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Abstract

Numerous factors influence the chemical quality of medicinal plants from crop establishment
to extraction of raw material. The most important ones are described using the example of
Hypericum perforatum. Optimization of these factors contributes to the objective of producing
a high-quality drug, and a method consisting of three scientific approaches (technological,
agronomical, plant breeding) is presented. All data concerning the plant (biology, physiology
and environmental impacts) and the active components and by-products (pathway, localiz-
ation and stability) are useful to adapt and to develop management sequences. Although
plant breeding appears to be the principal way of improvement, and gives good results in
terms of resistance to pathogens, active component content and yield; the agronomical and
the technological approaches are also very important. The technological approach after har-
vesting is especially important to avoid degradation of the active components and to
induce, in some cases, the transformation of by-products to those molecules sought. This inte-
grated method (plant breeding and agronomical and chemical approaches) requires research
on different levels of organization from molecule to field, and includes all processing systems
from farmers to chemists.
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Introduction

Studies on medicinal plants are rapidly increasing
because of the search for new active molecules, and for
the improvement in the production of plants or mol-
ecules for the herbal pharmaceutical industries (phy-

totherapy or allopathy). This requirement

industry needs a control of the quality drug. Different
elements contribute to the quality: purity of the raw
material (no adulteration), low bacterial, fungus, pesti-
cide, radioactive or heavy metal contamination, and
high active component concentration. This literature
review focuses particularly on this last element, and
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describes the specific approaches useful to all medicinal
plants: plant breeding, agronomical and technological
approaches. The objective of this paper is to describe,
through the example of Hypericum perforatum, major
factors influencing chemical quality of a medicinal plant
and to present strategies aiming to improve and to use
all potentiality of the active component.

Numerous factors influence the production of active
components by the plant, and their presence in the end
product (dry grind herb for tea or capsules, extract, or
pure molecules) (Schilter et al., 2003). Each step of pro-
duction from crop establishment to extraction of the
raw material has an impact on the quality and quantity
of components (Fig. 1). Choice of the accession and agri-
cultural practices determines the content and the yield
of the active components, but also the presence of
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by-products with a close structure to the molecules
searched. Post-harvest techniques aim to value the

active components and to avoid their loss.

To improve the quality of a medicinal plant requires

obviously a precise definition of what is meant by quality.
Chemical quality corresponds generally to a clear identi-

fication of one or several active components,

or to

specific markers where they are not known. However,

frequently, the complexity of the extract, and the inter-

actions and synergy between constituents, makes it diffi-
cult to determine the nature of the active components

(Wills et al., 2000).

Hyperici herba consists of the dried flowering tops or
aerial parts of H. perforatum (Clusiaceae) (St John’s wort)
containing a huge number of secondary metabolites: naph-

todianthrones, phloroglucinols, flavonoids, xanthones,
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procyanidins and essential oils (Bombardelli and Mora-
zonni, 1995; Ploss et al., 2001). Several clinical and pharma-
cological studies have demonstrated the activity of
H. perforatum especially in the treatment of mild to moder-
ate depression, but the mechanism of action is still
unknown (Cott, 1997; Butterweck et al., 1998, 2003;
Nathan, 2001). Furthermore, during fractionation of the
extract much of the pharmacological activity is lost. For
many years, the red pigment, hypericin, was considered
as the main active constituent. Nevertheless, it has now
been demonstrated that acylphloroglucinol,
(Singer et al., 1999), together with hypericin,
in the antidepressant action (Mennini and Gobbi, 2004).
The control and the optimization of each step of the
production will contribute to a good quality drug
(Fig. 1). We intend to demonstrate how each of these

hyperforin
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Fig. 1. Factors which could interfere with the active component content and yield of a medicinal plant. TLC, thin-layer chro-
matography; HPLC, high-performance liquid chromatography; MS, mass spectrometry.
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factors may be involved in the active component content
and yield. Three approaches (Fig. 2) contribute to the
improvement of drug quality:

The ‘chemical’” or ‘technological’ approach from har-
vest to end product.

The ‘agronomical’ approach from soil preparation
before sowing to harvest.

The ‘genetic’ approach.

These three approaches will be described and their con-
tributions discussed, in relation to the active components
of H. perforatum.

The technological approach

Characteristics of the active components and their
precursors and by-products

An understanding of the characteristics of the active com-
ponents: pathways, structure (glycosylation, methylation,
polymerization), localization in the plant (organs, tissues
and cells), stability and enzymes involved in their syn-
thesis and their degradation is very important.

In the case of H. perforatum, the terms hypericin(s)
and hyperforin(s) appear in numerous scientific papers
but are not always clearly defined. In this paper, hyperi-
cins will be defined as the sum of protopseudohypericin,
pseudohypericin, protohypericin and hypericin; and,
protohypericins as the sum of protopseudohypericin
and protohypericin. The pharmacological activities
of the protohypericins have not yet been studied.

Preliminary studies

Collection of a large
genetic variability

Experimentation l

Biological plant studies
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Hyperforins include hyperforin and adhyperforin. Stan-
dardization of St John’s wort products has been based
mainly on the quantification of the three components,
hypericin, pseudohypericin and hyperforin (Chatterjee
et al., 1998; Orth et al., 1999; Butterweck et al., 2003).

Protopseudohypericin and protohypericin convert into
pseudohypericin and hypericin respectively in the pre-
sence of light (Freytag, 1984; Gaedcke, 1997). The local-
ization of synthesis of emodin-anthrone (the precursor of
hypericins) and of hyperforins is not yet clearly defined
(Pasqua et al., 2003). Hyperforins, a family of antimicro-
bial phloroglucinols, are particularly unstable in the pre-
sence of light, and are rapidly oxidized (Granzow and
Holzl, 1998; Sirvent and Gibson, 2002).

Extraction and assay

Various types of extraction can be applied to raw material
resulting in significant changes in the quantities and pro-
portions of active components affecting safety and ben-
efits (Schilter et al., 2003). According to the conditions
of the extraction: solvent, duration, light conditions and
temperature, the secondary metabolite content of the
extract will change (Liu, 2000; Melnikova et al., 1998).
Therefore, it is almost impossible to compare published
results. The flowering tops of St John’s wort contain
approximately 30% hypericins in the form of protohyper-
icins (Poutaraud et al., 2001a) which could be rapidly
phototransformed in the extract, under the action of sun-
light, to hypericin and pseudohypericin. However, a
5-min exposure of the crude extract of H. perforatum
to sunlight (1E/m?) induces a 96% loss of hyperforins

Characterization of the
biosynthesis pathway

v

Inter and intra
population
variability

|

Selection
and

Final goals

genetic improvement

Plant breeding
approach

Fig. 2. Three approaches to improve the quality of a
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(Poutaraud et al., 2001b). The phototransformation of the
protohypericins without loss of hyperforin could be done
by application of 515 nm light on the extract because it is
the optimal wavelength of protohypericin phototransfor-
mation (Poutaraud et al., 2001a) and hyperforins do not
absorb at this wavelength. The level of extraction of
some compounds could be linked to the presence of
other constituents. For example, the solubility of pure
hypericin in water increases upon addition of some phe-
nolic constituents typical for Hypericum extracts (Jurgen-
liemk and Nahrstedt, 2003). All these chemical data must
be taken into account during extraction and assay to
avoid experimental bias and transform by-products into
active components.

Storage and drying

There is generally very little data regarding the influence
of storage and drying on the quality even if we can
expect an eventual loss of active components depending
on the duration, and, the temperature and light con-
ditions. Many secondary metabolites are not stable (oxi-
dation, hydrolysis, enzymatic reactions) or are volatile
(Bottcher et al., 2003). Secondary metabolites are accu-
mulated in special organs or cells to avoid negative
toxic contact with other organs or cells, and particular
attention must be paid to protect these structures. Hyper-
icins are located in specialized glands which appear as
tiny black dots and/or lines on all the above-ground
parts, but particularly in flowers and buds (Curtis and
Lersten, 1990; Ciccarelli et al., 2001). During the drying
process, these glands may collapse, inducing an import-
ant loss of hypericins. Light during drying reduces slightly
the proportion of protohypericins and increases the
hypericin and pseudohypericin contents (Poutaraud
et al., 2001a) whereas the dry plant material loses 20%
of hyperforins after 2h exposure to sunlight (24 E/m?)
(Poutaraud et al., 2001b). To maintain the high quality
of H. perforatum, it is essential to ensure effective venti-
lation and cooling after harvesting, and to keep the dry
plant material protected from light (Bottcher et al., 2003).

The agronomical approach

Cultivation of medicinal plants presents many advantages
compared with harvesting from the wild. It avoids the
risk of error in identification and of overexploitation
and destruction of natural sites, and allows mechanical
harvest (Franke et al., 1993). Agronomical factors may
influence at the same time the quality and quantity of
the drug. The concentration of active components in
the plant varies with internal factors: organs, age of the
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plant, development stage or external factors: biotope, cli-
matic conditions, season. H. perforatum is difficult to
grow (Mayo and Langridge, 2003) and is usually not cul-
tivated for more than 3 years, because of its susceptibility
to fungal diseases. These agricultural problems often
induce a significant decrease in dry weight yield. Sites
of synthesis and storage of active components are differ-
ent according to the plant and the compounds con-
cerned. Seasonal variations in the content of hypericins
were shown (Southwell and Bourke, 2001): hyperforins
are mainly located in flowers (pistils) (Repcak and Mar-
tonfi, 1997) and fruits (Nahrstedt and Butterweck, 1997,
Pietta et al., 2001). Translocation of these metabolites
within the plant during development could occur, but,
for hyperforin and precursors of hypericins, the mechan-
isms have not been studied.

The biosynthesis of hypericins seems to be strictly
linked to the differentiation of the glands (Pasqua et al.,
2003). The increase in hypericin and hyperforin content,
in response to chemical and biotic elicitors, suggests
these secondary metabolites are components in the indu-
cible plant defence responses of H. perforatum (Sirvent
and Gibson, 2002). Their synthesis could perhaps be
stimulated by stress as shown with other plant metab-
olites (Chappell and Hahlbrock, 1984; Chatterjee et al.,
1988; Zobel et al., 1994; Baricevic et al., 1999).

Agricultural practices

Generally, very few data on agricultural practices are
published, which slows down possible improvements.

Soil properties and fertilization

The soil has a complex influence on plants through its
physical, chemical and biological properties. It is not
easy to interpret the influences of separate factors
(Hornok, 1992). Fertilizers are well known for their influ-
ence on primary metabolism and biomass production.
Mineral elements are involved in the structure of some
secondary metabolites but could also interfere in their
regulation. Microelements have been studied in numer-
ous other medicinal plants for inducing synthesis of sec-
ondary metabolites (Gasic et al., 1978; Hornok, 1992;
Wierzchowska-Renke et al., 1995). Several studies were
performed on the influence of fertilizer on H. perfora-
tum, but are contradictory regarding nitrogen supply
(Denke et al., 1999; Briskin er al., 2000; Azizi and
Omid-Beigi, 2001; Dias et al., 2001). Metal contamination
can also change the chemical composition of medicinal
plants, thereby seriously impacting the quality, safety
and efficacy of natural plant products. Environmental
contamination with a common inorganic pollutant like
nickel influences the synthesis and the accumulation of
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hyperforin and of pseudohypericin and hypericin (Murch
et al., 2003). H. perforatum accumulates soil cadmium
(Biiter et al., 1996), although the interaction with active
component synthesis has not been shown. The content
of hypericin was slightly increased by tolerated herbi-
cides (Pank, 1990).

Light

Quantity and quality of light is known to interfere with
the secondary metabolism, either directly by production
of energy/carbohydrates, or indirectly by regulating
metabolic pathways (Hornok, 1992). An increase in
light intensity for H. perforatum induces a continuous
increase in the level of leaf hypericins linked to the
number of dark glands (Briskin and Gawienowski,
2001). In cultivation, the density of planting can
obviously modify the quantity, and to a lesser extent
the quality, of light exposure, to each plant.

Harvest

Harvesting techniques are very important because
numerous factors can interfere with the quality of the
drug. These include climatic conditions, time of year
and type of machinery used to harvest. In the case of
H. perforatum where two different kinds of active com-
ponents are being researched, the determination of the
best date to harvest is a problem. Huge differences in sec-
ondary metabolite content were shown according to the
stage of the plant growth (Upton, 1997; Tekel'ova et al.,
2000). The flowering phase of H. perforatum lasts for
about 3—4 weeks, and the ripening phase for about 3
weeks (Franke et al., 1998). For hypericins, the highest
content is found at full flowering, and then immediately
declines (Brantner et al., 1994). For hyperforins, the
best harvest date is at the beginning of the fruiting
phase (Nahrstedt and Butterweck, 1997). The height of
cutting is important, it determines the ratio between
organs; the producer must choose between high active
component content (high flowers and fruits to stems
and leaves ratio) or dry weight yields (low flowers and
fruits to stems and leaves ratio). Indeed, if the harvest
consists of more than 30cm of flowering tops, the per-
centage of stems is too high and dilutes the active com-
ponents because of the very low content in this organ.
Depending on the picking machine, stems can be elimi-
nated (Mohr ef al., 1996).

The genetic approach

Genetic variability of medicinal plants is generally very
important (Tetenyi, 1991). Wild ecotypes selected for
their high dry weight and/or active component contents
and/or resistance to pathogens are often used in
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cultivation (Pank et al., 2003). Several studies have
been performed to characterize different accessions
(Table 1). Some plants are harvested directly from their
natural site (Kartnig er al., 1989; Umek et al., 1999,
Girzu et al., 2000; Bergonzi et al., 2001; Pietta et al.,
2001; Walker et al., 2001). Their chemical characteristics
may be of poor scientific value because the environmen-
tal factors which are not accurately defined affect the
results, so the best way to compare accessions is to culti-
vate them on the same site (Southwell and Campbell,
1991; Oravec Sen et al., 1994; Biiter et al., 1996, 1998a,
1998b; Seidler-Lozykowska and Dabrowska, 1996; Cellar-
ova et al., 1997; Debrunner et al., 1997; Franke et al.,
2000; Pluhar et al., 2002). Study of the accessions on
different cultivation sites with different characteristics of
soil and climate is also important. Nevertheless, this can
be very difficult, and to be useful, accessions must be
established at the same date on a homogeneous plot, har-
vested at a same stage (often difficult to determine) for at
least two consecutive years. Then, the accessions must be
dried, stored, extracted and assayed according to the
same methods. Studies must also be performed on differ-
ent plant parts. It is a common practice to only study a
collection by analysing the organ exhibiting the highest
content of active components: flowers in the case of H.
perforatum. But these data are generally not representa-
tive of the accession because the ratio between organs
at the harvest stage will determine the real content of
active component of the drug. Harvesting the major inter-
esting organs in terms of active component content and
of material representative to the drug will give a better
evaluation of the accessions. The presence of ‘control’
varieties such as ‘Topas’ (Seidler-Lozykowska and Dab-
rowska, 1996) or ‘Hyperimed’ for H. perforatum is very
important for comparing different collection results
(Gaudin et al., 2002).

Breeding programmes

Classical

The majority of accessions under cultivation have been
created by conventional selection methods, including
individual, mass or special selection methods. But for
particularly high-value or problematic plants, breeding
programmes could be performed according to the repro-
ductive pathways of the species (allogamous, autoga-
mous, apomictic) to select specific characters (Bernath,
2002).

H. perforatum is considered to be a facultative, pseu-
dogamous, apomictic plant (Mayo and Langridge,
2003). Randomly amplified polymorphic DNA (RAPD)
and fingerprinting and restriction fragment length poly-
morphism (RFLP) are used as tools for research on
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the mode of reproduction of this species (Haluskova and
Cellarova, 1997; Arnholdt-Schmitt, 2000; Steck et al.,
2001). This plant is thought to be of allopolyploid
origin (Martonfi et al., 1996) and most commonly
occurs as a tetraploid (27 = 4x = 32) (Nielsen, 1924; Bru-
tovska et al., 2000). A relationship between ploidy and
hypericin content was shown, with the highest hypericin
content found in diploids and the lowest in tetraploids
(Cellarova et al., 1997). All apomictic plants were tetra-
ploid and all sexual plants were diploid (Pank et al.,
2003). Hybridization, polyploidization and mutation
have also been reported (Bernath, 2002). Homogenous
populations could be produced either by vegetative
propagation from heterozygous genotypes or by gener-
ation of homozygous doubled haploid lines (Cellarova
et al., 1992) or more easily by apomixis (Pank, 2002).
Obligate apomictic plants produce exclusively maternal
progenies even though their genetic constitution is het-
erozygous. Plant breeders are interested now in combin-
ing desired characters from different genotypes into new
commercial cultivars. However, sexual plants are needed
for the generation of genetic variability through crossing
(Pank et al., 2003).

For H. perforatum, most of the actual cultivars originated
in individual plant selection from different ecotypes. No
relationship was demonstrated between hypericin and
hyperforin contents. It is therefore possible to select acces-
sions containing high levels of hypericins and hyperforins
(Poutaraud and Girardin, 2004). Recently, breeding pro-
grammes have been started (Matzk et al., 2001) with intro-
gressive  hybridization between necessarily sexual
genotypes and the available apomicts resistant to Colletotri-
chum gloeosporoides (Pank et al., 2003).

Biotechnological ways

In vitro propagation could be interesting for the pro-
duction of standardized plant material as required by
the pharmaceutical industry. This technique is used on
H. perforatum for mass clonal propagation (Pretto and
Santarem, 2000; Murch et al., 2002; Santarem and Astarita,
2003; Zobayed and Saxena, 2003) and to create genetic
variability by somaclonal variation (Cellarova et al.,
1994; Kartnig et al., 1996; Brutovska et al., 1998). Numer-
ous studies have been performed to investigate pro-
duction of secondary metabolites in bioreactors but
with very few applicable results as yet (Yu et al., 2001;
Zobayed and Saxena, 2003; Zobayed et al., 2003). Syn-
thesis of hypericins and hyperforins hardly occurs in
undifferentiated cultures like cell suspensions of calluses,
because organ differentiation is required (Greenfield
et al., 1998). Moreover, it is necessary that plantlets
reach an advanced stage of growth to achieve the
biosynthesis of all metabolites required in the drug
(Pasqua et al., 2003). In vitro synthesis of hypericin in
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shoot culture can be stimulated by mannan (Kirakosyan
et al., 2000). Studies on the enzymes involved in the bio-
synthetic pathway, and their regulation with genomic
tools, is a new and extremely valuable approach
(Kosuth et al., 2003; Phillipson, 2003). Transformed cell
cultures and genetic engineering based on the overex-
pression or suppression of genes responsible for biosyn-
thesis of active components offer new possibilities for the
investigation of secondary metabolism. A major gene
called Hyp-1 encoding for hypericin biosynthesis from
emodin was recently cloned and characterized from H.
perforatum cell cultures (Bais et al., 2003). Some plant
cell cultures do not necessarily produce the same second-
ary metabolite as the plant cultivated outside, and can be
manipulated to produce new ‘unnatural compounds’
(Phillipson, 2003).

Discussion

Control of the production of natural molecules of phar-
maceutical interest implies a good understanding of the
secondary metabolism of the plant by multidisciplinary
research at various organization levels: genomic, for
determination of their synthesis and regulation; enzy-
matic, to study their biosynthesis and their degradation;
biochemical, to study the characteristics of these active
components and their by-products; cellular and histologi-
cal, to search their synthesis sites and repartition in the
different tissues, and at plant level, to study their pro-
duction in different organs during the cycle of plant
development and the interactions between their synthesis
and environmental factors. The process concerns all
those involved, from the farmer to the chemist.

The exploitation of the chemical diversity of the plant
kingdom is one of the main ways of investigation to address
the increasing need for high-quality botanical drugs. If the
classical breeding programmes appear to be a good way of
improving a medicinal plant, the agronomical and the tech-
nological approaches could also contribute in a large part
to a better-quality drug. Furthermore, a better understand-
ing of the function of these secondary metabolites in the
plant could be of interest for stimulating their synthesis.

For H. perforatum, numerous papers have been pub-
lished on these three approaches of improvement. Classi-
cal breeding programmes making use of natural genetic
variability have given some good results, but biotechnolo-
gical methods have not yet allowed the production of high-
quality drugs, although this is still an interesting tool for a
better understanding of the metabolic pathways involved.
Breeding programmes aim to select accessions with high
hypericin and hyperforin content, high dry weight flower-
ing top yield, and good wilt resistance. Other characters
could be added to overcome technological
and agronomical problems: for example maintenance of
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hypericin glands during drying, or low cadmium accumu-
lation. Different stresses could be tested to enhance hyper-
icin and hyperforin synthesis, and macro and micro mineral
fertilization needs to be optimized. A suitable control of
light during the different steps of processing (drying,
extraction) could increase the hypericin content and the
phototransformation of the protohypericins in hypericin
and pseudohypericin; as long as particular attention is
paid to maintain the hyperforin content. The difference
between spectral data of these molecules makes possible
the phototransformation of protohypericins without degra-

dation of hyperforins.

This method of integrating the three approaches can
be used for the improvement of all medicinal plants.
Common mechanisms of active component production
(regulation of the synthesis, localization, transformation,
translocation, degradation) from similar biosynthetic
pathways but from different plant species could be
expected, facilitating further research programmes for

the improvement of medicinal plant quality.
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