotypes, it was shown that the number of glands corresponds to the content of the gland specific 

metabolites. Leaf characteristics, like gland count, were determined automatically based on 

microscopic images. 

Apart from H. perforatum, also other species of the genus are used in folk medicine, but only about 

40% were phytochemically investigated. The analysis of 21 Hypericum species showed that 

polyprenylated acylphloroglucinols are particularly suitable for chemophenetic differentiation. An 

activity correlation analysis indicated that this substance class is also responsible for the activity 

of some species against the gram-negative bacteria Aliivibrio fischeri. For H. canariense and 

H. reflexum, 2-O-geranyl-methylpropanoyl-phloroglucinol was identified as the active 

constituent. For the multispecies dataset, a NMR Pure Shift method was optimized, and the 

performance concerning the metabolomics workflow was evaluated. 

Breeders and researchers could use the thesis results to select genotypes or species, producing the 

desired metabolites for the proposed bioactivity.   
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Zusammenfassung 

Pflanzliche Arzneimittel werden häufig als Extrakte, d.h. als ein komplexes Gemisch aus 

Sekundärmetaboliten verabreicht. Johanniskrautextrakte (Hypericum perforatum) werden zur 

Behandlung milder bis moderater Depressionen und zur verbesserten Wundheilung eingesetzt. Die 

chemische Zusammensetzung der Extrakte unterliegt jedoch immensen Schwankungen, abhängig 

vom Genotyp und biotischen und abiotischen Umweltfaktoren. Da Hypericum-Spezies auch 

intraspezifisch eine große genetische Varianz aufweisen, ist die Produktion von Extrakten mit 

reproduzierbarer Qualität anspruchsvoll. In dieser Arbeit wurden die Varianzen der 

Metabolitenprofile von H. perforatum und innerhalb der Gattung Hypericum untersucht. Durch 

die Kombination analytischer Methoden (TLC, 1D-NMR, 2D-NMR, LC-HRMS) können mehrere 

hundert Sekundärmetaboliten ungerichtet gleichzeitig detektiert und chemometrisch ausgewertet 

werden. Mit Hilfe umfassender Metabolomics-Studien von 93 Genotypen aus Nordamerika und 

Europa konnte die intraspezifische Varianz H. perforatums bestimmt werden. Insbesondere 

Schwankungen von Rutin und Hyperforin, Markerverbindungen der European Pharmacopoeia, 

waren in mehr als 20% der untersuchten Genotypen signifikant verringert, was drastische 

Auswirkung auf die Wirksamkeit haben könnte. Des Weiteren variierte auch der Gehalt von 

Astilbin, Shikimisäure und acetylierten Flavonoiden. Genetische Charakteristika, wie Ploidie und 

Reproduktionsart beeinflussten die Metabolitenzusammensetzung dagegen nicht. Die große 

Probenzahl der Studie ermöglichte umfassende Korrelationsuntersuchungen, so dass neue Aspekte 

der Hypericin-Biosynthese beleuchtet werden konnten.  

Die Kombination von Metabolom- und Transkriptomanalyse von Pistilphenotypen mit und ohne 

dunkle Hypericin-haltige Drüsen ermöglichte die Identifizierung der in die Biosynthese 

involvierten Metaboliten und Enzyme. Die charakteristischen dunklen und hellen Drüsen sind 

Speicherort für die wertgebenden Inhaltsstoffe Hypericin und Hyperforin. Anhand von zwei 

Blattphenotypen konnte gezeigt werden, dass die Drüsenanzahl mit dem Gehalt der 

entsprechenden enthaltenen Metaboliten korrespondiert. Das Zählen der Drüsen im Blatt wurde 

basierend auf mikroskopischen Bildern automatisiert. 

Abgesehen von H. perforatum werden auch andere Arten des Genus ethnomedizinisch genutzt, 

wobei bislang nur ca. 40% phytochemisch untersucht wurden. Die Untersuchung von 21 

Hypericum-Arten ergab, dass sich zur chemophenetischen Unterscheidung besonders die 

polyprenylierten Phloroglucinole eignen. Eine Aktivitäts-Korrelations-Analyse konnte zeigen, 

dass diese Stoffklasse auch potentiell antibakteriell ist. Für H. canariense und H. reflexum wurde 

als aktive Verbindung 2-O-Geranyl-methylpropanoyl-phloroglucinol identifiziert. Für diese 

Studie wurde zusätzlich eine NMR Pure Shift Methode angepasst und die Perfomance in einem 

Metabolomics Experiment bewertet. Die hier präsentierten Ergebnisse, dienen als Grundlage zur 

Auswahl von Genotypen mit der gewünschten Metabolitenkomposition, für die Züchtung oder 

weiterführende Forschung.  
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1 Research Objectives 

The popularity of pharmaceutical products and food supplements based on natural sources 

progressively increases.1 Besides, plants, fungi, and microorganisms are still a promising source 

to discover new bioactive compounds.2 Plant-derived drugs are well known, such as the anti-

cancer drug taxol (Taxus brevifolia), the painkiller aspirin (Salix alba), and the anti-malarial drug 

artemisinin (Artemisia annua). Plants have been used for thousands of years in ethnomedicine 

against various diseases. A frequently used plant genus is St. John's Wort (Hypericum). Products 

containing H. perforatum, the best-investigated species, reached the 37th place of the top-selling 

"herbal supplement" in the USA in 2016 (total sales 2016: US$ 6 million).1 The continuing high 

level of consumer interest in this versatile plant also explains the scientific attention in 

H. perforatum and related species. Already Theophrastus Bombast von Hohenheim (Paracelsus, 

1582) described effects against "phantasmata, würm, wunden und balsamische tugent".3 Today, 

H. perforatum is still used to treat mild to moderate depression and is valued for its wound healing 

properties.  

Herbal medicines, such as H. perforatum, are often administered as extracts, i.e. as complex 

mixtures of secondary metabolites. The composition of the ingredients has a decisive influence on 

the pharmaceutical effectiveness. Although the secondary metabolite composition is determined 

in the genes, it is highly variable due to biotic and abiotic environmental factors. The fluctuations 

make it extremely difficult to reach a reproducible quality product and identify accessions for 

cultivation with suitable compositions. Therefore the genetic variation within the species 

H. perforatum is investigated in this thesis (Chapters 2-4) using comparative untargeted metabolite 

analyses. One reason for the chemical inconsistency is the different possibilities of reproduction 

of Hypericum. By analyzing two genetically related genotypes with different leaf phenotypes, the 

alterability of chemical composition and leaf characteristics were shown (Chapter 5). Apart from 

H. perforatum, several other species of the genus are of great interest and are used ethnomedically 

against various diseases. Chapter 6 addresses the interspecific variance of 21 Hypericum species 

and their antibiotic potential. 

Although the active ingredients responsible for the various applicabilities are not yet clearly 

identified, most studies are only restricted to analyzing the main constituents. To capture a bigger 

picture, untargeted metabolomics was used, utilizing different analytical techniques such as 

nuclear magnetic resonance spectroscopy (NMR) and liquid chromatography coupled with mass 

spectrometry (LC-MS). Since the aim of these comparative studies is the detection of as many 

secondary metabolites as possible, this places great demands on the analytical methods. In the last 

Chapter 7, Pure Shift NMR was used to improve the resolution of the often-used 1H-NMR 

experiment. 
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1.1 The genus Hypericum L. 

The name Hypericum derives from the traditional use of the herb. The ancient Greek hang the 

plant above their religious images to protect them from devils and demons, which why they called 

it υπερεικον (“upereikon”, υπερ = above, εικων = image). They thought that the plant which frees 

the human body from depression - in ancient times it was believed to be caused by devils - would 

also protect their religious figures.4 

The genus Hypericum L. (St. John’s Wort) is assigned to the family Hypericaceae. Formerly, this 

family was considered a subfamily (Hypericoideae) of the Clusiaceae, but nowadays it is classified 

as an independent family due to DNA sequence analysis. The Hypericaceae is one of the five 

families of the clusioid clade of the order Malpighiales.5,6 Within the Hypericaceae, there are three 

tribes Cratoxyleae, Vismieae, and Hypericeae, whereby the genus Hypericum is assigned to the 

latter.6,7 

The genus Hypericum comprises about 500 species and is the largest genus of the family. It 

consists of flowering herbs, shrubs, and a few trees, which are distributed worldwide. In contrast 

to most other clusioid clade species, Hypericum species are not found in warm or hot climate zones 

but in the lowlands of moderate to cold climates and in the mountain regions of tropical climates.4 

The center of species diversity is located in the Mediterranean Basin.8 

Table 1.1 Taxonomy of the genus Hypericum L.  

Taxon Latin description 

Class Magnoliopsida 

Subclass Rosidae 

Order Malpighiales 

Family Hypericaceae 

Tribe Hypericeae 

Genus Hypericum L. 

 

Most species of the genus Hypericum can be identified by their yellow flowers with free petals 

and stamens in 3-5 bundles or fascicles and their opposite simple and exstipulate leaves. Leaves 

and flowers often contain glandular secretions called “dark” and “pale” or “translucent” glands.4,9 

However, the species of the genus are highly variable and are divided by morphological and 

phylogenetic studies in 36 sections. 

 Medicinal uses and phytochemistry  

Hypericum spp. are known for their highly abundant secondary metabolites. The best-known 

representative, H. perforatum L. (Common St. John's Wort), is categorized into the core section 

Hypericum. It is a widespread Eurasian perennial plant, which is invasive to all other continents, 
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except Antarctica. The species owes its fame to its use in folk medicine for mental disorders and 

mild depression.  

Especially in the western world, H. perforatum became a top selling herbal product. It is marketed 

as a dietary supplement, and in Europe, it is also approved as a drug (e.g., LAIF® 900 Balance, 

Neuroplant® Aktiv) against mild to moderate depression. In addition to its antidepressant activity, 

it has also been shown to have antibacterial, anti-inflammatory, antimicrobial, anti-Alzheimer, 

antioxidant and cytotoxic effects.10-12 As a result of the divers applications, H. perforatum was 

chosen as "medicinal plant of the year 2015" and 2019 as "pharmaceutical plant of the year" in 

Germany.13,14 This shows the high interest in this species and the genus Hypericum. Although only 

H. perforatum has been included in the European pharmacopoeia,15 various other species are used 

in ethnomedicine in their countries of origin, but are only partially commercially marketed.16 

The various effects are attributed to the diverse secondary metabolites. In particular, the genus-

characteristic ingredients naphthodianthrones and polyprenylated acylphloroglucinols are in the 

focus of interest. Besides, the plants are rich in flavonoids, xanthones, phenolic acids, and 

coumarins.17,18 The complexity of the extracts and the chemically diverse composition also 

explains the varying medical applications. Although there is a growing interest in other members 

of the genus, H. perforatum has been the subject of phytochemical studies for over 100 years. Main 

compounds of H. perforatum are shown in Figure 1.1. The relevant compound classes determine 

also the appearance of the plants, which show dark and translucent glandular structures.  

 

Figure 1.1 The most abundant compound classes with a typical representative and their localization marked on the 

image of a H. perforatum leaf. 
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 Naphthodianthrones 

Naphthodianthrones are a well-known compound class in Hypericum species. Their presence is 

visually noticeable, through the occurrence of dark glands on leaves and flower parts, like petals 

and stamen. These dark glands are the storage place of the naphthodianthrones hypericin and 

pseudohypericin, which are responsible for the dark reddish color. Around 65% of the taxonomic 

sections contain these dark glandular structures.4,9 

These compounds play an essential role in the plant defense mechanism against generalist 

herbivores. It was shown that the hypericin content increased about 30-100%, as a defense 

response to repel herbivores. However, specialist feeders, like the beetle Chrysolina quadrigemina 

are not affected by the compound and circumvent the phototoxic effect of hypericins.19,20 The 

phototoxicity is responsible for the ongoing interest in hypericin as an agent for photodynamic 

cancer therapy induced cell damage.21-24 Although this compound is in the focus of investigations 

over decades, the hypericin biosynthesis is not fully understood.25 Hypericin is almost exclusively 

found in plants but like other anthraquinones its presence was also reported from fungi.26  

It is believed that the hypericin core structure is formed via the polyketide pathway by type III 

polyketide synthase, shown in Figure 1.2. As a first step, the condensation of one unit acetyl-CoA 

with seven units of malonyl-CoA occurs and the formed octaketide-chain undergoes cyclization 

to emodin anthrone, mediated by octaketide synthase (OKS). Afterward, emodin and emodin 

anthrone dimerize catalyzed by the phenolic oxidative coupling like proteins (POCP) to yield 

emodin-dianthrone. Further oxidation steps form protohypericin and hypericin.25,27 

 

Figure 1.2 Proposed hypericin biosynthesis. Adapted from Soták et al. (2016)27. 
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 Acylphloroglucinols 

Phloroglucinols are phenolic compounds which are derived from the phloroglucin (1,3,5-

trihydroxybenzene) core. These polyketides were found in several plant families, such as 

Myrtaceae, Cannabaceae, Clusiaceae and Hypericaceae. They show an incredible diversity in the 

genus Hypericum. Until 2016 over 400 of these compounds were identified in 20 of the 36 

taxonomic sections, extensively reviewed by Bridi et al. (2018) and Yang et al. (2018).28,29 The 

plants accumulate these compounds in secretory structures.30 In Hypericum species, these special 

oil cavities appear translucent, so that the leaves look perforated.  

 

Figure 1.3 Proposed hyperforin biosynthesis adapted from Beerhues et al. (2006)31. (DMAPP = dimethylallyl 

diphosphate, GPP = geranyl diphosphate). 

The biosynthesis follows the polyketide-pathway. One CoA-activated acid (isobuteryl- , 2-

methylbuteryl-, or benzoyl-CoA) is condensed with three molecules of malonyl-CoA to a linear 

tetraketide by phlorisovalerophenone synthase.32 Further, an intramolecular Claisen-Condensation 

occurs, catalyzed by this polyketide synthase type III, and a cyclic acylphloroglucinol derivative 

is formed.33-36 Subsequently, prenylation reactions follow, mediated by prenyltransferases, which 

allows electrophilic substitutions with dimethylallyl-diphosphate (DMAPP) and/or geranyl 

diphosphate (GPP).31,37 This leads to highly substituted ring systems. A main compound of 

H. perforatum is hyperforin. The biosynthesis of this polycyclic polyprenylated 

acylphloroglucinol (PPAP) is shown in Figure 1.3. The geranyl sidechain undergoes an 
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intramolecular cyclization so that a bicyclic structure arises. 31 Various acyl moieties, C and O 

prenylations, and numerous internal ring closures explain the diverse structures described.  

Interest in this compound class rises because of their neuroactive potential. It is assumed that 

hyperforin contributes mainly to the effect of H. perforatum against depression.30,38,39 However, 

hyperforin limits the applicability of Hypericum extracts by activating cytochrome P450 enzymes 

in a dose dependent manner, which often affects to drug actions and interactions.40 

 

1.2 Plant metabolomics 

The quantitative and comprehensive investigation of the metabolome, so the entire set of 

metabolites, in a complex biological specimen, is called metabolomics.41 The possibility to 

describe the chemical phenotype of a biological system is used in many different fields. Therefore 

the number of metabolomics experiments rises frequently since the beginning of the 20 th century 

(2 publications in 2000 and 7607 in 2019, PubMed search “metabolomics”). Due to that, many 

subterms developed to distinguish between various experimental settings, but are used 

inconsistently. Metabolite profiling deals with a smaller number of identified metabolites, whereas 

the classification of samples according to their origin or biological activity is often called 

metabolite fingerprinting.42 The analysis is principally divided into two approaches: targeted, 

where compounds of one class or pathway are addressed, and untargeted, where all compounds 

are of interest. The analysis of all metabolites, however, is challenging and currently impossible. 

Especially plants produce a large number of metabolites with diverse structures and properties, so 

the combination of multiple methodologies is necessary. Among different platforms, mainly mass 

spectrometry and nuclear magnetic resonance spectroscopy were used.42,43 

In natural product research, metabolomics is applied to identify taxonomical marker compounds 

for authenticity analysis, to determine valuable chemotypes with a medicinal purpose, and clarify 

the organism's chemical adaptation to different conditions.  

In order to answer a certain research question and to make a representative well-founded statement, 

a sufficient number of replicates must be examined. This inevitably leads to large scale data, which 

is processed and interpreted by multivariate data analysis (MVA). 

 Metabolomics workflow 

All metabolomics experiments follow a general scheme, depicted in Figure 1.4. The first step 

implies the planning of the experimental design to answer a particular biological question. In plant 

metabolomics, this includes the decision for suitable plant material, the number of replicates, the 

sample amounts, the collection and storage conditions. Besides, control samples have to be 

considered to verify that the study of the huge sample numbers is comparable. 
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The sample preparation depends on the tissue, the analytical methods used, and the research 

question. In untargeted experiments for LC-MS and NMR analysis this comprises a grinding, 

extraction, and centrifugation step. An appropriate dilution has to be determined, and an internal 

standard should be added. In general, sample preparation should be as minimal as possible to 

circumvent variances during sample preparation. 

Data acquisition can be performed with different analytical techniques. Most frequently used is 

liquid chromatography coupled to mass-spectrometry (LC-MS) due to the high sensitivity. 

However, the application of NMR metabolomics is increasing because it is quantitative, 

nondestructive, and reproducible.43 

 

 

Figure 1.4 General workflow of metabolomics experiments. Special procedures for MS or NMR applications are 

described on the left or right side, respectively. 



1. Research Objectives  

10 

To turn experimental data in a data matrix evaluable with statistics, data preprocessing is a crucial 

step. For LC-MS, the following steps are required: peak picking (data set creation), grouping, 

alignment, and zero filling. Finally, the data matrix contains features defined as a combination of 

m/z ratio and retention time. In NMR, spectra have to be phase-corrected, baseline-corrected, and 

referenced. In contrast to the LC-MS, peak picking is difficult, so data sets are created by binning 

(dividing spectra in parts of equal size).  

The received data matrices can then be statistically evaluated by chemometric methods such as 

univariate (e.g. t-test, ANOVA) and multivariate data analysis (see Chapter 1.2.2). The data 

interpretation includes mainly metabolite identification, which is still the most time-consuming 

part because of incomplete databases. This requires follow-up experiments, like the comparison 

with authentic standards, fragmentation studies with MS/MS, or additional 2D NMR experiments. 

 Chemometric methods in metabolomics 

Due to the development of new technologies, more information is accessible for the analyzed 

samples, described by a higher number of variables. Therefore chemometric analysis is needed for 

the meaningful and statistical interpretation of these large-scale data sets. Chemometric analysis 

reduces the multidimensional data set to a lower number of dimensions, mostly based on MVA. 

The general workflow is graphically depicted in Figure 1.5. 

The appropriate processing of the used experimental technology (e.g. MS, NMR) provides a data 

matrix X, which is composed of the number of samples (i) and the number of variables (k). The 

most widely used unsupervised method for data exploration is the Principal Component Analysis 

(PCA). The information of the data matrix X is reduced to uncorrelated latent variables called 

principal components (PC), which are linear combinations containing information from the scores 

matrix (T) and the loadings matrix (P). The scores plot shows the samples in the reduced space of 

two or three PCs and helps to identify clusters and outliers. The information about the responsible 

variables can be obtained from the loadings plot.  

Partial Least Square (PLS) analysis is a supervised method often used in metabolomics 

experiments in which the distinction of two groups is acquired like the comparison between control 

and treated samples. The class membership or other metadata are coded in the response matrix Y. 

PLS determines the variables of X, which are more correlated to the response Y, by preserving 

maximal covariance between them.44-46 Like in the PCA, the outcome is a scores and a loadings 

plot.46 A related method called Orthogonal Partial Least Square analysis (OPLS) provides the same 

information as PLS, but simplifies the interpretation by turning the variance correlated to the 

response in the first dimension.44 

Frequently used methods for similarity and dissimilarity determination are Cluster Analyses. In 

the most common Hierarchical Cluster Analysis (HCA) a dendrogram is built. Clusters are formed 

between “close” samples, which means their distance is small (such as the Euclidean distance). 

Although this method helps to get an overview of the sample set, the reason for clustering is not 
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displayed. Therefore the method is often combined with a heatmap indicating the quantities of the 

variables.44 

 

Figure 1.5 Multivariate data analysis workflow used for metabolomics experiments. The transformation of the 

spectral data to data matrix X consisting of k variables measured for i observations (samples). The Y matrix with m 

responses (e.g. metadata, activity) for i observations. Matrices were decomposed to score vectors t and loading vectors 

p. Calculated weight vectors w are utilized for generating scores and loadings plot of PCA. Responses are equally 

decomposed into scores u and loadings c. Figure adapted from Wold et al. (2001)45 and Worley and Powers (2013)46. 
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2 Characterization of pharmaceutical extracts from 20 

H. perforatum genotypes  

 

Abstract 

Hypericum perforatum L. is an important medicinal plant in the western world. The plants are 

highly variable in their chemical composition, therefore the production of high-quality plant-

derived medications is challenging. The metabolite composition of pharmaceuticals is both 

genetically determined and also highly influenced by abiotic and biotic environmental factors. The 

impact of the genetic background on the chemical variability of this medicinally important plant 

herein is explored in detail over the extractable metabolome. This study addresses the 

chemodiversity of H. perforatum L. raw material, based upon statistically-differentiated genetic 

backgrounds in an untargeted fashion.  

To assess the intraspecific variance, aerial parts of 20 H. perforatum accessions, cultivated under 

identical growing conditions, were chemically characterized. Untargeted metabolite profiling of 

the genotypes was realized by a comprehensive determination of metabolite levels by TLC, 

UHPLC-ESI-HRMS as well as 1D-1H-NMR spectroscopy. Principal component analysis (PCA) 

was used to find the variable constituents. Multivariate data analysis revealed a high variance in 

the phloroglucinol and flavonoid profiles. One genotype differed by lacking rutin and the 

phloroglucinol hyperforin, but showed an increased level of only partially prenylated precursors 

of hyperforin. 

Untargeted metabolite profiling, based on TLC, NMR, and LC-MS, combined with multivariate 

data analysis, enables the determination of intraspecific chemodiversity in H. perforatum L. The 

results demonstrate variation in the composition of characteristic metabolites among different 

genotypes, reinforcing the necessity to select genotypes that produce the desired bioactive 

compounds according to the proposed pharmacological application.  
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2.1 Introduction 

Hypericum perforatum L. (Hypericaceae), commonly known as St. John’s Wort, is a widely 

distributed herbaceous plant. It has been used for centuries in traditional medicine because of its 

anti-inflammatory, antibacterial, and antioxidative properties.12,47,48 The application against mild 

to moderate depression led to a high degree of appreciation for the species in the Western World.49-

51 Recently, additional biological activities, such as anti-Alzheimer properties, have been 

demonstrated, whereby Hofrichter et al. (2013) showed a reduction of amyloid-β induced 

histopathology in APP-transgenic mice after treatment with 80% ethanolic extracts.11 The 

complexity of secondary metabolites within H. perforatum extracts explains its numerous 

activities. The highly abundant naphthodianthrones, phloroglucinols, and flavonoids are connected 

to these activities (Figure 2.1).18,52,53 The naphthodianthrone hypericin is a photosensitizer that 

recently gained importance in anticancer therapy.22,54,55 The bicyclic prenylated 

acylphloroglucinol hyperforin is discussed in the context of antidepressive and neurodegenerative 

diseases.30,38,39  

Various studies have shown qualitative and quantitative variation of the bioactive compounds in 

commercially available St. John’s Wort products.56-58 The authors concluded that the composition 

of the final preparations depends on the plant material and the processing steps. Scotti et al. (2019) 

assessed the chemical diversity of 86 globally-distributed accessions, and reported significant 

chemical differences in the raw material compared to the market products caused by the collection, 

storage, and production of the extracts.59 As has been shown in numerous investigations, the plant 

ingredients are ultimately influenced by environmental and ecological effects.60-62 A study that 

focused on intraspecific chemical variation, excluding environmental factors, was performed by 

Bagdonaite et al. (2012)63 whereby 13 H. perforatum genotypes were cultivated and distinguished 

exclusively by major flavonoids measured with HPLC-DAD. 

Herein, comparative metabolite profiles of 20 H. perforatum accessions with identical cultivation 

conditions were investigated with the goal of estimating intraspecific variance based solely on the 

genetic background of the plants. Three different techniques were used for the chemical analysis 

to cover a broad range of compounds, including: thin-layer chromatography (TLC) as 

recommended by the European Pharmacopoeia15, 1D-1H-nuclear magnetic resonance (NMR) 

experiments, and ultra-high-performance liquid chromatography coupled with mass spectrometry 

(UHPLC-MS). 

2.2 Experimental 

 Plant material 

Hypericum perforatum L. seeds originating from accessions of six different countries in Europe 

and North America were cultivated at the IPK Gatersleben in the greenhouse at 21 °C by day hours 

and 18 °C during darkness in long day conditions (16 hours of light) and with light intensity of 
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300 µmol sec-1 m-2 while keeping the humidity levels between 60 and 70%. In total twenty 

genotypes (GTs) were used (for detailed information see Appendix 2.1), 15 of which were 

genetically characterized by Molins et al. (2014)64. Furthermore, three crossed accessions and two 

lines with unknown genetic background were included. The aerial parts of the plants were 

harvested in 2013 and air dried in the dark.  

 Reference standards 

Reference standards of caffeic acid, chlorogenic acid, ferulic acid, epicatechin, isoquercetin, 

quercetin, and sucrose were obtained from Sigma-Aldrich. Shikimic acid, rutin, and quercitrin 

were purchased from Roth. The authentic reference compounds hyperforin, hypericin, and 

hyperoside were available from the in-house compound library of the department Bioorganic 

Chemistry, Leibniz Institute of Plant Biochemistry (IPB), Halle (Saale), Germany. 

3-Geranyl-methylpropanoyl-phloroglucinol (17) was isolated from field-grown H. punctatum 

Lam. Plants (accession number: NMN69). Fresh plant material (43.6 g) was extracted by threefold 

maceration with 5% aqueous methanol (3.0 g extract). In total, 1 g of the crude extract was 

submitted to a centrifugal partition chromatography column (CPC-250, Gilson) coupled to a 

preparative liquid chromatography purification system (PLC 2050, Gilson) using a solvent mixture 

of n-hexane, ethyl acetate, ethanol, and water (2:6:2:5 v/v), flow 5 ml min-1, and a rotor speed of 

2200 rpm. Fractions containing m/z 331.1 were combined (50.60 mg) and further purified with 

HPLC-DAD (Agilent Infinity 1260/1290) water:acetonitrile gradient solvent system (each 

containing 0.1 % formic acid) connected to an RP-C18 column (5 µm, 150 x 10 mm, ODS-A 

YMC). The structure of the received white compound (3.7 mg) was elucidated using LC-MS/MS 

and 1H, HSQC, HMBC, and COSY NMR experiments (400 MHz) and confirmed by comparison 

with Sarkisian et al. (2012).65
 

 Extraction procedure and sample preparation  

The air-dried plant material was crushed to a fine powder in a macerator (La moulinette D56). The 

extraction procedure was adapted to the production of pharmaceutical H. perforatum products. 

Therefore, 25 g of the powdered aerial parts of plants were used for extraction. 250 ml 80% 

aqueous ethanol was added to each sample and stirred for 1.5 h at 45 °C. After removal of the 

supernatant, the extraction procedure was repeated with 250 ml solvent and stirring for 1 h. The 

combined supernatant was filtered, and the solvent was removed by rotary evaporation (40 °C) 

and lyophilization. The extracts were ground with a mortar and stored at -80 °C.  

For the production of a representative quality control sample (QC), plant material from all GTs 

was mixed in equal parts. The mixed plant powder was extracted as described for the single GTs. 

 TLC analysis 

For each GT, 4 µl extract (5 mg/ml in methanol) was applied on SilicaGel plates (60 G F254, 

20 × 10 cm, Merck). The analysis was performed with a mobile phase containing: ethyl acetate, 
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formic acid (Roth), acetic acid (Roth), distilled water and dichlormethane (100:10:10:11:25 

V/V/V/V/V).66 After migration, the plate was air-dried and sprayed with natural product reagent 

(0.5 % methanolic 2-aminodiphenylborinate). The signals were visualized with UV light at 

366 nm (Camac photovisualizer).  

 NMR analysis 

The NMR based metabolomics approach was adapted from the investigation of Porzel et al. 

(2014).52 Samples for the NMR measurements were prepared in triplicates. Each consisted of 

25 mg extract per 0.8 ml deuterated methanol (Deutero) containing 0.935 mM hexamethyl 

disiloxane (HMDS). The 1H-NMR spectra were recorded with an Agilent (Varian) VNMRS 600 

NMR spectrometer operating at a frequency of 599.83 MHz at +25 °C. 1H-NMR spectra were 

measured with: pulse angle = 90°, relaxation delay = 21.0941 s, acquisition time = 3.9 s, number 

of transients = 160, zero filling 128K. The standard CHEMPACK 7.1 pulse sequences 

(gHMBCAD and gHSQCAD) implemented in Varian VNMRJ 4.2C spectrometer software was 

used to record the HMBC and HSQC spectra of the QC sample. The spectra were referenced to 

HMDS at 0.062 ppm for 1H-NMR and 1.96 ppm for 13C NMR. 

 NMR data processing  

1H-NMR spectra were baseline corrected and reduced to bins with a spectral width of 0.02 ppm 

using MestreNova version 11.0. The resulting integral list was further processed with R version 

3.5.1. The solvent regions at 4.7–5.0 ppm (water), 3.25–3.4 ppm (methanol), and 2.13–2.17 ppm 

(acetone) were removed, and the total sum normalization was applied. 

 UHPLC-MS/PDA analysis 

For UHPLC-MS analysis per sample, 2 mg plant extract was dissolved in 1 ml LC-MS grade 

methanol (Honeywell) containing 8 µg/ml umbelliferone (HPLC grade Sigma) as an internal 

standard by brief mixing on a vortex mixer followed by ultrasonication for 5 min. Following 

centrifugation (10 min, 14.000 rpm), the supernatant was diluted to the final concentration of 

0.5 mg extract per ml methanol and applied to UHPLC-MS/PDA. The preparation of the extracts 

was performed in triplicates per GT, and finally 2 µl were injected. The MS system was coupled 

to an ultra-high-performance liquid chromatography (UHPLC) system (Dionex UltiMate 3000, 

Thermo Scientific), fitted with a RP-C18 column (1,9 µm; 50 x 2.1 mm; Hypersil-GOLD; Thermo 

Scientific; column temperature: 40 °C), and a photodiode array detector (PDA, Thermo Scientific; 

220–650 nm). For UHPLC separation a water:methanol gradient solvent system (each containing 

0.1% formic acid) at a flow rate of 400 l/min was applied (95:5 for 1 min, 10 min gradient to a 

ratio of 0:100, hold for 5 min, returning to 95:5 in 1 min, isocratic hold for 4 min).67 Negative ion 

high-resolution ESI mass spectra were obtained from an Orbitrap Elite mass spectrometer 

(Thermofisher Scientific, Bremen, Germany) equipped with a HESI electrospray ion source (spray 

voltage 4.0 kV; source heater temperature: 325 °C; capillary temperature 300 °C; FTMS 
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resolution 15.000). Nitrogen was used as sheath and auxiliary gas. The CID mass spectra (buffer 

gas: helium) were recorded in data dependent acquisition mode (dda) using normalized collision 

energies (NCE) of 35%. The QC sample was injected every sixth sample, as recommended by 

Dunn et al. (2011).68 The data were evaluated with the Xcalibur software 2.2 (Thermo Fisher).  

 UHPLC-MS data processing 

The raw spectra of samples and QCs were converted to mzML format using ProteoWizard 

(3.0.11110) to get centroided data. Further processing was done in R (3.5.1, https://cran.r-

project.org) using xcms (3.2.0).69 Peak picking based on the CentWave Algorithm was performed 

with findChromPeaks(ppm=5, peakwidth=c(7,25), sntresh=10, noise=1000, prefilter=c(3,1000)). 

After that, the peaks were grouped over all samples with groupChromPeaks(minFraction=1, 

bw=5). The retention times were stable with exceptions of strong retention time shifts of hypericin 

peaks. Thus, no overall retention time correction was performed. Peakfilling was performed with 

fillChromPeaks() to avoid missing values that would affect later analysis. Feature intensities were 

logarithmized before statistical calculations. The XCMS processing resulted in 765 features 

characterized by retention time, m/z value, and intensity. Because of the retention time shift of 

hypericin, the compound appeared in two features. To overcome the wrong picking, features 

belonging to hypericin were condensed to feature “hyp503” and the +1 and +2 isotope to “hyp504” 

and “hyp505”, respectively.  

 Multivariate data analysis and data record 

Feature and bin tables were analyzed with principal component analysis (PCA) performed with 

the R package pcaMethods (1.72.0)70. 

Raw data is available in MetaboLights (MTBLS969). It includes raw data of LC-MS and NMR 

measurements as well as the processed feature tables.  

 Biological activity assays  

Acetylcholinesterase inhibition was determined by using Ellman's method according to the 

procedure by Passos et al. (2013)71. The samples were tested in triplicates in five concentrations 

(12.5–200 µg/ml), and the assay was repeated three times. As positive control tacrine (Sigma-

Aldrich) (IC50 = 18.2±0.3 µg/ml / 77.4±1.3 nM) was utilized. 

DPPH-radical scavenger activity assay was performed as described by Wangensteen et al. 

(2004).72 The samples were investigated in triplicates, and as positive control quercetin (IC50 = 

2.9±0.1 µg/ml) was used. 

The cytotoxicity against a colon cancer (HT29) and a human prostate cancer (PC3) cell line were 

evaluated at two concentrations (0.05, 50 µg/ml) applying the method described by Dos Santos et 

al. (2019)73.  
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2.3 Results and discussion 

The aim of this study was the investigation of the intraspecific variance of H. perforatum 

metabolites. To assess the influence of the genetic background, 20 field-grown accessions, 

cultivated at the same time and under identical conditions, were compared based on their chemical 

composition. The genotypes (GTs) comprise European native and North American invasive 

accessions belonging to three genetic clusters which differed in ploidy, apomixis expression and 

reproduction strategies (Appendix 2.1).64 Extracts, comparable to commercial preparation, were 

produced with 80% aqueous ethanol and the untargeted metabolite profiling of the plant extracts 

was performed with TLC, UHPLC-ESI-HRMS in negative ion mode, and 1H-NMR. The obtained 

spectral data were analyzed by PCA to reveal differences in the metabolite levels. 

 

Figure 2.1 Selected major compounds detected in H. perforatum belonging to the compound classes: 

a) phloroglucinols, b) naphthodianthrones, c) flavonoids, and d) organic acids. 

 TLC analysis  

TLC screening is an easy and fast tool to detect the main constituents of H. perforatum. It is used 

for the identification of plant material as Hyperici herba, however, the most relevant constituents 

are hyperforins (1, 2) and are not considered by this method. In the European Pharmacopoeia (Ph. 

Eur. 10.0) hypericin (3), pseudohypericin (4), the quercetin derivatives rutin (6), and hyperoside 

(7), as well as chlorogenic acid (), are defined as marker compounds for H. perforatum 

extracts.15  
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In Figure 2.2, the TLC fingerprints of the 20 GTs were compared and molecular differences are 

observable. Although the signal intensities vary, all GTs contain the red elution bands of hypericin 

(3) (Rf = 0.85) and pseudohypericin (4) (Rf = 0.8), as well as hyperoside (7) (Rf = 0.38). The blue 

band of chlorogenic acid (10) (Rf = 0.36) was also detected throughout the samples, which 

supports the latest decision of the Ph. Eur. 10.0 to define chlorogenic acid (10) as a characteristic 

constituent. The yellow band of rutin (6) (Rf  = 0.18) is less abundant in GTs 15 and 17, and absent 

in GTs 3 and 20. All tested GTs fulfill the mentioned criteria of the European pharmacopeia, except 

GT 3 and 20 which do not contain rutin in detectable amounts. Similarly to our findings, other 

studies also reported lines that are lacking this compound.74-76 Based on these results, the question 

arises if rutin is suitable as a marker compound.  

The quercetin monoglycoside at Rf = 0.61 was determined as quercitrin (8) and is only present in 

GTs 6, 15, 17, and 20. As a result for GTs 15, 17, and 20, notably, quercitrin (8) is enriched, and 

the rutin (6) content is decreased. A negative correlation between these two quercetin-derivatives 

in Hypericum was already described by previous studies.63,76,77 Quercetin (5) is glycosylated by 

quercetin-3-rhamnosyltransferase to yield quercitrin (8); whereas for the biosynthesis of rutin (6), 

quercetin is initially transformed by quercetin-3-O-glucosyltransferase to produce isoquercitrin (9) 

followed by a rhamnosyl transfer catalyzed by flavonol-3-O-glucoside L-rhamnosyltransferase.78 

Due to their shared biosynthetic precursor, the formations of both compounds compete.  

 

Figure 2.2 TLC fingerprints of Hypericum perforatum lines 1-20. Developed with the mobile phase: ethyl acetate, 

formic acid, acetic acid, water, dichlormethane (100:10:10:11:25 v/v/v/v/v), sprayed with natural product reagent and 

visualized at 366 nm. Identified compounds: hypericin (3), pseudohypericin (4), rutin (6), hyperoside (7), quercitrin 

(8), chlorogenic acid (10). 

 

 1H-NMR analysis 

1H-NMR measurements provide a quantitative overview of the major compounds present in plant 

crude extracts, the so-called metabolic fingerprint. The complexity of the 1H-NMR spectrum of 

H. perforatum extracts is shown exemplarily in Figure 2.3a. The spectrum can be roughly 

classified into three parts, which contain characteristic signals of typical compound classes. The 

range of 2.5–0.25 ppm shows the methyl groups of the prenylated side chains of phloroglucinols 

and typical signals of fatty acids. In the domain from 4.7–3.0 ppm, signals corresponding to sugars 

are present. Signals shifted to the low field from 8.0–5.0 ppm belong to olefinic and aromatic 
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compounds like flavonoids. Out of the crude extract, 11 compounds could be assigned by 

comparison with NMR spectra of standards and confirmed by the evaluation of 2D NMR analysis 

using HSQC, and HMBC (Figure 2.3 b–d, Table 2.1). 

The PCA of the 1H-NMR experiments is shown in Figure 2.4. First, the whole spectra (excluding 

the solvent regions) were used to investigate the variation of the GTs (Figure 2.4a). The 

corresponding loadings plot explains which bins cause the clustering of the GTs (Figure 2.4b). The 

signals of primary metabolites like sugars (5.39–3.40 ppm), mainly sucrose (12) and fatty acids 

(13) (1.35–1.27 ppm), are responsible for clustering the samples. Additionally, signals which 

correspond to the phloroglucinol hyperforin (1) discriminate the GTs. In PC1 (58.1% variance), 

the GTs 6 and 12 are separated because of low sugar content and high hyperforin (1) content. 

Interestingly, GTs 6 and 12 are characterized as hybrids of two different statistically supported 

genetic backgrounds64 (GT 12: 60% red and 40% green; GT 6: 20% red and 80% green) (Appendix 

2.1). The difference to the GTs with just one genetic background may results from a heterotic 

effect. 

PC2 (17.6%) separates GT 3 from the other lines. The low intensities of typical hyperforin (1) 

signals in combination with high fatty acid (13) content cause this deviation. Hyperforin (1) is 

discussed as the primary neuroactive compound in H. perforatum extracts. The absence or 

significantly lower content could lead to the loss of activity and the depreciation of the medicinal 

product.38 Besides the positive effects, hyperforin (1) induces expression of cytochrome P450 

enzymes which results in accelerated drug degradation, and the induction of transporter efflux 

proteins.79-81 Consequently, the application in some patients can lead to altered activity and  

negative drug interactions. Therefore extracts with a low hyperforin (1) content are of particular 

interest to decrease the adverse effects of St. John’s Wort extracts.79,80 

To exclude the primary metabolites from the variance, the spectrum part from 5.5–10 ppm was 

chosen for further PCA analysis. These chemical shifts are characteristic of proton signals of 

aromatic and olefinic systems, which typically occur in secondary metabolites such as flavonoids. 

The variation in the aromatic region is mainly caused by flavonoids and shikimic acid (11) (Figure 

2.4d). The loadings plot reveals a negative correlation between quercitrin (8) and rutin (6). GTs 

15, 17, and 20 are characterized by a high content of quercitrin (8) and a low rutin (6) content 

which confirms our findings of the TLC analysis. The TLC also showed the absence of rutin (6) 

in GT 3 which contradicts the location of this GT in the PCA of the NMR. However, a detailed 

evaluation of the spectrum indicated that GT 3 does not contain rutin (6) in significant amounts 

but shows other signals in the characteristic regions of rutin causing the misleading placement. 

These signals may belong to another closely related quercetin-glycoside.  

GT 6 has an outstanding position that is characterized by a high quercitrin (8) and rutin (6) content, 

and which is in contrast to the other three separated GTs showing a negative correlation between 

both metabolites. The biggest group of GTs is shifted in the positive direction of PC1 (36.5%). 

These GTs have increased signals of rutin (6), catechin (14), and shikimic acid (11). The region 
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between 6.73 ppm and 6.80 ppm presents overlapping signals of catechin and shikimic acid, so 

that the influence of each compound is not determinable.  

 

Table 2.1 Resonance assignments of compounds in H. perforatum extracts from 1H- and 1H-13C-NMR spectra 

(600 MHz, methanol-d4) 

No Compound Assignments 1H,  [ppm] multiplicity (J) 13C  [ppm] (HSQC) 

1 Hyperforin CH3, 12 
CH3, 13 
CH3, 14 
CH3, 19, 20, 24, 25, 29, 30, 
34, 35 
CH2, 26b 
CH, 27 

1.07 d (6.5 Hz) 
1.05 d (6.5 Hz) 
0.93 s  
1.55-1.69 s 
 
3.03 m  
5.21 m 

22.5 
21.3 
15.2 
18.1; 17.9; 18.3; 18.3; 
26.1; 26.1 
23.8 
126.8 

5 Quercetin CH, 6 
CH, 8 
CH, 2ˈ 

6.17 d (2.2 Hz) 
6.40* 

7.72 d (2.2 Hz) 

99.2 
94.9 
116.1 

6 Rutin CH, 6 
CH, 8 
CH, 2ˈ 
CH, 5ˈ 
CH, 1ˈˈˈ 
CH, 6ˈˈˈ 

6.21* 
6.39* 

7.66 d (2.1 Hz) 
6.86 d (8.3 Hz) 
4.52† 

1.12 d (6.2 Hz) 

99.9 
94.9 
117.7 
116.0 
102.4 
17.8 

7 Hyperoside CH, 6 
CH, 8 
CH, 2ˈ 
CH, 5ˈ 

6.21* 
6.40* 

7.83 d (2.2 Hz) 
6.87 d (8.6 Hz) 

99.9 
94.9 
122.9 
116.7 

8 Quercitrin CH, 6 
CH, 8 
CH, 2ˈ 
CH, 5ˈ 
CH, 6ˈ 
CH, 2ˈˈ 
CH, 6ˈˈ 

6.21* 
6.37 d (2.1 Hz) 
7.34 d (2.1 Hz) 
6.91 d (8.3 Hz) 
7.30 dd (2.1, 8.3 Hz)  
4.21 dd (1.6, 3.4 Hz) 
0.94 d (6.3 Hz) 

99.9 
94.9 
117.0 
116.0 
122.8 
71.67 
17.7 

9 Isoquercitrin CH, 6 
CH, 8 
CH, 2ˈ 

6.21* 
6.40* 

7.70 d (2.2 Hz) 

99.9 
94.9 
117.5 

10 Chlorogenic acid  CH, 2ˈ 
CH, 7ˈ 
CH, 8ˈ 

7.05 d (2.1 Hz) 
7.59 d (15.9 Hz) 
6.28 d (15.9 Hz) 

115.1 
147.1 
127.7 

11 Shikimic acid CH, 4 
CH2a, 7a 
CH2b, 7b 

4.36†  

2.19 ddt (18.0, 5.1, 1.7 Hz) 
2.73 ddt (18.0, 5.1, 1.7 Hz) 

67.3 
31.7 
31.7 

12 Sucrose CH 1 
CH 2 
CH2a 6aˈ 
CH2b 6bˈ 
CH 3ˈ 

5.39 d (3.8 Hz) 
3.42 dd (3.8, 9.8 Hz) 
3.60 d (12.4 Hz) 
3.64 d (12.4 Hz) 
4.09 d (8.2 Hz) 

93.6 
73.1 
64.2 
64.2 
79.3 

13 Fatty acid CH3 terminal 
(CH2-)n  

(CH2-)n 

0.90* 

1.28  
1.32 

14.5 
30.7 
30.3 

14 Catechin/ 
Epicatechin 

CH2a, 4a 
CH2b, 4b 
CH, 6 
CH, 8 
CH, 2ˈ 

2.86 dd (4.7, 16.6 Hz) 
2.73* 
5.94 d (2.4 Hz) 
5.91 d (2.4 Hz) 
6.97 d (1.9 Hz) 

29.2 
29.2 
96.3 
95.8 
115.3 

* overlapping signals  † unresolved signal  
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Figure 2.3 Full 1H-NMR spectra of H. perforatum extract of GT 15 with characteristic regions (a). Selected sections 

of the spectrum that contain signals of specific compound classes: b) 0.25-2.5 ppm hyperforin (1) and fatty acids, c) 

2.5-4.7 ppm sugars, d) 5.0-8.0 ppm phenolics. For a list of constituents assigned to peaks, see Table 2.1. Peaks were 

assigned using NMR spectra of standards. 
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Figure 2.4 PCA of 1H-NMR of H. perforatum extracts 1-20: a) scores plot and b) loadings plot of the full spectrum; 

c) scores plot and d) loadings plot of the aromatic region (5.5-10.0 ppm). Discriminating compounds are hyperforin 

(1), rutin (6), quercitrin (8), shikimic acid (11), fatty acid (13) and catechin/epicatechin (14). 

 

 UHPLC-MS analysis 

The combination of ultra high performance liquid chromatography (UHPLC) with high-resolution 

mass spectrometry (MS) reveals insights into the chemical composition of plant crude extracts. 

The high sensitivity enables the detection of low concentrated compounds with respect to their 

ionization properties. Figure 2.5a shows the chromatogram of the pooled H. perforatum QC 

sample. Peaks (P) were tentatively assigned by their accurate mass and MS/MS fragmentation 

pattern. Main compounds were identified by comparison with authentic standards. The results are 

listed in Table 2.2. 
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Figure 2.5 Total Ion Chromatogram of a) QC sample (pooled sample of H. perforatum GTs 1-20) b) GT 3. Numbers 

correspond to peak numbers listed in Table 2.2. The asterisk marks the internal standard umbelliferone.  

The chemical variance of the 20 H. perforatum GTs is described in the PCA (Figure 2.6). The 

PCA is based on the feature table automatically generated by XCMS and displays the chemical 

variance of the 20 H. perforatum GTs. However, as a consequence of the MS technique, each 

compound is usually represented by more than one feature due to the appearance of isotopes and 

adduct ions. The 22.4% variance of PC1 is explainable by the outstanding position of GT 3. The 

corresponding chromatogram (Figure 2.5b) shows apparent differences in comparison to the 

pooled sample chromatogram. In particular, nonpolar compounds that eluate between 11 and 

14 min deviate significantly from the average profile.  

These results were further validated by evaluating the loadings plot of PC1. In the negative 

direction of PC1, the features which are increased in GT 3 correspond to compounds in the 

phloroglucinol family. Interestingly, only compounds with less than 4 prenylated moieties are 

upregulated (P59, P61-P75). In contrast, the usually most abundant bicyclic polyprenylated 

acylphloroglucinols, hyperforin (1, P51), and adhyperforin (2, P52), are almost absent in GT 3; 

the corresponding features are to be found in the positive direction of PC1. Furthermore, a lower 

content of degradation products of these two compounds, such as P45, P46, P47, and P54 is also 

influencing the separation. Two features, which are not yet annotated also have a positive impact 

on PC1. Their molecular formulas C36H54O7 (P48) and C35H52O7 (P53) suggest polyprenylated 

phloroglucinols like those identified by Guo et al. (2018)82 in H. perforatum and Zhang et al. 
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(2015) 83 in H. uralum. Additionally, the content of acetylated flavonoids like P20-P23, P25, and 

P26 is decreased in GT 3.  

 

Figure 2.6 PCA of UHPLC-MS data of H. perforatum extracts 1-20: PC1 and PC2: a) scores plot, b) loadings plot 

with assigned peak numbers of Table 2.2; PC3 and PC4 c) scores plot, d) loadings plot with assigned peak numbers.  

These substantial changes in the phloroglucinol profile of GT 3 could be explained by an 

incomplete hyperforin biosynthesis so that only precursors such as dimethylallyl-

phlorisobutyrophenone (15, P59) and deoxycohumulone (16, P61) accumulate in the plant. The 

biosynthesis of hyperforin comprises the stepwise electrophilic substitutions with two DMAPP 

units and one GPP onto isobutyrophenone (Figure 1.3).33,35-37 In GT 3, the last step, the transfer of 

the GPP unit, seems to be missing so that higher prenylated phloroglucinols are not present. 3-

Geranyl-1-(2-methylpropanoyl)-phloroglucinol (17, P66) was identified as the main 

phloroglucinol in GT 3. It is known as an antibacterial compound from H. punctatum.65 Thus the 

application of GT 3 in antimicrobial formulations could be suitable, and our results suggest that 
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GT 3 is an excellent model for a comparative transcriptome analysis of the enzymes involved in 

hyperforin biosynthesis. 

PC3 (12.6%) and PC4 (7.9%) still separate the GTs (Figure 2.6c). GTs 12 and 9 are located in the 

scores plot at negative values of PC3. This component is mainly influenced by increased 

naphthodianthrone features such as hypericin (3, P55), pseudohypericin (4, P42) and 

protohypericin (18, P50) in negative directions. In contrast to the increased content of 

naphthodianthrones, the amount of acetylated flavonoids P20-P23, P25, P26, and astilbin (19, P15) 

is decreased.  

The PCA plots were colored to analyze whether the clusters could be explained by metadata such 

as the statistical genetic background, ploidy level, reproduction strategy or origin of the samples 

(Appendix 2.1). None of the investigated metadata was able to clearly explain the clusters. 

However, in PC3 and PC4 a slight clustering of GTs with blue genetic background64 can be 

observed in the upper right of the scores plot. Consequently, no reliable statement can be made 

based on this metadata. In order to determine whether this is a real correlation, a larger number of 

samples with completely measured genetic information will be necessary.  

 

 

Figure 2.7 Chemical structures of polyprenylated acylphloroglucinols enhanced in GT 3. 
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Table 2.2 Detected LC-MS signals for H. perforatum extracts and their putativ annotation. IL indicates the Level of 

identification suggested by Sumner et al. (2007).84 

No feature [M-H]- 

[m/z] 

Rt 
[min] 

Molecular 
Formula 
[M-H]- 

Δ 
[ppm]  

MS2 

(basepeak marked 
bold) 

UV  
[nm] 

Compound annotation IL 

P1 191/22 191.0197 0.48 C6H7O7 -1.205 173, 111  273, 
309 

Citric acid 2 

P2 315.1/58 
315.1/71 

315.0716 0.97, 
1.17 

C13H15O9 -1.635 165, 153, 152, 109 - O-Glucosyl-hydroxy-
benzoic acid  

2 

P3 353.1/87 
353.1/109 

353.0872 1.43, 
1.82 

C16H17O9 -1.629 191, 179, 135 241, 
301, 
325 

Neochlorogenic acid 2 

P4 337.1/175 
337.1/192 

337.0920 2.90, 
3.19 

C16H17O8 -2.672 191, 173, 163, 119 229, 
313 

Coumaroylquinic acid 2 

P5 353.1/256 353.0873 4.27 C16H17O9 -1,205 191, 179 291, 
322 

Chlorogenic acid (10) 2 

P6 577.1/282 577.1329 4.71 C30H25O12 -3.863 559, 451, 425, 
407, 289, 287 

281 Procyanidin I 2 

P7 289.1/307 289.0712 5.09 C15H13O6 -2.046 245, 205, 179 281 Catechin/ Epicatechin (14) 2 

P8 289.1/307 289.0712 5.18 C15H13O6 -2.046 245, 205, 179 281 Catechin/ Epicatechin (14) 2 

P9 421.1/337 421.0771 5.50 C19H17O11 -1,436 301, 331, 403 - Mangiferin 2 

P10 431.2/342 431.1915 5.69 C20H31O10 -1,995 385, 285, 284 275 Unidentified I 4 

P11 479.1/361 479.0815 5.99 C21H19O13 -3.431 317, 316  272 Myrecetin-glycosid  2 

P12 421.1/367 421.0766 6.10 C19H17O11 -2.362 331, 301, 258 285, 
325 

Isomangiferin  2 

P13 577.1/372 577.1334 6.18 C30H25O12 -3.083 559, 451, 425, 
407, 289, 287 

- Procyanidin II 2 

P14 451.1/383 451.0870 6.37 C20H19O12 -2.769 361, 341, 331  280, 
327 

Unidentified II 4 

P15 449.1/392 449.1084 6.52 C21H21O11 -0,968 323, 303, 285, 151 - Astilbin (18) 2 

P16 463.1/393 463.0876 6.54 C21H19O12 -1,359 301, 300 262, 
350 

Hyperoside (7) 1 

P17  463.0867 6.61 C21H19O12 -3.194 - - Isoquercitrin (9) 2 

P18 609.1/399 609.1453 6.65 C27H29O16 -1.310 343, 301, 300, 
271, 255,  

262, 
357 

Rutin (6) 1 

P19 433.1/409 433.0767 6.81 C20H17O11 -2.089 343, 302, 301, 300  - Avicularin (Quercetin-
arabinoside) 

2 

P20 505.1/412 505.0976 6.87 C23H21O13 -2.383 463, 445, 301, 300  265, 
358 

Quercetin-acetylglycoside I 2 

P21 651.2/420 651.1547 6.99 C29H31O17 -2.983 609, 591, 301, 
300, 299, 271 

265, 
358 

Acetylrutin I 2 

P22 447.1/425 447.0924 7.07 C21H19O11 -1.934 301, 300 265, 
358 

Quercitrin (8) 1 

P23 489.1/443  489.1024 7.38 C23H21O12 -3.024 285, 284, 300, 
429, 443 

- Kampferol-acetylglycoside 2 

P24 505.1/447 505.0976 7.44 C23H21O13 -2.383 300, 301, 445, 463 265, 
358 

Quercetin-acetylglycoside 
II 

2 

P25 533.1/450 533.0932 7.5 C24H21O14 -0.804 489, 371 - Unidentified III 4 

P26 651.2/454  651.1553 7.56 C29H31O17 -2.046 609, 591, 301, 
300, 271 

- Acetylrutin II 2 

P27 337/456 337.0019 7.58 C14H9O8S -1.962  337, 321, 257, 242 - 1,3-Dihydroxy-5-
methoxyxanthone-4-
sulfonic acid 

2 

P28 301/461 301.0347 7.67 C15H9O7 -2.312 273, 257, 178, 151  370 Quercetin (5) 1 

P29 537.1/509 537.0812 8.46 C30H17O10 -2.774 493, 444, 443, 
417, 386, 385,  

270, 
338 

I3,II8-Biapigenin  2 

P30 259/541 259.0242 9.02 C13H7O6 -2.128 - - Tetrahydroxyxanthone 2 

P31 327.1/559 327.0864 9.30 C18H15O6 -3.153 327, 291, 284, 
283, 271, 272, 
258, 229, 171 

- Isoprenyltetrahydroxy-
xanthone I 

2 

P32 257/583 257.0454 9.71 C14H9O5 -0.726 243, 242  - Dihydroxymethoxy-
xanthone 

2 

P33  327.0867 9.81 C18H15O6 -2.083 327, 326, 298, 
297, 258 

- Isoprenyltetrahydroxy-
xanthone II 

2 

P34 327.1/605 327.0869 10.08 C18H15O6 -1.564 327, 326, 308, 
283, 272, 258  

- Isoprenyltetrahydroxy-
xanthone III 

2 

P35 341.1/610 341.1025 10.16 C19H17O6 -1.734 326, 283 - Trihydroxy-methoxy-
isoprenyl-xanthone 

2 

P36 357.1/611 357.0975 10.18 C19H17O7 -1.249 342, 329, 326, 
325, 313, 298 

- Unidentified IV 4 
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No feature [M-H]- 

[m/z] 

Rt 
[min] 

Molecular 
Formula 
[M-H]- 

Δ 
[ppm]  

MS2 

(basepeak marked 
bold) 

UV  
[nm] 

Compound annotation IL 

P37 327.1/622 327.0869 10.35 C18H15O6 -1.564 327, 326, 312, 
297, 284, 283, 
271, 272, 258 

- Isoprenyltetrahydroxy-
xanthone IV 

2 

P38 325.1/628 325.0710 10.49 C18H13O6 -2.435 325, 311, 310, 
309, 307  

- Unidentified V 4 

P39 669.1/633 669.1233 10.53 C35H25O14 -2,562 519 - S-Skyrin-6-O-β-
arabinofuranoside 

1 

P40 699.1/664 699.1346 11.06 C36H27O15 -1.321 519 - S-Skyrin-6-O-β-
glucopyranoside 

1 

P41 339.1/668 339.0867 11.13 C19H15O6 -2.039 324, 339, 325, 183  - Paxanthone 2 

P42 521.1/682 521.0864 11.32 C30H17O9 -2.678 521, 477 - Protopseudohypericin 2 

P43 519.1/702 519.0709 11.62 C30H15O9 -2.380 519, 503, 487  285, 
334, 
580 

Pseudohypericin (4) 2 

P44 501.3/736 501.3000 12.26 C33H41O4 -2.001 - - Unidentified VI 4 

P45 567.4/742 567.3684 12.36 C35H51O6 -1.185 549, 535, 523, 
498, 399, 329 

- 33-Deoxy-33-
hydroperoxyfurohyperforin  

2 

P46 551.4/743  551.3728 12.38 C35H51O5 -2.572 482, 411, 413, 
383, 397, 329, 
315, 343, 399 

- Furohyperforin 2 

P47 509.3/756  509.3283 12.60 C32H45O5 2.046 481, 465, 439, 
398, 371, 327, 313 

- Furohyperforin a 
 

2 

P48 597.4/765  597.3778 12.74 C36H53O7 -3.193 551, 528, 483, 445 - Unidentified VII 4 

P49 591.3/773 591.2604 12.86 C34H39O9 0.863 515, 559 285, 
409 

Unidentified VIII 4 

P50 505.1/780 505.0923 13.00 C30H17O8 -1.209 505, 461 - Protohypericin (18) 2 

P51 535.4/782 535.3790 13.03 C35H51O4 -0.529 466, 397, 383, 
315, 313 

275 Hyperforin (1) 2 

P52 549.4/788 549.3937 13.12 C36H53O4 -2.300 480, 411, 397, 
329, 313 

- Adhyperforin (2) 2 

P53 583.4/788  583.3631 13.12 C35H51O7 -1.521 525, 495, 455, 
441, 385, 329, 275 

- Hyperforatone I/J/K 2 

P54 565.4/787 565.3761 13.12 C36H53O5 -2.066 496, 426, 425 - Furoadhyperforin 2 

P55 hyp503 503.0769 13.71 C30H15O8 1,649 503, 461, 459 285, 
435 

Hypericin (3) 1 

P56 405.1/322 405.0814 5.37 C19H17O10 -3.184 243, 271, 229 - Dihydroxyxanthone-
glucoside 

2 

P57 381/375  380.9911 6.24 C15H9O10S -2.757 301, 261 - Quercetin-sulfate 2 

P58 371.1/387 371.1339 6.44 C17H23O9 -2.386 283, 209, 139 - Methylbuteryl-
phloroglucinol-glucoside 

2 

P59 263.1/476 263.1285 7.93 C15H19O4 -1.453 194, 166 - Dimethylallyl-
phlorisobutyrophenone 
(15) 

1 

P60 325.1/553 325.0712 9.21 C18H13O6 -1.727 - - Xanthone 2 

P61 331.2/595 331.1908 9.91 C20H27O4 -2.091 262, 234, 194, 166 - Deoxycohumulone (16) 2 

P62 365.2/599 365.1961 9.98 C20H29O6 -2.442 347, 321, 295  - Unidentified Phloroglucinol 3 

P63 331.1/623  331.1907 10.38 C20H27O4 -2.242 262, 194, 166, 151 - Unidentified Phloroglucinol 3 

P64 347.2/652 347.1855 10.86 C20H27O5 -2.642 329, 311, 303, 
277, 195, 151 

- Unidentified Phloroglucinol 
 

3 

P65 429.2/686 429.2271 11.4 C25H33O6 -2.637 429, 401,385, 359 - Unidentified Phloroglucinol 3 

P66 331.2/709  331.1907 11.82 C20H27O4 -2.303 313, 287, 261, 
207, 194 

- 3-Geranyl-1-(2-
methylpropanoyl)-
phloroglucinol (17) 

1 

P67 345.2/720  345.2065 12.00 C21H29O4 -1.891 345, 327, 301, 
276, 261, 221 

- Unidentified Phloroglucinol 3 

P68 343.2/727  343.1906 12.11 C21H27O4 -2.455 325, 315, 274, 221 - Unidentified Phloroglucinol 3 

P69 416.3/739 415.2482 12.30 C25H35O5 -1.944 397, 357, 343, 
289, 275 

- Unidentified Phloroglucinol 3 

P70 459.2/745 459.2742 12.41 C27H39O6 -2.204 429, 427, 412, 
399, 357, 342, 
329, 314 

- Unidentified Phloroglucinol 3 

P71 427.2/747 427.2478 12.45 C26H35O5 -2.803 412, 343 - Unidentified Phloroglucinol 3 

P72 400.3/752  399.2531 12.51 C25H35O4 -2.562 399, 355, 330, 
287, 275, 261, 219 

- Unidentified Phloroglucinol 3 

P73 496.4/769 495.3474 12.74 C32H47O4 -1.278 426, 411, 357, 289  - Unidentified Phloroglucinol 3 

P74 413.3/765  413.2695 12.75 C26H37O4 -0.539 369, 343, 276, 
275, 233, 221, 208 

- Unidentified Phloroglucinol 3 

P75 359.2/771 359.1855 12.85 C21H27O5 -2.498 359, 341, 331, 
290, 275, 273, 
261, 247, 235 

- Unidentified Phloroglucinol  3 
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 Evaluation of biological activities 

The number of studies that report positive effects of H. perforatum extracts on neurodegenerative 

diseases continues to increase.11,85,86 Current medications against Alzheimer's disease inhibit the 

enzyme acetylcholinesterase (AChE), therefore the extracts were tested in an AChE inhibition 

assay. None of the extracts showed an inhibition higher than 25% at the highest test concentration 

of 200 µg/ml, and thus no such effect can be claimed (Figure A2.1b). The results are consistent 

with those of Hernandez et al. (2010), where IC50 values greater than 1000 µg dry extract/ml were 

reported.85 

Neuronal health is promoted by compounds with antioxidative effects,87 and the DPPH-radical 

scavenger assay assesses the chemical suitability of providing such an effect. At the highest 

concentration tested (166.7 µg/ml), the extracts showed a scavenging rate of 40 to 60% (Appendix 

2.1a). Although the effect is lower than that reported by other studies, phenolic compounds like 

the flavonoids, which are well known for antioxidative effects, are most likely responsible.88-92 

The chemical differences in the flavonoid profiles of the 20 GTs could be responsible for the 

fluctuating values in the competition assay. Most importantly, the results suggest that the positive 

effect of H. perforatum on neurodegenerative diseases are unlikely to depend on general 

antioxidative properties, but may be connected to another target like the ABCC1 transporter 

activation described by Hofrichter et al. (2013).11 

Cytotoxicity of the H. perforatum extracts was tested against two cancer cell lines (PC3, HT29). 

Cell viability was not affected by the application of the extracts at different concentrations 

(0.05 µg/ml up to 50 µg/ml; Figure Appendix 2.1c), and thus low cytotoxicity underlines the 

suitability of using H. perforatum medicinally. 

Even though the 20 GTs vary in their metabolite composition, the biological activities tested in 

this study were comparable. Due to the complex structure of the raw extracts, the effects of the 

different constituents are overlapped and averaged. This could be a reason why GTs, which were 

not in line with the Ph. Eur., showed similar results.  

 Comparison of the different analytical methods 

TLC and NMR offer a simple and fast screening of major compounds. With the obtained 

fingerprints, extracts from 18 H. perforatum GTs could be determined as medicinally acceptable 

preparations as described by the Ph. Eur..15 In these cases, TLC showed all species characteristic 

marker compounds, although quantitative differences in the flavonoids were detectable. The GTs 

3 and 20 did not contain rutin (6) in detectable amounts and GTs 15 and 17 just low amounts. 

These results were in line with the NMR experiments.  

The NMR technique also provides a comparable overview of the flavonoid profiles, it is not 

restricted to UV detectable compounds, and independent of the elution behavior depending on the 

mobile phase. Thus, changes in primary metabolites and hyperforin were also detectable, an 

important discovery considering their influence on the bioactivity of the final medicinal product. 
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As already described in other NMR studies of H. perforatum,52,59 naphthodianthrones were not 

detectable in 1H-NMR spectra using deuterated methanol as solvent due to the occurrence of keto-

enol tautomers and low concentrations. In general, the NMR analysis is a powerful tool to 

determine the quality of H. perforatum extracts, it gives insights into the chemical variation of 

primary and secondary constituents, and high reproducibility enables the comparison of a huge 

number of measurements over time.  

The LC-MS analysis covers all essential classes of secondary metabolites in H. perforatum 

ethanolic extracts. Thus, it was possible to detect changes in the phloroglucinol profile in GT 3. 

Also, minor compounds are detectable due to the high sensitivity, exemplified by the detection of 

low abundant acetylated flavonoids (P20-P24). The biological effects of these compounds are not 

described yet, but their occurrence is highly variable and should be considered in future 

investigations. LC-MS is the most common technique used in metabolomics experiments; 

however, one disadvantage in contrast to NMR is low reproducibility, with results depending 

strongly on the specific equipment and conditions used. In particular, the elution of 

naphthodianthrones is dramatically influenced by pH changes. The buffering of the mobile phase 

solvents is therefore strongly recommended to decrease pH changes during long measuring 

periods. 

 

2.4 Conclusion 

Altogether, the applied untargeted metabolomics concept based on TLC, NMR and LC-MS 

combined with multivariate data analysis enables the investigation of the chemodiversity within 

the species. All analytical techniques used in this comparative study could discern differences in 

the metabolite composition of pharmaceutical extracts of 20 H. perforatum GTs. However, 

unexpectedly this variance could not be correlated to ploidy level, reproduction strategy or origin 

of the samples. We could show that research on the chemical composition is necessary to yield 

high-quality raw material for the production of medicinal products. The data set included one 

genotype without the valuable compounds rutin (6) and hyperforin (1), but showed an increased 

level of only partially prenylated precursors of hyperforin. The results reveal that comparative 

metabolite profiling can help breeders to select genotypes producing the desired bioactive 

compounds according to the proposed pharmacological application of the plant.  
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3 New insights into the hypericin biosynthesis by analysis of 

H. perforatum pistil tissue 

This chapter includes the metabolomic analysis of pistil tissue for the elucidation of the hypericin 

biosynthesis. These investigations were part of a cooperative work, which was published as:  

Discovery of key regulators of dark glands development and hypericin biosynthesis in St. John’s 

wort (Hypericum perforatum). 

Paride Rizzo, Lothar Altschmied, Pauline Stark, Twan Rutten, André Gündel, Sarah 

Scharfenberg, Katrin Franke, Helmut Bäumlein, Ludger Wessjohann, Marcus Koch, Ljudmilla 

Borisjuk and Timothy F. Sharbel.  

Plant Biotechnology Journal (2019) 17, pp. 2299–2312, doi: 10.1111/pbi.13141. 

 

Abstract 

Hypericin is a molecule of high pharmaceutical importance that is synthesized and stored in dark 

glands (DGs) of St. John’s Wort (Hypericum perforatum). Understanding which genes are 

involved in dark gland development and hypericin biosynthesis is important for the development 

of new Hypericum extracts that are highly demanded for medical applications. We identified two 

transcription factors whose expression is strictly synchronized with the differentiation of DGs. We 

correlated the content of hypericin, pseudohypericin, endocrocin, skyrin glycosides, and several 

flavonoids with gene expression and DG development to obtain a revised model for hypericin 

biosynthesis. Here, we report for the first time genotypes which are polymorphic for the 

presence/total absence (G+/G-) of DGs in their placental tissues (PTs). DG development was 

characterized in PTs using several microscopy techniques. Fourier transform infrared microscopy 

was established as a novel method to precisely locate polyaromatic compounds, such as hypericin, 

in plant tissues. In addition, we obtained transcriptome and metabolome profiles of unprecedented 

resolution in Hypericum. This study addresses for the first time the development of dark glands 

and identifies genes that constitute strong building blocks for the further elucidation of hypericin 

synthesis, its manipulation in plants, its engineering in microbial systems, and its applications in 

medical research. 
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3.1 Introduction 

The genus Hypericum has a worldwide distribution and includes more than 460 species occupying 

very diverse habitats.9 The most known representative, Hypericum perforatum, better known as 

St. John’s Wort, is not only a model organism for the study of apomixis (asexual reproduction) but 

also an ancient medicinal plant mainly used for the treatment of depressions.93-95 Its secondary 

metabolites, hypericin (3) and hyperforin (1), are among the most intensively studied bioactive 

compounds.55,96 Whereas hyperforin (1) is contained in translucent (or pale) glands 30,97 which give 

the leaf a perforated appearance and hence the species its scientific name, hypericin (3) on the 

other hand accumulates in so-called dark glands (DGs) which differentiate in leaves and other 

tissues.55 Hypericin (3) is considered a promising agent for cancer photodynamic therapy 21-23 

being classified as a type II immunogenic cell death (ICD) inducer.24 By targeting the endoplasmic 

reticulum, hypericin (3) induces cellular damage and apoptosis signalling.24 Additionally, 

hypericin (3) may also function as an inhibitor of -amyloid fibril formation which has opened 

applications in the treatment of Alzheimer’s disease.98,99 It has been shown that crude extracts of 

H. perforatum can reduce the memory impairment in amyloid precursor protein (APP)-transgenic 

mice.11 

Despite its importance, knowledge about the biosynthesis of hypericin is still incomplete (Figure 

1.2).27,35,100,101 An octaketide synthase (OKS;102) catalyzing the condensation of acetyl-CoA with 

seven malonyl-CoAs yields octaketide products, but not the expected cyclic forms.35 For the 

Hyp- 1 protein103, initially thought to catalyze the dimerization of emodin (20) and emodin 

anthrone (21), as well as further C-C bond formation between the naphthodianthrone halves, it has 

been shown that the mRNA is expressed in H. perforatum tissues unrelated to dark glands.100 

Therefore, based on mRNA expression data Sotâk et al. (2016a) suggested that these functions are 

encoded by the POCP genes, but did not provide any functional data for the respective proteins.27 

Very recently, Kimáková et al. (2018) raised doubts on emodin anthrone (21) and emodin (20) as 

intermediates and suggested an important role of skyrin (22) in hypericin biosynthesis.101 The 

ultimate accumulation of hypericin (3) within dark glands is surrounded by even more uncertainty, 

except some structural hints on vesicle transport by Onelli et al. (2002).104 

Though the presence of DGs correlates with hypericin (3) content,55 the triggers towards the 

initiation and ultimate differentiation of these organs are unknown. Leaves are the model organ 

for most studies on hypericin (3) and DGs.27,104,105 Highest concentrations of hypericin (3), 

however, are found in the flowers,106 and pistils may be far more suited to study both hypericin 

biosynthesis and the formation of DGs which differentiate from the placental tissue.  

By phenotyping 93 accessions, we discovered a polymorphism consisting of glanded (G+) and 

glandless (G-) placental tissues (PTs). The glands in the placenta can reach a very high density 

and, in contrast to their foliar counterpart, differentiate much later in development. The correlation 

between dark glands and hypericin (3) accumulation was validated by fluorescence and FTIR 
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microscopy (data not shown). The late development of placental DGs enabled developmental 

studies in which pre- and post-DG differentiation stages were compared. This is the first time that 

the development of dark glands is addressed at the molecular level. Metabolomics and 

transcriptomics data identified novel compounds associated with DGs as well as regulatory genes 

associated with the development of these organs and provided novel candidate genes associated 

with hypericin biosynthesis. Our study demonstrates that the placenta of H. perforatum is a novel 

highly sensitive model tissue for the study of DGs and associated biosynthetic pathways and 

provides novel insights into these processes.  

 

3.2 Experimental  

 Plant material and growth conditions 

The 93 wild accessions of H. perforatum L. used in this study cover the complete range of ploidy, 

mode of reproduction, and genetic backgrounds as determined by Koch et al. (2013)107 and Molins 

et al. (2014)64 (Appendix 3.1). Fifty seeds per genotype were sown 1 cm deep in 12 x 10 cm pots 

and kept in long-day conditions: 16 h light, 250 µmol/s/m2
 at 21°C; and 8 h darkness at 18°C. High 

humidity levels were kept by using germination capsules with translucent caps. Four weeks after 

sowing, seedlings were transferred into 16 x 15 cm pots and moved to a greenhouse with 16 h of 

light, at 300–400 lmol/s/m2, at 21°C, and 8 h of darkness at 17°C, at 70% average humidity. Three 

months after germination, plants destined for pistil phenotyping were transferred to the field. 

Plants used for RNAseq experiments were grown in a phytotron with 16 h of light at 400–

450 µmol/s/m2 at 23°C, and 8 h of darkness at 18°C at 70% humidity. 

 Phenotyping and histological analysis 

All field-grown accessions were analyzed under a Stemi 2000 Zeiss stereomicroscope for the 

presence or absence of dark glands within the pistil. Three open flowers per plant and five plants 

per accession for a total of 1395 flowers were examined. Genotypes with up to 40 glands per PT 

were classified as G+ PT, and those with >40 dark glands per PT were classified as G++ PT. 

Genotypes without placental dark glands were classified as glandless (G- PT). For histological 

studies, isolated pistils were fixed and embedded in Spurr resin according to Rutten et al. (2003)108. 

Semi-thin sections (2 µm) were cut on a Reichert-Jung Ultracut S (Leica, Vienna, Austria), stained 

with crystal violet and examined in a Zeiss Axio Imager light microscope (Carl Zeiss, Jena, 

Germany). 

 Metabolite analyses 

3.2.3.1 Extraction of plant material 

For a comparative chemical analysis, pistils from open flowers of three glanded (G++ PT: H06-

1988, HyPR-3, HyPR-1) and three glandless PT genotypes (G-PT: H06-1498, H06-1369, H06-
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3220) were selected. For each genotype, three biological replicates comprising ten pistils each 

were used. After lyophilization, samples were ground in a ball mill (MM 400; Retsch, Haan, 

Germany) for 30 s at 30 Hz. The resulting powder was mixed with LC-MS-grade methanol (10 

mg/mL) containing 8 µg/mL umbelliferone (HPLC-grade; Sigma, Darmstadt, Germany) as an 

internal standard. After brief mixing on a vortex, extraction was continued in an ultrasonic bath 

for 15 min. Following centrifugation (15 min, 14,000 min-1) the supernatant was used for UHPLC-

MS/PDA and TLC analysis. 

3.2.3.2 TLC analysis 

Pistil extracts (see above, replicates combined) were applied to SilicaGel plates (60 G F254, 9 x 7 

cm; Merck, Darmstadt, Germany). The TLC procedure, adapted from Ernst (2003)66, is described 

in detail in chapter 2.2.4.  

3.2.3.3 High-resolution UHPLC-MS/PDA analysis 

Negative ion high-resolution ESI mass spectra were obtained as described in the above chapter 

2.2.7. 

3.2.3.4 MS raw data processing and multivariate data analysis 

MS data processing was performed in R with the XCMS package (version 1.52.0, 

bioconductor.org). Xcalibur raw output files (*.raw) were converted into standard format mz-Data 

files (*.mzML) utilizing proteowizard (proteowizard.sourceforge.net). Peak picking was 

performed in XCMS with centWave parameters: ppm = 10, peakwidth = c(5,12), snthr = 5 and 

prefilter = c(3,1500). After peak grouping (minfrac = 1, bw = 5, mzwid = 0.002), retention time 

correction was performed using LOESS correction and peak grouping was repeated. Missing 

values were filled with fillPeaks function. The final data matrix contained features (mz/RT) in 

rows and samples in columns. For data evaluation, an output table was used for partial least squares 

discriminant analysis (PLS-DA) performed with the R package pls (version 2.6-0). Gland presence 

was coded as the Y variable (G++ PT = 1, G- PT = 0). Results were further statistically analyzed 

to determine significant differences in feature intensity. Homogeneity of variance was checked 

with an F-test to decide the usage of the t-test or the variance independent Welch two-sample t-

test. Effect size and power of analysis were calculated feature-wise. The identification of known 

compounds was based on exact mass of detected ions and fragmentation patterns compared to 

massbank.eu. 

 RNA extraction 

Total RNA was extracted from placental tissues at different stages of flower development as 

measured by flower bud (FB) length. The FB classes selected were 2.5 to 3.5 mm (FB25; dark 

gland predifferentiation), 4.5 to 5.5 mm (FB45; dark gland differentiation) and 7.5 to 8.5 mm 

(FB75; dark gland postdifferentiation). Placental tissues were isolated from the pistils and ovules 

removed. After initial storage on ice in a 70% ethanol solution containing 0.1% Tween-20, samples 
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were frozen in liquid nitrogen and stored at -80°C. For each developmental stage, PTs from at least 

20 individuals were collected. The large number of PTs enabled analyses to be performed without 

RNA amplification steps. Samples were ground using six 3-mm metal beads in a Retsch grinder 

running at 30 Hz for three minutes. RNA was extracted by InviTrap Spin Plant RNA Mini Kit 

following the manufacturer’s instructions. Finally, total RNA was screened by an Agilent 2100 

Bioanalyzer securing that only samples with RIN > 9 were used for subsequent sequencing 

applications. 

3.2.4.1 RNA sequencing and data processing 

cDNA libraries were prepared from 400 to 1000 ng of total RNA using a Lexogen SENSE RNA-

Seq Kit following instructions of the manufacturer. The libraries were sequenced using a HiSeq 

2500 high-throughput flow cell. A sequencing output of 15 to 20 * 106   100-nt-long single reads 

was obtained. The complete RNAseq data set was deposited to the European Nucleotide Archive 

(ENA) with accession number PRJEB30287. Data quality was assessed using FastQC software. 

Adapter trimming was performed using the standard settings of the Cutadapt software109. Quality 

trimming was performed using the command CLC_quality_trim from the CLC Assembly Cell 

software (version 5.0.1; Qiagen, Hilden, Germany). De novo transcriptome assembly was carried 

out with Trinity110. The resulting contigs were compared with known H. perforatum proteins and 

with Arabidopsis thaliana (ARAPORT11) as well as Ricinus communis (v0.1 Phytozome) 

proteins using BLASTX (E-value ≤ 10-10). Read mapping to the assembly was carried out with 

Kallisto111 for each library separately. Read counts for all isoforms of a gene fragment were 

summed and used for calculation of differential expression using the R package DESeq2 112. P-

values were adjusted for multiple testing using the Benjamini–Hochberg method. The adopted 

thresholds for calling differential expression were as follows: FDR ≤ 0.01 and absolute log2 fold 

change ≥ 1. 

 

3.3 Results and discussion 

 Polymorphism in placental tissue used for the study of dark gland related 

biosynthetic processes 

Under natural conditions, dark glands occur in most organs of H. perforatum, except roots, 

although hormone induced dark glands in lateral root cultures were reported by Murthy et al. 

(2014)113. Although flowers contain the highest concentrations of hypericin (3),114 research on 

hypericin biosynthesis nearly exclusively focused on the leaves.27,104,105,115 Since leaves without 

dark glands are unknown in H. perforatum, it has been common practice to separate leaf lamina 

from leaf rim to compare between glanded and glandless tissues.27,105  

The presence of hypericin (3) in pistils is usually overlooked, with few exceptions.116 

H. perforatum has a pistil composed of three carpels with parietal-to-axial placentation. Carpels 
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with parietal placentation show that ovules arise submarginally whereas dark glands arise 

marginally (Figure 3.1) as they do in related organs like leaves, petals, and sepals.67 

The 93 analyzed accessions (Appendix 3.1) show a large variation in the occurrence of placental 

DGs. Twenty-one genotypes with on average >40 of DGs per PT were classified as carrying 

heavily glanded placentas (G++ PT), while 40 genotypes lacking DGs completely were classified 

as G- PT. The glanded and glandless phenotypes were confirmed by histological studies (Figure 

3.1c,d), which showed that the G- phenotype was not due to retarded or aborted gland 

development.67 The remaining 32 accessions displaying an average of 1 to 40 DGs per PT were 

classified as G+ PT. The most heavily glanded G++ PTs packed over 130 DGs per pistil. G- 

accessions always display dark glands in other organs like leaves, sepals, petals, and anthers. This 

indicates that the mechanism for DG formation is present in these genotypes, but inactive in 

placental tissues. 

During flower development, also placental DGs evolve (Figure 3.1e–i). Based on morphology 

changes of the glands during this process, three developmental phases can be defined: 

predifferentiation (FB shorter than 4.5 mm; Figure 3.1e,f), differentiation (FB 4.5–5.5 mm; Figure 

3.1g), and postdifferentiation (FB > 5.5 mm; Figure 3.1h,i). This classification was used for the 

subsequent multistage transcriptomic study performed here. 

 

 Metabolic validation and characterization of the dark gland’s presence-

absence phenotypes 

3.3.2.1 TLC analysis 

TLC analysis confirmed the presence of hypericin (3) in extracts from G++ accessions and its 

absence from G- accessions (Figure 3.2a). In the G++ accessions, the hypericin band (3, Rf= 0.87) 

was accompanied by a further prominent signal with red fluorescence, which was assigned to the 

closely related pseudohypericin (4, Rf = 0.81). This additional signal was missing from the 

G- accessions with the exception of a weak band in genotype 4 (H06-1369, Figure 3.2a). This 

result is in accordance with the assumption that naphthodianthrones are restricted to dark glands 

and should therefore be absent in G- pistils.  

3.3.2.2 UHPLC-HRMS analysis 

To gain additional information, metabolite profiles of these extracts were obtained by UHPLC-

ESI-HRMS/PDA. Supervised PLS-DA was used to distinguish between the differentially glanded 

lines. The evaluation of the RMSEP plot (root-mean-squared error of prediction; Figure 3.3a) 

indicates that the first two components sufficiently describe the model. The score plot, shown in 

Figure 3.3b, confirms a good separation of the two phenotypes based on component 1. According 

to the correlation loadings plot (Figure 3.3c), the most promising features that contribute to the 



 Results and discussion 

37 

separation are described in Table 3.1. Statistical tests conducted on the selected correlated features 

from Table 3.1 are reported in Appendix 3.2. 

 

 

Figure 3.1 Sections of Hypericum perforatum pistils (a to d) and dissections of pistils from multiple stages of a G++ 
PT genotype (e to i). (a) Glanded placental tissue phenotype (G++ PT) from genotype HyPR-05; (b) glandless placental 

tissue phenotype (G- PT) from genotype H06-3251. Scale bars = 2 mm. (c,d) High-resolution comparison of two pistil 

transverse sections from open flower stage. G- PT (right): glandless placental tissue phenotype where no dark glands 

are present in any part of the placental tissue (or of the entire pistil section). G++ PT (left): glanded placental tissue 

phenotype; here 5 dark glands (highlighted in red) are visible on the surface of the placental tissue. Scale bars = 
100 µm; upper panel (e–i): flower buds; lower panel (e–i): corresponding dissected pistils; (e–f) no dark glands in 

pistils, flower buds 2.82 mm and 3.23 mm long, respectively; (g) differentiation of dark glands in pistils, flower bud 

5.17 mm; (h–i) developed dark glands in pistils, flower buds 6.76 mm and 9.22 mm, respectively. Scale bars in (e–i) 

= 1 mm. 
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Figure 3.2 Analytical detection of hypericin (3) and pseudohypericin (4) in G++ PT (red: GT1 = H06-1988, GT2 = 
HyPR-03, GT6 = HyPR-01) and G- PT genotypes (green: GT3 = H06-1489, GT4 = H06-1369, GT5 = H06-3220). (a) 

Thin-layer chromatogram including the internal standard umbelliferone (IS, 8 µg/mL) and hypericin (H, 1 mg/mL). 

(b) Boxplots of MS intensities: hypericin (3, feature 503.1/820) and pseudo-hypericin (4, feature 519.1/698). Each 

boxplot is based on three biological replicates each composed of 10 pistils of the same genotype. 

In accordance with the TLC results, the amounts of hypericin (3) and the related naphthodianthrone 

pseudohypericin (4) as well as the precursor compounds penicilliopsin (23) or emodin dianthrone 

(24), hydroxypenicilliopsin (25) or hydroxyemodin dianthrone (26), protohypericin (18) and 

protopseudohypericin (27) are significantly higher in G++ PTs than in G- PTs (Figure 3.3b). These 

findings are in line with the detection of hypericin (3) and related phytochemicals in dark glands 

of Hypericum species with different MS imaging techniques.96,117 The elevated feature with 

m/z 313 and retention time 501 s was identified as endocrocin (28). This anthraquinone differs 

from emodin (20), the proposed monomeric precursor of hypericin, by a carboxyl group. 

Moreover, two glycosides of the dimeric anthraquinone skyrin (29 and 30) are equally increased 

in the G++ PT materials. Those were already observed by Wirz et al. (2000)118 and more recently 

by Kimáková et al. (2018)101 in Hypericum extracts. If interpreted as side products of hypericin 

synthesis, these compounds suggest that biosynthesis of hypericin proceeds preferably via initial 

formation of the C5-C5’ bond between the naphthodianthrone halves (Figure 3.4) and not via the 

C10-C10’ bond as postulated by Soták et al. (2016a)27. Already Falk (1999)119 has considered the 

C5-C5’ bond formation as an alternative to an initial C10-C10’ bond. Since emodin 

dianthrone (24) and its hydroxylated derivative (26), which indicate a C10-C10’ bond, possess the 

same molecular formulas as penicilliopsin and hydroxypenicilliopsin with a C5-C5’ bond, 

respectively, we cannot differentiate between these substances in the absence of reference 

compounds defining the retention time on the UHPLC C18 column. Currently,we are also not able 

to define whether emodin anthrone (21), emodin (20), and atrochrysone (31) (as proposed by Gill 

and Gimmenez (1991)26 for the synthesis of austrovenetin) are the substrates for this reaction, 

since none of these potential intermediates could so far be detected in our analyses. 
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Surprisingly, the flavonol quercetin (5), some quercetin glycosides (7/9 and 8) and phenolic acids 

such as O-p-coumaroylquinic acid are also more abundant in glanded tissues. A correlation of the 

amounts of quercetin derivatives (5, 8) with those of hypericin (3) and pseudohypericin (4) was 

already described by Kusari et al. (2009)77 and will be discussed in detail in chapter 4.3.5. Further, 

different imaging techniques could show the location of quercetin derivatives at dark glands.96,120  

To identify additional differentiating features, G- PT samples were checked for analogous 

concentration increases. Among the compounds identified this way was the phloroglucinol 

derivative ([M-H]- C20H27O4
-) and the quercetin diglycosid rutin (6) (Table 3.1, negatively 

correlating features). The other contributing features are not identified, but their chromatographic 

behavior suggests highly apolar compounds possibly related to phloroglucinols or terpenoids. 

 

Figure 3.3 PLS analysis of glanded versus glandless H. perforatum pistils analyzed by UHPLC-ESI-HRMS in 

negative mode. (a): root mean squared error of prediction curve (black line = cross validation estimate, red dotted line 

= bias corrected cross validation estimate); (b): score plot (G++PT accessions (red): 1 = H06-1988, 2 = HyPR-03, 6 

= HyPR-01; G- PT accessions (green): 3 = H06-1489, 4 = H06-1369, 5 = H06-3220); (c): correlation loading plot 

with identified features in Table 3.1.  
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Table 3.1 Extract from the highest positive and negative correlating features determined by PLS analysis of UHPLC-

ESI-HRMS metabolite profiles of glanded versus glandless H. perforatum pistils (excluding isotopes); sort by “Var1” 

the variance of the feature that is explained by component 1. Due to low concentration not all analytical parameters 

could be determined (-).  

Var1 Feature m/z 
[M-H]-  

Rt [s] Molecular 
Formula 
[M-H]- 

Δ ppm RDB Fragment ions 
(intensity) 

abs 
max 
[nm] 

Assignment 

0.941 525.1/599 525.1185 599 C30H21O9
- -1.077 20.5 - - Hydroxyemodin dianthrone 

(26) or Hydroxypenicilliopsin 
(25) 

0.939 519.1/698 519.0711 698 C30H15O9
- -2.052 23.5 519.0716 (100) 

487.0454 (11) 
503.0403 (5) 

283 
331 
366 

Pseudohypericin (4) 

0.933 449.1/348 449.1081 348 C21H21O11
- -1.792 11.5 241.0503 (20) 

285.0400 (100) 
323.0768 (7) 

- n.a 

0.931 313.0/501 313.0348 501 C16H9O7
- -1.808 12.5 269.0463 (100) - Endocrocin (28) 

0.928 505.1/776 505.0929 776 C30H17O8
- 0.018 22.5 - - Protohypericin (18) 

0.924 699.1/664 699.1354 664 C36H27O15
- -0.233 23.5 519.0712 (100) 285 

333 
Skyrin glucoside (27) 

0.923 669.1/669 669.1250 669 C35H25O14
- 0.017 23.5 519.0729 (100) 285 

333 
Skyrin-xylopyranoside /riboside 
(28) 

0.917 503.1/820 503.0768 820 C30H15O8
- -0.896 23.5 503.0767 (100) 

459.0870 (8) 
- Hypericin (3) 

0.914 499.1/455 499.0849 455 C31H15O7
- 5.097 24.5 - - n.a. 

0.910 532.1/426 531.0540 426 C27H15O12
- -5.403 20.5 - - n.a. 

0.905 337.1/191 337.0923 191 C16H17O8
- -1.663 8.5 119.0503 (5) 

163.0400 (100) 
173.0455 (5) 
191.0559 (7) 

288 
309 

O-p-Coumaroylquinic acid  

0.904 509.1/684 509.1240 684 C30H21O8
- -0.336 20.5 - - Emodin dianthrone (24) or 

Penicilliopsin (23) 

0.897 337.1/172 337.0921 172 C16H17O8
- -2.197 8.5 119.0503 (5) 

163.0400 (100) 
173.0455 (5) 
191.0559 (6) 

288 
309 

O-p-Coumaroylquinic acid 

0.895 463.1/445 463.0877 445 C21H19O12
- -1.035 12.5 301.0348 (100) 368 Quercetin-glycosid (7/9) 

0.892 447.1/425 447.0922 425 C21H19O11
- -2.471 12.5 301.0350 (100) 

284.0402 (3) 
266 
350 
368 

Quercetin-3-O-rhamnosid (8) 

0.891 301.0/461 301.0353 461 C15H9O7
- -0.119 11.5 151.0037 (83) 

178.9985 (100) 
193.0141 (5) 
257.0454 (11) 
273.0403 (13)  

368 
271 

Quercetin (5) 

-0.925 331.2/727 331.1911 727 C20H27O4
-- -1.306 7.5 259.0974 (5) 

219.0665 (7) 
194.0591 (89) 
287.2014 (100) 

- Phloroglucinol derivative  

-0.780 609.1/399 609.1455 399 C27H29O15
- -1.014 13.5 301.0350 (100) 

271.0248 (5) 
343.0457 (7) 

254 
365 

Rutin (6) 
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 Identification of genes involved in the hypericin biosynthesis 

One main aim of this study was to identify putative regulators of dark gland differentiation and 

candidate genes involved in hypericin biosynthesis. The results of the transcriptomic analysis are 

discussed in detail in the original publication.67 This chapter gives a short overview of strong 

upregulated genes at the developmental stage FB45 of G++ placental tissues, that take part in the 

secondary metabolism.  

With respect to the biosynthesis of flavonoids, it is noteworthy that a 2-oxoglutarate, Fe(II)-

dependent oxygenase (2-ODD)121 and a cytochrome P450 enzyme (CYP)122, which are typical for 

hydroxylation and dehydration reactions in that pathway, are encoded by differentially expressed 

genes (DEGs), Further, an UDP-glucosyltransferase (UGT) for the transfer of sugar moieties to 

flavonols was induced,123 leading to metabolites such as the observed quercetin glycosides (7, 8, 

9). For translocation of the cytosolically synthesized flavonoids across membranes and transport 

to the vacuole, mechanisms including glutathione S-transferases (GST)124-126 and ABC 

transporters (ABC)127 are discussed.128 Genes encoding both types of proteins are within the list 

of highly induced DEGs. In addition, a ß-glucosidase targeted for secretion (BGLU)129 and a 

membrane integral protein of the major facilitator superfamily (MFP)130 are observed, which 

suggest cleavage of sugar moieties from vacuolar or secreted compounds or cell wall components 

and sugar import (MFP). Since no further highly induced DEGs encoding transport proteins are 

observed, naphthodianthrone transport might be similar to flavonoid transport and may involve 

GST-associated vesicles. This would confirm the observations by Onelli et al. (2002) who 

extensively reported the accumulation of vesicles in and around the developing dark glands of 

leaves.104  

With respect to naphthodianthrone synthesis (Figure 3.4), we observed several DEGs encoding the 

well-described octaketide synthase HpPKS2 (OKS), executing the first committed step of 

hypericin synthesis.102 Remarkable is the highly induced potential polyketide cyclase (PKC), 

which might encode a missing function for correct cyclization of the octaketide proposed by 

Karppinen et al. (2008).102 Two DEGs annotated as dihydrofolate reductases belonging to the 

superfamily of serine hydrolases may encode thioesterases (TER) involved in releasing octaketide 

and tetraketide precursors of hypericin (3) and flavonoids from their coenzyme A conjugates.129 

In addition, we detected DEGs encoding phenoloxidative coupling proteins (POCPs) discovered 

by Soták et al. (2016a)27 to be induced in dark gland-containing tissues and suggested to be 

involved in C-C bond formation between the naphthodianthrone halves of hypericin (3) and its 

derivatives. To our knowledge, no experimental proof of the functionality of the PR-10-related 

POCPs exists, but a PR-10-related protein has been shown to exhibit norcoclaurine synthase 

activity in opium poppy by performing a condensation reaction between dopamine and 4-

hydroxyphenyl-acetaldehyde in benzylisoquinoline alkaloid synthesis.131 Besides the POCP 

genes, we identified a berberine bridge enzyme (BBE)132, which suggests an additional or 

alternative function to POCPs for the formation of one of the three C-C linkages between the 
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naphthodianthrone halves of hypericin (3). Since the encoded BBE is targeted for secretion by a 

N-terminal signal peptide,133 it will most likely close the last C-C bond for which an enzyme is 

required. It could be similar to THCS and CBDS in tetraketide-based cannabinoid synthesis,134,135 

which belong to the same protein family and are predicted to contain N-terminal signal peptides 

as well. Our observation that skyrin glycosides (27, 28) are correlated with the presence of dark 

glands suggests that the C5-C5’ bond is formed first. This view is supported by the previous 

detection of skyrin glycosides in H. perforatum118 and the recent notion that their presence is 

correlated with occurrence of hypericin (3) in Hypericum species.101 As mentioned above, initial 

C5-C5’ bond formation has been suggested earlier as an alternative to C10-C10’ bond 

formation.119 Therefore, POCPs and the berberine bridge enzyme might be involved in the 

formation of the C5-C5’ bond and the C10-C10’ double bond, respectively, while the C4-C4’ bond 

might be formed in a last step nonenzymatically. Since Kusari et al. (2015)96 and Kimáková et al. 

(2018)101 noted that the presence of emodin anthrone (21) and emodin (20) does not correlate with 

the occurrence of hypericin in Hypericum species, the biosynthesis of hypericin might proceed via 

atrochrysone (31), atrovirin B, austrovenetin and penicilliopsin (23) (Figure 3.4; compare Gill and 

Gimmenez (1991)26) completely circumventing emodin (20) and emodin anthrone (21), but 

retaining the potential to yield skyrin.^ 

 

3.4 Conclusion 

H. perforatum promises important medical applications some of which maybe related to hypericin. 

This lead the scientific community to focus on the biosynthesis of hypericin. In contrast to other 

studies, the development of dark glands was observed in placental tissue. This enabled the 

identification of candidate genes considered responsible for dark gland (DG) differentiation. The 

varying occurrence of dark glands in the pistil tissue of H. perforatum GTs was used for a 

comparable metabolite analysis. The content of hypericin, pseudohypericin, endocrocin, skyrin 

glycosides, and several flavonoids correlated with the occurrence of dark glands. The combination 

of the metabolite profiling with gene expression data and DG development was used to generate a 

revised model for hypericin biosynthesis. Based on the transcriptomic data, genetic engineering of 

the identified candidate genes might lead to complete shutdown or alternatively, hyper-activation 

of dark glands. Such artificial lines have the potential to provide new crude extracts to be tested 

both in Alzheimer and cancer research where the comparison of hypericin-free versus high 

hypericin extracts is already in high demand. Furthermore, the candidates shown in this study, 

once validated, will be very valuable parents for future breeding programs of H. perforatum. 
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Figure 3.4 Proposed hypericin biosynthetic pathway based on our metabolomics, transcriptomics and functional 

annotation, adapted from Rizzo et al. (2019) 67.
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4 Intraspecific variance of H. perforatum genotypes – 

a metabolomics approach 

 

Abstract 

In this study, comparative metabolite profiles of 93 H. perforatum accessions with different 

genetic backgrounds were investigated to estimate the intraspecific diversity. The genotypes were 

cultivated under identical conditions and harvested during the flowering period to minimize the 

impact of environmental factors. Flowers and leaves were sampled separately and were 

subsequently chemically characterized by UHPLC-ESI-HRMS. The untargeted experiment 

enables the simultaneous detection of hundreds of metabolites. Using multivariate data analysis, 

the chemical diversity of the extracts was evaluated. The genotypes differ especially in the content 

of the phloroglucinol hyperforin. One genotype was found not to contain this active compound 

and showed less prenylated hyperforin precursors. Additionally, the substitution pattern of 

quercetin derivatives varied widely between all genotypes. The examination of the required marker 

compounds of Hyperici herba revealed that more than 20% of the extracts did not fulfill the 

European pharmacopeia specification.  

This untargeted metabolomics concept combined with multivariate data analysis enables the 

investigation of the natural product diversity within the species, elucidation of biosynthetic 

pathways, and the selection of genotypes with a suitable compound composition according to the 

proposed pharmacological application of the economically important species. 



4. Intraspecific variance of H. perforatum genotypes – a metabolomics approach  

46 

4.1 Introduction 

The genus Hypericum comprises around 450 species, of which Hypericum perforatum, commonly 

St. John’s Wort, is the best known. Extracts of the aerial parts of this herb are prescribed to treat 

mild to moderate depressions, but recently also anti-microbial, anti-inflammatory, and anti-

Alzheimer effects were reported. For these reasons it is among the ten best-selling herbal products 

in Europe and the USA. The medicinal effects of the extracts highly depend on the chemical 

composition, which is genetically predetermined and strongly influenced by the environment. 

Major active constituents are phloroglucinols (hyperforin), naphthodianthrones (hypericin), and 

flavonoids. The economic importance and the chemical diversity of the secondary metabolites 

make H. perforatum an interesting target of phytochemical investigations.  

 

4.2 Experimental 

 Plant material  

The 93 wild accessions of Hypericum perforatum L. used in this study cover the complete range 

of ploidy, mode of reproduction, and genetic backgrounds as determined by Koch et al. (2013) and 

Molins et al. (2014) (Appendix 3.1).64,107 Plants were cultivated in pots on three fields in the IPK 

Gatersleben. Each genotype was represented on each field with up to twelve plants, originated 

from cuttings (Figure 4.1). Flowers and leaves were harvested separately. Flowers of early 

flowering accessions were taken in July 2018 (Appendix 3.1). Flowers of the remaining accessions 

were harvested parallel to leaves during the flowering stage in August. All samples were collected 

into 25 ml Eppendorf tubes and immediately frozen in liquid nitrogen. A second sample set was 

collected in parallel for genetic analysis. The sampling of each field took one day, and all fields 

were sampled on three consecutive days with comparable climate conditions. In order to minimize 

the influence of the time of day, the harvesting sequence was changed between days. A detailed 

list of the accession numbers and the sampling information are listed in the Appendix 3.1.  

   

Figure 4.1 Picture of the sampling site (left) and a simplified representation of the experimental set up (right). 
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 Extraction and Sample preparation 

In total, 346 leaf samples and 291 flower samples were processed. The frozen plant material was 

lyophilized (72 h) until dryness, and flower samples were weighted to calculate the average flower 

weight. Afterwards, all samples were powdered using a Cryogenic Plant Grinder (Labman). 

Therefore, each sample was transfered to a 20 ml grinder polyvial (Zinsser Analytic) containing 

one stainless steel ball (5 mm). With -75 °C and 5% humidity, the grinding was performed twice 

for 15 s with 30 Hz. A break of 30 s in between grindings avoided warming of the samples. For 

each organ separately, a quality control (QC) sample was prepared, which is composed of equal 

parts of all individual samples. These pooled samples are considered as data set representatives for 

quality control and method development. Each sample was extracted with methanol (LC-MS 

grade, Chromasolv, Honeywell) containing 8 µg ml-1  umbelliferone as an internal standard. For 

extraction, the material/solvent ratio was adjusted to the final concentration of 2 mg ml -1. After 

30 s mixing with vortex an ultrasonic extraction for 15 min took place. After 10 min centrifugation 

(16.000 rpm), the supernatant was diluted with the extraction solvent to reach the concentration of 

1 mg ml-1 for the leaf samples and 0.5 mg ml-1 for flower samples. The samples were immediately 

frozen at -20 °C for at least 12 h and maximum 36 h.  

 UHPLC-ESI-MS/PDA analysis 

Negative ion high-resolution ESI mass spectra were obtained from an Orbitrap Elite mass 

spectrometer (Thermofisher Scientific, Bremen, Germany) equipped with a HESI electrospray ion 

source (spray voltage 3.5 kV; source heater temperature: 350 °C; capillary temperature 300 °C; 

FTMS resolution 15.000). Nitrogen was used as the sheath and auxiliary gas. The MS system was 

coupled with an ultra-high-performance liquid chromatography (UHPLC) system (Dionex 

UltiMate 3000, Thermo Scientific), fitted with a RP-C18 column (1,9 µm; 50 x 2,1 mm; Hypersil 

GOLD; Thermo Scientific; column temperature: 40 °C), and a photodiode array detector (PDA, 

Thermo Scientific; 220–650 nm). For UHPLC separation a three solvent gradient system with A: 

1 mM ammonium acetate in water (pH 5), B: MeOH with 1% 1 mM ammonium acetate and C: 

MeOH at a flow rate of 500 l min-1 was applied (95:5:0 for 1 min, 6 min gradient to 0:100:0, 0.5 

min to 0:1:99, isocratic hold for 3.5 min and returning to 95:5:0 in 1 min, isocratic hold for 4 min). 

For the LC-MS measurements, a complete randomized design was applied for each plant organ. 

The leaf samples were divided into five batches, and the flower samples in four. For each organ, a 

pooled sample was prepared containing all samples in equal parts. Each batch started with 4 

injections of the QC sample to equilibrate the column. After seven study samples the QC was 

injected every 8th samples (2µl injection volume). In addition, an external standard mix (MM8) 

was injected every 16th sample (1µl injection volume). The data were evaluated with the Xcalibur 

software 2.2 (Thermo Fisher).  
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 UHPLC-MS data processing 

The raw spectra of samples and QCs were converted to mzML format using ProteoWizard 

(3.0.11110) to get centroided data. Further processing was done in R (version 3.5.1) using xcms 

(version 3.2.0)69. Peak picking based on the CentWave Algorithm was performed using the 

following parameters: findChromPeaks(ppm=15, peakwidth=c(7,25), sntresh=10, noise=10000, 

prefilter=c(3,1000)). After that, the peaks were grouped over all samples with 

groupChromPeaks(minFraction=1, bw=5). The resulting feature lists of leaf and flower samples 

comprise 1651 and 1396 features, respectively. 

Batch correction was applied to overcome the high variance introduced by the measurement 

procedure. Different methods for batch correction available in the R package 

BatchCorrMetabolomics (0.1.14) were tested, and the result validated with the parameters “duplo” 

and “PCA” (Bhattacharyya distance) introduced by Wehrens et al. (2016).136 The best result was 

received by applying a linear model regression on the QC samples.  

 Isolation procedure 

The H. perforatum plant material is described in chapter 5.2.6. The frozen crushed leaf material 

(90.2 g) was sonicated with MeOH and further extracted under shaking at room temperature with 

95% aqueous MeOH overnight. After drying in vacuo, the extract (9.34 g) was partitioned via 

liquid-liquid extraction between CHCl3 and water. The green chloroform phase (2.12 g) was 

applied to silica column chromatography. Gradient elution with MeOH:CHCl3 from 5:95 to 100:0 

yielded 17 fractions, based on TLC (MeOH:CHCl3, 1:4.9 v/v) and UHPLC-MS profiling. Fraction 

16 (5.1 mg) was applied to Sephadex LH20 column chromatography (MeOH) resulting in the 

isolation of compound 30 (5.3 mg). Fraction 17 (176.9 mg) was applied to Diaion column 

chromatography. The column was successivly flushed with water, MeOH, acetone, and acidified 

acetone (2N HCl). The MeOH and acetone fractions were combined and purified with a Sephadex 

LH20 column chromatography (MeOH) yielding 0.7 mg of 29. 

S-Skyrin-6-O-β-glucopyranoside (29): orange solid; negative ion ESI-HRMS m/z 699.1350 [M-

H]- (calcd for C36H27O15
-, 699.1355); MS2 see Table 5.1; CD (MeOH) λmax (Δε): 310 (-19055), 

298 (-11547), 290 (-15443), 262.5 (104488), 248 (-43581), 237.5 (-15454), 215.5 (-49987) nm, 

UV-Vis (MeOH) λmax 221 (5.60), 258 (5.50), 295 (5.25), 451 (5.07) nm; 1H-NMR (400 MHz, 

methanol-d4) δ 7.33 (d, J=1.7 Hz, 1H, H-4), δ 7.22 (d, J=1.7 Hz 1H, H-4’),  δ 7.08 (s, 1H, H-7), δ 

7.06 (d, J=1.5 Hz, 1H, H-2), δ 7.00 (d, J=1.5 Hz 1H, H-2’), δ 6.45 (s, 1H, H-7’), δ 5.02 (d, J=7.6 

Hz, 1H, H-1”), δ 3.81(dd, J=2.3, 12.2 Hz, 1H, H-6”a), δ 3.61 (dd, J=5.9, 12.4 Hz, 1H, H-6”b), δ 

3.46 (m, 1H, H-5”), δ 3.36 (dd, J=9.2 Hz, 1H, H-3”), δ 3.20 (dd, J=9.4 Hz, 1H, H-4”), δ 3.09 (dd, 

J=7.6, 9.2 Hz, 1H, H-2”), δ 2.35 (s, 3H, Me-3), δ 2.32 (s, 3H, Me-3’); 13C-NMR (400 MHz, 

methanol-d4, measured with HMBC) 183.7 (C-10), 167.5 (C-8’), 166.0 (C-8), 164.1 (C-6), 149.9 

(C-3), 148.1 (C-3’), 127.8 (C-5), 124.4 (C-2, C-2’) 121.8 (C-4), 121.0 (C-4’),  115.3 (C-9a’), 114.8 

(C-9a), 112.8 (C-8a), 108.5 (C-8a’).   
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S-Skyrin-6-O-β-arabinofuranoside (30): orange solid; negative ion ESI-HRMS m/z 669.1245 [M-

H]- (calcd for C35H25O14
-, 669.1250); MS2 see table Table 5.1; CD (MeOH) λmax (Δε): 306.5 

(- 11551), 297.5 (-10697), 289 (-13304), 260.5 (67587), 247 (-20703), 236 (-1719), 217 (-25923) 

nm, UV-Vis (MeOH) λmax 221 (5.60), 258 (5.50), 295 (5.25), 451 (5.07) nm; 1H-NMR (400 MHz, 

methanol-d4) δ 7.35 (d, J=1.6 Hz, 1H, H-4), δ 7.30 (d, J=1.7 Hz, 1H, H-4’),  δ 7.07 (s, 1H, H-7), 

δ 7.08 (s, 1H, H-2), δ 7.00 (s, 1H, H-2’), δ 6.64 (s, 1H, H-7’), δ 5.57 (s, 1H, H-1”), δ 3.51 (dd, 

J=4.4 1H, H-5”a), δ 3.60 (dd, J=3.6 Hz, 1H, H-5”b), δ 3.75 (m, 1H, H-3”), δ 3.65 (m, 1H, H-4”), 

δ 3.78 (dd, J=1.3, 3.3 Hz, 1H, H-2”), δ 2.37 (s, 3H, Me-3), δ 2.35 (s, 3H, Me-3’); 13C-NMR (400 

MHz, methanol-d4, measured with HMBC and HSQC) 183.8 (C-10), 166.2 (C-8’), 166.2 (C-8), 

163.4 (C-6), 149.9 (C-3), 149.4 (C-3’), 124.5 (C-2’), 124.7 (C-2), 121.7 (C-4), 121.5 (C-4’),  111.9 

(C-8a), 22.1 (Me-3), 22.0 (Me-3’), 107.4 (C-1”), 83.5 (C-2”), 78.1 (C-3”), 87.2 (C-4”), 62.4 (C-

5”).   

 Chemometrics 

Different methods of multivariate data analysis were utilized in R. The analysis were performed 

on base of the generated feature tables (chapter 4.2.4). Packages that were used are: pcaMethods 

(1.78.0)70, Heatmaply (1.0.0)137, NetworkD3 (0.4), and Corrplot (0.84)138. 

 

4.3 Results and discussion 

 Experiment design and method development 

4.3.1.1 Experimental setup and prestudies 

After the promising study shown in chapter 3, an advanced experiment adapted to the requirements 

of metabolomic investigations was performed. In order to increase the experimental significance, 

all available and cultivable H. perforatum accessions of the IPK Gatersleben were included 

(appendix 3.1). The total number of 93 lines and a sufficient number of biological replicates made 

it necessary to conduct the experiment with plants field-grown on three plots (Figure 4.1). Since 

H. perforatum is also cultivated in the field for the production of pharmaceutical products, this 

corresponds to authentic conditions. Nevertheless, the environmental influences are identical for 

all GTs, and therefore comparable.  

An enormous advantage of this study is the presence of biological replicates because the 

differences within a GT can be compared to the intraspecific variance. The plants were cultivated 

in pots to avoid positive and negative plant-plant interactions by roots, which can have a strong 

influence on the composition of secondary metabolites. The three fields were located side by side, 

with plot 1 being shadier due to nearby trees than plots 2 and 3, which were sunny all day (Figure 

4.1). 
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In contrast to the previous experiment (chapter 2), leaves and flowers were sampled separately, 

and not the complete aerial parts were used. Due to the absence of stems and smaller sample 

amounts, a cryogenic grinder was employed. Thus, the grinding process could be accelerated, 

standardized, and more homogeneous samples were obtained. The separate investigation of 

flowers allows the first comparison of different GTs based on this plant organ, which usually 

contains higher contents of the valuable ingredients.139 In parallel to the metabolomics study, 

samples for the analysis of genome and transcriptome were taken that will be evaluated at the IPK 

Gatersleben. This comprehensive approach allows further knowledge of the genetic variance, 

which causes the metabolite variation. 

4.3.1.2 Extraction and UHPLC-ESI-HRMS method optimization 

The preliminary investigation in chapter 2 concentrated on the comparison of extracts produced 

according to pharmaceutical procedures. However, this production is extremely time-consuming 

due to the included maceration and drying steps. Furthermore, each working step favors technical 

errors and chemical changes of the extract due to the instability of some compounds. Hyperforin 

(1), in particular, is only partially stable so that oxidation products are formed quickly.140-142 Under 

light exposure, the proto-forms of naphthodianthrones are converted to the oxidized hypericin (3) 

and pseudohypericin (4).143 To counteract these processes, in the present study a direct ultrasonic 

bath extraction with 100% methanol without light exposure was used. This enables a fast and 

standardized extraction without error-prone working steps. To treat all samples equally, the freshly 

prepared extracts were stored in the freezer before measurement. According to preliminary tests 

(appendix A.4.1), the frozen samples were more comparable with each other over the measuring 

time in the autosampler than freshly prepared samples.  

Furthermore, the UHPLC method was adapted for high sample throughput. In particular, the pH 

sensitivity of naphthodianthrones led to retention time shifts within a batch, which made automatic 

evaluation difficult. Therefore ammonium acetate buffer (pH 5) was used as a modifier instead of 

formic acid in the mobile phase, which facilitates the comparability between different batches. 

This buffer system was already used in higher concentrations by Smelcerovic and Spiteller 

(2006)144, and Farag and Wessjohann (2012)57.  

The final measuring concentrations of leaf and flower samples were determined separately by 

investigating the linear dynamic range (LDR). Due to the buffer usage, the ionization potential of 

phloroglucinols raised, compared to the previous experiment (chapter 2), resulting in a reduction 

of the LDR. Therefore, lower concentrations had to be applied. These were finally adjusted to 

1 mg material per ml methanol for leaf samples and, due to the very high hyperforin (1) content, 

to 0.5 mg ml-1 for flowers. 

The measuring time should generally be as short as possible to reduce the average stay of the 

samples in the autosampler. In the final experiment, the runtime, including the equilibration time, 

was shortened to 15 min. To maintain a good separation, the flow rate was increased to 
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0.5 ml min- 1 so that the column had an optimized separation performance at a pressure of 300–

700 bar.  

The mass accuracy of the Orbitrap mass spectrometer decreases continuously with increasing 

sample numbers, and, from experience, it was no longer within the acceptable range of +/- 3 ppm 

after about 120 runs in one uninterrupted sequence (batch). Since the number of samples 

significantly exceeded the number of possible runs within a batch, the samples were randomly 

measured in batches (leaf samples five batches, flower samples four batches) with maximal 100 

runs each. In between two batches, the sprayer and the transfer capillary were cleaned, and 

recalibration was carried out. 

4.3.1.3 UHPLC-MS data processing optimization and batch correction 

The first step in processing LC-MS data is the correct creation of a feature-table, which shows 

peak intensities as entries for each sample. A feature represents the combination of a mass-to-

charge ratio (m/z) with a retention time. To determine a feature correctly in all samples, the 

parameters for peak picking and grouping were optimized (chapter 4.2.4), whereby, in the 

beginning, all features with intensities above 1000 were considered.  

The resulting PCA is shown in Figure 4.2a. By coloring each sample according to the batch 

number, it becomes clear that the measurement conditions explain the main variance. These batch-

to-batch differences are a common phenomenon in extensive untargeted LC-MS metabolomics 

experiments. This so-called batch effect is caused by unavoidable external influences on the 

chromatography and MS instruments. To ensure the comparability of samples from different 

batches, a batch correction is required. Different methods were applied to validate the most 

appropriate batch correction (appendix 4.3). The success was evaluated by visual assessment of 

the PCA and by two criteria introduced by Wehrens et al. (2006), the Bhattacharyya distance and 

the parameter "duplo". "Duplo" describes the repeatability, and is calculated as proportion of the 

variance within the replicates of a sample, to the total variance.136  

The simplest correction relies on the normalization of the internal standard umbelliferone. But 

with this approach, the batch effect was not removable (Figure 4.2b) since the ionization behavior 

of the diverse compounds, present in the analyzed crude extract, vary considerably. Thus, only 

substances similar to the internal standard can be adequately corrected by this method, whereas 

compounds with very different properties experience an additional error.  

A frequently described method for the correction of batch effects is based on the use of QC samples 

- a pooled sample that has been prepared in the same way as the study samples and is measured 

regularly within the sequence.136,145,146 Since aliquots of the QC have been sufficiently measured 

(every eighth sample) throughout the experiment, this correction can be applied using different 

regression methods.136 In the resulting PCA (Figure 4.2c) replicates and the QC samples of 

different batches cluster together, which indicates a good correction.  
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Another tested correction method is independent of the QCs and exclusively based on the study 

samples. It is assumed that due to proper randomization, the samples show, on average, the same 

batch dependent effect. This seems to be an advantage because more metabolites can be corrected, 

even those, which cannot be detected in the QCs due to dilution effects. The result was comparable 

to the correction based on QCs (data not shown).  

It turned out that there are a large number of non-detects in the used feature tables, which 

frequently cause problems for corrections. These features often show a low intensity, so that it 

depends strongly on the batch, whether they are detected at all. Therefore, the minimum intensity 

for the peak picking has been increased to 10000. This resulted in a feature reduction (from 2829 

to 1651), and a good batch correction result was achieved after applying the QC correction so that 

this processing method was used for further data evaluation (Figure 4.2d).  

 

Figure 4.2 PCA colored by batch number of the logarithmized leaf dataset of H. perforatum genotypes, labeled with 

GT number (grey): a) without batch correction (noise < 1000) b) internal standard normalization (noise < 1000) c) QC 

correction (noise < 1000) d) QC correction (noise < 10000).  
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 Characterization of the intraspecific variance of H. perforatum by 

multivariate data analysis 

An experimental setup was created in which genotypes (GTs) with different origins were 

cultivated under the same conditions, to address the genetic variation of secondary metabolites 

within the species H. perforatum from Europe and North America. The chemical compositions of 

the methanolic extracts were analyzed with UHPLC-ESI-MS in an untargeted metabolomics 

experiment. The good sensitivity allows the detection of hundreds of constituents over a wide 

concentration range. The widely used Principal Component Analysis (PCA) projects the high-

dimensional data in a two-dimensional space showing the highest variance in the data. This method 

gives a good overview of the overall variation in the GTs and helps to understand patterns.  

Since the constituents of the two organs, flowers, and leaves, differ in the amounts of secondary 

metabolites,139 the sample sets were measured with different concentrations (chapter 4.3.1.2). 

Therefore, the sample sets are considered separately for data evaluation. For the analysis of the 

leaves, only samples from the consecutive harvest days 3, 4, and 5 were used, because the weather 

conditions were comparable. 

The PCA scores plots based on the leaf data are shown in Figure 4.3a,c. The first two PCs represent 

only 26.3% of the total variance, which proves that there are no samples fundamentally different 

from the others. However, this was to be expected as all samples belong to the same species. In 

PC1, a single genotype (GT3) is separated from the other GTs, while PC2 divides the GTs into 

two groups. The features responsible for the separation were investigated in the loadings plot 

(Figure 4.3b,d). Characteristic features and tentatively assigned compounds (numbered according 

to increasing retention time) are listed in Table 4.1. Mainly responsible for the separation are 

flavonoids, marked in green in the loadings plots. Especially astilbin (19/P15), rutin (6/P17), and 

acetylated quercetin glycosides (P12, P13, P23, P24) vary. GTs in the positive quadrants of PC1 

possess an increased content of acetylated flavonoids. Group A is mainly characterized by 

increased astilbin (19) and decreased rutin (6) content, while it is vice versa in group B. Group B 

additionally contains increased amounts of the sulfonated xanthone P21 (marked blue), whose 

isolation is described in chapter 5. GT3 seems to contain increased amounts of two flavonoids 

(P22: C22H21O12
-, P26: C22H21O11

-) in particular. Based on the molecular formulas, it is assumed 

that these are simple methylated quercetin glucosides. Furthermore, prenylated phloroglucinols, 

marked in yellow in the loadings plots, exert a greater influence. Higher prenylated compounds 

(1/P49, 2/P50, P57) are found in the positive range of PC1 as well as phloroglucinol 17 (P47) and 

the isomer P51, which suggests that GT3 contains less of these compounds. In contrast, 

phloroglucinols represented by compounds such as P35 (m/z 331), P41 (m/z 501), and P54 (m/z 

413) are found in GTs shifted in the negative range of PC2.  

PC3 and PC4 separate in addition to the GT3, two further GTs (21 and 29). Responsible for the 

partition towards PC4 is a reduced content of rutin (6) and prenylated phloroglucinols, in particular 

hyperforin (1), adhyperforin (2) and their degradation product furohyperforin (32/P57).  
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Figure 4.3 PCA of UHPLC-MS data of H. perforatum leaf samples: scores plots are coloured by GT and show a) PC1 

and PC2 and c) PC3 and PC4. The corresponding loadings plots with assigned loadings (peak numbers according to 

Table 4.1) coloured by compound class (green = flavonoids, yellow = prenylated phloroglucinols, blue = xanthones, 

red = naphthodianthrone) b) PC1 and PC2, and d) PC3 and PC4. 
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Table 4.1 Peaktable of major and/or discriminant compounds identified in H. perforatum genotypes for leaf (L) and 

flower (F) samples. 

No Feature [M-H]- Rt 
(min) 

Moecular 
Formula 
[M-H]- 

Δ ppm Fragments (Intensity) Identification 

P1 191.1/13L,F 191.0557 0.2 C7H11O6 -2.310 173.0455 (16), 127.0401 (18), 
111.0296 (100) 

quinic acid 

P2 353.1/38L,F 353.0873 0.62 C16H17O9 -1,431 191.0560 (100), 179.0350 (37), 
135.0453 (7) 

chlorogenic acid (10)a 

P3 337.1/63L 

337.1/63F 
337.0925 1.01 C16H17O8 -1.248 191.0560 (31), 173.0457 (5), 

163.0403 (100), 119.0504 (6) 
coumaroylquinic acid I 

P4 289.1/165L 

289.1/159F 
289.0714 2.20 C15H13O6 -1.458 245.0820 (100), 205.0505 (34), 

179.0351 (15) 
epicatechin  

P5 577.1/231L 

577.1/230F 
577.1343 3.84 C30H25O12 -1.350 451.1032 (29), 425.0876 (100), 

407.0771 (54), 289.0718 (21), 
procyanidin 

P6 289.1/248L 

289.1/246F 
289.0715 4.09 C15H13O6 -1.008 245.0819 (100), 205.0507 (32), 

179.0351 (14) 
catechin (14) 

P7 161/263L 

161/261F 
161.0245 4.36 C9H5O3 0.203 161.0205 (23), 133.0298 (100), 

117.0345 (40) 
umbelliferone (internal 
standard) 

P8 421.2/269L 

421.1/261F 

421.0784 4.43 C19H17O11 1.770 403.0670 (13), 331.0456 (83), 
301.0352 (100) 

n.a. 

P9 313/275F 313.0345 4.57 C16H9O7 -2.862 269.0454 (100) endocrocin (28)a 

P10 399.1/279L 

399.1/278F 

399.1291 4.63 C18H23O10 -1.328 309.0977 (24), 287.0772 (61), 
279.0873 (100), 167.0350 (47) 

n.a. 

P11 477.1/282L,F 477.0670 4.67 C21H17O13 -0.972 301.0353 (100) miquelianina 

(quercetin-3-O-
glucuronide) 

P12 505.1/287L,F 505.0982 4.76 C23H21O13 -1.195 463.0877(33), 445.0771 (11), 
300.0272 (100), 301.0349 (64) 

acetyl quercetin-3-O-
hexoside I * 

P13 651.2/291L,F 651.1547 4.83 C29H31O17 -1.963 609.1457 (41), 591.1348 (100), 
301.0353 (52), 300.0276 (91), 
299.0196 (21), 271.0248 (18) 

acetyl rutin I * 

P14 549.1/296L,F 549.0882 4.92 C24H21O15 -0.679 505.0984 (100) n.a. 

P15 449.1/300L,F 449.1088 4.99 C21H21O11 -0.411 303.0506 (100), 285.0401 (82), 
151.0038 (23), 323.0768 (12) 

astilbin (taxifolin-3-O-
rhamnoside) (19) 

P16 463.1/302L,F 463.0876 
 

 

463.0876  

5.0 
 

 

5.02 

C21H19O12 

 

 

C21H19O12 

-0.629 
 

 

-0.629 

301.0350 (100), 343.0457 (4) 
 

 

301.0350 (100), 343.0457 (5) 

 

hyperoside (7)a 

(quercetin-3-O-
galactoside) 

isoquercitrin (9)a 
(quercetin-3-O-glucoside 

P17 609.1/305L 

609.1/304F 

609.1459 5.06 C27H29O16 -0,308 301.0348 (100), 343.0457 (7), 
271.0246 (6), 255.0297 (3), 
300.0279 (44) 

rutin (6)a 

P18 433.1/312L 

433.1/311F 

433.0768 5.18 C20H17O11 -1.488 343.0455 (3), 301.0353 (83), 
300.0276 (100), 271.0613 (5) 

avicularin 

(quercetin-3-O-
arabinofuranoside) 

P19 447.1/321L 

447.1/320F 

447.0929 5.33 C21H19O11 -0.929 301.0350 (100), 300.0281 (35) quercitrin (8) 

(quercetin-3-O-
rhamnoside) 

P20 569.2/332L 

569.2/331F 

569.1863 5.48 C26H33O14 -2.194 509.1647 (63), 405.1178 (46), 
363.1080 (19), 345.0974 (35), 
243.0658 (100) 

n.a. 

P21 337/332L 

337/343F 

337.0019 5.51 C14H9O8S -1.339 321.9788 (100), 257.0454 (68) 1,3-dihydroxy-5-
methoxyxanthone-4-
sulfonic acid 

P22 477.1/333L 477.1036 5.55 C22H21O12 -0.585 357.0604 (8), 316.0543 
(11.06%), 315.0506 (100), 
314.0430  (49) 

O-methylquercetin 
hexoside 

P23 505.1/334L 

505.1/333F 

505.0984 5.55 C23H21O13 -0.8 463.0875 (30), 445.0769 (17), 
300.0272 (100), 301.0349 (65) 

acetyl quercetin-3-O-
hexoside II * 

P24 651/337L 651.1551 5.60 C29H31O17 -2.430 609.1413 (43), 591.1331 (100), 
301.0353 (55), 300.0276 (99), 
271.0248 (8) 

acetyl rutin II * 
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No Feature [M-H]- Rt 
(min) 

Moecular 
Formula 
[M-H]- 

Δ ppm Fragments (Intensity) Identification 

P25 263.1/345L 

263.1/340F 

263.1289 5.63 C15H19O4 -0.769 194.0583 (100), 166.0636 (13), 
151.0039 (3) 

dimethylallyl-
phlorisobutyrophenone 
(15)a 

P26 461.1/344L 461.1079 5.67 C22H21O11 -2.179 341.0654 (14), 299.0548 (46), 
298.0475 (100), 269.0449 (8) 

n.a. 

P27 301/344L 

301/343F 

301.035 5.72 C15H9O7 -1.182 178.9988 (100), 151.0040 (80), 
273.0407 (13), 257.0453 (11) 

quercetin (5)a 

P28 537.1/370L,F 537.0825 6.15 C30H17O10 -0.335 443.0409 (100), 385.0718 (55), 
417.0617 (9) 

I3,II8-biapigenin (33) 

P29 299.1/393L 

299.2/389F 

299.0921 6.51 C17H15O5 -1.394 238.0627 (26), 205.0502 (18), 
195.0081 (25), 193.0504 (12), 
179.0347 (100), 135.0450 (11) 

n.a. 

P30 685.1/402F 685.1195 6.67 C35H25O15 -0.559 535.0671 (100), 649.3593 (2) n.a. 

P31 277.1/407F 277.1076 6.78 C15H17O5 -1.901 249.1131 (100), 158.9243 (4) n.a. 

P32 327.1/411L 327.087 6.86 C18H15O6 -1.136 327.0873 (25), 309.2050 (37), 
308.2230 (47), 284.0324 (22), 
272.0323 (88), 271.0249 (100), 
258.0169 (17) 

tetrahydroxy-prenyl-
xanthone 

P33 341.1/418L 341.1025 6.96 C19H17O6 -1.734 326.0794 (100), 309.0767 (93), 
272.0236 (29), 217.0507 (68), 
190.0637 (21) 

trihydroxy-methoxy-
prenylxanthone 

P34 525.1/424L,F 525.1191 7.05 C30H21O9 -0.055 507.1083 (8), 270.0534 (100), 
254.0586 (21) 

hydroxyemodin 
dianthrone (26) 

P35 331.2/424L 

331.2/425F 

331.1912 7.08 C20H27O4 -0.944 194.0583 (100), 166.0636 (41), 
151.0037 (11) 

O-geranyl-
methylpropanoyl-
phloroglucinol 

P36 325.1/445L 325.0718 7.34 C18H13O6 0.150 325.0716 (20), 310.0480 (100), 
309.0402 (21), 307.0610 (37), 
295.0246 (11), 173.0609 (6), 
151.0039 (5) 

n.a. 

P37 269.2/456L 

269/453F 

269.0455 7.52 C15H10O5 -0.359 269.0452 (100), 241.0503 (7), 
169.1233 (4), 225.0557 (42) 

emodin (20)a 

P38 699.1/459L,F 699.135 7.63 C36H27O15 -0.834 519.0727 (100) S-skyrin-6-O-β-
glucopyranoside (29)a 

P39 521.1/458L 

521.1/459F 

521.0876 7.65 C30H17O9 -0.432 521.0878 (100) protopseudohypericin 
(27) 

P40 669.1/463L,F 669.1246 7.7 C35H25O14 -0.521 519.0720 (100) S-(+)-skyrin-6-O-β-
arabinofuranoside (30)a 

P41 501.3/463L 

501.3/464F 

501.3014 7.7 C33H41O4 -0,732 501.0628 (90), 486.0382 (16), 
457.0731 (10), 432.2307 (100), 
383.2227 (14) 

Unidentified 
phloroglucinol I 

P42 519.1/466L 

519.1/467F 

519.0718 7.75 C30H15O9 -0.800 519.0722 (100), 503.0408 (7), 
487.0458 (13) 

pseudohypericin (4) 

P43 467.3/470L 

467.3/471F 

467.3163 7.82 C30H43O4 -0.863 398.2461 (100), 383.2227(5), 
329.1757 (5), 327.1965 (5) 

hyperifirin (40) 

P44 509.1/474L,F 509.1239 7.88 C30H21O8 -0.611 491.1131 (6), 254.0584 (100) Emodin dianthrone (24) 

P45 413.3/475L 

413.3/476F 

413.2702 7.91 C26H37O4 1.275 369.2793 (19), 369.2424 (13), 
276.1365 (54), 275.1289 (32), 
233.0819 (100), 221.0819 (19), 
208.0741 (38) 

deprenylhyper-
polyphyllirin (38) 

P46 481.3/483L 

481.3/482F 

481.3326 8.04 C31H45O4 0.638 437.3430 (100), 411.2922 (79), 
343.1918 (24), 276.1368 (27), 
233.0821 (56), 208.0742 (15), 
207.0666 (26) 

hyperpolyphyllirin (39) 

P47 331.2/487L 

331.2/489F 

331.1914 8.14 C20H27O4 -0.189 331.1919 (24), 313.1812 (11), 
287.2020 (100), 262.1214 (11), 
261.1501 (17), 207.0666 (24), 
194.0587 (6) 

3-geranyl-
methylpropanoyl-
phloroglucinol (17)a 

P48 345.3/487L 

345.3/488F 

345.2070 8.21 C21H29O4 -0.153 327.1967 (13), 301.2173 (100), 
276.1368 (11), 261.1496 (18), 
221.0820 (26) 

3-geranyl-
methylbutanoyl-
phloroglucinola 

P49 535.4/496L 

535.4/497F 

535.3786 8.25 C35H51O4 -1.37 466.3095 (100), 397.2382 (34), 
383.2234 (64), 315.1606 (42), 
313.1814 (30) 

hyperforin (1) 
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No Feature [M-H]- Rt 
(min) 

Moecular 
Formula 
[M-H]- 

Δ ppm Fragments (Intensity) Identification 

P50 549.4/499L 

549.4/501F 

549.3945 8.31 C36H53O4 -0.734 480.3243 (100), 411.2539 (21), 
397.2382 (38), 329.1756 (32), 
313.1807 (27) 

adhyperforin (2) 

P51 331.2/500L,F 331.1914 8.33 C20H27O4 -0.038 287.2018 (78), 261.1099 (5), 
207.0664 (35) 194.0586 (100), 
152.0118 (13) 

2-O-geranyl-
methylpropanoyl-
phloroglucinol (41) 

P52 505.1/502L 

505.1/503F 

505.0924 8.40 C30H17O8 -1.071 505.0930 (100) protohypericin (18) 

P53 345.2/507L,F 345.207 8.44 C21H29O4 -0.326 316.1996 (14), 301.2169 (64), 
209.0818 (17), 208.0740 (100), 
152.0116 (18) 

2-O-geranyl-1-
methylbutanoyl-
phloroglucinol (42) 

P54 413.2/508L,F 413.2333 8.46 C25H33O5 -0.236 343.1913 (100) maculatoquinone (37) 

P55 503.1/515L 

503.1/517F 

503.0775 8.56 C30H15O8 0.555 503.0773 (100), 459.0874 (11), 
461.0668 (4) 

hypericin (3)a 

P56 485.3/522L,F 485.3274 8.7 C30H45O5 0.396 457.3325 (100) unidentified 
phloroglucinol II 

P57 551.4/528L,F 551.3741 8.71 C35H51O5 -0.250 483.3087 (25), 482.3041 (100), 
467.2800 (12), 413.2335 (42), 
411.2545 (88), 399.2181 (87), 
331.1553 (65), 329.1766 (53) 

furohyperforin (32) 

P58 401.3/541F 401.2697 9.01 C25H37O4 -0.207 401.2704 (100), 383.2593 (26), 
195.0662 (8) 

unidentified 
phloroglucinol III 

P59 567.4/542L 

567.4/543F 

567.3696 9.05 C35H51O6 0.824 471.3116 (100), 497.3272 (14), 
453.3007(15), 415.3218 (12) 

unidentified 
phloroglucinol IV 

a identified with standard compound  

* acetylation at the sugar moiety 
L feature in leaf data 
F feature in flower data 

 

Hypericum is harvested for pharmacological purposes during the flowering period to achieve the 

highest possible secondary metabolite content. That is why the study considers not only the leaf 

material but also the flowers. The analysis of the flower samples was performed independently 

from the leaf samples because a joint data processing was not possible. Since both data sets were 

measured at different time points, minimal retention time shifts occur between the features. The 

PCA shown in Figure 4.4 represents the main variances within the flower data set. In accordance 

with the PCA of the leaves (Figure 4.3c), GT 3, 21, and 29 are separated from the other GTs, with 

GT 3 and one replicate of GT 29 being separated most clearly. Responsible for this are, as shown 

in the loadings plot (Figure 4.4b), flavonoids, and prenylated phloroglucinols. For the separation 

of the three GTs an increased content of smaller prenylated phloroglucinols, such as 15, P35, P45, 

P46, and P58, and the unidentified compound P30 (C35H26O15) are responsible. Hyperforin (1), 

adhyperforin (2), and their degradation product furohyperforin (32), however, appear to be reduced 

in these lines. The separation towards PC2 is mainly characterized by the presence of acetylated 

flavonoids (P12, P13, P23, P24) and astilbin (19). Whereby the GTs shifted in a negative direction, 

have increased values. 

The comparison of PC3 and 4 (Figure 4.4c) represents a separation into two groups. The shift 

towards positive PC3 values of group A correlates with reduced rutin (6) values and increased 

values of various small phloroglucinols (P25, P31, P43, P45, P46, P58). 
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Figure 4.4 PCA of UHPLC-MS data of H. perforatum flower samples: scores plots are coloured by GT and show a) 

PC1 and PC2 and c) PC3 and PC4. The corresponding loadings plots with assigned loadings (peak numbers according 

to Table 4.1) coloured by compound class (green = flavonoids, yellow = prenylated acylphloroglucinols, 

blue = xanthones, violett = organic acid, red = naphthodianthrone) b) PC1 and PC2, and d) PC3 and PC4. 
 

 Relation of metabolite profiles and GT characteristics 

As described above, the different GTs vary in their secondary metabolite composition. The applied 

experimental design was intended to largely exclude environmental factors as a source of 

metabolite changes. In conclusion, the remaining variance is caused by genetic differences. 

Therefore, in this chapter, possible parallels between the metabolite composition and genetic or 

phenotypic characteristics such as ploidy, reproduction strategy, flowering behavior, or the origin 

will be discussed. Metadata were provided by our project partner at IPK Gatersleben (Appendix 

3.1). The genetic parameters were determined according to Molins et al. (2014).64 The investigated 

H. perforatum GTs are mainly tetraploid or hexaploid. Just three diploid lines are included. By 

staining the PCAs based on leaf data with the ploidy level (Figure 4.5b), no correlation to the 



 Results and discussion 

59 

metabolite composition was visible. This observation is not surprising since Molins et al. (2014)64 

and Koch et al. (2013)107 could show that genetic clustering is also largely independent from the 

ploidy level. 

By examining the microsatellite variation, Molins et al. (2014)64 were able to assign the GTs to 

three genetic clusters. The three genetic clusters “red”, ”green”, and “blue” can also occur mixed 

in some GTs (Appendix 3.1) and are spread over North America and Europe equally. Interestingly, 

it is assumed that the “blue” genetic cluster is possibly a genetic variation of H. maculatum, which 

is intercrossed in H. perforatum over time.64,107 Staining the PCA based on the genetic clusters 

(Figure 4.5a), revealed no clear separation between the backgrounds. Nevertheless, the GT 

group A, formed in the positive direction of PC1, doesn’t contain GTs with the “blue” background. 

Only the “red”, “green” and “mixed” (marked in yellow) forms are included. Group A is mainly 

characterized by a low amount of rutin (6) (Figure 4.4). These findings are in contrast to most of 

the literature data, which report the absence of rutin (6) in H. maculatum compared to 

H. perforatum.75,147-149 Nevertheless, Umek et al. (1999)76 and Rusalepp et al. (2017)61 reported 

higher amounts in H. perforatum, and a number of studies were able to detect rutin (6) in 

H. maculatum as well.60,77,150,151 However, regarding the literature, which compared the 

composition of the major compounds of H. maculatum, the results are inconsistent. A summary of 

the literature is given in Appendix 4.4. However, only Raclariu et al. (2017)56, Bagdonaitė et al. 

(2012)147 and Radusienė et al. (2004)152 compared major metabolites of the species under 

comparable conditions in the field. The other studies used in vitro cultures117,151,153 or plants from 

the wild60,61,76,77,92,144,148,149,154,155, which are highly influenced by culture conditions and 

environmental factors. Nevertheless, all studies included just one or a small number of genetic 

lines representing each species, and could, therefore, not appropriately cover the diversity of the 

highly varying species. Apart from the major constituents, Nedialkov et al. (2015) identified in 

H. maculatum new prenylated phloroglucinols and maculatoquinones.156 Zheleva-Dimitrova et al. 

(2012) detected benzophenone derivatives.157 However, by checking for possibly fitting features 

of these compounds, no significant difference between lines with different genetic backgrounds 

could be observed. This leads to the conclusion that although the blue background originates from 

H. maculatum, the secondary metabolite levels are not significantly different. 

90 GTs were originally collected at different places in Europe and North America from the wild 

before cultivation. In our sample set, no differences between the metabolite profiles according to 

the continent were detected. H. perforatum is not endemic to North America and was probably 

introduced at the beginning of 18th century.158 Molins et al. (2014) proposed that H. perforatum 

was introduced multiple times because all three gene clusters from Europe were also found in 

North America.64 The same genetic pools on both continents are reflected in a similar metabolite 

variance. 

However, often different GTs were sampled per site. The PCA based on the sample origin is shown 

in Figure 4.6. In most cases, sample sites include GTs with similar metabolite composition, for 
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example GTs from Silwood in England (violet square) or La Selva de Mar in Spain (blue square). 

Normally GTs from a similar sample site are closely related because of the facultatively apomictic 

reproduction of H. perforatum.64,107 The asexual reproduction via seeds allows the fast-spreading 

of progeny with identical characteristics like the mother plant. This reproduction strategy 

represents one reason for the invasive behavior of this species. Interestingly, different sample sites 

close to the Great Lake region (Michigan MI and Wisconsin WI) do not cluster together. Although 

the GTs possess geographical proximity, they are separated in PCA by the specific sampling sites. 

This reflects the findings of Molins et al. (2014) , who identified the Great Lake region as a center 

of genetic variability.64  

 

Figure 4.5 PCA of UHPLC-MS data of leaf samples: scores plots are colored by a) genetical background, b) ploidy, 

c) continent d) flowering behavior (full = harvest of 30 flowers for each replicate, medium = two replicates between 

20-10 flowers, low = two replicates lower than 10 flowers). 
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Figure 4.6 PCA of UHPLC-MS data of H. perforatum leaf samples: scores plot is colored by sampling site. Not 

colored are GTs 1, 2, and 3 originated from botanical gardens. 

 

 Comparison of major compounds and the suitability in the pharmaceutical 

industry 

4.3.4.1 European Pharmacopoeia criteria 

Hypericum perforatum is applied against mild to moderate depression, and therefore became one 

of the best-selling herbs in the Western World. To fulfill the quality criteria as Hyperici herba 

according to the European Pharmacopoeia, the presence of certain marker compounds has to be 

analyzed. In this chapter, the investigated GTs were checked for these quality characteristics. In 

contrast to the prescribed HPLC-DAD method, our methodology is not used for quantification, so 

that just relative intensities are compared. Considered compounds are the two phloroglucinols, 

hyperforin (1), and adhyperforin (2), the flavonoids, quercetin (5), rutin (6), hyperoside (7), 

quercitrin (8), isoquercetin (9), and biapigenin (33), as well as the naphthodianthrones, hypericin 

(3) and pseudohypericin (4). The compounds are marked in the chromatogram, shown in Figure 

4.7. Due to only a small retention time difference between hyperoside (7) and quercitrin (8), these 

isomers cannot be separated by the automated processing. Therefore, these two marker compounds 

were considered with one value and the peak number P16. However, the ratio between these two 

compounds can be evaluated in the chromatogram visually (shown in Figure 4.7c). 
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Figure 4.7 LC-MS chromatogram (TIC) of: a) pooled quality control (QC) of leaf samples and b) pooled quality 

control (QC) of flower samples. c) Mass range chromatogram of m/z 463 of leaf data with Rt window 4.9–5.2 min. 

The average intensities of the marker compounds for each GT were calculated and displayed in 

heatmaps of the leaf and flower data in Figure 4.8. First of all, it is noticeable that the 

phloroglucinols, hyperforin (1) and adhyperforin (2), exhibit the highest intensities in both organs. 

In leaves, the naphthodianthrones and quercetin derivatives possess comparable intensities, 

whereas I3,II8-biapigenin (33) is much lower. In the flowers, I3,II8-biapigenin (33) reaches the 

intensities of quercetin derivatives and naphthodianthrones.  

Within the heatmap, a hierarchical clustering of the GTs based on the marker compounds was 

performed. In the leaf data, the GTs cluster into four groups (L1–L4). Cluster L1 is separated from 

the main group, which is subdivided into the three cluster L2–L4. Cluster L2 comprises the highest 

number of GTs. The right subgroup of the cluster L2 possesses identical profiles. Interestingly all 

these GTs originate from England. Obviously, the geographical separation of the GTs resulted in 

the same compound pattern, which indicates that they descended from the same relatives and were 

possibly produced by asexual reproduction.  

The average metabolite profile of each cluster was calculated to simplify and present the 

characteristics in a radar chart (Figure 4.9a). The scale for each compound is based on the 

minimum and maximum value measured among all GTs, so that a comparison between compounds 

is not feasible. Cluster L1 is characterized by a reduced I3,II8-biapigenin (33) content in 

comparison to the others. Apart from that, L1 is similar to L2. GTs in cluster L3 and L4 possess a 

reduced rutin (6) content. Additionally, L3 has a slightly increased content of 

hyperoside/isoquercitrin (7/9), quercitrin (8), hypericin (3), and I3,II8-biapigenin (33). L4 
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represents just the GT3, which was already separated in the untargeted PCA analysis (Figure 4.3). 

The profile of L4/GT3 show many abnormalities (appendix 4.5). The major difference to the other 

GTs is a minimal phloroglucinol content in GT3. Compared to all GTs also the quercitrin (8) and 

the hypericin (3) contents are low. However, the differences are not significant (compare Figure 

4.8a) because the fluctuation of these compounds over all samples is small. The 

hyperoside/isoquercitrin (7/9) content of L4/GT3 is slightly increased. 

 

 

Figure 4.8 Heatmap of marker compounds intensities (log) for 93 H. perforatum GTs clustered with hierarchical 

cluster analysis: a) leaf data (cluster L1-L4), b) flower data (cluster F1-F3). 
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Figure 4.8b shows the heatmap based on the flower data. The HCA clusters the GTs in three strict 

groups, indicated by a long distance. The average content per compound of each cluster is 

presented as radar chart in Figure 4.9b. Cluster F1 contains solely the unique GT3, in which 

hyperforin (1), adhyperforin (2), and rutin (6) are almost absent. Further, GT3 shows a 

significantly higher quercetin (5) amount. The lack of rutin (6) is the reason for the separation of 

cluster F2. Notably, GTs 21 and 29 in this cluster have fewer phloroglucinols than the other GTs 

of the cluster F2. The biggest cluster F3 comprises more than 75% of the investigated GTs and 

contains all marker compounds in a comparable amount. 

In general, the heatmaps show that the differences between the GTs are more prominent in flower 

data, but the same trend is found in the leaf data. The formed clusters of the flower data match 

with the clusters of the leaf data: F1 equals L4, F2 equals L3, and F3 equals L1 and L2. Especially 

GT3 (L4, F1) is conspicuous because it contains significantly less hyperforin and adhyperforin. In 

general, the chromatogram of GT3 differs significantly from an average H. perforatum profile 

(appendix 4.5). Also, in the untargeted analysis, this GT showed the highest deviation (Figure 4.3 

and Figure 4.4). A GT with a drastic decrease of hyperforin and adhyperforin is, apart from the 

chapter 2, where another GT show that characteristics, not known from the literature.  

I3,II8-Biapigenin (33) varies in the leaf data but not in flower data. For flower data, similar results 

were obtained by Büter et al. (1998).159 They compared the major compounds of flowers from 

seven H. perforatum GTs and reported no inter-accession changes of 33. This compound occurs 

mainly in buds and flowers,160 therefore, the content variation in leaves will not significantly affect 

the overall content in the herbal drug, where the whole upper flowering plant is used. 

A significant intraspecific variation occurs for rutin (6). In flower data 17 GTs and in leaf data 21 

GTs contain significantly reduced amounts of this quercetin derivative glycosylated with the 

disaccharide rutinose at position 3. The different numbers for leaf and flower samples emerge 

because four of the nonflowering GTs were lacking 6. Rutin (6) is formed via the transfer of 

glucose and rhamnose to quercetin (5). Interestingly, the precursor quercetin (5) variates 

independently. The correlation between rutin (6) and the monoglycosidic precursor isoquercitrin 

(9) could not be evaluated because it coelutes with its isomer hyperoside (7) (Figure 4.7c). At least 

for the sum of both compounds, no correlation is observable. The last biosynthetic step, known 

from buckwheat,161 is catalyzed by a flavonol-3-O-glucoside L-rhamnosyltransferase. Whether the 

absence of this enzyme is responsible for the rutin-poor chemotype might be verified by 

transcriptome analysis experiments. This rhamnosyltransferase differs from the 

rhamnosyltranferase producing quercitrin (quercetin-3-O-rhamnosid). Thus quercitrin (8) was still 

present in all GTs. 

The high intraspecific variability of rutin (6) was already shown in the preliminary study (chapter 

2). Several studies of H. perforatum identified rutin as a highly genotype-dependent 

compound.59,60,63,159,162,163 Franke et al. (1999) performed the study with the highest number of 

accessions. They quantified the major compounds of 153 lines and characterized especially two 
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main groups: one with a high rutin (6) and hyperoside and isoquercitrin (7/9) content and the other 

one with low rutin (6) and high hyperoside and isoquercitrin (7/9) content.163 The study of Scotti 

et al. (2018) comprised 71 samples of primary H. perforatum material, whereby 38% did not 

contain 6 in detectable amounts.59 These studies describe in accordance with our findings rutin (6) 

as a major discriminant compound. Fillipini et al. (2010) suggested the compound as a taxonomic 

marker to distinguish between the H. perforatum subspecies: perforatum, angustifolium, and 

veronense. They stated that subspecies veronense contains 6 exclusively.162 However, because 

they have not included multiple accessions or biological replicates per subspecies, the result might 

be coincidental. Since in our investigation, the GTs were not differentiated in subspecies, this 

hypothesis can not be addressed. 

 

Figure 4.9 Radar chart representation of the mean intensity of each marker compound for the defined cluster (Figure 

4.8) for a) leaf data and b) flower data. As scale, the minimum and maximum value for each compound over all GTs 

was used.  

 

4.3.4.2 Suitability of the GTs for pharmaceutical usage  

22% of the analyzed GTs are not in line with the European Pharmacopoeia 10 because of the 

absence of rutin (6). Therefore rutin should not be used as marker compound to distinguish 

H. perforatum from related species. GT 3 was found to be outstanding by lacking hyperforin and 

adhyperforin. The other marker compounds have not shown dramatic intraspecific changes.  

Various activities are attributed to Hyperium perforatum extracts, summarized by Avato et al. 

(2005)164 and Barnes et al. (2001,2019)10,165.  

Antidepressant properties 

In the Western World, the extracts are mainly applied against mild to moderate depression. 

Nowadays, it is known that several compounds with different modes of action contribute to the 

antidepressant activity. Nevertheless, the complex mixture of the crude extract revealed better 

results than the isolated compounds. None of the identified compounds was able to explain the all 

effects of the crude extract.  
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Hyperforin (1) is assumed to be the main compound responsible for the effects, by impeding 

nonselectively the synaptosomal uptake of several neurotransmitters. Although the mechanism is 

not yet clarified, in vitro studies suggest that hyperforin does not inhibit the monoamine 

transporters themself, but rather mediates a reduced reuptake by increasing the free intracellular 

Na+ concentration 166 and/or the neurotransmitter storage in synaptic vesicles167. For compounds 

a dose-response relation is proven167, which is why pharmaceutical H. perforatum medications are 

sometimes ideally also standardized to their hyperforin content. Special care has to be taken, with 

hyperforin contents higher than 1 mg hyperforin per day, because severe adverse effects were 

reported. The intake of hyperforin reduces the bioavailability of other drugs, like digoxin, 

ciclosporin, and oral contraceptives, which are substrates of cytochrome P450 enzymes 

(CYP3A49) or p-glycoprotein (ABCB1).40 

Flavonoids and naphthodianthrones were also shown to have antidepressant effects in vitro, by 

inhibiting monoamine oxidases (MAO).168,169 However, the results are questionable due to a much 

lower plasma concentration in vivo.170 As a consequence, the application of an extract from GT 3 

to depressive patients is not suitable because it may not reduce their symptoms. 

Apart from the direct effects against depression, the higher activity of the crude extract compared 

to single compounds could be explained by a pharmacokinetic synergy. Especially flavonoids were 

reported as solubility and permeability modifiers of the poorly soluble hypericin (3). The addition 

of hyperoside (7) and rutin (6) can lead to a 400 times increased concentration of hypericin (3) in 

water.171 Furthermore, the permeability of hypericin across Caco-2 cells was enhanced after the 

addition of a combination of quercitrin (8) and rutin (6).172 In vivo the oral bioavailability of 

hypericin (3) was 58% higher in the presence of hyperoside (7) and procyanidin (P4) in rat 

plasma.173 This leads to the conclusion that a high quercetin-glycoside content is desirable to 

produce an effective medicinal extract. 

The study of Nöldner et al. (2002)174 highlighted the importance of rutin (6) in the extract to treat 

depressive disorders. When they tested two different extracts, only the rutin-rich formulation was 

active. After adding rutin in a sufficient amount (3%) to the inactive extract, it showed activity in 

the forced swimming test on rats. The researchers found no dose dependency and assume that the 

effect is reached after a threshold limit.174 Manufacturers should consider testing the plant material 

for the amount of rutin (6) and other major flavonoids because our results show that around 20% 

of the GTs lack compound 6. Until now, the plant extracts are just standardized to their hypericin 

(3) and sometimes additional hyperforin (1) content. This leads to the variability of the flavonoid 

portion in the extracts and could be responsible for inconsistencies in clinical studies. 
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Alzheimer’s disease 

Alzheimer’s disease (AD) is a neurodegenerative disorder characterized by progressive loss of 

memory and dementia. The connected histopathological features are amyloid-β-deposition (Aβ) 

and abnormal tau-protein. Accompanied by oxidative stress and neuro-inflammation, this leads to 

neuronal damage.175  

Several preclinical studies tested H. perforatum extracts in vitro and in vivo and revealed promising 

results against AD.11,176,177 However, there is no clinical evidence until now. As an example, 

Hofrichter et al. (2013) administered different extracts to APP-transgenic mice. They found a 

decrease of intracerebral Aβ42 level and Aβ-plaque size and number as well as microglia 

activation and a restored cognition in Morris water maze experiments. They assume that 

H. perforatum metabolites activate the ABCC1 transporter in the blood brain barrier so that 

monomeric Aβ is removed from the brain.11 A similar hypothesis had Brenn et al. (2014), who 

showed increased expression of the ABCB1 transporter.176  

Several studies tested pure compounds in diverse assays to identify the active ingredients of the 

extracts. Dinamarca et al. (2006)38 showed that hyperforin (1) decreases dose- and time-dependent 

the Aβ-aggregation. In contrast to that, Hofrichter et al. (2013)11 mentioned that there is no 

correlation between the effects and the hyperforin (1) content. Another study showed that 

hypericin (3) interacts with the Aβ-fibrils, without reducing the number.98  

Licensed medicaments against AD inhibit the Acetylcholinesterase (AChE), which reduces the 

neurotransmitter acetylcholine in the brain. Hernandez et al. (2010)85 reported the highest AChE 

inhibition by hypericin (3) (5.7 µg/ml), whereas flavonoids like quercetin (5) exhibited moderate 

results. However, they did not include phloroglucinols, which showed promising results in the 

study of Guo et al. (2018)82. The acylphloroglucinol with the best AChE inhibition properties 

(6,9 µM) also inhibited β-secretase, responsible for the first step of the amyloidogenic 

processing.82 

The antioxidative compounds of H. perforatum were discussed to prevent neuron damage by 

reducing the oxidative stress in AD. In particular, the quercetin derivatives were able to decrease 

the formation of amyloid-induced reactive oxygen species in microglia. Catechin (P6,14) and 

epicatechin (P4,14a) have, in contrast, also cytoprotective effects that go beyond the antioxidant 

effect.86 In our study, the GTs showed large fluctuations in acetylated flavonoids. This 

modification decreases their polarity and may facilitate to cross the blood-brain barrier and reach 

the place of action.  

Guo et al. (2018)82 mentioned that for the treatment of a multifactorial disease like AD a 

multitargeted drug would be necessary. A complex compound mixture like an extract from 

H. perforatum addresses many different targets and may have a positive impact on AD patients. 

However, to obtain clinically reliable results, the metabolite profiles of the used plant extracts must 

be well investigated. 
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 Correlation network analysis 

The abundance of metabolites produced within the same biosynthetic pathway is often closely 

related. The correlation between involved compounds can be used to get more insights into 

biosynthetic processes in the plant. As an example, Kusari et al. (2009) could show that the 

abundance of hypericin (3) and the putative precursor emodin (20) highly correlates within 

different Hypericum species and organs.77 In contrast to those studies, which used 30 samples 

maximum, the present study comprises for each organ over 200 samples, which increases the 

statistical power. Since the investigated GTs differ only slightly in their metabolite content, the 

data set is suitable for linear regression.  

The following untargeted analysis assumes that pathway-connected compounds show the same 

relation to each other in each GT. The variation of compound intensities between the GTs and 

biological replicates enables the correlation of one feature across all samples to all other features. 

By enlarging the correlation network with unidentified features, a complex network is resulting, 

which offers the possibility to identify connected not yet identified compounds. The positive 

correlation (Pearson) analysis of the major identified compounds, shown in Table 4.1, were 

pictured in Figure 4.10 as correlation networks. The network, based on leaf samples (Figure 4.10a) 

displays three major groups of features, whereas the analysis of flower samples generates four 

groups (Figure 4.10b). A group is formed if many features correlate with each other, which 

indicates highly connected metabolites. The group marked red shows hypericin related 

compounds, and the yellow group exhibits phloroglucinols. The  group marked green corresponds, 

in both organs, to catechin related compounds, like epicatechin and the dimer procyanidin. 

Additionally to that cluster, flavonoids are spread over the whole network and are often strongly 

connected to phloroglucinols and naphthodianthrones. Interestingly, the correlation network based 

on flower samples reveals two groups of phloroglucinols. These differences are discussed further 

in chapter 4.3.5.2. 

4.3.5.1 Hypericin correlated metabolites 

The hypericin pathway (Figure 3.4) is still not completely understood. The correlation network 

indicates a strong relationship between the hypericin biosynthesis connected compounds (red 

marked group Figure 4.10). To get further information, the intensities of hypericin (3) and 

pseudohypericin (4), as endproducts, were correlated to the whole feature list. The results of both 

organs are summarized in Table 4.2. Since no significant differences can be observed in the 

naphthodianthrone composition of leaves and flowers (Appendix 4.6), also the correlating features 

are mostly identical in both data sets (Table 4.2). 
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Figure 4.10 Correlation network of major identified compounds (Table 4.1) with all features (r > 0.4) for a) leaf and 

b) flower data from H. perforatum genotypes. 

Monomeric anthraquinones 

Hypericin (3) consists of two anthraquinone units. In most of the literature, it is assumed that the 

dimerization occurs between emodin (20) and emodin anthrone (21)27,55,77,96 catalyzed by a 

phenolic oxidative coupling protein (POCP).27,67 The correlation between emodin (20) and 

hypericin (3) was already reported using different Hypericum species.77,153 Recently, emodin (20) 

was also found in non-hypericin-containing Hypericum species, which raised doubts if emodin 

(20) is the precursor.39,101 The group of Kimáková et al. (2018)101 and our group67 reported the co-

occurrence of skyrin derivatives (29, 30) and hypericin (3), which could be a hint to a different 

biosynthetic pathway (see chapter 3). By analyzing different pistil phenotypes, with and without 

dark glands, emodin (20) was not detectable, but the closely related endocrocin (28). In the present 

correlation analysis both compounds 20 and 28 correlated with the hypericin (3) and 

pseudohypericin (4) content in the flowers. This result is in line with several studies, which stated 

a correlation to emodin (20) and our previous detection of endocrocin (28) (chapter 3.3.2). Whether 

28 is a by-product or an intermediate of the hypericin biosynthesis needs to be clarified. The 

abundance of both monomeric anthraquinones may hint to their common precursor athrochrysone. 

As already discussed in chapter 3, this compound might play a central role as precursor for 

dianthrones. The reason for the exclusive and significant correlation in the flower data likely is 

due to the generally higher concentration of naphthodianthrones in flowers in comparison to 

leaves.139 

Furthermore, two correlating features were detected with m/z 431.1 and composition C21H19O10
- 

at Rt 5.56 min and 6.65 min. Despite the same elemental composition, the MS fragmentation 
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pattern differs strongly. For feature 431.1/399, the aglycone with m/z 269 is obtained as base peak 

with the molecular composition C15H9O5
-  after cleavage of glucose (C6H10O5). Two compounds 

with this formula are described to occur in H. perforatum, the anthraquinone emodin (20) and the 

flavonoid apigenin. In general, for the identification of anthraquinones in plants by MS, care must 

be taken because flavonoids often possess identical molecular formulas and similar fragmentation 

patterns. However, within the MS3 experiment of the aglycone with m/z 269, just the fragment 

m/z 225 which is typical for emodin (20), and not an additionally fragment m/z 149 typical for 

apigenin, could be detected. So the feature 431.1/399 was identified as emodin-8-O-glucoside (34). 

The MS2 fragment m/z 311 corresponds to the loss of C4H8O4, indicating a cleavage within the 

sugar moiety. This cleavage is characteristic for C-glycosides and was already described for 

puerarin (8-C-glycosyl-isoflavone) and fideloside (8-C-glycosyl-taxifolin).178,179 However, the 

comparison of emodin-1-O-glucoside and emodin-8-O-glucoside, also the 8-O-glucoside showed 

the fragment m/z 311, probably due to a stabilization of neighbouring atoms.180 These findings 

indicate that emodin exists as glycoside in H. perforatum. In general, glycosides often represent 

storage compounds in plants. Glycosylation can enable transport of this lipophilic compound 

outside of the glands. That the abundance of emodin (20) is not restricted to the dark glands was 

reported by Kusari et al. (2015)96 and Kucharíková et al. (2016)39. They detected the compound 

also in gland free leaf tissue, whereas Zobayed et al. (2006)55 were not able to identify emodin 

outside the dark glands.  

In comparison to that, feature 431.1/338 initially loses C6H10O4 so that C15H9O6
- (m/z 285) remains 

as base peak. The molecular formula of that fragment corresponds to kaempferol or to a methylated 

emodin like catenarin. Both substances were measured as reference compounds and their 

fragmentation was compared to the unidentified aglycon, but none of the compounds can be clearly 

assigned to the MS3 spectrum of 431.1/338. 

 

Table 4.2 Correlating features to hypericin (3) and pseudohypericin (4) in the data sets (Ds) based on leaf data 

“L”(correlation coefficient > 0.4) and flower data “F” (correlation coefficient > 0.5). Mass fragmentations were 

obtained with ncd = 35 eV (or ncd = 45 eV marked with *). 

Feature [M-H]- Rt 
(min) 

Molecular 
Formula 
[M-H]- 

Δ ppm RDB Fragment ions (Intensity) Identification Ds 

269/453 269.0455 7.52 C15H9O5 -0.359 11.5 269.0452 (100), 241.0503 (7), 
169.1233 (4), 225.0557 (42) 
MS3[269]→ 181.0658 (100), 
197.0607 (10), 197.1912 (10), 
210.0320 (55), 225.0556 (59) 

emodin (20) F 

285/366  285.0407 6.06 C15H9O6 0.943 11.5 285.0401 (100), 267.1605 (5), 
229.0504 (5), 151.0040 (5) 

kaempferola F 

301/343  301.0350 5.72 C15H9O7 -1.182 11.5 178.9988 (100), 151.0040 (80), 
273.0407 (13), 257.0453 (11) 

quercetin (5)a LF 

313/275 313.0345 4.57 C16H9O7 -2.862 12.5 269.0450 (100) 
MS3[269] → 269.0460 (100), 
225.0548 (63) 

endocrocin (28)a F 

329.1/242 329.0873 4.03 C14H17O9 -1.414 6.5 291.0772 (23), 269.0651 (7), 
221.0454 (11), 191.0349 (100), 
167.0350 (77) 

n.a. F 

355.3/534 355.3214 8.81 C22H43O3 -1.009 1.5 309.3161 (100) n.a. F 



 Results and discussion 

71 

Feature [M-H]- Rt 
(min) 

Molecular 
Formula 
[M-H]- 

Δ ppm RDB Fragment ions (Intensity) Identification Ds 

371.2/334 371.2069 5.56 C19H31O7 -0.597 4.5 251.0927 (17), 209.1647 (38), 
159.0301 (21). 143.0351 (10), 
113.0247 (23), 101.0246 (11) 

n.a. L 

391.2/306 391.1974 5.10 C18H31O9 0.074 3.5 331.1756 (100), 179.0561 (15) n.a. L 

393.1/310 393.1193 5.17 C19H21O9 -3.779 9.5 273.0764 (9), 255.0660 (62), 
231.0660 (100) 

n.a. F 

407.2/334   407.1840 5.56 C25H27O5 -2.407 12.5 375.0505 (100), 285.0405 (84) n.a. L 

415.2/474 413.2702 7.91 C26H37O4 1.275 8.5 369.2793 (18), 369.2424 (12), 
276.1365 (53), 275.1289 (32), 
233.0819 (100), 221.0819 (19), 
208.0741 (38) 

n.a. F 

419.1/267 419.0977 4.46 C20H19O10 -1.694 11.5 375.1079 (100), 237.0556 (19), 
213.0555 (51), 
MS3[375] →267.0663 (4), 
255.0660 (5), 237.0554 (54), 
213.0554 (100) 

n.a. LF 

431.1/338  431.0980 5.56 C21H19O10 -0.812 12.5 371.2076 (13), 285.0402 (100) 
MS3[285]→ 267.0297 (38), 
257.0450 (100), 241.0503 (37), 
229.0504 (55), 213.0558 (22), 
197.0608 (18), 163.0038 (24)  
MS3[371]→ 209.1547 (40), 
161.0457 (100) 

n.a. LF 

431.1/399 431.0987 6.65 C21H19O10 0.835 12.5 311.0560 (48), 282.0534 (12), 
269.0454 (100) 
MS3[269] →269.0454 (100), 
225.0555 (50)  
MS3[311(35)] → 282.0534 (100), 
268.0377 (19), 240.0436 (7) 

emodin-8-O-
glucoside (34)b 

LF 

435.1/308 435.1305 5.13 C21H23O10 1.792 10.5 341.0668 (34), 315.0868 (74), 
302.0335 (87), 273.0763 (100) 

n.a. F 

447.1/320  447.0929 5.33 C21H19O11 -0.929 12.5 301.0350 (100), 300.0281 (35) quercitrin (8) F 

463.1/269  463.1247 4.49 C22H23O11 0.141 11.5 431.0971 (100), 317.0658 (9), 
299.0553 (78), 285.0398 (8) 
MS3[431] → 285.0401 (100)  
MS3[299] → 284.0312 (100)  

n.a. LF 

471.3/543 471.3120 9.04 C29H43O5 -2.308 8.5 471.3120 (100), 453.3012 (14), 
383.2594 (9) 

n.a. F 

503.1/517  503.0775 8.56 C30H15O8 0.555 23.5 503.0773 (100), 459.0874 (11), 
461.0668 (4) 
*MS2[503]→ 503.0773 (100), 
487.0459 (6), 461.0665 (11), 
459.0874 (32), 447.0874 (1), 
431.0925 (3), 433.0718 (3) 

hypericin (3)b LF 

505.1/503  505.0924 8.40 C30H17O8 -1.071 22.5 *MS2[505]→ 505.0930 (100), 
489.0613 (5), 477.0981 (5), 
463.0894 (11), 462.1091 (8), 
461.1034 (40), 436.0552 (2), 
433.1082 (2) 

protohypericin 
(18)b 

LF 

509.1/474  509.1239 7.88 C30H21O8 -0.611 20.5 491.1131 (6), 254.0584 (100),  
MS3[491]→ 491.3166 (37), 
473.4017 (38), 447.4200 (100), 
421.2768 (35)  
MS3[254]→ 254.0586 (85), 
226.0638 (100) 

emodin 
dianthrone (24)b 

LF 

511.3/543  511.3428 9.06 C32H47O5 -0.172 9.5 436.3301 (11), 435.3272 (100), 
377.2851 (36) 

n.a. F 

517.1/527  517.0559 8.75 C30H13O9 -0.655 24.5 517.0566 (33), 499.0459 (100), 
489.0616 (7), 487.0461 (4), 
473.0668 (4), 475.0444 (2), 
455.0559 (2) 
MS2[499]→ 499.0457 (100), 
455.0560 (6) 

35 LF 
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Feature [M-H]- Rt 
(min) 

Molecular 
Formula 
[M-H]- 

Δ ppm RDB Fragment ions (Intensity) Identification Ds 

519.1/467  519.0718 7.75 C30H15O9 -0.8 23.5 519.0722 (100), 503.0408 (7), 
487.0458 (13) 
*MS2[519]→ 519.0722 (100), 
503.0410 (22), 487.0460 (44), 
475.0456 (13) 

pseudohypericin 
(4)b 

LF 

519.1/493  519.0713 8.20 C30H15O9 -0.845 23.5 519.0707 (20), 503.0392 (100), 
487.0466 (1) 

n.a. LF 

521.1/459  521.0876 7.65 C30H17O9 -0.432 22.5 *MS2[521]→ 521.0878 (100), 
503.0776 (2) 493.0927 (4), 
489.0616 (2), 479.0805 (11), 
477.0980 (37), 449.1040 (1), 

protopseudo-
hypericin (27)b 

LF 

525.1/424  525.1191 7.05 C30H21O9 -0.055 20.5 507.1083 (8), 270.0534 (100), 
254.0586 (21)  
MS3[507]→ 507.1082 (18), 
489.0976 (100), 479.1145 (9), 
461.1036 (3)  
MS3[270]→ 270.0532 (100), 
242.0582 (85), 241.0505 (87), 
214.0635 (3) 
MS3[507]→ 254.0586 (94), 
226.0636 (100) 

hydroxyemodin 
dianthrone (26)b 

LF 

535.1/420  535.0666 6.99 C30H15O10 -0.822 23.5 535.0663 (100), 517.0558 (5), 
503.0403 (10), 475.0452 (7) 
*MS3[503]→ 503.0402 (100), 
461.0314 (15), 459.0491 (31) 

36 F 

535.1/435  535.0672 7.21 C30H15O10 0.318 23.5 535.0664 (55), 519.0366 (30), 
518.0632 (95), 517.0563 (21), 
504.0437 (28), 503.0398 (100), 
493.0562 (81), 489.0609 (30), 
290.2121 (7) 

n.a. L 

547.1/408  547.0685 6.80 C31H15O10 2.578 24.5 529.0568 (19), 515.2674 (4), 
503.0769 (100) 

oxyskyrinb F 

553.1/431 553.0787 7.14 C30H17O11 1.999 22.5 553.0775 (13), 535.0666 (20), 
536.0730 (21), 525.0817 (11), 
509.0864 (100), 485.0865 (79), 
465.0964 (13)  

n.a. F 

569.1/372 569.07251 6.15 C30H17O12 -0.069 22.5 569.0709 (11), 552.0684 (21), 
551.0614 (21), 541.0795 (11), 
525.0817 (100), 501.0820 (87), 
481.0926 (11) 

n.a. F 

569.4/543  567.3696 9.05 C35H51O6 0.824 10.5 471.3116 (100), 497.3272 (13), 
453.3007 (15), 415.3218 (12) 

n.a. F 

669.1/463  669.1246 7.7 C35H25O14 -0.521 23.5 519.0720 (100) S-skyrin-6-O-β-
arabinofuranoside 
(30)a 

L 

699.1/459  699.1350 7.63 C36H27O15 -0.834 23.5 519.0727 (100) 
*MS3[519]→ 519.0718 (100), 
491.0771 (25), 475.0820 (3), 
463.0823 (1), 447.0871 (4) 

S-skyrin-6-O-β-
glucopyranoside 
(29)a 

LF 

a identified with standard compound  
b identified based on MS/MS 

* fragmentation energy ncd=45 

 

Naphthodianthrones 

The dianthronic structure is reached after the dimerization of two anthraquinone units. After the 

initial C-C bond, the formation of one further C-C bond generates protohypericin (18) and 

protopseudohypericin (27). Finally, the last ring closure between the units takes place and the 

endproducts hypericin (3) and pseudohypericin (4) are obtained (Figure 3.4). These four 

compounds, summarized in the following discussion as hypericins, highly correlated with each 

other in flower and leaf data. For protohypericin (18), hypericin (3), and pseudohypericin (4), this 
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was shown by several studies.39,153 All hypericins are localized in the dark glands as evidenced by 

MS-imaging techniques.96,117 

In addition to the hypericins, features 517.1/527 and 535.1/420 hint, based on their chemical 

composition, to a close structural relation. Further the features 509.1/474 and 525.1/424 correlated 

which could correspond to emodin dianthrone (24) or penicilliopsin (23) and hydroxyemodin 

dianthrone (26) and hydroxypenicilliopsin (25). MS/MS experiments were performed and 

compared to the fragmentation pattern of the known hypericins to gain structural information of 

the analogs (Table 4.3). 

Table 4.3 MS2 fragments of naphthodianthrones and unidentified related features with relative intensities colored in 

yellow. 

Fragments Compound / Feature (nce) 

hypericin 

(3) 

(nce=45) 

proto-

hypericin 

(18) 

(nce=45) 

pseudo-

hypericin 

(4) 

(nce=45) 

Proto-

pseudo-

hypericin 

(27) 

(nce=45) 

517.1/527 

(35) 

(nce=35) 

535.1/420 

(36) 

(nce=35) 

525.1/424 

(nce=35) 

509.1/474 

(nce=35) 

[M-H]- 503 (100) 505 (100) 519 (100) 521 (100) 517 (32) 535 (100) 525 (0) 509 (0) 

[M-H-H2O]- - - 501 (10) 503 (2) 499 (100) 517 (12) 507 (8) 491 (6) 

[M-H-CO]- 475 (1) 477 (6) 491 (7) 493 (4) 489 (5) - - - 

[M-H-2CO]- 447 (2) 449 (1) - 465 (1) - - - - 

[M-H-CO2]
- 459 (33) 461 (40) 475 (14) 477 (75) 473 (3) 491 (3) - - 

[M-H-CO2-H2O]- - - - - 455 (1) - - - 

[M-H-CO-H2O]- - - - - - 489 (5) - - 

[M-H-CO2-CO]- 431 (3) 433 (2) - 449 (2) - - - - 

[M-H-CH3-OH]- - - 487 (44) 489 (3) - 503 (45) - - 

[M-H-CH2CO]- 461 (12) - 477 (5) 479 (12) 475 (1) - - - 

[M-H-CH2CO-CO]- 433 (3) - - - - - - - 

[M-H-CH2CO-2CO]- 405 (0.3) 407 (2) - 423 (1) - - - - 

[M-H-CH4]
- 487 (7) 489 (6) 503 (23) 505 (1) - - - - 

[M-H-CH3]
- - - - - 502 (2) - - - 

[M-H-CO2-CH3]
- 444 (1) - - - - - - - 

[M-H-CH2O]- - - 489 (5) 491 (2) 487 (4) 505 (11) - - 

[M-H-C3H6]
- - - 477 (8) - - - - - 

[M-H-C4H5O2]
- - - - - - 450 (3) - - 

[M-H-2H2O]- - - - - - 499 (3) - - 

[M-H-2CH2O]- - - - - - 475 - - - 

[M-H-CHO]- - - - - - 506 (20) - - 

[M-H-C15H9O4]
- - - - - - - 270 (100) - 

[M-H-C15H9O5]
- - - - - - - 254 (22) - 

[M-H-C15H11O4]
- - - - - - - - 254 (100) 

 

The fragmentation of the four known hypericins 3, 4, 18, 27 only could be realized with high 

collision-induced dissociation energies. Although high normalized collision energy (nce = 45) was 

applied, the fragmentation rate of the molecular ion peak is low, which shows the high stability of 

the polyaromatic compounds. Additionally, the eliminations that occur are unspecific. 

Nevertheless, Hecka et al. (2009) could show dependencies between the fragmentation pathway 

and the nature of substituents.181 To reach a comparable grade of fragmentation of the four 

correlating new features, a nce of 35 was sufficient.  
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Feature 517.1/527 corresponds to a molecular ion with the chemical composition C30H13O9
- , 

which is consistent with pseudohypericin bearing an additional bond. Two possible structures are 

shown in the Figure 4.11. On the one hand, the loss of two protons from the core structure could 

lead to a highly conjugated system with two keto groups instead of two hydroxy groups. On the 

other hand, a structural difference could be at the side chains at position 11 and 11’. It could be 

realized by an aldehyde at position 11 or a ring closure between the side chains. However, the 

molecular change of feature 517.1/527 results in the loss of stability of the molecular ion, since 

the base peak m/z 499 is already formed with the nce of 35. The preferred H2O loss indicates a 

change in the hydroxymethyl group. Furthermore, the compound shows the cleavages also 

observed for pseudohypericins (4). However, a striking difference is the formation of the radical 

m/z 502 after the cleavage of a CH3 group, whereas the loss of methane was observed for all 

hypericins. This leads to the conclusion that the methyl group at position 11’ is highly influenced, 

but based on this data the structure can not be determined. For one of the suggested structures the 

fragmentation pathway is shown in Figure 4.11. It should be noted that for all naphthodianthrones 

several mesomeric structures exist due to the keto-enol tautomerism. 

Figure 4.11 Proposed structures for the MS2 fragmentation of the ion m/z 517 and MS3 fragmentation of m/z 499. 

The fragmentation behavior of feature 535.1/420 (Figure 4.12) is similar to pseudohypericins 4, 

27, and is in accordance with the proposed structure 36. The losses of H2O and CH2O, which could 

also be observed in pseudohypericins, suggests hydroxylation at position 11. Compound with m/z 

535 shows cleavages of two H2O and two CH2O, pointing to a second OH group at position 11’. 

The loss of C4H5O2 is the only radical cleavage observed for this molecule. A possible 

fragmentation product with m/z 450 is shown in Figure 4.12. If the system is conjugated in this 
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way, the radical can be well stabilized, and various mesomeric structures are possible. However, 

the presence of a methyl group instead of the CH2OH group at position 11 or 11’, would not allow 

this so easily. Therefore the C4H5O2 loss cannot be observed in pseudohypericins 4 and 27. 

Fragment 503 (C29H11O9
-) is formed after the loss of CH3OH, known from pseudohypericin (4). 

The loss of the side chain favors a ring closure potentially resulting in a five-membered ring or a 

six-membered ring with integrated heteroatom. Since Piperopoulus et al. (1997) already described 

the formation of the five-membered ring moiety for hypericin and protohypericin after CH3 and 

for pseudohypericins after CH3OH-cleavage, the five-ring substructure is considered probable.182 

The MS3 fragmentation of ion 503 showed losses of CO2 and CH2CO, also typical for hypericins. 

The absence of the C4H5O2 loss in MS3 of m/z 503 indicate a stabilization of the side chains 11 and 

11’ like through a ring closure. The elimination of 29 Da corresponds to the loss of CHO. This 

splitting cannot yet be explained. The two correlating features 535.1/420 and 517.1/527 could 

represent two side products which structures are putatively assigned by MS/MS fragmentation.  

 

 

Figure 4.12 Proposed structures for the MS2 fragmentation of the ion m/z 535 (36) and MS3 fragmentation of m/z 503. 

The fragmentation of the two features 525.1/424 (C30H21O9
-) and 509.1/474 (C30H21O8

-) differs 

significantly from hypericins. Instead of unspecific neutral losses, these two structures split into 

subunits (Figure 4.13). Ion m/z 509 shows only the fragment m/z 254 corresponding to the equal 

halves of the molecule. Contrary, ion m/z 525 forms m/z 254 and as base peak m/z 270. The 

fragment m/z 254 of both compounds behave in MS3 experiments in the same manner, suggesting 

the occurrence of identical subunits. The [M-H]- ion at m/z 525 contains one oxygen more than 

m/z 509, comparable to pseudohypericin (4) and hypericin (3). So it is assumed that feature 
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525.1/424 has a hydroxymethyl group at position 11. This additional oxygen is also reflected by 

the formation of subunit fragment at m/z 270. According to the molecular formula, the subunits of 

both compounds are connected by one single bond. The question where the first bond between the 

subunits is formed during hypericin biosynthesis ist still open. These two intermediates and their 

fragmentation behavior could answer this question. The easy cleavage of subunits points out to a 

weak bond between the halves. The bond between 5 and 5’ is formed by two sp2-hybridized 

carbons (-1288 kJ cal.MOE), whereas the bond between 10-10’ is between sp3-carbons (-1273 kJ 

cal.MOE), which leads to different bond strength. The bond energy between sp2-carbons is higher 

because of the additional π-character in comparison to sp3-hybridized carbon bonds with higher σ-

character. The easy cleavage of both halves indicates the lower energy bond at position 10-10’. 

The fragmentation behavior is comparable to this of sennosides in rhubarb, which disintegrate into 

their subunits after C10-C10’ (sp3) cleavage.180 In contrast to that, skyrin, which subunits are 

connected at position C5-C5’, shows more hypericin like neutral losses. 

In MS2 spectra of features 525.1/424 and 509.1/474 a water loss is observed (Figure 4.13). If these 

ions are further fragmented in MS3, water and CO are eliminated. Because these cleavages take 

place independently of the side chain, the water loss can be explained by forming an additional 

bond between the subunits. Furthermore, the dehydrated products in the MS3 experiments do not 

fragment into the subunits anymore, which shows that the structures are stabilized. In fact, they 

split off another water unit so that a further bond is formed between the subunits.  

 

Figure 4.13 Proposed structures for the MS2 fragmentation of the ion m/z 525 (26) and m/z 509 (24) (keto-form) and 

their MS3 fragmentation after H2O loss.  
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The results obtained by MS-fragmentation studies for these two features suggest the structures 

emodin dianthrone (24) and hydroxyemodin dianthrone (26) as possible precursors of the 

protohypericins. Furthermore, the cleavage in two monomeric subunits makes an initial connection 

between C10 and C10’ of the subunits more likely. These findings would indicate that skyrin or 

skyrin derivatives are not directly involved in the hypericin formation, as recently 

discussed.67,101,183 However, definitive proof cannot be obtained from MS-data only. 

Bisanthrones 

The correlating features 699.1/459 (29) and 669.1/463 (30) were assigned as already described 

skyrin-glycosides.52,67,101,118,184 For structure elucidation, the compounds were isolated and 

identified via NMR and CD spectroscopy. The findings are in line with the results of Wirz et al. 

(2000)118 so that the features were identified as S-skyrin-6-O-β-glucopyranoside (29) and S-skyrin-

6-O-β-arabinofuranoside (30). The correlation to the dark gland occurrence (chapter 3.3.2) raised 

more interest in their role in the hypericin biosynthesis.67,101 Kimakova et al. (2018)101 and Revuru 

et al. (2020)183 suggested a possible pathway were skyrin serves as direct intermediate to the 

protohypericins. However, our MS/MS study indicates the ions 24 and 26 may be direct precursors 

of the protohypericins 4, 27 and their fragmentation behavior better fits a C10-C10’ connection, 

though a C5-C5’ cannot be ruled out either. Nevertheless, based on this evidence, skyrin 

derivatives might be just minor compounds or byproducts co-located in the dark glands. 

Feature 553.1/431 corresponds to the [M-H]- C30H17O11
-, which is in accordance with the 

molecular formular of oxyskyrin, described from H. perforatum.184 Whether some of the 

unidentified features, like 535.1/420, 553.1/431, 569.1/372, are also dianthrones remains to be 

clarified. 

Structurally non-related compounds 

The correlation analysis was used to find hypericin (3) biosynthesis-related compounds.  But also 

structurally non related compounds correlate to hypericins (Table 4.2). In particular, flavonoids 

like quercetin (5), quercitrin (8), and kaempferol (285/366) are related. The positive correlations 

between the amounts of quercitrin (8) and emodin (20), hypericin (3) and pseudohypericin (4) 

were previously reported.77 In our previous analysis of the pistil tissue (chapter 3.3.2), the dark 

glands occurrence is associated with the amount of quercetin (5) and quercitrin (8).67 The 

investigation of the leaf and flower data confirm these findings. In addition, the unidentified 

features 435.1/308, 419.1/267, 463.1/269 and 431.1/338, correlate to the hypericin content. They 

are suggested to be flavonoid glycosides due to their over-proportionally high oxygen content in 

the molecular composition and the comparatively early retention time, indicating a high polarity.  

It was reported that flavonoids, e.g. quercetin (5) are located in the dark glands like hypericin (3) 

in the H. perforatum leaf.96,120 Hypericins are phototoxic, and it is believed that they defend the 

plant against predators.20,22,185 Insects not specialized in feeding H. perforatum avoid the dark 

gland tissue.20 The light-activated compounds generate reactive oxygen species, which initiate cell 
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death after intake.185 On the one hand, it can be assumed that the plant protects itself by 

compartmentalization of these substances in the dark glands.55 And on the other hand, the 

accumulation of antioxidative substances, such as 5 and 8, could be another survival strategy to 

prevent ROS induced damage.47,120 Further, a better solubility of hypericin was reported in the 

presence of flavonoids,171 therefore possibly their co-location is necessary to avoid 

naphthodianthrone precipitation and an associated loss of function. 

4.3.5.2 Hyperforin correlated metabolites 

The percentual composition of major phloroglucinols reveals differences between the GTs and 

between the organs (Appendix 4.7). In leaf data, GTs 3, 21, and 29 are characterized by a high 

percentage of feature 331.1/487 (17). This compound is known so far from H. punctatum65 and 

was also detected in our previous investigations in chapter 2. Interestingly, 17 is almost absent in 

the corresponding flower data, but instead they contain in contrast to other GTs, a high proportion 

of features 413.2/508 and 413.3/476 based on the MS/MS experiments tentatively assigned as 

maculatoquinone (37) and deprenyl hyperpolyphyllirin (38). Besides, GT 3 contains as major 

compound hyperpolyphyllirin (39). Compound 39 was first identified by Porzel et al. (2014) from 

H. polyphyllum.52  

A higher proportion of hyperfirin (40) characterizes nine GTs (45, 51, 53, 61, 76, 85, 90, 94, 97). 

Interestingly, this trend is comparable for flower data.  

The correlation network in Figure 4.10 shows that phloroglucinols highly correlate with each other 

for leaf data, whereas for flower data, two separate groups were observed. This was visualized 

with correlation heatmaps (Figure 4.14) of the major phloroglucinols characterized in Table 4.1. 

A positive correlation between hyperforin and other phloroglucinols was observed in leaf data 

except for compounds 15, 17,  37, 38, 39, and 40 where no relation exists. In contrast to that, the 

flower data heatmap (Figure 4.14b) is divided into two groups. In the upper left part of Figure 

4.14b, the correlation is displayed between hyperforin (1), adhyperforin (2), and possible 

degradation products furohyperforin (32), P59, and P56. In the lower right part, the less prenylated 

phloroglucinols correlate with each other.  

To further investigate this behavior, the correlation heatmap of the selected phloroglucinols was 

extended to the whole flower feature table. The unidentified correlating features were evaluated, 

and, if possible, their fragmentation behavior was analyzed. Promising features with a positive 

correlation to hyperforin are shown in Appendix 4.8. Features that correlate to the less prenylated 

phloroglucinols are summarized in Appendix 4.9. Correlating features belong mainly to the 

PPAPs. Exceptions are quercitrin (8) which correlate to the hyperforin (1) content and astilbin 

(19), which is related to the less prenylated PPAPs. PPAPs ionizing well, having structural 

similarities. They often differ only in the number and kind of prenylations. Therefore mass losses 

during MS2 fragmentation were evaluated to determine structural similarities between the 

correlating compounds (Appendix 4.10).  
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Figure 4.14 Correlation heatmap (Pearson) of a) leaf data and b) flower data (p < 0.01) with major polyprenylated 

acylphloroglucinols: hyperforin (1), adhyperforin (2), dimethylallyl-phlorisobutyrophenone (15), 3-geranyl-

methylpropanoyl-phloroglucinol (17), furohyperforin (32), maculatoquinone (37), deprenylhyperpolyphyllirin (38), 

hyperpolyphyllirin (39), hyperfirin (40), 2-O-geranyl-methylpropanoyl-phloroglucinol (41), 2-O-geranyl-1-

methylbutanoyl-phloroglucinol (42), 331.2/425 (P35), 567.4/543 (P59), 485.3/522 (P56). 

Thus, the hyperforin (1) correlated features 551.4/557, 565.4/563, 567.4/470, 567.4/525 were 

putatively assigned as furohyperforin isomers and the corresponding hydroperoxides, described 

by Fuzatti et al. (2001)141 (Figure 4.15). Characteristic fragmentations of these compounds are the 

losses of C6H8O, CO, and CO2. Those furohyperforin derivatives were detected after degradation 

of hyperforin (1), and adhyperforin (2),140-142,186 which why a strong correlation to hyperforin (1) 

is as expected. Exemplary structures of numerous isomers are shown in Figure 4.15. 

The highly prenylated compounds hyperforin (1), adhyperforin (2), furohyperforin isomer I (32), 

and the feature 549.4/562 share the loss of one (C5H9) and two prenylated side chains (C10H18). 

More specific is the cleavage of C6H11, which may correspond to a fragmentation of the geranyl 

side chain after ring closure. Besides, these hyperforin related compounds show the loss of C11H20, 

which may result from the subsequent losses of C5H9 and C6H11.  

Features correlating with less prenylated compounds are often characterized by the loss of an entire 

geranyl side chain. In case of a C-linkage, C9H16 is cleaved off. If the geranyl sidechain is 

connected via oxygen, C10H17 is removed. This is the case for features 331.2/425, 331.2/500, and 

345.2/507. In addition, feature 331.2/500 and 345.2/507 show a CO2 loss. This cleavage can occur 

if two meta substituted hydroxy groups exist and the common ortho position does not bear a side 

chain.187 Therefore, 331.2/500 is tentatively assigned as 2-O-geranyl-methylpropanoyl-

phloroglucinol (41) and 345.2/507 as 2-O-geranyl-methylbutanoyl-phloroglucinol (42). The 

feature 331.2/425, which does not show the CO2 loss, could therefore be the 4-O-geranyl-

methylpropanoyl isomer (43). The cleavage of C4H6O corresponds to the loss of isobuteryl- and 

C5H8O to 2-methylbuteryl (“ad”-forms) and is especially visible in the smaller compounds. 
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Figure 4.15 Structures of tentatively assigned polyprenylated acylphloroglucinols in H. perforatum. 

 

4.3.5.3 Correlation behavior of polyphenols 

H. perforatum is rich in polyphenols. In our data set, 15 flavonoids and two organic acids could 

be tentatively assigned. The flavonoid composition of flower and leaf data is displayed in Figure 

4.16. Despite the occurrence of GTs with reduced rutin content, the variation within the organs is 
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low. However, when comparing the composition of flowers and leaves, significant differences 

become apparent. Astilbin (19) and the acetylated quercetin-glycosides (P12, P13, P23, P24) are 

abundant in leaves, whereas their amount in flowers is negligible. In contrast, the percentages of 

quercetin (5), miquelianin (50, Figure 6.7), and biapigenin (33) are much higher in flowers. 

 

Figure 4.16 Percentual mean intensity of major flavonoids per GT in a) leaf data and b) flower data. 

In the correlation networks (Figure 4.10), just one small group with strong connections within the 

polyphenols was observed. The remaining polyphenols were spread over the whole network and 

are sometimes correlated to other compound classes (chapters 4.3.5.1, 4.3.5.2.). For better 

visualization, a correlation heatmap of flavonoids was created, which showed comparable results 

for flower (not shown) and leaf data (Figure 4.17). The organ independent correlation was 

identified between procyanidin (P5) and its putative precursors catechin (14) and epicatechin 

(14a). Due to their biosynthetic relation a correlation is expected.188 

Further correlations were observed between acetylated quercetin glycosides (P12, P13, P23, P24). 

The presence of the two acetyl quercetin-3-O-hexosides P12 and P23, with different retention 

times, suggest the acetylation at different positions of the sugar. Each acetyl quercetin-3-O-

hexoside correlates with one acetyl rutin (P12/P13 and P23/P24). This may indicate that the acetyl-

quercetin-3-O-hexosides contain acetylated glucose, and after rhamnosyl transfer, they give 

acetyl-rutin. The non-acetylated compounds 7/9 and 6 do not correlate to their corresponding 

acetylated forms. It can be assumed that the acetylation occurs enzymatically. To confirm this, the 

combination with transcriptomic data of our project partner can help to identify the responsible 
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enzymes in the future. Although the abundance of acetylated quercetin glycosides was previously 

described,18,171 little is known about these compounds and their biological function. 

 

Figure 4.17 Correlation heatmap of major flavonoids (peak numbers acoording to Table 4.1) (p< 0.01). 

 

4.4 Conclusion 

The intraspecific variance of H. perforatum GTs from North America and Europe was analyzed 

with UHPLC-MS in an untargeted fashion. Main differences were observed in the content of 

flavonoids and polyprenylated phlorogolucinols. Especially acetylated flavonoids are varying 

between the GTs. More than 20% of the GT were not in line with the European pharmacopoeia 

because of the absence of hyperforin or rutin. This could lead to changed pharmaceutical effects 

of extracts derived from different GTs, and are possibly the reason for conflicting bioactivity study 

results. Both anomalies were found in leaf and flower material. The naphthodianthrone 

composition was similar for all GTs and comparable in leaves and flowers, whereas polyprenylated 

phloroglucinol and flavonoid abundacies were more organ specific. The metabolic result reflects 

the genetic diversity of the sampling sites.64 

Comprehensive correlation analysis to hypericin confirmed the relation to the biosynthetically 

connected compounds and skyrin derivatives. Furthermore, extensive MS/MS analysis suggested 

two new byproducts (35, 36) of the hypericin biosynthesis and indicate that the identified 

precursors are emodin dianthrones. By combination of the metabolite profiles with transcriptomic 

analysis done by our project partners (IPK Gatersleben), the elucidation of gene-metabolite 

relationships will be possible. It offers a good opptertunity to get insights into the not yet fully 

understood hypericin (3) and hyperforin (1) biosynthesis.
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5 Chemical comparison of two leaf phenotypes  

 

Abstract 

Hypericum perforatum is one of the best known medicinal plants in the world, but the production 

of comparable extracts is still challenging. In this study, it is shown how intense the genetic 

variation influences the phenotype and the chemical profiles of the plant. A gland counting tool 

for fast screening of the leaf phenotypes was developed, and the differences in the chemical 

constitutions were characterized by UHPLC-ESI-MS. Significant changes can be found in all 

compound classes, especially the pharmaceutical important constituents hypericin and hyperforin 

are affected. Another highly different compound was isolated and identified as 1,3-dihydroxy-5-

methoxyxanthone-4-sulfonic acid. It is the first sulfonated xanthone found in H. perforatum. 
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5.1 Introduction 

Hypericum perforatum L., commonly known as St. John’s wort, is a widely distributed herbaceous 

plant used as traditional medicine. It is applied against mild to moderate depression but also 

antiviral, antimicrobial, and wound healing activities are reported.12 Especially the neurological 

effects increased the attention throughout the world, to analyze the responsible constituents.189 The 

species contains a large variety of secondary metabolites including mainly flavonoids, 

naphthodianthrones, phloroglucinols, and xanthones.18,52,53 Genetic infidelity is the major cause of 

the chemical inconsistency but also the abiotic and biotic environment plays a role.64,190 These 

variations highly influence the success of plant-derived medicines, particularly full plant 

preparations, which are usually used for St. John’s Wort applications.  

This study's objective is the investigation of one H. perforatum accession, where after asexual 

proliferation, two phenotypes were distinguishable by their leaf size and form (bL= broad leaf, 

nL= narrow leaf). The leaf size, as well as the number of dark and translucent glands was 

determined, and the chemical profiles were analyzed with UHPLC-ESI-MS. The differential 

compounds were assigned.  

 

5.2 Experimental 

 Plant material 

Cuttings of the Hypericum perforatum genotype HyPR-01 were provided by the IPK Gatersleben 

and cultivated at IPB in the greenhouse, field, and phytochamber (long day conditions: 16 h light, 

400 µmol m-2, 70% humidity) at 21°C. The cuttings developed two different phenotypes: broader 

oval leaves (bL) and small narrow leaves (nL). 

 Leaf phenotyping 

The characterization of the leaf phenotypes was performed with three plants per phenotype grown 

in the phytochamber. Each replicate, represented by ten adult leaves, was immediately 

photographed after harvest using a Nikon SMZ1000 light-microscope with an up and down light 

source. ImageJ (Version 1.51j8) was used for processing. In the first step, the picture was separated 

into three grayscale channels. The blue channel image was binarized with a thresholding method 

by Huang et al. (1995) to calculate the leaf size with the Shape Filter tool and the feature 

getContainedPoints()2.191 A gland counting tool was developed using the green channel grayscale 

image, which has the highest contrast of the secondary leaf structures to the mesophyll. For the 

dark glands, the minimal and for the translucent glands, the maximal pixel value indicated a hit. 

By applying a circular filter, pixels belonging to the same gland were combined.  
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 Extraction and sample preparation 

Leaves were harvested from all cultivation sites in 2017. For the analysis of different plant parts, 

bL plants of the field were separated in different organs before freezing in liquid nitrogen and 

stored at -80 °C. After lyophilization plant material was pulverized with a cooled mixer mill 

(MM400, Retsch GmbH, Germany) applying a 30 Hz frequency for 30 seconds. After repeated 

drying, the plant powders were stored in darkness at room temperature. For UHPLC-MS analysis, 

the plant material (bL genotype organs: 1.0 mg ml-1; leaf samples of different cultivation sides: 

1.5 mg ml-1) was extracted with LC-MS grade methanol containing 8 µg ml-1 umbelliferone 

(HPLC grade Sigma) as an internal standard by brief mixing on a vortex followed by 

ultrasonication for 15 min. Following centrifugation (10 min, 14.000 min-1) the supernatant was 

applied to UHPLC-MS/PDA.  

 High-resolution UHPLC-MS analysis and data processing 

Negative ion high-resolution ESI mass spectra were obtained from an Orbitrap Elite mass 

spectrometer with the in chapter 2.2.7 described method. The data were evaluated by the Xcalibur 

software 2.2 (Thermo Fisher) and processed in R with XCMS package (version 1.52.0, 

bioconductor.org/). The raw output files (*.raw) were converted into standard format mzData files 

(*.mzML) utilizing proteowizard (proteowizard.sourceforge.net/). Peak picking was performed in 

XCMS with centWave parameters: ppm = 10, peakwidth = c(5,20), snthr = 10, and prefilter = 

c(3,1000). After peak grouping (minfrac = 1, bw = 5, mzwid = 0.2), retention time correction was 

performed using LOESS correction, and peak grouping was repeated. Missing values were filled 

with fillPeaks function. The extraction of the most significant different features (m/z retention time 

pair) was done with the diffreport() function. The identification of known compounds was based 

on the exact mass of detected ions and fragmentation pattern. 

 NMR analysis  

The NMR spectra were recorded on a Varian VNMRS 600 system at +25 °C operating at a proton 

NMR frequency of 599.83 MHz using a 5 mm inverse detection cryoprobe. 2D NMR spectra were 

measured using standard CHEMPACK 8.2 pulse sequences (1H-13C gHSQCAD and 1H-13C 

gHMBCAD) implemented in Varian VNMRJ 4.2 spectrometer software.  

 Isolation procedure 

The aerial parts of the bL phenotype, cultivated in the phytochamber, were cut, frozen in liquid 

nitrogen, and stored at -53°C. The crushed material (90.2 g) was sonicated with MeOH and further 

extracted under shaking at room temperature with 95% aqueous MeOH overnight. After drying 

under vacuum, the extract (9.34 g) was partitioned via liquid-liquid extraction between CHCl3 and 

water. The dark red aqueous phase (6.36 g) was aliquoted and 1.04 g was applied to Diaion column 

chromatography. The elution was performed with water, MeOH, EtOAc, acetone, and acidified 



5. Chemical comparison of two leaf phenotypes  

86 

acetone. The last fraction (11.6 mg) was further partitioned between EtOAc:water yielding the 

compound 1,3-dihydroxy-5-methoxyxanthone-4-sulfonic acid (47). 

1,3-dihydroxy-5-methoxyxanthone-4-sulfonic acid (47): orange powder; negative ion ESI-HRMS 

m/z 337.0019 [M-H]- (calcd for C14H9O8S
-, 337.0024); MS2 see table Table 5.1; 1H-NMR (600 

MHz, Methanol-d4) δ 7.76 (dd, J = 8.0, 1.5 Hz, 1H, H-8), 7.43 dd (J = 8.0, 1.5 Hz, 1H, H-6), 7.37 t 

(J = 8.0 Hz, 1H, H-7), 6.24 (s, 1H, H-2), 4.04 (s, 3H, 11). 13C-NMR (600 MHz, Methanol-d4, 

measured with HSQC and HMBC) 164.1 (C-1/3), 165.3 (C-1/3), 150.6 (C-5), 148.0 (C-10a), 125.6 

(C-7), 122.3 (C-8a), 118.9 (C-6), 117.2 (C-8), 109.9 (C-4), 104.1 (C-9a), 99.7 (C-2), 57.7 (C-11). 

 

5.3 Results and discussion 

 Leaf phenotyping 

Although the H. perforatum plants were produced by asexual proliferation, two phenotypes were 

distinguishable by their leaf size and form (Figure 5.1.a,b). Ploidy analysis showed that the plants 

with small narrow leaves (nL) are diploid, whereas the plants with broader oval leaves (bL) are 

pentaploid (Figure 5.1.b). To quantify the morphological differences of the leaf phenotypes an 

ImageJ Plugin was developed to automatically determine leaf size and the number of dark and 

translucent glands of microscopic pictures. The bL phenotype exhibited significantly higher leaf 

areas compared to the nL plants (Figure 5.1a). Nevertheless, the nL contain significantly more 

translucent glands, while the number of dark glands was higher in the bL (Figure 5.1c,d). To 

generate comparable data, the number of glands in relation to the leaf area was calculated. The so-

called density was at least two times higher in the nL phenotype for both gland types (Figure 

3.1d,e).  
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Figure 5.1 Comparison of morphological parameters from nL and bL phenotype (n=3x10 leaves), Determination of 

significance level by Wilcoxon rank sum test (*** p < 0.001). a: leaf area; b: microscopic pictures c,d: number of 

translucent and dark glands per leaf; e,f: number of translucent and dark glands per pixel. 

 Differential metabolites 

To investigate if the phenotypes differ in their chemical composition, untargeted UHPLC-ESI(-)-

HRMS was performed. The comparison of both metabolite profiles displays major differences 

over the whole retention time range. The most significant different peaks with p-values smaller 

than 0.01 in a Welch’s two-sample t-test are summarized in Table 5.1. The compounds were 

assigned based on the molecular formula and their fragmentation pattern. All common compound 

classes are affected, but just a few hits are unique in one of the phenotypes.  

Chlorogenic acid (10) is the only compound that is detectable in the nL plants only. Its isomer 

neochlorogenic acid (Rt = 1.81 min), which differs in the binding site between the quinic and the 

cinnamic acid moieties, however, can be found in the same intensity range in both phenotypes. 

Expectedly, the plants with a higher ploidy level showed a higher chemical variance, and some 

unique features were found. A trihydroxy-xanthone-C-hexoside was assigned to the bL plants. The 

fragmentation pattern corresponds to lancerin (45) and the isomer neolancerin described by Li et 

al. (2015).192 Further, two phloroglucinol derivatives were uniquely detectable in the bL 

phenotype. The m/z 501 ([M-H]-
 C33H41O4

-
) likely corresponds to 7-epiclusianone, which was 

already described by Porzel et al. (2014) in other Hypericum species. 52 Also the 3-geranyl-1-(2'-

methylpropanoyl)-phloroglucinol (17), isolated from H. punctatum (see 2.2.3), which showed 

antimicrobial properties against gram-positive bacteria,65 was only detectable in bL material. 

Additionally two unique compounds for bL with the chemical formulas C23H24O13 and C25H42O9 

are not yet assigned. 
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Table 5.1 UHPLC-MS-characteristics of significantly different compounds of two H. perforatum phenotypes (bL and 

nL) (Welch two sample t-test p < 0.05 *, p < 0.01 **, p < 0.001 ***) 

M-H]- 

[m/z] 
Rt 
[min] 

Molecular 
Formula 
[M-H]- 

Δ ppm Fragements (intensitiy) Compound detected 

replicates 
p 

     bL nL  

353.0873 4.27 C16H17O9 -1.205 191.0562 (100), 179.0352 (4) chlorogenic acid (10) 0 3 ** 

421.0771 5.50 C19H17O11 -1.436 301.0355 (100), 331.0461 (82), 
403.0674 (19) 

mangiferin (46) 3 3 ** 

431.1915 5.69 C20H31O10 -1.995 385.1869 (100), 285.0405 (80), 
284.0329 (21) 

n.a. 3 3 ** 

371.0978 5.71 C16H19O10 -1.266 249,0616 (100), 353.0878 (6), 
231.0511 (6), 121.0298 (4) 

n.a. 3 3 ** 

507.1136 5.81 C23H23O13 -1.132 243.0329 (100) n.a. 3 0 ** 

451.1032 5.85 C24H19O9 -0.256 341.0667 (100), 285.0399 (1) cinchonain Isomer 3 3 *** 

405.0819 6.12 C19H17O10 -1.629 285.0406 (100), 315.0511 (24), 
387.0723 (5) 

lancerin Isomer (44) 3 0 ** 

503.1762 6.25 C22H31O13 -0.286 195.0689 (100), 195.0526 (12), 
195.0444 (5), 151.0784 (5) 

n.a. 3 3 *** 

449.1084 6.54 C21H21O11 -0.968 303.0511 (100), 285.0406 (76), 
323.0774 (12), 151.0040 (23) 

astilbin (19) 3 3 *** 

463.0876 6.54 C21H19O12 -1.359 301.0355 (100), 300.0279 (45) hyperoside (7/9) 3 3 ** 

609.1451 6.65 C27H29O16 -0.013 301.0354 (100), 343.0461 (7), 
271.0250 (5), 255.0302 (3), 
300.0279 (39) 

rutin (6) 3 3 ** 

433.1135 7.03 C21H21O10 -0.670 269.0456 (100), 259.0613 (12), 
178.9988 (6), 151.0040 (4), 
287.0562 (44), 286.0484 (10) 

dihydrokaempferol-3-
rhamnoside (45) 

3 3 ** 

451.1026 7.27 C24H19O9 -0.921 341.0667 (100), 299.0560 (2) cinchonain Isomer 3 3 *** 

417.2123 7.46 C20H33O9 -1.692 371.2074 (100) n.a. 3 3 *** 

337.0019 7.58 C14H9O8S -1.339 321.9790 (100), 337.0025 (15), 
257.0457 (70), 242.0222 (4) 

1,3-dihydroxy-5-
methoxyxanthone-4-
sulfonic acid (47) 

3 3 *** 

301.0350 7.67 C15 H9 O7 -0.584 178.9988 (100), 151.0040 (83), 
273.0407 (13), 257.0457 (10) 

quercetin (5) 3 3 ** 

331.1910 10.36 C20H27O4 -0.974 194.0586 (100), 166.0637 (40), 
151.0040 (10) 

3-geranyl-1-(2'-
methylpropanoyl)-
phloroglucinol (17) 

3 0 ** 

519.0717 11.63 C30H15O9 -0.877 521.0883 (100), 384.9357 (9), 
316.9482 (3), 452.9222 (4), 
477.0987 (7) 

pseudohypericin (4) 3 3 * 

485.2753 11.96 C25H41O9 -0.054 485.2791 (100), 439.2702 (30), 
349.2386 (9), 319.2280 (19), 
277.2175 (61) 

n.a. 3 0 ** 

501.3005 12.25 C33H41O4 -0.824 432.2306 (100), 432.1801 (3), 
417.2072 (4), 271.1342 (3), 
327.1968 (2), 287.2015 (2) 

unidentified phloroglucinol  3 0 ** 

345.2068 12.29 C21H29O4 -0.964 208.0743 (100), 301.2176 (63), 
152.0119 (19), 261.1499 (6) 

2-O-geranyl-1-
methylbutanoyl-
phloroglucinol (42) 

3 3 *** 

567.3686 12.36 C35H51O6 -1.414 523.3796 (100), 539.3744 (52), 
549.3588 (74), 535.3433 (20), 
415.3220 (18), 385.2387 (13), 
358.2525 (14), 355.2281 (14) 

unidentified phloroglucinol  3 3 ** 

481.3322 12.65 C31H45O4 -0.754 437.3426 (100), 411.2907 (22), 
276.1369 (28), 233.0821 (58), 
207.0665 (27) 

hyperpolyphyllerin (39) 3 3 ** 

535.3790 13.03 C35H51O4 -0.529 466.3096 (100), 397.2390 (28), 
383.2234 (51), 315.1606 (42), 
313.1814 (30) 

hyperforin (1) 3 3 *** 

549.3949 13.12 C36H53O4 0.340 480.3251 (100), 411.2546 (21), 
397.2389 (39), 329.1762 (33), 
313.1813 (27) 

adhyperforin (2) 3 3 ** 

503.0769 13.71 C30H15O8 1.649 503.0773 (100), 459.0874 (7), 
461.0668 (2) 

hypericin (3) 3 3 *** 

grey background highlights higher intensities in comparison to the other phenotype 
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It is well known that hyperforin (1) and related phloroglucinols are located in the translucent 

glands.30,97,117 In accordance with this, increased intensities of hyperforin (1), adhyperforin (2), 

and the unidentified phloroglucinols (C21H30O4, C35H52O6) were found in the nL phenotype as 

these plants exhibit a higher translucent gland density. An exception is hyperpolyphyllerin (39) 

with increased intensities in the bL phenotype.  

The naphthodianthrone hypericin (3) is a supposed agent for photodynamic cancer therapy22,23. It 

is stored in the dark glands of the plant.55,96,117,183 The nL phenotype showed a higher number of 

these glands per leaf area. Hence it is not surprising that the hypericin (3) content is increased in 

this material. The correlation between the dark gland number and the hypericin (3) content was 

already reported from Zobayed et al. (2006)55 and Çirak et al. (2007)193, whereas Kirakosyan et al. 

(2003)194 were not able to confirm this relation.  

The flavonoid profiles varied considerably between both phenotypes. The nL phenotype contained 

a higher amount of astilbin (19), dihydrokaempferol-3-rhamnoside (45), and quercetin (5), 

whereas the quercetin-glycosides (6, 7/9) intensities are decreased. Further, the analysis of Kusari 

et al. (2015) stated that quercetin is located all over the Hypericum leaf but especially the dark 

glands are surrounded by this compound.96 Rizzo et al. (2019)67 (see chapter 3.3.2) and the 

correlation studies in chapter 4.3.5.1 showed the coherence between dark glands and the amount 

of quercetin. Our findings underline this hypothesis because in the dark gland rich phenotype the 

quercetin content is significantly increased.  

 

Figure 5.2 Assigned xanthone-glycosides enhanced in broad leaf phenotype. 

Interestingly, all xanthone related structures are increased in the bL phenotype. Mangiferin (46) 

and the lancerin isomer (44) are xanthone-C-glycosides (Figure 5.2). The sugar moiety increases 

their polarity and it can be speculated that therefore they are not restricted to secretory cells. 

Additionally, a sulfonated xanthone (47) was enhanced in bL H. perforatum. Compound 47 

showed in MS/MS spectra a characteristic loss of m/z 80, indicating the cleavage of SO3. To isolate 

this constituent of interest, a screening of different plant organs was performed to identify which 

material is rich in the compound. It was found that the leaves have an enhanced content in 

comparison to flowers, fruits, and stems. Especially the bL phenotype cultivated in the 

phytochamber was rich in the target constituent (data not shown). Therefore it was used as starting 

material for isolation by liquid-liquid extraction and flash chromatography. The structure was 
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elucidated with MS/MS analysis, 1H-NMR, and 2D 1H-13C-NMR techniques to be 1,3-dihydroxy-

5-methoxyxanthone-4-sulfonic acid (47, Figure 5.3). It was already described by Hong et al. 

(2004), isolated from H. sampsonii.195 As far as we know, Hypericum is the only genus containing 

sulfonated xanthones. In general, compounds with sulfonic acid moieties are rare in plants. Just a 

few species are known for sulfonic acid-containing flavonoids, but the importance for the plant is 

still unknown.196-199 

 

 
Figure 5.3 ESI-MS2 spectrum of 1,3-dihydroxy-5-methoxyxanthone-4-sulfonic acid (47). 

 

5.4 Conclusion 

The morphological characteristics of H. perforatum plants are highly variable. The change of 

ploidy and phenotype is associated with the change of the chemical composition. The developed 

gland counting tool is qualified to compare leaves of different cultivars efficiently. A high gland 

density was associated with higher contents of the gland located compounds connected to these 

secretory structures. Thus, the gland counting tool could be used to predict the content of valuable 

compounds located in translucent or dark glands. A sulfonated xanthone was found for the first 

time in H. perforatum.
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6 Phytochemical analysis of different Hypericum species 

 

Abstract 

The phytochemical analysis of 21 Hypercium species was performed with TLC, LC-MS, and 1H-

NMR to determine their interspecific variance. Differences and similarities between the species 

were evaluated, and characteristic compounds of Hypericum were identified. Major differences 

between species were detected in the profile of high abundant polyprenylated acylphloroglucinols. 

Based on the spectral data, hierarchical cluster analysis was performed and spectral similarities 

between different taxonomical sections were discussed. The antibacterial properties against gram-

positive (Bacillus subtilis) and gram-negative (Aliivibrio fischeri) bacteria were evaluated and the 

activity correlated to the phytochemical features. To reveal additional information about 

structurally important features which all active constituents have in common, metabolomics 

workflow was developed for 2D-NMR methods (HSQC, HMBC). The methods combined with 

activity correlation analysis (ACorA) were used to identify a putative antibacterial phloroglucinol 

from H. canariense and H. reflexum. 
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6.1 Introduction 

Natural product research continues to contribute to the discovery of new medicinal drugs.2,200 

However, more than 80% of the 300000 vascular plants were never analyzed.200 The genus 

Hypericum represents a promising source, because many of the species are used ethnomedicinally. 

In the meantime, several biologically active compounds were isolated. It is assumed that just 40% 

of the Hypericum species are chemically investigated.9  

To study the chemical constituents of a species, different research strategies are applied. The 

classical natural product workflow uses plant material from the wild to isolate the main compounds 

or via bioactivity guided isolation the active compounds. These time-consuming methods highly 

depend on the focus of the researcher and normally can not give an overview of the chemical 

fingerprint of a species. That’s why comparative analysis are more often applied to determine 

similarities and dissimilarities within the chemical compositions of different species. So the results 

can be used for authenticity validation59, to determine taxonomic relations148, and to identify new 

plant material to utilize for the classical isolation approach201.  

The number of comparative studies of different Hypericum species increased in the last years. 

Most relevant studies are combined in Table 6.1. The majority of the studies compared species 

with respect to the major compounds of the best-investigated species H. perforatum. But these 

studies could show that normally the analyzed species have not much in common with 

H. perforatum.148,153,202-205 The occurrence of dark gland structures and the associated 

naphthodianthrones are sometimes used as a taxonomic marker.9 Further the potential of hypericin 

as anticancer drug raised the interest, which why some studies addressed the naphthodianthrones 

exclusively.25,105,183,206 Just a few studies compared Hypericum species in an untargeted fashion to 

reveal additional information about the chemical constituents, which were not investigated so 

far.52,201  

Hypericum is a highly divers genus, with more than 470 species, which occur as flowering herbs, 

shrubs, and a few trees. In the present study, 21 species were investigated. A selection of 

morphologically different species are shown in the Figure 6.1. In Table 6.1 is assembled which 

species were already included in other studies. Seven of the 21 analyzed species were not 

chemically investigated in a comparative study.  

Some Hypericum species are known for their antimicrobial effects.65,207 Because of the urgent need 

of new antibiotics, the analyzed species were tested against gram-negative and gram-positive 

bacteria. 
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Table 6.1 Chemical profiling studies that included more than four Hypericum species. General parameters of the study 

are given. Species that were also analyzed in the present study are marked with “x”. Species that were not included in 

the selected literature are highlighted in grey. 
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 H. androsaenum  x x x x x  x  x    x x   

H. attenuatum       x  x        

H. barbatum       x x x x       

H. calycinum   x     x    x x     

H. canariense x   x         x x   

H. coris                 

H. curvisepalum                 

H. elodes                 

H. grandifolium                  

H. hirsutum       x x x x x       

H. hookerianum                 

H. humifusum x   x  x       x x  x 

H. inodorum    x              

H. lagarocladum                 

H. maculatum  x   x  x x x x x x  x x   

H. orientale    x       x      

H. perforatum x x x x x x x x x x x x x x   

H. polyphyllum  x x      x       x  

H. pulchrum x x  x         x x   

H. reflexum                 

 H. tetrapterum x x x x  x x  x x x x x x  x 
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Figure 6.1 Morphologically different Hypericum species utilized in the present study. 

 

6.2 Experimental 

 Plant material and preparation 

In total 29 genotypes of 21 different Hypericum species were cultivated by Dr. Rizzo from IPK 

Gatersleben. Seeds were provided by genebank in IPK and Kew Gardens in London. Cultivating 

conditions in the greenhouses are as described in chapter 2.2.1. The plant specification is provided 

in Table 6.2. In the following experiments, the sample name is compiled by the origin (IPK/KEW), 

a genotype identification number, and the replicate identifier (a,b,c). Depending on the 

germination success, each genotype was represented with up to 6 plants. For investigation one to 

three biological replicates were generated.  

In November 2018 leaves of all samples were collected into 20 ml grinder polyvials (Zinsser 

Analytic) and immediately frozen in liquid nitrogen. After lyophilization (144 h) two stainless 

steel balls were added two each sample and powdered with the Cryogenic Plant Grinder (Labman), 

with the method described in chapter 4.2.2. Equal parts of the powdered material were mixed to 

produce a pooled quality control sample (QC) for method development and quality criteria during 

the measurements. 
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Table 6.2 Specification of used plant material and naming scheme. 

Genotype Species Section Biological 
replicates 

IPK_2 H. attenuatum Fisch. ex Choisy Hypericum 3 

IPK_3 H. grandifolium Choisy Androsaemum  3 

IPK_4 H. calycinum L. Ascyreia 3 

IPK_5 H. inodorum Mill. Androsaemum 3 

IPK_10 H. polyphyllum Boiss. & Balansa Olympia 3 

IPK_24 H. perforatum L. Hypericum 1 

IPK_27 H. androsaemum L. Androsaemum 3 

IPK_28 H. maculatum Crantz Hypericum 3 

IPK_33 H. coris L. Coridium 3 

IPK_34 H. hirsutum L. Taeniocarpium  3 

IPK_35 H. orientale L. Crossophyllum 3 

KEW_02 H. hookerianum L. Ascyreia 2 

KEW_04 H. canariense L. Webbia 3 

KEW_05 H. reflexum L.f. Adenosepalum 1 

KEW_09 H. perforatum L. Hypericum 3 

KEW_10 H. perforatum L. Hypericum 2 

KEW_12 H. perforatum L. Hypericum 3 

KEW_15 H. tetrapterum Fr. Hypericum 2 

KEW_19 H. humifusum L. Oligostema 3 

KEW_22 H. elodes L. Elodes 3 

KEW_23 H. barbatum Jacq. Drosocarpium  3 

KEW_26 H. perforatum L. Hypericum 3 

KEW_27 H. pulchrum L. Taeniocarpium  3 

KEW_28 H. pulchrum L. Taeniocarpium  3 

KEW_33 H. curvisepalum N. Robson Ascyreia 3 

KEW_37 H. lagarocladum N. Robson Ascyreia 3 

KEW_44 H. androsaemum L. Androsaemum 3 

KEW_45 H. tetrapterum Fr. Hypericum 2 

KEW_46 H. coris L. Coridium 2 

 

 Thin Layer Chromatography 

For thin-layer chromatography (TLC), 100 mg powdered plant material of each sample was 

extracted with 3.5 ml distilled MeOH. After 30 s rapidly mixing with vortex genie 2 (Scientific 

Industries), samples were sonicated (15 min) and centrifuged (15 min, 4000 rpm, Megafuge 1.0R 

Heraeus). The supernatant was removed and dried under nitrogen. The extraction was repeated 

with the plant material pellet.  

For each GT , the extract of one biological replicate (a) was resolved with 1 ml MeOH, and finally, 

1 µl was supplied to the TLC plate. Used material and method are according to section 2.3.1. 

 UHPLC-MS/PDA analysis 

Extracts of all biological replicates were produced according to chapter 4.2.2. For each biological 

replicate, the extraction was performed in triplicates. The extraction concentration was 2 mg plant 

material per ml, and the final concentration for injection was adjusted to 1 mg ml-1. Measurements 

were performed in three randomized batches with the previously used batch structure 

(chapter 4.2.3) and randomized complete block design. Parameter settings for the analysis with 

ultra high performance liquid chromatography coupled to a high-resolution ESI mass spectrometer 

were described in chapter 4.2.3. 
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 UHPLC-MS data processing 

Processing of spectra was according to chapter 4.2.4. Peak picking was performed with 

findChromPeaks(ppm=15, peakwidth=c(7,25), sntresh=10, noise=1000, prefilter=c(3,1000)). 

Retention time correction was applied with method = loess. The peaks were grouped within the 

genotypes with groupChromPeaks(minFraction=1, bw=3). The resulting data matrix contained 

5416 features. 

Batch correction was applied to overcome batch effects (see 4.3.1.3). Different methods for batch 

correction available in the R package BatchCorrMetabolomics (version 0.1.14) were tested.136 The 

best result was achieved by applying a linear model regression on the study samples.  

 NMR data acquisition 

40 mg of each plant sample was directly extracted with 1 ml methanol-d4 (99.8%, Deutero), 

containing 0.935 mM HMDS (hexamethyldisiloxane) as internal standard. After 30 s vigorous 

mixing with vortex, 15 min ultrasonic bath extraction was applied. Samples were centrifuged for 

10 min at 14 000 rpm (5415 C Eppendorf) to separate the plant powder. 0.73 ml of the supernatant 

were transferred to Deu-Quant-5-7 NMR tubes (Deutero). 

Spectra were recorded on an Agilent VNMRS 600 NMR spectrometer at 25 °C equipped with a 

5 mm inverse detection cryoprobe using standard CHEMPACK 8.1 pulse sequences s2pul, 

gHSQCAD and gHMBCAD implemented in the Varian VNMRJ 4.2A software. Signals were 

referenced to internal HMDS at 1H- 0.062 ppm and 13C- 1.96 ppm, respectivly.  

Quantitative 1H-NMR (1Hq) spectra were measured with: pulse angle = 90°, relaxation delay (d1) 

+ acquisition time (at) = 30.0 s, number of scans (nt) = 128, digital resolution = 0.37 Hz/point, 

spectral width = 13 ppm. Conventional 1H-NMR spectra were aquired with: pulse angle = 30°, 

d1 + at = 3.0 s, nt = 40, digital resolution = 0.95 Hz/point, spectral width = 13 ppm. HSQC and 

HMBC spectra were aquired with: nt = 16, number of increments (ni) =128, complex data points 

in F2 (fn) = 4k, d1 + at = 1.25 s. HSQC were measured with the spectral width of 13 ppm in 

F2 (1H) and 175 ppm in F1 (13C). The experiment was optimized for 1JCH = 146 Hz with DEPT-

like editing and 13C-decoupling during acquisition time. HMBC was measured with the spectral 

width of 13 ppm in F2 (1H) and 230 ppm in F1 (13C). The HMBC experiment was optimized for a 

long-range coupling of 8 Hz and the 13C band selective HMBC of 4 Hz. For both experiments data 

acquisition with 50% Non Uniform Sampling (NUS) was applied.  

 NMR data analysis 

1H-NMR data processing was carried out with MestreNova 12.0.4-220023. After automatic 

Fourier transformation with the standard VNMRJ window function and zero filling, phase 

correction and baseline correction (Bernstein polynomial fit) were applied. Spectra were reduced 

to integrated regions of equal width of 0.02 ppm. A binned data table (.csv) was generated. 



 Experimental 

97 

2D-NMR experiments were processed with ACD/Labs 2018.2.5 with a group macro. Spectra of 

an experiment type were evaluated separately. HMBC was processed using a sine square window 

function in F2, forward linear prediction up to 256 K, and zero filling to 1,024 K. For HSQC a 

Gaussian window function in F2, forward linear prediction up to 256 K and zero filling to 1024 K 

was applied. A Gaussian window function in F1 was used for both methods before Fourier 

transformation to ESP files. Spectra were divided in 2D pieces, called pixels or buckets. The 

applied pixel width in F1 (13C) dimension was 1.40 ppm and in F2 (1H) 0.04 ppm.  

Data analysis was performed on the generated data tables with R (3.5.1, available at https://cran.r-

project.org). Binned 1H-NMR data was freed from bins corresponding to spectral regions of 

residual methanol (δ 3.27–3.33 ppm) and water (δ 4.7–5.0 ppm). Bin values were normalized to 

the quantitative internal standard HMDS. For analyzing the aromatic region of the spectra, bins 

higher than 5 ppm were evaluated. The pixel data of 2D-NMR experiments undergo a noise-based 

drift correction. Data were normalized to the bins containing the HMDS signal. To reduce the data 

matrix, bins below the limit of detection (LOD) in all samples were removed. The LOD was 

determined as three times the standard deviation of the noise pixels, including all bins with 1H- 

10.0–11.0 ppm and -1.0– - 0.2 ppm.  

 Chemometric analysis 

For principal component analysis (PCA), the pcaMethods (1.78.0)70 package was utilized. 

Hierarchical cluster analysis (HCA) was performed with hclust() function (mtehod=ward.D). It 

was plotted with ggdendro (version 0.1-20) and ggplot (version 3.2.1)210 and heatmaply (version 

1.0.0)137. 

Activity correlation analysis was performed in R and adapted from Michels et al. (2020).211 

Spearman’s rank correlation coefficients were calculated between each pixel of the HSQC and 

HMBC measurements (normalized to extract amount) and the bioactivities against A. fischeri 

(c2 = 500 µg ml-1). A follow-up permutation test (3000 repeats) was used for calculating an 

empirical p-value for each correlation. It is computed by dividing the number of correlation values 

higher or equal than the measured ones by the number of all computed permutations. Pixels with 

an empirical p-value = 0.0 (none of the calculated permutations showed an equal or higher 

correlation to the bioactivities) were considered as a bioactive correlated signal. 

 Antibacterial Assays 

The antibacterial assays against the gram-positive Bacillus subtilis and the gram-negative 

Aliivibrio fischeri were performed according to the procedures described in Dos Santos et al. 

(2019).73 The activity against B. subtilis was determined in a turbidimetric assay after 16 h 

incubation (λ = 612 nm). In the assay against A. fischeri the bioluminescence was detected after 

24 h incubation. For both assays, the extracts described in chapter 6.2.2 were tested in two 

concentrations (50 and 500 µg ml-1). 
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6.3 Results and discussion 

 Chemophenetic analysis of different Hypericum species 

6.3.1.1 TLC analysis 

TLC analysis is an easy and fast screening method, as described in chapter 2. In pharmaceutical 

practice it is used for identification and quality control of H. perforatum. Therefore this analytical 

technique was also implemented in this study. One biological replicate per GT was utilized as a 

representative for the analysis (Figure 6.2). After spraying with Natural Product Reagent (NPR), 

the color of the spots characterizes the compound class. The red spots belong to the 

naphthodianthrones hypericin (3, Rf = 0.75) and pseudohypericin (4, Rf = 0.70), typical for 

Hypericum species (see chapter 2.3.1). H. humifusum, H. reflexum, H. attenuatum, H.barbatum, 

H. tetrapterum, H. inodorum, and H. maculatum also contain these red compounds which are 

stored by plants in dark glands. H. humifusum seems to be especially rich in naphthodianthrones, 

which is also indicated by the red colored raw extract. The occurrence of 3 and 4 is used as 

taxonomical marker because primitive sections lack these compounds whereas more advanced 

sections contain them.206 

 

Figure 6.2 TLC fingerprints of Hypericum species included in the study. Developed with the mobile phase: ethyl 

acetate, formic acid, acetic acid, water, dichlormethane (100:10:10:11:25 v/v/v/v/v), sprayed with natural product 

reagent and visualized at 366 nm. Identified compounds: hypericin (3), pseudohypericin (4), rutin (6), hyperoside (7), 

quercitrin (8), chlorogenic acid (10), and mangiferin (46). 

H. perforatum was the only species showing the yellow band at Rf = 0.16 corresponding to 

rutin (6). Nevertheless, the usability as a marker compound is questionable because one out of five 

analyzed H. perforatum GTs did not contain rutin (6) in detectable amounts. This is in line with 

the results of chapter 4, where rutin was absent in more than 20% of the analyzed 93 GTs. The 
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TLC profile of the rutin lacking GT (KEW_10) is hard to differentiate from the similar profiles of 

H. maculatum, H. inodorum, and H. attenuatum (Figure 6.2).  

The majority of the species show yellow bands in the Rf range 0.3-0.6, which correspond to 

flavonoid monoglycosides. Especially, quercitrin (8) and hyperoside (7) occur in most of the 

species. Only H. grandifolium and H. androsaemum are poor in these compounds. Chlorogenic 

acid (10, blue Rf = 0.29) is ubiquitous in all species. Coeluting to that organic acid, a major light 

blue spot can be observed in H. humifusum, H. barbatum, and H. canariense. This spot was 

assigned as mangiferin (46) and fluoresces originally yellow in UV light (366 nm) but turns intense 

blue after spraying with NPR. Also H. attenuatum, H. inodorum, and H. maculatum contain this 

compound in detectable amounts. This suggests the potential use of the mangiferin occurrence to 

differentiate these species from H. perforatum by TLC. However, Kitanov et al. (1998) detected 

mangiferin in 26 of 36 evaluated species including also H. perforatum.209 Further, LC-MS analysis 

(chapter 2.3.3, Table 5.1) showed that mangiferin (46) is present in H. perforatum, so that it is not 

suitable as marker compound.  

6.3.1.2 1H-NMR analysis 

1H-NMR is a fast method to record the major primary and secondary metabolites for chemical 

fingerprinting. The obtained 1H-NMR profiles are very similar within a species, while the 

interspecific differences are sometimes large (Appendix 6.1, Figure 6.3). The profiles differ not 

only in their chemical composition but also in the constituent concentrations. Despite a 

standardized amount of plant material is used for the analysis, different extract amounts resulted. 

The lowest amount of extract in relation to the applied plant material was obtained for KEW_22_a 

(H. elodes) with 15% and the highest for IPK_27_b (H. androsaemum) with 43%.  

Regarding the chemical variance of the extracts from the 21 species, particularly large differences 

can be observed in ranges typical for phloroglucinol signals (Figure 6.3, yellow parts: 

0.80– 1.25 ppm; 1.4–1.70 ppm; 3.0–3.25 ppm; 5.0–5.25 ppm). Furthermore, changes in the 

aromatic range can be seen, i.e. above 5 ppm, characteristic for compound classes such as 

flavonoids, xanthones, and phenolic acids.  

Full spectrum 

Multivariate data analysis was used to identify characteristic signals between the species. 

Therefore, the phase and baseline corrected spectra were normalized to the internal standard and 

binned (0.02 ppm). Bins containing solvent signals or whose value did not exceed the limit of 

detection were removed. The calculated PCAs are shown in Figure 6.4. In the scores plot of PC1 

and PC2 (Figure 6.4a) the biological replicates of the GT cluster together. An exception is 

H. pulchrum, where the biological replicates are spread wider. Differences between GTs of the 

same species can be observed, but the interspecific variations are larger in general, recognizable 

by H. perforatum (5 GTs) or H. coris (2 GTs).  
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Figure 6.3 Stacked 1H-NMR spectra of 21 Hypericum species. Discriminant regions from PCA loadings plot (Figure 

6.4) are highlighted and colored by compound or compound class.  
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PC1 and PC2 separate two groups of species from the others (Figure 6.4a). Group A comprises 

H. canariense and H. reflexum. In the corresponding loadings plot (Figure 6.4c), it can be seen 

that especially bins typical for polyprenylated acylphloroglucinols (PPAPs) are responsible for the 

cluster. The greatest influence is exerted by bins with chemical shift  1.55 and 1.65 ppm. Most 

likely, they originate from the methyl groups of prenylated side chains. Furthermore, bins between 

 0.89–1.13 ppm are increased in group A. In this range alkyl signals of the acyl group of PPAPs 

are localized. Therefore, it can be concluded that H. canariense and H. reflexum are particularly 

rich in one or more phloroglucinol derivatives. Signals of unsaturated alkyl chains, which in plant 

extracts often belong to fatty acids (13, Figure 2.3), also appear to be elevated. However, they only 

have a lower influence on the separation of the two species towards negative values of PC2. Also 

as primary metabolites their content often depends on growing conditions rather than genetic 

differences. 

Group B, consisting of H. androsaemum, H. grandifolium, H. calycinum, H. inodorum, 

H. lagarocladum, H. curvisepalum, and H. pulchrum, indicates several species which are shifted 

in the positive direction of PC1 and PC2. This variance is explained by several bins (Figure 6.4c) 

corresponding to shikimic acid (11), which is highly increased in these species. 11 can be easily 

identified in the spectra as one of the main constituents in these species (marked in pink, Figure 

6.3).  

The scores plot of PC3 (9.8%) and PC4 (8.0%) and the corresponding loadings plot are depicted 

in Figure 6.4b and Figure 6.4d, respectively. Especially H. lagarocladum (Group C) is separated 

from the other species in the negative direction of PC3. Responsible are higher bin values at 1.63, 

1.65, 1.69, and 1.59 ppm known from prenylated side chains of phloroglucinols. This indicates an 

increased content of unique PPAPs in H. lagarocladum. In addition, also the bin at 0.95 ppm is 

enhanced. It includes a singlet, which is unique for that species. This enhanced singlet could be 

derived from a free methyl group bound to the phloroglucinol core structure like reported in 

hyperpolyphyllerin (39).52 

Furthermore, the loadings plot displays two discriminating bins (6.79 and 6.77 ppm) 

corresponding to the shikimic acid (11) signal H-3. The variance of this signal is not caused by 

different quantities of 11 but by a misalignment. The signal is slightly shifted downfield in group C 

and upfield in group E, possibly caused by different pHs of the extracts. 

Group C, H. canariense, H. androsaemum, H. reflexum, H. hookerianum, and H. pulchrum, is 

shifted to positive PC3 values and shows enhanced signals especially in bins 1.55 and 1.07–

1.31 ppm, which are typical chemical shifts for PPAP derivatives. Group D (H. elodes and 

H. orientale) clusters close to group C, but is further located in the positive direction of PC4. 

Enhanced PPAP bins 1.73–1.75 and 1.51–1.57 ppm explain the variance. Moreover, sucrose 

signals are decreased (Figure 6.4d). Especially rich in this primary metabolite are H. barbatum, 

H. perforatum, and H. hirsutum. However, sucrose contents vary significantly with growing 

conditions too. 
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Focussing on the whole 1H-NMR spectra, the major differences between the species are 

differences in PPAPs and quantitative variations of primary metabolites like shikimic acid (11), 

sucrose (12), and fatty acids (13).  

 

 

Figure 6.4 PCA of 1H-NMR full spectra data: scores plots are colored by species and show a) PC1 and PC2 and b) 

PC3 and PC4. The corresponding loadings plots with assigned loadings colored by compound class (yellow = 

polyprenylated acylphloroglucinols (PPAPs), magenta = primary metabolites (shikimic acid (11), fatty acids (13), and 

sucrose (12)) c) PC1 and PC2, and d) PC3 and PC4. Ovals indicate discussed groups and are not necessarily 

discriminatory. 
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Aromatic range  

The PCA analysis focused on the aromatic region of the spectra ( > 5.0 ppm) was performed to 

consider also less concentrated secondary metabolites The scores plot of PC1 and PC2 confirm 

the results described for the whole spectra (Appendix 6.2). The species which cluster at positive 

values of PC1 are rich in shikimic acid (11). Whereas the variance in PC 2 is introduced by the 

misalignment of the H-3 signal of shikimic acid and thus is an artefact. 

Figure 6.5 displays the clustering in higher PCs where still a grouping based on the species can be 

observed. PC 3 separates H. inodorum in the negative direction (group F, Figure 6.5a). 

Responsible are enhanced bin values for  6.71–6.75 ppm (Figure 6.5c), corresponding most likely 

to the H-6’ of eriodictyol-7-O-glucoside (48, dd, J= 2.16, 8.17 Hz). H. inodorum is the only species 

which shows this signal in the NMR spectrum.  

Group G clusters in the positive range of PC4 and comprises H. pulchrum, H. humifusum, and 

H. barbatum (Figure 6.5a). Several compounds are increased in these species, such as chlorogenic 

acid (10, H-2’:  7.57 ppm and H-7’:  7.03–7.05 ppm) and quercetin derivatives like hyperoside 

and quercitrin (7, 8   H-5’:  6.93–6.95 ppm). Further signals between  7.33 and 7.39 ppm are 

enhanced, however, could not be assigned. Group H (H. reflexum and H. canariense) is 

characterized by an enhanced region at  5.03–5.07 ppm. Possibly those signals correspond to the 

prenyl-CH of phloroglucinols. This would be in line with the previous results that these two species 

are particularly rich in phloroglucinols. 

In PC7 and PC8 the separation of H. barbatum and H. humifusum (group K) from H. pulchrum 

(group I) is especially interesting (Figure 6.5b). The enhanced content of mangiferin (46, Table 

6.3) in group K is the responsible differentiating feature (see Figure 6.5d; H-8:  7.34–7.45 ppm, 

H- 5:  6.81 ppm, H-4:  6.35 ppm). These results are in line with the TLC analysis were these 

species and H. canariense show a big light blue spot coming from mangiferin (46). H. canariense 

is also in the PCA slightly shifted in the direction of group K (Figure 6.5b). The extract of 

H. humifusum appeared dark red, indicating a high concentration of naphthodianthrones, further, 

it showed the highest intensity of 3 and 4 in TLC analysis. In literature it is reported to contain up 

to 9% hypericins in dry extract.212 Nevertheless, no signals corresponding to hypericins or 

pseudohypericins could be observed in the 1H-NMR spectrum.  

Table 6.3 Resonance assignments of descriminant compounds (PCA Figure 6.5) from 1H- and 1H-13C-NMR spectra 

(600 MHz, methanol-d4) 

Compound Assignments 1H,  [ppm] multiplicity (J) 13C  [ppm] (HSQC) 

Mangiferin (46) CH, 1’ 
CH, 4 
CH, 5 
CH, 8 

4.90 d (10.0 Hz) 
6.36 s 
6.82 s  
7.44 s 

75.3 
94.8 
103.4 
109.2 

Eriodictyol-7-O-glucoside (48) CH, 2 
CH, 6 
CH, 8 
CH, 2’ 
CH, 6’ 

4.56 d (7.5 Hz) 
6.18 d (2.2 Hz) 
6.21 d (2.2 Hz) 
6.83 d (2.1 Hz) 
6.71 dd (2.1, 8.2 Hz) 

82.8 
98.0 
96.9 
115.2 
120.0 
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Figure 6.5 PCA of 1H-NMR aromatic range (  ppm): scores plots are colored by species and show a) PC3 and 

PC4 and b) PC7 and PC8. The corresponding loadings plots with assigned loadings colored by compound class (yellow 

= polyprenylated acylphloroglucinols (PPAPs), blue = xanthones (mangiferin (46)) magenta = primary metabolites 

(sucrose (12)), green = flavonoids (eriodyctiol-7-O-glucoside (48)), catechin/epicatechin (14), chlorogenic acid (10), 

quercetin derivatives 6, 7, 8, 9)) c) PC3 and PC4, and d) PC7 and PC8. 

 

6.3.1.3 UHPLC-HRMS 

For the LC-MS analysis, each biological replicate was measured in triplicates. In contrast to the 

NMR investigation, the higher repetition was chosen to counteract the technical variance of LC-

MS. The measurements were realized in three batches, with a batch-wise randomization to avoid 

inter-batch effects such as carryover. The partitioning in batches was necessary because the mass 

calibration of the MS system is losing accuracy after around 120 injections. Therefore a batch 

correction between the batches was required. Different methods, described in chapter 4.3.1.3, were 

tested and visually evaluated using the PCA and described parameters.136 Since the samples were 

very different, QC correction was not satisfactory. By mixing all plant materials, the constituents 
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were diluted in the QC. Consequently, only a small fraction of the compounds were detectable in 

the QC and therefore, useable for correction. The best results were obtained by correcting with 

study samples, where all features were considered. The great chemical diversity of the Hypericum 

species is also underlined by a large number of features in the data set (5416 features).  

Untargeted analysis 

For each GT, peaks with the highest abundancies in the Full MS spectrum were fragmented and 

are listed in (Appendix 6.3). Based on the corresponding features a heatmap was generated (Figure 

6.6). For all species unique features exist. These features belong almost exclusively to PPAPs, 

which highlight this class as suitbale biomarker for species differentiation. Furthermore, PPAPs 

ionize really well in positive and negative mode in ESI-LC-MS analyis and are therefore suitable 

targets. Also in NMR the main differences were attributed to structural elements of PPAPs like 

prenylated side chains and acyl moieties (chapter 6.3.1.2).  

The PCA based on the complete feature list confirms a good species differentiation by specific 

constituents (Figure 6.8, Table 6.4). In PC1 (35.8%) and PC2 (13.2%) (Figure 6.8a) 8 of the 21 

species are separated from the others. H. lagarocladum and H. curvisepalum show the highest 

differences in PC1. H. grandifolium and H. calycinum are located in the same sector as 

H. lagarocladum. Responsible for the separation are the enhanced features 569.4/492 (P96, 

C38H49O4) and 501.3/471 (P81, C33H41O4) (Figure 6.8b). The chemical composition and the late 

retention time suggest PPAPs. Benzoylphloroglucinols derivatives with identical chemical 

composition were described for H. sampsonii.213 They contain a characteristic unsubstituted 

phenyl ketone moiety. However, all detected fragment ions of these compounds are explainable 

by the continuous loss of prenylated sidechains and do not give insights about the acyl group. 

Bonkanka et al. (2008) observed these two ions in H. grandifolium in the positive ionization mode 

and detected a fragmentation ion at m/z 105 (C6H5CO+), which indicates this structural subunit.214 

Besides, all three species show increased hyperforin (1) signals. 

H. androseaemum, H. perforatum, and H. curvisepalum cluster in the positive sector of PC1 and 

the negative sector of PC2 (Figure 6.5a).They are rich in hyperforin (1) and adhyperforin (2) 

(Figure 6.5b). The enhanced feature 567.4/543 (P114, C35H51O6
-) is in accordance to the 

degradation product deoxy-hydroperoxyfurohyperforin of 1.  

The shift of H. pulchrum and H. elodes to positive PC2 values is mainly due to the features: 

447.3/451 (P65), 447.3/463 (P74, C29H35O4
-), and 433.2/507 (P105, C28H33O4

-). Those 

compounds, most likely PPAPs, differ by a methyl group aquivalent to the difference between the 

acylisopropyl group and the acyl methylbuterylgroup, as in hyperforin (1) and adhyperforin (2). 

Further, those species are characterized by the absence of hypericin related compounds as already 

shown in TLC. In literature the presence of hypericin (3) and pseudohypericin (4) is reported for 

the flowers of H. elodes exclusively.215,216 
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Although H. pulchrum and H. elodes are close in PC1 and PC2, H. elodes is clearly separated from 

the other species by PC4 (9.5%) (Figure 6.8c). The most prominent difference are enhanced 

compounds with m/z 443.3, represented by five features (P66, P80, P94, P102, P109). This leads 

to the conclusion that several isomers with the chemical composition C27H40O5 occur in this 

species. The isomer P80 (443.3/470) reaches the highest values in PC4 and possesses the highest 

intensity in the chromatogram. Chinesin I (49), originally isolated from H. chinense, features the 

same chemical composition.217 The molecule 49 (Figure 6.7) possesses five stereocenters, so that 

numerous stereoisomers are likely. The MS/MS analysis of the detected isomers vary slightly from 

each other but have two intense fragments in common. Fragment m/z 374 can be explained by the 

loss of a prenylated side chain [M-H-C5H9]
-, typical for PPAPs. The m/z 235 corresponds to the 

ion after additional loss of C9H15O, which would fit to a radical cleavage of the 1-methyl-3-(prop-

1-en-2-yl)cyclopentan-1-ol group.  

 

 

Figure 6.7 Molecular structure of chinesin I (49) and the quercetin-glycosides miquelianin (50) and avicularin (51). 

H. coris, H. polyphyllum, H. reflexum, and H. canariense are shifted towards the positive values 

of PC3 and negative in PC4 (Figure 6.8c). These species contain some identical metabolites, 

mainly smaller PPAPs (m/z below 500) (Figure 6.8d). Some were also detectable in previous 

studies in H. perforatum, such as dimethylallyl phloroglucinol (15). Although these four species 

form a cluster in PC3 and PC4 they are nicely distributed in PC5 (6.7%) and PC6 (6.0%) (Figure 

6.8e). PC6 separate H. polyphyllum from the other species, because of enhanced contents of 

hyperpolyphyllerin (39) and adhyperpolyphyllerin (P89) (Figure 6.8f). These PPAPs were already 

described as characteristic compounds for this species.52,201 In addition, also feature 345.2/506 

(P103, C21H29O4
-) is increased, based on MS measurements assigned as 2-O-geranyl-

methylbutanoyl-phloroglucinol (42). This feature was also detected in H. canariense and 

H. elodes, which are shifted in the positive direction of PC5. The most discriminant feature 

331.2/500 (P101, C20H27O4
-) of H. canariense was tentativly assigned as 2-O-geranyl-

methylpropanoyl-phloroglucinol (41). Both features were already found in small amounts in 

H. perforatum (chapter 4.3.5.2). The isomer 3-geranyl-methylbutanoyl-phloroglucinol 

(345.2/436, P58) is also enhanced in H. canariense and displays the most discriminant compound 

in H. reflexum. These two species have also an enhanced content of the not identified feature 

359.2/448 (P63, C22H31O4
-) in common (Figure 6.8f). 
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In summary it can be concluded that LC-MS is a suitable method for species specific marker 

identification in Hypericum, because mainly PPAPs differ. 1D 1H-NMR is less useful, because 

PPAP signals are highly overlapping due to similarities of structural elements (prenyl chains, acyl-

moiety) and only differ in number and connections of the prenyl moieties.  

Table 6.4 Peaklist of major discriminant compounds of PCA analysis (extended table in Appendix 6.3) 

No Feature [M-H]- Rt 
(min) 

Molecular 
formula  
[M-H]- 

Δ ppm Fragments (Intensity) Identification 

P27 463.1/300 463.0878 5.00 C21H19O12 -0.905 343.0462 (4), 301.0354 (100), 
300.0285 (48) 

hyperosidea (7) 
isoquercetina (9) 

P37 263.1/337 263.1287 5.62 C15H19O4 -0.541 194.0586 (100), 166.0639 (18), 
151.0040 (6) 

dimethylallyl-
phlorisobutyrophenonea 

(15) 

P40 277.1/358 277.1443 5.97 C16H21O4 -0.839 208.0742 (100), 180.0795 (32), 
151.0040 (8) 

1-(2-methylbutanone)-
3-prenyl-phloroglucinol 

P43 351.2/386 351.1606 6.43 C22H23O4 1.331 282.0900 (100), 254.0952 (10), 
214.0274 (32), 186.0325 (8) 

n.a. 

P53 379.2/419 379.1914 6.98 C24H27O4 -0.297 310.1215 (53), 267.0667 (100) 
255.0668 (10) 242.0589 (24) 
241.0511 (2) 

n.a. 

P58 345.2/436 345.2063 7.27 C21H29O4 -2.296 276.1374 (61), 233.0824 (100), 
221.0825 (15), 208.0746 (28) 

n.a. 

P59 433.2/439 433.2375 7.32 C28H33O4 -2.176 433.2375 (6), 365.1729 (6) 
364.1690 (45), 321.1140 (100), 
309.1141 (12), 296.1061 (16), 
295.0985 (8), 253. 0514 (12) 

n.a. 

P61 461.3/445 461.2904 7.42 C27H41O6 -1.045 392.2213 (26), 333.1716 (11), 
235.0981 (100) 

n.a. 

P63 359.2/448 359.2224 7.47 C22H31O4 -1.01 359.2237 (10), 315.2338 (11), 
290.1530 (42), 247.0980 (100), 
235.0981 (14), 222.0902 (25),  

n.a. 

P65 447.3/451 447.2529 7.52 C29H35O4 -2.533 447.2529 (12), 403.2656 (8), 
378.1848 (8), 310.1210 (34), 
309.1141 (100), 267.0670 (70), 
255.0670 (18), 242.0590 (43), 
241.0515 (12) 

n.a. 

P66 443.3/454 443.2804 7.57 C27H39O5 0.141 399.2914 (25), 375.2147 (9), 
374.2107 (100), 317.1764 (11), 
303 (6), 248.1058 (10), 247.0981 
(9) 236.1045 (9), 235.0981 (80), 
222.0902 (17) 

n.a. 

P67 521.1/455 521.0884 7.58 C30H17O9 1.218 521.0890 (100), 477.0993 (16) protopseudohypericin 
(18) 

P70 311.1/459 311.1289 7.65 C19H19O4 0.089 267.1394 (55), 242.0587 (100) n.a. 

P71 483.3/461 483.3109 7.68 C30H43O5 -1.464 413.2708 (45), 303.1972 (100), 
259.2074 (24), 193.1239 (7) 

n.a. 

P74 447.3/463 447.2529 7.72 C29H35O4 -2.533 447.2529 (14),  378.1848 (7), 
310.1210 (12), 309.1141 (100), 
267.0670 (22), 255.0670 (7), 
242.0590 (11) 

n.a. 

P75 519.1/464 519.0772 7.73 C30H15O9 0.125 519.0733 (100), 503.0422 (8), 
487.0470 (16), 475.0471 (6) 

pseudohypericin (4) 

P80 443.3/470 443.2794 7.83 C27H39O5 -2.047 236.1051 (26), 235.0983 (100) 
145.1772 (6) 

chinesin isomer (49) 

P81 501.3/471 501.3007 7.85 C33H41O4 -0.585 501.3028 (17), 389.1770 (10), 
363.1612 (100), 312.1140 (65), 
309.1141 (14), 296.1060 (14). 
253.0513 (22) 

benzoylphloroglucinol 

P82 291.2/474 291.1601 7.9 C17H23O4 -0.318 247.1707 (10), 223.0975 (6), 
222.0899 (100), 166.0276 (2) 

n.a. 

P83 481.3/481 481.3319 7.91 C31H45O4 -0.879 412.2628 hyperpolyphyllirin (39) 
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No Feature [M-H]- Rt 
(min) 

Molecular 
formula  
[M-H]- 

Δ ppm Fragments (Intensity) Identification 

P84 413.3/476 413.2698 7.93 C26H37O4 0.066 369.2807 (8), 344.1999 (46), 
301.1450 (100), 289.1451 (11), 
276.1373 (15), 233.0824 (10) 

Deprenylhyperpoly-
phyllirin (38) 

P88 365.2/483 365.1757 8.05 C23H25O4 -0.418 321.1866 (99), 229.0502 (28), 
228.0431 (100), 227.0357 (37), 
200.0483 (7) 

n.a. 

P89 495.3/483 495.3488 8.05 C32H47O4 1.75 - adhyperpolyphyllirin 

P93 331.2/488 331.1913 8.13 C20H27O4 -0.491 331.1919 (35), 313.1813 (10), 
287.2020 (100), 262.1214 (10), 
261.1500 ( 16) 207.0666 (23), 
194.0587 (8) 

3-geranyl-
methylpropanoyl-
phloroglucinola (17) 

P94 443.3/489 443.2801 8.15 C27H39O5 -0.513 399.2914 (8), 374.2107 (35), 
356.2001 (16), 317.1765 (43) 

chinesin isomer 

P96 569.4/492 569.3633 8.2 C38H49O4 -0.656 431.2244 (37), 309.1309 (14), 
309.1143 (100), 309.0949 (11) 

benzoylphloroglucinol 

P98 535.4/496 535, 3783 8.27 C35H51O4 -1.799 467.3137 (31), 466.3106 (100), 
397.2397 (36), 395.2608 (13), 
384.2292 (14), 383.2242 (68), 
315.1612 (54), 313.1819 (38) 

hyperforin (1) 

P99 549.4/498 549.3946 8.3 C36H53O4 -0.589 431.3289 (329), 480.3257 (100), 
411.2550 (33), 398.2441 (15), 
397.2393 (65), 395.2608 (13), 
329.1765 851), 313.1816 (42) 

adhyperforin (2) 

P101 331.2/500 331.1908 8.33 C20H27O4 -2.121 331.1921 (8) 287.2022 (64) 
195.0662 (15), 194.0588 (100) 
152.0120 (14) 

2-O-geranyl-
methylpropanoyl-
phloroglucinol (41) 

P103 345.2/506 345.2068 8.43 C21H29O4 -0.877 345.2078 (13), 301.2179 (59), 
261.1502 (5), 209.0875 (17), 
208.0745 (100), 152.0120 (21) 

2-O-geranyl-1-
methylbutanoyl-
phloroglucinol (42) 

P105 433.2/507 433.238 8.45 C28H33O4 -1.068 433.2394 (100), 389.2494 (54), 
355 (1922 (61), 321.1138 (40), 
309.1138 (38), 295.0982 (26), 
287.2023 (27), 253.0512 (21), 
145.0300 (19) 

n.a. 

P108 503.1/512 503.0778 8.53 C30H15O8 1.032 503.0785 (100), 461.0677 (5), 
459.0886 (12) 

hypericin (3) 

P109 443.3/513 443.2803 8.55 C27H39O5 0.118 375.2141 (18), 374.2104 (100) 
359.2239 (16), 359.1870 (32) 
331.1564 (20), 2470980 (57), 
236.1046 (25), 235.0977 (94.58 
234.0901 (62), 233.0825 (32) 

chinesin isomer 

P111 399.3/528 399.2542 8.8 C25H35O4 0.268 399.2551 (9), 355.2653 (21), 
263.1279 (28), 262.1217 (100), 
261.1141 (26), 219.0668 (84), 
207.0668 (20), 194.0590 (42) 

n.a. 

P114 567.4/543 567.3694 9.05 C35H51O6 0.577 539.3746 (7), 497.3271 (7), 
471.3118 (100), 453.3008 (7), 
415.3221 (6) 

deoxy-hydroperoxy-
furohyperforin 

a identified with standard compound  
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Figure 6.8 PCA of UHPLC-MS data of different Hypericum species: PC1 and PC2: a) scores plot, b) loadings plot; 

PC3 and PC4: c) scores plot, d) loadings plot; PC5 and PC6: e) scores plot, f) loadings plot. Loadings plot is shown 

with assigned peak numbers of discriminant features, shown in Table 6.4. 
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Comparison of H. perforatum metabolites 

The untargeted analysis showed that the chemical fingerprints of the studied Hypericum species 

are highly diverse and have little in common. However, most research was focussed on the 

comparison of different species with H. perforatum. Those targeted studies are based on a 

relatively small number of secondary metabolites.148,202 In Figure 6.9 a heatmap of selected 

H. perforatum secondary metabolites is displayed. In addition to the already described major 

compounds also miquelianin (50) and avicularin (51) were included because quercetin glycosides 

were intensely considered in previous studies.218  

Notably, quercetin (5) and its glycosides (7, 8, 9) as well as chlorogenic acid (10) and catechin 

(14) are detectable within most species. In contrast to that, mangiferin (46), avicularin (51), and 

miquelianin (50) are more species-specific. The heatmap reveals a clustering of the hypericin (3) 

containing species and of hypericin missing species. Like in earlier studies described (chapter 4.3.5 

and 3.3.2.2) hypericin (3) occurs together with related compounds. In the heatmap hypericin (3), 

pseudohypericin (4), protohypericin (18), emodin (20), endocrocin (28), skyrin-6-O--

glucopyranoside (29), and skyrin-6-O--arabinofuranoside (30) form a cluster. They are 

observable in H. humifusum, H. barbartum, H. inodorum, H. reflexum, and species belonging to 

section Hypericum (H. perforatum, H. maculatum, H. attenuatum, and H. tetrapterum). This is in 

line with the TLC results (chapter 6.3.1.1). H. humifusum contains the highest amounts of 

hypericin-related metabolites (Figure 6.9). This species is an interesting target to gain more 

information about the hypericin biosynthesis. One abnormality of this species is the lack of skyrin-

6-O--arabinofuranoside (30), which correlates in other species with 3 and 4.  

Interestingly, H. perforatum is not the only species with the co-occurrence of the PPAPs hyperforin 

(1) and adhyperforin (2) and naphthodianthrones. Although H. inodorum contains both valuable 

compound classes, as reported by Aziz et al. (2000),219 the highest hyperforin concentration was 

found in H. curvisepalum and H. lagarocladum. 
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Figure 6.9 Heatmap of signal intensities from major H. perforatum compounds (min-max normalization for each 

feature) averaged for each species.  

 

 Phylogenetic correlation to metabolite profiles 

The study includes 21 species of 12 taxonomic sections (Table 6.2). By hierarchical cluster 

analysis (HCA) it was investigated if species from identical section show similar molecular 

profiles and, therefore, cluster together. The HCA is more suited for this research question because 

it clusters the species by similarities and not as in the PCA by highest variance. The results based 

on LC-MS and 1H-NMR data are shown in Figure 6.10a and 6.10b. The section Hypericum, 

represented by H. perforatum, H. maculatum, H. attenuatum, and H. tetrapterum, clusters together 

based on 1H-NMR data. Based on LC-MS data, the cluster of H. perforatum exists in some distance 

to the cluster of the other three species. Both methods show small distances between H. reflexum 

(Adenosepalum), H. canariense (Webbia), H. polyphyllum (Olympia), and H. coris (Coridium). 

This trend was already observable in the PCAs derived from both types of analytical methods.  

Further, the species of the sections Ascyreia, Androsaemum, and Taeniocarpium are spread in the 

HCA but often appear close to each other. Their molecular similarity might be explainable by their 

evolutionary background, because the sections Androsaemum and Taeniocarpium developed from 

the Ascyreia section.220 

The sections Elodes, Drosocarpium, and Crossophyllum are well separated by bigger distances to 

the other section, so that a quite unique molecular fingerprint for the corresponding species is 

assumed.  
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Figure 6.10 Hierarchical cluster analysis calculated with Ward's minimum variance method and colored by taxonomic 

section of a) UHPLC-MS data and b) 1H-NMR data. 

 Antibacterial properties of Hypericum species 

The lack of new antibiotics and the rising number of multidrug-resistant bacteria made it necessary 

to develop new antibacterial drugs. Some Hypericum species are known to have effects against 

microorganisms.28,65,207 Most of the species analyzed in our study were never tested for their 

antibacterial properties. Therefore, we included a screening against the gram-negative bacterium 

Aliivibrio fischeri and the gram-positive Bacillus subtilis. The antibacterial test was performed 

twice in triplicates for each biological replicate (Appendix 6.4). The averaged activities per species 

are compiled in Figure 6.11 for B. subtilis and Figure 6.12 for A. fischeri.  

14 of the tested species extracts inhibited the growth of B. subtilis at the highest concentration 

tested (500 µg/ml). At ten times lower concentration only the species H. canariense, H. elodes, 

and H. reflexum extracts were able to prevent bacterial growth. None of the tested species were 

active against the gram-negative bacterium A. fischeri (Figure 6.12) at the lower concentration 

(50 µg/ml). However, H. canariense, H. orientale, H. elodes, and H. reflexum extracts were able 

to reduce the growth by more than 50%. The best result was achieved with H. elodes extract, which 

completely inhibited growth. 

H. canariense, H. elodes, and H. reflexum showed promising activities against both bacteria, 

whereas H. orientale was explicitly active against the gram-negative A. fischeri and showed only 

moderate results against B. subtilis.  
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Figure 6.11 Activity of different Hypericum species methanolic crude extracts against Bacillus subtilis measured at 

two concentrations (50 µg/ml and 500 µg/ml). Shown is growth inhibition after 16 h in percent and the standard 

deviation of all average activities of biological replicates per species. Detailed experimental data are shown in 

Appendix 6.3. Chloramphenicol was used as positive control. 

 

Figure 6.12 Activity of different Hypericum species methanolic crude extracts against Aliivibrio fischeri measured at 

two concentrations (50 µg/ml and 500 µg/ml). Shown is growth inhibition after 24 h in percent and the standard 

deviation of all average activities of biological replicates per species. Detailed experimental data are shown in 

Appendix 6.3. Chloramphenicol was used as positive control. 

 Activity Correlation Analysis 

Application of the method 

The identification of active natural products is usually associated with a time-consuming activity 

guided isolation. In addition, the isolation requires large quantities of starting material. An 

alternative approach, is the activity correlation analysis (ACorA), where chemical profiles are 

correlated to the respective bioactivity data to identify the effective compounds.221,222 

The present study was conceptualized as high throughput metabolomics experiment, and therefore, 

the sampled material was not larger than required for profiling analysis. So the ACorA approach 

was used to identify compounds or a compound class responsible for the antibacterial effects of 
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the Hypericum species (chapter 6.3.2). Due to the overlap of the PPAP signals in conventional 1D 

NMR, 2D NMR experiments as well as a 1D Pure Shift methods (see chapter 7) were neccessary 

to circumvent this resolution problem. 

ACorA was already successfully applied to chemical fractions and extracts where mainly the 

quantities of the constituents differ and not the chemical composition.221,222 Therefore, the 

utilization of LC-MS seemed suitable. However, the major compositional differences between the 

Hypericum species (chapter 6.3.1) made classical correlation difficult, at least when each 

compound is classified by one unique identifier as it is the case for LC-MS analysis. In NMR each 

compound is characterized by multiple peaks that indicate structural elements of molecules. By 

correlating NMR data with bioactivities, the identification of active compound classes with 

characteristic chemical moieties was aimed for. 1D and 2D-NMR data for each biological replicate 

were correlated by Spearman rank correlation to their growth inhibition of A. fischeri 

(500 µg ml-
 
1).  

For 1D-1H-NMR the binning table used for multivariate data analysis (chapter 6.3.1.2) was 

utilized. The 2D-NMR (HMBC, HSQC) processing consists of multiple steps: 1) 2D binning (pixel 

analysis), 2) drift correction, 3) normalization, 4) noise filtration. The 2D-pixel matrix consists of 

more than 3000k values. Concerning the information that is included, many of the pixels cover 

areas of noise and non-crucial information. To reduce the data matrix, pixels with values below 

the detection limit were removed (~30% HSQC, ~10% HMBC). 

Results of the ACorA approach  

The ACorA results of all three NMR data sets showed similar results. Since the HMBC results are 

most meaningful, only these are presented here. The correlating pixels are depicted in Figure 6.13 

with the overlayed HMBC spectrum of H. canariense. First, it can be recognized that most of the 

correlating pixels (highlighted in grey) are in reasonable chemical shift areas, so only very few 

false positives were recognized by the ACorA.  

The highest number of neighboring correlating pixels correspond to highly shielded signals at 

H 0.8–1.4 ppm, belonging to methyl groups. They show correlations to C regions A (0–25 ppm), 

B (27–80 ppm), and C (175–220 ppm) (Figure 6.13). Region C is characteristic for 3J coupling to 

a carbonyl group. It is typical for the acyl side chain of PPAPs and was identified in three of the 

four active species. Only H. orientale is lacking these signals. Region A shows the correlation of 

the methyl groups within the isobutyryl-moiety (Figure 6.14a), whereas region B could also belong 

to a correlation within the 2-methylbutyryl-moiety (Figure 6.14b). 

The correlating pixel regions labeled with D, E, and F (Figure 6.13) with H 1.3–1.8 ppm are 

characteristic for prenylated side chains. The region D (C 10–30 ppm) corresponds to the 3J 

correlation from neighboring methyl groups with each other. The strong HMBC correlations from 

the methyl groups to the neighboring double bond carbons are displayed in region E (tertiary 

carbon, C 110–128 ppm) and region F (quarternary carbon, C 130–150 ppm)(Figure 6.14c,d).  
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Figure 6.13 HMBC-spectrum of H. canariense (KEW_4_a) overlayed with pixels (grey), that correlate significantly 

to the antibacterial activity against A. fischeri (c2 500µg/ml), calculated with activity correlation analysis. Regions of 

black boxes are characteristic signals explained in Figure 6.14. 

The correlating pixel regions at H 1.9–2.6 ppm correspond to CH2 signals. They correlate to the 

quaternary carbon of the prenyl double bond or indicate the direct connection to the core structure 

of phloroglucinols (region H: C 120–145 ppm). Region G (C 10–40 ppm) could correspond to 

geranyl side chains caused by two neighboring CH2 groups. The correlation of the CH2 protons to 

an oxygen substituted quarternary carbon with C 150–180 ppm (region I) indicate a carbon bound 

prenyl chain (Figure 6.14c). The CH2 group with H 4.6–4.8 ppm (region M) is deshielded, 

indicating a neighbouring nucleophil. Further these protons show HMBC correlations to two 

quaternary carbons. Those signals are explainable by an O-prenylation. The quarternary carbon at 

C 145 ppm is within the prenylchain whereas the C 165 ppm belongs to the core ring structure 

(Figure 6.14d). 

All the highlighted regions which correlate to the bioactivity hint towards PPAPs. In addition also 

regions K, J, L, N, and O were promising hits in ACorA. However, they can not be assigned to the 

classical PPAP signals yet. So possibly they correspond to a phloroglucinol derivative with other 

side chains. To identify an antibacterial compound with the help of the AcorA results the spectra 
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of H. canariense was used, because of the high concentration of PPAPs, recognizable by the 

dominant methyl signals with  1.5–1.8 ppm. The structure which was tentatively assigned based 

on MS fragmentation studies could be verified by NMR analysis as 2-O-geranyl-methylpropanoyl-

phloroglucinol (41), as shown in Figure 6.15. The crucial couplings between H-11 and C-10 and 

C-3 revealed the binding of geranyl side chain at the oxygen bound to C-2. 

The PPAP 41, was not described for H. canariense yet, but it was already isolated from 

H. punctatum.65 Sarkisian et al. (2012)65 reported 1good results for compound 41 inhibiting 

biofilm production of different Staphylococcus species. The isomer geranylated in 4-O-position, 

known from H. densiflorum, showed activity against MRSA.223 So compound 41 can be 

considered as antibacterial principle of H. canariense against A. fischeri. Furthermore, 41 occurred 

also in H. reflexum which exhibited comparable antibacterial effects as H. canariense.  

However, not all ACorA hits contribute to compound 41 and it is not contained in H. orientale and 

H. elodes. Therefore, those species are interesting targets for further chemical investigation to 

identify the responsible bioactive compounds.  

 

Figure 6.14 Possible HMBC correlations shown on simplified structures observed with ACorA highlighted as regions 

A to O in Figure 6.13. 
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Assignments 1H,  [ppm] 

multiplicity (J) 

13C  [ppm] 

(HSQC/HMBC) 

Cq, 1 - 105.5 

Cq, 2 - 163.7 

Cq, 3 5.95 d (2.3 Hz) 93.0 

CH, 4  - 166.0 

Cq, 5 5.88 d (2.3 Hz) 96.9 

CH, 6 - 168.2 

Cq, 7 - 211.3 

CH, 8 3.81 m 40.4 

CH3, 9/10 1.10 d (6.7 Hz) 19.8 

CH2, 11 4.59 d (6.7 Hz) 66.4 

CH, 12 5.52 t (6.9 Hz) 119.8 

Cq, 13 - 143.4 

CH2, 14 2.11 m 40.4 

CH2, 15 2.15 m 27.4 

CH, 16  4.79 m 120.1 

Cq, 17  - 135.0 

CH3, 18 1.54 s 26.1 

CH3, 19 1.55 s 18.1 

CH3, 20 1.76 16.6 
 

Figure 6.15 Structure of the putative bioactive compound 41 identified in H. canariense and the resonance 

assignments from 1H- and 1H-13C-NMR spectra (600 MHz, methanol-d4). Couplings are presented with red arrows for 

HMBC. Selective TOCSY (blue) and selective ROESY (black) were measured irradiating proton 11.  

 

6.4 Conclusion  

The untargeted chemophenetic analysis reveals great variation among 21 Hypericum species. Both 

NMR and LC-MS analyses demonstrate that the highly concentrated polyprenylated 

phloroglucinols are mainly responsible for the discrimination of the species. LC-MS analysis 

proved to be more appropriate, since the signals of PPAPs often overlap in NMR. Overall, the 

investigated species possess only few similarities in their metabolite profiles. Some of the species 

showed antibacterial effects. The activity correlation analysis was applied to 2D-NMR data for the 

first time and several structural elements characteristic for polyprenylated phloroglucinols were 

identified. Based on the correlating regions the potentially antibacterial compound 41 was 

identified in H. canariense and H. reflexum. The combination of 2D-NMR with ACorA could be 

a new chance to effectively identify substructures responsible for the acitivity of a number of 

compounds. This means that an application of ACorA would be especially suitable for 

multispecies data sets, where similar compound classes are expected. Furthermore, this analysis 

will facilitate an easier selection of promising species and prior knowledge of the target molecules 

for isolation.

 

  



  

119 

7 PSYCHE – a valuable experiment in plant NMR-

metabolomics 

This chapter presents the application of the homonuclear decoupling method PSYCHE for the 

comparable analysis of Hypericum species. It is published as Communication Article224:  

Pauline Stark, Caroline Zab, Andrea Porzel, Katrin Franke, Paride Rizzo,  

and Ludger A. Wessjohann.  

Molecules (2020) 25, 1-13e, doi: 10.3390/molecules25215125 

 

Abstract  

1H-NMR is a very reproducible spectroscopic method and, therefore, a powerful tool for 

metabolomic analysis of biological samples. However, due to the high complexity of natural 

samples, such as plant extracts, the evaluation of spectra is difficult because of signal overlap. The 

new NMR "Pure Shift" methods improve spectral resolution by suppressing homonuclear coupling 

and turning multiplets into singlets. The PSYCHE (Pure Shift Yielded by Chirp Excitation) and 

the Zangger-Sterk pulse sequence were tested. The parameters of the more suitable PSYCHE 

experiment were optimized, and the extracts of 21 Hypericum species were measured. Different 

evaluation criteria were used to compare the suitability of the PSYCHE experiment with 

conventional 1H-NMR. The relationship between the integral of a signal and the related bin value 

established by linear regression demonstrates an equal representation of the integrals in binned 

PSYCHE spectra compared to conventional 1H-NMR. Using multivariate data analysis based on 

both techniques reveals comparable results. The obtained data demonstrate that Pure Shift spectra 

can support the evaluation of conventional 1H-NMR experiments.
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7.1 Introduction 

Metabolomics is understood as a quantitative and comprehensive analysis of metabolites in a 

complex biological specimen to describe the chemical phenotype.41 Nuclear magnetic resonance 

(NMR) spectroscopy and mass spectrometry (MS) are the key technologies used for that purpose. 

NMR is particularly convincing due to the simple sample preparation, the high reproducibility, 

and the non-destructive character.225,226 Originally, it was the method of choice for structure 

elucidation of pure compounds, however, NMR is increasingly used nowadays for the analysis of 

complex mixtures.43 Especially the ability to quantify different metabolites at various 

concentration levels makes 1H-NMR a valuable tool for metabolite profiling and fingerprinting of 

biofluids 227, foods 228, and natural product sources such as plants 52,229, fungi 230, and corals 231,232.  

Plant metabolomics is challenging because, in addition to the primary metabolites, each species 

includes a high number of secondary metabolites, which helps the organism to interact with its 

environment. It is assumed that the metabolome of the plant kingdom comprises over 200.000 

metabolites.41 The genus Hypericum includes around 450 chemically diverse species. The best-

known species is H. perforatum (St. John's Wort), which is commercially used against mild to 

moderate depression in the Western World.9,233 In general, Hypericum species are characterized 

by several secondary metabolite classes, such as naphthodianthrones, phloroglucinols, flavonoids, 

and xanthones.39,52,101,164 In the 1H-NMR, those secondary metabolites and primary metabolites 

can be detected simultaneously.52 However, the high number of signals from complex mixtures in 

a 1H-NMR spectrum is limited to a small spectral range, which leads to overlapping signals 

(chapter 6.3.1.2). It is further strengthened by proton-proton scalar couplings, which cause 

multiplet structures. Regions with overlapping signals complicate spectral analysis and 

identification.234-236 2D NMR methods enhance the spectral resolution by spreading the overlapped 

signals in a second dimension, which is useful in structure elucidation. However, due to long 

acquisition times for most of the experiments, they were rarely applied in metabolomics 

investigations.225,237,238 Homonuclear broadband decoupling methods, also called “Pure Shift” 

methods, were stated by Aquilar et al. as possible “resolution of the resolution problem”.239 They 

offer enhanced resolution by removing the effect of proton-proton scalar couplings and turning 

multiplets into singlets.240,241 During the last decades different methods were evolved, such as 2D 

J-resolved NMR 242, slice selective decoupling (Zangger-Sterk) 236, and PSYCHE (Pure Shift 

Yielded by Chirp Excitation) decoupling 243,244. 

Besides all the theoretical benefits which Pure Shift methods promise for metabolomics 

experiments, a major bottleneck is still the low sensitivity, which (depending on the method) 

reaches around 1-20% of a conventional 1H-NMR.240 However, recent studies show promising 

results that Pure Shift methods could be added to the metabolomics toolbox.232,234,245-247 Lopez et 

al. (2019) demonstrated that an untargeted metabolomics approach of Physalis peruviana fruits 

based on SAPPHIRE-PSYCHE revealed good results in the STOCSY and PLS analysis.234 

Furthermore, Santacruz et al. (2020) used PSYCHE decoupling for the differentiation of coral 
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extracts, and Bo et al. (2019) adapted the method to honey and tea samples.232,245 All studies 

indicated, besides the additional structural information, advantages in the untargeted metabolomics 

data processing. Those studies handled samples with quantitative differences in metabolites, but 

just to a certain extent, they also differed in their chemical composition. The suitability of Pure 

Shift for highly diverse sample sets for which peak picking, and intelligent binning248 is not 

possible, has been examined in the study presented here. Until now, it is not yet clear to what 

extent binning has a positive or negative effect on the data processing of PSYCHE spectra. 

Uniform binning, the data reduction of the spectrum into small integral regions with the same size, 

often results in signals, especially multiplets of large widths, being unintentionally distributed over 

several bins and thus only represented inadequately by one bin. A better separation of signals could 

lead to better binning results. 

First, the best suitable Pure Shift method was determined, and the parameters were optimized to 

analyze complex extracts of different Hypericum species, which are known to vary in their major 

secondary metabolites (chapter 6).52 Second, an optimized bin size was determined for PSYCHE 

spectra. Finally, the performance of the PSYCHE experiment within a multivariate data analysis 

was addressed in terms of quantifiability, metabolite identification, and applicability. 

 

7.2 Materials and Methods  

 Plant material and sample preparation 

For the study, the 21 Hypericum species (plant specification in Table 6.2.) data set described in 

chapter 6.2.1 was used. NMR sample were prepared in accordance to chapter 6.2.5. 

For method development, a mixture of chlorogenic acid (Sigma Aldrich, 1.73 mg/ml) and rutin 

(Roth, 3.20 mg/ml) was solved in methanol-d4. 

 NMR data acquisition 

Spectra were recorded on an Agilent VNMRS 600 NMR spectrometer at 25 °C equipped with a 5 

mm inverse detection cryoprobe using standard CHEMPACK 8.1 pulse sequences s2pul, PS1D, 

and PSYCHE (parameter and pulse sequences see data repository, respectively) implemented in 

the Varian VNMRJ 4.2A software. Signals were referenced to internal HMDS at 0.062 ppm. 

Compound mixture and plant extract spectra were measured with a spectral width of 10 and 

13 ppm, respectively. Quantitative 1H-NMR (1Hq) spectra were measured with: pulse angle = 90°, 

relaxation delay (d1) + acquisition time (at) = 30.0 s, number of scans (nt) = 128, digital resolution 

= 0.37 Hz/point. Conventional 1H-NMR (1H) spectra were aquired with: pulse angle = 30°, 

d1 + at = 3.0 s, nt = 40, digital resolution = 0.95 Hz/point. PS1D (Zangger-Sterk) spectrum were 

recorded with d1 + at = 3 s, nt = 4, digital resolution = 0.37 Hz/point, B1max = 0.1526 kHz, pulse 

width = 17 ms, and gradient= 1.5 G/cm. The PSYCHE spectra were acquired with d1 + at = 1.7 s; 

nt = 4; and digital resolution = 1.47 Hz/point for parameter adjustment and d1 + at = 3.0 s; nt = 16; 



7. PSYCHE – a valuable experiment in plant NMR-metabolomics  

122 

and digital resolution = 0.97 Hz/point for metabolomics measurements. The applied double saltire 

Chirp pulses were used with swept pulse flip angle = 10°, τPS = 15 ms, pulse width = 30 ms, and 

gradient = 1.0 G/cm. 

 NMR data processing and data analysis 

Data processing was carried out with MestreNova 12.0.4-220023. After automatic Fourier 

transformation with the standard VNMRJ window function and zero filling, phase correction and 

baseline correction (Bernstein polynomial fit) were applied. Signal to noise ratios (SNR) of 

H. perforatum extracts were calculated with MestreNova, as the ratio of the intensity of signal 

δ 6.70–6.78 ppm to the standard deviation of the noise (δ 8.1–10.0 ppm). For the metabolomics 

experiments, spectra were reduced to integrated regions of equal width (0.01 ppm, 0.02 ppm, or 

0.04 ppm). A binned data table (.csv) was generated. 

Data analysis was performed on the binned data of conventional 1H-NMR and PSYCHE spectra 

with R (version 3.5.1). Bins corresponding to spectral regions of residual methanol (δ 3.27–

3.33 ppm) and water (δ 4.7–5.0 ppm) were removed. Bin values were normalized to the 

quantitative internal standard HMDS. For principal component analysis (PCA), the pcaMethods 

(1.78.0)70 package was utilized. For the reduced data set, all bins below the limit of detection 

(LOD) in all samples were removed. The LOD was determined as three times the standard 

deviation of the noise (δ 10–11.0 ppm and -1.0– -0.2 ppm).  

 Data availability 

Data are freely available in RADAR (https://www.radar-service.eu/en/home) (doi 10.22000/338). 

It includes raw data of NMR measurements, used pulse sequences, as well as the processed bin 

tables. 

7.3 Results and discussion 

 Comparison of Pure Shift methods 

Different Pure Shift methods are known. The most common experiments are the Zangger-Sterk236 

and the PSYCHE249 method. Both techniques were tested with a compound mixture of chlorogenic 

acid (10) and rutin (6). The combination of these Hypericum constituents was chosen because the 

coupling constants of the signals cover a wide range from 2–16 Hz (Table 2.1). The first 

experiment was performed with the spectrometer control software (VnmrJ) default settings (pulse 

sequences given in data depository). Figure 7.1 shows the Pure Shift spectra in comparison to the 

conventional 1H-NMR. The Zangger-Sterk method (Figure 7.1) reveals, despite the long 

measuring time of 50 min, a low signal to noise ratio (SNR) and can not compete with the 

sensitivity of the PSYCHE experiment. Additionally, the measuring time of the PSYCHE 

experiment is nearly ten times shorter than Zangger-Sterk. Therefore, the PSYCHE method was 

considered for metabolomics experiments, where acquisition times should be short as usually high 
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sample numbers and compound stability are important issues. The homonuclear decoupling was 

achieved for all signals in the PSYCHE experiment to an acceptable extent. The SNR is lower than 

in conventional 1H-NMR, as already described by Castanar (2017).240 Furthermore, artifacts (e.g., 

Figure 7.1: 7.65 ppm) were generated in the PSYCHE spectrum, so the parameters had to be 

optimized to obtain higher spectral quality. 

 

 

Figure 7.1 Comparison of 1H-NMR, Zangger-Sterk (PSD1 236), and PSYCHE 249 spectra acquired with the default 

parameter settings (number of scans = 4). 

 Parameter optimization of the PSYCHE experiment 

The PSYCHE spectra show the decoupled signals and a variety of undesired signals, resulting 

from strong couplings, "chunking" sidebands, and other artifacts.244 Experimental parameters were 

improved to generate spectra with high spectral purity containing a good ratio between wanted and 

unwanted signals. Furthermore, the sensitivity, calculated as the quotient of SNR and measurement 

time, was considered as quality parameter. The influence of the essential parameters, swept pulse 

flip angle, and Pure Shift tau-delay (τPS=1/(2sw1)) on spectra quality was tested. The small pulse 

angle is the fundamental idea that enables the homodecoupling of the PSYCHE experiment.244 The 

impact was determined by changing the pulse angle (6°–18°) gradually with constant τPS (30 ms). 

The obtained spectra are shown in Figure 7.2a. The utilization of pulse angles above 10° results in 

decoupling sidebands, observable at signal H-5' of 6 at 6.88 ppm. The calculated sensitivities are 

summarized in Figure 7.3. It becomes clear that big pulse angles accompany high SNR, and thus 

a better sensitivity is reached. Nevertheless, the use of small pulse angles is a reasonable 

compromise, since it leads to the acquisition of spectra with high homodecoupling 

efficiency.240,244,250  
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In the next experiments, the τPS was subsequently changed while the pulse angle was kept 

constant. With increasing τPS, the experiment time is getting shorter. While a PSYCHE 

measurement with a τPS of 5 ms takes 155 min, an experiment with 45 ms takes only 39 min with 

the same number of scans of 16. Furthermore, the spectral purity is highly influenced by the τPS, 

observable in Figure 7.2b. The suitability of the parameter depends on the coupling constant J of 

the signals. As shown in Figure 7.2b, the largest J (signal H-7’ of 10, J = 15.9 Hz) is successfully 

decoupled with τPS values up to 20 ms. These findings are in line with the recommendations of 

Foroozandeh et al. (2014), who stated that sw1 (sw1=1/(2τPS)) should be twice the highest J to 

decouple.249 For signals with large J values such as in the case of signal H-7’ (10, J = 15.9 Hz), it 

can be clearly seen that the negative sidebands increase with increasing τPS. These sidebands are 

caused by chunking and show up in the distance of sw1 or 1/(2τPS). On the other hand, a small 

τPS leads to artifacts between signals with strong couplings, such as for 6 signals H-2’ (J = 2.2 Hz) 

and H-6’ (J = 2.2 Hz, 8.4 Hz). Thus, the choice of a certain τPS value is always a compromise. 

Further, COSY type and strong coupling artifacts could be reduced by elongating the duration of 

the pulse. However, the pulse length of 30 ms, which is consistently reported in the literature, gave 

satisfactory results.234,245 

 

Figure 7.2 PSYCHE spectra section of compound mixture of chlorogenic acid (10) and rutin (6) with: (a) constant 

τPS (30 ms) and varied pulse angle, and (b) constant pulse angle (10°) and varied τPS. 

In our study, we decided to use a swept pulse flip angle = 10°, τPS = 15 ms, and a pulse 

width = 30 ms, in order to enable the decoupling of larger J from aromatic and olefinic protons of 

secondary metabolites. The decision was based on the taxonomic marker compounds described 

for Hypericum species, such as flavonoids, xanthones, phloroglucinols, and organic acids.9,39,52,101 
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Furthermore, the influence of homodecoupling on binning was investigated, where particularly 

large coupling constants are problematic due to a higher signal width. 

In general, it can be concluded that the spectroscopist decides already which signals are detected 

better and which worse by setting the parameters. This is fine for structure elucidation and targeted 

approaches, but for untargeted metabolomics, it is definitely a drawback. 

 

Figure 7.3 Effect of the variation of pulse angle and τPS on the sensitivity (given as signal to noise ratio (SNR) per 

experiment time) of the PSYCHE spectra. 

 Suitability of PSYCHE and 1H-NMR for metabolomics studies 

It was investigated whether PSYCHE has advantages over a conventional 1H-NMR during 

classical metabolomics processing with subsequent multivariate data analysis. 21 Hypericum 

species (Table 6.2) represented by 29 genotypes with up to three biological replicates were 

analyzed with quantitative 1H-NMR, conventional 1H-NMR, and PSYCHE experiment. In contrast 

to other Pure Shift methods, a PSYCHE spectrum contains quantitative information and thus can 

be used for metabolomics experiments.241 In the metabolomics workflow used, spectra were 

baseline corrected and referenced. Then a uniform binning was applied, which divides the 

spectrum into bins of the same size over the whole spectral width. Finally, the binned spectra were 

normalized to the internal standard HMDS and evaluated by principal component analysis (PCA). 

 Optimization of bin size 

Binning is a form of data reduction. Spectra are cut in sections (bin), and the total integral of each 

bin is used as evaluation value. Ideally, a bin completely includes one signal and represents the 

total integral; and thus, the amount of substance in the sample. The integrals measured in the 

quantitative 1H-NMR and the corresponding bin value of the PSYCHE spectrum were compared 

to estimate the signal representation. The integration of the signals presupposes a baseline 

separation from other peaks. For comparison of both methods, eleven samples of five genotypes 

of H. perforatum (including biological replicates) were used. This ensures that no overlap of 
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signals chosen for quantification occurs, since intraspecifically the quantities of the constituents 

change but regularly, not the chemical composition. Nine baseline separated signals derived from 

seven constituents (Table 7.1), were integrated and compared to the bins of PSYCHE and 

conventional 1H-NMR (examples shown in Figure 7.4). Figure 7.5 visualizes the procedure on the 

example of the doublet of the methyl group H3-12 of hyperforin (1) at 1.08 ppm. Integrals and bin 

values were combined in an XY-diagram, and the coefficient of determination of the resulting 

regression line was used as a quality parameter. This procedure is inspired by Ludwig et al. (2010), 

who evaluated the quantitation of 2D J-resolved NMR experiments.246 

 

Figure 7.4 Selected sections of conventional 1H-NMR (black) and PSYCHE (grey) spectra of a representative 

Hypericum perforatum sample evaluated with different bin sizes to display signal at: (a) 1.08 ppm (d, 6.5 Hz) H3-12 

of hyperforin (5); (b) 5.94 ppm (d, 2.4 Hz) H-6 of epicatechin/catechin (4); (c) 6.31ppm (d, 15.8 Hz) H-8' of 

chlorogenic acid (1). For each signal, three bin sizes are shown (from up to down: 0.01, 0.02, and 0.04 ppm). The 

dashed vertical grey line marks the borders of each bin. The chosen bin for evaluation is highlighted with an asterisk. 

For uniform binning, different bin sizes were used by different authors. We tested the regularly 

used bin sizes 0.01 ppm 251, 0.02 ppm 252, and 0.04 ppm 229. In Figure 7.4 (extended in Appendix 

7.1), it can be seen that the application of the bin size 0.01 ppm often results in split signals. In 

contrast, bins with boundaries of 0.04 ppm include multiple signals (Figure 7.4a, 0.04 ppm). 

Anderson et al. (2010) calculated that bins of 0.01 and 0.02 ppm enclose in average one peak per 

bin, whereas bins of 0.04 ppm contain four.248 To check if different bin sizes lead to a changing 

quantitative correlation to the concentration of the selected ingredients, the coefficient of 

determination (R2) were compared (Table 7.1). This comparison was performed for conventional 
1H-NMR and PSYCHE experiments. No significant difference (Wilcoxon-Mann-Whitney, 

p > 0.05) between the bin sizes could be determined (Appendix 7.2). However, we decided to use 

0.02 ppm for further processing because the R2 average was highest, and the same size was 

successfully used in other studies.252,253  

One goal of this analysis was to check if PSYCHE may have advantages in comparison to 

conventional 1H-NMR, generated by uniform binning. Figure 7.6 shows the boxplots of the R2 

values, generated from the PSYCHE and the conventional 1H-NMR experiments. The R2 values 
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are not significantly different from each other (Wilcoxon-Mann-Whitney, p > 0.05). However, the 

data from conventional 1H-NMR tends to reach slightly higher R2 values. This indicates that the 

PSYCHE experiment has no advantage in terms of quantification during the binning process. 

Table 7.1 Summary of the coefficient of determination (R2) after linear regression between 1H qNMR integrals and 

bin values of different experiments with bin size 0.02 ppm (Appendix 7.1). 

Compound Assignment  [ppm] multiplicity (J) R2 of experiment 

1Hconv PSYCHE 

Chlorogenic acid (10) H-8' 6.31 d (15.8 Hz) 0.6553 0.8485 

Chlorogenic acid (10) H-2' 7.05 d (2.1 Hz) 0.7865 0.5748 

Rutin (6) H-6''' 1.12 d (6.2 Hz) 0.8176 0.7331 

Hyperoside (7) H-2' 7.83 (d 2.2 Hz) 0.9288 0.8810 

Epicatechin/Catechin (14) H-6 5.94 d (2.4 Hz) 0.9740 0.7974 

Epicatechin/Catechin (14) H-2' 6.97 d (1.9 Hz) 0.8104 0.7525 

Hyperforin (1) H3-12 1.08 d (6.5 Hz) 0.8842 0.8380 

Sucrose (12) H-3' 4.09 d (8.2 Hz) 0.9945 0.9080 

Shikimic acid (11) H-4 4.36 m(1/2‘4.7 Hz) 0.8412 0.8706 

 

 

Figure 7.5 Linear regression between the integral of the signal at 1.08 ppm from the 1H-qNMR measurement and the 

corresponding bin value of the conventional 1H-NMR (1Hconv, black) and the PSYCHE (grey) experiment with 

different bin sizes. The coefficient of determination R2 was calculated for each graph. 

 

Figure 7.6 Boxplot of the coefficient of determination (R2, Table 1) for the conventional 1H-NMR (1Hconv) and the 

PSYCHE experiment with a bin size of 0.02 ppm. Significance Test: Wilcoxon-Mann-Whitney paired (shown is p-

value). 
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 Multivariate data analysis of different Hypericum species 

For 21 Hypericum species with up to three biological replicates, both a conventional 1H-NMR and 

a PSYCHE spectrum were recorded. All data sets were identically processed, as described in the 

material and methods section. As already known from earlier studies,39,52,148,205,254 the interspecific 

variance within the genus Hypericum is huge. The obtained spectra are highly diverse 

(Appendix 6.1, Appendix 7.3), so no alignment or peak picking was carried out. The spectra are 

exceptionally varying in the region of olefinic and aromatic protons (5.5–8.0 ppm) and in signals 

belonging to phloroglucinol related resonances (1.0–2.0 ppm). Consequently, spectra were binned 

without alignment and peak picking to avoid mismatched signals. The scores plot of the PCA 

performed with conventional 1H-NMR data is displayed in Figure 7.7a. The scores plot based on 

PSYCHE data demonstrate similar clusters and differ only marginally (Figure 7.7b).  

Bin tables were freed from bins that did not exceed the limit of detection (LOD, calculated as three 

times the standard deviation of the noise regions (10.0–11.0 ppm)) to exclude bins with no 

informational content. In the case of PSYCHE data, due to signal narrowing by homodecoupling, 

the signal width is reduced, so that the signal will be expected to be distributed over a lower number 

of bins, ideally it is found in one bin only. However, the number of bins beyond the LOD was 

comparable for both methods. Within the bin table of the conventional 1H-NMR data 9%, and in 

the case of PSYCHE data 10% of the bins could be removed. Utilizing the reduced data for PCA, 

no changes are observed in the first four principal components (PCs), indicating that the separation 

in PCA is independent of noise bins. It can be concluded that for the Hypericum data set, uniform 

binning with excluding noise data has general no advantage in comparison to conventional 1H-

NMR. Santacruz et al. (2020) used adaptive intelligent binning and were able to reduce their initial 

data matrix of 168 bins from the conventional 1H-NMR to 113 bins from the PSYCHE spectra.232 

Although they did not comment on that, this bin reduction could be a reason for better PLS results 

based on PSYCHE than conventional 1H-NMR data. 

Even if the noise bin reduction has no impact on the PCA result in the Hypericum data set, the 

PSYCHE spectra simplify the assignment of signals of interest. In Figure 7.8 three examples of 

interesting regions are highlighted. Regarding region A (Figure 7.8) two peaks at 1.55 ppm could 

correspond to one doublet with J 5.6 Hz, but in the PSYCHE spectrum, it is unambiguous that 

these are two singlets with similar chemical shifts. In contrast, the signal in region B (Figure 7.8) 

is a true doublet (J 6.5 Hz), which becomes a singlet by homodecoupling. Intriguing is also the 

region C (Figure 7.8), were the spectroscopist would initially assume a quartet, but the PSYCHE 

spectrum reveals that these are three overlapping signals with similar coupling constants. These 

few examples already show that the PSYCHE experiment can provide important information for 

the interpretation of overlapping regions. 

The application of PSYCHE to complex samples like plant extracts is heplful for structural 

elucidation and reveals also combined with multivariate data analysis good results. However, the 

results are comparable to the conventional 1H-NMR, and therefore, the PSYCHE will never 
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replace the 1H-NMR in this kind of analysis. Especially choosing the right parameters is difficult, 

so that still different types of artifacts are included. Additional optimization of the gradient 

amplitude and the duration of the pulse (for a given bandwidth) might also improve the results. 

Furthermore, new modified pulse sequences can even improve the spectral purity of the basic 

PSYCHE, like the triple spin-echo PSYCHE 243 and the SAPPHIRE-PSYCHE 234, which shows 

the great potential of these methods. 

 

 

Figure 7.7 Scores plot of principal component analysis (PCA) of Hypericum species based on (a) conventional 1H-

NMR and (b) PSYCHE spectra. 

 

 

Figure 7.8 Regions of interest (A, B, C) in the conventional 1H-NMR spectrum (black) of Hypericum canariense 

where the PSYCHE spectrum (grey) helps to identify signals and their multiplicity. 
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7.4 Conclusion 

In this study, the PSYCHE experiment was optimized for Hypericum plant extracts, representing 

complex mixtures of various compound classes. The swept pulse angle and the pure shift τ-delay 

were adapted to get satisfactory results for coupling constants larger than 6 Hz. This requires a 

measuring time of 32 min, 16 times longer than the conventional 1H-NMR. However, the method 

presented here was much shorter than the ones reported before. The extraction of quantitative 

information was possible from the binned PSYCHE spectra and not significantly different to the 

results from the binned conventional 1H-NMR. With the uniform binning method, which is used 

for the spectra of compositionally different Hypericum extracts, the gain in resolution through 

homodecoupling did not affect multivariate data analyses such as PCA. So, the PCA of both 

methods leads to similar results. However, PSYCHE spectra are able to support the data 

interpretation and compound identification of NMR spectra by simplifying crowded spectral parts. 

This is the real power of Pure Shift methods. Therefore, we recommend to implement Pure Shift 

methods in the follow-up experiments of the NMR metabolomics workflow and use them to 

interpret the data.  
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8 General discussion and conclusion 

Plants are in contrast to most other organisms bound to their location. Therefore, they stay in 

chemical contact with their environment, react, and adapt to changing conditions. This leads to an 

enormous wealth of plant secondary metabolites, which possess a variety of effects. Well-known 

from ethnomedicine, plant-based pharmaceuticals and dietary supplements are gaining more 

importance (2016 US sales increased 7.7%).1 Often full extracts, i.e. complex mixtures of primary 

and secondary metabolites, are administered. Those compound combinations sometimes show a 

greater effect than the isolated active ingredient alone,201 due to synergistic effects or better 

availability of the active ingredient by improving its solubility.  

Hypericum perforatum (St. John’s Wort) represents the most important antidepressant herb grown 

commercially. Furthermore, also divers other effects were reported. The valuable compounds 

mainly responsible for its activity are phloroglucinols, naphthodianthrones, and flavonoids. To 

guarantee consistent biological effects, the production of complex mixtures with a constant 

composition is necessary. The success depends highly on the used plant material and the extraction 

method. The starting plant material underlies various fluctuations caused by abiotic or biotic 

influences. In addition, different reproduction strategies are known for Hypericum, and 

intercrossing offers further genetic variability. The main goal of this thesis was to characterize the 

metabolite variance caused by the genetic settings only, i.e. as independent as possible from 

environmental factors. Therefore, the plants used were cultivated and sampled under identical 

conditions, which is not the case for comparative studies where plants are collected from the 

wild.60-62 Further, those studies are typically restricted to the main compounds, whereas as strength 

of this work, an untargeted analysis was performed to include also minor abundant compounds 

present in Hypericum.  

 

Metabolite variance of Hypericum perforatum 

The production of reproducible pharmaceutical H. perforatum extracts is challenging because of 

the intraspecific variation. The metabolite composition varies greatly depending on the genotype 

(GT) used, as the study in chapter 2 has shown. From the 20 pharmaceutical extracts, generated 

from the aerial parts of different GTs, some lacked characteristic main constituents (European 

Pharmacopoeia15), such as the flavonoid glycoside rutin (6), while one GT exhibited a completely 

different phloroglucinol profile. This compositional change could have severe consequences as 

most neuroactive effects are attributed to phloroglucinols, such as hyperforin (1) and 

adhyperforin (2).82,168,255,256 Furthermore, rutin (6) is reported as a crucial ingredient for the 

antidepressant activity of Hypericum extracts, causing bioavailability.174 The lack of these 

ingredients in a pharmaceutical drug could lead to a drastic loss of efficacy.  

This first study (chapter 2) could show how variable H. perforatum ingredients are within 

pharmaceutical extracts of different GTs. However, the small sample set, the lack of biological 
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replicates, and the long preparation process were not suitable to answer the following raised 

scientific questions sufficiently:  

1. What is the difference in the metabolite profiles of GTs from North America and Europe? 

2. Are the variations of the constituents in leaves also reflected in the flowers? 

3. Is the genetic variance reflected in the metabolite profiles of the GTs? 

4. Can GTs with very different chemotypes in combination with transcriptomic analyses be 

used to elucidate biosynthetic processes? 

In order to answer these questions, a meaningful data set containing leaves and flowers of 93 

H. perforatum GTs (originating from North America and Europe and cultivated under the same 

conditions) was sampled in parallel for metabolomics and transcriptomics analysis. Furthermore, 

biological replicates were produced to distinguish the variance between individuals from those of 

GTs (chapter 4).  

The variances in the metabolite profiles of different GTs described in chapter 2 were confirmed in 

the more extensive data set, showing that more than 20% of the investigated GTs contain no rutin 

(6) or a strongly reduced rutin content. Three of the GTs exhibited a significantly different 

phloroglucinol profile characterized by the absence of highly prenylated phloroglucinols such as 

hyperforin (1) and adhyperforin (2). Instead, the occurrence of less prenylated precursors (e.g. 15, 

16) was observed. Furthermore, astilbin (19) and acetylated flavonoid glycosides (chapter 4: P13, 

P14, P23, P24) influenced the discrimination of the GTs.  

The metabolic differences between the GTs could be observed equally in both organs, leaves and 

flowers. However, it should be emphasized that the flavonoid and the phloroglucinol composition 

differed between the organs. In contrast, the naphthodianthrone composition was organ-

independent.  

The study indicated that genetic characteristics such as ploidy, genetic background64, and 

reproduction strategy were not related to the variance of the metabolite profiles. Further, the 

compositional differences cannot be explained by the origin of the plants from the different 

continents. Interestingly, samples from close sample sites possess similar metabolite profiles. An 

exception is the Great Lake region in North America, where a big metabolite variance can be 

observed, which is in line with the assumption of Molins et al. (2014)64, who identified the area as 

genetically highly variable.  

Chapter 3 proved that comparative studies of GTs are ideal for transcriptomic analysis. The 

investigation of pistil tissue from different GTs with and without dark glands allowed the 

identification of compounds involved in hypericin biosynthesis, based on PLS analysis. The 

transcriptome analysis confirmed two potential enzymes involved in hypericin formation (POCP, 

OKS) and suggested BBE to catalyze the first dehydrogenation step that forms the second bond 

connecting the anthrone subunits to yield protohypericins (18, 27) (Figure 3.4).67 The correlation 
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of skyrin-glycosides (29, 30) to dark gland occurrence could be a possible indication to a 

biosynthetic relation of skyrin and hypericin. This would suggest a first linkage of the two anthrone 

halves via the 5 and 5’ bond leading to penicilliopsin (23) and hydroxypenicilliopsin (25). 

However, intensive MS/MS studies (chapter 4) gave hints that the fragmentation behavior fits 

better to compounds with 10-10’ linkage, such as emodin dianthrone (24) and hydroxy emodin 

dianthrone (26). The question remains open if the hypericin and skyrin biosyntheses are connected. 

However, recent MALDI investigations183 show that skyrin derivatives (e.g. 29) are found in the 

dark glands or in the immediate vicinity. In addition, two precursors of skyrin have been 

proposed,101 which would imply the independence of the biosynthesis of the two compounds 

(skyrin and hypericin) and just a co-location in the dark glands. A general problem of mass 

spectrometric investigations of naphthodianthrones represents the identical molecular composition 

of some flavonoids and anthrones, e.g. emodin corresponds to apigenin and skyrin to biapigenin 

or amentoflavone. Also, the fragmentation is often identical on the MS2 level, which makes 

chromatographic separation indispensable for clear identification. To confirm the proposed 

precursors unambiguously, isolation and unequivocal structure determination is necessary.  

The high sample number and the constant naphthodianthrone composition of the leaf and flower 

data from the multi-genotype study also enabled correlation analysis among the metabolites 

(chapter 4). Besides the already described compounds, two minor compounds correlated to 

hypericin (3) and pseudohypericin (4). Based on MS/MS investigations, compounds 35 and 36 

were tentatively assigned. Further, emodin-8-O-glucoside (34) was correlated, which could be the 

water-soluble transportable form of the precursor emodin (20). Beyond the focus on the hypericin 

biosynthesis, the untargeted study design allows the usage of the acquired data to answer additional 

questions.  

The correlation network analysis showed that correlation occur in particular, within the compound 

classes of phloroglucinols and naphthodianthrones. Those metabolites are stored in the translucent 

and dark glandular structures of Hypericum plants, respectively. In order to predict the content of 

these valuable ingredients, an automated gland counting tool was developed. Using two 

phenotypes, it was shown that the hypericin content was higher with a rising number of dark glands 

and hyperforin was increased in the phenotype with more translucent glands (chapter 5). The 

developed gland counting tool could serve as a rapid screening method to predict valuable 

genotypes. 

 

Metabolite variance of different Hypericum species 

H. perforatum is almost the only commercially used Hypericum species, although for an increasing 

number of species active compounds were isolated. The metabolite profiling of 21 species 

exhibited in particular polyprenylated acylphloroglucinols as species-specific constituents, well 

suited to distinguish between species (chapter 6). Interestingly, this cannot be applied to 

H. perforatum, because the most prominent phloroglucinol hyperforin (1) is also present in other 
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members of the genus (e.g. H. curvisepalum, H. lagarocladum). The only unique compound for 

H. perforatum was rutin (6), making it – pending further species studies – suitable as marker 

compound, as suggested in the European Pharmacopeia. However, it must be pointed out again 

that the absence of rutin does not necessarily mean that H. perforatum is not present since some 

GTs did not contain this compound either (chapter 2 and 4).  

Within the exploration of the bioactivity some of the investigated Hypericum species possess 

antibacterial effects against gram-positive and gram-negative bacteria (chapter 6). Since the 

metabolite profiles of these species differ significantly, it is assumed that different active 

compounds are responsible for their bioactivity. To determine possible structure-activity 

relationships, data from the 2D NMR method HMBC was correlated to the growth inhibition of 

A. fischeri utilizing an Activity Correlation Analysis (ACorA). In general, the correlated structural 

elements point out to prenylated phloroglucinols. In H. canariense and H. reflexum 2-O-geranyl-

methylpropanoyl-phloroglucinol (41) was identified as a candidate. This compound, firstly 

isolated from H. punctatum, has been described as active against bacterial growth before.65 To 

validate the results and determine details of its particular bioactivity, compound 41 should be 

isolated or synthesized. Detailed phytochemical studies should be performed to identify the active 

phloroglucinols from H. orientale and H. elodes. In general, it can be concluded that many 

Hypericum species are still not or not sufficiently investigated, although they are likely to contain 

numerous promising bioactive constituents. 

 

Analytical aspects of the metabolite investigations 

In this thesis, TLC, NMR, and LC-MS methods were utilized to analyze the metabolite profiles of 

Hypericum. TLC analysis as a rapid screening method is implemented in the European 

Pharmacopeia. It provides information about the presence of naphthodianthrones such as hypericin 

(3), flavonoid glycosides (6-9), and organic acids (10). However, the simultaneous detection of 

phloroglucinols is not possible. NMR represents a useful tool for detecting all main constituents, 

comprising primary metabolites and secondary metabolites such as flavonoids, organic acids, 

xanthones, and phloroglucinols within crude plant extracts. The low sensitivity, nevertheless, 

limits the detection of minor compounds. In addition to the low concentration, the keto-enol-

tautomerism prevents hypericins (3, 4, 18, 27) from being detected. In contrast to that, LC-MS 

allows the detection of most secondary metabolites due to its high sensitivity. However, coelution 

can lead to ion suppression and, due to the different levels of ionization, over- and under-

representation of compounds can occur. The combination of different methods, as shown in 

chapters 2 and 6, allows a comprehensive assessment of the chemical fingerprints of Hypericum 

extracts.  

The generation of statistically meaningful data sets requires different processing steps depending 

on the analytical method. The processing of 1D NMR spectra is comparatively simple, because it 

is limited to two-dimensional information (intensity and proton chemical shift H) and a 
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manageable number of variables is generated. In contrast, 2D NMR methods, such as HSQC and 

HMBC contain three-dimensional information (H, C, intensity). Therefore, these spectra are 

divided into a high number of pixels (chapter 6). To reduce the number of variables, only pixels 

exceeding the limit of detection were used for evaluation (chapter 6). 1H-NMR has the great 

advantage of being a quantitative method. This is also true for the 2D NMR experiment HSQC. 

However, in HMBC, the signal intensity depends on the strength of the carbon-proton coupling. 

Thus, the use in metabolomics experiments is not very common. The loss of quantifiability is 

definitely a disadvantage, but the comparability of the signals between different samples is still 

given. This is in analogy to the different ionization efficiencies of the compounds in mass 

spectrometry. In contrast to the HSQC (J1), the HMBC shows proton-carbon couplings via two, 

three, or more bonds, so essentially more information per proton signal. Furthermore, quaternary 

signals are covered, which are naturally not detectable with HSQC experiments. Therefore, mainly 

HMBC was used for the metabolomics experiments to gain additional structural information 

(chapter 6). The acquisition of the 2D NMR spectra with non-uniform sampling (NUS, 50%) 

significantly shortened the experiment time, making the setup more attractive for large data sets.257  

In 2D NMR experiments, the resolution of the proton signals is improved by spreading the signals 

in the additional C dimension. Other methods to reduce the overlap of NMR signals in complex 
1H-NMR spectra are Pure Shift methods. Chapter 7 shows that PSYCHE is a suitable method to 

simplify most multiplets to singlets. However, the increase in resolution led in multivariate 

statistics to results comparable to the conventional 1H-NMR experiment. Nevertheless, adding 

PSYCHE to the metabolomics workflow can be an enrichment reducing the complexity of 

overlapping signals. Therefore, the structure identification and interpretation of the results is 

accelerated. Although the method possesses great potential for metabolomics studies,232,234,245 it 

might be more powerful for less diverse samples, where peak picking or intelligent binning can be 

applied. The recent and future developments of the PSYCHE pulse sequence will lead to better 

results concerning signal-to-noise ratio and artifact suppression, also leading to shorter 

measurement time.234,235  

Due to the high sensitivity of LC-MS measurements, various metabolites can be detected 

simultaneously. It has to be mentioned that the method development is much more time-

consuming. Due to the low robustness, the analysis of huge numbers of samples in a comparable 

way is critical and often leads to batch effects. The number of samples in one batch was limited in 

our case by deterioration in mass accuracy of the Orbitrap MS system during aquisition. This issue 

could be addressed by using a different MS-system with an included automatic recalibration. 

However, also in this kind of MS-systems, the number of samples is limited because cleaning 

steps, caused by the complex matrix of the crude plant extracts, are necessary. These batch effects 

can be corrected afterwards with batch correction algorithms (chapters 4 and 6), but it is an 

additional processing step with the possibility to introduce mistakes.  



General discussion and conclusion  
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Another issue of analyzing Hypericum extracts by liquid chromatography is the abundance of 

naphthodianthrones. On the one hand, those compounds are poorly soluble once they are separated 

from the matrix. On the other hand, the naphthodianthrones interact strongly with the stationary 

phase, wherefore a long flushing time with 100% organic solvent of the column is required to 

circumvent carry over. In addition, those compounds are highly sensitive to pH changes, showing 

retention time shifts during long batches due to changes in the mobile phase over time. Therefore 

buffered solvent systems were used to counteract possible misalignment.  

Finally, in the LC-MS data set, each variable is characterized by two values, the m/z value and the 

retention time. This makes peak picking possible and simplifies the evaluation method because 

each feature stands theoretically for one compound, neglecting adducts and isotopes. The 

bottleneck of this method is the identification of the thousands of detected signals. Apart from the 

comparison with reference compounds, only putative assignment is possible. 

 

In summary, this thesis contributes to the major understanding of the complexity of natural 

products within Hypericum. The interaction of advanced analytical techniques, such as LC-MS 

and NMR, combined with multivariate data analysis, gives in-depth insights into the different 

levels of variance. This information can be used to determine valuable properties of extracts, 

identify marker compounds, get insights into biosynthetic pathways, select breeding lines for 

specific applications, or identify targets for further phytochemical investigations. 
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Appendix 

Appendix 2.1: Information of H. perforatum plant material 
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Genetic 
background 
according to 
Mollins et al. 2013  
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 %
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 %
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 %

 

1 H06-1383 3.895 Green Lake WI US  43.85 89.30 4C 63.3 60.0 40.0 23.3 0 100 0 

2 H06-3246 3.863 Praha Czech   50.08 14.46 6C 13.6 40.9 59.1 0 0 0 100 

3 H06-3324 3.694 Bonn Germany  50.73 7.10 4C 79.2 41.7 58.3 4.2 100 0 0 

4 H06-3087 5.264 Adliswil 
Switzerland  

47.30 8.56 4C 64.7 52.9 47.1 11.8 0 95 5 

5 H013-0508a 4.571           
      

6 H06-2844 3.746 Badia Polesine 
Italy  

45.08 11.48 4C 91.7 87.5 12.5 4.2 20 0 80 

7 H06-1644 4.452 Rideau River ON 
Canada  

45.00 75.62 6C 8.3 20.8 79.2 0 0 100 0 

8 H06-1498 5.080 Kewaunee MI US  44.61 88.11 6C 13.0 34.8 65.2 0 0 0 100 

9 H06-3251 4.305 Praha Czech   50.08 14.46 4C 95.2 90.5 9.5 0 100 0 0 

10 H013-0508b 4.609           
      

11 H06-2745 4.588 Bolzano Italy  46.51 12.15 4C 75.0 66.7 33.4 4.2 0 0 100 

12 H06-1640 4.058 Afton MN US  44.90 93.06 4C 66.7 66.7 33.3 16.7 60 40 0 

13 H06-1449 4.422 Point Beach WI 
US  

44.26 87.56 6C 0 0 100 0 0 0 100 

14 H06-2886 3.950 Badia Polesine 
Italy  

45.08 11.48 6C 9.1 27.3 72.7 0 0 100 0 

15 H06-38 5.102 St/4(F12xAn)1/10/
1* 

        
      

16 H06-1359 3.802 Tuscola IL US  39.80 88.28 4C 90.5 80.9 14.3 4.8 0 100 0 

17 H06-343 5.235 St/4(F11xNo) 
1/8/4* 

        
      

18 H06-1654 4.809 Rideau River ON 
Canada  

45.00 75.62 4C 71.4 66.7 33.3 0 0 0 100 

19 H06-1378 4.422 ESGR MI US  42.50 83.70 4C 91.7 87.5 12.5 4.2 0 0 100 

20 H06-54 5.056 St/4(F12xNo) 
1a/8/1* 

        
      

* crossing was performed in Gatersleben (IPK), using accessions from Norway (No) and Italy (Ac, Ancona) 
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Appendix 2.2 Biological activities of 20 H. perforatum genotypes (GTs) 

a) DPPH-radical scavenger activity 

 

 

b) Acetylcholinesterase inhibition 
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c) Cytotoxicity cell assay 

Digitonin was used as positive control and DMSO as a negative control. 

MTT assay of colon cancer cell line (HT29).  

 

Cell viability assay with crystal violet (CV) of  colon cancer cell line (HT29) 

 

MTT assay of human prostate cancer cell line (PC3) 

 

Cell viability assay with crystal violet (CV)  of human prostate cancer cell line (PC3) 
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Appendix 3.1:Plant material information of 93 H. perforatum GTs 
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Appendix 3.2: Statistical analysis of selected correlating features of the PLS model  

Results of the statistical tests of the selected correlating features of the PLS model (Table 3.1). Table sorted by correlation order 

with decreasing correlation factor. Analysis of variance conducted using the F-Test (p-value > 0.05 hypothesis rejected) with 

homogeneous variances in black and nonhomogeneous in green. In case of homoscedasticity, the t-Test was performed, in case of 

heteroscedasticity, the variance independent Welch two sample t-Test. Effect size defined by Cohen and power calculation was 

done feature-wise with the pooled variance. 

Correlation 
order 

Feature 
p-value p-value  

p-value 
WelchTest 

EffectSize Power 
F-Test t-Test 

2 525.1/599 1.14E-05 3.01E-07 2.44E-05 3.951 1 

3 519.1/698 8.35E-04 1.95E-07 1.14E-05 4.082 1 

8 449.1/348 5.70E-03 3.81E-08 2.34E-06 4.604 1 

10 313/501 1.71E-05 6.44E-08 9.90E-06 4.432 1 

13 505.1/776 1.24E-04 7.71E-08 8.96E-06 4.374 1 

15 699.1/664 7.68E-06 1.79E-06 6.98E-05 3.439 1 

18 669.1/669 1.75E-03 1.12E-07 6.81E-06 4.255 1 

22 503.1/820 1.77E-03 1.15E-08 1.67E-06 5.015 1 

26 499.1/455 5.32E-05 8.66E-08 1.06E-05 4.336 1 

29 532.1/426 2.44E-01 3.42E-05 6.14E-05 2.677 1 

33 337.1/191 4.45E-01 4.30E-05 5.59E-05 2.622 0.999 

35 509.1/684 1.62E-04 2.25E-09 1.13E-06 5.623 1 

42 337.1/172 5.76E-01 9.47E-06 1.14E-05 2.998 1 

44 463.1/445 1.29E-01 6.26E-08 4.42E-07 4.441 1 

51 447.1/425 6.99E-01 3.48E-06 3.87E-06 3.26 1 

54 301/461 6.99E-02 8.74E-09 1.69E-07 5.114 1 

-46 609.1/399 2.48E-03 3.01E-04 1.17E-03 2.164 0.99 
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Appendix 4.1 H. perforatum extract stability 

 

Methodology: The stability of the extracts during the UHPLC-MS analysis process was examined 

on the leaves QC (2 mg/ml, n=3). The freshly prepared samples (chapter 4.2.2) were aliquoted and 

part 1 was measured directly and the vial remained in the autosampler (-6°C), while part 2 was 

stored at -20 °C. Both samples were then measured after 42 h and both remained further in the 

autosampler for another injection after 24 h. 

Results: 

Sample treatments and colored legend 

 

 

 

 

PCA of the leaves QC samples after different storage conditions 

 

Conclusion: The PCA shows that the fresh samples (1) differ from the autosampler stored samples 

(2-3). The difference between the samples, that were frozen after preparation 2F and 3F are really 

small, that is why all samples were frozen at least 12h to ensure a comparability.   

  

Sample 
abbreviation 

Storage 

1 fresh 
2 after 42 h autosampler  
3 after 66 h autosampler 

2F 42 h frozen at -20 °C 

3F 
42 h frozen at -20 °C and 24 h in 
autosampler 
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Appendix 4.2 Evaluation of different variances within the 93 GT H. perforatum data set 

 

Methodology: All replicates of two random lines (GT 28 and 38) were three times extracted and 

measured with UHPLC-ESI-HRMS to validate the technical and biological variance.  

Results: 

The main variance (PC1) is based on the 

different GTs 28 and 38. The technical 

replicates of the same extracted plant 

material cluster closer together (same 

color), than the biological replicates.   

 

 

 

 

 

 

 

 

Conclusion: The PCA shows that the smallest variance in the data is coming from the technical 

aspects of the extraction and measuring process. The biological variation based on the replicates 

of three different fields that were harvested on three different days is smaller than the variation 

which is caused by the GT. This experiment shows that with our measuring method the technical 

variation can be neglected because the biological replicates will cause a higher variation.  

 

Appendix 4.3 Batch correction methods with evaluation criteria 

Applied Batch correction methods are shown in the scheme below (correction method abbreviation marked 

in yellow) and the results for the corresponding evaluation criteria are summarized in the Table.

Correction 
method 
 

duplo Bhattacharyya 
distance 

A 0.376 49.388 
B 0.387 27.819 
C 0.403 8.651 
D 0.396 10.617 
E 0.420 0.206 
F 0.430 0.085 
G 0.424 0.240 
H 0.432 0.075 
I 0.537 0.070 
J 0.521 0.070 

K 0.509 0.071 
L 0.484 3.970 
M 0.429 11.338 
N 0.528 0.050 
O 0.526 0.050 
P 0.422 0.052 
Q 0.423 0.053 
R 0.417 0.053 
S 0.522 0.050 
T 0.467 0.054 
U 0.526 0.050 
V 0.528 0.050 
W 0.424 0.079 
X 0.422 0.087 
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Appendix 4.4: Comparison of literature sources that characterized H. maculatum 

For studies that included H.maculatum (white) and H. perforatum (grey) the results of both species are shown. 

+ compound detected; ++ in the same analysis the compound was significant higher than in the other species; 

- compound was not detected; (+) occurrence depends on harvest time; L in leaves only; F in flowers only. 
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Appendix 4.5: Metabolite profiles of GT3 in comparison to the QC samples 

 

Total ion chromatogram of H. perforatum a) GT3 leaf sample and b) QC leaf sample 

 

Total ion chromatogram of H. perforatum a) GT3 flower sample and b) QC flower sample 
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Appendix 4.6 Naphthodianthrone composition of H. perforatum GTs 

 
Figure 1 Percentage composition of major naphthodianthrones per GT in leaves 

 
Figure 2 Percentage composition of major naphthodianthrones per GT in flowers 

 
Figure 3 Composition of major naphthodianthrones per GT in leaves  

 

Figure 4 Composition of major naphthodianthrones per GT in flowers  
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Appendix 4.7 Phloroglucinol composition of H. perforatum GTs 

 
Figure 1 Percentage composition of major phloroglucinols per GT in leaves 

 
Figure 2 Percentage composition of major phloroglucinols per GT in flowers 

 
Figure 3 Composition of major phloroglucinols per GT in leaves  

 
Figure 4 Composition of major phloroglucinols per GT in flowers   
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Appendix 4.8 Hyperforin correlated feature 

Correlating features to hyperforin in H. perforatum flower data (correlation coefficient > 0.5). Mass fragmentation 

was obtained with ncd= 35. 

Feature [M-H]- Rt 
(min) 

Molecular 
Formula 
[M-H]- 

ppm Fragments (intensity) Identification 

399.3/488 399.3265 8.1 C27H43O2 -0,561 399.3265 (50), 354.2516 (28), 
329.2848 (100), 315.2327 (20), 
273.2223 (30) 

n.a. 

425.3/495 425.2578 8.3 C23H37O7 7,156 - n.a. 

455.3/557 455.3168 9.3 C29H43O4 0,169 455.3168 (100), 437.3059 (25), 
369.2433 (12), 317.1756 (35), 
285.1493 (12), 195.0663 (20) 

n.a.  

457.3/522 457.3322 8.7 C29H45O4 0,277 - n.a. 

467.3/527 467.3168 8.8 C30H43O4 0,058 - n.a. 

467.3/549 467.3165 9.2 C30H43O4 0,935 467.3165 (5), 383.2594 (5), 
275.1289 (100) 

n.a. 

471.3/543 471.3110 9.1 C29H43O5 -1,183 467.3165 (5), 383.2594 (5), 
275.1289 (100) 

n.a. 

477.1/282 477.0668 4.7 C21H17O13 -1,412 301.0353 (100) quercitrin (8) 

481.3/554 481.3324 9.22 C31H45O4 0.077 437.3425 (8), 412.2619 (28), 
385.2747 (6), 289.1444 (100), 
275.1289 (17) 

n.a. 

485.3/522 485.3274 8.7 C30H45O5 0.396 457.3325 (100) unidentified phloroglucinol II 
P56 

495.3/557 495.3480 9.3 C32H47O4 -0,115 419.3322 (100) n.a. 

501.3/464 501.3014 7.7 C33H41O4 -0,732 501.0628 (90), 486.0382 (16), 
457.0731 (10), 432.2307 (100), 
383.2227 (14) 

unidentified phloroglucinol I 

501.3/505 501.3231 8.4 C30H45O6 1,830 501.0629 (100), 486.0381 (19), 
483.0508 (10), 473.0668 (15), 
457.0734 (11), 432.2307 (83), 
383.2226 (11) 

n.a. 

507.3/464 507.3111 7.7 C32H43O5 -0.882 - n.a. 

507.3/491 507.3480 8.2 C33H47O4 0.073 - n.a. 

507.4/557 507.3837 9.3 C34H51O3 -1.298 - n.a. 

509.3/461 509.3 7.7 C32H45O5 -0,349 440.2566 (100), 439.2440 (14) 
412.2618 (30), 383.2226 (22), 
371.1855 (13), 341.2121 (10) 

n.a. 

509.3/514 509.3266 8.6 C32H45O5 -1.311 - n.a. 

511.3/543 511.3418 9.1 C32H47O5 -2.166 435.3272 (100), 417.3161 (3), 
377.2851 (38) 

n.a. 

521.4/494 521.3630 8.2 C34H49O4 3,408 - n.a. 

525.3/482 525.3211 8.0 C32H45O6 -2.041 - n.a. 

535.4/497 535.3786 8.25 C35H51O4 -1.370 466.3095 (100), 397.2382 (34), 
383.2234 (64), 315.1606 (42), 
313.1814 (29) 

hyperforin (1) 

535.4/512 535.3784 8.5 C35H51O4 -1.631 491.3899 (8), 466.3093 (27), 
397.2386 (100), 383.2230 (18), 
315.1605 (12), 287.1291 (10), 
275.1292 (97) 

n.a. 

535.4/530 535.3791 8.8 C35H51O4 -0.324 492.3250 (100), 465.3380 (75), 
423.2545 (17), 343.1917 (15), 
300.1369 (60), 257.0823 (10) 

n.a. 

535.4/553 535.3788 9.2 C35H51O4 -0.921 - n.a. 

539.3/480 539.3370 8.0 C33H47O6 -1.580 - n.a. 

539.4/543 539.3731 9.1 C34H51O5 -2.091 - n.a. 

541.4/460 541.3540 7.7 C33H49O6 0.993 - n.a. 

549.4/476 549. 3569 7.9 C35H49O5 -3.054 480.2882 (100), 411.2178 (25), 
383.2229 (38), 315.1605 (12) 

n.a. 

549.4/501 549.3945 8.31 C36H53O4 -0.734 480.3243 (100), 411.2539 (21), 
397.2382 (38), 329.1756 (32), 
313.1807 (26) 

adhyperforin (2) 

549.4/516 549.3944 8.6 C36H53O4 -0.953 505.4059 (7), 480.3267 (5), 
411.2542 (95), 301.1446 (10), 
289.1446 (100) 

n.a. 

549.4/562 549.4070 9.4 C36H53O4 0,558 480.3248 (62), 465.2996 (22), 
411.2541 (100), 397.2385 (97), 
329.1759 (55), 289.1447 (16) 

n.a. 
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Feature [M-H]- Rt 
(min) 

Molecular 
Formula 
[M-H]- 

ppm Fragments (intensity) Identification 

551.4/557 551.3726 9.3 C35H51O5 0,747 523.3792 (15), 507.3841 (31), 
456.3165 (100), 437.3057 (11), 
399.3267 (7), 329.2850 (20) 

furohyperforin isomer II (32b) 

551.4/528 551.3741 8.71 C35H51O5 -0.25 483.3087 (25), 482.3041 (100), 
467.2800 (11), 413.2335 (41), 
411.2545 (89), 399.2181 (87), 
331.1553 (65), 329.1766 (53) 

furohyperforin isomer I (32) 

565.4/563 565.3894 9.4 C36H53O5 -0,881 537.3947 (18), 521.3999 (25), 
469.3320 (100), 451.3215 (14), 
413.3423 (5), 329.2849 (14)  

furoadhyperforin 

567.4/470 567.3675 7.8 C35H51O6 -2.877 549.3586 (100), 535.3432 (37), 
523.3796 (67), 498.2986 (45), 
427.2489 (53) 

n.a. 

567.4/525 567.3683 8.8 C35H51O6 -1.520 539.3738 (18), 523.3791 (55), 
498.2967 (20), 471.3114 (100), 
453.3002 (18), 415.3216 (32), 
330.2156 (25) 

hydroperoxy fruohyperforin 

567.4/543 567.3696 9.05 C35H51O
6 

0.824 471.3116 (100), 497.3272 (14), 
453.3007(15), 415.3218 (12) 

unidentified phloroglucinol IV 
P59 

569.4/464 569.3829 7.7 C35H53O6 -3.043 536.3467 (29), 500.3146 (100), 
431.2439 (20), 383.2228 (90), 
347.1863 (15), 275.1291 (8) 

n.a. 

581.4/474 581.3842 7.9 C36H53O6 -1.036 - n.a. 

581.4/549 581.3824 9.2 C36H53O6 1,114 553.3888 (8), 537.3939 (8), 
497.3262 (22), 485.3263 (100), 
467.3157 (27), 429.3366 (18), 
411.3263 (5), 383.2585 (10) 

hydroperoxy furoadhyperforin  

583.4/505 583.3632 8.4 C35H51O7 0,913 - n.a. 

585.4/440 585.3784 7.3 C35H53O7 -2.199 - n.a. 

603.4/515 603.4409 8.6 C40H59O4 -1,630 - n.a. 

611.4/526 611.3939 8.8 C37H55O7 -2.220 - n.a. 

625.4/530 625.4103 8.8 C38H57O7 -1,067 - n.a. 

627.4/505 627.3896 8.4 C37H55O8 -1.007 - n.a. 

627.4/526 627.3892 8.8 C37H55O8 -1.645 - n.a. 

635.4/502 635.4360 8.4 C33H63O11 -2.543 - n.a. 

637.4/506 637.4475 8.4 C40H61O6 0.262 - n.a. 

 

 

Appendix 4.9 Correlating features to less prenylated phloroglucinols 

Correlating features to less prenylated phloroglucinols in H. perforatum flower data (correlation coefficient > 0.5). 

Mass fragmentation was obtained with ncd= 35. 

Feature [M-H]- Rt  
(min) 

Molecular 
Formula 
[M-H]- 

ppm Fragments (intensity) Identification 

263.1/340 263.1289 5.63 C15H19O4 -0.769 194.0583 (100), 166.0636 (12), 
151.0039 (3) 

Dimethylallyl-phlorisobutyro-
phenone (15) 

331.2/500 331.1914 8.33 C20H27O4 -0.038 287.2018 (78), 261.1099 (5), 
207.0664 (35) 194.0586 (100), 
152.0118 (14) 

2-O-geranyl-methylpropanoyl-
phloroglucinol (41) 

331.2/489 331.1914 8.14 C20H27O4 -0.189 331.1919 (24), 313.1812 (11), 
287.2020 (100), 262.1214 (10), 
261.1501 (17), 207.0666 (24), 
194.0587 (6) 

3-geranyl-methylpropanoyl-
phloroglucinol (17) 

331.2/425 331.1912 7.08 C20H27O4 -0.944 331.1912 (6), 262.1209 (5), 
247.0974 (6), 194.0583 (100), 
166.0636 (43), 151.0037 (13) 

O-geranyl-methylpropanoyl-
phloroglucinol (43) 

345.2/463 345.1707 7.70 C20H25O5 -0.137 345.1707 (20), 317.1757 (100), 
276.1003 (19), 263.0690 (10) 

n.a. 

345.2/507 345.2070 8.44 C21H29O4 -0.326 316.1996 (14), 301.2169 (64), 
209.0818 (17), 208.0740 (100), 
152.0116 (18) 

2-O-geranyl-methylbutanoyl-
phloroglucinol (42) 

389.2/462 389.2330 7.7 C23H33O5 -0.790 - n.a. 

399.3/514 399.2547 8.6 C25H35O4 1.446 399.2538 (100), 370.0625 (6), 
355.2639 (15), 329.2848 (16) 

n.a. 
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Feature [M-H]- Rt  
(min) 

Molecular 
Formula 
[M-H]- 

ppm Fragments (intensity) Identification 

401.3/541 401.2704 9.0 C25H37O4 0,068 401.2704 (100), 383.2593 (25), 
357.2797 (7), 331.1913 (5), 
313.1811 (7), 263.1289 (8), 
231.1027 (4), 195.0660 (9) 

unidentified phloroglucinol III 
P58 

403.2/527 403.2494 8.8 C30H43O4 0,998 - n.a. 

413.3/476 413.2702 7.91 C26H37O4 1.275 369.2794 (21), 276.1365 (58), 
275.1289 (35), 233.0819 (100), 
221.0819 (21), 208.0741 (40) 

deprenylhyper-polyphyllirin 
(38) 

413.2/508 413.2333 8.46 C25H33O5 -0.236 413.2333 (20), 343.1913 (100) n.a. 

441.3/541 441.3016 9.0 C28H41O4 1,285 397.3107 (3), 365.2846 (100) n.a. 

449.1/300 449.1088 4.99 C21H21O11 -0.411 303.0506 (100), 285.0401 
(81.75%), 151.0038 (23), 
323.0768 (12) 

astilbin (19) 

457.3/448 457.2602 7.5 C27H37O6 1.417 - n.a. 

467.3/471 467.3163 7.82 C30H43O4 -0.863 398.2462 (100), 383.2229 (7), 
329.1760 (5), 327.1968 (6), 
271.1341 (6), 234.1264 (3) 

hyperfirin (40) 

467.3/491 467.3169 8.2 C30H43O4 0.657 451.2858 (21), 423.2539 (), 
397.2384 (63), 383.2229 (74), 
329.1759 (100), 315.1604 (74), , 
287.1289 (61), 275.1290 (17), 
219.0665 (14) 

n.a. 

481.3/482 481.3326 8.04 C31H45O4 0.638 481.3333 (10), 437.3430 (100), 
411.2911 (80), 343,1918 (25), 
301.2173 (10), 276.1368 (29), 
233.0821 (57), 207.0666 (28)  

hyperpolyphyllirin (39) 

481.3/554 481.3328 9.2 C31H45O4 0,201 437.3425 (7), 412.2619 (25), 
385.2747 (6), 289.1444 (100), 
275.1289 (16) 

n.a. 

495.3/486 495.3489 8.1 C32H47O4 1,366 495.3489 (5), 451.3586 (35), 
411.2904 (100), 357.2062 (24), 
290.1523 (12), 247.0976 (26), 
221.0821 (12) 

adhyperpolyphyllirin 

497.3/441 497.3276 7.4 C30H43O5 0.708 - n.a. 

497.3/477 497.3282 8.0 C31H45O5 1.854 - n.a. 

497.3/542 497.3278 9.0 C31H45O5 1.151 - n.a. 

509.3/514 509.3257 8.6 C32H45O5 1,654 481.3321 (100), 465.3372 (52), 
439.2852 (22), 398.2460 (15), 
371.2588 (26), 327.2692 (24) 

n.a. 

525.3/482 525.3222 8.0 C32H45O6 0.205 497.3267 (42), 481.3326 (100), 
455.2772 (9), 414.2407 (7), 
387.2537 (10), 371.2591 (39), 
345.2066 (4) 

n.a. 

529.3/470 529.3185 7.8 C31H45O7 2.688 - n.a. 

651.2/291 651.1547 4.83 C29H31O17 -1.963 609.1457 (40), 591.1348 (100), 
301.0353 (52), 300.0276 (90), 
299.0196 (20), 271.0248 (18) 

acetyl rutin I P13 
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Appendix 4.10: MS2 fragements of correlating polyprenylated acylphloroglucinols 

Losses that occur multiple times were listed for each feature with the m/z of the fragment and color-coded by the 

fragment intensity. This intensity matrix was used for PCA after log transformation. The PCA scores plot (see below) 

does not separate the compounds correlating with hyperforin (red), and the compounds correlating with 

phloroglucinols with less prenylated side chains (blue). So we concluded that those compounds are not distinguishable 

by one typical structural element.  
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PCA based on fragmentation pattern of phloroglucinols (corrsponding to the table above) (left: scores plot, right 

loadings plot) colored by correlation behavior: red= correlates with hyperforin related compounds, blue = correlates 

with lower prenylated phloroglucinols 
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Appendix 6.1 Stacked 1H-NMR spectra of Hypericum species 
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Appendix 6.2 PCA of of 1H-NMR aromatic range 

 

PCA of 1H-NMR aromatic range ( > 5 ppm): scores plots are coloured by species and show a) PC1 and PC2 and b) 

PC5 and PC6. The corresponding loadings plots highlighted with discriminant chemical shifts. 
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Appendix 6.3 Peak table of major compounds based on the UHPLC-MS analysis of 21 

Hypericum species 

No Feature [M-H]- Rt 
(min) 

Molecular 
Formula 
[M-H]- 

Δ ppm Fragments (Intensity) Identification 

P1 191.1/13 191.056 0.22 C7H11O6 -0.53 173.0458 (72), 127.0404 (85), 
85.0298 (100) 

citric acid 

P2 173/14 173.0455 0.23 C7H9O5 -0.096 - shikimic acid (11) 

P3 341.1/15 341.1088 0.25 C12H21O11 -0.365 179.0563 (100), 161.0458 (30), 
143.0353 (34), 119.0352 (21), 
113.0247 (38) 

sucrose (12) 

P4 353.1/44 353.0877 0.73 C16H17O9 -0.44 191.0563 (100), 179.0351 (31), 
135.0455 (6) 

chlorogenic acid (10) 

P5 289.1/146 289.0713 2.43 C15H13O6 -1.562 245.0821 (100), 205.0508 (32), 
179.0352 (15) 

epicatechin (14a) 

P6 209.1/195 209.0818 3.25 C11H13O4 -0.489 194.0587 (38), 181.0872 (15), 
166.0274 820), 139.0404 852), 
137.0975 (53 ), 111.0454 (100) 

n.a. 

P7 407.1/233 407.0977 3.88 C19H19O10 -1.646 317.0669 (18), 287.0563 (100) n.a.  

P8 557/235 557.0242 3.92 C21H17O16S -0.105 477.0681 (100), 380.9927 (72), 
301.0359 (19) 

quercetin-3-O-glucuronide-
sulphate 

P9 289.1/244 289.0715 4.07 C15H13O6 -1.008 245.0821 (100), 205.0508 (35), 
179.0352 (17) 

catechin (14) 

P10 161/258 161.0246 4.3 C9H5O3 1.134   umbelliferonea 

P11 421.1/259 421.0781 4.32 C19H17O11 1.129 403.0675 (26), 331.0462 (89%), 
301.0356 (100), 259.0250 (5) 

mangiferin (46) 

P12 407.1/263 407.0986 4.38 C19H19O10 0.663 245.0458 (100), 201.0560 (22), 
159.0455 (8) 

n.a.  

P13 223.1/265 223.0976 4.42 C12H15O4 -0.055 223,0978 (149, 208.0743 (28), 
166.0275 (17), 151.1132 (40), 
139.0404 (48), 125.0611 (100) 

n.a.  

P14 445.2/267 445.2082 4.45 C21H33O10 0.718 385.1870 (100), 283.1191 (5)  n.a.  

P15 497.1/273 497.1085 4.55 C25H21O11 -0.874 375.0725 (100), 365,0672 (9), 
261.0408 (45), 243.0302 (8)  

n.a.  

P16 477.1/279 477.0672 4.65 C21H17O13 -0.616 301.0357 (100) miquelianina (50) 

P17 447.1/280 447.0935 4.67 C21H19O11 0.415 369.0621 (8), 357.0620 (42), 
327.0514 (100) C17h11O7 

n.a.  

P18 489.2/285 489.1035 4.75 C23H21O12 -0.632 429.0833 (100), 393.0623 (18), 
369.0622 (36), 357.0622 (16), 
339.0516 (28), 327.0516 (39) 

n.a.  

P19 391.1/287 391.1034 4.78 C19H19O9 -0.09 331.0828 (12), 283.0616 (18), 
271.0616 (16), 253.0509 (100), 
229.0509 (95) 

n.a.  

P20 575.1/288 575.1044 4.8 C26H23O15 0.342 531.1149 (100), 471.0937 (13) n.a.  

P21 505.1/289 505.0984 4.82 C23H21O13 -0.641 463.0891 (18), 445.0785 (25), 
301.0354 (62), 300.0282 (100) 

acetyl quercetin-3-O-
hexoside I 

P22 431.1/291 431 4.85 C21H19O10 0.046 341.0672 (10), 311.0565 (100)  n.a. 

P23 449.1/291 449.1093 4.85 C21H21O11 0.791 287.0564 (100), 151.0041 (4) n.a.  

P24 549.1/294 549.1243 4.9 C25H25O14 -1.163 507.1150 (69), 489.1045 (64), 
447.0939 (29), 303.0514 (17), 
261.0408 (100), 243.0302 (30) 

n.a.  

P25 391.1/297 391.0674 4.95 C18H15O10 0.819 373.0568 (6), 331.0461 (28), 
301.0354 (100) 

n.a.  

P26 449.1/299 449.1093 4.98 C21H21O11 0.814 323.0775 (13), 303.0512 (100), 
285.0407 (87), 151.0041 (25) 

astilbin (19)  

P27 463.1/300 463.0878 5.00 C21H19O12 -0.905 343.0462 (4), 301.0354 (100), 
300.0285 (48) 

hyperosidea (7) 
isoquercetina (9) 

P28 609.1/302 609.1458 5.03 C27H29O16 -0.538 343.0465 (8), 301.0355 (100), 
271.0253 (8) 

rutina (6) 

P29 449.2/306 449 5.10 C21H21O11 -0.255 275.0563 (100), 257.0457 (8) n.a.  

P30 433.1/310 433.0773 5.17 C20H17O11 -0.726 301.0356 (100) avicularin (51) 

P31 527.1/312 527.119 5.20 C26H23O12 -1.004 467.0990 (12), 405.0833 (37), 
303.0514 (10), 285.0409 (74), 
267.0302 (17), 261.0408 (100) 
243.0303 (13) 

n.a.  
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No Feature [M-H]- Rt 
(min) 

Molecular 
Formula 
[M-H]- 

Δ ppm Fragments (Intensity) Identification 

P32 539.2/312 539.1196 5.20 C27H23O12 0.242 497.1097 (5), 417.0833 (100), 
375.0727 (12), 365.0673 (6) 
261.0409 (27), 243.0303 (11) 

n.a.  

P33 591.1/316 591.1361 5.27 C27H27O15 0.975 549.1258 (100), 531.1154 (11), 
507.1152 (30), 489.1047 (16), 
261.0409 (13) 

n.a.  

P34 447.1/319 447.0926 5.32 C21H19O11 -1.531 301.0355 (100), 300.0282 (35) quercitrin (8)  

P35 337/328 337.0021 5.47 C14H9O8S -0.923 337.0025 (10), 321.9789 (100), 
257.0456 (71) 

1,3-dihydroxy-5-
methoxyxanthone-4-sulfonic 
acid (47) 

P36 505.1/332 505.0981 5.53 C23H21O13 -1.374 463.0888 (28), 445.0783 (10), 
301.0350 (60), 300.0280 (100), 
299.0205 (5)  

acetyl quercetin-3-O-
hexoside II 

P37 263.1/337 263.1287 5.62 C15H19O4 -0.541 194.0586 (100), 166.0639 (18), 
151.0040 (6) 

dimethylallyl-
phlorisobutyrophenonea (15) 

P38 297.1/339 297.1134 5.65 C18H17O4 0.463 228.0429 (100), 200.0482 (25), 
145.0298 (4) 

n.a. 

P39 393.2/346 393.1914 5.77 C21H29O7 -1.085 363.1819 (18), 323.1504 (100), 
293.1399 (15), 275.1294 (11), 
248.0694 13, 217.0874 (32) 

n.a.  

P40 277.1/358 277.1443 5.97 C16H21O4 -0.839 208.0742 (100), 180.0795 (32), 
151.0040 (8) 

n.a. 

P41 611.1/359 611.1406 5.98 C30H27O14 -0.112 569.1310 (28), 551.1205 (47), 
489.1047 (100), 447.0941 (76), 
303.0515 (12), 261.0409 (87), 
243.0303 (31) 

n.a.  

P42 333.2/360 333.1707 6 C19H25O5 -0.112 264.1007 (100), 247.1341 (6), 
236.1057 (10) 221.0459 (10) 
193.0510 (18) 

n.a.  

P43 351.2/386 351.1606 6.43 C22H23O4 1.331 282.0900 (100), 254.0952 (10), 
214.0274 (32), 186.0325 (8) 

n.a.  

P44 317.2/391 317.1759 6.52 C19H25O4 0.055 248.1056 (100), 220.1108 (10), 
180.0431 (25), 152.0483 (10) 

n.a.  

P45 361.2/398 361.2028 6.63 C21H29O5 2.029 343.1920 (26), 319.1919 (35), 
317.2127 (41), 292.1321 (35), 
265.1449 (100), 249.1499 (43), 
233.0823 (50) 

n.a.  

P46 307.2/403 307.1553 6.72 C17H23O5 0.726 289.1447 (32), 238.0847 (100), 
197.0821 (12) 

n.a.  

P47 377.2/403 377.1973 6.72 C21H29O6 0.79 359.1871 (7), 302.1528 (18), 
301.1451 (14), 233.0823 (100) 

n.a.  

P48 283.2/407 283.0613 6.78 C16H11O5 0.435 268.0380 (100) n.a.  

P49   255.1082 6.84 C16H15O3 0.597 211.1130 (100) n.a.  

P50 463.2/413 463.2487 6.88 C29H35O5 -0.534 394.1791 (13), 379.1557 (15), 
310.1213 (23), 309.1138 (10), 
267.0667 (100), 255.0667 (17), 
242.0587 (51), 241.0511 (13) 

n.a.  

P51 305.2/414 305.1758 6.9 C18H25O4 -0.074 305.1762 (6), 261.1862 (100), 
221.1185 (8), 193.1237 (6) 

n.a.  

P52 375.2/419 375.2183 6.98 C22H31O5 1.686 357.2078 (24), 331.2284 88), 
305.1764 (25), 233.1551 (20), 
211.0979 (100), 167.1082 (7) 

n.a.  

P53 379.2/419 379.1914 6.98 C24H27O4 -0.297 310.1215 (53), 267.0667 (100) 
255.0668 (10) 242.0589 (24) 
241.0511 (2) 

n.a.  

P54 331.2/422 331.1916 7.03 C20H27O4 0.264 331.1920 (6), 194.0587 (100), 
166.0639 (42), 151.0041 (12) 

4-O-geranyl- 
methylpropanoyl-
phloroglucinol (43) 

P55 435.2/427 435.2179 7.12 C27H31O5 0.397 298.0852 (100), 283.0618 (85), 
281.0827 (11), 270.0904 (23), 
255.0668 (11), 228.0428 (9), 
227.0355 (39), 215.0355 (10) 

n.a.  

P56 499.3/428 499.3068 7.13 C30H43O6 0.576 429.2652 (30), 319.1918 (100) n.a.  

P57 361.2/430 361.2017 7.17 C21H29O5 -1.044 292.1322 (11), 249.1499 (100), 
233.0823 (31), 181.0874 89) 

n.a.  

P58 345.2/436 345.2063 7.27 C21H29O4 -2.296 276.1374 (61), 233.0824 (100), 
221.0825 (15), 208.0746 (28) 

n.a.  

P59 433.2/439 433.2375 7.32 C28H33O4 -2.176 433.2375 (6), 365.1729 (6) 
364.1690 (45), 321.1140 (100), 

n.a.  
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No Feature [M-H]- Rt 
(min) 

Molecular 
Formula 
[M-H]- 

Δ ppm Fragments (Intensity) Identification 

309.1141 (12), 296.1061 (16), 
295.0985 (8), 253. 0514 (12) 

P60 419.2/442 419.2233 7.37 C27H31O4 1.186 350.1530 (16), 282.0900 (100), 
281.0825 (94), 254.0953 (17), 
227.0354 (32), 214.0275 (64), 
186.0327 (34) 

n.a.  

P61 461.3/445 461.2904 7.42 C27H41O6 -1.045 392.2213 (26), 333.1716 (11), 
235.0981 (100) 

n.a.  

P62 385.2/446 385.2387 7.43 C24H33O4 0.849 316.1685 (18), 248.1056 (92), 
247.0980 (100), 220.1108 (10), 
193.0510 (27), 180.0432 (43), 
152.0483 (21) 

n.a.  

P63 359.2/448 359.2224 7.47 C22H31O4 -1.01 359.2237 (10), 315.2338 (11), 
290.1530 (42), 247.0980 (100), 
235.0981 (14), 222.0902 (25),  

n.a.  

P64 347.2/449 347.1862 7.48 C20H27O5 -0.568 347.1868 (7), 329.1762 (7), 
303.1968 (99), 277.1446 (21) 
195.0663 (45) 194.0587 (100), 
152.0119 (20), 151.0768 (8) 

n.a.  

P65 447.3/451 447.2529 7.52 C29H35O4 -2.533 447.2529 (12), 403.2656 (8), 
378.1848 (8), 310.1210 (34), 
309.1141 (100), 267.0670 (70), 
255.0670 (18), 242.0590 (43), 
241.0515 (12) 

n.a.  

P66 443.3/454 443.2804 7.57 C27H39O5 0.141 399.2914 (25), 375.2147 (9), 
374.2107 (100), 317.1764 (11), 
303 (6), 248.1058 (10), 247.0981 
(9) 236.1045 (9), 235.0981 (80), 
222.0902 (17) 

n.a.  

P67 521.1/455 521.0884 7.58 C30H17O9 1.218 521.0890 (100), 477.0993 (16) protopseudohypericin (18) 

P68 375.2/456 375.2174 7.6 C22H31O5 -0.712 331.2285 (24), 313.2177 (7), 
306.1477 (100) 291.1245 (25), 
279.1607 (8), 250.0850 (47), 
248.1048 (8), 247.0981 (74) 
233.0824 (6), 191.0353 (2) 

n.a.  

P69 429.3/457 429.2645 7.62 C26H37O5 -0.414 222.0895 (27), 221.0825 (100) n.a.  

P70 311.1/459 311.1289 7.65 C19H19O4 0.089 267.1394 (55), 242.0587 (100) n.a.  

P71 483.3/461 483.3109 7.68 C30H43O5 -1.464 413.2708 (45), 303.1972 (100), 
259.2074 (24), 193.1239 (7) 

n.a.  

P72 501.3/461 501.3006 7.68 C33H41O4 -0.944 432.2313 (100) n.a.  

P73 373.2/462 373.2388 7.7 C23H33O4 0.957 373.2391 839), 329.2491 (100), 
304.1685 (28), 289.1451 (52), 
249.1137 (29), 221.0823 (12) 

n.a.  

P74 447.3/463 447.2529 7.72 C29H35O4 -2.533 447.2529 (14),  378.1848 (7), 
310.1210 (12), 309.1141 (100), 
267.0670 (22), 255.0670 (7), 
242.0590 (11) 

n.a.  

P75 519.1/464 519.0772 7.73 C30H15O9 0.125 519.0733 (100), 503.0422 (8), 
487.0470 (16), 475.0471 (6) 

pseudohypericin (4) 

P76 399.3/466 399.2536 7.77 C25H35O4 -1.184 399.2549 (100), 355.2650 (30), 
329.2128 (83), 261.229 (39), 
261.1139 (10), 247.0981 (41), 
207.0667 (18) 

n.a.  

P77 497.3/466 497.3269 7.77 C31H45O5 -0.619 413.2707 (38), 303.1972 (100), 
259.2074 (23) 

n.a.  

P78 467.3/469 467.3169 7.82 C30H43O4 0.571 398.2469 (100), 383.2235 (5) hyperifirin (40) 

P79 487.3/469 487.2852 7.82 C32H39O4 -0.293 349.1452 (100), 296.1060 (13), 
282.0903 (10),227.0354 (67) 

n.a.  

P80 443.3/470 443.2794 7.83 C27H39O5 -2.047 236.1051 (26), 235.0983 (100) 
145.1772 (6) 

chinsenin isomer (49) 

P81 501.3/471 501.3007 7.85 C33H41O4 -0.585 501.3028 (17), 389.1770 (10), 
363.1612 (100), 312.1140 (65), 
309.1141 (14), 296.1060 (14). 
253.0513 (22) 

benzoylphloroglucinol 

P82 291.2/474 291.1601 7.9 C17H23O4 -0.318 247.1707 (10), 223.0975 (6), 
222.0899 (100), 166.0276 (2) 

n.a.  

P83 481.3/481 481.3319 7.91 C31H45O4 -0.879 412.2628 hyperpolyphyllirin (39) 
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No Feature [M-H]- Rt 
(min) 

Molecular 
Formula 
[M-H]- 

Δ ppm Fragments (Intensity) Identification 

P84 413.3/476 413.2698 7.93 C26H37O4 0.066 369.2807 (8), 344.1999 (46), 
301.1450 (100), 289.1451 (11), 
276.1373 (15), 233.0824 (10) 

deprenylhyperpolyphyllirin 
(38) 

P85 327.2/480 327.0877 8 C18H15O6 0.882 327.0877 (53), 312.0642 (21), 
283.0251 (23), 272.0329 (100) 

n.a.  

P86 361.2/480 361.2383 8 C22H33O4 -0.423 361.2385 (10), 303.1602 (10), 
301.2174 (100), 289.1447 (10) 

n.a.  

P87 427.3/482 427.2859 8.03 C27H39O4 1.21 383.2964 (17), 290.1528 (37), 
289.1452 (16), 247.0980 (17), 
222.0902 (31) 

n.a.  

P88 365.2/483 365.1757 8.05 C23H25O4 -0.418 321.1866 (99), 229.0502 (28), 
228.0431 (100), 227.0357 (37), 
200.0483 (7) 

n.a.  

P89 495.3/483 495.3488 8.05 C32H47O4 1.75 - adhyperpolyphyllirin 

P90 601.4/484 601.3532
8 

8.07 C38H49O6 -0.303 479.3176 (100) n.a.  

P91 415.3/485 415.2485 8.08 C25H35O5 -1.15 371.2597 (12), 345.2076 (25), 
263.1286 (68), 262.1215 (93), 
219.0666 (100), 207.0666 (24), 
194.0588 (47) 

n.a.  

P92 515.3/485 515.3168 8.08 C34H43O4 0.149 437.2709 (6), 267.0669 (100), 
255.0590 (11), 242.0590 (14), 
241.0513 (7) 

n.a.  

P93 331.2/488 331.1913 8.13 C20H27O4 -0.491 331.1919 (35), 313.1813 (10), 
287.2020 (100), 262.1214 (10), 
261.1500 ( 16) 207.0666 (23), 
194.0587 (8) 

3-geranyl-methylpropanoyl-
phloroglucinola (17) 

P94 443.3/489 443.2801 8.15 C27H39O5 -0.513 399.2914 (8), 374.2107 (35), 
356.2001 (16), 317.1765 (43) 

chinesin isomer 

P95 467.3/491 467.3161 8.18 C30H43O4 -1.162 423.3276 (13), 355.1920 (10), 
329.1763 (100), 287.1293 (65), 
275.1294 (12), 262.1215 (13), 
219.0666 (16) 

n.a.  

P96 569.4/492 569.3633 8.2 C38H49O4 -0.656 431.2244 (37), 309.1309 (14), 
309.1143 (100), 309.0949 (11) 

benzoylphloroglucinol 

P97 345.2/494 345.2074 8.23 C21H29O4 0.832 327.1972 (13), 301.2178 (100), 
261.1501 (17), 221.0823 (27) 

3-geranyl-methylbutanoyl-
phloroglucinola 

P98 535.4/496 535, 
3783 

8.27 C35H51O4 -1.799 467.3137 (31), 466.3106 (100), 
397.2397 (36), 395.2608 (13), 
384.2292 (14), 383.2242 (68), 
315.1612 (54), 313.1819 (38) 

hyperforin (1) 

P99 549.4/498 549.3946 8.3 C36H53O4 -0.589 431.3289 (32), 480.3257 (100), 
411.2550 (33), 398.2441 (15), 
397.2393 (65), 395.2608 (13), 
329.1765 851), 313.1816 (42) 

adhyperforin (2) 

P100 505.1/499 505.0939 8.32 C30H17O8 2.018 505.0939 (100), 461.1042 (12) protohypericin (18) 

P101 331.2/500 331.1908 8.33 C20H27O4 -2.121 331.1921 (8) 287.2022 (64) 
195.0662 (15), 194.0588 (100) 
152.0120 (14) 

2-O-geranyl-
methylpropanoyl-
phloroglucinol (41) 

P102 443.3/503 443.2807 8.38 C27H39O5 1.021 374.2106 (35), 356.2001 (26), 
317.1765 (36), 304.1683 (10), 
303.1609 (10), 249.1137 (45), 
247.0981 (13), 236.1050 (30), 
235.0980 (100), 222.0902 (30) 

chinesin isomer 

P103 345.2/506 345.2068 8.43 C21H29O4 -0.877 345.2078 (13), 301.2179 (59), 
261.1502 (5), 209.0875 (17), 
208.0745 (100), 152.0120 (21) 

2-O-geranyl-1-
methylbutanoyl-
phloroglucinol (42) 

P104 415.2/506 415 8.43 C25H35O5 -1.391 357.2078 (32), 279.1242 (75), 
278.1165 (12), 263.1293 (10), 
219.0666 (37), 208.0743 (100), 
207.0668 (30) 

n.a.  

P105 433.2/507 433.238 8.45 C28H33O4 -1.068 433.2394 (100), 389.2494 (54), 
355 (1922 (61), 321.1138 (40), 
309.1138 (38), 295.0982 (26), 
287.2023 (27), 253.0512 (21), 
145.0300 (19) 

n.a.  

P106 637.4/508 637.4261 8.47 C43H57O4 -0.147 500.2950 (100), 485.2718 (12), 
431.2241 (71) 

n.a.  

P107 279.2/511 279.2328 8.52 C18H31O2 -0.55   Fatty acid 

P108 503.1/512 503.0778 8.53 C30H15O8 1.032 503.0785 (100), 461.0677 (5), 
459.0886 (12) 

hypericin (3) 
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No Feature [M-H]- Rt 
(min) 

Molecular 
Formula 
[M-H]- 

Δ ppm Fragments (Intensity) Identification 

P109 443.3/513 443.2803 8.55 C27H39O5 0.118 375.2141 (18), 374.2104 (100) 
359.2239 (16), 359.1870 (32) 
331.1564 (20), 2470980 (57), 
236.1046 (25), 235.0977 (94.58 
234.0901 (62), 233.0825 (32) 

chinesin isomer 

P110 603.4/513 603.4411 8.55 C40H59O4 -1.232 466.3103 (100), 451.2869 (12), 
397.2395 (83) 

n.a.  

P111 399.3/528 399.2542 8.8 C25H35O4 0.268 399.2551 (9), 355.2653 (21), 
263.1279 (28), 262.1217 (100), 
261.1141 (26), 219.0668 (84), 
207.0668 (20), 194.0590 (42) 

n.a.  

P112 413.3/531 413.2692 8.85 C26H37O4 -1.217 413.2707 (6), 369.2808 (22), 
277.1434 (29), 276.1372 (100), 
275.1296 (28), 233.0824 (89), 
221.0824 (21), 208.0745 (43) 

n.a.  

P113 497.3/541 497.3276 9.02 C31H45O5 0.688 469.3330 (18), 453.3381 (25), 
401.2703 (100) 

n.a.  

P114 567.4/543 567.3694 9.05 C35H51O6 0.577 539.3746 (7), 497.3271 (7), 
471.3118 (100), 453.3008 (7), 
415.3221 (6) 

deoxy-hydroperoxy-
furohyper-forin 

P115 581.4/549 581.3849 9.15 C36H53O6 0.254 553.3909 (8), 497.3280 (18), 
486.3314 (29), 485.3281 (100), 
467.3175 (17), 429.3381 (14), 
383.2598 (9) 

hydroperoxy 
fruoadhyperforin 

P116 551.4/558 551.3748 9.3 C35H51O5 1.038 523.3801 (11), 507.3851 (15), 
455.3173 (100), 437.3064 (5), 
329.2855 (7) 

n.a. 

a identified with reference compound 

 

Appendix 6.4 Antibacterial assay results of different Hypericum species 

  B. subtilis A. fischeri 

species 
Abbre-
viation 

c1 (50 
µg/ml) 

Std. Dev. 
C1 

c2 (500 
µg/ml) 

Std. Dev. 
C2 

c1 (50 
µg/ml) 

Std. Dev. 
C1 

c2 (500 
µg/ml) 

Std. Dev. 
C2 

H. androsaemum KEW_44_a 14% 17% 99% 3% -13% 8% -71% 13% 

 KEW_44_b -52% 67% -88% 23% -33% 2% -89% 3% 

 KEW_44_c 18% 39% -79% 36% -32% 2% -90% 6% 

 IPK_27_a -21% 41% -32% 33% -2% 4% -58% 8% 

 IPK_27_b -27% 40% -53% 38% -39% 8% -120% 7% 

 IPK_27_c 18% 21% 99% 2% 7% 6% -56% 6% 

H. attenuatum IPK_2_a -8% 45% 66% 14% 1% 3% 13% 5% 

 IPK_2_b -63% 43% -117% 27% -1% 2% 12% 4% 

 IPK_2_c -74% 42% -133% 33% -38% 4% -3% 5% 

H. barbatum KEW_23_a -1% 21% 100% 6% -29% 4% 15% 4% 

 KEW_23_b -43% 72% 68% 15% -12% 5% 33% 1% 

 KEW_23_c -10% 37% -128% 39% -34% 3% 7% 3% 

H. calycinum IPK_4_a 20% 19% 101% 7% 3% 2% -60% 4% 

 IPK_4_b -18% 28% 100% 7% -9% 7% -69% 4% 

 IPK_4_c 6% 14% 103% 3% -36% 7% -49% 9% 

H. canariense KEW_4_a 96% 1% 103% 2% 3% 3% 71% 3% 

 KEW_4_b 114% 20% 104% 3% -9% 2% 67% 2% 

 KEW_4_c 55% 2% 99% 2% -10% 2% 56% 3% 

H. coris IPK_33_a 97% 0% 93% 7% 6% 1% 11% 6% 

 IPK_33_b -6% 29% 93% 13% -13% 2% -44% 8% 

 IPK_33_c 95% 2% 91% 3% -53% 7% 2% 19% 

 KEW_46_a 97% 1% 95% 5% -5% 5% 50% 3% 

 KEW_46_b -21% 31% 96% 3% -40% 8% 58% 2% 

H. curvisepalum KEW_33_a 97% 0% 101% 2% -22% 6% -52% 7% 

 KEW_33_b 96% 1% 104% 8% -10% 4% 60% 8% 

 KEW_2_a -52% 52% 99% 4% -4% 4% -44% 7% 

H. elodes KEW_22_b 94% 1% 101% 3% -92% 16% 100% 0% 

 KEW_22_c 98% 0% 89% 10% -28% 1% 100% 0% 
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  B. subtilis   A. fischeri   

species 
Abbre-
viation 

c1 (50 
µg/ml) 

Std. Dev. 
C1 

c2 (500 
µg/ml) 

Std. Dev. 
C2 

c1 (50 
µg/ml) 

Std. Dev. 
C1 

c2 (500 
µg/ml) 

Std. Dev. 
C2 

H. grandifolium IPK_3_a -1% 16% 95% 8% -49% 8% -77% 4% 

 IPK_3_b -32% 48% 87% 15% 1% 2% -70% 7% 

 IPK_3_c -28% 16% 98% 11% -3% 9% -79% 5% 

H. hirsutum IPK_34_a 9% 24% 91% 6% -11% 3% -78% 3% 

 IPK_34_b -9% 20% 99% 4% -2% 9% -23% 9% 

 IPK_34_c -23% 31% 99% 2% -13% 8% -65% 8% 

H. hookerianum KEW_33_c 24% 30% 97% 3% -33% 5% -108% 9% 

 KEW_2_b 15% 10% 99% 10% -13% 8% -88% 8% 

H. humifusum KEW_19_a 95% 0% 103% 2% -4% 2% -20% 10% 

 KEW_19_b 93% 1% 99% 2% -38% 4% 14% 10% 

 KEW_19_c 27% 18% 94% 3% -10% 3% -5% 8% 

H. inodorum IPK_5_a -32% 50% -43% 27% -12% 3% -59% 3% 

 IPK_5_b 1% 19% -115% 36% -3% 6% -65% 3% 

H. lagarocladum KEW_37_a 95% 1% 105% 5% -2% 7% -68% 12% 

 KEW_37_b -20% 35% 100% 29% -51% 7% -95% 7% 

 KEW_37_c 30% 26% 91% 10% -13% 2% -47% 2% 

H. maculatum IPK_28_a -54% 70% 7% 28% 3% 3% 20% 8% 

 IPK_28_b -55% 50% -88% 36% 4% 7% -8% 7% 

 IPK_28_c -45% 17% -130% 34% 2% 6% -5% 6% 

H. orientale IPK_35_a -3% 35% 103% 4% 10% 5% 81% 6% 

 IPK_35_b 17% 12% 82% 13% -7% 2% 63% 2% 

 IPK35_c 9% 21% 85% 13% -36% 6% 80% 5% 

H. perforatum IPK24_a 22% 11% 62% 37% -20% 4% -3% 3% 

 KEW9_a 9% 12% -68% 45% -42% 4% -9% 2% 

 KEW9_b 11% 15% -76% 25% -21% 5% -10% 4% 

 KEW9_c -9% 33% -112% 47% 0% 12% 8% 2% 

 KEW10_a 27% 15% 96% 7% -14% 6% 5% 4% 

 KEW10_b -22% 45% -154% 29% -13% 10% 8% 7% 

 KEW12_a 62% 7% 103% 6% -4% 2% 21% 11% 

 KEW26_a 82% 5% 104% 9% 1% 6% 20% 2% 

 KEW12_b 5% 10% 10% 29% -5% 8% 13% 13% 

 KEW26_b 11% 29% 27% 37% -16% 3% 8% 3% 

 KEW12_c 0% 19% -34% 19% -14% 1% 16% 5% 

 KEW26_c -65% 56% -136% 37% -25% 3% 3% 6% 

H. polyphyllum IPK10_a 53% 22% 106% 7% 2% 2% 33% 7% 

 IPK10_b 18% 13% -15% 22% 1% 8% 5% 2% 

 IPK10_c -32% 45% 62% 18% -3% 5% 29% 5% 

H. pulchrum KEW27_a 95% 1% 107% 3% -6% 4% -10% 3% 

 KEW28_a 13% 9% 101% 3% -5% 1% -46% 6% 

 KEW27_b -82% 41% 86% 8% -24% 4% -20% 4% 

 KEW28_b 8% 35% 98% 4% -16% 1% -53% 4% 

 KEW27_c -7% 48% 97% 2% -26% 3% -39% 3% 

 KEW28_c -23% 45% 96% 3% -21% 3% -55% 5% 

H. reflexum KEW5_a 101% 4% 101% 3% -3% 4% 59% 1% 

H. tetrapterum KEW45_a 61% 4% 94% 5% 1% 5% 21% 2% 

 KEW15_b 20% 14% 99% 7% -28% 8% -41% 2% 
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Appendix 7.1 Quantitative correlation of bins of different signals 

Summary of the coefficient of determination (R2) of linear regression between integral (1H qNMR) and bin values of 

experiments with different bin sizes. 

Compound Assignment 
 [ppm] multiplicity  

(J [Hz])  

Bin size 
[ppm] 

R2 of experiment 

1Hconv PSYCHE 

Chlorogenic acid (10) H-8’ 6.31 d (15.8 Hz) 
0.01 
0.02 
0.04 

0.7822 
0.6553 
0.8667 

0.7200 
0.8485 
0.801 

Chlorogenic acid (10) H-2’ 7.05 d (2.1 Hz) 
0.01 
0.02 
0.04 

0.7537 
0.7865 
0.744 

0.5365 
0.5748 
0.5861 

Rutin (6) H-6’’’ 1.12 d (6.2 Hz) 
0.01 
0.02 
0.04 

0.8166 
0.8176 
0.8311 

0.6229 
0.7331 
0.3024 

Hyperoside (7) H-2’ 7.83 d (2.2 Hz) 
0.01 
0.02 
0.04 

0.902 
0.9288 
0.9178 

0.8884 
0.881 
0.8518 

Epicatechin/Catechin (14) H-6 5.94 d (2.4 Hz) 
0.01 
0.02 
0.04 

0.9925 
0.9740 
0.9824 

0.9156 
0.7974 
0.8204 

Epicatechin/Catechin (14) H-2’ 6.97 d (1.9 Hz) 
0.01 
0.02 
0.04 

0.7791 
0.8104 
0.7896 

0.7526 
0.7525 
0.7627 

Hyperforin (1) H3-12 1.08 d (6.5 Hz) 
0.01 
0.02 
0.04 

0.8753 
0.8842 
0.8237 

0.8635 
0.8380 
0.8305 

Sucrose (12) H-3’ 4.09 d (8.2 Hz) 
0.01 
0.02 
0.04 

0.9294 
0.9945 
0.8928 

0.5399 
0.9080 
0.8542 

Shikimic acid (11) H-4 4.36 m (1/2  4.7 Hz) 
0.01 
0.02 
0.04 

0.7929 
0.8412 
0.8115 

0.8025 
0.8706 
0.8762 

 

Appendix 7.2 Boxplots of correlation coefficients for different experiments with varied bin 

sizes 

 

Boxplot of R2 with varied bin sizes of (a) PSYCHE and (b) conventional 1H-NMR (1Hconv).  

Significance Test: Wilcoxon-Mann-Whitney paired (shown is the p-value). 
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Appendix 7.3: Stacked PSYCHE spectra of Hypericum species 
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