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Summary
Quinones are a class of oxygen-containing secondary metabolites found chiefly in higher plants,
fungi, bacteria and restricted in the animal kingdom to arthropods and echinoderms (Thompson
1971). In the plant, quinones, especially naphthoquinones, have been shown to function in
allelopathy (juglone; Binder et al 1989), plant-insect interactions and plant-plant interactions
(plumbagin; Kubo et al 1986, 1998, Spencer et al 1986, Ganapaty et al 2004). These quinones
also have significant in vitro biological activities e.g. are antibacterial (Didry et al 1994),
fungicidal and insecticidal (Kubo et al 1986).

The main objective o f this thesis was to establish a number of in vitro cultures to produce
biologically active quinones. Two unrelated plant genera, Dionaea and Streptocarpus were used
as source material. Dionaea muscipula Ellis, more commonly referred to as the Venus flytrap, is a
carnivorous plant native to coastal North and South Carolina. Dionaea contains plumbagin (5hydroxy, 2-methyl-!,4-naphthoquinone), an important naphthoquinone having a broad range of
biological activities such as anticancer, antimicrobial, leishmanicidal, antimutagenic, piscicidal
and insecticidal properties (Komaraiah et al 2002). Streptocarpus dunnii, also known as the Cape
primrose, is native to South Africa and has been reported to contain a number o f naphthoquinone
and anthraquinone compounds (Inoue et al 1983). The main metabolite of this plant is the 1,2naphthoquinone, dunnione, which has been subjected to a limited number of biological
investigations. However, S. dunnii also produces other naphthoquinones, which have not yet been
investigated biologically.

Suspension cultures o f Dionaea muscipula were established in 1997 and found to produce
plumbagin as the main metabolite. The growth kinetics o f this culture were characterised and
investigations showed Dionaea muscipula suspension cultures to be a slow growing culture with
an extended growth cycle. A number of plant tissue culture techniques were used to enhance the
plumbagin production of this suspension culture. Elicitation of the cells with biotic elicitors was
used. O f the elicitors used, monosaccharides increased biomass and plumbagin production by
30% while polysaccharides had no effect. Precursor feeding or in situ adsorption failed to increase
plumbagin concentrations.

O f the tissue culture techniques used to enhance secondary metabolism, optimisation of the
growth medium, especially inorganic nitrogen supply, was the most effective. High levels of
inorganic nitrogen in the growth medium were shown to be inhibitory to both growth and the
biosynthesis of plumbagin. When the level of total inorganic nitrogen decreased, the plumbagin
productivity of the cells increased by 80%. Growth of the cells on either ammonium or nitrate as
the sole supply o f nitrogen increased plumbagin biosynthesis compared to control but greatly

inhibited the growth of the cells. Decreasing the total nitrogen content of the Dionaea suspension
culture medium was therefore optimal, with nitrogen supplied as both ammonium and nitrate was
best for the growth of the cells. In addition, while high concentrations of NH4" were inhibitory to
plumbagin biosynthesis, the cells also had a specific requirement for a minimum amount o f NHi^
to be present in the culture medium.

The addition o f an organic nitrogen supply, in the form of casein acid-hydrolysates, to the growth
medium increased cell biomass by 70%. Transfer of the suspension cultures from McCowans
medium to other media formulations had a dramatic effect on the growth, plumbagin biosynthesis
and morphology o f the cells. The growth patterns observed in the different media could be
correlated to the inorganic components present in the basal salt composition. It was shown that the
use of a nutrient rich medium media caused a significant inhibition of the growth and the
plumbagin content o f the cells and was therefore not suitable for culture of Dionaea cells.
Nutrient rich growth media also caused a loss of red pigmentation (attributed to anthocyanins) of
the Dionaea cells.

Sterile in vitro plant cultures of two Streptocarpus species, S. dunnii and the horticultural hybrid
S. X hybridus var ‘Ruby’, were generated. In vitro growth o f these plantlets in liquid culture
resulted in the excretion o f coloured compounds. Phytochemical analysis of the growth medium
of the Streptocarpus plantlets yielded a total o f eight quinone compounds. Two anthraquinones
and six naphthoquinones were isolated and their structure fully elucidated. Of the six
naphthoquinones isolated, three were novel hydroxylated derivatives of a-dunnione which had not
been previously described. This is the first report of metabolites from a horticultural hybrid of
Streptocarpus species. The profile o f the quinones isolated varied with the species under
investigation.

Eight callus cell lines o f Streptocarpus dunnii were generated from in vitro plantlets and used to
produce eight fully differentiated suspension culture lines. Two fiilly dedifferentiated suspension
cultures of 5 x hybridus var ‘Ruby’ were generated. An HPLC method was developed to allow
separation and identification o f the quinone compounds isolated. Using this method a quinone
screening of the suspension cultures was possible. All the cell lines produced mainly two
anthraquinone

metabolites,

1-hydroxy-2 -methylanthraquinone

and

l-hydroxy-2 -

hydroxymethylanthraquinone. Trace quantities o f dunnione were produced in four cell lines. The
compounds isolated and identified will be subjected to a series of biological screens.
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Origin and Scope

The main objective of this research was to estabHsh a number of in vitro cultures for the
production of a series of biologically active quinones. This was carried out using two unrelated,
but quinone-rich plant genera, Dionaea (Droseraceae) and Streptocarpus (Gesneriaceae).

Cultures of Dionaea muscipula had been established in the Pharmacognosy Department of the
School of Pharmacy and found to produce plumbagin as the main metabolite. In 1997, callus of
Dionaea muscipula was developed and used to establish suspension cultures, also found to
produce plumbagin. With this cell line, the main objectives were

>

To characterise the growth kinetics and plumbagin production of the naphthoquinone
producing cell line of Dionaea muscipula.

>

To increase the production of plumbagin by the Dionaea cell cultures using a number of
plant cell culture techniques.

Streptocarpus dunnii is known to be a rich source of both naphthoquinone and anthraquinone
compounds. Few biotechnological or ph>lochemical investigations have been reported with this
genus, including the many horticultural varieties. Two types of plant material were obtained;
seeds of S. dunnii and in vitro plantlets o f the horticultural hybrid S. x hybridus var ‘Ruby’. The
objectives with these plants were;

> To establish sterile in vitro cultures of plantlets from both plant materials

>

To establish callus cultures and suspension cultures from these plantlets

>

To subject the cultures to a phytochemical analysis and to isolate and identify any
quinone compounds present
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Section 1

I

Chapter 1-Introduction

Chapter I Introduction

1.1 Natural products in drug discovery
Natural products have long been recognised as an important source o f therapeutically effective
medicines. Drugs derived from natural products continue to make an enormous contribution to
drug discovery today. For example, between 1998 and 2004 twenty-one natural products or
natural product derived drugs were launched on the European, Japanese or American market
(Butler 2005). In 1999, nine o f the best-selling non-protein drugs were either derived from, or
developed as the result o f lead compounds generated by natural products, with total annual sales
o f greater than US$ 16 billion (Harvey 2000). These naturally derived agents also have a
continuing importance in research and development. Over one hundred natural products or natural
product derived compounds are currently in phase II or III clinical trials (Butler 2005). Seventy of
these compounds are being evaluated for oncological disease, a further twenty-seven for antibiotic
activity (antibacterial, antifungal, antiparasitic and antiviral) and the remaining are for use in trials
for immunosuppression, metabolic disorders (antidiabetic) and pain relief.

Chemical diversity in plants, microorganisms and marine organisms provide a valuable source of
novel lead molecules. Natural products are the most consistently successful source o f drug lead
molecules (Bindseil et al 2001). The uniqueness o f many natural product core structures makes
these compounds o f interest for use as starting points for semi-synthesis or total synthesis o f new
chemical entities (Nisbet and Moore 1997). Biological functionality is inherent as these
metabolites in plants and microbes have evolved via selection to physiologically or ecologically
affect the fitness o f the synthesising organism (Simmonds 2003). Natural product investigation
can also lead to the discovery o f novel mechanisms o f action with which to investigate disease
pathology (Nisbet and Moore 1997).

Traditionally, the bioactivity associated with the defence properties o f plant secondary
metabolites has resulted in plants producing compounds that can alter biological and pathological
functions in humans. Most natural products are antibiological agents (antibacterial, antifungal,
antiparasitic, insecticidal etc.) (Strohl 2000), as in order to survive plants have developed
sophisticated mechanisms to defend themselves from potential predators (microbial, mammalian
and insects) and to inhibit other plants competing for space. These defence mechanisms include
an elaborate chemical arsenal o f toxic substances that inhibit the growth o f other plants and make
themselves unattractive to predators (da Rocha et al 2001). These natural chemicals sometimes
exhibit properties within mammalian systems other than, or in addition to, the defence activity to
which they are linked. Well-known examples o f natural product successes have included drugs for
a variety o f therapeutic indications including antibiotics (e.g. erythromycin and derivatives such
as clarithromycin), immunosuppressive agents (e.g. cyclosporin, mycophenolate mofetil and
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tacrolim us), antitum our agents (paclitaxel and cam potothecin) and anticholesterolaem ic agents
(e.g. lovastatin and derivatives) as well as com pounds affecting the CNS (galantam ine for
A lzheim er’s disease) and those used in pain relief (e.g. the opiate alkaloids and derivatives and
the recently launched cannabinoid derivatives). N atural products are also insecticidal, fungicidal
and phytotoxic and find use in agriculture as natural plant protectants.

Plants have been used by m ankind for thousands o f years as dyes, flavours, fragrances, stim ulants,
hallucinogens, insecticides, poisons and as therapeutic agents (W ink 1999). A pproxim ately 60%
o f the w orld’s population still relies alm ost entirely on plants for m edication (H arvey 2000). The
use o f ethnophannacology and natural product drug discovery rem ains a significant hope in the
current target-rich, lead poor drug discovery scenario (Patw ardhan 2005). M any m odem drugs
have origin in traditional m edicine and ethnopharm acology. Recording the traditional uses o f
plants by indigenous people can identify plants that have already been subjected to some human
screening, how ever crude, as potential targets for further investigation (Steiner 1986).

1.2 Quinones
Q uinones are a class o f oxygen-containing secondary m etabolites found chiefiy in higher plants,
fungi, bacteria and restricted in the animal kingdom to arthropods and echinoderm s (Thom pson
1971). Naturally occurring quinones form three m ajor chem ical classes based on the num ber o f
arom atic ring system s present; benzoquinones, naphthoquinones and anthraquinones. Chem ically,
quinones are characterised by either a l,4-diketo-cyclohexa-2,5-diene pattern (para-quinones) or
a l,2-diketo-cyclohexa-3,5-diene pattern (or//?o-quinone) (B entley and Cam pbell 1974). In
naturally occurring quinones, the dione is conjugated to an arom atic nucleus (benzoquinones) or
conjugated to a condensed polycyclic arom atic system , naphthalene (naphthoquinones) or
anthracene (anthraquinones) (Bruneton 1999). B enzoquinones can be /^-benzoquinones

(1,4-

benzoquinones) or o-quinones (1,2-benzoquinones). N aphthoquinones can be p-naphthoquinones
(1,4-nathoquinones) or o-naphthoquinones (1,2-naphthoquinones). M ost naturally occurring
naphthoquinones are p-quinones; o-quinones are less com m on. In both cases however, the quinoid
m oiety consists o f an alternating system

o f single and double bonds (Leistner

1981).

A nthraquinones are also referred to as 9,10-anthraquinones (Leistner 1981). Q uinones may also
occur in the reduced state as hydroquinones. The basic structures and num bering system s o f
naturally occurring quinones are outlined in Figure 1.1
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Figure 1.1 Types o f naturally occurring quinones and their numbering systems
Quinonoid secondary products are rather unevenly distributed in the plant kingdom. Over 1,500
natural quinones have been described, mainly in the vegetable kingdom: in angiosperms,
gymnosperms, fungi, lichens and very rarely in filices (Leistner 1981, Thomson 1987 and 1991,
Bruneton 1999). Their appearance in other phyla is rare apart from the widely distributed
quinones involved in cellular respiration and photosynthesis (ubiquinones, plastoquinones). In
plants quinones have been encountered in almost all parts and organs (Leistner 1981).

The natural quinones are coloured compounds ranging from pale yellow to almost black
(Thompson 1971). They are widely distributed and exist in large numbers but they are not
involved in plant colour in the way carotenoids or anthocyanins are. Nevertheless the colouring
power o f some o f the plant and animal pigments was discovered at a very early date and natural
quinone dyestuffs were o f great importance until the nineteenth century (Thompson 1971). Three
well-known examples with pharmaceutical links are alkanna, henna and madder. Alkanna and
henna contain naphthoquinone derivatives. Madder, the root o f Rubia tinctorium (Rubiaceae),
contains the anthraquinone alizarin. Towards the end o f the nineteenth century the use o f these
natural products was superseded by synthetic dyes (Trease and Evans 1996). However shikonin
(and isomer of (S)-alkannin) is a naphthoquinone found in the oriental Boraginaceae
{Lithospermum erythrorhizon) currently produced by tissue culture and is marketed as a colouring
agent in cosmetics.

Quinones have also been used medicinally since ancient times (van den Berg and Labadie 1989).
Plants containing glycosides o f 1,8-dihydroxyanthraquinone derivatives have been used as
laxatives e.g. Rhamnus, Cassia and Rheum spp. Chewing sticks used by Muslims for ritual
cleaning o f the mouth before prayer are made from Diospyros known to contain naphthoquinones
(van den Berg and Labadie 1989).
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Many quinones (benzo- and naphthoquinones) have an allergic potential due to the fact that they
act as haptens, by combining themselves through their nucleophilic centres with amine and thiol
functions on macromolecules inducing dermatitis by sensitisation. As a result, quinone-containing
species can cause urticaria problems for gardeners and florists (e.g. Primula obconica) and for
workers in the exotic wood industry using teak (Tectona grandis L., Verbenaceae) (Tabebuia and

Tecoma, Bignoniaceae) and ebony (Diospyros, Ebenaceae).

1.2.1 Naphthoquinones
Naphthoquinones are yellow or orange pigments derived essentially from plants (Thomson 1971).
The distribution o f the naphthoquinones in the plant kingdom is sporadic. Nearly half occur in
higher plants scattered in over twenty families including Ebenaceae, Droseraceae, Bignoniaceae,
Juglandaceae, Plumbaginaceae, Boraginaceae, Lythraceae, Protaceae, Verbenaceae among others
(Bruneton 1999). They have been found in leaves, flowers, wood, bark roots and fruit (Thompson
1971). They are almost always 1,4-naphthoquinones (e.g. plumbagin, lawsone, shikonin) and
occasionally 1,2-naphthoquinones (e.g. P-lapachone, dunnione) (see Figure 1.1 and 1.2). The most
common substituents are hydroxyl and methyl groups at C-2, on the aromatic ring or both
(juglone, plumbagin, lawsone). Prenylation on the quinoid ring occurs (lapachol, dunnione) and in
Ebenaceae dimers have been isolated (Figure 1.2). There is some overlap with the distribution o f
the anthraquinones which allowed researchers to elucidate some common biosynthetic pathways
(e.g. Rubiaceae, Gesneriaceae, Verbenaceae).

In plants, naphthoquinones have been shown to function in allelopathy e.g. juglone (Binder et al
1989), plant-insect interactions and plant-plant interactions e.g. plumbagin (Kubo et al 1986,1998,
Spencer et al 1986, Ganapaty et al 2004). Many naphthoquinones are antibacterial and fungicidal
and their presence explains the resistance to fungi and insects o f some tropical woods such as teak
(Ganapaty et al 2004). Some naphthoquinones o f pharmaceutical interest are given in Figure 1.2.
Juglone (5-hydroxy-1,4-naphthoquinone) is the pigment present in Juglandaceae (walnut tree).
Lawsone (2-hydroxy-1,4-naphthoquinone) has been isolated from Impatiem balsamirta and

Lawsonia inermis. Lawsone is the colouring principle in henna (the dried leaves o f L. inermis\
Trease and Evans 1996) and is ‘probably the oldest cosmetic known to man’ (Thomson 1971).
Plumbagin (5-hydroxy-2-methyl-1,4-naphthoquinone) has been isolated from a number o f
different plant families Plumbaginaceae, Droseraceae (Crouch et al 1990, Finnie and van Staden
1993), Drosophyllaceae (Zenk et al 1969), Ebenaceae (Mallavadhani et al 1998) and
Ancistrocladaceae (Bringmann et al 1998). These naphthoquinones have shown significant
biological activities e.g. antimicrobial activity (Didry et al 1994) and insecticidal activity (Kubo et

al 1986).
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The Bignoniaceae produce lapachol (Tabebuia sp., Tecomella), a-lapachone (Catalpa ovata and
Tabebuia sp.) and p-lapachone {Tabebuia), which also occurs in the Verbenaceae {Tectona
grandis). Lapachol and P-lapachone are inhibitors of topoisomerase 1 and II and lapachol briefly
entered phase 1 clinical trials but was terminated due to unwanted anticoagulant side effects
(Thomson 1987, Trease and Evans 1996). These compounds have also shown antibacterial and
antifungal effects (Guiraud et al 1994). The 1,2-naphthoquinones, P-lapachone and dunnione were
found to exhibit cytotoxic effects on human tumour cell growth in vitro, the activity being
attributed to the unusual 1,2-naphthoquinone structure (Dolan et al 1998).

Shikonin

is

a

prenylated

naphthoquinone

produced

by

Lithospermum

erythrorhizon

(Boraginaceae). It was the first metabolite to be produced by cell cultures on a commercial scale
(Fujita 1988) and is used as a colouring agent in the cosmetics industry. Alkannin, the enantiomer
o f shikonin, is found in Alkanna tinctoria (Boraginaceae) and has also been traditionally used as
the colouring agent alkanna. Both of these naphthoquinones have shown in vitro antifungal,
antibacterial activity and inhibition of platelet activation (Ko et al 1995, Brigham et al 1999,
Sasaki et al 2002).
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Figure 1.2 Naphthoquinones of pharmaceutical interest
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Currently no natural naphthoquinone is marketed as a drug but a limited number o f medicinal
products containing them remain in use as galenicals eg Drosera. One synthetic naphthoquinone,
atovaquone (Figure 1.3), however, is an antimalarial drug currently on the market in combination
with proguanil (Malarone®).

OH

atovaquone

Figure 1.3 Antimalarial naphthoquinone drug atovaquone

1.2.2 A n thraqu in ones
The anthraquinones are the largest group o f quinones, nearly half have been found in fungi and
lichens, with the remainder in higher plants (Thompson 1971). In higher plants they are located in
the heartwood, bark and roots (often as glycosides) and occasionally in the stem, seeds and fruit.
The Rubiaceae account for a large part of the total anthraquinones isolated from plants with more
occurring in Rhamnaceae, Leguminosae (especially Cassia), Polygonaceae {Rhumex and Rheum)
Bignoniaceae, Verbenaceae, Scrophulariaceae (Digitalis) and Liliaceae (Thompson 1971).
Emodin is one o f the most widely distributed anthraquinones, found in moulds, higher fungi and
lichens, flowering plants and insects (Thompson 1971).

The naturally occurring anthraquinones can be divided into two groups on the basis o f their
biosynthetic pathways (Wijnsma and Verpoorte 1985). The first o f the two groups is the acetatederived class o f anthraquinone (Figure 1.4). This group o f anthraquinones, which occurs mostly in
the form o f glycosides, is found in the Leguminosae {Cassia sp.), Rhamnaceae {Rhamnus sp.) and
Polygonaceae {Rheum sp.). These are widely used in medicine because o f their laxative action.
The second group o f anthraquinones, found in the Rubiaceae, Bignoniaceae, Scrophulariaceae and
Verbenaceae, have been used in traditional medicine for example in Japan for the coagulation o f
blood (Suzuki et al 1984) (Figure 1.4). In Germany, extracts of the roots o f Rubia tinctorium L.
have been used for the treatment o f kidney stones. These anthraquinones are currently not used in
western medicine but have exhibited a number o f biological activities in vitro eg. antimicrobial
(Didry et al 1994), hypotensive and antileukemic properties. The anthraquinones are most often
present as aglycones and sometimes in the form o f glycosides; in the latter case the sugar moiety
is most often primeveroside (glucose-xylose). Because o f their anthraquinone content many o f the
Rubiaceae have been used for the preparation of natural dyes all over the world. The best known
8
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for this purpose is madder, the ground root o f Rubia tinctorium L., which produces aUzarin
(Bruneton 1999, Trease and Evans 1999).

OH

O

OH

OH

e m o d in

O
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R 2 = C H 2 O H 1-h y d ro x y -2 -h y d ro x y m e th y la n th ra q u in o n e

B: s h ik im ate d erived a n th ra q u in o n e s

Figure 1.4 Polyketide and shikimic acid anthraquinones
1.2.3 Biosynthesis o f quinones
Quinones in higher plants are derived from a variety o f precursors and by different pathways
(Zenk and Leistner 1968, Bentley and Campbell 1974, Leistner 1980). Some quinones are
biosynthesised via the simple polyketide, shikimate, or isoprenoid pathways but many others are
formed by mixed pathways (Inouye and Leistner 1988). Four major biosynthetic pathways for the
fonnation o f quinones have been discovered (Inouye and Leistner 1981). Three o f them include at
least partly the incorporation o f shikimic acid to form the naphthoquinone carbon skeleton. The
other, the polyketide pathway, is a more unusual biosynthetic route for quinones in higher plants.
1.2.3.1 Shikimic acid pathway
Quinones are synthesised in higher plants from shikimic acid via a number o f different
intermediates (Haslam 1993).

(i) Para-hydroxybenzoate pathway
The first o f these pathways is the para-hydroxybenzoate pathway which uses 4-hydroxybenzoic
acid as a key intermediate. The origin 4-hydroxybenzoic acid may vary depending on the
synthesising organism. Bacteria are known to produce it via transformation o f chorismic acid by
enzymic elimination o f pyruvic acid, whereas plants and animal utilise a route from phenylalanine
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or tyrosine via 4-hydroxycinnamic acid (Dewick 2002). In this pathway, 4-hydroxybenzoic acid
acts as an acceptor for alkylation by a molecule of geranyl pyrophosphate (Bruneton 1999) This
leads either to the formation o f ubiquinones and several benzoquinones or naphthoquinones which
are biosynthesised via geranylhydroquinone (Figure

1.5) (Inouye and Leistner 1988).

Geranylhydroquinone-derived naphthoquinones are a special branch found in the Boraginaceae
e.g. the /7-hydroxybenzoic acid pathway leads in Lithospermum species (Boraginaceae) to
naphthoquinones such as shikonin and its isomer alkannin (Figure 1.5). Ubiquinones are nearly
omnipresent, being found in fungi and bacteria, as well as in animals and higher plants. They
function as electron carriers for the electron transport chain in mitochondria (Leistner 1981).

CO,H
CO,H

R2
OH
4-hydroxydnnamic ad d

Shikimic a a d

OH
4-hydroxybenzoic add

PPO

geranyl pyrophosphate

2HCO,

OH

O

OH

O

.CH3

jHCO
OH
geranylhydroquinone

R1=H, R2=OH Alkannin
R1=OH, R2=H Shikonin

Figure 1.5 Biosynthesis o f quinones from shikimic acid viapara-hydroxybenzoic acid pathway.
(ii) Homogentisate pathway
Plastoquinones and tocopherols belong to this group. The common precursor of the aromatic
portion o f these compounds is homogentisate, which is derived from shikimate via 4hydroxyphenylpyruvic acid (Dewick 2002) (Figure 1.6). Tocopherols and plastoquinones belong
to the lipoquinones; they are localized in chloroplasts and are thus assumed to be implicated in
photosynthesis and the functioning of the chloroplasts (Inouye and Leistner 1988).
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Figure 1.6 Biosynthesis o f quinones from shikimic acid via homogentisate.

(Hi) Ortho-succinylbenzoate pathw ay

This pathway, also referred to as the mevalonic and chorismic acid pathway, is the predominant
pathway in higher plants leading to anthraquinone and naphthoquinones. It involves shikimic
acid, a-ketoglutaric acid and isopentypyrophospahte (IPP) derived from the mevalonic acid
pathway. 0-succinylbenzoic acid (OSB) arises from the reaction o f isochorismic acid with aketoglutaric acid in the presence o f thiamine pyrophosphate (Figure 1.7). It is then acylated by
coenzyme A, and cyclizied to either 2-carboxy-4-oxotetralone (COT) or l,4-dihydroxy-2naphthoic

acid

(D H N A).

These

biosynthetic

intermediates

undergo

decarboxylation,

hydroxylation and prenylation to form the various naphthoquinones and anthraquinones desired
(Leistner 1981, Inouye and Leistner 1988, Dewick 2002) (Figure

1.7). OSB and

1,4-

dihydroxynaphthoic acid have been implicated in the biosynthesis o f a wide range o f plant
naphthoquinones and anthraquinones. Figure 1.7 outlines the various steps to some o f the
quinones formed via this pathway.
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Figure 1.7 Biosynthesis o f naphthoquinones and anthraquinones via the OSB pathway
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Dansette and Azerad (1970) were the first to identify OSB as the key intermediate for this
pathway. The naphthoquinones o f this group include menadione (vitamin K) which is located in
chloroplasts o f green plants and many other naphthoquinones such as lawsone and juglone, as
well as anthraquinones such as alizarin. Menaquinones, such as menadione, are biosynthesised by
the OSB pathway in microorganisms (Figure 1.7) and research with these compounds have led to
the isolation o f many o f the common intermediates (Baldwin et al 1973, 1974).

Important studies on the biosynthesis o f plant naphthoquinones via the OSB pathway have been
carried out with plants of three species; namely Juglans regia L. (Juglandaceae) (Muller and
Leistner 1976), Impatiens balsamina L. (Balsaminaceae) (Grotzinger and Campbell 1972) and

Catalpa ovata G. Don (Bignoniaceae) (Inoue et al 1975, 1981). Juglone was shown to be formed
from DHNA or COT via the symmetrical intermediate 1,4-naphthoquinone in Juglans regia L.
(Muller and Leistner 1976). Whereas lawsone was formed by an oxidative sequence which
replaces the carboxyl (Grotzinger and Campbell 1972). In Catalpa (Bignoniaceae), replacement
o f the carboxyl function o f COT by an isoprenyl substituent was found to proceed via a
disubstituted intermediate e.g. catalponone, and this can be transformed to deoxylapachol and
then menaquinone-1 (Inoue et al 1975, 1981) (Inoue et al 1982, 1984a)

The co-occurrence o f naphthoquinones and anthraquinones in plants led researchers to investigate
the possibility o f these precursors also leading to anthraquinones. In several cases, particularly in
the Rubiaceae, this pathway has been shown to lead to anthraquinones. An anthraquinone skeleton
is synthesised by effectively cyclizing a dimethylallyl substituent on to the naphthoquinone
system This involves isoprenylation in the 3-position o f DHNA by dimethyiallyipyrophosphate
(DMAPP), cyclization and aromatization in some families e.g. Rubiaceae (Dewick 2002).
Dimethylallylation o f DHNA at the non-carboxylated carbon to l,4-dihydroxy-3-prenyl-2naphthoic acid followed by cyclization of the dimethylallyl produces an anthraquinone e.g.
lucidin from Galium species (Rubiaceae) (Inoue et al 1979, Inoue et al 1984b) and rubiadin from

Morinda lucida (Adesogan 1973). In other families, DMAPP preferentially alkylates C-2 to
proceed via catalponone to an anthraquinone structure. Some o f these structures retain the methyl
from the isoprenyl substituent e.g. 2-methylanthraquinone (tectoquinone) and l-hydroxy-2methylanthraquinone in Streptocarpus dunnii (Gesneriaceae) (Stockigt et al 1973, Inoue et al
1984a) whilst in others this has been removed eg. alizarin from madder (Rubia tinctorium,
Rubiaceae) (Leistner and Zenk 1968). This pathway leaves the A ring fully deoxygenated as a
consequence o f the biosynthetic pathway but hydroxylation, particularly o f the triterpenoid ring,
is also a frequent feature.
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1.2.3.2 Polyketide pathway
Polyketide derived quinones are mainly found in microorganisms (e.g. the large group of
penicillinoids and related structures) with only a few examples found in higher plants, such as the
naphthoquinones in the Droseraceae or the anthraquinones in Rhamnaceae. These quinones are
believed to be formed from varying numbers of coenzyme A esters o f short chains aliphatic acids
(such as acetyl coenzyme A, malonyl coenzyme A etc.), giving rise to a hypothetical ketide (e.g.
heptaketide, octaketide, polyketide etc.) which folds and aromatises (O ’Hagan 1991). The prefix
(e.g. hepta-, hexa- or poly- etc.) corresponds to the amount o f keto functions on the hypothetical
ketide and the amount o f acid involved in the biosynthesis o f the resulting quinone. Most
quinones are o f the hepta to decaketides origin (Inouye and Leistner 1988).

In the Droseraceae, a biosynthetic pathway leading from acetate to the naphthoquinone plumbagin
was elucidated. Plumbagin was shown by Durand and Zenk (1974) to be biosynthesised via a
polyketide chain formed by coenzyme A esters o f short aliphatic acids (such as acetyl coenzyme
A or malonyl coenzyme A). This was the first elucidation o f this pathway in higher plants and has
now been shown in a small number o f other families e.g. Plumbaginaceae and Ebenaceae. The
acetate malonate pathway has also been shown to participate in anthraquinone biosynthesis in
Rheum palmatum (Polygonaceae) (Leistner and Zenk 1969, Leistner 1971) and Rhamnus species
(Leistner 1971). The folding mechanism o f the hypothetical polyketomethylene compound
leading to chrysophanol is given in Figure 1.8.

These polyketide anthraquinones often exhibit a characteristic substitution pattern reflecting their
biosynthesis from acetyl-coenzyme A (CoA) and malonyl-CoA (Dewick 2002). In a large number
o f cases the very structure o f the quinone reveals how it arose from the cyclization o f a poly-Pketoester: eg chrysophanol. A distinctive feature o f aromatic ring systems derived through the
acetate polyketide pathway is that several o f the carbonyl oxygens o f the polyketide system are
retained in the final product. These end up on alternative carbons around the ring systems. This
meta oxygenation pattern is usually easily recognised and points to the biosynthetic origin o f the
molecule (Dewick 2002). The origin o f the anthraquinone emodin is an example arising from the
intramolecular condensation o f an octaketide to generate anthracene, which then oxidises and
decarboxylates giving rise to emodin (Dewick 2002). This pathway can also lead to more complex
structures such the naphthodianthrone hypericin. Hypericin is isolated from Hypericum
perforatum (syn. St John’s Wort), a standardised herbal remedy now being used in the treatment
o f mild depression. It is also used for its antiseptic and healing properties. This activity is
attributed to a number o f compounds present in the plant including the naphthodianthrone,
hypericin, which also shows anti-Human immunodeficiency virus (HIV) activity as it inhibits the
replication o f the virus through inhibition o f virus assembly and release (Tang et al 1990).
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1.3 Plant Cell Culture
Plant cell culture and biotechnology have become increasingly important as potential commercial
sources o f drugs from natural products and also as technological tools in the understanding o f
biosynthetic processes (Evans 2003). Plant cell culture is a method which, in theory, offers a
potential means o f producing useful plant products and avoiding the problems and variables of
conventional agricultural techniques (Misawa 1994). These problems include, environmental and
geographical factors (droughts floods etc), disease, political and labour instabilities and
uncontrollable variations in crop quality also losses in storage and handling (Misawa 1994). The
production o f useful and valuable secondary metabolites in large bioreactors located in the
consuming country is an attractive alternative. Another expectation from biotechnology is that
plants will produce non-food products that contribute to human and animal health and well being
e.g. antibodies and vaccines (Misawa 1994). However despite the advantages, there are still a
variety o f problems e.g. economy, to be overcome before it can be adopted on a wide scale for the
production o f plant secondary metabolites (Misawa 1994, Verpoorte et al 2002).

Tissue cultures o f quinone-containing plants have been shown to produce quinones, with the
percentage quinone isolated often exceeding that found in the parent plant (W ijnsma and
Verpoorte 1985). In vitro culture o f quinone plants has contributed greatly to the advancement in
plant tissue culture techniques. The anthraquinone containing Morinda citrifolia was used as a
model plant in the first in-depth analysis o f suspension culture requirements for secondary
metabolite production (Zenk et al 1975). Many o f the quinone containing cultures have been used
in the elucidation o f the biosynthetic pathways generating these compounds. As mentioned
previously, the naphthoquinone shikonin was the first metabolite produced by plant cell cultures
on a commercial scale (Fujita 1988). Mitsui Petrochemical Industry Co. Ltd. in Japan produces
shikonin from Lithospermum erythrorhizon for use as a red pigment in the cosmetics industry.

1.3.1 Types of tissue culture
In vitro culture involves the use o f living tissue from an intact plant. This explant is then grown in
vitro under closely controlled aseptic conditions. The chemical (medium composition) and
physical environment (temperature, light, pH etc.) for growth are clearly defined and can be
manipulated to influence both growth and secondary metabolite production (Evans 2003). The
explant can be manipulated to produce a number o f different types o f in vitro cultures.
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1.3.1.1 Micropropagation
Micropropagation is a tissue culture technique for producing large numbers o f genetically
identical copies o f a plant from a tissue fragment o f a “mother plant” . As secondary metabolite
biosynthesis in the intact plant is generally associated with specific tissues and occurs at specific
growth stages the use o f differentiated culture systems is an alternative approach to the in vitro
production o f commercially important plant secondary metabolites (Evans 2003). These systems
are genetically more stable than undifferentiated cultures as they posses a degree o f cellular
differentiation, necessary for the biosynthesis o f some important phytopharmaceuticals. This
technique is also used in horticulture and agriculture as a means o f storing large number o f plants
and for protection o f germplasm in endangered species (Endress 1984).

1.3.1.2 Callus cultures
Callus is an amorphous mass of unorganised thin-walled parenchyma cells (Evans et al. 2003).
When a plant is wounded, callus formation occurs at the cut surfaces and is thought to be a
protective response to seal o ff damaged tissues. In culture, callus is initiated by placing a fragment
o f plant tissue (an explant) on solid culture media under aseptic conditions (Endress 1994). Callus
is induced and formed from proliferating cells at the cut surface o f the explant tissue. Callus
varies widely in its general appearance and in other physical features. Callus may be white, green
or highly coloured due to the presence o f anthocyanin pigments. It may consist o f loosely packed
cells and be friable (i.e. easily crumbled and fragmented) or may be lignified, with densely packed
cells and hard in texture (non-friable). These features have been used to define two types of
callus. Type I callus is non-friable, regenerates somatic embryos and organs and frequently
produces leaf-like structures. Type II callus is friable, undifferentiated and regenerates only
somatic embryos (Evans 2003). Callus cultures are also predisposed to genetic instability and as a
result, variation in phenotype within the same culture may occur. Larkin and Scowcroft named
this phenomenon “somaclonal variation” (Larkin and Scowcroft 1981). Extensive somaclonal
variation can result in undesirable changes in metabolism and secondary metabolite production is
often variable from one subculture cycle to another. After a period o f time (from several weeks to
several years), genetic stability occurs and each callus can be considered as a homogenous cell
aggregate. When genetic stability is reached it is necessary to screen the different callus lines
according to their aptitudes to provide an efficient metabolite production and callus can be used to
initiate cell suspension cultures.

1.3.1.3 Cell suspension cultures
Cells suspension cultures are rapidly dividing suspensions o f cells grown in liquid medium
(Endress 1994). In general, suspension cultures grow more rapidly than callus cultures on agar
and are more amenable to experimental manipulation to increase the yield or productivity o f
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secondary products (Evans 2003). Most suspension cultures are comprised o f cell aggregates as
well as dispersed single cells. Cell suspension cultures are usually initiated by agitating a
fragment o f in vitro grown callus in a volume o f liquid medium on an orbital shaker. The essence
o f the procedure is to disperse callus into single cells and small masses o f cells. Friability is an
important factor for the successful initiation of a suspension culture as it is easily fragmented
during agitation in liquid culture. Non-friable callus can, however, be transferred to liquid
medium and with manipulation of growth regulators, agitation on a shaker and regular
subculturing, the callus can be altered until it reaches a suitable degree o f friability (Evans 2003).
Cell suspensions constitute a good biological material for studying biosynthetic pathways.
Compared to callus cultures they allow the recovery o f large quantities o f cells from which
enzymes or secondary products can be more easily isolated.

1.3.1.4 Hairy root cultures
Hairy root cultures are obtained after the successful genetic transformation o f a plant with
Agrobacterium rhizogenes. They have received considerable attention from plant biotechnologists
for the production o f secondary compounds. They can be subcultured and indefinitely propagated
on a synthetic medium without phytohormones. The general growth rates are comparable, if not
superior, to the parameters observed with undifferentiated cells and genetic instability is not a
problem (Evans 2003).

1.3.2 Approaches to increase productivity
The main objective o f plant cells cultures has been for the production o f secondary metabolites
found in the normal differentiated plants. In order to be o f use, plant secondary product yields
must be high. Several efforts have been made to stimulate or restore biosynthetic activities of
cultures cells. The following are approaches that may increase productivity o f cultured plant cells.

1.3.2.1 Strain improvement or selection
Strain improvement involves selecting a parent plant with high concentrations o f the desired
product (Wink 1999, Rao and Ravishankar 2002). Statistically, a high-producing plant gives rise
to high-producing cell lines but production levels in plant cells have also shown to be variable
(Domenburg and Knorr 1995).

1.3.2.2 Optimisation o f culture parameters
Product yields in plant tissue culture can be improved by optimisation o f the culture process. This
can be done either by selecting optimisation o f the medium composition or by changing other
cultivation parameters like the light conditions (Fuss 2003). A number o f physical and chemical
factors that could influence secondary metabolism in plant cell culture have been found.
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Optimisation o f the hormone concentration and combinations are often effective; high auxin
levels, although good for cell growth, are often deleterious to secondary metabolite production.
Alterations in the environmental factors such as nutrient levels, light and temperature may also be
effective in increasing productivity. Optimisation o f nutrient components o f the growth medium
can also lead to an increase in culture productivity. Two-stage culture is where a medium for
growth is used followed by a production phase in a specially optimised medium. The
establishment o f such a two-stage process only makes sense when the compound o f interest is
accumulated non-growth related i.e. in the stationary phase (Fuss 2003).
1.3.2.3 Precursor feeding
Precursor feeding involves feeding a biosynthetic intermediate or precursor to enhance the
product yield. Such a technique is effective in cases that an intermediate is rate-limiting. The main
objective in this case is to feed an easily available and cheap precursor to increase amount o f the
desired compound. This type o f work has also been used to gain insight into biosynthetic
pathways (Fuss 2003). Feeding o f radio-labelled precursors allows the tracing o f the various steps.
Much of the biosynthetic work has been achieved in elucidating the biosynthetic pathways of
secondary metabolism from in vitro culture.
1.3.2.4 Elicitation
Elicitation is one of the most successful methods o f enhancing metabolite synthesis. It involves
the application o f chemical or physical stresses to the cell suspension cultures that will trigger the
production or enhancement o f secondary metabolites (Bourgaud et al 2001). This can be done
with biotic elicitors (organic elicitors such as oligosaccharides, chitosan, autoclaved mycelium o f
pathogenic fungi) or abiotic factors (temperature, UV light, heavy metal salts, pH, etc.) (Bourgaud
2001). Elicitors trigger the genes necessary for phytoalexin synthesis. Biotic elicitors mimic
attack o f the plant by a pathogen and elicit a defence response to enhance secondary metabolites
or defence metabolite response. This pathway is outlined in Fig. 1.9.
1.3.2.5 Immobilisation
In this case plant cells or micro aggregates are encapsulated in polymers (alginate, carragheenans
etc.) and this usually enhances the production o f secondary metabolites (Bourgaud et al 2001,
Domenburg 2003). The main explanation for such an effect is a possible matrix effect o f the
polymers around the cells which could mimic a tissue organisation between them. This so-called
biochemical differentiation favours the synthesis o f secondary products.
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F igure 1.9 Elicitation pathway in plant cells (Universiteit Utrecht)

1.3.2.6 In situ adsorption
The sites o f synthesis and storage o f secondary compounds in plants often take place in separate
compartments e.g. oil gland, glandular trichomes and laticifers. In undifferentiated callus or
suspension cultures these accumulation sites are often missing and low yields o f such compounds
have been attributed to this. The addition o f an artificial site for accumulation o f secondary
metabolites {in situ adsorption) has been shown to be an effective tool for increasing metabolite
biosynthesis. In situ adsorption diverts the flux away from product metabolism and enables the
metabolic flux towards biosynthesis by limiting any negative-feedback inhibition (Wong 2004) A
solid or organic solvent can be added to the growth medium o f the culture to adsorb the required
products and the products can be re-extracted when required. In situ adsorption is most effective
with cell suspension cultures, which release the desired compound into the medium (Fuss 2003).

Often these techniques are used in combination to produce maximum metabolite yields e.g.
increased production o f sanguinarine by cell cultures o f Papaver somniferum using elicitation of
immobilised cells and in situ product adsorption (Archambault 1999b,) and enhanced production
o f plumbagin in immobilized cells o f Plumbago rosea by elicitation and in situ adsorption
(Komaraiah et al 2003).
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2.1 Introduction
Dionaea muscipula Ellis, more commonly referred to as the Venus flytrap, is probably the best
known of the carnivorous plants (Figure 2.1). Carnivorous plants (syn. insectivorous plants) is a
convenient term for a group o f plants (some closely related and others not) which are linked by a
single common character; that o f trapping and digesting living organisms in order to supplement
the food provided by other means (Temple 1993). There are 600 species (Adamec 1997, Ellison
and Gotelli 2001) from only eight known families of flowering plants, which include or consist
entirely o f carnivorous species (Juniper et al 1989). Dionaea muscipula is a member o f the
Droseraceae family, which is entirely carnivorous and includes the well known Drosera or
Sundews (Williams 1994). Carnivorous plants are considered to be botanical oddities and have
long attracted the attention o f botanists because o f their highly specialised morphology and
curious trapping mechanisms (Juniper et al 1989). Charles Darwin (1875) called Dionaea

muscipula “one o f the most wonderful plants in the world” because o f its highly unusual snaptraps used to capture and digest insects for the plants’ nutritional benefit (Cameron et al 2002). Its
trapping mechanism is one o f the fastest movements known among plants (Forterre et al 2005).

Figure 2.1 Mature traps o f Dionaea muscipula (Venus flytrap)

According to Juniper et al (1989), the extraordinary properties o f Dionaea were first recognised in
1769 by Ellis who sent Linnaeus a drawing and a good description o f a plant to which he had
given the name Dionaea, after the Greek goddess Dione. Dionaea muscipula literally means
Aphrodite’s mousetrap (Rice 2002). Beyond botanical description, however, research on this plant
more or less stood still until the 1870s when Charles Darwin (1875) reported on the effect of
various stimuli on the movement o f Dionaea lobes in his work ‘Insectivorous Plants’.
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2.2 Taxomony
Dionaea muscipula is a monotypic genus of the family Droseraceae. This family o f carnivorous
plants is traditionally classified as four genera; Drosera (Sundews) (Figure 2.2a), Dionaea (Figure
2.2c), Aldrovanda (Figure 2.2b) and Drosophyllum (Juniper et al 1989, Williams et al 1994).
Drosophyllum lusitanicum Link, has, however, recently been promoted to the rank o f a separate
genus (Meimberg et al 2000). A phylogenetic analysis based on the sequences of two plastid
genes {rbcL and matY^) indicated that Drosophyllum lusitanicum, a perennial subshrub native to
the Iberian coastal fringe and northern Morocco (Juniper et al 1989), does not form a clade with
other members o f the Droseraceae, but is sister to the Dioncophyllaceae-Ancistrocladaceae clade
(Fay et al 1997, Meimberg et a\ 2000, Cameron et al 2002, Rivadavia et al 2003). The monophyly
o f the Droseraceae including Drosera, Dionaea and Aldrovanda but excluding Drosophyllum,
was supported by molecular data from tests involving the rbcL plastid gene (Rivadavia et al
2003). Dionaea and Aldrovanda form a sister group indicating a single evolutionary origin of the
elaborate snap-trap system in plants, although terrestrial Dionaea and aquatic Aldrovanda have
different habitats (Rivadavia et al 2003, Cameron et al 2002).

(c)

Figure 2.2 Family members o f the Droseraceae family (a) Drosera capensis (Rice, B) (b)
Aldrovanda vesiculosa (Adamec, L) (c) Dionaea muscipula
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Droseraceae family are o f the tribe Nepenthales belonging to the order Plumbaginales and
subclass Caryophyilidae (Juniper et al 1989). In traditional classification systems, the subclass
Caryophyllidae is comprised o f the orders Car^'ophyHales, Polygonales and Plumbaginales.
Recent molecular data confirms the relationship between these orders but also indicates that
Polygonales and Plumbaginales belong to a single clade, with CaryophyHales forming a sister
clade (Williams et al 1994, Meimberg et al 2000). The Droseraceae have several characteristics in
common with families within this subclass. Many o f the families contained within Caryophyllidae
include or consist entirely o f carnivorous species e.g. the Droseraceae (the sundew family) and
Nepenthaceae (the tropical pitcher plant family) and Sarraceniaceae (the pitcher plant family).
The ability to synthesize plumbagin, a naphthoquinone, is also present in Droseraceae,
Nepenthaceae, Triphyophyllum o f Dioncophyllaceae and the non-camivorous Plumbaginaceae
(Williams et al 1994). Plumbaginaceae have many morphological and phytochemical similarities
to the carnivorous group e.g. multicellular mucilage hairs and plumbagin biosynthesis. Also
closely related and non carnivorous are the Dioncophyllaceae, sister to the recently promoted

Drosophyllum, indicating these genera may have lost the insectivorous condition.

The evolutionary history o f carnivorous plants is o f great interest to many researchers (Albert et al
1992, Meimberg et al 2000, Ellison and Gotelli 2001, Cameron et al 2002, Cuenoud et al 2002,
Rivadavia et al 2003) and it is believed “carnivorous plants provide an opportunity to uncover
macroevolutionary patterns and processes that may be generalised to other structural phenomena
in angiosperms” (Albert et al 1992). Phylogenetic relationships among Caryophyllidae indicate
that the syndrome o f camivory has a monophyletic origin within this subclass (Meimberg et al
2000). The evolution o f leaves with trap systems from noncamivorous ones is highly unusual and
there are a number o f hypotheses concerning their origin (Albert et al 1992, Meimberg et al 2000,
Rivadavia et al 2003). Active fly-paper traps are believed to have evolved from a leaf with only
adhesive glands after acquisition o f nastic and tropic gland tentacles with touch receptors and
mobility (Juniper et al 1989). However, correlations between active fly-paper traps and snap traps
are ambiguous because there are no reports o f morphologically intermediate leaves (Rivadavia et

al 2003). Meimberg et al (2000) review in detail the evolution o f camivory in the CaiyophyHales
and suggest a possible starting point o f the evolutionary process towards camivory could have
been leaves with adhesive (sessile or stalked) glands commonly seen in some Plumbaginaceae e.g.

Plumbago and Plumhagella. The authors expand the theory by stating “An improvement o f
efficient nitrogen fixation by sticky mucilage glands and via glands that could not only excrete but
also absorb, would have been steps in the evolution o f specialised trapping devices. In this
respect, glands with digestive properties and enzyme secretion constituted an enormous selective
advantage for the colonisation o f nutrient-poor habitats”. They therefore suggest that the original
function o f these glands was converted to react to tactile stimuli and adapted to form an apparatus
25

Chapter 2 Dionaea musciputa -Introduction

for capturing and digestion of prey; resulting in the mobile tentacles of Drosera and the complex
snap trapping mechanisms with trigger hairs in Dionaea and Aldrovanda (Meimberg et al 2000).
Molecular data on Dionaea and Aldrovanda confirm the link between the two genera, indicating a
single evolutionary origin of the elaborate snap-trap system in plants, although terrestrial Dionaea
and aquatic Aldrovanda have different habitats (Rivadavia et al 2003, Cameron et al 2002).
Although the morphology of the fly-paper trap system of Drosera differs markedly from that of
the snap-trap system of Dionaea and Aldrovanda, some structures have been proposed to be
homologous between the two systems (Juniper et al 1989). Both systems have sessile glands for
absorbing digested prey and the cellular anatomy o f these glands is similar in the two systems.
Comparative studies of cellular organisation of the stalked glands of Drosera and the trigger hairs
of Dionaea and Aldrovanda indicate that these multicellular hairs also have a close relationship.
Molecular results by Meimberg et al (2000) suggested an ancestral state linking all Caryophyllid
carnivores was most like those of Drosophyllum and modem Droseraceae. Nepenthaceae and its
sister groups Drosophyllum, Ancistrocladaceae and Dioncophyllaceae would therefore have
evolved from ancient Droseraceae. Rivadavia et al (2003) indicated that the fly-paper system of
Drosera and the snap-trap system of Dionaea and Aldrovanda were established early in the
evolution of these carnivorous plant taxa. Loss of camivory in the evolution process therefore
resulted in the families with carnivorous and non-camivorous members e.g. Dioncophyllaceae and
Triphyophyllum.

2.3 Morphology
2.3.1

Intact plant

A mature plant of Dionaea muscipula consists of a perennial rosette of leaves, up to 45cm high
and from four to eight inches in diameter which arises from a short unbranching rhizome with
roots just a few inches long (Juniper et al 1989) (Figure 2.3). The base o f each leaf lies under the
soil surface and the green petiole ends with a pair of trap lobes, together forming the leaf blade
(Figure 2.5). The central vascular bundle, which runs along the petiole, extends to the midrib of
the leaf blade and serves as a geometrical axis of the trap. The lower surfaces of the lobes bear
many stomata and the upper surface is slightly concave and carries different structures serving in
attraction, retention, sensing and digestion of the prey (Juniper et al 1989). There are only
adventitious roots on the fully grown plant (Heilpflanzen). A weakly developed root system like
Dionaea is a common characteristic of most carnivorous plants (Juniper et al 1989). The ratio
between the root and total biomass ranges from only 3.4 % to 23 % in various carnivorous plants
(Juniper et al 1989).
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Figure 2.3 Mature plant o f Dionaea muscipula

The capacity o f roots o f carnivorous plants for mineral uptake is generally limited, and is
compensated by nutrient uptake from prey (Lamont 1982, Adamec 1997). The plant takes three to
four years to mature from seedling to flowering age and flowering occurs from May to July
(Figure 2.4).

Figure 2.4 Flower o f Dionaea muscipula (Henderson)
2.3.2

T rap structure

The outer portion o f the leaf on Dionaea plants is modified to form a trap, which is divided into
two lobes that bear long, sharp spines (Figure 2.5). Juniper et al (1989) divide the trap o f Dionaea
into three principal zones;
(i) The marginal teeth: 14-20 marginal teeth, also referred to as tynes, borne in the periphery of
the trap, bending slightly upward. The teeth of the opposite lobes interlock when the trap shuts.
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(ii) The periphery band: this narrow region surrounds the upper side o f the trap. It bears only a
few small sessile glands that are known to secrete carbohydrates. Each periphery band lies in a
small depression so that it is not damaged when the two bands touch each other forcibly when the
trap shuts and narrows. The periphery of each lobe has a narrow green edging supplied with
nectar-secreting cells that attract insects. Dionaea is one o f the few carnivorous plants which
produces nectar. The alluring glands are based around the margins. In Dionaea, the glandular
band at the periphery o f the trap is UV absorbing and delimits the trapping site (Juniper et al
1989). Arthropods are, in the main, sensitive to and attracted by UV light (Juniper et al 1989).
(iii) The digestive surface: the whole large central zone o f the trap, which is limited by the
periphery band is covered with numerous pigmented digestive glands lying on a flat epidermis.
The digestive glands are larger than the peripheral glands and can be seen with the naked eye.
When the trap closes this glandular region serves as the wall o f a temporary digestive pool.
Amongst the digestive glands and in symmetrical position are long pointed bristles usually
numbering three on each lobe but sometimes as many as seven or nine. These bristles are the
trigger hairs which serve as touch receptors initiating the rapid closure o f the trap and capture of
prey. Digestive glands form the red colour o f Dionaea traps (Juniper et a\ 1989).

(a)

(b)

Figure 2.5 The traps o f Dionaea muscipula (a) a young trap (b) mature traps pigmented
red with anthocyanins.

2.4 Trapping mechanism
When prey, attracted by the red sweet sap on the trap surface lands on the lobes, sensitive hairs on
the inside surface o f the leaf, known as “trigger hairs”, are activated. Trigger hairs are complex
multicellular hairs (Williams and Mozingo 1971) (Figure 2.6) and bending o f these hairs
generates an action potential (Jacobson 1974, Hodick and Sievers 1989). The action potential is
directed downward through the hair and is propagated rapidly through the trap surface (Williams
and Mozingo 1971). This action potential causes changes in the turgor pressure o f the trap causing
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the lobes to then close quickly, trapping the insect below interlocking spines (Hodick and Sievers
1989). Velocity o f the action potential is about 10cm per second. Accidental triggering o f the trap
by falling debris or rain is prevented either by two separate hairs having to be touched or one
needing be touched twice. In addition, if these two movements do not occur within a specific time
period (2-20 seconds), then the trap will remain open (Hodick and Sievers 1989, Legendre 2000).
In perfect conditions, closure takes place in one thirtieth o f a second, although the speed changes
greatly with rises and fall in temperature and the age o f the trap (Juniper et al 1989).

Figure 2.6 SEM o f trigger hair and digestive glands o f Dionaea muscipula

Fagerberg and AI lain (1991) identified three stages o f trap closure. The authors observed that the
trap movement was associated with the co-expansion o f opposing tissue groups e.g. upper and
lower cortex. Each phase identified involved a volume change in a different set o f tissues. The
authors considered this co-expansion o f different cells to be important in establishing a more
complex curvature o f the trap lobes than would have resulted from expansion o f the outer tissue
or collapse o f the inner tissue, as was originally proposed by Darwin (1875). Throughout trap
closure, the action o f opposing tissues appeared to play an intricate role in affecting and
controlling trap movement and also in reshaping lobes.

The initial phase o f trap closure referred to as the “capture” phase involves the rapid movement
o f the marginal tynes towards the centre o f the trap, followed by the establishment o f a slightly
convex shape to the lobe. In this closed phase the marginal teeth interlock, making it difficult for
prey to escape (Figure 2.7) but still leaving a certain space between the teeth so that prey, which is
too small to be worth digesting, can escape (Rice 2002).
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Figure 2.7 Phase 1 o f Dionaea trapping mechanism; initial prey capture (Rice, B)

Any further action must be stimulated by the efforts o f the victim to escape, struggling efforts o f
the prey cause the trap to close further while placement o f dead prey on the trap surface will not
cause trap closure (Rice 2002). Further stimulation o f the trap, mainly chemical stimuli, exerted
by the prey induce the closure which leads to a narrowing o f the gap between the two margins o f
the two trap lobes until the periphery bands meet all along the way along their margins, forcibly
sealing the digestive cavity (Juniper et al 1989, Fagerberg and Allain 1991). Sealing is
characterised by movement in which the lobes form a tight seal around the prey in preparation for
digestion (Scala et al 1969, Fagerber and Allain 1991). Fagerberg and Allain (1991) referred to
this second major movement as “appression” and is completed approx 30 minutes after capture
(Figure 2.8).

Figure 2.8 Phase 2 and 3 o f Dionaea trapping and digestion mechanism; “appression” and
“digestion”(University o f Texas)
The third state is the beginning o f the digestive phase. The trap narrows as the two concave trap
lobes flatten to develop a more convex curvature, exerting a pressure on the inside (Fagerberg and
Allain 1991). Acidic mucilage and digestive enzymes are secreted by the small periphery glands
at the base of the trap (Rea 1983) and appear to form a sealing gasket which prevents leaking o f
the digestive fluid from the trap (Scala et al 1969, Fagerberg and Allain 1991). The enzymes are
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emptied on to the prey, which is slowly dissolved, and nutrients are absorbed through the gland on
the trap surface (Juniper et al 1977). This stage is generally completed one hour after capture.

Digestion o f the trapped insect takes approximately 6 days (Juniper et al 1989). When digestion
o f the prey is completed, the trap slowly re-opens exposing the exoskeleton remaining (Figure
2.9). To open, the plant has to increase the cell length on the inner surface, forcing the lobes apart.
This movement is very slow because it is based on real growth (Fagerberg and Allain 1991). Each
trap can be re-used three or four times before it dies naturally and is replaced.

Figure 2.9 A re-opened trap containing the undigested exoskeleton o f an insect

2.5 Carnivorous nutrition and prey digestion
Carnivorous plants are mostly found on soils exhibiting nitrogen limitation, where, in order to
satisfy their nitrogen demand, they have adapted their vegetative architecture to entrap insects.
Insects are a recognised rich source o f organic nitrogen. The production of trapping organs by
carnivorous plants is a relatively large investment for plants. Insect capture and digestion can
contribute substantially to the nitrogen budget o f carnivorous plants (Schulze et al 1999). Charles
Darwin was the first to reveal that carnivorous plants show enhanced growth if fed on insects
and/or animal proteins. It was also demonstrated that foliar uptake o f nutrients fi'om prey was not
sufficient for normal growth o f carnivorous plants, however, root nutrition alone without feeding
on insects was sufficient for normal growth (Adamec 1997). German physiologist K. Goebel
summarized the importance o f camivory as early as 1893 “Carnivory is useful for plants but it is
not indispensable” . The extent by which carnivorous plants are carnivorous can depend on the
importance o f the nutrient derived from its prey, in comparison with those taken up by the roots.
Some species appear to be highly dependent on insect prey, whereas others can survive to
maturity and even flower in the absence o f any nutrient o f animal origin. Laboratory and field
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experimentation has indicated that several Pinguicula and Drosera (Droseraceae) species are
facultative carnivores, their growth being stimulated both by prey and mineral nutrients ( Haslin
and Karlsson 1996, Zamora et al 1997).

Carnivorous plants have been shown to benefit from insect capture through increased growth,
earlier flowering and an increased seed production (Millet et al 2003). These plants can use two
sources of nitrogen, insect derived (organic nitrogen) and root derived (inorganic nitrogen) in the
form o f ammonium and nitrates. There is a wide variation in the relative contribution o f insect
derived nitrogen to total plant nitrogen. Schulze et al (1991) and Millet et al (2003) discovered
that prey-derived nitrogen contributed between 0% and 55% o f the total nitrogen content of
various Australian Drosera species, whereas values for Nepenthes were approximately 70%
(Schulze et al 1997). Schulze et al (2001) investigated the importance of insect derived nitrogen
to Dionaea and discovered that among carnivorous plants, Dionaea is highly dependent on insect
nitrogen (maximum 92%). This dependence on insect nitrogen was, however, also linked to the
occurrence o f fire in D ionaea’s habitat. Dionaea has a large population increase after fire with
approximately 75% o f nitrogen originating from insects. However, in the years after fire, the plant
becomes overtopped with other plants increasing the likelihood o f trapping larger insects and the
insect derived nitrogen reduced to 46%, with more contribution from soil nitrogen. At this stage
shading from the other plants also reduces photosynthesis and combined carbon-nitrogen
limitations described make it difficult for Dionaea to compete (Schulze et al 2001).

Animals breakdown proteinaceous tissues by chewing or grinding and then allowing the digestive
enzymes to come in direct contact with the substrates. In contrast, insects in plant traps are
degraded by a complex interaction between exogenous enzymes and microbial activities (Galek et
al 1990). These enzymes (proteases, different hydrolyases) are administered to the prey by means
o f secretory glands (Scala et al 1969, Galek et al 1990). Galek et a/ (1990) suggested that since
mechanical breakdown is missing, other “predigestive mechanisms” might exist in the traps o f
carnivorous plants, rendering the intact cells “digestible” e.g. oxidative alteration. The authors put
foward the hypothesis that low molecular weight redox compounds (the naphthoquinone,
plumbagin) excreted by Dionaea muscipula may cooperate with proteases in the overall digestive
process. They demonstrated that a plumbagin extract from Dionaea muscipula stimulated oxygen
activation upon incubation with certain diaphorases under aerobic conditions, and that these
oxygen-activating systems render proteins more susceptible to proteolytic digestion (Galek et al
1990).

The glands on the trap surface, which are responsible for excretion o f the digestive enzymes, also
function in the uptake o f the degradation products such as nitrogen, assimilated from proteins.
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urea etc. as a result o f the extracellular digestive process (Juniper et al 1989). Nutrient uptake is
thought to depend on the expression or regulation o f specific transporters. It has been
demonstrated that Dionaea takes up '^N or '^C-labelled amino acids via the traps, and transport
and metabolism o f these amino acids was followed to the petioles o f the fed leaves (Greenaway et
al 1990). Kinetic analyses o f amino acid uptake in Dionaea leaves show that uptake o f amino
acids and nutrients by carnivorous plants may be regulated by specific transporters (Rea 1984).
Schulze et al (1999) identified transporters for nitrogenous compounds in the closely related
Nepenthes, one ammonium transporter, one peptide transporter and three amino acid transporters
were discovered.

2.6 Habitat and geographical distribution
As carnivorous plants have adapted to growth in low-nutrient environments by substituting leaves
for roots (Juniper et al 1989), they have taken advantage o f the insect fauna within these
environments for their normal nutrition, but in turn they have reduced their ability to compete in a
normal calcium-rich mesophytic environment (Ellison and Gotelli 2001). Having diverted part o f
their biomass into the trap mechanisms they have left themselves as marginal performers in terms
o f photosynthesis and conventional soil-nutrient scavenging (Ellison and Gotelli 2001). Dionaea
illustrates most of the ecological characteristics associated with carnivorous plants (Juniper et al
1989). Many carnivorous plants are generally unable to cope with competition, desiccation and
shading. Dionaea is relatively tolerant o f nutritional neglect and irregular irrigation, however it is
completely intolerant o f the competition offered by flowering plants, moss or liverwort in whose
presence Dionaea plants regress and disappear. Only Sphagnum species in the same pan cause no
regression for Dionaea (Juniper et al 1989).

Dionaea has a very restricted habitat and is only found in the central south-eastern coastal plain of
North America, coastal North and South Carolina where it can be found in sandy shrub
bogs(Roberts and Costing 1958). Its natural habitat ranges from Beaufort County o f North
Carolina south to Charleston County South Carolina a distance o f about 320km.

Its actual

distribution is now severely constricted and sporadic due to agriculture, human habitation and
plant collectors and Dionaea is now an endangered species. In its natural habitat, the Venus
flytrap prefers savannah plains, where there are few trees and bushes, like those often found in
North and South Carolina (Figure 2.10). Here the plants often grow surrounded by grasses and
other carnivorous plants. The plant grows in a variety o f soil types such as peat, sand or loam,
with an acid pH o f between 4 and 5.
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Figure 2.10 A typical natural habitat o f Dionaea muscipula (Rice, B)

Dionaea grows in a semi-pocosin (acid, sometimes brackish swamps o f the south eastern United
States dominated by leathery-leaved shrubs) or semi-savannah area i.e. between the wet
evergreen-shrub bogs and the dry sandy wire grass savannahs (Figure 2.11) (Roberts and Oosting
1958). Dionaea generally occupies the level areas where water does not collect. It commonly
grows on undisturbed ground, but it may colonize railway embankments where weed suppression
by controlled burning is rigorous. The soil o f the whole area is very infertile and it is typically a
sand mixed with darker fragments o f charred vegetation and traces o f organic matter with the pH
in the range o f 3.5-4.9 (Roberts and Oosting 1958).

Figure 2.11 Dionaea muscipula in its natural habitat (Henderson)

The occurrence o f fire is very important to Dionaea (Roberts and Oosting 1958). Dionaea has an
ability to withstand low temperature ground fires and benefits from the elimination o f competing
species. The growth form o f Dionaea as a rosette with leaves close to the ground makes this plant
less competitive against grasses and shrubs (Schulze et al 2001). Most areas where Dionaea
grows are burned relatively frequently and there is a sparse cover o f ground vegetation with
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virtually no superficial humus. The soil surface is generally completely bare between individual
plants (Roberts and Oosting 1958). Dionaea reaches maximum abundance after fire when growth
o f competing vegetation is suppressed (Figure 2.12b). Soon after fire approximately 75% o f the
nitrogen is obtained from insects (Schulze et al 2001). About 10 years after a fire when grasses
and shrubs recover, Dionaea becomes overtopped by other species (Figure 2.12a). This will not
only reduce photosynthesis but also the probability o f catching larger prey (Schulze et al 2001).
The amount o f insect derived nitrogen decreases to 46% and Dionaea becomes increasing
dependent on nitrogen supply from the soil. Competition for both light and nitrogen may cause
the near disappearance of Dionaea in older stages of the fire succession (Schulze et al 2001).

(a)

(b)

Figure 2.12 Dionaea muscipula in its natural habitat (a) overtopped by surrounding
vegetation (b) Dionaea muscipula growth recovering after fire (Rice, B)

2.7 Phytochemistry/Constituents
Dionaea muscipula plantlets have been subjected to previous phytochemical examinations. A
number o f constituents have been isolated from intact plants and from in vitro cultures o f Dionaea
muscipula. All the constituents previously isolated from this plant are tabulated in Table 2.1,
together with the source material and isolating author.

2.7.1 Intact Plants
The naphthoquinones, plumbagin (5-hydroxy,2-methyl-1,4-naphthoquinone) and 7-methyljuglone
(5-hydroxy,7-methyl-1,4-naphthoquinone) (Figure 2.13), are present in all the Droseraceae.
Biological activities associated with the Droseraceae are attributed to these 1,4-napthoquinones,
which they produce in varying amounts (Zenk et al 1969). 7-methyljuglone and plumbagin are
considered to be very characteristic o f the family Droseraceae (Culham and Gomal 1994) and
have been identified as chemotaxonomic markers in the Droseraceae (Zenk et al 1968, Culham
and Gomall 1994). They are the dominant secondary metabolites isolated from this family (Zenk
et al 1969, Kreher et al 1990). Low amounts o f another hydroxy naphthoquinone, droserone, are
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also found in Dionaea and Drosera (Kreher et al 1990). Other minor metabolites isolated are
chloroplumbagin and a bound form o f plumabgin-hydroplumbagin-4-O-glucoside (Kreher et al
1988a). There were also some compounds found which are related to plumbagin like
diomuscinone and diomuscipulone (Misyoshi et al 1984) (Figure 2.13).
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Figure 2.13 Naphthoquinones and related compounds isolated from Dionaea muscipula

Kukulczanka and Budzianowski (2002) summarise the secondary metabolites extracted from
intact plant and in vitro cultivation. Besides naphthoquinones, Dionaea muscipula from natural
sources was shown to contain the anthocyanin cyanidin-3-O-glucoside (Di Gregorio and Di Palma
1966) (Figure 2.14), flavanoid aglycones quercetin and myricetin (Jay and Lebreton 1972) (Figure
2.14) Sterols, like P-sitosterol, stigmasterol and cholesterol, were also detected (Gershbein et al
1995). A summary o f all the secondary metabolites isolated from Dionaea muscipula intact plants
and in vitro cultures are outlined in Table 2.1. Various proteinases (Chandler and Anderson 1976)
and hydrolytic enzymes (Clancy and Coffey 1977) used to aid insect digestion have also been
isolated from Dionaea.
OH
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Figure 2.14 Flavonoids, ellagic acid and cyanidin isolated from Dionaea
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Table 2.1 Secondary metabolites isolated from Dionaea: intact plants and in vitro plantlets.

Intact

C om pound isolated

In vitro

R ef

plantlets

plant
Plum bagin

♦

Zenk et(A 1% 9

♦

♦

C hloroplum bagin

♦

H ydroplum bagin

♦

Hook 2001
Pakulski and Budzianowski 1996b

Kreher e t a l 1990

D roserone

R ef

Kreher e t a l \ 990
Kreher et a l 1990

♦

Pakulski and Budzianowski 1996b

Kreher e t al 1990

♦

Pakulski and Budzianowski 1996b

♦

Pakulski and Budzianowski 1996b

♦

Pakulski and Budzianowski 1996a

♦

Pakulski and Budzianowski 1996a

♦

Ichiishi e t a l 1999

-4 -0 -g lu c o sid e
D iom uscinone

♦

D iom uscipulone

♦

Miyoshi et al 1984
Miyoshi et al 1984

Ellagic acid and
derivatives
Q uercetin

♦

M yricetin

♦

Jay and Lebreton 1972
Jay and Lebreton 1972

K aem pferol
C yanidin-3-glucoside

♦

Di Gregorio and Di Palm a 1966

Ichiishi et al 1999

D elphinidin-3-glucoside

2.7.2 In vitro culture.
Phytochemical studies on whole in vitro plantlets on Reinert-Mohr medium (Kukulczanka 1991)
led to the isolation o f compounds o f three classes o f phenols: naphthoquinones, phenolic acid
derivatives

and

flavanoids

(Pakulski

and

Budzianowski

1996a,

1996b).

They

were

naphthoquinones: plumbagin (as a major compound), chloroplumbagin, 8,8’-biplumbagin and
hydroplumbain-4-O-glucoside; phenolic acids derivatives: ellagic acid, 3-O-methylellagic acid,
3,3’-di-0-m ethylellagic acid aglycone and glucosides; flavanoids: Kaempferol and quercetin
aglycones and glycosides. The red pigmentation o f the leaves due to anthocyanins (Di Gregorio
and Di Palma 1966) appeared also on Dionaea in vitro cultured plants when cultures on 14 M+S
agar medium with sufficiently diluted nitrogen components (NH4NO3 and KNO3) and increase
sucrose content in the medium and were identified as cyanidin and delphinidin glycosides
(Ichiishi et al 1999).
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2.8 In vitro culture of Dionaea muscipula
Increasing interest in the horticultural and medicinal potential o f carnivorous plants has resulted in
over-harvesting from natural sources. This, together with a loss o f their natural habitats, has led to
the protection o f many species. Micropropagation is an in vitro culture technique which plays an
important role in the preservation o f germplasm that is endangered or on the brink o f extinction
(Jang et al 2003). Plant cell cultures are an attractive alternative source to whole plants (Csanyi et
al 1992). In vitro production o f plumbagin by plant cell cultures is also receiving more attention
because native plants such as Plumbago spp. and Drosophyllum spp., produce only small amounts
o f this compound after 2-6 years o f growth (Panichayupakaranant and Tewtrakul 2002). As a
result there has been greater research into micropropagation o f carnivorous and plumbagin
containing plants and the use o f in vz/ro-grown plants and cultures as alternative sources o f
biomass.

Dionaea muscipula plantlets have been grown in several in vitro systems (Pakulski and
Budzianowski 1996a, 1996b, Kukulczanka and Budzianowski 2002, Hook 2001, Jang et al 2003),
and it has been confirmed that naphthoquinones, flavanoids and mucin, present in the naturally
grown plants, are also produced by plants grown in vitro (Pakulski and Budzianowski 1996b,
Hook 2001). Dionaea suspension cultures, developed as an in vitro source o f plumbagin, were
found to produce the same naphthoquinones as the parent plants (Hook 2001). This was the only
report o f suspension cultures o f Dionaea muscipula. To make the suspension cultures a viable
alternative source, however, levels o f secondary metabolites needed to be increased. Optimisation
o f growth and culture conditions to maximise metabolite yields are therefore o f major importance.

2.9 Plumbagin
Plumbagin (5-hydroxy-2-methyl-l ,4-naphthoquinone) is the major metabolite occurring in the
Dionaea species. It is an important naphthoquinone that shows a broad range o f biological
activities such as anticancer, antimicrobial, leishmanicidal, antimutagenic, piscicidal and
insecticidal properties (Komaraiah et al 2002, Table 2.3).

2.9.1 Biological activity o f plumbagin
Naphthoquinones occur in most carnivorous plants where they are thought to be defence
compounds protecting the plants from microbial and insect attack (Juniper et al 1989). Many
authors have demonstrated chemoprotective activities of plumbagin. Rischer et al (2002)
observed in their work with Nepenthes insignis that alanine molecules absorbed through the
pitcher traps are directly channelled into secondary naphthoquinone metabolism and in this case
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the biosynthesis o f plumbagin. They therefore concluded that the camivory o f the plant not only
benefited the plant with better growth, through nitrogen uptake, but that it was also likely that the
plant used its carnivorous ability to chemically defend itself against other organisms. Tokunaga et
al (2004a,b) showed Dionaea muscipula accumulates a large amount o f plumbagin in the trap
lobes, 0.5% fresh weight. The authors also showed a role for this compound as an antifeedant
chemical against herbivorous insects (Kubo et al 1980, Tokunaga et al 2004a,b). Plumbagin is
also insecticidal as it inhibits chitin synthase, the enzyme involved in the synthesis o f the insects
exoskeleton, which will kill the insect instantly or during the next ecdysis (Kubo et al 1998,
Mitchell and Smith 1988). This action would also make plumbagin toxic to fungal pathogens, as
fungal cell walls are also composed o f chitin. Plumbagin is a potent phytoalexin against parasitic
plants (Bringmann et al 1998) and also inhibits the germination o f seeds from other species
(Spencer et al 1986). Galek et al (1990) suggest a role for plumbagin in the camivory o f Dionaea
as a “predigestive mechanisms” to render proteins more susceptible to digestive enzyme.

Plumbagin is also the major metabolite o f other plant families and genera e.g. Plumbago
(Plumbaginaceae), Drosera and Aldrovanda (Droseraceae) (Crouch et al 1990, Finnic and van
Staden 1993), Drosophyllum lusitanicum (Drosophyllaceae) (Zenk et al 1969) Diospyros
(Ebenaceae) (Mallavadhani et al 1998), Ancistrocladus (Ancistrocladaceae) (Bringmann et al
1998). While Dionaea does not have any recorded traditional uses as an herbal remedy, many o f
these species do. Plumbago is used as a traditional medicine in its native Asian countries,
especially China and India (Duke and Beckstrom-Stemberg 2002), and investigations into the
traditional uses have revealed the naphthoquinone plumbagin as the most probable active
constituent o f the plant (Ahmad et al 1998, Desta 1993). Many o f these plumbagin containing
plants have scientific evidence to support these traditional uses e.g. extracts o f Drosera have
demonstrated in vitro anti-inflammatory and spasmolytic effects associated with its traditional use
for relieving cough (Melzig et al 2001, Kolodziej et al 2002).

As a result o f its traditional uses, there are currently many investigations to the biological
activities o f plumbagin.

A summary o f some o f the in vitro and in vivo biological effects

observed for plumbagin are presented in Table 2.2.
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T a b le 2.2 In vitro axiin vivo biological effects o f plum bagin
Activity

Mode of action

R eferen ce

A ntigerm ination

Inhibits the germination o f seeds o f velvetleaf {Arhutilon theophrasti) germination

Spencer e / a / 1986

Insecticidal

Inhibits insect ecdysis by inhibiting chitin synthase-the enzyme involved in the production o f chitin for the

M itchell and Smith 1988. Kubo et at 1998

insect exoskeleton
A ntifeedant

Inhibited feeding o f worms o f Spodoptera litura\ results indicated an importance in volatility and redox
potential o f the naphthoquinone

Banerjee e (a /2 0 0 1
T okunaga et a l 2004a,b
Kubo et at 1980

A n tim alarial

Active against Plasmodium falciparum parasites; quinone structure essential for activity

Likhitw itayaw uid e t a l 1997

A ntibacterial

Active against gram positive S. aureus but in active against gram negative E. coli and S. typhimurium

De Paiva et a t 2003

A ntifungal

Active against C. albicans; inhibits chitin synthase-active in fungal cell wall synthesis

De Paiva et a t 2003 Kubo et a l 1980

C ard iac stim ulant

Increased rate o f contraction and strength o f contractions o f isolated frog heart active through calcium channels

Bhosale et a t 1999

Increased contraction o f guinea pig atria

Ragazzi et al 1993

A ntispasm odic

Modulated contraction o f guinea pig/rabbit trachea; may involve histamine and arachidonic acid cascade

Ragazzi et a t 1993

A n titu m o u r agent

Induces topoisomerase Il-mediated DNA cleavage leading to cytotoxic and antitumour activity

Fujii e t a l 1992

Increased life span o f mice with Ehrlich ascites carcinoma; synergistic with radiation treatment.

Devi e t a l 1999

Decreased incidence and multiplicity o f tumours in rats with azoxymethane-induced intestinal carcinogenesis.

Sugie e t a l 1998

Produced a significant decrease in mouse melanoma cells alone and synergistically with radiation treatment

Prasad e t a l 1996

Exhibited strong in vitro cytotoxicity against lymphocytic leukaemia cells and human colon carcinoma cells

T okunaga e t a t 2004a

Cytotoxic against breast cancer cell line MCF7 and Bowes melanoma cell line

Nguyen e t a t 2004

Increased macrophage bactericidal and phagocytic effects with a persistent increase in bactericidal response for

Adul, K.M. and Ramchender R.P. 1995

Im m unostim ulatory

up to six weeks
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These biological activities are quite varied and include activities associated with the defence
mechanism o f the plant. Authors have suggested plumbagin and analogues would be potentially
useful antifeedant with high antifeedant properties and low cytotoxicity for agricultural
application (Tokunaga et al 2004a, 2004b) while others have focussed on the antimicrobial or
cytotoxic effects exhibited by the compound (Fujii et al 1992, Nguyen et al 2004). These results
place plumbagin as an important natural product with many potential uses as a biologically active
compound or as a lead molecule for other novel chemical entities.

2.9.2 In vitro production of plumbagin
Plumbagin has also been produced in vitro by Dionaea and also from other carnivorous plants

{Drosera (Finnic and van Staden 1993, Budzianowski 1996, Hook 2001), Drosophyllum (Zenk et
al

1974, Nahalka

et al

1996,

1998)]

and

non-camivorous

plants

[Plumbago rosea

(Panichayupakaranant and Tewtrakul 2002), Ancistrocladus (Bringmann et al 1998)]. A review o f

in vitro production o f plumbagin with the source plant material is given in Table 2.3.

Table 2.3 In vitro production o f plumbagin and source material
Plant species

Source material

Reference

Dionaea muscipula

Intact plant

Zenk et al 1969, Kreher et al 1990

In vitro plantlets

Kukulczanka and Budzianowski 2002. Hook 2000
Pakulski and Budzianowski 1996b

Suspension cultures

Hook 2000

In vitro plantlets

Durand and Zenk 1974a

Suspension cultures

Durand and Zenk 1974b, Nahalka et al 1996

Callus cultures

Budzianowski

In vitro plantlets

Crouch et al 1990, Finnic and van Staden 1993

In vitro plantlets

Budzianowski 1995,1996

D. intermedia, D. spathulata

In vitro plantlets

Budzianowski et al 1993

D. gigantea

In vitro plantlets

Budzianowski 2000

Plumbago rosea

Root cultures

Panichayupakaranant and Tewtrakul 2002

P. zeylanica

In vitro plantlets

Helbe

Suspension culture

Komaraiah

Hairy root cultures

Verma et al 2002

In vitro plantlets

Bringmann

Drosophyllum lusitanicum

Drosera capensis.

et al 2002

D. natalensis
D. Spathulata,
D. rotundifolia

Ancistrocladus heyanus
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2.9.3 Biosynthesis of plumbagin in Droseraceae
The naphthoquinones produced by the Droseraceae are unusual for higher plants, as they are
biosynthesised via the polyketide pathway. This biosynthetic pathway for naphthoquinones has
been shown in a small number o f related higher plant families such as the Plumbaginaceae,
Drosophyllaceae, Nepenthaceae, Ancistrocladaceae, Dioncophyllaceae and Ebenaceae. In the
Droseraceae, naphthoquinones present have been shown to be biosynthesised via a polyketide
chain formed by coenzyme A esters o f short aliphatic acids (such as acetyl coenzyme A or
malonyl coenzyme A).

Durand and Zenk (1974a) first discovered this biosynthetic pathway for naphthoquinones in the
Droseraceae. They fed young shoots with several types o f radioactively labelled carbon
components to investigate the biosynthetic pathway and found that the naphthoquinones present
appeared to originate from a polyketide precursor rather than from shikimate as was expected.
The closely related Drosophyllum lusitanicum was shown to be the most active in plumbagin
biosynthesis (Durand and Zenk 1974a) and this was used in initial experiments. Plants were fed a
range o f specifically '‘'C-labelled precursors, known to be constituents o f various synthetic
pathways for naphthoquinones. Only with the DL-[P-''*C]-tyrosine was significant incorporation
achieved. By controlled chemical degradation o f labelled plumbagin they showed the ''*C in
carbon atoms 3, 6, 8, 10 and 11 compatible only with synthesis by condensation o f acetate
m olecules derived from the side-chain o f tyrosine. This was confirmed using other acetogenic
precursors (Durand and Zenk 1974a, b, 1976). The work was repeated with sterile grown plants
and cell suspension cultures (Durand and Zenk 1974b). Additionally they have shown the
presence o f the complete catabolic sequence o f enzymes required to form acetate from the sidechain o f tyrosine to be present in the cultured tissue (Durand and Zenk, 1974b). They suggested
an intermediate hexaketide chain, whose existence has been shown recently in the biosynthesis of
plumbagin by Ancistrocladus heyanus (Bringmann et al 1998) and the droserone formation in
Triphyophyllum peltatum (Bringmann et al 2000).

The suggested biosynthesis o f both plumbagin and 7-methyljuglone is shown in Figure 2.15.
Acetyl-Coenzyme A serves as starter molecule which is then coupled to 5 molecules o f malonylCoenzyme A to form a hexaketide chain. The chain then folds in a manner that enables C-4 and
C-9 to undergo an aldol-addition and a following condensation. Ring A then aromatizes by a ketoenol-tautomerism. C-2 and C-l I react in the same way. After decarboxylation o f C-12 the
molecule is finally oxidised to plumbagin, or, later on, to droserone. 7-methyljuglone has been
shown to be synthesised in the same manner by forming the hexaketide chain in a different
manner (Durand and Zenk 1976, Mann 1987).
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List of Chemicals and Solvents
Chemicals

Supplier

Acetic acid

Riedel-de-Haen

Agar technical grade (no. 3)

Oxoid

Agarose (type VI-A high gelling temp)

Sigma

Amberlite XAD-2-nonionic polymeric adsorbent
(20-60 mesh polystyrene resin)

Aldrich

Ammonium nitrate

BDH

Ammonium sulphate

Riedel-de-Haen

Anderson’s Rhododendron basal salt mixture

Sigma

6-benzylaminopurine

Sigma

Boric acid

Sigma

Calcium chloride

BDH

Calcium nitrate

May and Baker

Casein enzymatic hydrolysate
(N-Z amine A from bovine milk)

Sigma

Chitin (practical grade from crab shells)

Sigma

Cobalt chloride

BDH

Copper sulphate

May and Baker

2,4-Dichlorophenoxyacetic acid

Duchefa

Fetuin (from foetal calf serum)
Bound sialic acids 1%

Sigma

Greshoff and Doy Medium
(Macro and Micro elements)

Duchefa

Laminarin

Sigma

L-glutamine

Sigma

Litvay Medium (Macro and Micro elements)

Duchefa

Magnesium sulphate

BDH

Manganous sulphate

BDH

McCowans Woody Plant Medium
(Macro and Micro elements)

Duchefa

Mucin (Type 11: Crude from porcine stomach)
Total NANA 5.5%

Sigma

Murashige and Skoog Medium
(Macro and Micro elements)

Duchefa

Myo-lnositol

Sigma

45

Chapter 3 Dionaea muscipula - Materials and Methods

1-Naphthaleneacetic acid

BDH

N-Acetyl-D-Galactosam ine (98%)

Sigma

N-Acetyl-D-G lucosam ine (98%)

Sigma

N-Acetyl-D-M annosamine (98%)

Sigma

Nicotinic acid

BDH

Phytagel

Sigma

Plumbagin

Sigma

Potassium dihydrogen orthophosphate

BDH

Potassium sulphate

May and Barker

Rugini O live Medium

Duchefa

Schenk and Hildebrandt Medium
(Macro and Micro elements)

Duchefa

Sodium acetate (anhydrous)

Sigma

Sodium sulphate (anhydrous, granular)

Scharlau Chemic S.A.

Sucrose

Sigma

Thiamine HCI

BDH

W estvaco WV3 Medium

Duchefa

W estvaco WV5 Medium

Duchefa

Zinc sulphate

BDH

Laboratory solvents

Supplier

Acetic acid

Riedel-De-Haen

«-Butanol

Riedel-De-Haen

Ethanol

Hazardous Material facility, TCD

Ethyl acetate (General grade)

Hazardous Material facility, TCD

Ethyl acetate (HPLC grade)

Riedel-De-Haen

Formic acid

Merck

«-Hexane

Hazardous Material facility, TCD

Hydrochloric acid

Riedel-De-Haen

Methanol (General grade)

Hazardous Material facility, TCD

Methanol (HPLC grade)

Riedel-De-Haen

Toluene

Hazardous Material facility, TCD

NMR solvents

Supplier

Chloroform (CDCI3) 99.8% atom

Sigma

Methanol-d 4

(CD 3 OD) 99.8% contains 0.03%

TMS

Aldrich

Methyl Sulfoxide-de (DM SO) 99.9%

Aldrich
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3.1

Dionaea in vitro cultures

3.1.1

In vitro plantlets

In vitro cultured plaritlets o f Dionaea muscipula Ellis were obtained from Carolina Biological
Supply Co. (Burlington, North Carolina, USA). Plantlets were cultivated in the laboratory as
outlined in Hook (2001) and maintained by periodic subdivision into a liquid or agar-solidified
medium containing Murashige and Skoog (M+S) basal salts (Murashige and Skoog 1962),
thiamine HCl (0.4 mg l '), mesoinositol (100 mg l ') and sucrose (30 g l '). This medium was
referred to as a ‘micropropagation medium’ and preparation o f this medium is outlined in
Appendix 1. Plants grown in liquid culture were in 150 ml medium in 250 ml Erlenmeyer flasks,
maintained under light and agitation conditions as below, and harvested after 3 months. Plants
grown on agar-solidified medium were grown on 40-50 ml media in 175 ml in vitro culture
vessels (Baby food jars, Sigma-Aldrich.) (Figure 3.1), maintained under the light conditions as
below, and harvested or subdivided every three months. In vitro cultured plants o f Dionaea
muscipula produced plumbagin 5.3 % o f dry weight (Hook 2001).

Figure 3.1 In vitro plantlet of Dionaea muscipula

3.1.2

Suspension cultures

Callus o f Dionaea muscipula was originally developed in 1997 from sterile in vitro plants as
outlined in Hook (2001). Callus was transferred to liquid media to generate suspension cultures.
The suspension cultures were maintained in two liquid media. Medium 1: McCowans Woody
Plant basal salts (McC) (Lloyd and McCowan 1980) with the organic constituents; glycine 2 mg 1'
', pyridoxine HCl 0.5 mg f', thiamine HCl 0.4 mg l ’, mesoinositol 200 mg l ', sucrose 30 g l ’ and
growth regulators; 2,4-dichlorophenoxyacetic acid (2,4-D) 0.22 mg l ' and naphthaleneacetic acid
(NAA) 0.19 mg I ',. Medium 2: Murashige and Skoog (M+S) basal salts with organic constituents
and growth regulators as in Medium 1. The cultures grew as small, friable aggregates. Suspension
cultures o f Dionaea muscipula grew as red aggregates on Medium 1. These cells were found to
produce plumbagin 3.56 ± 0.37 % dry cell weight (DCW) (Hook 2001) (Figure 3.2 and 3.4).
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Suspension cultures grown in Medium 2 exhibited poor growth and began to lose viability after a
few months. Through continuous subcuituring, a white cell line emerged (Figure 3.3). However,
this cells line did not produce any naphthoquinones. Suspension cultures were grown as batch
cultures in Erlenmeyer flasks (40 % flask-fill). At monthly intervals, cells from one flask were
aseptically separated by suction filtration and a known weight subcultured into fresh medium
(subculture weight).

Figure 3.2 Dionaea suspension
cultures grown in Me Cowans
Woody Plant aqueous medium

Figure 3.3 Dionaea suspension
cultures grown in Murashige and
Skoog aqueous medium

Figure 3.4 Suspension cultures o f Dionaea muscipula in McCowans medium.

3.1.3

Culture room conditions

All liquid cultures were grown in Erlenmeyer flasks on an orbital shaker (Gallenkamp Orbital
shaker) set at 90 rpm under cool-white fluorescent lights, delivering 85 )amol m'^ s ' set at an 18:6
hour light: dark cycle. The culture room temperature was maintained at 25 °C (± 2 °C). All aseptic
work was carried in a laminar flow cabinet (Envair™, England).

3.1.4

Culture media

Table 3.1 and 3.2 show the composition o f the media used for the in vitro culture and the
suspension culture experiments with the Dionaea cultures (Duchefa 1999). Unless otherwise
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Stated, all constituent values are given in mg/l. Media were prepared according to formulations in
Appendix 1 with deionised water from a Merit W4000 water still (Bibby Sterilin Ltd., England).
Medium pH was adjusted to 5.8-6 (using 0.2 M KOH or 0.2 M HCI as appropriate) prior to
autoclaving. All media were sterilised by autoclaving (Gallenkamp autoclave, AGB scientific Ltd,
U.K.) at 121 °C at 1.05 kg cm‘^ pressure for 20 min. To prepare solid media, 9 g l ' o f Agar
(Technical grade no. 3) or 3 g l ‘ Phytagel™ were added to the media prior to sterilisation.

Table 3.1 Inorganic constituents (mg l ') present in McGowans Woody Plant
medium (McC) and Murashige and Skoog medium (M+S) basal salts
In o rg a n ic C o n stitu e n ts

M cC

M +S

C a (N 0 ,)2 .4 H 2 0

5 5 4 .9 5

-

C aC l 2 .2 H 2 0

9 6 .0 0

4 4 0 .0 0
0.0 2 5

C 0 CI 2 6 H 2 O
0.25

0 .0 2 5

3 6 .7 0

3 6 .7 0

H3 B O 3

6 .2 0

6 .2 0

K 2 SO 4

9 9 0 .0 0

-

KH 2 PO 4

170.00

170.00

K1

-

0.83

KNO3

-

1 900.00

M g S 0 4 .7 H ;0

3 7 0 ,0 0

3 7 0 ,0 0

M nS 0

2 2 .3 0

16,90

0.25

0.25

4 0 0 .0 0

1 6 50.00

8.60

8.60

CUSO 4 .6 H 2 O
F eN aE D T A

4

.H 2 0

N a2M o0

4 .2

H2 0

NH 4N O 3
Z n S 0 4 .7 H 2 0

Table 3.2 Organic constituents and growth regulators used in culture medium ^ov Dionaea
suspension cultures
O r g a n ic C o n stitu e n ts
G lycin e

mg l '
2 .0 0

M esoin ositol

2 0 0 .0 0

N icotin ic acid

0 .5 0

P yridoxine HCI

0 .5 0

Sucrose

3 0 g I"'

T hiam ine

0 .4 0

2,4-D ich lo ro p h en o x y a cetic acid (2 ,4 -D )

0.22

1-N aphthaleneacetic acid (N A A )

0 .1 9

49

Chapter 3 Dionaea muscipula

3.1.5

-

Materials and Methods

Cell Harvesting

For all experiments carried out with Dionaea suspension cultures, cells were harvested by suction
filtration through a buchner funnel flask with a Miracloth® filter. Cells harvested from each flask
were weighed (fresh weight (g)) and dried in a fan-assisted drying oven (Memmert^'^ Type UL40,
Germany) at 30°C for at least 48 hours to constant weight, which was recorded as dry weight (g)
o f the cells. pH and millivolts (mV) of the media were measured using a Metrohm 744 pH meter.
Growth index was calculated using:

Fresh Weight at harvest (g)
Subculture Weight (g)

This indicated the increase in biomass over the culture period.

3.2

Plumbagin extraction and quantitation

3.2.1

Extraction Procedure

Naphthoquinones were extracted using the bi-phasic method previously reported by Hook et al
(1997), which was found by Krenn e t «/ (1998) to be comparable to steam distillation as a method
o f isolation. Dried cells were ground to a fine powder using a glass mortar and pestle. O.lg
portions were placed in a 100 ml conical flask with 25 ml «-hexane: 5 ml H^O. The extracts were
then sonicated for 30 mins in a water bath and the w-hexane layer decanted off and dried over
anhydrous sodium sulphate. The sodium sulphate was washed with a further 25 mis o f hexane.
The sample was re-extracted with a further 25 mis o f «-hexane for 30 mins. Extracts were
combined and evaporated to dryness in vacuo at 30 °C. Extracts were sealed with glass stoppers
and stored at

-8

°C until required for analysis. For analysis, extracts were dissolved in 1 ml n-

hexane and analysed by Gas Chromatography (GC). Extractions were replicated (x 2) for each
sample analysed and each replicate was injected (4 |il) x 2.

3.2.2

Analytical Thin Layer Chromatography (TLCJ

TLC was carried out on aluminium-backed pre-coated silica gel

6

OF2 5 4 plates (E. Merck,

Darmstadt). The plates were run over 10 cm using toluene: formic acid (99:1) as mobile phase
(W agner and Bladt 1996). Visualisation was by examination under visible light or by spraying
with anisaldehyde/ conc. sulphuric acid reagent followed by heating for 5-10 min at 110 °C
(Wagner and Bladt 1996). Under these conditions plumbagin appeared as a yellow spot under
visible light and blue with spraying with an Rf 0.5; 7-methyljuglone appeared as an orange spot
and green after spraying with Rf 0.4.

3.2.3

Gas Chromatography

3.2.3.1 Instrumentation and column
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Analyses were performed on a Perkin Elmer 8700 Gas chromatograph fitted with a WCOT fused
silica capillary column (50 m x 0.22 mm l.D.) coated with 70% cyanopropyl (equiv.)
polysilphenylene-siloxane, 0.25 jim film, (SGE BPX70). The carrier gas was helium [He] set at a
constant head pressure of 40 kPa. This gave a linear gas velocity [LGV] o f 57 cm sec ‘. Injections
were performed with a 1:17 split giving a flow rate o f 1.29 ml/min. Detection was carried out
using a flame ionisation detector [FID].

3.2.3.2 Chromatographic conditions
Oven temperature programme was set as an isothermal method with oven temperature at 210°C.
The injector and detector temperatures were maintained at 260 °C. In all cases an injection volume
o f 4 nl was used. Using these conditions, Rt o f plumbagin was 10.9 min and 7-methyljuglone 12.1
min. Quantitation o f the naphthoquinones was carried out by reference to a calibration curve
prepared on a daily basis with pure compounds. Each determination was duplicated.

3.2.3.3 Validation o f the GC method
Validation o f this procedure was carried out in accordance with the specifications outlined in the
USP (23) and the ICH guidelines (International conference on Harmonisation, Text on Validation
o f Analytical Procedures, Q2A and Methodology Guidelines, Q2B, 1996). According to the ICH
guidelines, the recommended validation parameters for an assay-type analytical procedure that
measures the amount of the principal analyte present in a given sample are:

I.

1.

Specificity

2.

Precision

3.

Linearity

4.

Accuracy

5.

Range

Specificity

Specificity is defined in the ICH guidelines (Topic Q2A) as ‘the ability to assess unequivocally
the analyte in the presence o f components, which may be expected to be present’. In the
extraction o f the naphthoquinone content of the Dionaea muscipula suspension cultures, only one
analyte, plumbagin, was extracted and therefore only one peak is seen in the chromatogram (see
Appendix 2 for sample chromatogram). However, a co-injection o f plumbagin with its isomer 7methyljuglone was carried out to ensure the specificity o f this method for each naphthoquinone.
Optimum resolution is essential to ensure the confident determination o f plumbagin or 7methyljuglone present in a sample. The ability o f the selected chromatographic procedure to
resolve plumbagin from 7-methyljulone can be measured by determining the resolution factor, R,
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which according to the USP (23), should be > 1. The resolution factor, R, is given by the
following equation.

R=

2
W 1+W 2

Where ti and

are the retention times o f the two components and W iand W 2 are the

corresponding widths at the bases o f the peaks obtained by extrapolating the relatively straight
sides o f the peaks to the base line. Plumbagin (Rt = 10.9) was separated from 7-methyljuglone (Rt
= 12.1) with resolution values R = 5.5. The system was considered to show good specificity.
2.

Precision

The USP (23) defines precision as ‘the degree of agreement among individual test results when
the procedure is applied repeatedly to multiple samplings o f a homogenous sample’. The
precision o f a method that is performed within a single laboratory is evaluated by measuring the
repeatability o f that method. Repeatability is determined by repeated injections o f a series o f
standards over a short time interval. As recommended by the ICH (Topic Q2A - Methodology
Guidelines), three replicates, each of three standard concentrations were used to calculate the
relative standard deviation [RSD]. From Table 3.3 it can be seen that the RSD for each
concentration was below the recommended 5 % limit for each concentration indicating the
method is precise.

Table 3.3 Relative standard deviation for peak area for plumbagin
A verage
concentration

3.

RSD

P eak A rea

1 mg/ml

34.5108

1.03 %

2 mg/ml

66.2274

3.38%

3 mg/m I

96.0357

1.08 %

Linearity

Linearity is demonstrated by injecting a series o f dilutions o f the standard and plotting the
recorded response versus concentration (Figure 3.5). Where the response appears to be linearly
related to concentration from visual inspection, the degree o f linearity should be calculated by
linear regression using the following equation

y = ax + b
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where y is the measure response, a is the slope o f the line, x is the concentration and b is the
intercept. The range o f concentrations chosen should span 80-120 percent o f the expected test
concentration (ICH, Topic Q2A-Methodology Guidelines). The concentrations used were and the
test samples analysed fell within this range.

100

50

0
0

2

4

6

10

8

14

12

16

Concentration

Figure 3.5 Sample calibration curve o f plumbagin

However, while the correlation coefficient, r" = 0.9989, indicated tliat a method was linear it
should not necessarily be relied upon alone, because calibration data with high r values [> 0.99]
can still exhibit a high degree o f curvature (Rosanske 1996). To confirm linearity, a plot of
Response (Peak area)/Concentration (R/C) against log concentration (Figure 3.6) is plotted. From
Figure 3.6 it can be seen that all the values are within the 95 % confidence interval lines
indicating no value deviated more than 5 % from the average R/C, indicating the method is linear
(Bidlingmeyer 1993).

0.655

0.737

0.819

0 901
Log Cone

0.983

1.065

1.147

Figure 3.6 Plot o f Response/Concentration versus Concentration for plumbagin
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Accuracy

According to the ICH guidelines, ‘accuracy may be inferred once precision, linearity and
specificity have been estimated’. The chosen analytical system has been shown to be precise,
specific and linear, therefore it can be assumed to be accurate.
5

Range

Range is defined by the ICH guidelines (Topic Q2A) as ‘the interval between the upper and lower
concentration o f the analyte in the sample for which it has been demonstrated that the analytical
procedure has a suitable level o f precision, accuracy and linearity’. The precision and linearity
data support the use o f this method over a concentration range o f which encompassed greater than
ninety percent o f the test samples analysed in this work.

3.3

Growth kinetics of McC Dionaea Cell line

Biomass and naphthoquinone production (% DCW) o f the red Dionaea cell line growing in
McCowans medium was monitored for a 34 day growth period. Erlenmeyer flasks containing 0.71.2 g o f inoculum (Subculture weight) in 50 ml media were arranged as a randomised four
replicate block experiment with 36 x 100 ml flasks. Every 4-6 days the cells were harvested by
filtration, subculture weight (g), fresh weight (g), and dry weight (g) were recorded and used to
determine the growth o f the cells over a 34-day period. Naphthoquinone content was determined,
pH and mV of the media were also recorded as outline previously. A further experiment was
designed and carried out as above to determine growth between 34-81 days using 16 flasks.

3.4

Elicitation experiments

3.4.1

Polysaccharides

A preliminary 36 flask randomised blocked experiment was designed to investigate the effect o f a
series o f polysaccharides on the suspension cultures o f Dionaea growing in aqueous McC media.
Agar, agarose, laminarin and chitin were sterilised with 100ml o f McC medium in 250 ml
erlenmeyer flasks at two concentrations, 10 and 100 mg elicitor/flask. Flasks were inoculated with
approx 1 g o f cells. All experiments were replicated (x 4), replicates arranged in randomised
blocks and compared to controls. The cells were harvested after 28 days o f growth and analysed
as outlined previously.

3.4.2

Chitin elicitation

A further investigation into the effect o f chitin was designed. A known quantity, 10 mg or 100 mg
of crude chitin practical grade was weighed out, packaged and sterilised by autoclaving for 20
min. Chitin was added aseptically to Dionaea cells growing for 34 days in 100 mis McC media.
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Cells were incubated for a further six days and harvested as previously outlined on day 40 o f the
growth cycle. All tests were replicated (x 4) and compared to controls. The experiment was
randomised and blocked on the replicates.

3.4.3
The

Monosaccharides
effect

of

three

monosaccharides,

N-acetyl-D-mannosamine

(N-man),

N-acetyl-D-

galactosamine (N-gal) and N-acetyl-D-glucosamine (N-glu) was examined. 1 mg o f each
compound was weighed out using a micro-balance and added separately to 100 ml o f media with
0.7-1.0 g o f cells in 250 ml erlenmeyer flasks. Monosaccharides were added at one o f two time
points in the growth cycle, either day 0 or day 34 o f the growth cycle, flasks were harvested after
40 days growth. All experiments were compared to controls, replicated (x 4) and replicates
arranged as a randomised blocked experiment. After harvesting, the cells were dried and analysed
as outlined previously.

3.4.4

Time course of chitin and N-acetyl-D-glucosamine

The effect o f chitin and N-glu was examined over an extended period in a time course experiment.
Preparation o f elicitors
N-acetyl-D -glucosam ine: 25 mg was weighed out and made up to 25 mis in a volumetric flask
with sterile H2O to give a 1mg/ml solution. 1ml o f the above solution was sterilized by filtration
using a 0.22 fim micropore filter and added to the cells as an elicitor.
Chitin: 1 mg portions o f crude chitin were weighed out using a microbalance. The 1 mg portions
were packaged in greaseproof paper in an aluminium foil sealed tray and sterilised by autoclaving.
The 1 mg crude chitin was added aseptically to the cells as an elicitor.
Elicitation time course
The effect o f the elicitor over a period o f time was examined. Time periods analysed were 24 hrs,
48 hrs, 96 hrs and 144 hrs. The elicitors were added separately to cells growing in 100 ml McC
media on day 34 after inoculation. Cells were harvested on day 35, 36, 38 and day 40 o f the
growth cycle. Each time period was replicated (x 3) and compared to controls. Replicates were
divided into blocks and blocks were arranged randomly on the orbital shaker. Cells were
harvested by filtration and analysed as previously outlined.

3.4.5

Mucins

The effect o f the addition o f different natural acidic mucins on the D ionaea cells was also
investigated. Three mucins were used to elicit the cells, porcine mucin (Sigma), fetuin (from
foetal ca lf serum) (Sigma) and mucin extracted from D rosera capensis suspension cultures
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Extraction o f D rosera mucin
A viscous mucin was secreted into the aqueous media o f a D rosera capensis cell line. The mucin
was separated from the culture media by adding an equal volume o f absolute ethanol. This caused
the mucin to precipitate out allowing its collection and drying. The dried mucin was ground to a
fine powder and added to the growth medium prior to autoclaving.
Addition o f mucins to the cells
Three mucins, D rosera mucin, fetuin and porcine mucin were added separately to the D ionaea
cell line growing in aqueous Me Cowans media at a concentration o f 10 mg and 100 mg per flask
(100 ml o f media). The mucins were added to the medium prior to sterilization. The flasks were
inoculated with approximately 1 g o f cells and arranged as a randomised four replicate block
experiment. All tests were compared to controls. The cells were harvested after 28 days o f growth
and analysed as outlined above.

3.5

Precursor Feeding

The cells were fed with sodium acetate as a precursor to secondary metabolism. Sodium acetate
was added to the cells at 10 % o f the normal sugar concentration i.e. 0.3 g/100 ml. 7.5 g o f sodium
acetate was weighed and made up to 25 mis in a volumetric flask with sterile distilled H^O. The
solution was sterilised by filtration using a 0.22 |im Millipore filter. The cells were grown in 100
ml McC media in 250 ml erlenmeyer flasks with 0.9-1.2 g o f inoculum. The sodium acetate was
added at day 7 or day 39 after inoculation. Tests were harvested on day 40 o f the growth cycle.
The experiment was arranged as a randomised four-replicate blocked experiment. All tests were
compared to controls and analysed as outlined previously.

3.6

In situ adsorption

Amberlite XAD-7 was added to the growth medium at a concentration o f 1 g/100 ml medium to
investigate the effect on the growth and plumbagin production o f the cells.
Pre-treatm ent o f A m berlite X AD -7
The resin (13 g) was soaked in methanol for 24 hours. The resin was then filtered through a
buchner funnel with Whatman filter paper using a vacuum. The resin was washed several times
with distilled H2O. The resin was allowed to air-dry under vacuo. 1 g portions o f the dry resin
were then weighed into greaseproof paper and packaged in foil envelopes. The packages were
autoclaved in a sealed aluminium tray.
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Addition o f the resin to cells
The cells were grown in 100 ml McC media in 250 ml erlenmeyer flasks. The dry resin was added
aseptically at a 1 g per flask to the growth medium on day 7 o f the growth cycle. The tests were
replicated x 4 and all tests compared to controls. The cells were harvested after 40 days o f growth
and analysed as previously outlined.

3.7

Growth medium optimisation

The influence o f the growth medium composition on the growth and naphthoquinone production
was investigated. The components o f McCowans growth medium were altered and also the cells
were grown on a variety o f growth media basal salt mixtures.

3.7.1 Inorganic nitrogen and copper concentrations
Design o f experiment
A two-level factorial experimental design was created using Minitab®. Three factors, copper
sulphate (CUSO4), ammonium nitrate (NH4NO3) and calcium nitrate (Ca(N 0 3 )2) were set at two
levels, ‘high’ and Mow’ as given in Table 3.5. These factors were varied in the growth medium
according to the factorial design given in Table 3.4

Table 3.4 Factorial design for inorganic nitrogen and copper investigations
C om bination

CUSO4

C a(N 0 3 )2

NH4NO3

(C ontrol) 1

+

+

+

2

+

3

+
+

-

+

4

+

-

-

5

-

+

+

6

-

+

-

7

-

-

+

8

-

-

-

Table 3.5 Factors and levels used in experimental design for inorganic nitrogen
and copper investigations____________________________
Element
‘High’ +
‘Low’ CUSO4
NH4NO3
C a (N 0 3 ):

1.00 nM

0.I0^M

10.00 mM

5.00 mM

4.7 mM

2.35 mM

McC medium was prepared as outlined in Section 3.1 and the media were supplemented with the
various increased levels o f nitrogen and copper required for the experiment (see Appendix 4). The
media were innoculated with cells from McC medium and the cells were grown for 6 weeks. Each

57

Chapter 3 Dionaea muscipula - Materials and Methods

combination was replicated (x 4), the replicates arranged as blocks randomised on the orbital
shaker according to the experimental design created in Minitab®.

3.7.2 Decreased inorganic nitrogen levels
An experiment was designed to investigate in more detail the influence o f ammonium (NH 4 ) and
nitrate (NO? ) on plumbagin production. The effect of decreasing NH 4 ^ and NO 3 and o f using
either as the sole nitrogen source was examined.
Design o f experiment
5.00 mM NH 4 NO 3 and 2.35 mM Ca(N 0 3 ) 2 (NOj' 4.70 mM) were the original concentrations o f
nitrogenous elements in McC medium formulation. The levels o f both o f these were decreased as
outlined in Table 3.6. The effect o f halving the concentration o f one or both nitrogen sources was
investigated. Also (NH 4 )2 S0

4

was used as a nitrogen source to allow examination of the influence

of ammonium as the sole nitrogen supply. As the levels o f elements were reduced, it was
necessary to prepare the McC media from the individual elements present in the formulation. This
was achieved by preparing the media according to the formula given in Appendix 5 with the
nitrogen compounds added as given in Table 3.6 and Appendix 5. Each combination was
replicated (x 4) and the replicates arranges in a randomised blocked experiment.

Table 3.6 Nitrogen concentrations used to investigate low inorganic nitrogen levels
Combination

Nitrogen Source

mg {■'

Concentration

1

NH4 NO3

400,00

5.00 mM

Ca(N0 .i) 2

554.95

2.35 mM

NH4 NO,

2 0 0 .0 0

2.50 mM

CaCNOj):

227.47

1.18 mM

(NH4)2S04

330.35

2.50 mM

CaCNO,):

554.95

2.35 mM

(NH4)2S04

165.17

2.50 mM

Ca(N0 . , ) 2

227.47

l.lSmM

5

(NH4):S04

330.35

2.50 mM

6

(NH4)2S04

165.17

1.25 mM

7

Ca(N03)2

1145.00

4.50 mM

8

Ca(N03)2

572.66

2.18mM

2

3

4

3.7.3

O rganic Nitrogen

An experiment was designed to investigate the effect o f organic nitrogen on the growth and
plumbagin production o f the Dionaea cells growing in McC medium. Two organic nitrogen
sources were used, glutamine and casein acid hydrolysates. A factorial design was created for
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each organic nitrogen source. The factorial design used in both experim ents is given in Table 3.7.
The experim ent investigated tw o factors, inorganic nitrogen supply set a tw o levels ‘high’ and
‘low ’ according to Table 3,8 and 3.9 and organic nitrogen supply set a tw o levels ‘high’ and ‘low ’
according to Table 3.8 and 3.9.
T a b le 3.7 Factorial design used to analyse the effects o f organic nitrogen.
Combination

Organic Nitrogen

Inorganic Nitrogen

r

+

+

2

+

3

-

+

4

T a b le

3.8 Inorganic and organic nitrogen levels used for casein experim ent
Nitrogen source____________________ ‘High’ +

‘Low’ -

Organic

Casein

450.00 mg T

0 mg T

Inorganic

NH 4 NO 3

400.00 mg P’

0 mg I'’

471.26 mg P'

0 mg P'

Ca(N 0 3 )2 .2 H2

0

T a b le 3.9 Inorganic and organic nitrogen levels used for glutam ine experim ent
Nitrogen source____________________ ‘High’ +

‘Low’ -

Organic

Glutamine

450.00 mg T

0 mg V

Inorganic

NH4NO3

400.00 mg r '

0 mg V'

471.26 mg f '

0 mg P’

Ca(N 0 3 )2 .2 H2

0

3.7.4 Growth Medium
Eight m edia w ith a range o f basal salt concentrations w ere used to investigate the effect o f media
com position on the growth and plum bagin production o f the D ionaea cells. The media were
chosen to give a broad spectrum in basal salts com position. M edia used were:
1. G ressh o ff and Doy basal salt m ixture (G +D )
2. G am borg’s B5 basal salt m ixture (GB5)
3. Rugini O live basal salt m ixture (R ug Olive)
4. W estvaco WV3 basal salt m ixture (W V3)
5. W estvaco WV5 basal salt m ixture (W V 5)
6

. Schenk and H ildebrandt basal salt m ixture (S+H )

7. M urashige and Skoog basal salt m ixture (M +S)
8. M cCowan W oody Plant basal salt m ixture (M cC)
D ionaea suspension cultures m aintained in McC medium were transferred to the eight different
m edia containing the above basal salt m ixtures and organic constituents as outlined in Table 3.2.
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For m edia basal salt com positions see A ppendix 7. The cells w ere grown in the assigned media
for three six-w eek growth cycles. Four replicates o f each m edium w ere initiated with three being
analysed after each growth cycle and the fourth replicate block subcultured into fresh m edium for
a follow ing growth cycle. The replicates w ere arranged as blocks random ised on the orbital
shaker. C ells w ere analysed for growth and plum bagin production as previously outlined.

3. 9

Statistical analysis and design of experiments

Experimental design
W here appropriate, factorial designs w ere used to efficiently analyze the influence o f various
experim ental factors on the cells and also enabled the analysis o f interactions between factors.
Factorial designs and random ised arrangem ents w ere designed using M initab® version 13.2.
Experim ents w ere carried out on an orbital shaker, replicates w ere arranged as random ised blocks
to block out external influences within the tissue culture room i.e. tem perature and light. A m ajor
problem w ith a culture room is m aintaining a constant tem perature and light throughout the room
as gradients will develop as a result o f fixed positioning o f tem perature controller and light
source. The blocks w ere arranged as outlined in the Figure 3.7, which ensured that gradient
variation did not influence the treatm ent com parisons.

Temperature Control

V

V

V

V

Block 1

Block 3

Block 4

Block 2

2

9

17

19

5

11

13

24

3

10

14

23

1

7

16

22

6

12

18

20

4

8

15

21

Light Source

<C

Figure 3.7 R andom ised block design used for experim ents carried out on the orbital shaker.
R eplicates are arranged as blocks (1-4) and treatm ents are arranged random ly within each block.
Statistical analyses for each experim ent w ere carried out using A nalysis o f Variance (A N O V A )
and T ukey-K ram er m ultiple com parisons test. Statistical analyses w ere carried out using Instat
G raphpad® (San Diego, California). M initab® version 13.2 was used for design and statistical
analysis o f factorial experim ents. G raphs were plotted using M icrosoft Excel®.
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3. 10 Anthocyanin extraction
3.10.1 Extraction of an anthocyanin pigment from Dionaea suspension cultures
The red pigment o f the Dionaea cells was extracted using an anthocyanin extraction procedure
(Strack and Wray 1989). 0.25g of crushed cells was extracted at room temperature for 1.5 hours
with MeOH-MCl (99:1). The sample was filtered to remove the insoluble cell material. The
extracted was dried in vacuo and reconstituted in the minimum amount of the above solvent. The
concentrate was investigated by TLC analysis with two anthocyanidin standards; delphinidin and
cyanidin. The mobile phase used was n-BuOH; CHjCOOH; fl 2

0

(B.A.W) 4; 1; 5. However the

extract did not correspond to either o f the reference standards. Therefore to isolate the pigment,
the concentrate was subjected to paper chromatography on Whatman Chromatography Paper No.
3 with n-BuOH: CH 3 COOH: H2 O (B:A:W) 4; 1: 5 (Strack and Wray 1989). This resulted in the
separation of 4 bands. The two pink coloured bands were removed from the paper and extracted
by sonication in MeOH-HCI (99:1), dried in vacuo (Figure 3.8). The isolates were subjected to
spectral analysis but the compounds isolated were unstable and the structures could not be
determined.

3.10.2 Hydrolysis of anthocyanin pigment extract
The cells were also subjected to an acid hydrolysis to hydrolyse any sugar present according to
Strack and Wray (1989). 0.25g of crushed cells was placed in a 100ml round bottom flask with
10% v/v HCl and refluxed for 40 min. The resulting extract was cooled and extracted with nBuOH to give a bright pink extract. The w-BuOH extract was dried in vacuo. The concentrate was
reconstituted

in MeOH-HCl (99:1) adsorbed to silica gel and subjected to column

chromatography using CHCl^ 100%, followed by CHCI3 : MeOH (99: 1) increasing to MeOH
100% and finally the column was washed with MeOH-IICl (99:1). The red band isolated after
washing the column with MeOH-HCl was subjected to paper chromatography using Whatman
Chromatography Paper No. 3 and BAW (4:1:5) as the developing system (Figure 3.9). This
resulted in three bands. Two of the bands were highly coloured and were removed from the paper
with MeOH-HCl, dried in vacuo. The isolates were investigated by TLC analysis with two
anthocyanidin standards; delphinidin and cyanidin. The mobile phase used was «-BuOH:
AcOOH: II2 O (B:A:W) 4: 1:5. However the isolates did not correspond to either of the reference
standards. The isolates were subjected to spectral analysis but were unstable and the structures
could not be determined.

61

Chapter 3 Dionaea muscipula - Materials and Methods

Dried cel! material (crushed)
Extracted with MeOH-HCI (99:1) for
1.5 hrs at room temperature

Extracted cell material
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Figure 3.8 Extraction of anthocyanin pigment from Dionaea muscipula suspension cultures
N .l. = Not Investigated
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Figure 3.9 Hydrolysis and extraction o f anthocyanin glycoside from Dionaea
muscipula suspension cultures
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4.1 Introduction
In vitro cultured plants o f Dionaea muscipula Ellis were originally obtained from Carolina
Biological Supply Co. (Burlington, North Carolina, USA). Plantlets (Figure 4.1) were cultivated
in the laboratory as outlined in Hook (2001) and maintained by periodic subdivision into a liquid
or agar-solidified micropropagation medium (Appendix 1) containing Murashige and Skoog
(M+S) basal salts (Murashige and Skoog 1962), thiamine HCI (0.4 mg l '), mesoinositol (100 mg
r ') and sucrose (30 g P'). In vitro plantlets grew in a similar manner to intact plant (Figure 4.1)
producing plumbagin (5.3 % dry weight) as the main constituent (Hook 2001).

Figure 4.1 In vitro plantlet o f Dionaea muscipula
Callus

Dionaea muscipula was originally developed in 1997 fi'om sterile in vitro plants (Hook

2001). Two Suspension cell lines were generated; one growing in Murashige and Skoog (M+S)
medium and one in McCowans Woody Plant (McC) medium (Appendix 7 for media basal salt
composition). The suspension cultures o f Dionaea muscipula grew differently depending on the
medium; in McC medium the cells grew as red aggregates (Figure 4.2) producing plumbagin as
the major naphthoquinone (2.59 ± 0.37 % dry cell weight (DCW)) (Hook 2001). In M+S medium
the suspension cultures exhibited poor growth but eventually a white cell line (Figure 4.3)
emerged which did not produce any naphthoquinones (Hook 2001).

¥

Figure 4.2 Dionaea suspension
cultures grown in Me Cowans
Woody Plant culture medium

Figure 4.3 Dionaea suspension
cultures grown in Murashige and
Skoog culture medium
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The naphthoquinone-producing cell line grown in McC medium was monitored over a period of
time to establish the growth kinetics and plumbagin production of the cells.
4.2 G row th Kinetics
An experiment to monitor the biomass and plumbagin production over a period of time, i.e. the
growth cycle o f the suspension cultures, was designed. Thirty-six 100 ml Erlenmeyer flasks were
inoculated with approximately 1 g o f suspension cells. The flasks were harvested every 4-6 days
and the biomass and plumbagin content determined. Originally the growth kinetics o f the Dionaea
suspension cultures was monitored over a 33 day cycle. This time course covers the usual growth
cycle for plant cell cultures and was found to be the time period over which the naphthoquinoneproducing Drosera cell lines grew (Hook et al 1997, Hook 2001).

The Dionaea cultures showed a steady increase in biomass and naphthoquinone content over this
time period (Figure 4.4). It was observed, however, that after a growth period o f 34 days the cells
showed no visible signs of decline and biomass and plumbagin production were still increasing.
The experiment was therefore extended using additional flasks to examine the growth of the
suspension cultures. The cultures were allowed to grow, harvesting periodically, until they
showed signs of decline. The cultures continued to grow without any visible deterioration for up
to 80 days after which the remaining flasks were harvested and the growth cycle o f the cells
plotted (Figure 4.4). On inoculation, the cultures were observed to enter a lag phase of 2-6 days,
after which an exponential growth phase was observed for the following days 12-34. From day
36-56, the cells were in stationary phase characterised by no further increase in biomass. Beyond
day 56 the cycle entered an autolytic phase characterised by a decrease in biomass (Figure 4.4).
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Figure 4.4 Biomass of Dionaea suspension cultures over 81 days given as growth
index, fresh and dry weight (g) throughout the 81 day growth cycle (n = 4 ± s.d.)
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Maximum biomass, expressed as dry cell weight (DCW) (g), occurred at day 40. Maximum
plumbagin concentration (6.5 % of dry cell weight) occurred at day 55. As can be seen from
Figure 4.5, this maximum concentration of plumbagin was followed by a decline in the cell
growth and an accompanying decline in naphthoquinone production, presumably due both to the
toxicity of plumbagin and also a decline in nutrients available to the cells.

Naphthoquinones —♦ — Dry weight
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Figure 4.5 E>ry cell weight and plumbagin production (% DCW) of Dionaea
suspension cultures throughout the growth cycle (n = 4 ± s.d.)
The variation in suspension pH with fresh weight over the course of the growth cycle is indicated
in Figure 4.6. During the growth phase of the cells the pH fell to a minimum o f 2.77 ± 0.14 after
which it steadily increased.
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Figure 4.6 Fresh weight (g) and medium pH o f Dionaea suspension cultures throughout the
growth cycle, (n = 4 ± s.d.)
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pH 2 .77 is quite acidic for suspension cultures, Zenk et al (1975) recorded as drop in pH from 5.5
to 4 during the exponential growth of Morinda citrifolia suspension cultures. A decrease in
medium pH is associated with the uptake o f ammonium by the cells from the culture medium. The
pattern observed for Dionaea may indicate ammonium ions are preferentially taken-up first,
followed by nitrate uptake, resulting in the increase in medium pH observed later in the cycle.
Dionaea suspension cultures show a tolerance for low pH similar to intact Dionaea plants which
grows in acidic soils in their natural environment (Roberts and Costing 1958). Fluctuation of
media pH is common in plant cell systems and has been documented throughout the growth cycle
of other cells eg. Morinda citrifolia (Zenk et al 1975) and Atropa belladonna (Rothe et al 2001).
The change in pH o f the media is also believed to be due the increased permeability o f the cells
walls as the polysaccharide fractions replicate during cell growth and division (Faik et al 1995). A
fluctuating pH is therefore seen during exponential growth o f the cells.

From the growth kinetics established it was clear that Dionaea muscipula suspension cultures
were slow growing. Growth cycles of plant suspension cultures can vary greatly from 3-6 weeks
depending on the species and growth rate of the culture (Evans et al 2003). Zenk et al (1975)
observed maximum growth rate and anthraquinone production by Morinda citrifolia cells to occur
simultaneously at day 25 and found a rapid decline in cell dry cell weight and anthraquinone
production after day 30 due to lysis of the cells. Anthraquinone producing cell lines from Rubia
cordifolia (Suzuki et al 1984) followed a similar pattern but Cinchona succirubra suspension
cultures achieved maximum biomass and anthraquinone production after 14 days in culture
(Khouri et al 1986) while anthraquinone production in Galium mollugo cells reached a maximum
after 7 days (Wilson and Marron 1978). The growth kinetics observed with Dionaea more closely
mimic the growth kinetics o f the slow growing Cinchona ledgeriana suspension cultures where
maximum biomass occurs at day 50 followed by maximum anthraquinone production later in the
cycle (Robins et al 1986b, 1986c). Drosera species produced 7-methyljuglone (an isomer of
plumbagin) over a growth cycle of 28 days. Growth for any further period of time caused cel!
death and lyses resulting in naphthoquinones leeching into the culture medium (Hook 2001). It
was concluded from this that high levels of 7-methyljuglone were toxic to the Drosera cells.
However the Dionaea cells appear tolerant of high levels of plumbagin as maximum yields o f 6.5
% DCW were achieved and associated with a only a slight decrease in biomass. Although
maximum biomass occurred at day 40 of the growth cycle, cell biomass did not decrease greatly
after this, indicating that suspension cultures of Dionaea like the parent plant can exist in nutrient
poor environments. As a carnivorous plant, Dionaea has adapted to these unfavourable conditions
by growing slowly and can survive in a nutrient deficient environment (Adamec 1997).
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The growth kinetics observed for Dionaea mimics the growth pattern and plumbagin production
observed in Plumbago rosea root cultures where maximum plumbagin production was observed
during the stationary phase of growth (Panichayupakaranant and Tewtrakul 2002). Other
naphthoquinone producing cell lines have exhibited shorter growth cycles e.g. shikonin
production by Lithospermum cell cultures was over a period of 14-21 days weeks (Fujita et al
1981, Tani et al 1993, Gaisser and Heide 1996). For maintenance of a suspension cuhure it is best
to subculture cells on to fresh medium in the early stationary growth phase (Evans et al 2003),
therefore a six week subculture cycle was determined for Dionaea cultures.

4.3 Elicitation
Plumbagin levels of the Dionaea cell culture were seen to reach 6.5 % DCW after a long culture
period o f over 55 days (approximately eight weeks). In an attempt to increase the levels of
plumbagin over a shorter period a number of elicitation experiments were carried out. A series of
known elicitors o f naphthoquinones and secondary metabolism were used, along with a number of
novel elicitors, in an attempt to exploit the unique physiology of Dionaea. Although reasonable
success has been achieved with elicitation of other plumbagin producing suspension cultures such
as Drosophyllum (Nahalka et al 1998) and Plumbago (Komaraiah et al 2002), elicitation of
Dionaea suspension cultures has not been carried out previously.

4.3.1 Polysaccharides
The ability o f polysaccharides or oligosaccharides to interfere with plant cell growth and the
production o f secondary metabolites has been investigated. Polysaccharide fragments rich in
gaiactouronic acid from the primary cell walls have been shown to trigger specific responses in
the plant, such as defence mechanisms, regulation of cell growth and time of flowering (McNeil et
al 1984). Owing to their ability to trigger defence responses in plants various polysaccharides
have been used as elicitors of secondary metabolites. It is now widely accepted that microbial
invasion o f intact plants will activate plant defence mechanisms including the synthesis of
antimicrobial metabolites (Dorenburg and Knorr 1995). Sterilised polysaccharide hyphae of
fungal cell walls or polysaccharide fragments o f bacterial cell walls, when added at a crucial time
period during a cell culture growth cycle, can stimulate a defensive response and enhance
secondary

metabolite

production.

Several

polysaccharides

isolated

from

plants

or

microorganisms, or produced externally by microorganisms, have been screened for their elicitor
effects.

Polysaccharides

involved

in

interactions

between

plants

and

microorganisms

(chitosan/chitin and pectin) gave the best results by activating secondary metabolism in Morinda
citrifolia cultures (Zenk et al 1975). The plant’s response to different polysaccharides was shown
to occur as a result of progressive interaction between plants and microorganisms in specific plant
defence strategies. In our studies, we examine the ability o f a series of polysaccharides to

68

Chapter 4 Dionaea muscipula -Results and Discussion

influence the growth and productivity of Dionaea suspension cell cultures. The polysaccharides
used in these experiments have been previously used to enhance secondary metabolism in
suspension cultures. The polysaccharides investigated were:

Agar, the jelly-like material extracted from various red algae {Rhodophycophyta) (Guiry and
Blunden, 1991). The polysaccharide fraction amounts to about 90 % of the dried product and can
be divided into two main portions: agarose and agaropectin. Their proportion in agar varies
according on the origin of the algae. Addition of agar in concentrations below that of gelling has
been used to enhance secondary metabolite production e.g. addition of agar increased the
concentration o f the anthraquinone shikonin in Lithospermum erythrorhizon cell suspension
cultures (Fukui et al 1983).

Agarose, a linear polysaccharide mainly consisting of [3-D-galactopyranose and 3,6-anhydro-P-Lgalactopyranose, which are linked alternately (Duckworth and Yaphe 1971) (Figure 4.7).
CH,OH

Figure 4.7 Structure of agarose
The structure of agaropectin is similar but more complex (Figure 4.8). Whereas in agarose only
every tenth molecule carries sulphate, the degree of sulphonization in agaropectin is higher. Its
sugars are also modified with (9-methyl and pyruvate (Duckworth and Yaphe 1971).

H O OC

HO

CHjOSOH
O
OH

- - -

OH

Figure 4.8 Structure of agaropectin
High contents o f 3,6-anhydro-L-galactopyranose and low degrees of substitution increase the
gelling abilities o f agar. Accordingly, agarose is the good gelling fraction whereas agaropectin has
poor gelling properties (Hjerten 1962, Russell et al 1964).

Laminarins are storage /S-glucans o f a low molecular weight (degree o f polymerisation is 20-50).
They occur in brown algae {Phaeophycophyta) (Guiry and Blunden 1991). The backbone consists
o f (l-^3)-^-D-glucopyranose with several ^-(l->6)-intrachain links and 6-O-branchings in the
main chain with D-mannitol residues at the reducing end (Chizhov et al 1998). Different algal
species may contain laminarins of different composition e.g. in branching and degree of
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polymerisation. Laminarin enzyme-hydrolyzates were used to enhance the podophyllotoxin yield
in cell cultures of Juniperus chimnsis

(Muranaka et al 1998). An aqueous solution o f the

laminarin enzyme hydrolyzates added to the cells produced a 4.5 fold increase in podophyllotoxin
levels compared to control.

Chitin is a linear polysaccharide composed of (l->4) N-acetyl-D-glucosamine (GlcNAc) residues
(Figure 4.9). Chitosan is its N-deacetylated product. It forms the exoskeletons of insects and
crustaceans, and is commercially prepared from crab shells. It also forms the cell walls of fungi
(Zhang et al 2000, Tharanathan and Kittur 2003). Chitin has emerged as one of a new class of
physiological materials with sophisticated functions and finds extensive applications in the
pharmaceutical, agricultural and food industries (Tharanathan and Kittur 2003, Tsigos et al 2000).

COOCHj

COOCH,

Figure 4.9 Structure of chitin monosaccharide units
Chitin and chitosan are widely distributed in nature. This polycationic polymer appears to be
involved as a regulatory molecule in a number of different biological systems. Chitin has been
proposed as an elicitor of defence reactions in higher plants due to is its role in plant-pathogen
interactions. Upon infection by a fungus the host often produces chitinases which may act on the
fungal cell wall to liberate chitosan. This chitosan may induce gene expression in the host plant
resulting in the induction of phytoalexin production (Brodelius et al 1989). This chitosan-induced
elicitation has been proposed to be active through an elevation o f phospholipase C and protein
kinase C pathways (Vasconsuelo et al 2003).

In a preliminary experiment to identify an elicitor of Dionaea suspension cultures the four
polysaccharides outlined above, agar, agarose, laminarin and chitin, were added to the medium of
the Dionaea suspension cultures. To investigate any interaction with the cells, the elicitors were
added to the growth medium prior to sterilisation at two concentrations (100 mg and 10 mg per
flask or 100 ml media). The medium was inoculated with cells and the suspension cultures were
grown for 28 days after which the cells were harvested, weighed and the plumbagin content
quantified.

The effect o f polysaccharide addition on biomass is shown in Figure 4.10. The addition of the
polysaccharides altered the metabolism in some cases. The most significant effect was the
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decrease in biomass and plumbagin production seen on the addition of chitin (see Section 4.2.2).
Laminarin caused a slight but not significant increase in growth, at both 100 mg and 10 mg/flask,
but plumbagin production was unaltered. Agar was observed to have no effect on the biomass or
secondary metabolism of the cells. Addition of the gelling portion of agar, agarose, to the growth
medium was observed to cause a slight increase in plumbagin production at 10 mg/flask. However
this increase was not found to be statistically significant.
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Laminarin
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lOOmg
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10mg
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E licitor

Figure 4.10 Biomass (g DCW), growth index and plumbagin content (% DCW) of the Dionaea
suspension cultures after the addition of a series of polysaccharides to the growth medium (n = 4
± s.d.)
Agar was first identified by Fukui et al (1983) as a potential elicitor o f naphthoquinone
biosynthesis in suspension cultures of Lithospermum erythrorhizon. Callus cultures of
Lithospermum erythrorhizon growing on agar-solidified L+S medium produced shikonin
derivatives. However transfer of the Lithospermum cultures to agar-free liquid medium inhibited
the biosynthesis of the naphthoquinones. Addition of agar at concentration of 50 mg/100 ml up to
5 g/100 ml to the liquid medium was observed to initiate biosynthesis o f shikonin derivatives in
the suspension cultures. Investigations into the active component of the agar led to the conclusion
that agaropectin, the acidic polysaccharide portion was more active than the neutral agarose
portion. Their work concluded that polysaccharides having acidic functional groups in the
molecule play an important role in pigment formation in suspension cultures (Fukui et al 1983).
The suggested mode of action here was not seen to be due to possible cation-exchange but the
authors suggest the acidic polysaccharides may combine with proteins of the protoplasmic
membrane to bring about a drastic change in cell physiology. Our callus cultures o f Dionaea
muscipula grew poorly on agar-solidified media and Phytagel® was used as an alternative gelling
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agent. From these observations, it was proposed that the agar interfered with cell growth and
metabolism. However this effect did not translate into liquid culture as lower concentrations of
agar in liquid medium has no effect on growth or secondary metabolism o f the cells. Laminarin
enzyme hydrosylates have previously enhanced podophyllotoxin levels in Juniperus chinensis
suspension cultures (Muranaka et al 1998). The production of shikonin (a naphthoquinone) by
Lithospermum erythrorhizon suspension cultures was augmented by commercial polysaccharides,
citrus polygalacturonides (Tani et al 1992). However the use o f these polysaccharide elicitors has
been shown to be unpredictable, a fact supported by our experiments.
4.3.2 Chitin
The most significant interaction observed with the cells was produced by the addition of chitin to
the culture medium. The main effects observed were the reduction in growth and plumbagin
metabolism o f the cells. The effects of chitin was found to be dose dependent with 100 mg
producing a greater inhibition than 10 mg (Figure 4.11).

5
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D D r y W e ig h t (X 1 0 )

Chitin 100mg

■ G ro w th In d e x

Chitin 10mg

□ N a p h th o q u in o n e s
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Figure 4.11 The effect on growth index, dry weight, plumbagin production and medium pH
with the addition of chitin to the growth medium o f Dionaea muscipula suspension cultures
(n = 4 ± s.d.)
These concentrations were chosen to compare with elicitation work carried out with suspension
cultures of another plumbagin-producing carnivorous species, Drosophyllum. In Drosophyllum
suspension cultures, similar concentrations o f chitin produced a marked increase in the production
of plumbagin (Nahalka et al 1998). In the Drosophyllum cells, addition of chitin was found to
cause the leeching of plumbagin into the surrounding media, thought to be due to the effect which
chitin has on membrane permeabilisation (Nahalka et al 1998). Chitin is a polycationic polymer
and its positively charged amino groups are thought to interact with negatively charged sites in the
cell wall altering membrane permeability (Brodelius et al 1989, Kotze et al 1999). This can be
seen as an increase in media conductivity due to the release of ions into the media. This alteration
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o ' membrane permeability can result in cell death and work carried out by Brodelius et al (1989)
found that to enable elicitation to occur chitin concentrations should be sufficiently low to not
arTect the conductivity of the culture media indicating that it has not altered membrane
permeability. Although the media conductivity here was increased, the difference was not found
tc be significant (Figure 4.12). At these concentrations, however, no elicitation effect was
oBserved in the suspension cultures. Chitosan (deacetylated chitin) has also been used as an
eiicitor to enhance the production of plumbagin in Plumbago rosea L. (Komaraiah et al 2002) and
Crosophyllum lusitanicum (Nahalka et al 1998). Similarly the production of sanguinarine by
Pjpaver somniferum cell suspension was induced when elicitation was carried out using either
ccmmercial chitin or Botrytis fungal homogenate (Williams et al 1992). Our results were contrary
tc these but are in agreement with work carried out with Atropa belladonna where chitin inhibited
th; production of calystegines (Rothe et al 2001).
2.5

C h itin 10O m g

C h itin 10 m g

C on tro l

Figure 4.12 The effect on the conductivity of the growth medium with the addition of
chitin to suspension cultures of Dionaea muscipula (n = 4 ± s.d.)
A(dition of chitin to cell cultures is thought to mimic a fungal attack on the plant, thus stimulating
th( plant to respond with an increase in antimicrobial compounds produced. Chitin can, however,
be considered as a nonspecific eiicitor that can induce a hypersensitive response in plants which
wil in turn lead to programmed cell death (PCD) equivalent to apoptosis (Tada et al 2001). Such
an effect may be active in the Dionaea experiments, resulting in the decrease in biomass and
phmbagin levels. Achieving elicitation is a matter of balancing the induction of plant defences
anl phytoalexin production without inducing the hypersensitive response and cell death.
Na)hthoquinones, such as menadione, are inducers o f this hypersensitive response through
oxdative stress (Sun et a\ 1999) and it may also be that chitin increases the level of plumbagin (a
su|eroxide generator), which adds to the hypersensitive reaction leading to the pronounced
inhbition found. Other experiments using lower concentrations of chitin or altering the time of
ad(ition and length o f exposure of the eiicitor to the suspension cells needed to be carried out to
ex;mine this.
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After the capture of prey by intact Dionaea muscipula plants, chemical stimulation from the
trapped insect increases closure and stimulates the secretion of mucin and enzymes to begin the
digestion process. Contained within this digestive fluid are many proteases, esterases and also
chitinases that possess the ability to degrade the hard exoskeleton of the insect to produce the free
N-acetyl sugars (Juniper et al 1989). These digested proteins are used as nutrition by the intact
plant to stimulate growth (Adamec 1997), however in our experiments the growth o f suspension
cultures o f Dionaea muscipula were greatly inhibited by the addition of chitin to the growth
medium.

A second experiment was designed to examine in more detail the effects o f chitin on the
suspension cultures. As the concentrations used previously had an effect on the cells but did not
alter medium conductivity, chitin was added at the same concentrations 10 mg and 100 mg/flask
(100 ml medium) during the exponential growth phase o f the cells.

The results for this experiment are shown in Figure 4.13. The addition o f chitin at these
concentrations during the growth cycle had no pronounced effect of the growth or
naphthoquinone metabolism o f the cells. There was no statistical significant difference between
the control cultures and the test cultures. Despite the concentration of chitin not altering the
conductivity o f the culture medium was as recommended by Brodelius et a lio achieve elicitation,
the chitin had no effect on the cells.
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Figure 4.13 The Biomass (g DCW), growth index and plumbagin content (% DCW) of Dionaea
muscipula suspension cultures after the addition of chitin to the growth medium (n = 4 ± s.d.)

4.4.3 Monosaccharides
Due to the observed interaction between chitin and the Dionaea suspension cultures, further
experiments with monosaccharide units o f chitin and other polysaccharides were investigated. N-
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acetyl-D-glucosamine (Figure 4.14) is the monosaccharide unit of chitin. Oligomers o f this
compound have been used as elicitors for plumbagin elicitation (Nahalka et al 1998, Komaraiah et
al 2002, 2003). Also added were two other monosaccharides found in both the polysaccharides
used: N-acetyl-D-mannosamine, N-acetyl-D-galactosamine (Figure 4.14). The monosaccharides
were added at a concentration of 1 m g/100 ml media. The effects of the monosaccharides over
two time periods were examined. In the first experiment, elicitors were added at inoculation (day
0) and harvested on day 40 and in the second experiment addition was on day 34 o f the growth
cycle and cells were also harvested on day 40.
HOCH.
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Figure 4.14 Structure o f monosaccharides
The monosaccharides, N-acetyl-D-glucosamine (N-glu), N-acetyl-D-mannosamine (N-man) and
N-acetyl-D-galactosamine (N-gal), caused a significant increase in the biomass of the cells.
Addition o f the monosaccharides to the growth medium at day 0 of the growth cycle had no
influence on the cells over the 40-day growth period. However addition o f the monosaccharides at
day 34 and subsequent harvesting six days later showed a significant enhancement o f biomass in
comparison to the control cells also grown over 40 days (Figure 4.15 and Table 4.1).

Addition of N-acetyl-D-glucosamine (N-glu) to the cells at day 34 of the growth period increased
the growth by 33%. This increase in growth was accompanied by an increase in the plumbagin
production, which also increased 33% in comparison to the control. N-glu is the monosaccharide
present in the chitin polysaccharide. Nahalka et al (1998) continued experiments with
Drosophyllum suspension cultures by the addition o f oligosaccharide fragments of chitin from
crab shells to the growth medium. This resulted in an increase in plumbagin production and the
release of plumbagin into the surrounding cell media. The authors then compared crude chitin, Nacetyl-D-glucosamine (N-glu) and D-glucosamine (Glc). They found that both chitin and N-glu
caused an increase in plumbagin production but Glc did not cause the release of plumbagin into
the liquid media, indicating that it may not be as toxic to the cells as chitin. Addition o f this
monosaccharide to cells of Drosophyllum increased the plumbagin production approximately 1.4
times but did not enhance the growth. Addition of the N-glu by Nahalka et a/ (1998) did not cause
a hypersensitive response resulting in cell lysis and release o f plumbagin into the media for the
Drosophyllum cells, a result confirmed by our experiments. Further studies with the
Drosophyllum cells indicated that oligosaccharides of N-glu of monosaccharides units greater
than 7 gave further enhancement o f plumbagin production by the cells at lower concentrations
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than the monosaccharide. Oiigogalacturonides from partially hydrolysed citrus sodium
polygalacturonides were used as exogenous oligosaccharides for the elicitation of shikonin from
Lithospermum erythrorhizon suspension cultures (Tani et al 1992, Fukui et al 1983). It was
discovered that these oiigogalacturonides activated a series of enzymatic reactions involved in
shikonin biosynthesis. Examinations o f different galactouronic acid oligomers with regard to their
role in inducing anthraquinone synthesis in Morinda citrifolia showed a decrease in production
when using galactouronic oligomers with a short chain length of one to five units. Only oligomers
with more than 5 units produced elicitation.
□ Dry weight
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■ Growth Index
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N-glu 0

N-glu 34

N-gal 0
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Bicitor and day of addition

Figure 4.15 Biomass (g DCW), growth index and plumbagin content (% DCW) o f the Dionaea
suspension cultures after the addition of monosaccharides to the growth medium.(n = 4 ± s.d.)
Table 4.1 The effect of monosaccharides on biomass and plumbagin production compared to control
Monosaccharide
added

Concentration

Time of

(mg/lOOmll)

addition

Biomass growth %

Plumbagin pr
%

Nglu

1

Day 0

119.3 ± 8

105.6 ± 10

Nglu

1

Day 34

132.6 ± 8 * *

129.0 ± 10***

Ngal

1

Day 0

106.2 ± 4

88.6 + 9

Ngal

I

Day 34

121.7± 11*

1 1 4 .4 1 9 *

Nman

1

Day 0

105.6 ± 4

95.8 ± 6

Nman

1

Day 34

129.3 ± 6**

128.1 ± 17***

Control

0

100.00

100.00

♦P< 0.05, **P<0.01, ***P<0.001

N-acetyl-D-mannosamine (N-man) also enhanced both growth and secondary metabolism of the
cells after addition on day 34. This effect was not observed when the monosaccharide was added
on day 0. The enhancement was approximately the same as with N-glu as shown in Table 4.1. N-
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acetyl-D-galactosamine also enhanced growth and secondary metabolism, however this was not
as pronounced as the enhancement with the other two monosaccharides. Galactosamine has
shown to cause apoptosis (programmed cell death (PCD)) in mammalian cells (Gujral et al 2003).
It caused a dose-dependent apoptosis in rat hepatocytes measured by elevated capsase activity.
Capsases are important messengers in the cellular pathway of apoptosis in mammalian cells,
however the existence of equivalent compounds in plant programmed cell death is still being
investigated, although galactosamine residues have induced defence responses in plant cells
resulting in elevated secondary metabolism, as observed for Dionaea suspension cultures.

The response to elicitation is dependent on the growth phase o f the culture which not only affects
the quantitative response but also the product pattern in general. From the results shown here it is
clear that elicitation responses depends on the time o f addition of the elicitor to the cells. For the
Dionaea cells, addition of the elicitor at the end of exponential growth phase and time of
secondary metabolite formation gave a higher response than addition at the beginning of the
growth cycle. Also a shorter period between addition of the elicitor and harvesting may decrease
the hypersensitive response of the cells resulting in elevated naphthoquinone concentrations.

4.4.4

Chitin and N-acetyl-D-glucosamine time course

From the results obtained in previous experiments, chitin and N-glu were identified as potential
elicitors of Dionaea suspension cultures. The effects of low concentrations of these compounds
over a time course were examined. Both elicitors were added at 1 mg/100 ml media to the
suspension cultures. The elicitors were added late in the growth cycle, day 34, and harvested 24
hr, 48 hr, 96 hr, and 144 hrs after addition. The effect on plumbagin content and growth index of
the cells are plotted in Figure 4.16. The plumbagin production was initially slightly suppressed by
the addition of chitin after 24 hrs, however this effect was not observed for the further time
periods. Overall plumbagin content was unaltered by the addition of chitin and N-glu to the cells.

The growth index of the cells was unaltered for the first three time periods. However addition of
N-glu for 144hr (6 days) did increase the growth o f the cells as observed previously. Dionaea
muscipula as a carnivorous plant has the ability to digest and assimilate organic nitrogen from
insect prey (Juniper et al 1989). This ability is especially expressed in periods of low nutrition
from soil nutrients (Schulze et al 1999). The increase in biomass observed in the cells by the
addition of N-glu may reflect the use of the cells of this organic nitrogen source to boost primary
metabolism and growth during a time when media nutrients were low.
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Figure 4.16 The effects of addition of chitin 1 mg (T l) and N-acetyl-D-glucosamine 1 mg (T2)
to the growth medium o f Dionaea suspension cultures for 24 hr, 48hr, 98hr and 144 hr; (a)
plumbagin content (% DCW) (b) growth index. (n=4±s.d.)
4.4.5

M ucins

A significant feature o f carnivorous plants is the secretion of mucin, either involved in the
trapping mechanism as in Drosera and Drosophyllum or in the digestive process as in Dionaea.
Tentacles of intact plants o f Drosera are known to excrete a highly viscous acidic mucin. The
viscosity of an 0.2 % solution of the mucin is 6 times higher than water (Rost and Schlauer 1977).
The secreted mucin represented a pure solution of acidic polysaccharide in water. Chemical and
gravimetric methods demonstrated that the native secretion of the sundew {Drosera) leaves
contained, on average, 4 % polysaccharide. The polysaccharides were composed of
predominantly xylose, mannose, galactose and glucuronic acid residues with a 1.2 % of sulphur
present (Rost and Schlauer 1977). Sialic acids or other similar compounds found in animal mucins
were not deemed to be present. Suspension cultures of Drosera capensis were found to excrete a
similar mucin into the surrounding culture medium (Hook et al 1997). The mucin is associated
with high concentrations o f naphthoquinones (7-methyljuglone) in the suspension cultures.

The a-globulin, fetuin, was first isolated in 1944 from fetal bovine serum (Begbie 1971). Fetuin is
used in mammalian cell culture as a growth promoter. The main structural features of fetuin have
been outlined by Spiro et al (1962) who showed that it was composed of 20-25 % carbohydrate,
mainly

mannose,

galactose,

N-acetylglucosamine

and

N-acetylneuraminic

acid.

N-

acetylneuraminic acid (Figure 4.17) is also known as a sialic acid (Maru et al 2002). Sialic acid is
the generic name given to a family of acylated derivatives of a 9-carbon carboxylated
monosaccharide. Up to 40 modifications of this structure have been identified.
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Figure 4.17 Structure of N-acetylneuraminic acid (sialic acid)
Sialic acids occupy strategic locations on the outermost part of the carbohydrate moieties of
membranes and secreted glycoconjugates (glycolipids, glucoproteins and liposaccharides). In
general, the importance of these structures lies with their potential to regulate a multitude of
cellular and molecular recognition phenomena. They serve as antigenic determinants or
components of receptors for a variety of molecules and cells, such as hormones and cytokines,
toxins, viruses, bacteria and protozoa. They also serve as ligands for receptors, such as plant
lectins, mediating a variety o f cell-cell immune response processes. Sialic acids can also be used
to mask other recognition sites rendering cells as “self’ and thus preventing recognition and
activation o f the immune system. Such properties have been exploited by microorganisms and
malignant cells to prevent recognition by the humoral defence system. Sialic acids have been
implicated in the cellular response involving mitochondria which results in apoptosis or
programmed cell death. The second animal derived mucin used for elicitation was crude mucin
derived from porcine stomach containing 1 % sialic acids.

These natural mucins were added to the suspension cultures of Dionaea to investigate the
elicitation potential of these compounds. Two structurally similar animal derived mucins
containing 1 % sialic acid were used; Fetuin and porcine mucin and the plant derived mucin from
Drosera suspension cultures. The mucins were added to the growth medium prior to sterilisation
at two concentrations 100 mg or 10 mg per flask (100 ml medium). Fetuin was added at a lower
concentration o f 50 mg and 10 mg due to availability.

The biomass (given as dry cell weight), growth index and plumbagin content (% DCW) of the
cells after the addition of the three mucins to the cell media is shown in Figure 4.18. Plumbagin
production o f the cells during the experiment were quite variable, however overall production was
not enhanced by the addition o f the mucins (P > 0.05). Analysis of the growth index showed
growth index varied significantly amongst test points with the addition o f the mucins (P< 0.001),
Analysis of individual tests in comparisons to control showed that addition o f fetuin at 50 mg and
porcine mucin at 100 mg had no effect on growth but at 10 mg per flask the growth index was
enhanced. The extracted Drosera mucin did not affect the growth or plumbagin production o f the
cells. Biomass (dry cell weight (g)) was slightly enhanced but this was not significant.
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Components of these mucins such as sialic acid and the galactosamine monosaccharides have
been shown to cause hypersensitive responses, resulting in apoptosis in mammalian cells (Maru et
al 2002). Induction of a hypersensitive response in plants usually results in the increase of
phytoalexins such as plumbagin, however this was not seen in the Dionaea cell cultures. Cell
growth was more variable but had not decreased in comparison to control and plumbagin
concentration was not changed indicating that a defence response to these compounds was not
initiated.
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Figure 4.18 Biomass (g DCW), growth index and plumbagin content (% DCW) of Dionaea suspension
cultures after the addition of a series of natural mucins to the growth medium, (n = 4 ± s.d.)

4.4 Precursor feeding
Precursor feeding involves supplying the suspension cultures with an easily available and cheap
precursor to metabolism to obtain high amounts o f the desired compound. Plumbagin has been
shown to be biosynthesised via the polyketide pathway in the Droseraceae. This is an unusual
pathway for naphthoquinone biosynthesis in higher plants. Acetate therefore serves as a starter
molecule in the biosynthesis of plumbagin and sodium acetate was be added to suspension
cultures o f Dionaea as an exogenous precursor to plumbagin biosynthesis. Sodium acetate was
added to the growth medium at 10 % of the sucrose concentration (i.e. 0.3 % or 300 mg/100 ml).
The acetate was added to the cells at day 7 after the initial lag phase o f the cells. However, 24
hours after addition o f the sodium acetate, the cells began to turn progressively darker eventually
turning black and lysing plumbagin into the growth medium. After three weeks of growth, the
cells were considered to have died and were harvested and analysed for plumbagin. As can be
seen from Figure 4.19, addition of the sodium acetate early in the growth cycle was toxic to the
cells. The growth index o f the cells was less than one since the cells had died. Very low
concentrations of plumbagin were recovered from the cells or the growth medium. The same

80

Chapter 4 Dionaea muscipula -Results and Discussion

concentration o f sodium acetate (300 m g/100 ml) was added to the cells at the end of the growth
cycle on day 39 and harvested 24 hrs later. The resulting growth and plumbagin production was
more variable and slightly decreased when compared to the control but no significant increase
was observed in plumbagin production (Figure 4.19). Therefore it was concluded that sodium
acetate could not be used to enhance plumbagin as a precursor. Previous experiments have shown
that precursor feeding can be toxic e.g. feeding of 4-hydroxybenzoate (a precursor to the
naphthoquinone shikonin) to Lithospermum erythrorhizon is toxic to the cells (Gaisser and Heide
1996). Shikimic acid, or its precursor quinic acid, also did not enhance anthraquinone formation
in Morinda citrifolia suspension cultures. The authors considered that the precursors were too
metabolicaliy distant to directly influence anthraquinone biosynthesis. Ortho-succinylbenzoic acid
a more direct precursor for anthraquinones did stimulate anthraquinone formation (Zenk et al
1975).
4
D D ry weight O G row th Index □ N aphthoquinones

Na a c te ta te day 7

Na a c e ta te day 39

Control

Figure 4.19 The Biomass (g DCW), growth index and plumbagin content (% DCW) o f Dionaea
suspension cultures after feeding the plumbagin precursor, sodium acetate (n = 4 ± s.d.)

4.5 In situ adsorption
In some cases the accumulation products in the growth medium inhibits further production of
secondary metabolites (Kim el al 1999). If the formation o f a product is subject to feed back
inhibition or intracellular degradation, the removal and sequestering of the product in an artificial
compartment may reduce end-product inhibition and thus improve metabolite yield. The product
can be removed by a membrane filtration process, by extraction, by evaporation or by adsorption.
Among these techniques solid adsorbents have been used by some researchers. An advantage of
solid adsorbents over organic solvents is the low risk o f toxicity when using polymeric materials
as sorbents (Kim et al 1999). A wide range of polymeric adsorbents have been designed for the
removal o f organic material. Amberlite XAD resins have been previously used to remove
anthraquinone production by suspension cultures o f Cinchona ledgeriana (Richard and Rhodes
1986). Amberlite XAD 2 resin was added at 1 g o f resin per flask (100 ml media) to the growth
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medium o f the Dionaea cultures on day 7 of the growth cycle after the initial lag phase. The
growth and naphthoquinone content (% DCW) of the cells was slightly enhanced but this was not
found to be statistically significant (Figure 4.20). The productivity of the cells, plumbagin (g) per
litre of medium (g/l), was also calculated to investigate the effect of the resin on the total
productivity o f the cells. The overall productivity was not significantly enhanced by the addition
of resin to the growth medium (Figure 4.21). Use of in situ adsorption is more successful in
cultures where the secondary metabolites are excreted into the surrounding growth medium, as
this will normally inhibit any negative feed back inhibition. Use of resin absorbents have also
been used successfully in combination with an elicitor (e.g. chitin) that increases membrane
permeabilisation and causes leaking of secondary metabolites (Archambault et al 1996b,
Komaraiah et al 2003). Amberlite XAD resins have also been used in paclitaxel production Kwon
eta l 1998).
5
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Figure 4.20 The biomass (g DCW), growth index and plumbagin content of Dionaea
suspension cultures after the addition of Amberlite XAD-2 adsorbent resin to the culture
medium on day 7 of the growth cycle.
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Figure 4.21 The plumbagin productivity (g l ’) of Dionaea suspension cultures after the
addition o f Amberlite XAD-2 adsorbent resin to the culture medium on day 7 (n = 4 ± s.d.)
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4.6

Growth Medium Optimisation

Product yields in plant tissue culture can also be improved by optimisation o f the culture process.
This can be done either by optimisation o f the medium composition or by changing other
cultivation parameters like the light conditions (Fuss 2003). It was observed during the initiation
of suspension cultures that the growth medium greatly affected the growth and naphthoquinone
production o f the Dionaea cells. The suspension cultures of Dionaea muscipula developed
differently depending on the growth medium. In McC medium the cells grew as red aggregates
(See Figure 4.2) and these cells were found to produce plumbagin as naphthoquinone, the same as
the parent plant at 2.59 ± 0.37 % dry cell weight (DCW) (Hook 2001). In M+S medium the
suspension cultures exhibited poor growth and began to lose viability. Through continuous
subculturing, a poorly-growing white cell line emerged (Figure 4.3), which did not produce any
naphthoquinones (Hook 2001). This variation could be due to somaclonal variation of the cells
but was believed to be as result of nutritional factors of the growth media. The organic elements
used for both media were identical, however comparison o f McC and M+S basal salt formulations
noted significant differences in the elemental composition and concentrations of the two media.
Outlined in Table 4.2 are the major differences in inorganic nutrients (See Appendix 8 for full
basal salt composition details).
Table 4.2 The major elemental differences in M+S and McC basal salt composition
Elem ents

M urashige and S koog

M cC ow ans

C 0 CI2

0.11 nm

-

CUSO 4

0 . 1 0 urn

I.OO^m

K NO3

18.79 mM

-

Ca(N03>2

-

2.35 mM

NH4NO3

20.61 mM

5.00 mM

C aC l 2

2.99 mM

0.65 mM

K2SO4

-

5.68 mM

The influence of the elemental composition of the growth medium was tested in a series of
experiments. O f the elements, two were considered important for plant secondary metabolite
synthesis: nitrogen (nitrogen) and copper (Cu^^). McCowans medium has relatively low
concentrations of nitrogen present (total nitrogen 9.7 mM) and a high concentration o f Cu^^ (1.00
|iM) whereas M+S medium is nutritionally-rich with high concentrations o f nitrogen present (total
nitrogen 60.01 mM) but lower concentrations o f Cu^^ (0.10 fiM). For the first experiment, the
effects of these factors on the growth and plumbagin biosynthesis o f the red Dionaea McC
suspension culture line were investigated in a statistically designed factorial experiment.
Statistical design o f a factorial experiment allows efficient use of data points and also allows the
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identification o f any interactions between factors (Das et a l 2001). The first experiment examined
three factors; the effects o f increasing inorganic nitrogen supply in two forms-nitrates (NO3 ) and
ammonium (NH ) and the effects o f decreasing copper sulphate (CUSO ) concentrations. In a
4

4

second experiment, the influence o f further decreased levels o f nitrogen in McCowans medium
were examined. The total nitrogen concentration was decreased and the effect o f NO3' or NH4" as
the sole nitrogen supply examined. The supply o f nitrogen in an organic form as an amino acid
(glutamine) or as a protein mixture (casein acid hydrolysates) was also examined. Finally the
McC suspension cultures were transferred to eight media each with variable basal salt
composition, especially nitrogen concentrations. Growth and plumbagin production was
monitored for three subculture cycles.

Nitrogen is essential for plant life, as it is an integral constituent o f many important biological
compounds, occurring in chlorophyll, amino acids, nucleic acids and all proteins with the latter
serving as enzymes (Fargo 1994, Evans 2003). Rhizobium bacteria are able to convert elemental
nitrogen to ammonia through nitrogen fixation. Ammonium is further converted to nitrate by soil
bacteria. Nitrate reduction to form other nitrogen compounds such as amino acids takes place in
the roots. Plants take up nitrogen both as nitrate (usually the most abundant form o f soluble
nitrogen in the soil) and as ammonium, although the balance varies with species, nitrate is the
major source (Fargo 1994). In plant culture media, inorganic nitrogen is usually supplied in two
forms, in an oxidised form as the nitrate anion (NO ) and in a reduced form as the ammonium
3

cation (NH4 ). Most cultures seem to grow best when supplied with both forms. In some media
formulations organic nitrogen is also added as amino acids or protein hydrolysates. These organic
forms o f nitrogen cannot fully substitute for the inorganic forms. Nitrogen sources may also play
an important role in product accumulation in plant cells. For example in Lithospermum
erythrorhizon, shikonin biosynthesis was inhibited by ammonium ions, but these ions promoted
cell growth (Evans 2003). The main function o f copper is as protein bound copper in redox
reactions. Copper is added to culture media usually at about 0.1 nM as copper sulphate. It is toxic
at higher concentrations although high concentrations o f copper have been used in plant cell
culture as an abiotic elicitor.

4.6.1 Inorganic nitrogen and copper
In order to understand their role in growth and plumbagin production o f Dionaea suspension
cultures, copper and nitrogen (as nitrate and ammonium) were subjected to a statistical
optimisation in McC medium with two responses being monitored; growth and plumbagin
production. The three test factors, copper sulphate (CUSO4), ammonium nitrate (NH4NO3) and
calcium nitrate (Ca(N

0 3

) ) were set at two levels, ‘high’ and Mow’ as given in Table 4.3 and the
2

elements combined according to the factorial design given in Table 4.4. This experimental design
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also allow ed the identification o f any interactions seen betw een the factors. The m edia
com binations w ere form ulated according to Table 4.3 and 4.4 as given in A ppendix 4. The effect
on grow th was m onitored using growth index and the plum bagin production o f the cells was
m onitored as % DCW.

Table 4.3 The factors and levels used to investigate the influence o f copper and nitrogen
‘Low’ -

‘High’ +

Element
CUSO4

^M

1 . 0 0

0 . 1 0

nM

NH4 NO3

10.00 mM

5.00 mM

Ca(N03>2

4.7 mM

2.35 mM

Table 4.4 The Factorial design for copper and nitrogen
Combination

CUSO4

Ca(N03>2

NH4 NO3

(Control) 1

+

-

-

2

-

-

3

+

+

-

4

-

+

-

5

+

-

+

6

-

+

7

+

+

+

8

-

-1-

+

The growth index o f the cells and the plum bagin content (% DCW ) o f the suspension cultures
together with the Cu^^ and nitrogen concentrations are presented in Table 4.5. The effects o f the
Cu^^ and nitrogen changes on cell grow th and plum bagin m etabolism is presented in Fig. 4.22

Table 4.5 The growth index and plum bagin content (% DCW ) o f Dionaea cells with the
m edia CUSO 4 , C a(N 0 3 )2 , N H 4 N O 3 concentrations.
Combination

Growth Index

CUSO4

Ca(N03)2

NH4 NO3

DCW)

*P<O.OI
1

Plumbagin(%

(control)

4.09 ±0.13

2.77 ±0.50

1 . 0 0

^M

2.35 mM

5.00 mM

2

4.33 ±0.17

2.54 ± 0.25

0 . 1 0

^M

2.35 mM

5.00 mM

3

4.17±0.41

4.00 ± 0.24

1 . 0 0

nM

4.70 mM

5.00 mM

4

2.99 ± 0.25

2.33 ±0.17

0 . 1 0

nM

4.70 mM

5.00 mM

5

4.10±0.13

1.80±0.11*

1 . 0 0

nM

2.35 mM

10.00 mM

6

4.37 ±0.08

1.66 ±0.17*

0 . 1 0

nM

2.35 itiM

10.00 mM

7

2.84 ±0.14

1.83 ±0.39*

1 . 0 0

nM

4.70 mM

10.00 mM

8

4.16 ±0.56

1 . 8 6

±0.26*

0 . 1 0

nM

4.70 mM

10.00 mM
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Figure 4.22 The biomass (g DCW), growth index and piumbagin production(% DCW) o f Dionaea suspension cultures with the
altering o f Cu^^, NOs' and NH 4^ concentration in the growth medium (See Table 4.3 and 4.4 for details) (n = 4 ± s.d.)
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The first combination o f nutrients (combination 1) was the control formulation for the experiment;
Cu^^ and nitrogen concentrations in these flasks were the same as McGowans Woody Plant
medium basal salts. This combination had a growth index o f 4.09 ±0. 13 and produced plumbagin
levels o f 2.77 ± 0.50 % DCW. Analysing the results using ANOVA shows that the growth index of
the cells was not affected by the variations in medium composition (P > 0.05). However ANOVA
analysis o f the data points for plumbagin production o f the cells shows very significant variation
among the tests depending on medium composition (P < 0.0001) (See Appendix 4 for statistical
analyses). From Table 4.5 and Figure 4.22, it can be observed that the decrease o f Cu^^ in the
growth medium (combination 2 ) did not alter the plumbagin production by the suspension cultures
(P > 0.05). McC basal salts contains a relatively high concentration o f CUSO4 (1.00 nM), the effect
o f reducing this concentration would be predicted to be a reduction in plumbagin biosynthesis as
copper is a known abiotic elicitor of secondary metabolism in plant cell cultures (Nahalka et al
1996a), however such an effect was not observed and copper did not appear to be an influencing
factor for plumbagin production.

The effects o f raised NOj' concentrations were examined in combination 3 and 4. A two-fold
increase in the levels o f Ca(N 0 3 ) 2 did not alter the growth or plumbagin production o f the cultures
(P > 0.05). No interaction was detected between NOs' and Cu^^ concentrations in the medium
composition. Therefore NO3' did not appear to be a major factor influencing growth or metabolism.

In combinations 5 and

6

, NH4NO3 levels were doubled from 5 mM to 10 mM. Increasing

ammonium levels in the medium had a profound effect on the secondary metabolite production o f
the Dionaea suspension cultures. Elevated concentrations o f NH4NO3 in the medium composition
decreased plumbagin content by 60 % to 1.7 ± 0.11 % DCW (P < 0.01). This reduction in synthetic
capacity o f the Dionaea cells mimics the growth o f the suspension cultures in M+S medium where
a higher concentration o f NH4NO3 (20.61 mM) is present. Growth is inhibited in this medium and
the production o f plumbagin is completely inhibited.

In combinations 7 and

8

both the NH4NO3 and Ca(N 0 3 ) 2 levels were increased two-fold. Again a

reduction in plumbagin production was observed, although this was not significantly different to
that produced by high levels o f NH4 . No interaction was shown between NI-14 ’^ and NO3'
concentrations and therefore the inhibition o f plumbagin biosynthesis could be attributed to the
increased levels o f NH 4 ^ in the growth medium.

Experimental results identified NH 4 ^ as the inhibiting factor for secondary metabolite production in
Dionaea suspension cultures. The influence o f nitrogen on Dionaea suspension cultures has not
been previously investigated. This deleterious effect o f NR,^ on naphthoquinone production has
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been shown previously in other cultures. Gamborg et al (1968) first identified this inhibitory effect
o f N H 4 " on suspension cultures o f Soyabean, these cultures were very sensitive to the presence o f
ammonium. Concentrations above 2 mM in the medium inhibited growth leading the author to
create a medium with high NOs' concentrations (20 mM) with very low NH 4 " (2 mM) i.e.
Gamborg’s B5 medium.

Mizukami e t a l (1977) examined the effect o f nitrogen concentration on shikonin formation in
Lithospermum suspension cultures. The authors also found high concentrations o f NRi^ to inhibit
growth and shikonin production o f the suspension cultures. However these suspension cultures
were more tolerant o f NH4’ as levels o f 104 mM was the ideal and only concentrations above 134
mM were found to be inhibitory. The inhibition o f shikonin biosynthesis in Lithospermum
suspension cultures was also observed by Fukui et a l (1981) and the author designed a production
medium (M 9) with only NO j’ as the only source o f nitrogen for maximum shikonin biosynthesis.
The concentration o f NOi' in the growth medium was not observed to affect naphthoquinone
metabolism o f D ionaea suspension cultures. Nitrate ions are the usual nitrogen source for cell
suspension cultures (Suzuki et a l 1984) and alteration to the NOj' concentrations has been shown to
not affect the secondary metabolism o f plant cell cultures (Zenk 1975). The formation o f
anthraquinones by Rubia cordifolia suspension cultures was also observed to be relatively
unaffected by the concentrations o f nitrate present (Suzuki et al 1984).

4.6.2 Lower inorganic nitrogen concentrations
From the previous experiment nitrogen was identified as an element influencing the plumbagin
production

by D ionaea

suspension

cultures.

concentrations o f nitrogen (total nitrogen

McCowans medium

contains relatively

low

12.35 mM). The effects o f further decreasing

concentrations o f NH 4 " and NOs' was examined. A range o f media compositions were designed to
decrease the total nitrogen available to the cells and also to examine the effect o f N 0

3

' or NH 4 ^ as

the source o f nitrogen. The sources and varying concentrations o f nitrogen were as given in Table
4.6. The formulations for these combinations are given in Appendix 5. The effect on growth was
monitored using biomass as dry weight (g) and growth index. The plumbagin production o f the
cells was monitored as % DCW and productivity o f each combination as plumbagin g per litre o f
medium.

The growth index and plumbagin content (% DCW) o f the suspension culture growing and the
nitrogen concentrations o f the culture medium are given in Table 4.7. The results o f cell growth
(biomass and growth index) are given in Figure 4.23 and the plumbagin production % DCW and
g/l are given in Figure 4.24. Combination

1

(control) for the experiments contained the

concentrations o f NH4^ and NO3' found in McCowans W oody Plant Medium. This combination
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produced a growth index of 2.62 ± 0.31 and plumbagin 1.71 ± 0.6 % DCW, This growth and
plumbagin production was slightly less than in the control o f the previous experiment.

Table 4.6 Decreased nitrogen concentrations
Combination

Nitrogen Source

Concentration

1(Control)

NH 4 N O 3

5.00 mM

Ca(N03)2

4.70 mM

NH 4 NO 3

2.50 mM

Ca(N03)2

2.35 mM

(NH4)2S04

5.00 mM

Ca(N03)2

4.70 mM

NH 4 SO 4

2.50 mM

Ca(N03)2

2.35 mM

5

(NH4)2S04

5.00 mM

6

(NH4>2S04

2.50 mM

7

Ca(N03)2

9.70 mM

8

Ca(N03>2

4.35 mM

2

3

4

Table 4,7 The growth index and plumbagin productivity (% DCW) of Dionaea
suspension cultures with the decrease nitrogen concentrations present in the growth
Combination

Growth Index

Plumbagin

Plumbagin

(% DCW)

Productivity(g/

Nitrogen Source

Concentration

L)

2.62 ± 0 .3 1

1.70 ± 0 .0 6

0.11 ± 0.01

NH4N03/Ca(N03)2

5.00/4.70

2

3.03 ± 0 .1 7

2.49 ±0.36**

0.20 ± 0.06***

NH4N03/Ca(N03)2

2.50/2.35

3

3.39 ±0.25*

1.44 ± 0 .2 7

0.11 ± 0 .0 2

(NH4)2S04/Ca(N03)2

5.00/4.70

4

3.66 ±0.33**

2.41±0.31*

0.21 ± 0.04***

(NH4)2S04/Ca(N03)2

2.50/2.35

5

2.21 ± 0.25

4.27 ±0.49***

0 .1 7 ± 0 .0 3 * *

(NH4)zS04

5.00

6

1.96 ± 0.21

4.06 ± 0.39***

0.12 ± 0 .0 2

(NH4)2S04

2.50

7

1.89 ±0.09*

2 .2 1± 0.22*

0.09 ± 0.01

Ca(N03)2

9.70

8

1.81 ± 0,15*

2.13 ± 0.19*

0.11 ± 0.01

Ca(N03)2

4.35

(Control)

* P<0.05 **P<0.01 ***P<0.001****P<0.0001

Analysis o f the growth index o f the suspension cultures using ANOVA showed very significant
variation amongst the growth indices of the suspension cultures (P < 0.0001). This significant
variation was also seen for plumbagin content % DCW (P < 0.0001) and plumbagin productivity
g/1 (P < 0.0001). In combination 2, both NH4" and NO3' levels were half the concentration of the
control McC medium (total nitrogen 4.35 mM). The growth index and plumbagin content (%
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DCW ) o f the cells was slightly enhanced but not significantly (P < 0 .05). H ow ever plum bagin
content (% DCW ) was increased by 50 %. This led to a very significant (80 % ) increase in
productivity o f the cells with halving total nitrogen supply (P < 0 .001).

NH4" is supplied in M cC basal salts com bined with N 03' as am m onium nitrate (NH4NO3). NH4"^
can also be supplied in the cell culture m edium as am m onium sulphate ((NH4)2S04). Using
(NH4)2S04 as the source o f NH4^ for Dionaea suspension cultures allow ed the exam ination o f NH4^
as the sole nitrogen supply. The m edium was firstly form ulated using (NH4)2S04 as the source o f
NH4" w hile calcium nitrate (Ca(N03)2) concentrations w ere increased to keep the total nitrogen
concentrations as in McC m edium . This m edium is form ulated as com bination 3 . The growth and
plum bagin content o f the suspension cultures in this m edium form ulation did not differ from
control conditions indicating that (NH4)2S04 can be used as a source o f nitrogen provided that total
nitrogen concentrations are kept constant.

As part o f the experim ent, the Dionaea cells were grown w ith N 03‘ or NH4" as the sole nitrogen
source. In com bination 5 and 6, (NH4)2S04 was used as the sole nitrogen supply for the suspension
cultures. The results shown in Figure 4.23 indicate that cells grown on NR)^ alone had a decreased
growth index but plum bagin production doubled (P < 0 .001). Halving the concentration o f the
NH4’ did not cause any further increase in m etabolites or decrease in the growth. The overall
plum bagin productivity (g/1) o f the cells w as only slightly increased by grow th on NH4^^ as the sole
nitrogen source due to the decrease in growth o f the cells observed. N 03‘ as the only nitrogen
source (com bination 7 and 8) resulted in relatively low grow th rates when com pared to control (P <
0.001) the plum bagin m etabolism w as increased, though not as significantly as growth o f the cells
with NH4 . Further decreases in NO3’ concentrations did not affect grow th or m etabolite
production.

From the experim ents carried out it w as observed that decrease in nitrogen supply to the suspension
cultures increased the secondary m etabolism o f the cells. This m ay be due to a stressed
environm ent o f the cells. H owever, it can be seen from Figure 4.23 that decreasing total nitrogen
appeared to slightly enhance the grow th o f the cells suggesting the cells w ere not stressed in a low
nitrogen environm ent. The cultures did, however, express a need for both sources o f nitrogen to
sustain growth. U sing either NO3' or NH4^ as the sole nitrogen source led to a significant decrease
in the growth o f the cells.

Despite the inhibitory effects o f high concentrations o fN H 4

on plum bagin m etabolism seen in

previous experim ents, Dionaea suspension cultures show ed a requirem ent for a m inim um am ount
for plum bagin biosynthesis. Provision o f NH4^ as the sole nitrogen supply resulted in the m ost
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significant increase in piumbagin content o f the cells (% DCW). Concentrations o f 5 mM NH 4
achieved the best productivity. Growth o f the suspension cultures with only nitrates caused an
increase in piumbagin content compared to control but also suppressed growth. Therefore to
increase piumbagin content without an inhibiting growth, a low concentration o f nitrogen is
desirable but as a combination o f NH 4 "^ and NOj'. This is the first report o f the effect o f medium
composition on the suspension cultures o f Dionaea. Suzuki et al (1984) also concluded that growth
and shikonin production o f Lithospermum were best when supplied with both forms o f inorganic
nitrogen. In these cultures growth on either NH 4 ’^ or NO3" as the sole nitrogen source caused
decreased shikonin metabolism as well as decreased growth. Other results with Lithospermum cells
where maximum production o f shikonin is seen in medium without any NH 4’ ions and N 0 3 ‘ as the
sole nitrogen source (Fukui et al 1981).

The results o f the experiments with Dionaea cultures indicate that the cells are very sensitive to
nitrogen in the growth medium. The interaction o f this plant with nitrogenous substances has been
known for many years ‘‘’Only when nitrogenous substances are p la c e d on the leaves o f D rosera and
Dionaea, do they respond by secreting an acidic, enzyme-rich fluid. D rosera tentacles respond to
one four-thousandth p a rt o f a mg o f ammonium carbonate an d on thirty-thousandth p a rt o f a mg o f
ammonium phosphate ie. They are very sensitive to these nitrogen-containing fluids^’’ von
Marilaun- The Natural History o f Plants (1904).
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4.6.3 O rganic nitrogen supply
Dionaea muscipula is a carnivorous plant which supplements poor inorganic nitrogen supply from
the soil by trapping insects and using these as an additional source of nitrogen (Adamec 1997).
Insects are a recognised rich source of organic nitrogen. Prey are digested and nitrogen assimilated
from proteins, urea, etc. Carnivorous plants can therefore use two sources of nitrogen, insect
derived organic nitrogen from proteins and amino acids and root derived inorganic nitrogen in the
form o f ammonium and nitrates. The addition o f organic bound nitrogen in the form o f amino acid,
glutamine and mixed protein sources from casein hydrolysates to the culture medium of Dionaea
suspension cultures was examined. A factorial design for each organic nitrogen source was
designed (Table 4.8 and Table 4.9). Each organic nitrogen supply was added at 450 mg l ' in
addition to the inorganic nitrogen supply and also as substitute for inorganic nitrogen.
Table 4.8 Factorial design used to investigate the effect o f inorganic and organic nitrogen supply
on Dionaea suspension cultures
Test Point

Organic Nitrogen

-

^

2

+

3

-

^

Inorganic Nitrogen
■ ' ”

+

+

4

Table 4.9 Factor and Levels used for organic and inorganic nitrogen supply
Nitrogen source
Organic
Inorganic

Glutamine

450 mg r ‘

‘High’ +

‘Low’ 0 mg r*

Casein

450 mg r'

0 mg r'

400.00 mg r ' / 471.26 mgl '

Omg r' /O mg r*

N H 4 N 0 3 /C a C N 0 3 ) 2

The resulting cell growth and plumbagin production are given in Figure 4.25 and 4.26 and in Table
4.10. The control cells in this experiment had a growth index of 2.70 ± 0.56 and produced 2.69 ±
0.20 % DCW plumbagin. Growth o f the cells in culture medium without any nitrogen supply led to
a decrease in growth and plumbagin metabolism indicating that these cells have a requirement for a
source o f nitrogen in the culture medium.

Supplementing the culture medium with casein hydrolysates increased the growth index of the cells
by 70 % to 4.43 ± 1.00. The increase in growth o f the cells was accompanied by a slight increase in
the % DCW plumbagin content o f the cells. Together, this resulted in an overall increase in the
productivity o f the cells from 0.28 mg l ' to 0.42 mg l ‘ (66 % increase) (Figure 4.27). However
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addition o f casein hydrolysates in the absence o f an inorganic nitrogen supply decreased the growth
index o f the cells to 1.85 ± 0.14 compared to control. The cell growth, however, was not as
inhibited as growth without any nitrogen supply and productivity o f the cells with casein
hydrolysates as the nitrogen source was significantly better than growth without any nitrogen
supply (P < 0.01).

Addition of glutamine as a source of organic nitrogen to the suspension cultures proved toxic to the
cells and growth was inhibited. Use o f glutamine as the sole source of nitrogen resulted in cell
death. Gamborg et al (1968) found glutamine to be a good source of nitrogen for soyabean
suspension cultures although it was inferior to NH4NO3 as a source of nitrogen.
Table 4.10 Growth index and plumbagin (% DCW) of Dionaea cells
with sources of inorganic and organic nitrogen in the growth medium
C om b in ation

G row th Index

Plum bagin

Plum bagin

(% DCW )

P roductivity (g l ‘)

N itrogen source

1

2.70 ± 0 .5 6

2.69 ± 0.20

0.28 ± 0.03

NH 4/N O 3

2

1.22 ± 0 .0 2

2.26 ± 0.23

0.11 ± 0 .0 1

N o nitrogen present

3

4.43 ± 1.00

4.19 ± 0 .5 4

0.42 ± 0.08

4

1.85 ± 0 .1 4

2.26 ± 0.27

0.20 ± 0.05

5

1.08 ± 0 .0 5

1.44 ± 0 .1 0

0.05 ± 0.00

6

0.88 ± 0.04

_

N H 4 /N O 3

+Casein

Casein
N H 4 /N O 3

+ Glutamine

Glutamine

□ Dry weight □ Growth Index □ Plum bagin
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Figure 4.25 The biomass and plumbagin production of Dionaea suspension cultures in
McCowans medium with inorganic and organic nitrogen supplies.(n = 3 ± s.d.)
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Figure 4.26 The plumbagin productivity (plumbagin g l ') o f Dionaea suspension
cultures grown in McGowans media supplemented with organic nitrogen.(n = 3 ± s.d.)
Maximum productivity was observed in cells supplied with casein hydrolysates as a source of
nitrogen . Results indicate organic nitrogen supply is an important natural source of nitrogen for
Dionaea suspension cultures. The increase in productivity observed with the addition o f casein was
due to increased growth of the cells rather than a stimulation of plumbagin production. Results
indicate that Dionaea suspension cultures show enhanced growth when inorganic nitrogen is
supplemented with organic nitrogen supply in the form of casein hydrolysates. Growth is inhibited,
however, when organic nitrogen is the sole source of nitrogen.

Casein is a milk protein and a rich source of amino nitrogen. Casein hydrolysate is an hydrochloric
acid hydrolysate o f casein and is added to culture media primarily because of the organic nitrogen
supply and growth factors components. Complex organics such as casein, coconut milk, yeast
extracts and peptones were more frequently used early in the history of plant tissue culture when
growth requirements were less defined. Their disadvantages are that the important compounds in
them are not known and may vary greatly from batch to batch.

A complex interaction between inorganic and organic nitrogen supply has been shown in
carnivorous plants. Adamec (1997) termed Dionaea plants a “nutrient-modest species” as it has a
very low nutrient uptake capacity and relies on leaf nutrient uptake. Roberts and Costing (1958)
found that Dionaea plants, when fed organic material (yeast solution or Drosophila), showed more
vigorous growth (Roberts and Oosting 1958). However it has also been demonstrated that foliar
uptake of nutrients from prey was not sufficient for normal growth o f carnivorous plants (Adamec
1997), a result also observed in our experiments with suspension cultures o f Dionaea. The
stimulating effect o f insect feeding was shown by Oosterhuis (1927) when he showed that insect-
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fed Drosera contained more ash matter in its biomass than could have been absorbed through prey
capture. The capture of prey by carnivorous plants is believed to enable the plants to recover
vigorous growth in deficient situations by stimulating root uptake (Adamec 2002). Growth of
Dionaea in nutrient-free sand was greatly enhanced by organic supply of nitrogen or root supply of
inorganic nitrogen. However insect feeding did not affect the plants when growing in nutrient
complete solutions (Chandler and Anderson 1976, Adamec 1997).

The benefit o f organic nitrogen has also been shown in culture o f non-camivorous plants. Zenk et
al (1975) showed suspension cultures of Morinda had a definite requirement for organic-bound
reduced nitrogen. Originally this was added to the culture medium in the form of N-Z-Amine, a
pancreatic casein hydrolysate. Substitution with combinations of amino acids, but no individual
amino acid, were able to replace this. However organic nitrogen is not always beneficial to
cultures. The addition of organic sources of nitrogen such as peptone, casein hydrolysate and yeast
extract to Lithospermum suspension cultures caused a significant decrease in growth and shikonin
production (Mizukami et al 1977).
4.6.4 Basal salt com position
The specific requirements in the composition of the culture medium for the growth of various
species and even cell types of the same species can vary greatly. Therefore, concentrations o f the
medium components have to be frequently tested for new systems (Evans 2002). From the previous
experiments on the influence of nitrogen supply on the growth and plumbagin production of
Dionaea cell cultures, it was observed that inorganic nitrogen supply was a major factor
influencing the plumbagin production of the cells. Therefore a selection of media, with varying
basal salt composition, were tested for their influence on plumbagin productivity of the Dionaea
suspension cultures. The cells were grown for three growth cycles in the various media. The basal
salts tested are given in Table 4.11. The full basal salt composition for these media is given in
Appendix 7.
Table 4.11 Media used to grow Dionaea suspension
M edia tested
GresshofFand Doy basal salt mixture

G+D

Gamborg’s B5 basal salt mixture

GB5

Rugini Olive basal salt mixture

G+D

Westvaco WV3 basal salt mixture

WV3

Westvaco WV5 basal salt mixture

WV5

Schenk and Hildebrandt basal salt mixture

S+H

Murashige and Skoog basal salt mixture

M+S

McCowan Woody Plant basal salt mixture

McC
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These media were compared from the standpoints o f cell biomass (dry weight (g)), culture growth
(growth index) and plumbagin production (g l ' of plumbagin and plumbagin % DCW). The growth
indices o f the suspension cultures over the three subculture cycles are given in Table 4.12 together
with the concentrations o f some important inorganic nutrients in the media compositions. The
effects on the growth o f the cells are given in Figures 4.28 (dry weight) and 4.29 (growth index).
The plumbagin productivities o f the cells over the three subculture cycles and the concentrations o f
some inorganic nutrients in the media are given in Table 4.13. The effects o f the media on
plumbagin biosynthesis are shown in Figures 4.29 (plumbagin % DCW) and 4.30 (Medium
productivity plumbagin g l '). The growth cycle for each medium is given in Figures 4.31 and 4.32.

Transfer o f the suspension cuUures from McCowans medium to the various other media tested had
a dramatic effect on the growth, plumbagin biosynthesis and morphology o f the cells. The growth
and secondary metabolism o f the suspension cultures altered over the 3 subculture cycles for each
o f the media. The growth patterns observed in the different media could be correlated to the
inorganic components present in the basal salt composition. The results observed grouped the
media together according to basal salt composition, especially inorganic nitrogen supply.

Transfer o f the suspension cultures to Schenk and Hildebrandt (S+H) and Gamborg’s B5 (GB5)
media caused an increase in biomass (dry cell weight) and plumbagin productivity o f the cells in
the first growth cycle. However after the second and third cycle of growth the productivit>’ of the
cells decreased drastically. After the first cycle o f growth the cells growing in the S+H medium lost
viability, turned black and died, their growth index being <1. For the second and third subculture
cycle, growth in the GB5 medium also decreased greatly, the cells remained viable but growth and
plumbagin production had decreased greatly. GB5 and S+H media are similar in basal salt
composition especially inorganic nitrogen supply. For both o f these media, NO 3 ' (24.73 mM) is the
main source o f nitrogen with very low concentrations o f NH 4 " (1-2 mM) being present. Previous
results with these suspension cultures indicated a need for NHi* ions in the medium. The
concentrations required appeared quite specific; high NH 4 ^^concentrations inhibited the growth and
plumbagin biosynthesis o f the cells. The concentrations of

present were not sufficient to

sustain growth o f the cells. GB5 medium has been used previously for the production o f plumbagin
in other species (Durand and Zenk 1974, Nahalka et al 1996, Panichayupakaranant and Tewtrakul
2002 ).

Westvaco WV3 (WV3) medium is similar to GB5 and S+H as it is a nitrate-rich medium but WV3
contains only NOs' ions as the nitrogen source. The growth pattern o f Dionaea cells observed in
WV3 medium mimicked the growth pattern o f S+H and GB5, although the cells were not as
adversely affected in WV3 medium as in S+H and GB5 media . The total nitrogen content o f WV3
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medium is less than the previous two, resulting in a minimal loss in productivity. The production of
plumbagin (as % DCW) was not inhibited in WV3 medium but productivity was affected due to a
decrease in growth of the cells.

Growth of the cells in Gresshoff and Doy (G+D), Murashige and Skoog (M+S), and Westvaco
WV5 (WV5) media caused a decrease in the growth o f the cells as indicated by biomass and
growth index. Also a decrease in plumbagin synthesis, seen both as % DCW and the overall
productivity o f the medium (plumbagin g 1'*), was noted. M+S medium is usually recognised as a
rich nutrient medium for cell growth. However secondary metabolism has been inhibited in this
medium e.g. the growth of Lithospermum cells increased in M+S medium but shikonin
biosynthesis was inhibited (Fukui et al 1981). Dionaea suspension cultures do not grow well in
M+S medium, however, or in G+D or WV5 media. These media have a rich supply o f inorganic
nutrients in the basal salt composition especially nitrogen. The productivity in these media was
inversely proportional to the concentrations of nitrogen present. M+S medium contained the
highest concentration, 60 mM of nitrogen; G+D and WV5 media also contains a relatively high
concentrations of total nitrogen (24 mM and 28 mM respectively). Growth in these media resulted
in decreased biomass and decreased plumbagin productivity and % DCW production though not to
the extent as in M+S medium. The experiments therefore show that nutrient-rich media are not
suitable for culture o f Dionaea cells.

Suspension cultures grown in McCowans Woody Plant medium (McC) and Rugini Olive (Rug)
medium had the best sustained productivity o f the media tested. The NH4 " ion concentration was 5
mM in both media. This concentration of NH4 ^ ions appeared to be the most ideal concentration for
growth and secondary metabolism of the cells. The slightly lower growth in Rug medium could be
attributed to the higher concentration of NO^' in this medium.

From the results obtained it was concluded that Dionaea suspension cultures required low total
nitrogen in the culture growth medium. NO^' concentrations of 10 mM or less and NH 4 ^
concentrations o f 5 mM gave the best growth and plumbagin production.

Dionaea plants grow naturally in nutrient-deficient soil. The carnivorous ability of the plant is an
adaptive mechanism to supplement the poor nutrient supply from the soil especially nitrogen and
Phosphate (PO 4 ). Experiments with intact Dionaea muscipula plants showed the plants grew very
poorly in a conventional clay-loam garden soil (Roberts and Oosting 1958). After 5 month the
plants were dead. When grown in a fertilized greenhouse potting soil the plants died within 70
days. All plants receiving mineral nutrition grew poorly due it was concluded to too high a
concentration of nutrients (Roberts and Oosting 1958). Dionaea has adapted to these unfavourable
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conditions by growing slow ly and does not require a high supply rate o f mineral nutrients form the
soil (Adamec 1997). As a consequence, Dionaea is very susceptible to higher soil nutrient levels
and its root growth is suppressed in heavier soils (Adamec et al 1992). This response to high
nutrient supply was observed in the D ionaea suspension cultures. D ionaea cultures failed to thrive
in nutrient rich media such as the M+S medium, traditionally used to promote cell growth. These
media have been shown previously to inhibit secondary metabolism o f cultured cells. For Cinchona
succirubra suspension cultures, growth in M+S and GB5 media showed similar growth rates and
anthraquinone production, but transfer o f these cells in the nutrient poor Heller and White’s media
increased anthraquinone metabolites but decreased growth. However the overall productivity was
improved (Khouri et al 1986). In vitro production o f plumbagin from Drosophyllum suspension
cultures was found to be best in Heller’s nutrient poor medium (Nahalka et a l 1996). Plumbagin
production was also good in GB5 medium. Both o f these media contain only NO 3' ions as an
inorganic nitrogen supply. From our results, NO^' as the sole nitrogen supply did not sustain
grow'th. Nahalka et al (1996)) reported poor growth in M+S medium and S+H medium, but the
highest % content o f plumbagin was in S+H medium which the authors attributed to the high
concentrations o f Cu^^ and cobah (Co^^) present in the medium, leading possibly to abiotic
elicitation o f secondary metabolites. This effect would explain the initial response o f D ionaea cells
to S+H medium in our experiments and the subsequent loss in cell viability observed in the second
growth cycle. Drosophyllum is also a carnivorous species grown in nutrient poor soil. Comparison
o f the nutrient requirements o f suspension cultures o f the two species highlights the need to
optimise growth parameters for all species, as cell cultures vary in their specific requirements in
culture medium composition.

The various formulations o f the nutrient media resulted in a considerable change in morphology o f
the cultures. The colour o f the cells varied according to the growth medium. The cells after growth
for three growth cycles in the media are shown in Figure 4.33. The suspension cultures used in this
experiment grown in McC medium were red in colour. This pigment is thought to be an
anthocyanin. Ichiishi et a l (1999) identified the anthocyanin pigments responsible for the red
pigmentation o f trap lobes in Dionaea muscipula in vitro plantlets. The authors identified two
anthocyanins from Dionaea muscipula, delphinidin-3-O-glucoside and cyanidin-3-O-glucoside.
The suspension cultures o f D ionaea were subjected to an anthocyanin extraction with 1% HCl
MeOH at room temperature (Strack and Wray 1989). This yielded a bright pink extract which was
subjected to paper chromatography with butanol: acetic acid; water (BAW ) as the development
system. This separated four coloured bands, the most intense o f which was removed and eluted
from the paper and subjected to NMR spectroscopy. However the structure o f the extracted
anthocyanin could not be established.
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Transfer o f the cells to nutritionally rich M+S medium caused a loss o f red pigmentation and the
cells became beige after three months o f growth. The cells in WV5, GB5 and G+D media were a
mixture o f red and beige cells. In the nutritionally poorer McGowans medium the cells were red
with the darkest red colour being produced in WV3 medium which was nutritionally poorest and
devoid o f NH 4 " ions. Growth o f the cells in Rugini Olive medium altered pigmentation from red to
a mix o f purple and red cells. This mix o f colours could indicate a change in the ratio of
anthocyanins present. The pigmentation o f Dionaea in vitro plantlets has been previously described
by Ichiishi et al (1999). The anthocyanin pigments isolated (cyanidin and delphinidin) were
sensitive to the macro-components o f the growth medium. Highest levels o f both anthocyanins
were observed when the in vitro plantlets were grown on V2 strength M+S medium without any
nitrogen, these levels decreased when nitrogen in the form o f nitrates or ammonium were added to
the growth medium (Ichiishi et al 1999). The authors hypothesized that this increase in
anthocyanins was a mechanism to increase attractiveness o f the plant to insects in nutrient deficient
soil. Our results also indicate that the composition o f the growth medium has a profound effect on
the morphology and pigmentation o f Dionaea suspension cultures.

Table 4.14 Morphological differences in Dionaea cultures in relation to culture medium
composition
Medium
GB5

NOsVNIl,^
1.02

24.73/1.01

K

Appearance

PO4

24.73 1.09

Month I Cells darker red; Month 2
turned brown and died

G+D

1.02

10.91/12.49

10.76 14.69

Month 1 cells pale red; Month 2+3 mix
o f pale red+ yellow cells

McC

4.00

7.35/5

M+S

2.99

39.40/21.68

6.93

1.25

20.04 2.32

Cells dark red for 3 months
Month 1-cells pale red; Month 2 cells
yellow and red; Month-3 cells yellow

Rug

5.53

18.57/5.15

17.59 2.50

Month 1 cells changed to purple red;
Month 2+3 cells mix o f red and purple
cells

S+H

1.36

24.73/2.61

24.73 2.61

Month

1-ceIls were very dark red;

Month 2 cells turned brown and died
W V3

4.08

9.00/-

19.79

1.98

Month

I cells darkest red in this

medium; Month 2+3-darkest red
W V5

4.08

19.46/8.74

22.44 1.98

Month

1-cells change to pale red;

Month

2+3 cell were pale red and

yellow
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G ro w th

Index

M o n th 1

M o n th 2

M o n th 3

Co^''

Cu^^

Ca^^

N O jV N H /

K

PO 4

GB5

2.44 + 0.17

1.20 + 0.05

1.94 + 0.02

0.11

O.IO

1.02

24.73/1.01

24.73

1.09

G +D

1.60 + 0.83

2.05 + 0.09

1.84 + 0.23

0.11

0.10

1.02

11.89/12.49

10.76

14.69

M cC

2 .4 1 + 0 .3 2

4.19 + 0.73

4.49 + 0.19

0.00

1.00

4.00

7.35/5.00

6.93

1.25

M +S

1. 1 0 + 0.21

1.65 + 0.26

1.24 + 0.29

0.11

0.10

2.99

39.40/21.68

20.04

2.32

R ug

2 .2 1 + 0 .3 6

1.84 + 0.32

2.18 + 0.31

0.11

1.00

5.53

18.57/5.15

17.59

2.50

S+H

4.85 + 0.33

0.82 + 0.08

0.77 + 0.06

0.42

0.80

1.36

24.73/2.61

24.73

2.61

WV3

2.07 + 0.16

1.19 + 0.11

1.19 + 0.03

0.11

1.00

4.08

9.00/0.00

19.79

1.98

WV5

1.72 + 0.15

2.16 + 0.12

2 .3 0 + 0 .2 6

0.11

1.00

4.08

19.46/8.74

22.44

1.98

M edium

Ions
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M edium

P lu m b ag in

g/l

M o n th 1

M o n th 2

M o n th 3

Co^'"

Cu^^

C a '^

N O jV N H /

K

PO4

G B5

0.44 + 0.09

0 .0 8 + 0.10

0 .0 9 + 0.02

0.11

0.10

1.02

24.73/1.01

24.73

1.09

G +D

0.20 + 0.03

0.18 + 0.06

0.10 + 0.02

0.11

0.10

1.02

10.91/12.49

10.76

14.69

M cC

0.35 + 0.12

0.46 + 0.09

0.36 + 0.08

0.00

1.00

4.00

7.35/5.00

6.93

1.25

M +S

0.12 + 0.02

0.09 + 0.01

0.06 + 0.04

0.11

0.10

2.99

39.40/21.68

20.04

2.32

R ug

0.46 + 0.18

0.21 + 0 .0 5

0.30 + 0.03

0.11

1.00

5.53

18.57/5.15

17.59

2.50

S+H

0.52 + 0.04

0 .0 1 + 0.00

0.00 + 0.00

0.42

0.80

1.36

24.73/2.61

24.73

2.61

WV3

0.46 + 0.13

0.23 + 0.04

0.08 + 0.01

0.11

1.00

4.08

9.00/0.00

19.79

1.98

WV5

0.22 + 0.07

0 .2 0 + 0 .0 3

0.17 + 0.08

0.11

1.00

4.08

19.46/8.74

22.44

1.98
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Figure 4.28 Growth index o f Dionaea suspension cultures grown in different media over three subculture cycles (n = 3 ± s .d .)
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Figure 4.30 Productivity (Plumbagin g l ' ) o f Dionaea suspension cultures grown in different media over three subculture cycles (n = 3 ± s.d.)
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Figure 4,33 The effect o f the culture media basal salt composition on the morphology of Dionaea suspension cultures (a) Westvaco WV5 (b)
Schenk and Hildebrandt (c) Gresshoff and Doy (d) Rugini Olive (e) Gamborg’s B5 (f) Westvaco WV3 (g)Murashige and Skoog (h) McGowans
Woody plant

Chapter 4 Dionaea muscipula -Results and Discussion

4.7 Conclusion
A plumbagin-producing suspension culture of Dionaea muscipula had been established in 1997.
Suspension cultures o f this plant has not been investigated previously. Dionaea muscipula
suspension cultures were shown to be a slow growing culture with an extended growth cycle. The
suspension cultures are tolerant of a large drop in pH o f the culture medium. The growth
characteristics exhibited by the suspension cultures mimic the growth o f the intact Dionaea plant
which is a slow growing plant found in nutrient poor acidic soil (Robert and Oosting 1958, Juniper
e ta l 1989).

To elicit plumbagin biosynthesis a series o f polysaccharides were added to the culture medium of
Dionaea suspension cultures. Agar, agarose and laminarin did not alter the growth or metabolism
o f the suspension cultures but a significant inhibitory interaction was observed with the addition of
the polysaccharide chitin. Addition of chitin at the beginning o f the growth cycle caused a dose
dependent inhibition o f growth and plumbagin production o f the cells, but addition o f chitin at the
end o f the exponential growth phase o f the cells did not elicit any response from the cells.

Various monosaccharide N-acetyl-D-glucosamine, N-acetyl-D-mannosamine and N-acetyl-Dgalactosamine, were added to the culture medium at concentrations o f 1 mg/100 ml medium.
Addition o f these monosaccharides at day 0 o f the growth cycle produced no effect in the
suspension cultures. Addition o f the monosaccharides at the end of the exponential growth phase of
the cells (day 34) and harvesting six days later produced an increase in biomass o f the suspension
cultures. Addition o f N-glu at 1 m g/100 ml medium resulted in a 33 % increase in the biomass of
the cells compared to control and a 28 % increase in plumbagin content (% DCW). N-acetyl-Dmannosamine also caused an increase in growth and plumbagin content o f the cells. A time-course
experiment to examine the effect o f N-acetyl-D-glucosamine and chitin over a period o f 144 hrs
showed the increase in biomass with N-acetyl-D-glucosamine to occur 96 hr after the addition to
the culture medium indicating that N-acetyl-D-glucosamine was used as a source o f nutrients by
the cells.

Dionaea suspension cultures did not respond to addition o f novel biotic elicitors in the form of
acidic mucins from plant and animal origin. From the results it was concluded that Dionaea cells
did not respond easily to elicitation. A number o f other techniques used to enhance secondary
metabolism in plant cell culture were attempted. However the feeding o f the precursor to secondary
metabolism sodium acetate was toxic to the cultures and did not enhance the plumbagin
biosynthesis o f the cells.
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Optimisation of the components o f the growth medium indicated that high levels o f nitrogen are
undesirable for Dionaea suspension cultures and reduction o f the nitrogen supply could enhance
the secondary metabolite content o f the cells. Increasing the concentration o f NH 4 ^ inhibited both
growth and plumbagin production o f the suspension cultures. Increasing nitrates did not affect the
growth or plumbagin content o f the cells. Decreasing the total nitrogen content o f the culture
medium increased productivity by 80 %. Growth o f the cells in medium containing NH 4 ^ as the
sole nitrogen gave the highest % DCW content o f plumbagin but growth o f the cells was severely
inhibited. NO 3 ' as the sole nitrogen supply also inhibited the growth o f the cells but slightly
elevated plumbagin content. Therefore it was concluded that while high concentrations o f N H /
were inhibitory to plumbagin biosynthesis the cells had a specific requirement for a minimum
amount of NH 4 ' to be present in the culture medium. Dionaea cells show enhanced productivity in
media with low nitrogen concentrations but this nitrogen must be supplied as a combination o f
NH4' and N 0

3

‘. This is the first report o f influencing growth factors for Dionaea suspension

cultures.

Transfer of the suspension cultures to a series o f growth medium greatly altered the growth and
plumbagin productivity o f the cultures. Growth o f Dionaea suspension cultures in nutrient rich
media such as M+S, G+D and WV5 media was inhibited, as was the plumbagin content o f the
cells. This led to a significant decrease in the overall productivity o f the cells with regard to
plumbagin. The cells could not sustain growth in media with a very low concentration o f NH4* ions
compared to NO3'. Productivity o f Dionaea suspension cultures was best on two media McC and
Rug Olive which have 5 mM o f NH 4 ' and higher levels o f NOj' ( 7.35 mM and 18.57 mM
respectively).

The composition o f the growth media was found to affected the morphology and pigmentation o f
Dionaea suspension cultures. Growth o f the media in a low nitrogen containing growth medium
(McC and WV3) resulted in a dark red colour, removal o f all ammonium ions darkened this
pigment (WV3). But increasing levels o f nitrates and low ammonium (Rug Olive) caused the cells
to become a mixture o f purple and red. Growth o f the cells in the ammonium- and nitrate-rich
media resulted in the loss o f red pigmentation and the development o f a mixed red and beige ceil
line or a beige cell line (G+D, M+S WV3). This led to the conclusion that the anthocyanin
pigmentation was influenced by growth conditions especially nitrogen content o f the culture
medium.

Section 3Streptocarpus

Chapter 5-Streptocarpus
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Chapter 5 Streptocarpus-lntroduction

5.1

Introduction

The genus Streptocarpus, commonly referred to as the Cape primrose, is of great botanical
interest possessing an unusual vegetative morphology and seedling stages with an interesting
evolutionary and biogeographic distribution (Hilliard and Burtt 1971, Moeller and Cronk
2001). Since there is great morphological and cytological variation within the genus
Streptocarpus, it has been used in a wide range of experimental works on the phylogenetic
relationships at the species and generic level (e.g. Smith 1997, 1998b, Zimmer et al 2002). As
the flowers of the species are often conspicuous and beautiful, many of the hybrids generated
are widely used horticulturally and are of great commercial importance (Figure 5.1).

Figure 5.1 Display oiStreptocarpus horticultural hybrids by Dibley’s nursery at the Chelsea
flower show (Dibley 2004)

5.2

Taxonomy

Streptocarpus Lindl. is a member of the Gesneriaceae family, a mid-sized to large family of
very advanced plants comprised of approximately 2500-3500 species in 120-135 genera
(Smith 1996). This family is made up of mainly herbaceous perennials, but members can also
be annuals, shrubs, lianas and trees, primarily distributed in the tropics and subtropics, with a
few temperate species (Smith 1998a). The intrafamilial classification of the Gesneriaceae is
still being defined. The family is traditionally classified into two subfamilies: the
Gesnerioideae - found in the New World, and the Cyrtandroideae - found in the Old World
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(with one species in South America) (Burtt 1962, Smith 1998a, Weber 2004a). Molecular data
has been applied extensively to the investigations of phylogenetic relationships at different
taxonomic levels (Smith 1997, 1998b, Zimmer et al 2002). One series of cladistic
investigations by Smith et al (1997) confirmed the division into two main subfamilies, which
have been identified as monophyletic. The tribe Klugieae, classified as a third subfamily (the
Coronanthereae) by different authors (Wiehler 1983), appears to be separate, a sister to the
remainder o f the family (Smith 1998). Weber (2004b) in his recent classification recognised
four subfamilies: Gesnerioideae which is Neotropical, Coronantheroideae which has a southern
hemisphere

distribution,

the

Epithematoideae

and

the

Didymocarpoideae

(formerly

Cyrtandroideae excluding Epithemateae) which are Old World with one species of the latter
occurring in Central America.

Within the Gesneriaceae the phylogenetic relationships at the generic level are also of great
interest as the taxa show great morphological and cytological variation. The members o f the
family are very diverse, and often highly specialised (Maspero 2003). No clear morphological
definition o f the Gesneriaceae has been made, except that the family is very similar to the
Scrophulariaceae to which they are closely allied (Weber 2004a). The main characters used for
separation o f the families are ovary structure, pair-flowered cyme inflorescences, minute seeds
and the presence of an endosperm in the seeds (Weber 2004a, Zimmer 2002). The flower has a
number o f characteristics amongst which are bilateral symmetry and five fused petals which
form a tube (Dibley 2003).

Streptocarpus belongs to the sub-family Cyrtandroideae and the tribe Didymocarpeae (Hilliard
and Burtt, 1971) (Figure 5.2). According to Hilliard and Burtt (1971), C.B. Clarke gave the
first account o f the genus in 1883 describing 17 species. Since then the total has risen steadily
and in 1971, when the most comprehensive review of Streptocarpus was made, it stood at 132
species (Hilliard and Burtt, 1971). More species are constantly being discovered and added
(Burtt 1999, Edwards 2003, Bellstedt and Edwards 2004) and currently the genus is estimated
to be comprised of approximately 150 species (Hughes et al 2004) (not including the many
horticultural hybrids generated). This makes Streptocarpus the largest genus in the
Gesneriaceae.

The genus Streptocarpus has been investigated extensively by molecular techniques at the
species level (Weigend and Edwards 1996, Smith et al 1998b, Moeller and Cronk 1997, 2001,
Hughes et al 2004, Moeller et al 2004). The genus is further sub-divided on the bases of
morphological features into two sub-genera; Streptocarpus Fritsch. and Streptocarpella Fritsch
(Figure 5.2). Subgenus Streptocarpus consists of acaulescent species with an abnormal shoot115
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apical meristem, while Streptocarpella is caulescent with a functional shoot-apical meristem
(Hilliard and Burtt 1971). The African Violet, Saintpaulia, was thought to be closely related to
Streptocarpm (Hilliard and Burtt, 1971), recent morphological and molecular data placed
Saintpaulia within the subgenus Streptocarpella (Weigend and Edwards 1996, Moeller and
Cronk 1997, Smith et al, 1998b). The exact relationship has not yet been defined (Smith,
1998). Molecular cladistic data supports the subdivision o f the genus Streptocarpm, two
clades are evident with the majority o f the caulescent species (including Saintpaulia) occurring
in clade I, the Streptocarpella clade and the remainder o f the genus forming a second clade
(Moeller and Cronk 2001a). Molecular studies also show that Streptocarpus is paraphyletic
with at least three other genera nested within the genus (Moeller and Cronk 2001a).

Family

Subfamily

Genus

Tribe

Subgenus

Gesnerioideae

Streptocarpus
Gesneriaceae ■

Cyrtandroideae

Didymocarpeae

Streptocarpus
Streptocarpella

--------------

Klugieae

Figure 5.2 Taxonomy o f genus Streptocarpus

5.3

Habitat and geographical distribution

The Gesneriaceae are o f great biogeographical interest as they are thought to be a very old
family o f plants whose distribution has been shajjed by climate changes over millennia
(Moeller and Cronk 2004). The two subgenera, Streptocarpus Fritsch and Streptocarpella
Fritsch, are found on the African mainland, Madagascar and the Comoro Islands, with
subgenus Streptocarpus extending in Africa from Ethiopia southwards to the Cape Region o f
South Africa (Figure 5.3). Although four species are found in Asia, they are not thought to be
closely related to the African/Malagasy taxa. Hilliard and Burtt (1971) show that the range and
distribution o f the genus is partially correlated with altitude and partially with climate and
terrain, and they hypothesize that it was a highly diversified genus prior to its spread
southwards from East Africa. A molecular phylogeny o f the genus suggests a north-south
migration for the genus in Africa, with Southern Africa witnessing a recent burst o f speciation
(Moeller and Cronk 2001a). The majority o f Streptocarpus species are restricted to primary
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forests, which are currently highly fragmented in many parts of the genus’ range, especially
southern Africa (Hughes et al 2004). On the African continent, a marked partition exists
between the geographical distribution of caulescent species of subg. Streptocarpella, which
ranges across tropical Africa from Sierra Leone to the Indian Ocean and subg. Streptocarpus,
which occur in the centre and in the eastern half of Africa (Hilliard and Burtt 1971) (Figure
5.3). The species found in Madagascar vary from those on mainland Africa. As is usual on
Oceanic islands, they evolve along lines quite different to their mainland relatives.

Figure 5.3 Distribution o f the genus Streptocarpus on the African mainland (Dibley 2003).
The habitat o f the two subgenera also differs. Subgenus Streptocarpella grows mainly on
shady forest floors, banks, outcrops of moss-covered rocks near streams, whereas subgenus
Streptocarpus typically grows on rocks (Dibley 1999). Streptocarpus has a shallow fibrous
root system that requires adequate moisture during the growing season, which is summer. They
also require good drainage and most species need to be shaded during at least part of the day.
They therefore have definite climatic requirements of summer rainfall that must be fulfilled
and in addition they are restricted to areas that give habitat conditions o f good drainage and
partial shade (Hilliard and Burtt 1971). The genus are basically forest dwellers and are
restricted within the forest to banks, stream sides, rock outcrops and the biological outcrops of
tree trunks. Only two species S. daviesii and S. silvaticus appear to be obligate epiphytes or
lithophytes. Away from the forest, Streptocarpus species grow where rock outcrops fulfil their
ecological requirements (Hilliard and Burtt 1971). They are not very tolerant o f competition.

Despite its wide geographical range, Streptocarpm occurs in patches due to the scattered
distribution o f suitable habitats (Hilliard and Burt 1971). It is not unusual to find several
species o f Streptocarpus growing together, which happens more frequently in a forest
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environment. As most species are plants o f primary forests they are under threat from human
activity (RBGE web page). About a third of all the known Streptocarpus (around 40) are
indigenous to South Africa. In the red data list o f threatened plants in South Africa, there were
ten Streptocarpus species mentioned (Dibley 1999). The habitat of this genus is being
desfroyed by agricultural methods, timber farming and the introduction of non-native plants. In
Madagascar, the habitat of these forest-dwelling plants has been reduced to small pockets of
forest, most o f them in reserves (Dibley 1999).

5.4

Morphology and patterns of growth

5.4.1

Morphology

The genus Streptocarpus comprises species with unusual vegetative architecture (Hilliard and
Burtt 1971). The most unusual of these form only a singular foliar organ (of cotyledonary
derivation) throughout the plant life and are referred to as unifoliates (Hilliard and Burtt 1971).
Cther species have a more elaborate structure composed o f a cluster of leaves arising from the
bise of more mature leaves forming a rosette. These are referred to as rosulates (Hilliard and
Eurtt 1971). Both of these types are acaulescent species and lack a conventional shoot-apical
neristem. These two growth forms are found in Streptocarpus subgenus Streptocarpus. Also
P'esent are caulescent species, which produce leaves from a conventional shoot-apical

neristem. These species are found in subgenus Streptocarpella (Hilliard and Burtt 1971). Jong
( 973, 1978) and Jong and Burtt (1975) proposed a new term ‘phyllomorph’, to describe such
a unique growth form. The term phyllomorph is used for the whole structure o f the lamina,
p;tiole above the inflorescences and stalk below the inflorescences; and the last o f these is
kiown as the petiolode (Jong, 1978) (Figure 5.4). A phyllomorph has been shown to be
fcrmed by the activity of three meristems: (1) the basal meristem, which is involved in lamina
g-owth; (2) the petiolode meristem, which contributes to petiolode growth; and (3) the groove
neristem, which is involved in inflorescence development (Jong and Burtt 1975). No
vtgetative shoots are formed throughout the life history and at maturity the inflorescences arise
fnm the accrescent cotyledon (Imaichi et al 2000). Unifoliates are a result o f one phyllomorph
wiile rosulates are formed by an assemblage o f phyllomorphs.

In the subgenus

Sreptocarpella, despite an unusual seedling stage, the plant forms the regular plant
anhitecture o f root, stem and leaf Burtt (1970) suggested that this anisocotyly is an adaptation
tcthe growth of Streptocarpus in deep shade. Such growth is advantageous where light is a
Uniting factor, as the production o f photosynthetic area instead o f stem structure is more
eficient (Moeller and Cronk 2001b). Within the acaulescent subgenus of Streptocarpus, the
rciulate and unifoliate growth forms appear to have evolved several times (Moeller and Cronk
2(0lb). Molecular data show reversals to also have occurred and intermediate architecture
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have been observed (Moeller and Cronk 2001b). Investigations into the development o f this
unusual morphology suggest a family o f genes, which have been shown to be important in
regulating leaf development in model species with conventional morphologies, may also be
responsible for the morphology development in Streptocarpus (Harrison et al 2005).

X
i/-

/
Figure 5.4

.

A phyllomorph, the vegetative structure o f Streptocarpus subgenus Streptocarpus
(Dibley 2003).

5.4.2

Pattern o f growth

The distinct morphologies o^ Streptocarpus are a result o f extreme anisocotyly i.e. cotyledons
that grow unequally after germination (Hilliard and Burtt 1971). The seedlings o f nearly all the
known genera o f Gesneriaceae in the Old World (Cyrtandroideae) have this condition (Burtt
1962). A considerable enlargement o f the one cotyledon is often associated with apparent
suppression or delay in the development o f the plumule. Anisocotyly and suppression o f the
plumule together give rise to the adult plants having only a singular foliar organ, the enlarged
cot>ledon e.g. the unifoliates (Hilliard and Burtt 1971). On germination, a minute seedling
forms with two equal cotyledons. Soon after germination one o f these seed leaves begins to
grow much larger than the other. The smaller cotyledon eventually withers and the larger
continues to grow. Growth is due to active cell division in the basal region o f the cotyledon
and not the shoot-apical meristem as is usual in the growth o f most leaves (Nishii et al, 2004).
In the young seedling, there is a short axis connecting the cotyledons to the radicle. This axis is
the hypocotyl, which increases in thickness in proportion to the growth o f the enlarging
cotyledon, forming the stalk linking the cotyledons to the roots (Figure 5.5). There is no
persistent main taproot. Instead, a mass of fibrous roots is soon produced from the lower part
o f the hypocotyl. These do not penetrate the soil very deeply but remain in the surface layers
(Hilliard and Burtt 1971).
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Cotyledons

H ypocoiyl

Radicle

Figure 5.5 Growth pattern o f Streptocarpus (Dibley 2003)
Inflorescences are produced initially from the point where the leaf petiole joins the petiolode.
Further peduncles are formed towards the leaf lamina so that the first peduncles are pushed
back and the youngest ones are nearest the leaf In the rosulate form the bases o f the petiolodes
join to form a rhizome that may grow vertically or horizontally. The rhizome is capable of
spreading slowly along the ground so that the plant appears to gradually move (Hilliard and
Burtt 1971).

5.4.3

A bscission o f the foliar organ

Throughout most o f their range, Streptocarpus subgenus Streptocarpus have to endure a dry
season that usually lasts from about May to September. The leaves may reduce surface area at
the end o f the growing season by dying back to an abscission line, below which the rest o f the
leaf wilts (Hilliard and Burtt 1971). The basal meristematic zone usually survives in this wilted
state, stays green and alive though it may be wilted, but will rehydrate and commence growth
again when suitable conditions return in spring. It is therefore rare to find the end o f the lamina
o f plants in the subgenus Streptocarpus still intact. The withered and dried remains often
persist attached to the still living lamina. The sub genus Streptocarpus have hence been able
to adapt and increase the habitat in which they can survive (Moeller and Cronk 2001a). The
caulescent subgenus Streptocarpella have no abscission layer and no adaptations to
withstanding cold and drought and hence are largely restricted to wet and relatively aseasonal
tropical forests o f equatorial Africa (Moeller and Cronk 2001a).

■
Figure 5.6 A Streptocarpus plant showing abscission lines on the lamina (Dibley 2003).
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5.4.4

Fruit

The spirally twisted fhiit gives Streptocarpus its name (from Greek streptos = twisted, carpus
= fruit) and is its defining feature (Dibley 2003). The spiral twist is developed during the
growth o f the young fruit and is fully twisted while still green. When ripened, the cells die and
the whole fruit turns brown. Dehiscence occurs as splitting o f the capsule causing a slight
untwisting o f the spiral so that the line o f dehiscence gapes and allows the seeds to escape. The
effect o f this type o f fruit structure is that the seeds are shed gradually and not all at once
(Dibley 2003).

Figure 5.7 The twisted fruit o f Streptocarpus (Dibley 2003).

5.4.5

Floral shape

Floral symmetry is very important in the Gesneriaceae, a highly developed flower is diagnostic
for this family (Maspero 2003). Streptocarpus has zygomorphic (bilaterally symmetric) tubular
flowers that are variable in shape, giving a wide range o f floral types (Hilliard and Burtt, 1971)
(Figure 5.8). These types are separated on the basis o f their corolla tube openings, which may
be funnel-shaped, keyhole-shaped, or masked by the palate o f the lower lip as in Antirrhinum
L (Flilliard and Burtt, 1971). Streptocarpus flowers are nectariferous, and also vary
conspicuously in size, colour and scent reflecting adaptations to different pollination
techniques (Harrison et al 1999).

Figure 5.8 Floral diversity in the genus Streptocarpus (Harrison et al 1999).
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5.5

Streptocarpus hybridization and horticultural history

Streptocarpm breeding is currently o f great horticultural and commercial importance. As a
result o f intensive breeding and cultivation, there are a large number o f horticultural hybrids
widely available from many nurseries. Today, almost the only plants o f commercial
importance are hybrids that are similar in habit to Streptocarpus rexii, but whose make-up
contains contributions from a number o f species. The early hybridization o f Streptocarpiis was
accounted by Hilliard and Burtt (1971):

S. rexii was introduced to Kew by the collector James Bowie and first flowered in 1827. It was
nearly thirty years before another species was introduced, S. gardenii in 1855 and
hybridization commenced to produce S. x grandifloms. In 1861 S. saundersii was introduced
into cultivation. A new hybrid between S. rexii and S. saundersii was named S. greenii in
1876. S. parvijlorus from the Transvaal was introduced into cultivation in Britain in 1882. The
real productive phase o f hybridization in Streptocarpus began when the brick red unifoliate S.

dunnii flowered in Kew in 1886. This was a less desirable garden plant in habit than the
rosulate species but the flower colour, unique in Streptocarpus, held great promise if it could
be transferred to the rosulate type o f growth. W. Watson who was curator at Kew at the time,
crossed S. dunnii with both S. rexii and to S. parviflorus and produced two hybrids namely S x

kewensis and S x watsonii respectively. These plants were then inter-crossed with the parents
and a selection o f the progeny were chosen for commercial use. The garden strains developed
from this very mixed parentage were named S. x hyhridus by Voss in 1896. It was always the

S. rexii type o f rosulate growth that was the most horticulturally desirable and due to
backcrossing with this species S. x hybridus is morphologically very close to S. rexii. It is
chiefly the flower colour and size that have been enhanced.

Figure 5.9 Streptocarpus species used in early hybridisation (a) S. rexii (rosulate form)
(b) S. gardenii (c) S. dunnii (unifoliate)
Irwin Lynch carried out some further hybridization at the Botanic Gardens at Cambridge in
1914-1916 using S. cyaneus (introduced in 1907) and S. denticulatus (introduced in 1912).
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Breeding was then concentrated for a time on improving S. x hybridiis. During the 1930’s
W.J.C. Lawrence undertook at the John Innes HorticuUural Institute a wide-ranging
investigation into the inheritance of flower colours o f Streptocarpus species (Lawrence
1957a,b). This work resulted in two important hybrids: Streptocarpus ‘Merton Blue’ a cross
from S. grandis and S. x hybridus, and Streptocarpus ‘Constant Nymph’, a cross between S. x
hybridus and S. johannis. Streptocarpus ‘Constant Nymph’ became a very popular
horticultural plant and has also given rise to other cultivars that are promising horticulturally.
These have been produced by X-ray mutations in leaf-buds (Broertjes 1969).

Figure 5.10 One o f the first horticultural hybrids S. x hybridus var ‘constant nymph’
In 1969, G. Brown at the John Innes Institute predicted a great future for more plants o f the
‘Constant Nymph’ habit and made a wide range o f crosses o f the same type i.e. S. x Hybridus
X S. johannis.

He used a mix o f colours in the S. x hybridus. These crosses set seed which was

sown and flowered in 1970. There was a wide variation in flower shape, size and markings.
The colour, however, was all in the blue range varying from very pale to very dark. This was
to be expected as the blue in S. johannis is a dominant character. The best 30 o f these first
generation plants (FI progeny) were self-pollinated. From the seed, the next generation (F2)
were grown in 1971. The whole range o f colours now appeared and 3000 plants were grown,
from pinks and reds to purple, with many new patterns and markings. The number of plants
was reduced to 150 and eventually to seven. The plants were released and given girls names.
Most are in production today and are the parents o f the many horticultural hybrids
commercially available. Two FI plants were called ‘Paula’ and ‘Louise’ and the F2 plants
were ‘Diana’, ‘Fiona’, ‘Helen’, ‘Karen’, ‘Marie’ ‘Olga’ and ‘Tina’ (Brown 1970,1971,1972
and 1973). These varieties were the turning point in the commercial utilisation of
Streptocarpus. A number o f nurseries and amateurs still breed many new hybrids of
Streptocarpus for horticultural use; one o f these nurseries, Dibley’s, hold the national
collection o f Streptocarpus for Britain.
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Figure 5.11 Horticultural hybrids in Dibley’s nursery U.K. (Dibley 2003)

5.6

Strepiocarpus dunnii

Sreptocarpus dunnii is a unifoliate species. Its single leaf is particularly distinctive due to its
geyish-green tone. S. dunnii was first flowered in Kew in 1886. It was a less desirable plant in
hibit for horticultural purposes than the rosulate species, but the unique red flower colour held
g’e at promise for enhancing the flower colour o f garden varieties. S. dunnii has been
accredited with the beginning o f ‘a real productive phase o f hybridisation in Strepiocarpus ’
(Milliard and Burtt 1971) as its brick-red flowers are unique in Strepiocarpus. S. dunnii has
bten used in the S. x hybridus mix to introduce red and pink flower colour as described above.
S dtmnii is very easily recognised by the distinctive flower colour and the unique shape o f the
ccrolla (Figure 5.9). It has been suggested that S. dunnii is bird-pollinated (Hilliard and Burtt
1‘71). The flowering period is November to February; inflorescences arise from the base of
tht midrib and the stalk apex. All parts except the upper surface o f the leaf are spattered with
onnge-red pigment granules, which were identified as the naphthoquinone dunnione (Price
ard Robinson 1938, 1939, 1940). Its natural distribution includes southeast Transvaal and
Svaziiand. The form o f S. dunnii originally described was unifoliate and moncarpic but it has
alio appeared as several-leaved and perennial with only one large leaf Solitary leaves can
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grow very large. One unifoliate plant measured had 300mm o f living lamina and 450mm of
withered tip- a total o f 750mm growth (Hilliard and Burtt, 1971).

Figure 5.12 Streptocarpus dunnii (Rose, C 2005)

5.7

Streptocarpus \ hybridus var ‘Ruby’

S. X hybridus var ‘Ruby" is a horticultural hybrid of Streptocarpus from Dibley’s Nurseries
and Streptocarpus specialists. It is “an award winning horticultural plant with great showingpotential” (Dibley’s 2003) due to the formation o f plentiful head o f ruby-red flowers. S. x

hybridus var ‘Ruby’ has, in common with most horticultural varieties, a morphology similar
to S. rexii i.e. rosulate and the red colour in the Streptocarpus hybrids is attributed to the mix
o f S. dunnii in S. x hybridus. S. x hybridus

var ‘Ruby’ arose as a result o f a ‘sport’ or a

spontaneous and fortuitous mutation o f S. x hybridus var ‘Cynthia’, a hybrid bred by Gavin
Brown in his retirement (personal communication, K. Dick, head librarian, John Innes
Institute). S. x hybridus var ‘Cynthia’ is in turn a hybrid o f S. x hybridus var ‘Tina’ which is
one o f the original seven hybrids released from the John Innes Institute in 1972 as a result of
an extensive breeding programme by G.A. Brown to improve the colour available in
horticultural Streptocarpus plants (Figure 5.13 and 5.14).

Figure 5.13 Streptocarpus hybrid parents o f .S', x hybridus var ‘Ruby’ (a) S. x hybridus var
‘Tina’; (b) S. x hybridus var ‘Cynthia’; (c) S. x hybridus var ‘Ruby’.

125

Chapter 5 Streplocarpus-Introduction

S.

X

hyhridus Voss.

S.

X

X

S. johannis

hyhridus var ‘Tina’ (John

S.

X

S.

i
i

Innes Institute 1972)

hyhridus var ‘Cynthia’ (G.

X

A. Brown)

hyhridus var ‘Ruby’ (Dibley’s)

Figure 5.14 The breeding o f S. x hyhridus var ‘Ruby’.
(The institute or individual accredited with the breeding and year o f release are given in parentheses).

5.8

Phytochemistry

Most recent research on Streptocarpus has focused on morphology and taxonomy with few
researchers focusing on chemical constituents. The heredity o f anthocyanin glycosides
generating flower colour was subjected to investigation by Lawrence in a series of papers
(Lawrence

1957a,

1957b,). The author detected glycosides o f delphinidin, cyanidin,

pelargonidin, malvidin and peonidin with very specific giycosidic patterns influencing the
flower colours. The colour o f the original blue flowers o f .S', rexii was concluded to be due to
delphinidin-3,5-dimonoside and the red flower colour unique to S. dunnii was due to cyanidin3-pentosegiycoside. The resulting colours o f the garden varieties were due to an inheritance of
these pigments and variance in the giycosidic pattern.

The presence o f quinone secondary metabolites has been shown in Streptocarpus dunnii (Price
and Robinson 1939, Inoue et al 1983). S. dunnii has long been known to produce a solid
orange-red granular pigment with which the outside o f the plant is bespattered: and has been
identified as the naphthoquinone dunnione (Price and Robinson 1938, Hilliard and Burtt
1971). Hilliard and Burtt classified S. dunnii, S. pole-evansii and S. denticulatus as having a
unique and isolated affinity within the subgenus Streptocarpus due to the presence o f
secondary metabolites in these species (Figure 5.15) S. pole-evansii also has orange-red
pigment granules suggested as dunnione (TLC evidence, Harbome 1966). S. denticulatus is
also sprinkled with red pigment granules, which differ slightly in colour from that in S. dunnii
and S. pole-evansii. The fact that solid pigment granules are produced in Streptocarpus by just
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these three species led to the suggestion that these species are closely related (Hilliard and
Burtt 1971).

Figure 5.15 (a) S. dunnii (b) S. pole-evansii (c) S. denticulatus.

Streptocarpus dunnii has been the subject o f in-depth phytochemical investigations. Stockigt et

al (1973) also identified the anthraquinone, l-hydroxy-2-hydroxymethylanthraquinone, from
the leaves and roots o f this plant. The intact plant and in vitro cultures were also investigated
by Inoue et al (1983, 1984a), who concluded it was a rich source o f both naphthoquinone and
anthraquinone compounds. A total o f six naphthoquinones: dunnione (1), a-dunnione (2), 8hydroxydunnione (3), 7-hydroxydunnione (4), didehydrodunnione (5), streptocarpone (6) and
two

anthraquinones:

l-hydroxy-2-hydroxymethylanthraquinone

(7)

and

l-hydroxy-2-

methylanthraquinone (8) (Figure 5.16) have been isolated from either the intact plants, in vitro
plantlets or cultured cells coexisting with half differentiated plantlets.

The quinones produced varied according to the tissue extracted. Streptocarpone was only
isolated from the intact plant. The 7-hydroxydunnione derivative o f dunnione was found in the
intact plant and sterile plantlets, but was not isolated from the callus cultures, whereas 8hydroxydunnione was found in the sterile plantlets and callus cultures, but was not isolated
from the intact plant. The quinones isolated and the source material are tabulated and presented
in Table 5.1

Dunnione has been isolated from three different species o f plants belonging to two different
families (Gesneriaceae and Scrophulariaceae). In every case it has been excreted through the
epidermis of the plants (Price and Robinson 1938, 1939, 1940, Harbome 1966, Ruedi and
Eugster 1977). The anthraquinones present have been previously isolated from other plant
families.

l-Hydroxy-2-hydroxymethylanthraquinones has previously been isolated from

Streptocarpus dunnii (Stockigt et al 1973) and Galium species (Rubiaceae) (Kuiper and
Labadie 1981, Banthorpe and White 1994), while l-hydroxy-2-methylanthraquinones has been
previously isolated from S. dunnii and other plant families including Rubiaceae and
127

Chapter 5 Streptocarpus-lntroduciion

Verbenaceae (Dayal and Seshadri 1979, Tessier et al 1981). Dunnione derivatives and adunnione are unique to S. dunnii.

7
7

6

6

o
8-hydroxydunnione (3)
D unnione (1)

OH

HO

didehydrodunnione (5)

7-hydroxydunnioiie ( 4 )

S trep to carp o n e (6)

OH

14

o
R= C H 2 OH

1-hy d ro x y -2 -h y d ro x y m eth y lan th raq u in o n e (7)

R sC H j

1 -h y d ro x y -2 -m eth y lan th raq u in o n e (8 )

Figure 5.16 Quinones previously isolated from Streptocarpus dunnii

Table 5.1 Quinones previously isolated from Streptocarpus dunnii
Quinones isolated

Intact plant

Sterile plantlets

Callus*

1

♦

♦

♦

2

♦

♦

♦

♦

♦

3
4

♦

♦

5

♦

♦

♦

6

♦

7

♦

♦

♦

8

♦

♦

♦

*(free cells: h alf differentiated Plantlets 4:6)

128

Chapter 5 Streptocarpus-Introduction

The biological activity o f some o f these quinones, mostly dunnione, have been investigated
and show promise as therapeutic agents. The sensitivity o f human tumour and rat prostate
tumour cells to 1,2-naphtoquinones, dunnione and P-lapachone, showed these compounds to
hold promise as effective chemotherapeutic agents (Dolan 1998). Their activity was attributed
to their unusual 1,2-naphthoquinone structure and redox cycling ability. Planchon et al (1999)
also showed the cytotoxic ability o f dunnione through the induction o f apoptosis. Recent
collaborative work at Rothamsted identified dunnione as a new novel fungicidal agent
(Khambay et al 2003). Dunnione was isolated from Calceolaria species (Scrophulariaceae),
which also contained other naphthoquinones with promising insecticidal activity and a new
mode o f action (Khambay et al 2000). However, the remaining naphthoquinones from S.

dunnii have as yet to be biologically evaluated.
5.8.1

A nthraquinone biosynthesis in Streptocarpus

Stockigt et al (1973) identified l-hydroxy-2-hydroxymethylanthraquinone as a major quinone
from the leaves and roots o f this plant and investigated the biosynthetic route involved in
producing this anthraquinone in the intact plant (Stockigt et al 1973). This was the first
investigation into the biosynthetic routes in Streptocarpus species. This anthraquinone had
previously been identified in rubiaceous species, where the ortho-succinylbenzoic acid (OSB)
pathway was identified as the biosynthetic route. Shikimic acid-[7-''*C], OSB-[2,3-'''C] and
DL-mevalonic acid-[2-'‘*C], fed as precursors to 1 year old plants, were incorporated into the
anthraquinone demonstrating this anthraquinone was formed also via the OSB pathway in

Streptocarpus. Chemical degradation o f the anthraquinone products formed demonstrated
more specifically the involvement o f the OSB pathway and the origin o f the hydroxymethyl
g*oup from the trans-methyl group o f y,y-dimethylallylpyrophosphate (Stockigt et al 1973).

To further clarify the biosynthesis o f the naphthoquinones and anthraquinones, Inoue et al
( 984a) studied suspension cultures o f Streptocarpus dunnii. These cultures consisted o f
undifferentiated cells with half-differentiated plantlets. In this state, the cultures produced
dannione, a-dunnione, 8-hydroxydunnione, l-hydroxy-2-methylanthraquinone and 1-hydroxy2-hydroxymethylanthraquinone. The cultures were first fed with OSB. Enrichment of the
NMR spectra o f the metabolites confirmed OSB as the biosynthetic precursor o f these
qiinones. C-1 o f the naphthoquinones was greatly enriched as was C-10 o f the anthraquinones.
Tie incorporation o f'^C into C-10 o f both anthraquinones differed from previous biosynthetic
wjrk on anthraquinones o f the rubiaceous family where C-9 was enriched. This led to the
siggestion o f two biosynthetic pathways for anthraquinones. The first pathway involved
penylation at C-2 o f 2-carboxy-4-oxotetralone (COT) to form prenyl-COT, which would then
bt converted via catapolone to 2-prenyl-l,4-naphthohydroquinone. This pathway was
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elucidated by the authors in the biosynthesis o f congeners o f Catalpa ovata (Inoue et al 1981).
The second proposed pathway involved prenylation at C-2 o f l,4-dihydroxy-2-naphthoic acid
(DHNA) by ipso attack o f the prenyl group to form 2-prenyl-1,4-naphthohydroquinone, this
pathway is observed in the formation o f menaquinone by Mycobacterium phlei. During the
biosynthetic studies, 2-methylanthraquinone was isolated, which was concluded to be
produced via the cyclization o f a derivative o f 2-prenyl-1,4-naphthohydroquinone and an
intermediate o f anthraquinone biosynthesis, with 1-hydroxy-2-methyIanthraquinone and 1hydroxy-2-hydroxymethylanthraquinone formed via different routes from this point. This
pathway is outlined in Figure 5.17.

COOH

COOH

COOH

COOH
(i)

Prenyl-CO i
(ii)
OH

OH
COOH

OH

OH

1.4-dihydroxy-2-naphthoic acid

2-prenyl-1,4-naphthohydroquinone

2-(3-hydroxynriethyl-2-butenyl)1,4-naphthohydroquinone

Catalponone

2-methylanthraquinone

CH^OH
O

Figure 5.17

5.8.2

O

OH

1-hydroxy-2-methylanthraquinone

OH

1-hydroxy-2methylhydroxyanthraquinone

Biosynthesis o f anthraquinones in Streptocarpus dunnii

Naphthoquinone biosynthesis in Streptocarpus dunnii

The incorporation o f

into the C-1 o f the naphthoquinones strongly suggested that these

quinones were biosynthesized via 2-hydroxy-3-(l,l-dim ethylallyl)-1,4-naphthoquinone formed
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by a Claisen-type rearrangement of lawsone-2-prenyl ether (Inoue et al 1984). It had
previously been suggested that lawsone could be formed through the oxidation and
concomitant decarboxylation o f COT. The authors demonstrated that lawsone and lawsone 2prenyl ether were intermediates in the biosynthesis of naphthoquinones by administering [7^H] radio-labelled versions of both to suspension cultures of S. dunnii. The naphthoquinones
were therefore proven to be biosynthesized via 1,4-dihydroxy-2-naphtoic acid, lawsone,
lawsone 2-prenyl ether. 2-hydroxy-3-(l,l-dimethylallyl)-l,4-naphthoquinone was identified
as a key intermediate (Figure 5.18). Low incorporation o f the labelled precursors into 8hydroxydunnione led to the conclusion that it and 7-hydroxydunnione would be formed via a
ring opening from dunnione (Inoue et al 1984a).
COOH

COOH

COOH

OSB
COT

OH
COOH

OH

OH
1,4-dihydroxy-2-naphthoic

L aw sone
OH

dunnione

alpha-dunnione

8-hydroxydunnione

Figure 5.18 Biosynthesis of naphthoquinones in Streptocarpus dunnii
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5.9

In vitro culture

Streptocarpiis species have been investigated previously in in vitro culture. The main focus has
been the micropropagation o f ornamental species with commercial potential. This technique
has an enormous advantage over production from the intact natural source where a large
number o f external parameters, such as weather disease, politics etc. are both highly
unpredictable and virtually impossible to effectively control (Misawa 1994). Previous in vitro
studies on Streptocarpus have focused on the unusual vegetative morphology and influencing
factors. Rosenblum and Basile (1984) found anisocotyly to be reversible by application o f the
growth regulators gibberellins, auxins and cytokinins. Gibberellins were primarily responsible
for promoting vegetative shoot growth and development and cytokinin were responsible for
initiating the dedifferentiation o f the meristematic complex responsible for cotyledonary
accresence followed by phyllomorphic development. Auxins influence was most conspicuous
in completely suppressing development o f the plumule primordium. In the micropropagation
Streptocarpus, addition o f chlorogenic acid enhanced rooting o f S. nobilis while regulation
o f the light supply influenced organogenesis (Floh and Handro 2001) and the orientation o f the
macrocotyledon (Saueregger and Weber 2001).

Callus cultures o f S. dunnii were initiated by Inoue et al (1983) from excised sterile leaves
using lO"* M 2,4-D, but transfer o f the callus to liquid culture with lO'^M lAA and 10‘^M
kinetin failed to produce fully dedifferentiated cultures. The cultures tended to redifferentiate
producing callus coexisting with half-differentiated plantlets (Inoue et al 1983). These cultures
were investigated for secondary metabolites. In this state, the cultures produced both
anthraquinones and naphthoquinones. This is the only report o f callus or suspension cultures of
Streptocarpus species.
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I
6.1
6.1.1

Streptocarpus cell culture

Streptocarpus x hybridus var ‘Ruby’
Plant material and in vitro culture

In vitro cultured plants o f S. \ hybridus var

‘Ruby’ were obtained from Plant Technology,

Wexford in October 2002. They were maintained by periodic micropropagation on to agarsolidified media (micropropagation medium, Appendix 1) containing Murashige and Skoog (M+S)
basal salts (Murashige and Skoog 1962), thiamine HCl (2 mg l '), mesoinositol (100 mg 1 ') and
sucrose 30 g l '. The plantlets were grown initially in Petri-dishes containing approximately 20 ml
o f the above medium and then transferred to 125 ml in vitro culture vessels (baby food jars. Sigma)
containing approximately 50 ml o f the above medium. In vitro plantlets were maintained by
periodic subdivision every 6-8 weeks. Plants grown in liquid culture were grown in 150 ml liquid
media o f the same composition in 250 ml Erlenmeyer flasks. All liquid cultures were grown in
Erlenmeyer flasks on an orbital shaker (Gallenkamp Orbital shaker) set at 90 rpm under cool-white
fluorescent lights, delivering 85fa,mol m'^ s ' set at an 18: 6 hour light: dark cycle. The culture room
temperature was maintained at 25 °C (± 2 °C). All aseptic work was carried in a laminar flow
cabinet (Envair^"^, England).

6.1.2

Initiation of callus

Callus was initiated in November 2002 by transferring leaves excised from in vitro plantlets
established previously to Petri-dishes containing approximately 20 mis o f agar-solidified medium
and the required auxin/cytokinin combination for dediflferentiation. A factorial experiment was
designed investigating two factors. The first factor, growth medium, was set at two variables i.e.
two different growth media. Two media used were: Medium 1 Murashige and Skoog basal salts
and the organic constituents glycine (2 mg l '), nicotinic acid (0.5 mg I"'), pyridoxine HCl 0.5 mg 1"
’, thiamine HCl (0.4 mg 1"'), mesoinositol 200 mg l ' and sucrose 30g f ' (M+S medium). Medium 2
McGowans basal salts with the organic constituents used in medium 1 (McC medium). The second
factor was growth regulator, auxin or cytokinin were used. Five different combinations were used
as in Table 6.1. Ten combinations of medium and auxin/cytokinin treatment with three replicates
were used per treatment to give a total o f 30 tests in the experiment. The plates were left in the dark
for four weeks after which time they were evaluated for callus formation.
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Table 6.1 Auxin/Cytokinin concentrations used for callus induction in S. x hybridus var ‘Ruby’
C om bination

A uxin/C ytokinin

C oncentration m g f'

2,4-D

0.22

NAA

0.19

2,4-D

0.25

BAP

0.10

2,4-D

0.10

BAP

0.00

2,4-D

0.05

BAP

0.15

2,4-D

0.10

BAP

0.20

T able 6.2 Factorial design o f media and auxin/cytokinin concentration used to initiate callus

cultures o f S. x hybridus var ‘Ruby’
C om bination

M edia

A uxin/cytokinin
com bination (T able 6.1)

6.1.3

1

M+S

1

2

M+S

2

3

M+S

3

4

M+S

4

5

M+S

5

6

McC

1

7

McC

2

8

McC

3

9

McC

4

10

McC

5

EfTect o f grow th medium on callus biom ass

Once callus was established another six different media basal salts were used to investigate the
effect o f basal salt composition on the growth o f S. x hybridus var “Ruby” callus.
Basal salts used;

1. Anderson’s Rhododendron medium (And)
2.

Murashige and Skoog medium (M+S)

3. Gamborg’s B5 medium (GB5)
4.

Schenk and Hildebrandt medium (S+H)

5.

Litvay medium (Lit)

6.

McCowan woody plant medium (McC)
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The co m p o sitio n o f th e basal salts fo r each m ed iu m is given in A p p en d ix 8. T he basal salts w ere
co m bined w ith th e o rg an ic c o n stitu e n ts o u tlin ed in M edium 1 w ith 2 ,4-D (0 .2 2 m g I

‘)

and N A A

(0.19 m g r ’). C a llu s d ev elo p ed from m edium an d au x in /cy to k in in co m b in atio n 1 w as tran sfe rred to
each o f th e basal salt co m b in atio n s listed. T h ree re p licate s w ere used p e r treatm en t. T h e w eig h t o f
the inoculum (su b c u ltu re w eig h t) w as noted. T h e c u ltu re s w ere left in th e dark fo r four w eeks.
C ells w ere then h arv ested from each plate, w eig h ed (fresh w eig h t (g )) and d ried in a fan-assisted
drying oven (M e m m e rt™ T y p e U L 4 0 , G erm an y ) a t 30°C fo r at least 48 h o u rs to c o n sta n t w eight,
w hich w as rec o rd e d as dry w eig h t (g ) o f th e cells.

6.1.4

Suspension cultures

S uspension c u ltu re s w ere in itiated in A pril 2003 b y tra n sfe rrin g ca llu s grow n on M + S m ed ia w ith
auxin co m b in a tio n 1 to liquid m ed iu m . C ells w ere tran sferred to tw o m edia; M edium 1: M + S basal
salts and the fo llo w in g o rg an ic co n stitu en ts: g ly cin e (2 m g/m l), nico tin ic acid (0.5 m g l '),
p y n d o x in e HCI (0.5 m g l ') , th ia m in e H Cl (0 .4 m g l ') , m eso in o sito l (2 0 0 m g l ') an d sucro se (30 g
r ') a n d th e auxin co m b in atio n 2, 4 -D (0.22 m g I"') and N A A (0 .1 9 m g I"'). M edium 2: M cC basal
salts w ith th e o rg a n ic co n stitu en ts an d auxin c o n cen tratio n s used in m edium 1. S u sp en sio n s w ere
grow n as batch c u ltu re s in 2 5 0 ml E rlen m ey er fla sk s (4 0 % flask-fill). A t m o n th ly in tervals, cells
from o n e flask w e re a sep tically sep arated by suction filtration and a know n w eig h t su b cu ltu red into
fresh m ed iu m (su b c u ltu re w eight).

6.2
6.2.1

Streptocarpus dunnii
Plant material and seed sterilisation

S eeJs w e re receiv ed from S ilv erh ill S eeds, C ap e T ow n, South A fric a in Jan u ary 2 0 0 3 . In M arch
2003, o n e-th ird o f th e seed s receiv ed w ere su rface sterilised by so ak in g in a 10 % sodium
h y p jc h lo rite so lu tio n (D o m e sto s® ) for 15 m ins fo llo w ed by several rinses w ith sterile w ater
th ra ig h a sterile b u c h n e r fijnnel w ith a M iraclo th ® filter. A fter rinsing, th e seeds w e re tran sferred
to a^ar p la te s c o n ta in in g ap p ro x im a te ly 20 ml o f th e ‘m icro p ro p a g atio n m e d iu m ’ u sed in section
6.1.1 (A p p e n d ix 1). T h e p lates w ere sealed w ith P arafilm ® and g e rm in a ted in the dark. S ince no
g e m in a tio n w as a p p a re n t a fte r 2 w eek s, th e seed s w ere placed in light co n d itio n s. G erm in atio n
o c c irre d w ith in 2 w eek s.

Due to high levels o f c o n ta m in a tio n , in A pril 2003, a rev ised sterilisatio n p ro ced u re w as used for
the ’e m a in d e r o f th e seeds. T h e seed w ere placed in ab so lu te alcohol fo r 5 m ins p rio r to surface
ste riisa tio n w ith 15 % sodium h y p o ch lo rite so lu tio n follow ed by sev eral rinses w ith sterile w ater.
Seecs w e re tra n sfe rre d to th e m icro p ro p ag atio n m ed ia and g erm in ated in light co n d itio n s.
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6.2.2

In vitro plantlets

After germination, the seedlings were grown on the micropropagation medium for eight weeks.
The resulting in vitro plantlets were separated and grown for a further eight weeks in Petri-dishes.
After a further eight weeks o f growth, the plantlets o f sufficient size were transferred to 125 ml in
vitro culture vessels (baby food jars. Sigma) containing approximately 50 ml o f micropropagation
medium. Some plantlets were also transferred to 150 ml liquid micropropagation media in 250 ml
erlenmeyer flasks. The plants were maintained by periodic subdivision (8-10 weeks) into liquid or
agar-solidified media. The in vitro plantlets were maintained under light conditions and agitation as
outlined in section 6.1.1.

6.2.3

Initiation of callus

In November 2004, callus cultures were developed from in vitro plantlets established in Section
6.2.2. Excised leaves o f in vitro grown S. dunnii plantlets grown on solid medium were transferred
to a series o f media with varying auxin/cytokinin concentrations. Two experiments were designed
for the initiation of callus. Experiment 1 examined the five auxin/cytokinin concentrations in two
media. Experiment 2 examined six basal salt mixtures and one auxin/cytokinin concentration

6.2.3.1 Effect of auxin/cytokinin concentration on callus development
A factorial design was created using two media and five auxin/cytokinin concentrations.

media and growth regulators used were the same as for S. x hybridus var ‘Ruby’ (see

The

Section 6.1.2,

Table 6.1 and 6.2 1.

6.2.5.2 Effect of basal salt formulation on callus development
Six media basal salts were used to investigate the effect o f basal salt composition on the
development of callus from excised leaves o f Streptocarpus dunnii in vitro plantlets.
Basal salts used:

1. Anderson’s Rhododendron medium (And)
2. Murashige and Skoog medium (M+S)
3. Gimborg’s B5 medium (GB5)
4. Schenk and Hildebrandt medium (S+H)
5. Litvay medium (Lit)
6. MsCowan woody plant medium (McC)

For details o f ^a^l salt composition see Appendix 8. The basal salts were combined with the
organic constitienrs outlined in medium I and 2, 4-D (0.22 mg l ') and NAA (0.19 mg l ') (auxin
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com bination 1). The ex cised leaves were placed on the agar-solidified m edia and left in the dark for
eigh t w eeks after w hich they w ere evaluated for callus developm ent.

6.2.4

Suspension cultures

Suspension cultures w ere initiated by transferring callus from successful m edia com binations
above to liquid m edium o f the same com position. Suspension cultures w ere maintained by
subculturing every four w eek s into fresh m edium as described in Section 3.1.5. O nce established,
the growth o f the suspension cultures w as m onitored over an eight-m onth period. C ells w ere
harvested and details recorded every four w eek s as outlined in Section 3.1.5. Liquid m edia
separated from th ese cultures w as collected and frozen until required for analysis.

II

Phytochemical investigation of Streptocarpus

6.3

General analytical methods

6.3.1

Analytical TLC

TLC was carried out on alum inium -backed pre-coated silica gel

6

OF2 5 4 plates (E. Merck,

Damistadt). The plates w ere run over 10 cm using m obile phases o f varying polarity. M obile
phases used include 1 %, 5 % and 10 % CHCI3 in M eOH, and com binations o f CHCI3: MeOH:
H 2 O (10:1:0.1; 75:23:2; 50:23:2; 50:46:2). V isualisation w as by exam ination under visib le light
U V 254 nm, U V 365 nm or by spraying with anisaldehyde/ conc. sulphuric acid reagent follow ed
by heating for 5-10 m in at 110 °C (W agner and Bladt 1996).

6.3.2

Preparative TLC

Glass plates (2 0 x 2 0 cm ) w ere coated with silica gel (1 .0 mm thickness) by shaking 120 g silica
gel 60 [70 -2 3 0 m esh] (E. Merck, Darmstadt) with distilled water (2 4 0 m is) and applying the
resulting slurry to the cleaned plates using a D esaga plate spreader. The plates were air dried for 12
hou's and stored in a desiccated plate cabinet prior to use. The plates w ere activated prior to use by
heating at 110 °C for on e hour. Sam ples to be analysed w ere dissolved in a minimum volum e o f
solvent and applied (2 0 -3 0 m g per plate) as a continuous band approxim ately 2 cm from the
bottom. Plate developm ent w as carried out in a glass TLC tank containing the suitable solvent
system. M obile phase and Whatman filter paper w ere placed in the developm ent chamber and
allo’ved to equilibrate for an hour to achieve a saturated environm ent for plate developm ent. The
m o b le phase w as allow ed to run approxim ately 15 cm (three-quarters plate length). M ultiple
devflopm ents w ere used in som e instances. The resulting bands o f com pounds w ere scraped from
the plate. The com pounds w ere extracted by sonicating the silica band in a conical flask with the
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required solvent. The solvent was removed from the silica by filtration through a buchner filter
with Whatman filter paper.

6.3.3

Column Chromatography

Glass columns o f various dimensions were used depending on sample sizes. The ratio of adsorbent
to sample was silica: sample (10: 1). The adsorbent used was silica gel 60 (230-400 mesh) (E.
Merck. Darmstadt). Columns were eluted with solvents and solvent mixtures o f increasing polarity
(«-hexane, EtOAc or CHCI3 , MeOH. H 2 O) as required.
Flash liquid chromatography
Silica gel was shaken with CHCI3 to give a translucent slurry. The slurry was introduced under
pressure to a column plugged at the bottom with non-absorbent cotton wool and a layer o f acid-free
freshly washed sand. The silica slurry was compacted with pressure to ensure an even column
packing. The sample extract adsorbed onto silica was then introduced to the top of the column
followed by another layer o f washed sand to ensure the surface remained even. The eluting solvent
was maintained above the level o f silica for the duration o f analysis. The solvent reservoir allowed
adequate solvent mixing for gradient elution

6.3.4

Soxhlet extraction of Streptocarpus piantlets

In vitro piantlets were harvested and dried in a fan-assisted oven at 40 °C to constant weight. The
piantlets were ground to a fine powder using a Krups® coffee grinder. The resulting powder was
placed in a ‘m edium ’ sized cellulose thimble and placed in a Soxhlet apparatus. The piantlets were
extracted sequentially with distilled «-hexane continually for 72 hrs, followed by EtOAc for 72 hrs
and finally MeOH for 72 hrs. The solvents were removed under reduced pressure to give three
residues, w-hexane, EtOAc and MeOH. This general extraction procedure is outline in Figure 6.1.

6.3.5 Extraction of Streptocarpus piantlets aqueous growth medium
After separation o f the in vitro piantlets, the highly coloured growth medium was frozen

(- 8

°C)

and extracted after thawing. The medium was sequentially extracted with n-hexane (x 3) and
EtOAc (x 3). The extracts were concentrated to give two separate residues, each o f which was
investigated separately. This extraction procedure is outlined in Figure 6.2.
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Streptocarpus plantlets

growth medium

In vitro plantlets
E x h au stiv e e x tra c tio n w ith

n-

h ex an e in a so x h let ap p aratu s

Plant material

rt-hexane

E x h a u stiv e e x tra c tio n w ith E tO A c in
a so x h let ap p aratu s

Plant material

EtOAc Ext

E x h au stiv e e x tra c tio n w ith M eO H
in a so x h le t ap p aratu s

Plant material

MeOH Extract

Figure 6.1 General extraction procedure for Streptocarpus plantlets
Plantlets growing in liquid medium
P lan ts h a rv e ste d a n d sep arated from
g ro w th m e d iu m b y filtration

Aqueous medium

Plantlets

E x tracted x 3 w ith n -h e x a n e

Aqueous medium

« -h e x a n e

E x tracted x 3 w ith
E tO A c

EtOAc Extract

Aqueous medium

Figure 6.2 General extraction procedure for Streptocarpus plantlets liquid growth medium
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6.4

Phytochemical investigations of 5. x hybridus var ‘Ruby’

6.4.1

Phytochemical investigation of S. \ hybridus var ‘Ruby’ in vitro plantlets

After harvesting, the in vitro plantlets were dried in a fan-assisted oven at 40°C to constant weight.
The plantlets were ground to a fine powder using a Krups® coffee grinder. The powder (90.23 g)
was placed in a ‘medium’ sized cellulose thimble and placed in a Soxhlet apparatus. The plantlets
were extracted sequentially with distilled «-hexane (3 L) continually for 72 hrs, followed by EtOAc
(3 L) for 72 hrs and finally MeOH (3 L) for 72 hrs. The solvents were removed under reduced
pressure to give three residues: «-hexane 2.379 g (2.64 % */«), EtOAc 3.300 g (3.65 % '^/w) and
MeOH 10.910 g (12.09 % X ) -

6.4.1.1 Column chromatography o f plantlet n-hexane extract
The «-hexane residue was reconstituted in C H C I3 and adsorbed onto silica. The solvent was
removed under pressure and the resulting powder placed on a column o f silica gel 60 packed in
CHCI3. The column was eluted with a gradient solvent systems, eluting solvents were CH C I3

100%, C H C I3 with MeOH 1 %, 5 %, 10 %, and 20 % followed by a combination o f CHCI3
M e0H ;H 20 (75:23:2; 50:46:4) and 250 mis 100 % MeOH. Fractions (10 ml) were collected in test
tubes and examined by TLC. Chromatographically-like fractions were combined. However as no
coloured compounds o f interest were visible, the fractions were not investigated further.

6.4.1.2 Hydrolysis o f plantlet methanol extract
The MeOH extract (1.14 g) was refluxed in 10% HCl (25 ml) for 45 min. The sample was cooled
and extracted with EtOAc (x 3) to yield a residue (165 mg). The sample was subjected to TLC
analysis and compared with extracts o f the growth medium. N o coloured compounds were visible
and this extract was not investigated further.

6.4.2 S.

X

hybridus var ‘Ruby’ in vitro plantlets analysis of liquid growth medium

After separating the in vitro plantlets, the highly coloured growth medium was kept frozen (-8 °C).
After thawing, the medium (3 L) was sequentially extracted with n-hexane (x 3) and EtOAc (x 3).
The extracts were concentrated to give two separate residues, «-hexane 110.4 mg (0.0034 % "'/y)
and EtOAc 73.4 mg (0.0024 %"^/v). The residues were subjected to prep TLC.

After extraction with both n-hexane and EtOAc, the growth medium was still coloured. A sample
o f medium was further extracted with n-BuOH (x 2). This yielded a small extract which was
analysed by TLC. N o major compounds suited to isolation were seen.
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A further sam ple o f the medium was hydrolysed by refluxing with an equal volum e o f 10 % HCl
fo r 45 min. The sam ple was then extracted with EtOAc and both extract and the sam ple was
subjected to TLC analysis. No com pounds o f interest w ere identified.

6.4.2.1 Growth medium: n-hexane extract
T h e rt-hexane ( 110.4 m g) extract was subjected to preparative TLC using «-hexane: EtOAc (9:1) as
the developing system (Figure 6.3). The plate was run four tim es in this system to achieve adequate
separation. A fter developm ent 12 bands were visible on the plate.

T h e upper third o f th e plate showed four faint coloured bands (R f 0.64, 0.71, 0.79, 0.89), which
w ere rem oved and extracted from the silica using EtOAc. H ow ever the am ounts isolated w ere too
sm all to allow structure elucidation.

A bright orange band, in the centre zone (R f 0.4) was the m ajor band in the extract. T his band was
scraped from the plate and eluted from the silica using EtOAc in a sintered glass colum n to give
10.2 mg (13 % "/„). It was isolated as bright orange crystals from EtOAc and w as identified as
dunnione (1) with the following physical properties: M p 8 9.3-91.5°C; !R (DCM film ) Vmax 1699,
1639, 1614, 1591, 1573, 1490, 1450, 1398, 1382, 1299, 1276, 1218, 1149, 1081, 1060, 1029, 900,
846, 777, 684 cm '; UV (M eO H )

213.9, 261.0, 339.3, 452.0 nm; M S m/z: 242 [M]^ 243

[M+1]* m /z (rel. int) 227 (base peak)[M ' -C H ,], 214 (35)[M "-CO ], 199 (25)[227-CH3], 185 (13),
173 (67), 129 (25), 115 (25), 104 (57). The N M R specfral data for this com pound is given in
Section 7.2.2.1.

The lower third o f the plate was not adequately resolved and w as dom inated by a broad red band,
(R f 0.14-0.32) w hich overlapped a blue, yellow and violet band. The bands w ere rem oved and
eluted from the silica with EtOAc to give 33.1 mg. N M R analysis revealed the extract to be a
mixture o f com pounds. This extract was subjected to repeated preparative TLC using C H C I 3 :
MeOH (99:1) as the developing system . H ow ever the com pounds could not be adequately
separated. The residue was reconstituted in EtOAc and extracted with 10%NaOH. The aqueous
layer was neutralised with 10% HCl and the aqueous layer then extracted with EtO A c (Figure
6.3b). The resulting EtOAc extract w as again separated by prep TLC but again yields w ere too
small to allow structure elucidation.

Band 1 and 2 w hich had not separated from the baseline w ere re-separated by prep TLC using
CHCl 3 :M eOH ( 1

0 0

: 1 ) and run three tim es in this solvent system to achieve adequate separation.

This resulted in 7 bands, which were scraped from the plate and eluted from the silica with M eOH.
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However, as the bands were a complex mix, none o f the compounds could be separated in
sufficent quantities to allow structure elucidation
S. X hybridus var ‘Ruby’ plantlets in liquid culture

Plant ets

Liquid growth
medium (3 L)
E x tra cte d w ith
h e x an e x 3

«-hexane Extract (110.4 mg)

n-

Aqueous Medium

Prep TL C
« -h ex an e: E tO A c (9 :1 ) x 4

1r

r

1,2
3,4,5
(14.9mg) see Fig 6.3b

6
N.I.

1r

1r

7

8

9-12

jvj j

m

D u n n io n e
10.2 m g

^

i

Figure O a Phytochemical analysis of S. x hybridus var ‘Ruby’ plantlets liquid growth medium: nhcxane extract
N .I. = N ot livestig ated

Band 3,4,5 (33.1 mg)
D isso lv ed in E tO A c and
e x tra c ted w ith 10%
N aO H

▼

EtOAc ext

1r

Aqueous extract
N e u tra lised w ith 10% H C l
an d re -ex tracted w ith E tO A c

EtOAc extract

Aqueous extract

R c -cx a m in e d by
p rep -T L C .
N o iso lates
H eterm ineH

Figure 6.3b Extraction o f band 3,4,5 from prep TLC separation o f n-hexane extract of
S.

X

hybridus var ‘Ruby’ in vitro plantlets liquid growth medium

N .l = N o t in v estig ated
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6.4.2.2 Growth medium: ethyl acetate extract
Extraction o f the growth medium with EtOAc yielded a residue (73.4mg). This residue was
subjected to prep TLC using n-hexane: EtOAc (7:3) as the development system (Figure 6.4). This
separated 9 visible bands on the plate. The upper third of the plate showed three faint bands (band 9
R f 0.81, band 8 Rf 0.62 and band 7 Rf 0.50). Bands 7and 8 were scraped from the plate and eluted
from the silica using methanol to give 3 mg and 3.1 mg residues respectively. These quantities
were insufficient to allow in-depth NMR analysis and structure elucidation.

S.

X

hybridus var ‘Ruby’ plantlets in liquid culture

plantlets
Aqueous medium
Extracted with
«-hexane x 3

n-hexane extract (110.4 mg) Aqueous medium
(see Figure 6.3)
Extracted
EtOAc x 3

EtOAc Extract (73.4 mg)

with

Aqueous medium

Prep TLC
n-hex;EtOAc (7:3)

1
N.I

2
N.I

▼
3
N.I.

▼
4
9.1 mg

(4)

▼
5
10.0 mg
(7)

▼
6
N.I

'f

7
N.I.

8
N.I.

▼
9
N.I

6.4 Phytochemical analysis of S. x hybridus var ‘Ruby’ plantlets liquid growth medium:
EtOAc extract
N.I. = Not investigated
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The central zone o f the plate had two major bands Rf 0.31 (yellow) and R f 0.23 (purple). The first
band

was

removed

and

eluted

from

the

silica

with

MeOH

to

yield

l-hydroxy-2-

hydroxymethylanthraquinone (7) as yellow crystals, which had the following physical
properties: MP 209.3-211.5“C; IR (film) v„ax 3282, 2918, 1724, 1670, 1635, 1589, 1558, 1429,
1278, 1259, 1068 cm '; UV

222.2, 258.6, 333.4, 408.5 nm; MS m/z (rel. int.) 254 [M"] (10)

255 (4) [M +l]"235 (base peak)[M^-OH], 227(3)[M+1- CO], 207(48)[m/z^35-CO], 180, 151, 125,
103.. The NMR spectral data for this compound is given in Section 7.2.2.2.

The second band was removed and eluted from the silica with MeOH to yield 7-hydroxydunnione
(4), isolated as a red solid with the following physical properties ; IR (film) v„,ax 3205, 2958, 2927,
2856, 1714, 1643, 1593, 1548, 1504, 1446, 1402, 1380, 1361, 1342, 1303, 1261, 1222, 1180, 1153,
1118, 1083, 1060, 1029 cm '; UV

209.3, 275.2, 311.9 nm; MS/?^/z(reI. int.) 258 [M"] (10) 259

(24) [M+1]' 244 (base peak)[M +l-OH], 243 (29) [M+-CH 3 ], 229 {l>)[m/z 244-OH], 214 (7)[base
peak -C O ], 199(9), 189(10), 167(7), 128(6), 149(27), 115(9), 113(9). The NMR spectral data for
this compound is given in Section 7.2.2.2.

The lower quarter o f the plate had three coloured bands Rf 0.13, 0.09, 0.04. These bands were
scraped from the plate and eluted from silica with MeOH. However quantities yielded were too
small to allow structure elucidation.

6.4.3

Analysis of S. x hybridus var ‘Ruby’ suspension cultures growth medium

Suspension cultures were harvested by filtration. The highly coloured growth medium was frozen
(- 8 °C) until required for analysis. A TLC examination o f the McC and M+S growth media showed
them to have similar secondary metabolite profiles allowing the media to be combined to give 2.5
1.. This was lyophilised, reconstituted in H2 O (100 ml) and extracted (x 3) with EtOAc. The EtOAc
extract was evaporated to dryness to give a residue o f 642.6 mg (0.025 %"/v).

This residue was dissolved in C H C I3 and adsorbed onto silica (~

6

g). The solvent was removed

under reduced pressure and the resulting silica powder placed onto a column o f silica gel 60 packed
in CHCI3. The column was eluted with a gradient o f solvents: «-hexane 100%, «-hexane: EtOAc
(95:5) through to EtOAc 100%. A total o f 300 x 10ml fractions were collected (Figure 6.5). After
elution with the series o f solvents, the column was still highly coloured and therefore was washed
with 250ml of 100% MeOH. Fractions were examined by TLC in eluting solvent systems and like
fractions were combined (Figure 6.5) to give a total o f nine fractions.
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S. X hybridus var ‘Ruby’ suspension cultures

Aqueous growth medium

Cells

Extracted with
EtOAc X 3

Aqueous medium

EtOAc extract
Column
Chromatography

Fr 8-14

(8)
24.5 mg

Fr 15-23

Prep TLC
CHCI,:MeOH
(95;5)

F r 60-112

Fr 1-7
N.I.

F r212-277

Fr 113-138

Fr 24-59

MeOH
fraction

F r 140-212
Prep TLC
n-he\. EtOAc (95:5)

Prep TLC
CHCl3:McOH
(95:5)

3
N.I.

N.I.
2

(8)

N.I.

Prep TLC
n-hex: EtOAc
(7:3)

1

N.I

1

N.I.

2
N.I.

3
N.I

Prep TLC
CHCI,:MeOH
(95:5)

2
N.I.

4
N.I.

(7)

2
N.I.

3
N.I.

4
N.I.

Figure 6.5 Phytochemical analysis of the growth medium from S. x hybridus var ‘Ruby’ suspension cultures
V= Fractions

11. = Not Investigated
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Frs 1-7: eluted with 100% «-hexane. This fraction was examined by TLC, no visible compounds
were identified and this fraction was not investigated further.

Fr 8-14: This fraction was bright yellow and highly concentrated with only one compound visible
in TLC. The solvent was removed under vacuum to give a 25mg residue. This isolate was
identified as l-hydroxy-2-methylanthraquinone (8 ) with the following physical properties; MP
181.1-184.3“C; IR (film)

3319, 2954, 2923, 2892, 1730, 1672, 1635, 1591, 1456, 1429, 1379,

1357, 1294, 1263, 707cm '; UV

253.9, 328.6, 409.8 nm; MS m/z (rel. int.) 238 [M"] (10), 239

(37) [M+l]",221 (3)[M"-OH], 210 (20) [M" -CO], 197 (2)[m/z 210 -C H ], 181 (35)[/n/z 210 CHO], 163(10)[M "-C 0], 152 (30), 139 (4), 126 (7), 105 (12), 77(22). T heN M R spectral data for
this compound is given in Section 7.2.3.

Fraction 15-23: This fraction was highly coloured and TLC analysis revealed a mixture o f two
compounds. The fraction was further purified by prep TLC using n-hexane: EtOAc (95:5) as the
development system, to yield a major yellow isolate and one lesser UV active band. The major
isolate was analysed and revealed to be l-hydroxy- 2 -methylanthraquinone.

Fraction 24-59: TLC analysis o f this highly coloured fraction showed one major compound. This
fraction was further purified using prep TLC with «-hexane: EtOAc [7:3] as the development
system.

This

yielded

a

major yellow

isolate,

which

was

identified

as

l-hydroxy-2-

methylanthraquinone.

Fraction 60-112: TLC analysis o f this compound showed it to be a mixture o f four compounds.
The fraction was further purified by prep TLC using «-hexane: EtOAc (7:3) as the development
system. This yielded four bands, two o f which were examined spectroscopically. One isolate was
again identified as l-hydroxy- 2 -methylanthraquinone, but due to insufficient quantities the
complete structure o f the second isolate could not be elucidated.

Fraction 113-138 TLC analysis o f this fraction showed it to be a mixture o f three compounds. The
fraction was further purified by prep TLC using CHCI 3 ; MeOH (95:5) as the development system.
This yielded three isolates but yields were too small to allow structural elucidation.

Fraction 139-212 TLC analysis o f this extract showed it to be a mixture o f two compounds. The
fraction was furtFer purified by prep TLC using CHCl 3 :H2

0

(95:5) as the development system.

This yielded two solates, one in sufficient quantities to allow further spectroscopic analysis. This
isolate was identifed as (7). Physical characteristics recorded in section 6.4.2.2.
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Fraction 2i2-283: Analysis of this fraction by TLC showed it to be a mixture of four bands. The
fraction wa; further purified by prep TLC using CHCIsiMeOH (95:5) as the development system.
This yieldel four isolates, one in sufficient quantity to allow further spectroscopic analysis. This
isolate was liso identified as (7). Physical characteristics recorded in section 6.4.2.2.

Fraction 284-300: TLC analysis of this fraction showed no compounds.

Fraction 210ml o f 100% MeOH\ A red MeOH fraction was collected and re-chromatographed by
prep TLC vith CHClsrMeOHiHjO (75:23:2) as the development system. This yielded 7 isolates but
none in sufficient quantities to allow structure elucidation.

6.5
6.5.1

Phytochemical investigations of Streptocarpus dunnii
Streptocarpus dunnii in vitro plantlets

After harvesting, the in vitro plantlets of S. dunnii were dried in a fan-assisted oven at 40°C to
constant weight. The plantlets were ground to a fine powder using a Krups® coffee grinder. The
powder (8991 g) was placed in a ‘medium’ sized cellulose thimble and placed in a soxhlet
apparatus. The plantlets were extracted sequentially with distilled «-hexane (3 L) continually for 72
hrs, followed by EtOAc (3 L) for 72 hrs and finally MeOH (3 L) for 72 hrs. The solvents were
removed under reduced pressure to give three residues, «-hexane 2.066 g (2.30 % */*), EtOAc
4.169g (4.64 % "^„) and MeOH 9.782g (10.88 % '^/w). TLC analysis of the extracts showed no
compounds of interest and phytochemical studies were focused on the highly coloured liquid
growth med um.

6.5.2

Streptocarpus dunnii in vitro plantlets analysis of the liquid growth medium

After harvesting the in vitro plantlets, the highly coloured growth medium was frozen (-8°C) until
required for extraction. The medium (4 L) was sequentially extracted with n-hexane (x 3) and
EtOAc (x 3). The extracts were concentrated to give two separate residues: w-hexane 152 mg
(0.0038 % ^/v) aid EtOAc 195.5 mg (0.0049 % "^/y). The residues were then fractionated by
preparative TLC.

6.5.2.1 Growth medium: n-hexane extract
The «-hexane 152.0 mg) extract was subjected to preparative TLC, over five plates, using nhexane: EtOAc(9 I) as the developing system (Figure 6.6). The plate was developed four times in
this system to tcheve adequate separation. After development 14 bands were visible on the plate,
12 of which were removed and eluted from the silica with ethyl acetate. Compounds isolated in
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sufficient quantities were subjected to further analysis using the spectroscopic techniques outlined
below.

Band 13: (R f 0.96) yielded a yellow isolate (6.2 mg), which had physical properties identical to the
i solate (8). See Section 6.4.3 for details.

Band 12: (R f 0.90) yielded a bright yellow isolate identified as a-dunnione (2) (8.0 mg) which had
the following physical properties: Isolated as bright yellow needle crystals from EtOAc. MP 98lO r C ; IR ( f ilm ) v ^ , 1681, 1647, 1616, 1595, 1398, 1380, 1359, 1211, 119, 1041,956, 721 cm ';
253.9, 291.8, 342.9, 397.7 nm; MS m/z (rel. int.) 242 (51) [M"] 243 (89) [M + \]\ 227

UV

(base peak) [M^ -CH3],214, 199 (13)[base p e a k -C H 3], 185(10), 171(17)[/n/z 2 2 7 -CH 3], 157, 144,
128, 104, 89. The NMR spectral data for this compound is given in Section 7.5.2.1.

Band 11: yielded a pink isolate (3.9 mg, R f 0.84) but not in sufficient quantities to allow further
analysis.

Band 10; yielded a bright orange isolate (17.7 mg, R f 0.67), which had physical properties identical
to the isolate (1) See Section 6.4.2.1 for details.

Band 9; yielded an orange yellow isolate (3.1 mg, R f 0.50) but not in sufficient quantities to allow
further structural analysis.

Bard 8: yielded a purple isolate (6.8 mg, R f 0.47) which was identified as 7-methoxy-a-dunnione
(9) had the following physical properties: MP 170.5-172.0“C; IR (film) v„,ax 3589, 2974, 2927,
1679, 1641, 1609, 1595, 1573, 1453, 1353, 1313, 1213, 1037, 925, 862cm '; UV

266.9, 308.4,

351, 417, 437.5 nm; MS m/z (rel. int.) 272 [M*] (10) 273 (24) [M+1]* 258, 244 (base peak), 215,
201, 199, 188, 141, 131, 127, 115. The NMR spectral data for this compound is given in Section
7.52.4.

Band 7: yielded as an orange isolate (7.2mg, R f 0.34) which had the following physical properties:
IR (film) v„ax 3292, 2923, 2854, 1718, 1670, 1652, 1591, 1429, 1355, 1280, 1261, 1070, 709cm ';
UV

222.2, 258.6, 334.6, 407.3nm.

Bani 6: yielded a dark purple isolate (6.3mg, R f 0.29) identified as 6-hydroxy-7-methoxy-adunnione (10) which had the following physical properties: IR (film) Vmax3305, 2923, 1633, 1612,
1591, 1552, 1531, 1512, 1355, 1298, 1222, 1172, 1091, 1037 cm '; UV

278.7, 329.8, 460.4

nm; MS m/z (rel. int.) 288 [M"] (35) 289 (27) [ M + l]\ 273 (base peak) [M" -CH3], 260 (5)[M* 149
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CO ], 245 (\5)[m/z 273 -C H j], 231, 218, 203, 202, 188, 151, 128, 115. The NMR spectral data for
this compound is given in Section 7.5.2.3.

Band 5: yielded a violet/purple residue (4.8 mg, Rf 0.23) but not o f sufficient quantities to allow
complete structure elucidation.

Band 1-4; yielded a red isolate (1 1.3mg, R f 0.16). NMR analysis revealed it to be a mixture of
compounds. Attempted separation using the method in section 6.4.2.1 failed to adequately separate
isolates.

6.5.2.2 Growth medium: ethyl acetate extract
Extraction o f the growth medium with EtOAc yielded a residue o f 195.5 mg. This residue was
subjected to prep TLC using «-hexane: EtOAc (7:3) as the development system (Figure 6.7). This
separated 9 visible bands on the plate. These bands were removed and eluted from the silica with
MeOH. Residues o f sufficient quantities were analysed by the spectroscopic techniques below to
allow structure elucidation.

Band 9: yielded a bright yellow isolate (9.1 mg, Rf 0.83) which had identical physical properties to
isolate (l-hydroxy,2-methylanthraquinone) in Section 6.4.3.

Rand 8: yielded an orange isolate (7.5mg, R f 0.57) but not in sufficient quantities to allow structure
elucidation.

Band 7: yielded an orange isolate (15.2mg, Rf 0.5). This isolated formed orange needle crystals
from MeOH and was identified as 7-hydroxy-a-dunnione (11) which had the following physical
characteristics: MP 173.3-175.0"C; IR(film)v„,ax 3271, 2964, 1676, 1633, 1566, 1452, 1353, 1296,
1251, 1037, 894, 850, 748 cm '; UV

266.9, 308.4, 353.6, 432.7 nm; MS m/z (rel. int.) 258 [M"]

(12) 259 (3) [M+\]\ 243 (53) [M+1 -O H ], 242 (40) [M* -OH], 230 (24)[M '-CO],227 (base peak)

[m/z 242-CHi], 199 (28) [m/z 2 2 7 -CO], 186(30), 173 (17), 171 (29), 149(51), 128 (27), 115 (45).
The NMR spectral data for this compound is given in Section 7.5.2.2.

Band 6: yielded an orange isolate (8.1 mg, R f 0.37), which had identical physical properties to
isolate from S. dunnii growth medium «-hexane extract band 7 ( Section 6.5.2.1).

Band 1-5: These bands were not adequately separated and were removed together to give a 132 mg
residue which was further separated by prep TLC using CHCl3:M e0H:H20 (10:1:0.1) as the
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development system. This resulted in a further 9 bands. Bands 1-6 were not investigated. Band 7
and 8 were analysed by NMR but their structure could not be elucidated due to low yield.

6.6

Spectroscopy

A number of spectroscopic techniques were used to elucidate the structure of the quinones isolated
from Streptocarpus species. Infra-red spectra (IR) were recorded using a Shimadzu FTIR 8400S
spectrometer and spectral analyses were performed using IR Solution Version 1.10 (Shimadzu).
Mass spectra (MS) were determined by electron impact (El, 70ev) using a Varian Chrompak™
Saturn GC/MS 2000 fitted with a phenyl methyl silicone column with He as the carrier gas. Oven
temperature was 100°C, increasing by 15°C/min to 300'‘C with a total run time of 25min.
Ultraviolet (UV) spectra were recorded using a Shimadzu UV-1700 Pharmaspec UV-visible
spectrometer and spectral analyses were performed using UV Probe Version 2.01 UV Personal
Spectroscopy Software (Shimadzu). Nuclear magnetic resonance spectra [NMR] spectra were
recorded using a Bruker Avance 400 instrument. ['HJ-NMR spectra were recorded at 400.13 MHz
and ['^C] NMR spectra were recorded at 75.47 MHz. NMR spectra were analysed using MestReC®: Magnetic resonance Companion Version 4.4.1.0.
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Figure 6.6 P h y tochem ical an alysis o f S. d u n n ii plantlets liquid grow th m edium ; «-hexane extract
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( i.l

HPLC analysis of Streptocarpus

6.7.1

HPLC m ethodology

FPLC was used to examine the secondary metabolite profiles o f the suspension cultures generated
aid the liquid growth medium. A HPLC method was developed by modifying the HPLC method o f
Eaczek et al (2001).

6 7.1.1 Instrumentation and column
/Analyses were performed on a Waters HPLC system with a Waters 600 controller fitted with a
V'aters 2996 PDA detector, a 717plus autosampier and an in-line degasser system. Data was
collected using Empower Software (Build no. 1154). The analytical column used was a MacheryNagel Nucleosil 120-5 Cig (5|im, 250 x 4mm) column with a Machery-Nagel Nucleosil 120-5 Cig
(.‘^m,

8 X

4mm) guard column.

6.7.1.2 Chromatographic conditions
Stparation was achieved using a gradient mobile phase o f phosphate buffer (20 mM, pH 3) 40%
aid MeOH 60% increasing to MeOH 100% over 30 mins as outlined in Table 6.3. The flow rate
wis 1 ml/min. The injection volume was 5 ^1 for both standards and samples.

6J.1.3 Identification, quantitation and statistical analysis
Ctmpounds isolated, purified and identified in the above phytochemical investigations (Section
6.1.2, 6.4.3 and 6.5.2) were injected separately to establish retention time and UV absorption
spjctrum for each compound. These chromatographically pure compounds were used as standards
toidentify the secondary metabolites present in the suspension cultures and growth medium.

Table

Gradient mobile phase used in the HPLC analysis o f Streptocarpus quinones
Time (min)

%A

%B

0

40

60

10

30

70

35

0

100

40

40

60

45

40

60

A=Phosphate buffer fpH 3]; B= MeOH
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Table 6.4 Standards and retention times of quinones used in HPLC analysis
Peak kientity

R t (rain)

1

(4)

9.32

2

(11+9)

10.28

3

(10)

10.73

4

(1)

12.61

5

(7)

13.55

6

(2)

15.80

7

(8)

25.33

Peak

6.7.2

Extraction o f suspension cultures and liquid grow th medium

A known weight of each of the dried cells was taken and ground in a glass mortar and pestle. The
cells were then extracted with MeOH at room temperature by shaking for 24hrs. The MeOH was
decanted and the cells extracted with more MeOH for a further 24hrs. Both fractions were
combined and evaporated to dryness in vacuo and reconstituted in MeOH prior to analysis. The
aqueous growth medium was extracted three times with EtOAc and the fractions combined,
evaporated to dryness and reconstituted in MeOH prior to analysis.
6.7.3

Validation o f HPLC method

0.25

0.20

( J O)

0.10
0.05

0.00
0.00

- A ..

10.00

20.00
Minutes

30.00

40.00

Figure 6.8 HPLC chromatographic profile o f quinone isolates
/alidation of the method was carried out and chromatographic parameters such as selectivity
selectivity factor, R) and column efficiency (N) were calculated manually and are tabulated in
fable 6.4. For details o f the formulae used see Appendix 3. Visual inspection of a chromatogram of
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a mix o f the quinones used shows separation was achieved and the peaks are sym m etrical. The
order o f elution was determ ined by sequentially injecting reference solutions containing, dunnione

(1), 7-hydroxydunnione ( 4 ), a-dunnione (2 ), 7-hydroxy-a-dunnione ( 11 ), 6-hydroxy-7-m ethoxy-a(iunnione ( 10 ), 7-m ethoxy-a-dunnione (9), 1-hydroxy-2-m ethylanthraquinone (8) and l-hydroxy-2hydroxym ethylanthraquinone (7). The retention tim es w ere com pared

with

those o f the

chromatographed m ixture and the identities o f the peaks determ ined using both retention tim e and
UV absorption spectral data.

T-Hydroxydunnione was the first com pound to elute at Rt 9.32 min, followed by 7-hydroxy-acunnione and 6-m ethoxy-a-dunnione which co-eluted at 10.28 min. A ttem pts to further separate
tiese com pounds by m anipulation o f the m obile phase w ere unsuccessful. As these com pounds
vere not the main m etabolites found present in the plantlets or m edia analysed, the presence o f
e th er com pound could be merely suggested and supported by UV absorption spectrum data. 6Pydroxy-7-hydroxym ethyl-a-dunnione eluted at Rt 10.73 min and separation between this and the
previous com pounds was achieved (R = 1.13). D unnione eluted at Rt 15.80 min and was well
separated from other metabolites. l-H ydroxy-2-hydroxym ethylanthraquinone eluted at 13.55 min.
a-dunnione eluted at 15.8 min and 1-hydroxy-2m ethylanthraquinone eluted at 25.33 min. Tw o
alditional peaks at 15.47 min and 20.68 min w ere due to contam inants present in the isolate o f 6nethoxy-a-dunnione. These extra peaks were thought to be degradation products as this isolate was
ftund to be unstable and prep TLC failed to purify the sam ple. These peaks were identified from
tie sole injection o f 6-m ethoxy-a-dunnione, the peak at 15.47 min eluted close to a-dunnione
cilculation o f selectivity factor gave R = 1. 11, within the limits o f selectivity according to the USP
(n u st be g reater than 1) indicating this peak was adequately separated from a-dunnione for
icentification purposes.

Tie HPLC m ethod w as validated using the param eters defined in the validation o f the GC m ethod
(sjction 3.2.2). For details o f the form ulae used see A ppendix 3. Since this m ethod was used
qialitatively, it was therefore sufficient to dem onstrate selectivity o f the m ethod for the quinones
aialysed and precision o f retention time for each o f these quinones.
/.

S electivity

Tie resolution factor was determ ined to be >1 for all the quinones included in the study (See Table
6.)). Any co-eluting quinones were further identified by UV absorption spectral data for the
p u poses o f discussion only.
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2.

Precision o f retention time

Precision was examined using a series o f five injections. The % RSD o f the retention times for each
o f the quinones was determine to be less than the 3 %, sufficiently low to conclude the system is
precise and suitably repeatable.
Table 6.5 Standards and chromatographic parameters calculated for HPLC validation
Peak

Peak identity

Rt (min)

Selectivity (R)

%RSD

Theoretical
Plates

1

(3)

9.32

1.58

0.38

5346

2

(11)

10.28

1.58

2.21

10507

3

(10)

10.73

1.13

2.83

11513

4

(I)

12.61

3.4

1.72

15901

5

(7)

13.55

1.7

0.83

18360

6

(2)

15.80

1.11

0.24

24964

7

(8)

25.33

13.29

0.03

64160
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7.1 In vitro culture of Streptocarpus x hybridus var ‘Ruby’
7.1.1

In vitro grown plantiets

In October 2002 in vitro cultured plantiets of S. x hybridus var ‘Ruby’ were obtained from Plant
Technology, Wexford. The plantiets were transferred to Petri-dishes and grown on agar solidified
media containing Murashige and Skoog (M+S) basal salts, thiamine HCL (0.4 mg l '), mesoinositol
(100 mg 1“') and sucrose (30 g 1"’). The plantiets grew well on this medium with prolific shoot and
root formation (Figure 7.1), indicating this was an effective method for rapid propagation o f these
plantiets. No growth regulators were added to the medium as application o f exogenous growth
substances have shown to influence the growth morphology o f Streptocarpus hybrids (Rosenblum
and Basile 1984).

Figire 7.1 5. x hybridus var ‘Ruby’ in vitro plantlet cultures (a) Shoot formation; (b) Root formation.
A^er six weeks o f growth, the plantiets were separated and transferred to agar-solidified medium
of the same composition in 125 ml in vitro culture vessels (Figure 7.2). During the growth period,
the agar-medium o f the plantiets became highly coloured indicating the secretion o f compounds
in:o the surrounding medium. The excretion of secondary metabolites by Streptocarpus species has
bten previously described (Price and Robinson 1939, Hilliard and Burtt 1971) but has not been
reported for the commercial hybrids.

Figure 7.2 In vitro plantiets of S. x hybridus var ‘Ruby’; (a) plantiets in 125ml in
vitro culture vessels with coloured growth medium; (b) plantiets after harvesting
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Extraction of the solid media proved difficult and plantlets were therefore transferred to liquid
medium o f the same composition in 250 ml Erlenmeyer flasks and agitated on an orbital shaker at
90 rpm. Growth in liquid culture also resulted in a highly coloured liquid growth medium (Figure
7.3). After four weeks of growth, the liquid medium of S. x hybridus var ‘Ruby’ was dark red in
colour. The plantlets were harvested by filtration and the medium was recovered and used for
phytochemical analysis.

Figure 7.3 S. x hybridus var ‘Ruby’ in vitro plantlets growing in liquid medium; (a) transfer
o f plantlets to liquid culture; (b) plantlets after 4 weeks growth in highly coloured liquid

In/« vitro culture, S. x hybridus var ‘Ruby’ grew in the habit o f the rosulate Streptocarpus e.g. S.
recii. An example of the phyllomorph morphology o f the in vitro cultured plantlets is shown in
Figure 7.4. The plantlets grew and reproduced vegetatively, new phyllomorphs occurring at the
bffie o f existing ones or from the surface of excised tissue. The regenerative ability of
Sfeptocarpus has been documented previously (Martson 1965).

Lamina

petiole

petiolode

Fibrous roots

Figure 7.4 Rosulate phyllomorph morphology o f S. x hybridus var ‘Ruby’
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Phyllomorph growing
on old excised leaf

Part o f excised leaf
New phyllomorphs

» -

(a)-

Figure 7.5 Vegetative growth o f S. x hybridus var ‘Ruby’; (a) a phyllomorph with new
phyllomorphs growing at the base; (b) a new phyllomorph growing on an old excised leaf.

In vitro plantlets were transferred to soil compost. The plants grew in the rosulate habit of
Streptocarpus hybrids with some phyllomorph lamina reaching up to 30 cm in length (Figure 7.6a).
The plants also formed the characteristic abscission zone of Streptocarpus (Figure 7.6b). The
ability to shed part o f the large lamina by formation of this abscission zone protects the plant from
drought and allows the species to adapt to the harsh conditions in Southern Africa (Hilliard and
Burtt 1971, Moeller and Cronk 2001). After four months of growth some of the soil-grown plants
flowered producing the characteristic ruby red flower o f this hybrid (Figure 7.7). The flower had
paired cyme and a zygomorphic flower with five sepals, characteristic o f the Gesneriaceae.
Abscission zone

Figure 7.6 Soil grown plants of S. x hybridus var ‘Ruby’; (a) rosette plant;
(b) abscission zone at lamina tip.
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Figure 7.7 S. x hybridus var ‘Ruby’ flower; (a) zygomorphic flower with five sepals (b)
paired cyme flowers characteristic of Streptocarpus

7.1.2 Initiation of callus
Callus was initiated in November 2002 from excised leaves o f previously established in vitro
plaitlets. Two media with five growth regulators were used to give a total o f ten combinations of
medium and auxin/cytokinin treatment. The leaves were left in the dark for four weeks after which
t;me they were evaluated for callus formation. Callus formed at the edges of the excised leaves and
along the midrib (Figure 7.8). The quantity and quality of callus formed varied with both media and
ajxin treatment used. The callus formed was scored according to the quality and extent o f callus
fomation. The score system applied is given in Figure 7.9a and 7.9b. Each o f the treatments used
VCR assessed and the average result for each treatment (n = 3) is presented in Figure 7.9a (McC
necium) and 7.9b (M+S medium). The auxin/cytokinin combinations used are given in Table 7.1
(vIcCowans medium) and 7.2 (Murashige and Skoog medium) with a description o f the callus
fomed.

Figure 7.8 Callus formation on S. x .hybridus var ‘Ruby’

7J.1.1 McCowan medium
Fve different auxin or cytokinin concentrations were investigated for callus initiation using
N^cCowans medium. The concentrations used and a description o f the callus formed are given in
Tibb 7.1. Callus formed along the midrib and the edges of the excised tissue (Figure 7.8). From
th; fve combinations tested three produced callus. The first two combinations, McC' and McC^,
foired good friable callus in large aggregates. McC'* produced callus but this was o f poor quality
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and was hard and compact. The remaining two combinations McC^ and McC’ did not form any
callus.
Table 7.1 Auxin/cytokinin concentrations used and callus formation on McCowans medium
Combination

Auxin/cytokinin

Callus formation

Treatment (mg I ')
0.22 2,4-D

McC

soft fi-iable callus, good growth

0.19 NAA
McC

0.10 2,4-D

soft friable callus, good growth

McC

0.10 2,4-D

No callus formation.

0.20 BAP
0.05 2,4-D

McC

Darkened hard callus, poor growth

0.15 BAP
0.25 2,4-D

McC

No callus formation, discarded

0.10 BAP

0 = no callus formation
1^ partial callus formation
2 = callus formation
3 = total callus formation

2.9 i
2.4

. 2 1 .9

; 1 .4

^ 0.9

0.4

-

0.1

McCl

McC2

McC3

McC4

McC5

Treatment

Figure 7.9a Callus formation of S. x hybridus var 'Ruby' excised leaves against auxin/cytokinin
concentration on McCowans medium. n=3
Thi cell lines with callus were subcultured onto fresh media, however after 4 weeks the cell lines
die not continue to grow. McCowans medium with auxin combination 1 was therefore suitable for
calus initiation; however this medium did not support the growth o f callus cell lines.

7.12.2 Murashige and Skoog medium
Fi\e different auxin or cytokinin concentrations were also used for callus initiation on Murashige
anc Skoog (M+S) medium. The concentrations used and a description of the callus' formed are
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given in Table 7.2. From the five combinations tested two produced callus. The first combination,
M+S', formed good friable callus in large aggregates. M+S^ produced undifferentiated callus that
was slow growing. The remaining three combinations M+S^, M+S'* and M+S^ did not form any
callus. The M+S’ and M+S^ cell lines were subcultured onto fresh media and after 4 weeks M+S'
was still growing and M+S^ was growing slowly. Murashige and Skoog medium was therefore
suitable for initiation and growth of callus cultures of S. x hybridus var ‘Ruby’. This is the first
report of initiation and maintenance of callus cultures o f Streptocarpus hybrids. Murashige and
Skoog medium was the best medium to initiate callus and a combination of 2,4-D and NAA formed
the best fully dedifferentiated callus. 2,4-D solely or in combination with NAA produced callus but
combinations including BAP or BAP solely, produced very poor callus or not at all.
Table 7.2 Auxin/cytokinin concentrations used and resulting callus formation on Murashige and
Skoog Medium
Combination

Auxin/cytokinin

Cailus formation

Treatment (mg r')
M+S '

0.22 2,4-D

Friable callus, poor growth

0.19N A A

M+S^

0.10 2,4-D

Callus formed, poor growth

M+S^

0.10 2,4-D

No callus formation

0.20 BAP

IM+S'*

0.05 2,4-D

No callus formation

0.15 BAP

M+S*

0.25 2,4-D

No callus formation

0.10 BAP

0 = no callus formation
1= partial callus formation
2 = callus formation
3 = total callus formation

GMI

GM2

GM3

GM4

GM5

auxin / cytok ioin trea tm en t

Figure 7.9b Callus formation of 5” x hybridus var 'Ruby' excised leaves against
auxin/cytokinin concentration on Murashige and Skoog medium, n = 3
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7.1.2.3 Effect of medium basal salt composition on callus biomass
Callus cultures o f S. x hybridus var ‘Ruby’ were successfully initiatedin Section
the continued

7.1.2.2. However

growth o f these cell lines was poor. Onecell line(M +S') was selected

from the

above experiments and the growth o f this cell line on various media was investigated. Six media
basal salts were used in the experiment.

1. Anderson’s Rhododendron medium (And)
2. Murashige and Skoog medium (M +S)
3.

Gamborg’s B5 medium (GB5)

4.

Schenk and Hildebrandt medium (S+H)

5.

Litvay medium (Lit)

6.

McCowan woody plant medium (McC)

The details o f the basal salt composition o f the media are given in Appendix 8. The cells were
grown on each media for four weeks. After four weeks the cells were harvested and the Growth
Index o f the cells calculated. The results are presented in Figure 7.10. The cell line did not show a
significant increase in weight with any o f the media examined suggesting that the static nature o f
the plates was a problem. The cells were therefore transferred to liquid culture to improve growth
and establish suspension cultures.

1.5

And

GB5

Lit

McC

M+S

S+H

Growth Medium

Figure 7.10 Growth index o f 5. x hybridus var ‘Ruby’ callus cultures on six media, n = 3

7.1.3

Suspension cultures

Two callus cell lines M+S' and M+S^ were selected and transferred to liquid media to generate
suspension cultures o f S. x hybridus var ‘Ruby’. The cell line M+S' was the most successful o f the
cell lines generated and this was transferred into two further liquid media modifications. Medium
1: M+S basal salts with organic constituents; glycine (2 mg l '), nicotinic acid (0.5 mg l '),
pyridoxine HCl 0.5 mg l ', thiamine HCl (0.4 mg l '), mesoinositol 200 mg l ' and sucrose 30 g l '
and growth regulators NAA 0.19 mg l ' and 2,4-D 0.22 mg P'. Medium 2; McC basal salts and

165

Chapter 7 Streptocarpus -Results and Discussion

growth regulators and organic constituents as given in Medium 1. Cell line M+S^ was also
transferred to these liquid media but died after transfer and so was discontinued.

'■ r '

J
(b)

(a)

Figure 7.11a Suspension cultures of S. x hybridus var ‘Ruby’;(a) Cells growing in McC
medium; (b) cells grown in M+S medium

S irc p U K -a rp H ' " R u b N " v u sjw n su m suU ure>
' ‘(ftj»t«K -arpu»

s r*l»> Itvoi cm

'u>p«*n»ii>n i- u lu ir t''

'> n»h> f ro w fiD m

(b)

(a)

Figure 7,11b S. x hybridus var ‘Ruby’ suspension cultures after harvesting; (a) cells grown in
McC medium; (b) cells grown in M+S medium
Cell line M+S'grew very well in both media and the suspension cultures were maintained by being
transferred to fresh medium every four weeks (Figure 7.1 la, 7.1 lb). The growth medium o f both
cell lines became coloured during the culture period o f the cells. This growth medium was kept
after harvesting the cells and frozen at -8°C until used in further phytochemical analyses. The
growth of the cell lines were monitored over a nine month period.

The culture medium containing M+S basal salts was the best medium for cell growth. However
growth was found to vary from month to month (Figure 7.12). The growth in McCowans medium
was poor but from visual inspection the excretion of secondary metabolites was greater as the
medium o f this cell line was more highly coloured (Figure 7.11a). A phytochemical investigation
was carried out on this growth medium (see Section 7.2.3) and the S. x hybridus var ‘Ruby’
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suspension cultures were also evaluated for secondary metabolite production by HPLC (see section
7.3.1).
22.5
McC m edium

— M+S medium

17.5 -

12.5 ~
10

^

March

April

May

June

August

Septem ber

October

November

Figure 7.12 Growth of S. x hybridus var ‘Ruby’ suspension cultures in two medium; McC and M+S
It is well known that plant hormones have very important roles in secondary metabolite formation
by plant cultured cells. In these experiments a combination of 2,4-D and NAA was found to be best
for callus initiation and to sustain the growth of the cultures. Zenk et al (1975) found the
anthraquinone formation by cultured cells of Morinda citrifolia was inhibited by 2,4-D (2 x 10’’
mM) and was accelerated significantly by NAA (1.5 x 10'^ mM). In other cultures 2,4-D stimulated
cell growth while NAA stimulates secondary products (Bauch and Leistner 1978, Mulder-Krieger
et al 1984, Schulte et al 1984, Khouri et al 1986).

7.2

Phytochemical investigation of Streptocarpus x hybridus var ‘Ruby’

7.2.1

In vitro plantlets

Dried in vitro grown plantlets of S. x hybridus var ‘Ruby were extracted with n-hexane, ethyl
acetate and methanol. Column chromatography of the «-hexane extract failed to isolate any
coloured metabolites. No coloured metabolites were also visible from TLC analysis of the ethyl
acetate and methanol extracts. The methanol extract was subjected to hydrolysis but further TLC
examination revealed no coloured compounds. Further phytochemical analyses were therefore
focused on the highly coloured plantlet aqueous growth medium.

7.2.2

In vitro plantlet growth medium

Growth of S.

X

hybridus var ‘Ruby’ plantlets in liquid medium caused the growth medium to

become highly coloured (see Figure 7.3). It was observed that this colouration intensified over the
normal growth cycle of S. x hybridus var ‘Ruby’ cultures, attaining a dark red colouration after 4
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weeks o f growth. TLC analysis o f preliminary solvent extractions of the growth medium showed
the presence o f a complex mixture of coloured metabolites.

After harvesting the plantlets the growth medium was kept, frozen at - 8 °C until required for
extraction. When sufficient volume for analysis was collected, the defrosted medium (3 L) was
extracted with «-hexane followed by ethyl acetate. This yielded 110.2 mg (0.0034% "/v) o f n~
hexane extract and 73.4 mg (0.0024% "/v) of ethyl acetate extract. These extracts were subjected to
preparative TLC yielding a highly complex mixture o f compounds (a total o f 21 coloured bands
were visible from the two extracts).

7.2.2.1 Growth medium: n-hexane extract
Prep TLC o f the «-hexane extract led to separation of one major metabolite which was isolated and
analysed to identify dunnione (1) (10.2 mg) which accounted for 13% "'/w o f the extract. This
extract also had a polar red band present that dominated the lower third o f the plate. The exfract
was subjected to an acid-base extraction and rechromatographed but did not yield sufficient
quantities to allow sfructure elucidation.

Structure elucidation o f dunnione (1)
Compound 1 was isolated as a bright orange solid with a melting point o f 89.3-91.5°C. Mass
spectral analysis yielded a molecular ion o f [M+1]" at m/z 243, which together with '^C NMR
indicated a molecular formula o f C 1 5 H 1 4 O 3 . The 'H NMR spectrum exhibited signals at 1.29(s),
1.47(s), 1.49(d) ppm, indicative o f three methyl groups. A quartet integrating as a single proton at
4.69ppm, this quartet was consistent with the value observed for the C-2’ methine on the furan ring
o f dunnione, a known isolate of Streptocarpus dunnii (Inoue et a\ 1982). Four aromatic protons
were seen between 7.6 and 8.1 ppm suggesting an unsubstituted aromatic region in the isolate.
Resonances observed were tabulated and are presented in Table 7.3.
Table 7.3 'H NMR data for dunnione
P roton No.

L iterature}
8

„ CDCI 3

L iteratu re}

Isolate*

§H Benzol-d 6

8

h CDCI 3

5’

1.24 i

1 .2 2

s

1.47 s

4’

1.42 s

1.04 s

1.29 s

3’

1.45 d { l )

I.Ol d{6.5)

1.49 d{6. 5)

V

4.59 q (7)

4.12(7(6.5)

4.69 ^ (6 .5 )

5

1.52 m

7.29 m (9)

7.65 d{A)

6

7.52 m

6.90 w ( 12)

7.55-7.59 m

7

7.52 m

6 .9 0 /M(13)

7.65 t/(4 )

8

7 .8 4 /M

7.82 m (9)

8.08 c/(7.5)

®Values in the parentheses are J = Hz} ♦ Experimental data
Literature data; Rued! and Eugster 1977, Inoue et al 1983
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The '^C NMR spectrum established that the isolate contained 15 carbons, from DEPT 135° and
HMQC experiments these were assigned as two carbonyl groups, one C-O, four aromatic C-H,
three aromatic quaternary carbons, one methine group, one non-aromatic quaternary carbon and
three methyls. Absorptions at 1706cm ‘ and 1654cm ' in the IR spectrum confirmed the presence of
two carbonyl functionalities.
The results suggested that the isolate was dunnione, previously isolated from Streptocarpus dunnii
(Inoue et al 1982) and Calceolaria integrifolia (Scrophulariaceae) (Ruedi and Eugster 1977). The
chemical structure of the isolate was confirmed by comparison o f the spectral data with known
literature values. The majority of the spectral data was in agreement with previously reported data,
however in the current experimental work the methyl signals were assigned differently to previous
literature. In the NMR spectra for dunnione isolated, the methyl doublet was assigned to the
protons on C-3’ due to coupling with the adjacent methine group (C-2’), from the HMQC spectrum
(Figure 7.13 and Table 7.5) this doublet was attached to the carbon at 14.6ppm, consequently the
C-5’ was assigned to the signal at 25.8 ppm in the '^C spectrum (Table 7.4 and Figure 7.15). These
assignments differ to the literature values presented. The values assigned were verified by the
HMBC experiment (Table 7.5 and Figure 7.17)

Table 7.4 ’’C-NMR data for dunnione
Carbon No.

M ultiplicity

Literature^

L iteratu ret

8c(CDCl3)

8,(CDCl3>

6e(CDCl3)*

1

c=o

181.2

180.9

181.5

2

c=o

175.1

175.0

175.4

3

C,

123.1

123.0

123.3

4

C-O

168.0

167.7

168.2

5

CH

134.3

124.2

124.4

6

CH

131.5

131.3

131.6

7

CH

124.3

134.2

134.4

8

CH

129.0

128.7

128.9

9

c,

127.7

130.4

130.8

1 0

c,

130.6

127.6

127.9

V

Cc

44.1

4 4 .0

44.1

’

CH

92.8

92.6

92.9

3’

CHj

25.8

25.7

14.6

4’

CH 3

20.3

20.3

2 0 .4

5’

CH 3

14.6

14.5

25 .8

2

J Literature data: Ruedi and Eugester ( 19 7 7 )t Literature data : Inoue et a / (1983)
* Experim ental data
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Table 7.5 HMQC data for dunnione
)n no.

6 h*

8c"

~

d{A)

5

124.4

6

131.6

7.55 m

7

134.4

7.65 d{A)

8

128.9

8.08

2’

92.9

4 .6 8 (7 (6 .5 )

3’

14.6

1.49 if (6.5)

4’

20.4

1.29 5

5’

25.8

1.47 s

(7.5)

^ Values in the parentheses are 7 = Hz ♦ Experimental data

C -X ^ Ik T

(■■S'. 31 \-S

I
I

I

ppm (t1
•p r
1 60

1.70

1 60

> 1 1 1 1 '

IS O

1 40

1.30

1 20

1.10

1.00

ppm (t2)

Figure 7.13 Expansion o f HMQC spectrum for dunnione (showing the methyl signals and
the corresponding carbon signals)
T able 7.6 HMBC data for dunnione
C arbon no.

8 h*

H M BC

124.4, 134.4

7.65

130.8, 127.9, 168.2

6

131.6

7.55

124.4, 130.8

8

128.8

8.08

127.9, 134.5, 131.6, 168.2, 181.5

2’

92.9

4.68

20.4, 25.8, 168.2 (w)

3’

14.6

1.49

25.8, 44.1,92.9, 123.3, 168.2

4’

20.4

1.29

44.1,92.9, 123.3

5’

25.8

1.47

2 0 .4 ,44.1,92.9, 123.3

5,7

6c*

170

S

i Dcoi n

O <D <D

e b c O N N

05cgr^iDin
minminin
N

N

h

- N

N

3H-5'
3H-4’
7
H-5. H-7

6

3H-3'
H-8

I'l r T T r p

H-6

M

I I I I n

I I I II

I I I I I {!

I I

8 .0 0 7 .9 0 7 .8 0 7 .7 0 7 .6 0
pp m (t 1)

1 ,4 50

1 .4 0 0

1 .3 5 0

1 .3 00

pp m (t 1)
H-2'

O
(D

8,0

(W
fnn

7,0

6,0

5 ,0

4 0

p p m (t 1)

Figure 7.14

'H NMR spectrum of dunnione
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7.2.2.2 Growth medium: ethyl acetate extract
Prep TLC of the ethyl acetate extract revealed a different pattern of coloured metabolites to the nhexane extract. The central zone of the plate had two major metabolites, extracted to yield 7hydroxydunnione (4) 9.1 mg (12.4% ”/„) and l-hydroxy-2-hydroxymethylanthraquinone (7)
10.1 m g ( 1 3 .8 % X ) .

Structure elucidation o f 7-hydroxydunnione (4)
This compound was isolated as dark red solid from ethyl acetate. Mass spectral analysis yielded a
molecular ion o f [M+1]^ at m/z 259, which together with '^C NMR suggested a molecular formula
of C 1 5 H 1 4 O4 . This molecular formula is consistent with a hydroxylated derivative of (1).

The ’H spectrum (Table 7.7 and Figure 7.20) exhibited three methyl signals at 1.27 (s), 1.46 (s),
1.49 (d) ppm. The methyls present resonated to form a distinctive pattern consistent with a
dunnione skeleton. The single proton quartet at 4.69 ppm for the methine group at C-2’ was also
observed. Analysis of the spectral properties suggested the isolate was a hydroxylated derivative of
dunnione. This was supported by resonances o f three protons in the aromatic region. The protons at
7.14 ppm and 7.54 ppm exhibited or//io-coupling, J=7.5, the proton at 7.62 ppm was uncoupled
occurring as a singlet implying an aromatic substitution pattern as in Figure 7.18 with an
oxygenated substituent placed at either C- 6 or C-7.

X

H

H

X
H

Figure 7.18

o—

H

o—

Aromatic substitution pattern present in isolate (4)

Table 7.7 'H NMR data for 7-hydroxydunnione
Proton No.

Literaturet

Isolate*

6h

8

4.66 q (6 .6 )

4.65-4.70^(6.5)

3’

1.46 5

1.49 5

4’

1.27 5

1.27 5

5’

1.45 5

1.46 5

5

7.54 d ( S A )

7.54 d/(7)

6

7.13 ddi& A , 2.6)

7.14 J(7.5)

8

1.62 d {2.6)

7.62 5

2

’

„ CDCI3

t Literature data: Guay and Brassard (1986) * Experimental data
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The '^C NMR spectrum was similar to that o f dunnione (Figure 7.21 and Table 7.8). The main
differences was the C-O signal at 160.2 ppm which is not observed in dunnione. In addition, the
aromatic C-H signal at 128.8ppm in dunnione was shifted upfield to 116.8ppm in this isolate.
These differences support the substitution o f the aromatic ring with an oxygenated substituent. The
positioning o f this substituent was determined by the HMBC experiment (Figure 7.23 and Table
T able 7.8 '^C NMR data for 7-hydroxydunnione
Literaturet 8^

Carbon No.

Multiplicity

Isolate 5c

1

181.8

c=o

181.7

2

175.5

c=o

175.0

3

120.3

c.

130.5

4

164.5

CO

170.2

5

126.8

CH

126.4

6

120.9

CH

120.7

7

159.5

CH

160.2

3

117.0

CH

116.8

9

132.8

c„

119.1

10

121.3

Cq

128.4

1’

43.9

c,

43.3

2’

93.1

CH

92.8

3’

25.9

CHj

14.2

4’

20.4

CHj

19.9

5’

14.6

CH3

25.3

t Literature data : Inouc el al (1983)* Experimental data

T able 7.9 HMQC data for 7-hydroxydunnione
Carbon no.

b*

8h*

5

126.4 '

7.54 J ( 7 ) “

6

120.7

7.14

8

116.8

1.62 s

2’

92.8

4.69 q (6.5)

3’

14.2

1.48

5

4’

19.9

1.27

5

5’

25.3

1.45

5

(7.5)

“ Values in the parentheses are 7 = Hz ♦ Experimental data

From the HMBC spectrum, correlations between the methyl signals at C-4’(19.9 ppm) and C5’(25.3 ppm) and the methine group at C-2’(92.8 ppm) and the quaternary carbon at C - l’(43.3
ppm) were observed, thus confirming the structure o f the furan ring. The or///o-coupled proton at
7.54 ppm was correlated directly with the carbon at 126.4 ppm from the HMQC spectrum. This
proton also showed a strong correlation in the HMBC spectrum to the oxygen bearing carbon at
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160.2 ppm, placing this oxygenated carbon on the aromatic ring. The proton also had a strong
correlation to another oxygenated carbon at 170.2 ppm, which was assigned to C-4, and a
quaternary carbon at 130.5, which was assigned to C-3. These correlations place this proton in the
C-5 position. As this proton is or//jo-coupled this placed the or/Ao-coupled proton at 7.1 ppm at the
C-6 position indicating the molecule is substituted in the C-7 position. This C-5 proton also showed
connectivity to the quaternary carbon at 128.4 ppm allowing this carbon to be assigned to C-10.

The uncoupled proton at 7.62ppm was found to be attached to the carbon at 116.8 ppm from the
HMQC spectrum. This carbon signal has been shifted upfield, indicating it is positioned next to the
oxygenated substituent. This proton also showed a significant correlation to the carbonyl group at
181.7 ppm, placing this proton at C-8 beside the carbonyl at C -1. A weak correlation to an oxygenbearing carbon at 160.6ppm was observed in the HMBC spectrum. This proton at C-8 also showed
a correlation to a quatemaiy carbon at 130.5 ppm, which was assigned as C-9.

It was therefore concluded this isolate was 7-hydroxydunnione. The experimental data agreed
closely with literature values (Inoue et al 1983, Guay and Brassard 1986); however the quaternary
carbons were assigned differently in the '^C NMR spectra (Table 7.8) and these assignments were
confirmed by HMBC experiments. (Table 7.9). The HMBC correlations are demonstrated in the
proposed structure for the isolate in the Figure 7.19.
Table 7.10 HMBC data for 7-hydroxydunnione
Carbon no.

Sc*

8 h*

HMBC

5

126.4

7.54 J (7)

V m s , 160.8, n o j '

6

120.7

7.14

119.7, 160.2

8

116.8

7.62 s

181.7, 160.2, 119.1

2’

92.8

4.69^7(6.5)

19.9, 25.3, 170.2 (w)

3’

14.2

1.48 s

130.5, 9 2 .8 ,4 3 .6 , 20.0

4’

19.9

1.27 j

2 4 .3 ,4 3 .3 ,9 0 .5 , 120.7, 130.5

5’

25.3

1.45 s

19.9, 4 3 .3 ,9 2 .8 ,1 2 0 .7

(7.5)

HO

Figure 7.19 HMBC correlations for 7-hydroxydunnione. Carbon numbering is indicated in the black text,
8c is indicated in the red text, the correlations given by the HMBC spectra are indicated by the curly arrows
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Structure elucidation o f I-hydroxy-2-hydroxymethylanthraquinone (7)
This isolate was obtained as bright yellow solid with a melting point of 209.3-211.5 °C. Mass
spectral analysis yielded a molecular ion of [M]^ at m/z 254, which together with ’’C NMR
suggested a molecular formula of C 15 H 10O4 .

The ’H-NMR spectrum o f this isolate was different to the previous compounds isolated. The
characteristic upfield region corresponding to the methyls in dunnione were not present. The
aromatic region exhibited signals for six protons. The pattern present was indicative of a
substituted anthraquinone. Two multiplets at 7.84 ppm and 8.32 ppm were characteristic for an
unsubstituted A-ring in an anthraquinone (Wijnsma and Verpoorte 1985). Two or//io-coupled
doublets at 7.50 ppm and 7.7 Oppm, J= 7.5, were consistent with a disubstituted aromatic C-ring.
The ' H-NMR spectrum also revealed a ring substituted -C H 2 -O at 4.90 ppm. A singlet resonating
at 13.07 ppm was observed, indicating a chelated hydroxyl group. The IR and UV spectra showed
absorptions typical of a l-hydroxyanthraquinone: X^ax 222.2, 258.6, 333.4, 408.5 nm (Wijnsma and
Verpoorte 1985).

The data above, together with comparison with literature values (Kuiper and Labadie 1981,
Stockigt et al 1973, Banthorpe and White 1994), led to the identification of this isolate as 1hydroxy-2-hydroxymethylanthraquinone (7). This anthraquinone has previously been isolated from
Streptocarpus dunnii (Stockigt et al 1973) and Galium species (Rubiaceae) (Kuiper and Labadie
1981, Banthorpe and White 1994).

Table 7.11 'H NMR data for l-hydroxy-2-hydroxymethylanthraquinone
Proton No.

F Literature
8

„ (CDCI3 )

1 Literature

t Literature
8

„ (CDCI3)

8

„ (CD3)2 CO/(CDj)2 SO

Isolate
8

„ (CDCI,)

3

7.76 d

7.76 J ( 8 )

7.96 m

7.80 d{1.5)

4

7.93 d

7.85 d{%)

7.96 m

7.88 d(1.5)

6,7

7.90 m

7.82 m

7.96 m

7.84-7.86 m

5,8

8 .2 1

8.28-8.32 m

7.96 m

8.32-8.36 m

-CH2-O

4.68

4.85 s

4.69 i

4.90 s

12.81

13.07

-OH

m

13.03

“ Values in the parentheses are J = Hz
F Kuiper and Labadie, 1981
t Banthorpe and White 1994
J Stockigt et al ,\ 973
* Experimental data
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7.2.3

Phytochemical investigation of 5. x hybridus var ‘Ruby’ suspension cultures

Suspension cultures o f S. x hybridm var ‘Ruby’ were established in McC and M+S media (Section
7.1.3). The growth medium became bright yellow in colour and high concentrations o f metabolites
were excreted forming a wash line of products precipitated on the surface o f the flasks during the
growth cycle. Preliminary TLC analysis showed one major yellow metabolite present in the
medium with other minor metabolites. The two growth media displayed the same metabolite
pattern and were combined to give total of 2.5 L medium. The combined media were frozen at -8 °C
and lyophilised. The lyophilised powder was reconstituted in distilled water and extracted with
ethyl acetate which yielded a 624.6 mg residue (0.025% */v). This represents a ten-fold increase in
total metabolites extracted compared to residue from in vitro grown plantlets. The extract was
subjected to column chromatography followed by further purification by prep TLC to yield one
major isolate, a highly concentrated extract of l-hydroxy-2-methylaiithraquinone (8) (35.4 mg),
and one minor metabolite was fully identified as l-hydroxy-2-hydroxymethylanthraquinone (7)
(9.1 mg). Other minor metabolites were also observed in the extract. NMR analysis suggested
further anthraquinones but yields were too small to allow full identification.

7.2.3.1 Structure elucidation o f I-hydroxy-2-methylanthraqmnone (8)
This isolate formed yellow needles with a melting point of 181.1-184.3°C. Mass spectral analysis
yielded a molecular ion of [M+I]" at mJz 239, which together with '^C NMR suggested a molecular
formula o f C 1 5 H 10 O 3 . The 'H NMR spectrum was similar to the spectrum of the previous
anthraquinone rather than a naphthoquinone. In the 'H spectrum o f this isolate, the aromatic region
exhibited six protons. Two two-proton multiplets at 7.84 ppm and 8.3 ppm were characteristic for
an unsubstituted C-ring in an anthraquinone. Two or//?o-coupled single-proton doublets at 7.50
ppm and 7.70 ppm, J= 7.5, were consistent with a disubstituted aromatic C-ring, however the
signals had shifted down field compared to the previous isolate, (7). A three-proton singlet was
observed at 2.41 ppm due to a methyl substituent. A one-proton singlet resonating at 12.99 ppm was
observed indicating a chelated hydroxyl group.
Table 7.12

H-NMR data for l-hydroxy-2-methylanthraquinone

Proton No.

Literature 8h (CDCI3)

Isolate 8 h (CDCI3)

3

7.42 c/(7.5)

7.55 d (7 .5 )

4

1.62 d (7.5)

7.77 d (7.5)

6.7

7.68 m

7.82-7.84 m

5.8

8.17/m

8.30-8.35 m

15

2.26 s

2.40 s

-OH

12.84 s

12.99 s

“ Values in the parentheses are 7 = Hz * Experimental data
Literature data; Tessier et al 1981
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I'he '^C NMR spectrum gave 15 carbon signals, which together with the DEPT 135 and HMQC
spectrum could be assigned as two carbonyls, one C-O, six aromatic methines, five quaternary
carbons and one methyl. The values assigned were verified by the HMBC experiment (Table 7.14
and Figure 7.29)
T able 7.13 ’^C NM R data for l-hydroxy-2-methylanthraquinone
Carbon No

6c(CDCl3)

Multiplicity

1

161.1

C-O

2

131.3

Cq

3

137.2

CH

4

119.2

CH

5

126.9

CH

6

133.8

CH

7

135.0

CH

8

127.3

CH

9

189.0

10

182.4

11

133.3

c=o
c=o
c„

12

135.0

Cq

13

115.2

14

133.8

c,
c,

15

16.2

CH3

T able 7,14 HMQC data for l-hydroxy-2-methylanthraquinone
Carbon no.

b*

3
4

8h *
7.55

119.2

7.77

6,7

133.8, 135.0

7.82-7.84

5,8

126.9, 127.3

8.30-8.34

15

16.2

2.40

I ’he results suggested that the isolate was 1-hyroxy-2-methylanthraqunone ( 8 ). This anthraquinone
has been previously isolated from S. dunnii ( Inoue et al 1984) and other plant families including
Rubiaceae and Verbenaceae (Dayal and Seshadri 1979, Tessier et al 1981). The chemical structure
o f the isolate was confirmed by direct comparison o f the spectral data with known literature values
(Tessier et a l 1981) (Table 7.12). This compound was the major metabolite present in the growth
medium o f the S. x hybridus var ‘Ruby’ suspension cultures, although it had not been isolated from
the in vitro plantlets or growth medium.
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The second compound isolated was identified as l-hydroxy-2-hydroxymethylanthraquinone
(Section 1.22.2), which was isolated previously from the growth medium of the in vitro plantlets.
This compound occurred in much lower quantities(9.1 mg) that the previous anthraquinone. No
naphthoquinone metabolites were recovered from the growth medium o f the suspension cultures.
Dediflferentiation of S. x hybridus var ‘Ruby’ appeared to cause an up-regulation o f anthraquinone
metabolism while naphthoquinone metabolism was depressed.

A large red residue was recovered from the column chromatography o f the suspension cultures
growth medium after eluting with methanol. Prep TLC of the residue separated a number of bands
but not in sufficient quantities to allow structure elucidation. This is consistent with previous
findings with S. x hybridus var ‘Ruby’ where red polar compounds were present. These compounds
have proved difficult to isolate in sufficient quantities to allow structure elucidation but may be
indicative of the presence of quinone glycosides or possibly other compounds present in the S. x
hybridus var ‘Ruby’ and would warrant further investigations.

7.3

HPLC analysis of S. x hybridus var ‘Ruby’

To allow further identification of any further metabolites present in the plantlets and suspension
cultures established, an HPLC method was developed. A method by Baczek et al (2001) used to
analyse flavanoids was modified and validated for the analysis o f the quinone compounds (Section
6.7).

Validation of the method was carried out and chromatographic parameters such as selectivity
(selectivity factor, R) and column efficiency (N) were calculated manually and are tabulated in
Section 6.7.2. Visual inspection of a chromatogram o f a mix of the quinones used shows separation
was achieved and the peaks are symmetrical. The order of elution was determined by sequentially
injecting reference solutions containing dunnione, 7-hydroxydunnione, a-dunnione, 7-hydroxy-adunnione,

6-hydroxy-7-methoxy-a-dunnione,

7-methoxy-a-dunnione,

l-hydroxy-2-

methylanthraquinone and l-hydroxy-2-hydroxymethylanthraquinone. The retention times were
compared with those of the chromatographed mixture and the identities of the peaks determined
using both retention time and UV absorption spectral data.

7.3.1

HPLC analysis of S. x hybridus var ‘Ruby’ in vitro plantlets and growth

medium
S. X hybridus var ‘Ruby’ plantlets were extracted using M-hexane, ethyl acetate and methanol.
Previous column chromatography and TLC analysis failed to identify any compounds o f interest in
these extracts. The extracts were re-examined by HPLC to detect any minor metabolites present.
Diluted samples of the large extracts generated were injected into the HPLC and peak identification
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was achieved by comparison o f both the retention time and UV absorption spectrum with those
obtained with the standards. The growth medium of the plantlets was also re-examined by HPLC to
obtain a metabolite profile and the relative (%) of the quinones detected in each extract was
calculated.
Table 7.15a Quinones identified by HPLC in S. x hybridus var ‘Ruby’ in vitro plantlets
and growth medium
S, ‘Ruby

plantlets media

Isolate

Hexane

EtOAc

(1)
(4)

100

S. ‘Ruby

in vitro

plantlets

Hexane

EtOAc

MeOH

85.3
14.7

(7)

*The values represent the ratio (%) of each quinone to the sum of all quinones detected

Previous analysis had shown the n-hexane extract of the growth medium contained one main
metabolite, dunnione (1). This metabolite accounted for 100% of the identifiable quinones in this
extract. No further quinones were observed in the HPLC chromatogram, although the
chromatogram showed one further peak o f equal intensity to the dunnione peak at 14.58 min
(Figure 7.31). This retention time did not correspond to any of the previous isolates. The UV
absorption spectrum of this compound did not correspond to an quinone-type compound leading to
the conclusion this extract still contained a yet to be identified metabolite. As was seen in the
phytochemical work, some compounds were unresolved and were difficult to separate in sufficient
quantities to allow full structure elucidation.
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Figure 7.31 HPLC chromatogram o f S. x hybridus var ‘Ruby’ plantlets growth medium nhexane extract

The chromatogram o f the ethyl acetate extract showed one major metabolite, 7-hydroxydunnione
(4) accounting for 85.3 % o f the quinones detected in this extract, and 1-hydroxy-2-
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hydroxymethylanthraquinone (7) which accounted for 14.7 % of the quinones detected (Figure
7.32). These results confirmed previous investigations that identified these quinones as the major
metabolites in S. x hybridus var ‘Ruby’.
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Figure 7 J2 HPLC chromatogram of S. x hybridus var ‘Ruby’ plantlets liquid growth
medium: ethyl acetate extract
No further derivatives of dunnione or a-dunnione were observed in the HPLC analyses. However it
was observed that the hexane extract contained some compounds of interest worthy of further
investigations. In the HPLC analysis of the plant extracts no identifiable quinones were observed,
which confirmed previous phytochemical work that concluded that the extracts of the plants did not
contain the quinones but that they were excreted into the growth medium.

7.3.2

S. X hybridus var ‘Ruby’ suspension cultures and growth medium

One callus culture cell line “5'. x hybridus var ‘Ruby’ from M+S'” was selected from the callus
lines generated in Section 7.1.2 to generate suspension cultures. This cell line was grown in two
media McGowans medium (McC) and modified Murashige and Skoog (M+S) (Section 7.1.3). The
cells were harvested and dried in the usual manner. The dried crushed cells were extracted at room
temperature with methanol to give two extracts. The growth medium of these cells became highly
coloured and was bright yellow at the end of the growth cycle (4 weeks). Each growth medium was
extracted with ethyl acetate. These extracts were analysed by HPLC and identified quinones in
Table

7.15b.

Both

l-hydroxy-2-hydroxymethylanthraquinone

(7)

and

l-hydroxy-2-

methylanthraquinone (8) were observed in the cell and media extracts. No naphthoquinone
metabolites were detected in the cells or growth medium, l-hydroxy-2-methylanthraquinone (8)
was the major metabolite observed in all extracts.

194

Chapter 7 Streptocarpus -Results and Discussion

Table

7.15b

Quinones identified by HPLC in the ceil and growth medium extracts of
S.

.X

hybridus var ‘Ruby’ suspension cultures
S. ‘Ruby’

isolate
(7)
(8)

McC

Cells

Media

100.0

17.2
82.8

5L‘Ruby

GM

Cells

Media

100.0

17.9
82.1

quinone to the sum of all quinones
detected

7.4

Streptocarpus dunnii in vitro culture

7.4.1 In vitro plantlets
Streptocarpus dunnii seeds were received from Silverhill Seeds, Cape Town, South Africa in
January 2002. Streptocarpus seeds are very small, measuring approximately 1mm in length. Onethird o f the seeds were surface-sterilised by soaking in a 10% sodium hypochlorite solution for 15
mins followed by several rinses with sterile water. Following surface sterilisation, the seeds were
transferred to Petri-dishes filled with approximately 20 ml o f the micropropagation medium (see
Section 6.1.1 and Appendix 1). However the protocol still allowed fungal contamination. A revised
sterilisation protocol was devised and the remaining seeds were pre-washed with absolute alcohol
for 5 mins prior to surface sterilisation with 15% sodium hypochlorite solution followed by several
rinses with sterile water. This resulted in lower levels of contamination, with 8 of the 15 inoculated
plates remaining sterile after 2 weeks. The plates were placed in the dark, but as no germination
was seen after 2 weeks they were placed in the light and germinated within 2 weeks (Figure 7.33a).
O f the 8 uncontaminated plates, over 90% of the seeds present germinated.

On germination, the seeds produced two equal sized cotyledons as seen in Figure 7.33b. However
after a number o f weeks the seedling were seen to develop the morphology typical o f S. dunnii i.e.
a unifoliate phyllomorph (Figure 7.33c).

Figure 7 J 3 Germination and seedlirig growth of S. dunnii', (a) germination; (b) two
cotyledons and tap root; (c) the unifoliate morphology of the seedlings
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This is the usual seedling development seen in Streptocarpus subgenus Streptocarpus (Hilliard and
Burtt 1971) although it has been shown that this anisocotylous development is reversible by the
addition o f growth regulators to the growth medium. To prevent this, the micropropagation
medium used was composed o f Murashige and Skoog basal salts, sucrose and mesoinositol with no
growth regulators.

Once the seedlings were established they were separated and transferred to plastic Petri-dishes
containing agar-solidified micropropagation medium and subcultured every 4-6 weeks. Once the
seedlings were large enough, they were transferred to solid media in in vitro culture jars (Figure
7.35a). The seedlings developed as large unifoliates or as groups o f unifoliates (Hilliard and Burtt
1971) (Figure 7.34a and Figure 7.35b). The plants propagated vegetatively by forming new
phyllomorphs at the base of old ones (Figure 7.35b) or by the formation o f new phyllomorphs on
the lamina o f old excised leaves (Figure 7.34b).

I

(■)
Figure 7 34 The growth pattern of 5. dunnii plantlets; (a) a group of phyllomorphs;
(b) vegetative growth o f new phyllomorphs on the lamina of excised leaves

Abscission zone

lamina

New phyllomorph
petiolode
Fibrous roots

O

Figure 7.35 Morphology o f S. dunnii', (a) large unifoliate (b) unifoliate phyllomorph
with new phyllomorph at the base
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During the growth of the in vitro plantlets the growth medium became coloured, as was previously
seen with S. x hybridus var ‘Ruby’ plantlets. To allow investigation of these coloured compounds,
the plantlets were transferred from the solid culture medium to liquid medium of the same
composition. Growth o f the plantlets in liquid culture resulted in an orange colouration in the liquid
growth medium, which was different in colour to that produced by S. x hybridus var ‘Ruby’
plantlets. The colour intensified over the four-week growth cycle.

r

i-V -

Figure 7 3 6 Growth of S. dunnii in vitro plantlets in liquid culture

7.4.2 Initiation of callus
In November 2004, callus cultures were initiated from in vitro plantlets. A series o f experiments
were carried out to investigate the influence o f growth regulator and medium composition on callus
formation. Excised leaves of in vitro grown S. dunnii plantlets were transferred to a series o f agarsoiidified media containing varying auxin/cytokinin concentrations. The cell lines were left in the
dark for four weeks and then evaluated for callus formation.

7.4.2.1 Effect of auxin/cytokinin concentrations on initiation o f callus
•

McCowans medium

Five combinations of auxin and cytokinin were used for callus initiation on McCowans (McC)
medium. Callus formed along the midrib and the edges of the excised tissue. The concentrations
used, and a description of the callus formed, are given in Table 7.16. From the five combinations
tested, four produced callus. The first two combinations, McC' and McC^ formed friable callus in
large aggregates. However, cell line McC^ became infected and had to be discarded. McC’ and
McC'* produced callus but this was hard and compact and of poor quality. The final combination
McC^ did not form any callus. The callus formed was scored according to the quality and extent of
callus formation. The score system applied is given in Figure 7.37. From Table 7.16 and Figure
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131 it can be concluded that 2,4-D in combination with NAA produced the best quality callus (cell
line McC'), addition of low concentration o f BAP also produced callus, however it was of poor
quality (cell lines McC’ and McC'*). Higher concentrations o f BAP (cell line McC^) failed to allow
callus formation. The cell lines with callus were subcultured onto fresh media after 4 weeks and
McC', McC^ and McC'* all continued to grow and formed undifferentiated callus. Three new cell
line o f undifferentiated S. dunnii callus cultures were therefore established (Figures 7.38, 7.39 and
7.40).
Table 7.16 Auxin/cytokinin combinations used and callus formation by S. dunnii in vitro
plsmtlets on McCowans Medium
Combination

Auxin/Cytokinin (mg I' )

M cC‘

2,4-D 0.22

Soft friable callus with large aggregates formed.

NAA 0.19

brown, good growth

2,4-D 0.10

compact brown callus formed

BAP 0.00

good growth

2,4-D 0.25

Compact hard callus formed.

BAP 0.10

green/grey colour, poor growth

2,4-D 0.05

Hard callus formed.

BAP 0.15

light green in colour, poor growth

2,4-D 0.10

hard brown callus formed, poor growth

BAP 0.20

Cell line discarded

M cC^

M cC^

M cC^

McC*

Callus formation

0 = no ca llu s form ation
1= p artial ca llu s fo n n atio n
2 = ca llu s form ation
3 = to tal ca llu s fo rm atio n

2.5
■2

2
1.5

^

ra

1

O

0.5

McCI

McC2

McC3

McC4

McC5

Growth regulator and medium

Figure 7.37 Callus formation o f S. dunnii excised leaves against
auxin/cytokinin concentration on McCowans medium. n=3
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Figure 7.38 Callus cultures of S. dunnii on McGowans medium.
Cell line McC'; (a) in Petri dish; (b) under light microscope
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Callus cultures of S. dunnii on McCowans medium. Cell line
McC^; (a) in Petri dish; (b) under light microscope
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Figure 7.40 Callus cultures of S. dunnii on McCowans medium. Cell line
McC''; (a) in Petri dish; (b) under light microscope
•

Murashige and Skoog medium

Five combinations of auxin and cytokinin were also formulated for callus initiation with Murashige
and Skoog (M+S) medium. The concentrations used, and a description o f the callus formed, are
given in Table 7.17. O f the five combinations tested, four produced callus. As seen previously with
McCowans medium, the first two combinations, M+S' and M+S^ formed good friable callus but as
smaller aggregates than on McC medium. M+S^ and M+S'* produced callus but this callus was of
poor quality and was hard and compact. The final combination McC^ did not form any callus. The
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callus formed was scored according to the quality and extent of callus formation. The score system
applied is given in Figure 7.41. From Table 7.17 and Figure 7.41 it can be concluded that 2,4-D in
combination with NAA produced the best quaiit)' callus (cell line McC'), addition o f low
•

•

3

concentration of BAP also produced callus however it was of poor quality (cell lines McC and
McC^). Higher concentrations of BAP (cell line McC^) failed to initiate any callus formation. The
cell lines with callus were subcultured onto fresh media after 4 weeks. M+S', M+S^, M+S^, M+S'*
all continued to grow and formed undifferentiated callus. The four new cell lines of
undifferentiated S. dunnii callus are shown in Figure 7.42, 7.43, 7.44 and 7.45.
Table 7.17 Auxin/cytokinin combinations used and callus formation by S. dunnii in
vitro plantlets on Murashige and Skoog Medium
C om bination

Auxin/cytokinin

C allus form ation

T reatm en t (mg l ’)
M +S'

M+S ^

M +S ^

0.22 2,4-D

Soft friable callus formed, light

0.19 NAA

beige in colour, good growth

0.10 2,4-D

Soft friable callus formed, light

0.20 BAP

green in colour

0.10 2,4-D

Hard callus formed ,beige/brown.
poor growth

M+S ■'

M +S *

0.05 2,4-D

Poor callus formation, hard beige

0.15 BAP

callus formed

0.25 2,4-D

No callus formation

0.10 BAP

Cell line discarded

0 = no callu s fo rm atio n
1= p artial ca llu s fo rm ation
2 - ca llu s fo rm atio n
3 - to tal ca llu s fo rm atio n

2.9
2.4
•s 1.9
£

1.4

ra 0.9
o
0.4
-

0.1
M+S1

M+S2

M+S3

M+S4

M+S5

G rowth regulator an d medium

Figure 7.41 Callus formation of S dunnii excised leaves against auxin/cytokinin
combinations on Murashige and Skoog medium. n=3
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(h)

Figure 7.42 Callus cultures o f S. dunnii on Murashige and Skoog medium; Cell
line M+S'; (a) in Petri dish; (b) under light microscope

Figure 7.43 Callus cultures o f S. dunnii on Murashige and Skoog medium. Cell
line M+S^; (a) in Petri dish; (b) under light microscope

V f u r ;i s h i« c jiiid

< < iM ) \ U \ h u m

KM

Figure 7.44 Callus cultures o f S. dunnii on Murashige and Skoog medium. Cell line
M+S^; (a) in Petri dish; (b) under light microscope

;ir)d SkiK »g (< »M t

Figure 7.45 Callus cultures o f S. dunnii on Murashige and Skoog medium. Cell
line M+S"; (a) in Petri dish; (c) under light microscope
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7.4.2.2 Effect o f medium basal salt composition on callus initiation
A series of media were evaluated for the effect on callus initiation from S. dunnii excised leaves.
Six media were evaluated. M+S and McC media from the above experiments were included for
comparison. The remaining four basal salt mixtures used were Gamborg’s B5 (GB5) medium,
Litvay’s (Lit) medium, Andersons (And) medium and Schenk and Hildebrandt (S+H) medium (See
Appendix 8 for basal salt compositions). The basal salt mixtures were altered for each medium and
the organic constituents; glycine (2 mg/ml), nicotinic acid (0.5 mg/ml), pyridoxine HCI (0.5 mg/l),
thiamine HCI (0.4 mg/l), mesoinositol (200 mg/l) and sucrose (30 g/1) were added to each medium.
From the above experiments, the growth regulators 2,4-D and NAA at 0.22 mg/L and 0.19 mg/L
respectively were found to be most effective for callus initiation and these concentrations were
used for each of the media evaluated. The cell lines were left in the dark for four weeks and
evaluated for callus formation. The media used, and a description of the callus produced, are given
in Table 7.18. The callus formed was scored according to the quality and extent of callus
formation. The score system applied is given in Figure 7.46.

Table 7.18 Media used for callus initiation from S. dunnii in vitro plantlets
Callus formation

Medium
Anderson

Poorly developed hard brow n callus.
Cell line discarded

Gamborg's B5

P oor callus developm ent
C ell line discarded

Litvay’s

Callus developm ent, poor grow th

IMurashige and Skoog

B eige soft friable callus

McGowans

Schenk and Hildebrandt

Friable callus

Small friable callus brow n callus

As seen in the previous experiments, callus grew well on McC and M+S medium with this auxin
combination. Callus also formed on S+H and Litvay’s medium. The remaining two media,
Anderson’s and Gamborg’s B5 medium, produced very poor callus and were discarded. Two new
callus lines were therefore developed: S+H and Litvay’s media (Figure 7.47 and 7.48).
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2.5

.1 2
(D

E
o 1.5

m
(0

O

0.5

And

I
G B5

Lit

McC

M+S

S+H

Growth M edium

F ig u re 7.46 Callus form ation o f S. dunnii excised leaves against growth medium. n=3

Schenk ;ind Hilili-hrarKli

Figure 7.47 Callus cultures o f S. dunnii on Schenk and Hildebrandt medium.
Cell line S+H (a) in Petri dish; (b) under light microscope

I mm

(b)
Figure 7.48 Callus cultures o f S. dunnii on Litvay’s medium. Cell line Lit;
(a) in Petri dish; (b) under light microscope
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7.4.3

Suspension cultures

The callus lines generated were transferred to liquid culture media to generate suspension cultures.
7.4.3.1 McCowans medium
Three callus culture cell lines were generated from McCowans medium. One o f these, McC',
developed soft friable callus. The remaining two cell lines, McC^ and McC'', developed callus that
was hard and compact. All cell lines were transferred to liquid medium containing McC basal salts,
glycine (2 mg l ’), pyridoxine HCl (0.5 mg l '), thiamine HCl (0.4 mg f'), mesoinositol (100 mg l ')
and sucrose (30 g l '). The media were supplemented with growth regulators 2,4-D 0.22 mg I 'and
NAA 0.19 mg l ’. Three suspension culture lines in McC medium resulted (Figure 7.49).

Figure 7.49 Suspension cultures of S. dunnii growing in McC medium; (a) cell line McC'; (b) cell
line McC^; (c) cell line McC''
After several passages, the growth of the cell lines was monitored over a nine-month period. The
growth index of the suspension cultures from August 2004 to April 2005 is given in Figure 7.50.
Although the growth o f the cell lines was variable, the general trend was towards an increased
growth index over the nine-month period, suggesting the cell lines were still stabilising in the
growth medium. O f the three cell lines, McC' consistently grew best. The compact and hard callus
formed by cell line McC^ and McC'' developed into softer, more friable callus after a number of
passages in the new medium, showing the growth regulator combination 1 to be the best for callus
formation and maintenance.
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Figure 7.50 The growth of three S. dunnii suspension cell lines growing in McCowans
medium. n=2-3±s.d.
7.4.S.2 Murashige and Skoog medium
Four callus culture lines were generated from Murashige and Skoog solid medium. Two o f these,
M+S' and M+S^, developed soft friable callus. The remaining two cell lines, M+S^ and M+S'*,
developed callus that was hard and compact. All cell lines were transferred to liquid medium
containing M+S basal salts, glycine (2 mg l '), pyridoxine HCI (0.5 mg l '), thiamine HCI (0.4 mg I"
'), mesoinositol (100 mg l ') and sucrose (30 g l '). The concentration of growth regulators varied
for the suspension cultures. 2,4-D 0.22 mg I 'and NAA 0.19 mg l ' were used in one liquid medium
for cell lines M+S' and M+S^ and M+S”*. Cell line M+S^ was transferred to liquid culture with the
original growth regulator 2,4-D O.lOmg/L. This resulted in four suspension culture lines in M+S
medium.

Figure 7.51 Suspension cultures of S. dunnii growing in M+S medium; (a) cell line
M +S';(b) cell line M+S^
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After several passages, the growth o f the cell lines was monitored over a ten-month period. The
growth index of the suspension cultures from July 2004 to April 2005 is given in Figure 7.52. The
growth of the cell lines was variable. Cell line M+S”* did not increjise in biomass after initial
passages and was observed not to grow. This cell line was therefore discarded after 4 passages. Cell
line M+S' and M+S^ displayed the best growth and the growth indices o f these cell lines increased
over the ten month period (Figure 7.52). The compact and hard callus formed by cell line M+S^
developed in to softer friable callus after a number o f passages in the new medium. Cell line M+S^
continued to grow, however, growth index of this cell line was poor over the period being
monitored. The suspension cultures in M+S medium were a finer suspension o f small soft
aggregates and single cells compared to McC medium, which formed small distinct aggregates of
cells. As was observed with the McC medium cell line, M+S' had significantly better growth of the
three cell lines.

M+S1

5

M+S2

M+S3

4
X
0>

•o

c

£

3

1
o

(3

0
July

August

S ep tem b er

O ctoljer

Novem tier

D ecem tw r

Ja n u ary

February

March

April

Month

Figure 7.52 The growth o f the S. dunnii suspension cell lines growing in Murashige and
Skoog medium. n=2-3±s.d.
7.4.3.3 Schenk and Hildebrandt medium
The callus culture generated from the Schenk and Hildebrandt (S+H) medium was transferred to
liquid medium containing S+H basal salts, glycine (2 mg l '), pyridoxine HCI (0.5 mg l '), thiamine
HCI (0.4 mg r'), mesoinositol (100 mg l ‘) and sucrose (30 g l '), 2,4-D 0.22 mg l ' and NAA 0.19
mg 1 The cultures formed very large aggregates in this medium. Inspection o f the aggregates
under the light microscope showed elongated aggregates of cells, suggesting the beginning of
dedifferentiation of the cells. The cells in the S+H medium grew well for several months but
ultimately died.
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;ind I f ild c h r a n d t M e d iu m

Figure 7.53 Suspension cultures of S. dunnii; (a) after harvesting; (b) under light microscope
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Figure 7.54 Growth o f cell line S+H suspension culture over a nine month period
7.4.S.4 Litvay’s Medium
The callus culture generated from the Litvay’s callus medium was transferred to liquid medium
containing Litvay’s basal salts, glycine (2mg l '), pyridoxine HCI (0.5 mg l '), thiamine HCI (0.4
mg

mesoinositol (100 mg l ') and sucrose (30 g l '), 2,4-D 0.22 mg I 'and NAA 0.19 mg l '. The

cultures grew poorly in this medium. The cultures were maintained but no growth monitoring was
possible

L itvay M cdiuitt

Figure 7.55 Suspension cultures o f S. dunnii, (a) after harvesting; (b) under the light
microscope
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7.5

Phytochemical investigation of Streptocarpus dunnii

7.5.1 Phytochemical investigation of S. dunnii in vitro plantlets and growth medium
Gr)wth of Streptocarpus dunnii plantlets in liquid medium caused the growth medium to become
highly coloured (Figure 7.36), which is consistent with the observation in S. ‘Ruby’. The growth
meiium of S. dunnii was orange after 4 weeks of growth. TLC analysis of preliminary extractions
shewed a complex mixture of metabolites present in the medium and showed a pattern different to
the metabolite profile of S. x hybridus var ‘Ruby’ plantlets.

Afier harvesting the plantlets, the growth medium was frozen at -8°C until required for extraction.
The defrosted medium (4 L) was extracted with «-hexane followed by ethyl acetate. This yielded a
151.2 mg (0.0038 % '^/v) and 195.5 mg (0.0049 % */v) extracts respectively. These extracts were
sutiected to Prep TLC yielding a highly complex mixture of compounds (a total of 23 coloured
bards were visible from tlie two extracts). O f the metabolites separated, seven compounds were
isoated in sufficient quantities to allow full structure elucidation. Five naphthoquinones, three of
whch were not previously described, were isolated in addition to two known anthraquinones.

7.5J.1 Growth medium: n-hexane extract
Prejarative TLC of the «-hexane extract yielded five isolates in sufficient quantity to allow
structure elucidation of the compounds. An orange isolate (R f 0.6) was the main metabolite present
and was purified to yield 17.7 mg of dunnione (1) (Section 7.2.2.1) which accounted for 11.2%
"^/wof the extract. The upper region of the plate contained two yellow bands, which were purified
to )ield a-dunnione (2) (S.Omg, Rf 0.90) and l-hydroxy-2inethylaiithraquinone (8) (6.2mg, Rf
0.9() (Section 7.2.3). The «-hexane extract also yielded a purple isolate, which was identified as 7metlioxy-a-dunnione (9) (6.8 mg, Rf 0.47) and a dark purple isolate which was identified to be 6hydroxy-7-methoxy-a-dunnione

(10)

(6.3mg,

Rf

0.34),

two

previously

unreported

napithoquinones.

7.5.1.2 Growth medium: ethyl acetate extract
Preparative TLC of the ethyl acetate extract yielded two isolates in sufficient quantity to allow
structure elucidation o f the compounds. One o f these isolates, l-hydroxy-2-inethyIanthraquinone
(8), was previously recovered from the n-hexane extract and another unknown isolated which was
shov'n to be a hydroxylated version o f a-dunnione, 7-hydroxy-a-dunnione (11) a previously
unreDorted naphthoquinone.

208

Chapter 7 Streptocarpus -Results and Discussion

7.5.2

Structure elucidation of S. dunnii quinones

7.5.2.1 Structure elucidation o f a-dunnione(2)
This compound crystallised as bright yellow needles from ethyl acetate, melting point o f 98-101°C.
Mass spectral analysis yielded a molecular ion, [M+1] at m/z 243, which was the molecular ion
seen previously for dunnione. The '^C NMR spectrum confirmed an identical molecular formula o f
C | 5H,4 0 3 . In 'H spectrum, three methyl signals at 1.31 ppm s, 1.48 ppm d, 1.51 ppm s were
observed, the methyl signals in this compound resonated at different values to the methyl signals in
dunnione (Figure 7.56) (Figure 7.58, Table 7.19).

3H -5'

3 H -4 ‘

3H-3'

Figure 7.56 The methyl signal pattern observed in (a) dunnione and (b) a-dunnione
The single proton quartet at 4.59 ppm was also present and four aromatic protons were seen
between 7.6 and 8 .1 ppm, indicating an unsubstituted aromatic region. The resonances observed for
the aromatic protons in this isolate again differed greatly to the aromatic region o f dunnione
(Figure 7.57)
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8.00
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7 90

7 70

7 60

ppm (II)

Figure 7.57 Aromatic region o f 'H-NMR spectra for (a) dunnione and (b) a-dunnione

Table 7.19 ‘H NMR data for a-dunnione
Proton No.

t8„ CDCIj

*8h CDCI,

5’

1.46 5

1.5 V i

4’

1.29 s

1.31 s

3’

1.40 d (6.5)

1.46-1.48 d (6. S)

2’

4.52 q (6.5)

4.59-4.63 9 (6 .5 )

5

7.85-8.07 m

8.06-8.09 m

6

7.53,7.75 m

7.72-7.75 m

7

7.53,7.75 m

IM -l.lQ m

8

7.85-8.07 w

8.06-8.09 m

^ Values in the parentheses are J = Hz
t Literature data: Ruedi and Eugster (1977)
* Experimental data

The '^C NM R spectrum showed that the isolate contained 15 carbons, from DEPT 135° and HMQC
spectra these were assigned to be two carbonyls, one C -0, four aromatic C-H, three aromatic
quaternary carbons, one methine group, one non-aromatic quaternary carbon and three methyls
(Table 7.20, Figure 7.59). Absorptions at 1706cm ' and 1654cm ' in the IR spectrum confirmed the
presence o f two carbonyl functionalities.
The values assigned were verified by the HMQC and HMBC experiments (Table 7.21, 7.22 and
Figure 7.60, 7.61)
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T a b le 7 .2 0
C arbon No.

'^C -N M R data for a -d u n n io n e
IVIultiplicity

L iterature

E xperim ental

8c(CDCl3)t

8c(CDCl3)*

1

c=o

178.1

178.2

2

C -0

158.2

158.2

3

c,

130.7

130.5

4

c=o

181.8

182.0

5

CH

125.6

125.5

6

CH

133.8

133.7

7

CH

132.4

132.3

8

CH

125.7

125.7

9

Cq

131.1

130.9

10

c,

133.2

133.0

r

c,

45.1

44 .7

2’

CH

91.4

91.2

3’

CHj

25.8

13.8

4’

CH3

2 0.6

20.1

5’

CH 3

14.2

25.3

• Literature data : Inoue et a / (1 9 8 3 )
' Experimental data

T a b le 7.21

H M Q C data for a -d u n n io n e

C arbon no.

8c*

5’

“25.3

4’

20.1

1.31 5

y

13.8

1.46-1.48 d( 6 . 5 )

2’

91.2

4.59-4.63 q { 6 . 5 )

5

125.5

8.06-8.09 m

6

133.7

7.72-7.75 m

7

132.3

7.66-7.70 m

8

125.7

8.06-8.09 m

8h*
1.51

^ Values in the parentheses are J = Hz
* Experimental data
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Table 7.22

HMBC data for a-dunnione

Carbon no.

8c*

Sh*

HMBC

5’

25.3

L51

20.1,44.7,91.2 130.9/130.5

4’

20.1

1.31

13.8, 25.3,44.7,91.2, 130.9/130.5

3’

13.8

1.46-1.48

20.1,44.7,91.2, 158.2 (w)

V

91.2

4.59-4.63

20.1,25.5,44.7, 130.5 (w), 158.2 (w)

5,8

125.5,

8.06-8.09

132.3, 133.7, 130.5, 130.9,

125.7

125.7, 125.5, 178.2, 182.0

6

133.7

7.72-7.75

130.9, 130.5, 125.5, 125.7

7

132.3

7.66-7.70

125.5, 125.7, 132.3, 133.0, 133.7

The results suggested that the isolate was a compound very similar to dunnione with some
structural differences. Analysis of the results led to the conclusion that the compound isolated was
a-dunnione (2), previously isolated from S. dunnii (Inoue et al 1983). The chemical structure of the
isolate was confirmed by comparison of the spectral data with known literature values (Table 7.19).
The majority o f the data agreed with published spectral data, however as for dunnionethr furan
methyls were reassigned. The C-3’ was assigned to the methyl signal at 13.8ppm; as this proton
occurs as a doublet due to coupling with the methine group at C-2’ in the HMQC spectrum, this
doublet is attached to the carbon signal at 13.8ppm. Therefore, C-5’ was assigned the signal at
25.3ppm, which is attached to a methyl singlet in the HMQC spectra (Figure 7.60 and Table 6.21).

___________________________
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Figure 7.58

Expansion of HMQC spectrum o f a-dunnione (displaying the methyls
present)
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' H-NMR spectra of a-dunnione
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2.0

ppm (t1
—

8.0

7. 0

•

■

6. 0

5. 0

— I—

I—

I—

4. 0

I---- 1—

I—

r — I—

r

3. 0

pp m (t2)

Figure 7.62

HMBC spectrum o f a-dunnione
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7.5.2.2 Structure elucidation o f 7-hydroxy-a-dunnione (II)
This compound was isolated from the ethyl acetate extract as orange needles with a melting point
o f 173.3-175°C. Mass spectral analysis yielded a molecular ion o f [M+1] at m/z 259 which together
with '^C-NMR supported a molecular formula o f C 1 5 H 14 O4 . This molecular formula is consistent
with a hydroxylated derivative o f the compounds previously isolated, dunnione and a-dunnione.
The ’H spectrum exhibited three methyl signals at 1.18 5, 1.34 d, 1.38 s ppm (Figure 7.65, Table
7.23). The methyl signals in this compound resonated similarly to the methyl signals previously
observed in a-dunnione (Figure 7.63). Analysis o f the spectral properties suggested the isolate was
a hydroxylated derivative o f a-dunnione. This was supported by resonances o f three protons in the
aromatic region. The proton at 7.23 ppm exhibited only meto-coupling ( J= 2.5), the proton at 7.76
ppm was only ort/io-coupled while the proton at 7.08 ppm exhibited ortho, wie/a-coupling,
implying an aromatic substitution pattern as below with the hydroxy placed at either C- 6 or C-7.

H

O

H

O

H

O

H

O

Figure 7.63 Proposed aromatic substitution for isolate (11)
Table 7.23 'H-NMR data for 7-hydroxy-a-dunnione
Proton No.

♦8 „ CDCI3

5’

1.38

5

4’

1.18

5

3’

1.36-1.34 <i(6)

’

4.53-4.58 </(6.5)

5

7.76-7.79 c/(8.5)

6

7.08-7.11 dd (2.5,8)

8

7.23-7.21 c^(2.5)

2

“ Values in the parentheses are 7 = Hz* Experimental data

The '^C NMR spectrum showed that the isolate contained 15 carbons, from DEPT 135° and HMQC
spectra these were assigned as two carbonyls, two C-O, three aromatic C-H, three aromatic
quaternary carbons, one methine group, one non-aromatic quaternary carbon and three methyls
(Figure 7.66, Table 7.24). The '^C spectrum was found to possess an extra C-O signal and an
aromatic C-H signal was shifted upfield to 112.0 ppm indicating a ring substituted oxygen group.
The placement o f the oxygenated substituent was determined by the HMBC experiment.
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Table 7.24 '^C NMR data for 7-hydroxy-a-dunnione
a-dunnione

Multiplicity

7-OH-a-dunnione

1

178.2

c=o

178.1

2

158.2

C-0

157.9

c=o
c-o

3

130.5

Cq

130.1

Cq

4

182.0

c=o

181.4

c=o

5

125.5

CH

128.0

CH

6

133.7

CH

120.4

CH

7

132.3

CH

162.6

C-O

8

125.7

CH

112.0

CH

9

T30.9

Cq

124.3

Cq

10

133.0

Cq

133.1

Cq

V

44.7

C,

44.5

Cq

2’

91.2

CH

90.4

CH

3’

13.8

CHs

14.0

CH3

4’

20.1

CH3

20.3

CH3

5’

25.3

CH3

25.4

CH3

Carbon No.

Multiplicity

Table 7.25 HMQC data for 7-hydroxy-a-dunnione
Carbon no.

6c*

5’

25.4

1.38 s

4’

20.3

1.18 5

3’

f4.0

1.36-1.34 d{6)

2’

90.4

4.53-4.58 q{6.5)

5

128.0

7.76-7.79 d{8.5)

6

120.4

7.08-7.11 dd{2.5, 8)

8

112.0

7.23-7.21 d{2.5)

8h *

^ Values in the parentheses are J = Hz * Experimental data
From the HMBC spectrum, correlations between the methyl signals at C-4’(20.3 ppm) and C5’(25.4 ppm) and the methine group at C-2’(90.4 ppm) and the quatemaiy carbon at C - l’(44.5
ppm) were observed, thus confirming the structure o f the fliran ring. These methyls also showed
correlations to a quaternary carbon at 130.1 ppm, this could to be assigned to C-3. Correlations
between the methyl signals and oxygen-bearing carbon at 157.9 ppm allowed this oxygen to be
placed at C-2. Correlations between C-3 (130.1 ppm) and C-2 (157.9ppm) and C-2’ (90.4 ppm)
were also observed.
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The or///o-coupled only proton at 7.76ppm was correlated directly with the carbon at 128.0 ppm
from the HMQC spectrum. This proton also showed a strong correlation in the HMBC spectrum to
the carbonyl at 181.4ppm and a weaker correlation to the carbonyl at 178.1 ppm. This placed the
proton at C-5 position in the molecule. This proton also showed connectivity to the quaternary
carbon at 133.1, allowing this carbon to be assigned to C-10. A weak correlation to C-3 (130.1
ppm) confirmed the position o f this proton at C-5 (7.76 ppm, 128.0ppm).

The /we/a-coupled proton at 7.23ppm was found to be attached to the carbon at 112.0 ppm from the
HMQC spectrum. This proton also showed a significant correlation to the carbonyl group at 178.1
ppm and a weak correlation to an oxygen-bearing carbon at 162.6ppm in the HMBC spectrum.
This placed the Awe/a-coupled proton in the C-8 position beside the carbonyl at C-1 (178.1 ppm).
This proton at C-8 (7.23 ppm) also showed a correlation to a quaternary carbon at 120.4 ppm which
was assigned as C-9. A correlation was also observed between the proton at C-8 and an aromatic
carbon at 124.5 ppm. From the HMQC experiment, this carbon (120.4 ppm) was attached to the

ortho/meta-coup\ed proton at 7.08 ppm. This indicated that the aromatic methine was placed at C-6
indicating the molecule is substituted at the C-7 position. Correlations were observed between the
carbons at C-8 (112.0 ppm) and C-6 (120.4 ppm) and an oxygenated carbon at 162.6 ppm, which
could be assigned to an hydroxyl substituent at the C-7 position. The HMBC correlations are
demonstrated in Figure 7.64. This elucidated the structure o f a new substituted version o f (a-dun)
7-hydroxy-a-dunn ione.
T able 7.26
Carbon no.
5c*

HMBC data for 7-hydroxy-a-dunnione
HMBC

5’

25.6

1.38

20.5,44.5,90.4, 130.2

4’

20.3

1.18

25.4,44.5,90.2, 130.1,

3’

14.3

1.36-1.34

20.3, 44.5, 90.4

V

90.6

4.53-4.58

20.1,25.4,44.7,130.2 157.9

5

Ml.9

7.76-7.79

181.5, 178.2, 162.6, 133.3, 130.1

6

120.6

7.08-7.1!

162.6, 124.5, 112.4

8

112.4

7.23-7.21

178.0, 162.6, 124.5, 120.4

HO

Figure 7.64 Structure o f 7-hydroxy-a-dunnione with HMBC correlations indicated by the curly
arrows. Numbers in red indicated the resonances o f the carbons in the '^C-NMR spectrum.
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7.S.2.3 Structure elucidation o f &-hydroxy-7-methoxy-a-dunnione (10)
The compound was isolated from the «-hexane extract as a purple solid. Mass spectral analysis
yielded a molecular ion o f [M+1] at m/z 288, which together with ” C-NMR suggested a molecular
formula o f C 1 6 H 1 6 O 5 . The 'H spectrum exhibited three methyl signals at 1.25ppm {s), l.40ppm (d),
1.44 (s) with similar pattern to the methyl signals previously seen in the a-dunnione sample (Figure
7.56), indicating this compound was a substituted version o f a-dunnione. A singlet at 3.89 ppm
integrated for three protons was a methoxy substituent. In the aromatic region o f the *H-NMR
spectrum, only two aromatic signals were observed both o f which resonated as uncoupled singlets
suggesting a disubstituted derivative with the aromatic pattern as in Figure 7.69.
H

O

H

O

X

Figure 7.69

Aromatic substitution pattern o f (10)

Table 7.27 'H-NMR data for 6-hydroxy-7-methoxy-a-dunnione
Proton No.

♦8 „ CDCI 3

5’

1.44 s

4’

1.25 s

3’

1.40-1.42 d(7.5)

’

4.49-4.54 q{6.5)

2

5

7.30 i

8

7.10 5

OCH3

3.89 s

“ Values in the pEirentheses are J = Hz
* Experimental data

The '^C NMR spectrum (Figure 7.72 and Table 7.28) showed the isolate contained 16 carbons,
from DEPT 135° and HMQC (Figure 7.73 and Table 7.29) experiments these were assigned as two
carbonyls, three C-O, two aromatic C-H, three aromatic quaternary carbons, one methine group,
one non-aromatic quaternary carbon and three methyls. An extra methyl signal was observed at
54.1 ppm and two extra C-O substituents. The shifting upfield o f both the aromatic C-H signals
verified the presence o f the oxygenated substituents on the aromatic ring. The placement o f the
substituents was determined by HMBC experiments.
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T a b le 7 .2 8 '^C-NMR data for 6 -hydroxy- 7 -m ethoxy-a-dunnione

Carbon no.

6c(CDCl3)

Multiplicity

2

c=o
c-o

161.7

3

Cq

129.2

4

c=o

182.6

5

CH

114.0

6

C-O

157.9

7

C-O

154.9

CH

106.6

120.4

1 0

c,
c„

126.6

V

Cq

44.5

’

CH

90.3

3’

CH 3

12.6

4’

CH 3

19.1

5’

CH 3

24.5

OCH 3

CH 3

54.1

f

8

9

2

179.3

1

I

j

1

T a b le 7 .2 9 HMQC data for 6-hydroxy-7-m ethoxy-a-dunnione
C a rb o n no.

8 h*
T

s

5’

24.5

4’

19.1

1.25 i

3’

12.6

1.40-1.42 d{ 7. 5)

2’

90.3

4.49-4.54 <7(6.5)

5

106.6

7.30

5

8

114.0

7.10

5

54.1

3.89 J

OCH 3

"

44

^ Values in the parentheses are 7 = Hz * Experimental data

In the H M BC spectrum (Figure 7.74 and Table 7.30), the methyl signals at C -4 ’ (1.25 ppm) and C5 ’ (1 .4 4 ppm) sh ow ed a correlation to the methine group at C -2 ’(90.3 ppm) and the quaternary
carbon at C - l ’(44.5p p m ), thus confirm ing the structure o f the furan ring. These m ethyls also
show ed connectivity to the quaternary carbon at 129.2 ppm allow in g this to be assigned to C -3.

The aromatic proton at 7.10ppm w as found to be attached to the carbon at 114.0ppm from the
HMQC spectrum. T his proton show ed a significant correlation to the carbonyl group at 179.3 ppm.
This placed the proton at the C - 8 position beside the carbonyl at C-1 (179.3 ppm). This proton also
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showed a strong correlation with the oxygen bearing carbon at 154.9 ppm, indicating this
oxygenated carbon was adjacent to C-8 in the C-7 position. A correlation with the quaternary
carbon at 120.4 ppm allowed this to be assigned to C-9.

The remaining singlet at 7.30 ppm was found to be attached to the carbon at 106.6 ppm from the
HMQC spectrum. This proton showed a significant correlation to the carbonyl group at 182.6ppm
and a weak correlation to the carbonyl at 179.3 ppm in the HMBC spectrum. This allowed the
proton to be placed at C-5 beside the carbonyl at C-4 The proton at C-5 also showed a correlation
to a quaternary carbon at 126.6 ppm, which was assigned as C-10, and a weaker correlation with
the carbon at C-3 (129.2 ppm) confirmed the position o f this proton at the C-5 position. This proton
showed a strong correlation to an oxygen bearing carbon at 157.9 ppm, suggesting this oxygenated
carbon was adjacent to C-5 in the C-6 position.

The methoxy protons at 3.89 ppm was directly correlated to the carbon signal at 54.1 ppm in the
HMQC spectrum. A significant correlation was observed between this methoxy signal and the
carbon signal at 154.9 ppm. This consolidated the methoxy bearing carbon at 154.9 ppm at C-7
position and the hydroxyl substituent at 157.9 ppm at C-6 position. These correlations from the
HMBC experiment are demonstrated in Figure 7.70. This describes a novel naphthoquinone, 6hydroxy-7-methoxy-a-dunnione (10).
T able 7.30
Carbon no.

HM BC d a ta for 6-hydroxy-7-m ethoxy-a-dunnione

8c*

8h *

HMBC

5’

24.5^

1.44

19.1,44.5,90.3, 129.2

4’

19.1

1.25

12.6,24.5,44.5, 90.3, 129.2,

3’

12.6

1.40-1.42

19.1,44.5,90.3, 129.2

2’

90.3

4.49-4.54

19.1,24.5,44.5, 129.2 (w)

5

106.6

7.30

114.4, 126.6, 129.2 (w), 157.9, 182.6 179.3(w),

8

114.0

7.10

106.6, 120.4, 126.6, 154.9, 179.3 , 182.6(w)

54.1

3.89

154.9, 157.9 (w)

OCHj

MeO

HO

19.1

Figure 7,70 Structure o f 6-hydroxy-7-methoxy-a-dunnione (10). HMBC correlations
observed are indicated by curly arrows
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7.S.2.4 Structure elucidation o f 7-methoxy-a-dunnione (9)
This compound was isolated from the «-hexane extract as purple solid with a melting point of
170.5-172°C. Mass spectral analysis yielded a molecular ion of [M+1] at m/z 272, which together
with '^C-NMR indicated a molecular formula of C 15 H 16 O 4 . This molecular formula suggested a
substituted version o f the compounds previously isolated, dunnione and a-dunnione.

The 'H spectrum exhibited three methyl signals at 1.17 ppm (s), 1.33 ppm (d), 1.37 ppm (s). The
methyl signals in this isolate resonated in a similar pattern to the methyl signals previously seen in
a-dunnione (Figure 7.56), indicating this compound was a substituted version o f a-dunnione. The
aromatic region o f the 'H-NMR spectrum exhibited three aromatic signals, suggesting a
monosubstituted aromatic region. One proton at 7.00 ppm occurred as a singlet. The remaining two
protons at 6.78 ppm and 7.62 ppm were doublets showing or/Ao-coupling. This indicated the
aromatic substitution patter as in Figure 7.75 .A methoxy signal was observed at 3.17 ppm similar
to the previous isolate ( 1 0 ).

X

H

H

X
H

Figure 7.75

0

H

O

Aromatic substitution pattern indicated in isolate (9)

Table 1 3 \ 'H NMR data of 7-methoxy-a-dunnione
P roton No.

*8 h CDCI 3

5’

1.37 5

4’

1.17 5

3’

1.33 d { l )

’

4.48-4.52 ^ (6 .5 )

5

7 .6 2-7.64^(8.5)

6

6.78-6.80

8

7.00 5

OCH3

3.175

2

(7)

“ Values in the parentheses are J = Hz
♦ Experimental data

The '^C NMR spectrum showed the isolate contained 16 carbons (Figure 7.78 and Table 7.32),
from DEPT 135° and HMQC spectra these were assigned as two carbonyls, two C-O, three
aromatic C-H, three aromatic quaternary carbons, one methine group, one non-aromatic quaternary
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carbon and three methyls (Figure 7.79 and Table 7.33). The carbon spectrum possessed an extra
signal at 48.6 ppm, a DEPT 90° experiment showed this to be a methyl signal. A C-H signal was
shifted upfield to 113.8 ppm, indicating a ring substituted oxygen group and combined with the
extra C-O signal led to the conclusion that a methoxy substituent was present The placement o f the
methoxy substituent was determined by the HMBC experiment (Figure 7.80 and Table 7.34).
T able 7.32

'^C NMR data of 7-methoxy-a-dunnione

C arb o n no.

Cn037 8 c(CDCl 3)*

M ultiplicity

I

179.3

c=o

2

157.2

C-O

3

130.3

4

181.0

c.
c=o

5

128.2

CH

6

121.4

CH

7

160.9

C-O

8

113.8

CH

9

126.4

10

133.3

c,
C,

1’

44.6

Cq

2’

89.9

CH

3’

14.0

CHs

4’

20.4

CHj

5’

25.5

CH,

OCHj

48.6

CHj

From the HMBC spectrum, correlations between the methyl signals at C -4’(20.4 ppm) and C5’(25.5ppm) and the methine group at C-2’(89.9 ppm) and the quaternary carbon at C - l’(44.6 ppm)
were observed, thus confirming the structure o f the furan ring. These methyls also showed
coTelations to a quaternary carbon at 130.3 ppm, this could be assigned to C-3.

The or///o-coupled proton at 7.62 ppm was correlated directly with the carbon at 128.2 ppm from
the HMQC spectrum. This proton also showed a strong correlation in the HMBC spectrum to the
carbonyl at 181.0 ppm (C-4). This placed the proton at C-5 position in the molecule. The proton
als 3 showed connectivity to a quaternary carbon at 133.3 ppm, allowing this carbon to be assigned
to C-10. A correlation was also observed between this proton and an oxygenated carbon at 169.0
ppm. This confirmed the presence of the substituent on the aromatic ring, but as the proton at C-5
(7A2 ppm) is or/Ao-coupled (J= 8.5 Hz), the oxygenated substituent cannot be in the C -6 position
wh ch can be assigned 121.4 ppm and the ortho-proton at 6.78 ppm.
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The uncoupled proton at 7.00 ppm was found to be attached to the carbon at 113.8 ppm from the
HM QC spectrum ; this carbon has been shifted upfield in the '^C-NM R suggesting this proton to be
adjacent to the m ethoxy substituent. The proton also show ed a significant correlation w ith the
carbonyl group at 179.1 ppm in the HM BC spectrum, placing the uncoupled proton in the C-8
position beside the carbonyl at C-1. This proton at C-8 also showed a correlation to a quaternary
carbon at 126.4 ppm , which was assigned as C-9. A w eak correlation was also observed betw een
the proton at C-8 and the oxygenated carbon at 169.0 ppm, w hich places the oxygenated
substituent, a m ethoxy group, at the C-7 position. The HM BC correlations are dem onstrated in the
Figure 7.76. This elucidated the structure o f a new substituted version o f a-dunnione, 7-m ethoxy-adunnione (9).
T ab le 7.33

HM QC o f 7-m ethoxy-a-dunnione

C arbon no.

8 h *

5’

25.5

1.37 s

4’

20.4

1.17 5

3’

14.0

1.33 d(7)

2’

89.9

4.48-4.52 q(6.5)

5

128.2

7.62-7.64 t/(8.5)

7

121.4

6.78-6.80 d(7)

8

113.8

7.00 s

48.6

3.17

OCH

T ab le 7.34
C arbon no.

6c*

HMBC o f 7-m ethoxy-a-dunnione

8c*

6 h*

HMBC

5

]282

7.62

133.1, 169.0, 181.0

6

121.4

6.78

8

113.8

7.00

179.3, 126.4, 169.0

2’

89.9

4.48

20.4, 25.5

3’

14.0

1.33

20.3,44.3, 89.9, 130.4

4’

20.4

1.17

25.5,44.3,89.9

5’

25.5

1.37

20.4,44.3, 89.9, 130.2

F ig u re 7.76 Structure o f 7-m ethoxy-a-dunnione with arrow s indicating HMBC correlations
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7.6

HPLC analyses of S. dunnii

7.6.1

S. dunnii in vitro plantlets and growth medium

S. dunnii in vitro plantlets were extracted with «-hexane, ethyl acetate and methanol. Previous TLC
analysis failed to identify any compounds o f interest in these extracts. The extracts were re
examined by HPLC to detect any minor metabolites. Diluted samples o f the large extracts
generated were injected into the HPLC and peak identification was achieved by comparison o f both
the retention time and UV absorption spectrum with those obtained with the standards. The growth
medium o f the plantlets was also re-examined by HPLC to obtain a metabolite profile and the
relative (%) of the quinones detected in each extract was calculated.

T able 7.35 Quinones identified by HPLC in S. dunnii in vitro plantlets and growth medium

S. dunnii

plants media

Isolate

Hexane

EtOAc

(1)
(2)
(4)

54.5
15.5

7.1

(7)

9.1
13.1
5.3
2.6

18.8
26.0

(8)
(9)
(10)
(11)

S. dunnii
Hexane

in vitro
EtOAc

63.4
34.2

plantlets
MeOH

T races
Traces

traces

48.1

*The values represent the ratio (%) of each quinone to the sum of all quinones detected

0 . 10-1

0.06
( 10)

Z3

<

(8 )
0.04

0 .02-

0 00-

0.00

5 00

10.00

15.00

20.00

25.00

30.00

35 00

40.00

M inutes

Figure 7.81 HPLC chromatogram oftS”. dunnii plantlets liquid growth medium: «-hexane extract
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The metabolite profiles observed confirm the phytochemical analysis previously carried out on
these extracts. The «-hexane extract o f the growth medium is rich in secondary metabolites.
Dunnione was the major metabolite observed, accounting for 54.5% o f the quinones detected. No
derivatives of dunnione were observed. a-Dunnione accounted for 15.5 % o f the quinones and adunnione derivatives, 7-methoxy and 6-hydroxy-7-hydroxymethyl were detected as minor
metabolites accounting for 2.6 % and 5.3 % respectively. Both o f the anthraquinones l-hydroxy-2methylanthraquinone and l-hydroxy-2-hydroxymethylanthraquinone were detected accounting for
13.1 % and 9.1 % respectively.

0030
( 11)

0.025
0.020
< 0.015

0.005
0.000
0 00

5.00

10 00

15.00

20.00

25 00

35.00

40. OC

Mnutes

Figure 7.82 HPLC chromatogram o f S. dm nii plantlets liquid growth medium; ethyl acetate
extract
The ethyl acetate extract contained 7-hydroxy-a-dunnione as the major quinone (48.1 %) with
dunnione, l-hydroxy-2-methylanthraquinone and l-hydroxy-2-hydroxymethylanthraquinone also
observed. The analysis showed S. dunnii to produce a wide variety o f quinones with the
derivatisation o f a-dunnione more active in this plant than derivatisation o f dunnione.

In the chromatogram o f the n-hexane and ethyl acetate extract o f the plantlets, only trace quantities
o f anthraquinones were observed. No other identifiable quinones were observed from the plant
extracts, supporting the observation that the secondary metabolites produced were mainly excreted
into the growth medium.

7.6.2

S. dunnii suspension cultures and growth medium

The suspension culture cell lines created in Section 7.4.3 were analysed by HPLC to identify any
quinones biosynthesized. The cell lines were grown in four different media (Section 7.4.3). These
cell lines also produced coloured media, which was extracted with ethyl acetate, and the dried
crushed cells were extracted with methanol at room temperature. The relative percentage o f
quinones produced was also calculated and the results are present in Figure 7.83 and Table 7.36,
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w hich exhibits the total quinones identified, and the relative proportion o f each contributing
quinone.

It can be seen from Figure 7.83 that only three quinones w ere found to be produced by the cell
lines; l-H ydroxy-2-m ethylanthraquinone, l-hydroxy-2-hydroym ethylanthraquinone and dunnione.
The m ajor m etabolite o f all but one cell line was l-hydroxy-2-m ethylanthraquinone; in cell line
McC'' l-hydroxy-2-hydroxym ethylanthraquinone was the main m etabolite, how ever total quinone
production by this cell line was low. Dunnione was found in sm all quantities in the growth m edium
o f five o f the nine cell lines analysed. No further naphthoquinones w ere detected in the cell lines,
suggesting that the dedifferentiation o f the cells caused an up regulation in favour o f biosynthesis
o f anthraquinones rather that naphthoquinones. T he cell line in Schenk and H ildebrandt growth
medium produced the greatest am ount o f total quinones. From the rem aining cell lines, M urashige
and Skoog cell lines produced high levels o f quinone m etabolites. The growth m edium o f all the
cell lines was found to contain higher concentrations o f quinones than the cells..
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7.7

Discussion and Conclusion

From the investigations o f two types o f Streptocarpus plants {S. dunnii and a hybrid S. x hybridus
var ‘Ruby’), a total o f eight quinone compounds, two anthraquinones and six naphthoquinones,
were isolated and their structure fully elucidated. Three quinones were isolated from a previously
uninvestigated horticultural hybrid, Sjc hybridus var ‘Ruby’. O f the six naphthoquinones isolated,
three were novel hydroxylated derivatives o f a-dunnione. Derivatives o f a-dunnione had not been
previously described. A HPLC method was developed to allow separation and identification o f the
quinone compounds present in Streptocarpus. Using this method, screening for quinones in the
suspension cultures generated was possible. The HPLC method was validated and was found to be
suitable for further analyses and experiments with the cell cultures. Modem spectroscopic
techniques allowed the reassignment o f the methyl NMR signals in dunnione and a-dunnione.

S.

X

hybridus var ‘Ruby’ is a hybrid o f mixed Streptocarpus species parentage. These hybrids are

widely used horticulturally but have not been previously chemically investigated. In vitro hybrid
plantlets were available through micropropagation, which is an effective method used in the
commercial maintenance o f the large number o f strains available. In vitro development o f S. x
hybridus var ‘Ruby’ plantlets in liquid culture resulted in the dark red colouration o f the growth
medium. Phytochemical analysis of the growth medium yielded three known isolates, two
naphthoquinones, (dunnione and 7-hydro\ydunnione) and one anthraquinone (1-hydroxy-2hydroxymethylanthraquinone). Although these quinone metabolites are known products o f S.
dunnii, this is the first report o f metabolites from a horticultural hybrid of Streptocarpus species.
Isolation of these quinones from S. x hybridus var ‘Ruby’ confirms S. dunnii as a parent o f the
modem red hybrids.

All quinone metabolites isolated from S. x hybridus var ‘Ruby’ were found in the growth medium,
no quinones or coloured compounds were discovered in the plantlets. Excretion o f coloured
compounds has been reported for some species oiStreptocarpus (Hilliard and Burtt 1971) but has
not been previously reported for the modem hybrids.

Isolation of these quinone metabolites also suggests that the biosynthetic pathway elucidated by
Inoue et a\ (1984) appears to function in S. x hybridus var ‘Ruby’. This hybrid produced a high
yield o f dunnione and its 7-hydroxy derivative. However, no a-dunnione or derivatives were
isolated or detected by HPLC analyses. Results confirmed dunnione metabolism as the main
biosynthetic pathway active in the hybrid (Figure 7.84). This also leads to the suggestion that
further dunnione metabolites may be present in the growth medium eg. 8-hydroxydunnione a
known derivative o f dunnione was not isolated in our work. From TLC examinations and HPLC
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fractions, it was apparent that other metabolites were present in the growth medium. Preparative
TLC o f the growth medium o f S. x hybridus var ‘Ruby’ separated over eleven coloured bands,
however due to low yields many o f these compounds were not isolated in sufficient quantities to
allow full structure elucidation. Preliminary analysis o f some spectra indicated some as having
dunnione and anthraquinone skeletons. These metabolites did not correspond to any o f the
elucidated quinones or to previously reported data on quinones from S. dunnii. It is likely that these
compounds present further derivatives o f dunnione and anthraquinones as well as unknown
metabolites. Further investigations to identify these metabolites is recommended and may be aided
by increasing the levels o f these minor metabolites using biotechnological means. The
investigations showed S. x hybridus var ‘Ruby’ to be a potential rich source o f secondary
metabolites.

OH

no t a c tiv e in S . 'R u b y ' p la n tle ts

A ctive in S . 'R u b y ' p la n tle ts

p o ten tial iso lates

fu rth e r d e riv a tiv e s o f d u n n io n e

d u n n io n e (1)

a lp h a -d u n n io n e (2)

A ctive in S . 'R u b y ' p la n tle ts
n o t is o la te d in S 'R u b y ' p la n tle ts
HO

a lp h a -d u n n io n e d e riv a tiv e s
8 -h y d ro x y d u n n io n e (3)

7 -h y d ro x y d u n n io n e (4)

Figure 7.84 Naphthoquinone biosynthetic pathway in S. x hybridus var ‘Ruby’ plantlets. Black
text metabolites indicates active pathways and isolated compounds in Streptocarpus hybrid, red text
indicates known pathways not active in S. x hybridus var ‘Ruby’

Fully dedifferentiated suspension cultures o f S. x hybridus var ‘Ruby’ were generated using a
combination o f 2,4-D and NAA. Growth o f these cells produced an intense yellow growth medium.
A phytochemical investigation o f the cells and growth medium was carried out. Two anthraquinone
metabolites were isolated. l-Hydroxy-2-methylanthraquinone was the main metabolite occurring in
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both the cells and liquid medium. This anthraquinone was not isolated from the in vitro plantlets
but was produced in large quantities by the suspension cultures. The cultures also produced 1hydroxy-2-hydroxymethylanthraquinone (Figure 7.85). This was the first report o f metabolites
produced by suspension cultures o f a Streptocarpus hybrid. N o naphthoquinone metabolites were
detected in the cells or medium leading to the conclusion that dedifferentiation o f the cells
appeared to favour the up-regulation o f anthraquinone synthesis at the expense o f naphthoquinone
biosynthesis. The S. x hybridus var ‘Ruby’ cultures were grown in two media, McC and modified
M+S. l-Hydroxy-2-methylanthraquinone was the main metabolite produced by the cultures but the
quantities o f anthraquinones produce by both media varied. Modified M+S was the best medium
for growth but anthraquinone production was highest in McC medium. The effect o f nutrients on
metabolite formation is an aspect that warrants further investigation to enable optimisation o f
metabolite yields and investigate factors that will influence the accumulation o f naphthoquinone
metabolites in the suspension cultures.
0

2-m ethylanthraquinone
A c l i \ e in S ' R u b s '
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Streptocarpus dunnii is a unifoliate species o f Streptocarpus important in breeding due to the
unique red flower colour. Sterile plantlets o f X dunnii generated from seed were produced. In vitro
cultures o f S. dunnii plantlets in liquid produced an orange growth medium. Phytochemical
analyses o f this medium revealed a spectrum o f coloured quinone compounds. Two anthraquinones
and five naphthoquinones were isolated from the growth medium. Four o f these quinones
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m ethoxy-a-dunnione and 7-m ethoxy-a-dunnione. These naphthoquinones, or any derivatives o f adunnione, had not been reported previously.

The secondary m etabolite profile o f plantlets o f S. dunnii produced under in vitro conditions
differed to previously phytochem ical investigations by Inoue et al (1983). Their research extracted
three naphthoquinones, which were not isolated in our in vitro cultures o f S. dunnii (8hydroxydunnione, didehydrodunnione and streptocarpone) (Table 7.37). In our investigations o f S.

dunnii, no derivatives o f dunnione w ere isolated or detected during HPLC analyses, indicating this
pathw ay is not active in our cultures. However, three derivatives o f a-dunnione w ere isolated in
low proportions, relative to a-dunnione, indicating that these com pounds are produced from the
hydroxylation o f the a-dunnione parent com pound (Figure 7.86). The isolation o f only a-dunnione
derivatives led to the conclusion that derivatisation o f a-dunnione is active over substitution o f
dunnione. The derivatives found suggest further hydroxylated derivatives o f a-dunnione m ay also
be present in the growth m edium as biosynthetic interm ediates (e.g. a dihydroxy-a-dunnione
isolate) (Figure 7.86). Dunnione was the main m etabolite produced by the in vitro plantlets,
accounting for 54.5% o f the quinones detected. a-D unnione was also produced in relatively high
quantities (15.5%).
Table 7.37 Q uinones isolated from S. dunnii in literature and current work
Literature*
in vitro
Plantlets
♦

S. dunnii
Suspension cultures

♦

♦

(3)

♦

♦

(4)

♦

(5)

♦

♦

Quinone

Current work
in vitro
Plantlets

(»)

♦

(2)

♦

S. dunnii
suspension
cultures
♦

♦

(6)
(7)

♦

♦

♦

♦

(8)

♦

♦

♦

♦

(9)

♦

(10)

♦

(11)

♦

* Price and R obinson 1939. Stocicigt e t a l 1973. Inoue et al 1983

All naphthoquinones were isolated from the growth medium. HPLC analyses indicated that only
trace am ounts o f anthraquinones were detected in the plantlets but the m ajority o f the quinones
w ere excreted from the plantlets. Excretion o f the com pounds from S. dunnii plants grown naturally
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is a documented phenomenon-“orange crystals are found spattered on all plant surfaces except the
upper leaf-side” (Hilliard and Burtt 1971). A difference in excreted compounds resulted in a colour
difference in the growth medium o f the two species. S. x hybridus var ‘Ruby’ developed a dark red
growth medium while S. dunnii developed an intense orange medium. This could be attributed the
varied profile o f metabolites extracted from S x hybridus var ‘Ruby’ and S. dunnii (Table 7.38).
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HO
HO
MeO

HO

7 -h y d ro x y a lp h a -d u n n io n e (11 )

( 10 )

HO
HO
7 -h y d ro x y d u n n io n e

MeO
I P r o p o s e d fu rth e r in te rm e d ia te

O
7 -m e th o x y a lp h a d u n n io n e (9)

Naphthoquinone biosynthesis in S. dunnii plantlets

F igure 7.86

T able 7.38 Quinones isolated from S. dunnii and its hybrid S. x hybridus var ‘Ruby’
Q uinone

S.
In vitro
Plantlets

Dunnii
suspension
cultures

S
In vitro
Plantlets

(1)

♦

♦

♦

(2)

♦

(4)

‘Ruby’
Suspension
cultures

♦

(7)

♦

♦

♦

♦

(8)

♦

♦

♦

♦

(9)

♦

(10)

♦

(11)

♦
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Eight callus cell lines o f Streptocarpus dunnii were generated using a combination o f 2,4-D and
NAA as growth regulators. These cultures were used to produce eight fully differentiated
suspension culture cell lines. These cells lines were grown in four different media, according to the
media used for to initiate callus. After a few months growth, some suspension cultures excreted
metabolites into the growth medium causing the growth media to be coloured yellow. The quinone
metabolites present in these cell lines and growth medium were extracted and identified by HPLC
using the standards isolated from phytochemical work. From the HPLC analyses, it was determined
that all the suspension cultures o f S. dunnii produced two main anthraquinone metabolites; 1hydroxy-2-methylanthraquinone and l-hydroxy-2-hydroxymethylanthraquinone. These results are
consistent with results from the suspension cultures o f S. x hybridus var ‘Ruby’. l-Hydroxy-2methylanthraquinone was the main anthraquinone produced by all S. dunnii suspension cultures
except one, cell line McC^ produced l-hydroxy-2-hydroxymethylanthraquinone as the main
metabolite. This biosynthetic difference could not be attributed to growth medium and therefore
was concluded to be due to genetic differences at the initiation o f callus.

Trace quantities o f dunnione was produced by four suspension cultures. This was the only
naphthoquinone metabolite detected. Where present, dunnione was always extracted from the
growth medium and was not present in the cells. The anthraquinone metabolites were found in both
cells and media but always in higher concentrations in the growth medium. These results are
consistent with experiments from S. x hybridus var ‘Ruby’ suspension cultures; dedifferentiation of
the cells appeared to favour the up-regulation o f anthraquinone synthesis over naphthoquinone
biosynthesis. In previous work with in vitro cultures o f 5". dunnii, naphthoquinones were isolated
from suspension cultures. These cultures, however, consisted o f callus coexisting with halfdifferentiated plantlets and full dedifferentiation was not achieved (Inoue et al 1983). The various
cell lines generated present a unique opportunity to study the regulation o f biosynthesis o f these
quinones in Streptocarpus species. Further investigations o f the production of quinones by S.
dunnii should involve experiments to investigate a mechanism to manipulate the metabolic profile
o f the cell lines and up-regulate naphthoquinone biosynthesis. A HPLC method capable o f easily
displaying the metabolic pattern of the cells has been established and validated for future
experiments.

A summary o f the quinone metabolites isolated from work and from literature are given in Figure
7.87. This figure show Streptocarpus species to be a rich source o f rare quinone secondary
metabolites. S. dunnii and its hybrid produce a variety o f quinones. Experiments also indicated
more compounds yet to be isolated from the plantlets. The biological potential o f these isolates has
yet to be investigated. Excretion o f these compounds by intact plants suggest an important role o f
these compounds as defence chemicals.
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Figure 7.87 Quinones isolated from Streptocarpus in vitro plantlets

Chapter 8 Thesis Conclusion

The main objective o f this thesis was to establish a number of in vitro cultures to produce
biologically active quinones. Two plant genera, Dionaea and Streptocarpus were used as source
material. These genera are botanically distinct but share the documented ability to biosynthesise
quinones. The plants have two separate biosynthetic pathways for the production o f quinones.
Dionaea muscipula produces plumbagin via the polyketide pathway (Durand and Zenk 1974),
while Streptocarpus dunnii has been shown to produce a series o f naphthoquinones and
anthraquinones via the o-succinylbenzoic acid pathway (Inoue et al 1984a).

In vitro plantlets of Dionaea muscipula had been previously used to develop suspension cultures.
As a first objective of the present work it was necessary to characterise the growth pattern of these
cultures. They were found to be a very slow growing having a doubling time o f 24 days. Detailed
examination o f time course experiments showed maximum secondary metabolite production to be
independent of growth and to occur during the stationary phase.

The plumbagin average content of the cells was found to be approximately 3 % DCW after four
weeks of growth. In order to increase plumbagin production by the Dionaea cultures, a number of
plant culture elicitation techniques were applied. This was the first report of investigations with
suspension cultures o f Dionaea muscipula. Plumbagin production was increased by 30% using the
monosaccharides o f N-acetyl-D-glucosamine and N-acetyl-D-mannosamine as elicitors. This
increase was considered to be due to increased biomass rather than elicitation, with the
monosaccharides being used as a source of nutrients by the cells. The polysaccharides agar,
agarose, laminarin and natural acidic mucins failed to elicit plumbagin biosynthesis. A significant
inhibitory interaction was observed with the addition o f the polysaccharide chitin to the growth
medium. Addition o f chitin at the beginning of the growth cycle resulted in a dose dependent
inhibition o f growth and plumbagin production of the cells, while addition of chitin at the end of
the exponential growth phase of the cells did not elicit any response from the cells. From the
results, it was concluded that Dionaea suspension cultures did not respond to any of the elicitors
selected with an enhancement o f secondary metabolism and increased plumbagin biosynthesis. A
number o f other techniques used to enhance secondary metabolism in plant cell culture were
attempted. Exogenously supplied acetate was not a suitable precursor to secondary metabolism or a
limiting step in the formation of plumbagin. In situ adsorption onto Amberlite resin was not
effective and no rate limiting components appeared to be present in the growth medium. Elicitation
was therefore not an effective method of enhancing naphthoquinone production in Dionaea
muscipula suspension cultures.

Optimisation of the growth medium was found to be a more effective plant cell culture technique,
especially with regard to inorganic nitrogen content. High levels of nitrogen in the growth medium
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was shown to be inhibitory to both growth of the cells and the biosynthesis of plumbagin. This
inhibitory effect o f nitrogen was attributed to the presence o f ammonium, rather than nitrate, as the
inorganic nitrogen supply. Decrease of the total inorganic nitrogen concentration in the growth
medium greatly enhanced the biosynthesis of the plumbagin by the cells and increased the
productivity o f the culture by 80 %. Growth of the cells on either ammonium or nitrate as the sole
supply of nitrogen increase the plumbagin content o f the cells but inhibited growth. From the
results it was concluded that low levels of total inorganic nitrogen (with both ammonium and
nitrate) in the growth medium was optimum for growth o f these cells. It was also shown that the
cells have a specific requirement for a minimum amount o f ammonium to be present in the culture
medium but high levels were inhibitory to plumbagin biosynthesis. Inorganic nitrogen supply
greatly affected the growth and secondary metabolism o f Dionaea suspension cultures.

Different basal salt formulations were evaluated for their effect on growth and plumbagin
production. Transfer of Dionaea suspension cultures from McGowans Woody Plant medium to
media with different basal salt compositions greatly affected the growth, plumbagin biosynthesis
and morphology of the cells. Correlation with the basal salt composition of the media identified
very specific requirements of Dionaea cells for growth in vitro. Nutrient-rich media, usually used
for culture growth, such as Murashige and Skoog, Gresshoff and Doy and Westvaco WV5,
inhibited the growth and the plumbagin content of Dionaea suspension cultures. Media with high
levels o f NOj and low concentration of N H / ions (e.g. Gamborg’s B5 and Schenk and Hildebrandt
media) could not sustain culture growth and the cells died or stopped growing in these media.
Productivity of Dionaea suspension cultures was best on two media, McGowans Woody Plant and
Rugini’s Olive, both o f which had low total nitrogen levels and almost equal levels of ammonium
and nitrate. A major effect on the morphology of the cells was also observed. Results indicated that
the basal salt composition of the medium affected the red pigmentation of the cells which has been
attributed to anthocyanins. Growth media with high nitrogen concentrations decreased the
anthocyanin pigments present while low nitrogen concentrations increased the pigmentation of the
suspension cells. The overall growth kinetics exhibited by the suspension cultures of Dionaea
mimicked the growth pattern of the intact Dionaea plants, which are slow growing plants found in
nutrient-poor, nitrogen-deficient, acidic soil (Robert and Costing, Juniper et al 1989).

Streptocarpus is a genus of around 130 species found mainly in Africa. Many hybrids have been
created and are o f horticultural importance. Very little research has been carried out with
suspension cultures of Streptocarpus species or the chemistry o f the hybrids. Two sets o f plants
were used for the induction of in vitro cultures of Streptocarpus species; the species S. dunnii,
indigenous to S. Africa and known to excrete naphthoquinones on to the lower leaf surface and a
hybrid o f mixed species parentage Streptocarpus x hybridus var ‘Ruby’. Sterile plantlets o f 5'. x
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hybridus var ‘Ruby’ were obtained and used to generate large numbers of in vitro plantlets. In vitro
growth of S. X hybridus var ‘Ruby’ plantlets in liquid culture resulted in the excretion compounds
into the growth medium causing dark red coloration. Sterile in vitro plantlets of S. dunnii were
generated from seed obtained from S. Africa. When grown on agar-solidified culture medium the
plantlets were observed to leach coloured compounds into the surrounding medium. Transfer of the
plantlets to liquid culture resulted in an orange medium. The colouration was different to that
produced by the S. ‘Ruby’ plantlets.

Phytochemical analysis o f the aqueous growth media of the two plants yielded a total o f eight
quinone compounds. Two anthraquinones and six naphthoquinones were isolated and their
structure fully elucidated. O f the six naphthoquinones isolated, three were novel hydroxylated
derivatives o f a-dunnione. Although a-dunnione has been previously isolated from S. dunnii the
derivatives of a-dunnione had not been previously described. Modem spectroscopic techniques
allowed the reassignment o f the methyl NMR signals in dunnione and a-dunnione. The profiles of
the extracted metabolites were different in the two plants. S. x hybridus var ‘Ruby’ resulted in the
isolation of three known compounds, the naphthoquinones; dunnione and 7-hydroxydunnione and
the anthraquinone; l-hydroxy-2-hydroxymethylanthraquinone. These quinone metabolites are
known constituents of S. dunnii, but this is the first report of their presence in a horticultural hybrid
of Streptocarpus species. Separation of the extract of S. dunnii growth medium yielded seven
compounds; two anthraquinones and five naphthoquinones. Four of these quinones; dunnione, adunnione,

l-hydroxy-2-methylanthraquinone,

l-hydroxy-2-hydroxymethylanthraquinone

were

known metabolites of S. dunnii but three naphthoquinones were novel compounds; 7-hydroxy-adunnione, 6-hydroxy-7-methoxy-a-dunnione and 6-methoxy-a-dunnione. Metabolites isolated from
both plants were the anthraquinones and the naphthoquinone, dunnione. The hydroxylation pattern
o f metabolites was however markedly different in both plants. S. x hybridus var ‘Ruby’ favoured
hydroxylation of dunnione but S. dunnii cultures favoured the hydroxylation o f a-dunnione to yield
the novel metabolites o f a-dunnione. Isolation of these quinones Irom S. x hybridus var ‘Ruby’
supports S. dunnii as a parent of the modem red hybrids. Dunnione, the main metabolite isolated
from both plants, has only been isolated from three species o f plants belonging to two different
families (Gesneriaceae and Scrophulariaceae). Since Streptocarpus hybrids are widely available,
they could be used as a new, commercially accessible source of this unusual quinone.

The phytochemical investigations also showed S. x hybridus var ‘Ruby’ to be a potential rich
source of other secondaiy metabolites as it was observed that further unidentified minor
metabolites were present in the growth medium. Further investigations would be needed to identify
these metabolites.
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Callus cultures o f S. x hyhridm var ‘Ruby’ were initiated from excised leaves o f the in vitro
plantlets. Callus initiation was slow and o f the six growth media examined, Murashige and Skoog
medium with a combination o f 2,4-D and NAA as growth regulators was found to be the best for
callus initiation. Callus growth was poor on solid media and cells were transferred to liquid
medium to generate cell suspension cultures. Two cell lines o f suspension cultures o f S. x hybridus
var ‘Ruby’ were developed. Growth o f these cells produced an intensely yellow-coloured growth
medium. Two anthraquinone metabolites were isolated from this medium,

l-hydroxy-2-

methylanthraquinone being the main metabolite, occurring in both the cells and the growth
medium. This anthraquinone was not isolated from the in vitro plantlets o f S. x hybridus var
‘Ruby’.

The

cultures

also

produced

l-hydroxy-2-hydroxymethylanthraquinone.

Although

Murashige and Skoog medium was the best medium for biomass production, McCowans Woody
Plant medium produced higher concentrations of quinone metabolites. This was the first report of
compounds isolated from suspension cultures of a Streptocarpus hybrid.

Callus cultures o f Streptocarpus dunnii were also generated from excised in vitro plantlets. Callus
developed easily on four different growth media; Murashige and Skoog, McCowans, Schenk and
Hildebrandt and Litvay’s media. A combination o f 2,4-D and NAA growth regulators was also
found to be best for callus initiation. S. dunnii callus grew well on agar-solidified medium. The
callus cultures were used to produce eight suspension culture cell lines. An HPLC method was
developed to allow separation and identification o f the quinone compounds present in
Streptocarpus. Using this method, a quinone screening o f the suspension cultures was possible. All
the cell lines produced mainly two anthraquinone metabolites, l-hydroxy-2-methylanthraquinone
and l-hydroxy-2-hydroxymethylanthraquinone. Trace quantities o f dunnione were produced in four
cell lines. This was the only naphthoquinone metabolite detected. The various cell lines developed
give a unique opportunity to study the regulation o f biosynthesis or quinones in direoiocari:.
species.

In the in vitro plantlets o f the Streptocarpus species, all the quinone metabolites were isolated from
the growth medium. HPLC analyses o f in vitro plantlets indicated that only trace amounts of
anthraquinones were present in the plantlets. Excretion o f compounds from S. dunnii plants is a
documented phenomenon and indicates an important role o f these compounds in the plant’s
chemical defence mechanism. Naphthoquinones in plants have been shown to be active in this role.
Dunnione has been previously identified as an insecticidal agent and is currently under patent as an
antifungal compound. However, a-dunnione and derivatives o f dunnione-type compounds have not
been tested for biological activity.

254

To assess the bioactivity of the some of these compounds a preliminary investigation on the effects
o f the Streptocarpus quinones on cell motility was carried. Cell motility is involved in the
inflammatory response and decrease in cell motility is desirable in certain disease pathology e.g.
autoimmune disease and cancer metastases. The assay protocol and results are given in Appendix
9. Dunnione, 7-hydroxydunnione, a-dunnione and 7-hydroxy-a-dunnione and l-hydroxy-2methylanthraquinone were investigated for their effects on the motility of T lymphocytes.
Dunnione and a-dunnione were not observed to be active in this assay. 7-Hydroxydunnione
inhibited the motility o f the cells and apoptotic bodies were observed upon addition of this
compound to the cells, indicating this compound should be subjected to further analyses to
investigate a role in apoptosis or cytotoxicity. The activities of these the Streptocarpus quinones
were compared to known biologically active naphthoquinones; plumbagin, 7-methyljuglone,
lawsone and 1, 4-naphthoquinone.
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Appendices

Appendix I
Formulation of media for in vitro culture
Micropropagation medium
Sucrose

30g

M+S Macro and M icroelements(Duchefa)

4.302g

Mesoinsitol

lOOmg

Thiamine

0.4mls

W ater to

1L

PH to 5.8-6 with KOH or dil HCI

Me Cowan’s Medium
Sucrose

30g

McC Micro and Macro nutrients (Duchefa)

2.356g

Organic constituents

5mls

Mesoinsitol

0.2g

Thiamine HCL

0.5mls

2,4-D

0.22mls

NAA

0.186mis

Water to

1L

PH to 5.8-6 with KOH or dil HCI

GM (Murashige and Skoog) Medium
Sucrose

30g

M+S Micro and Microelements

4.302g

Organic constituents

5mls

Mesoinsitol

0.4g

Thiamine HCL

0.5mls

2,4-D

0.22mls

NAA

0.19mls

Water to

IL
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PH to 5.8-6 w ith KO H or dil HCI

F or solid m edia 0.9% A gar ( 9g per Litre) or 0.3% phytagel (3g per Litre)

O reanics concentrate ( x200)
G lycine

0.4g

N icotinic acid

o .ig

Pyridoxine HCI

O.lg

D itilled w ater to

1000ml

Use 5ml per IL grow th medium
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Appendix II
Sample GC chromatogram of plumbagin

standard calibration curve for plumbagin
(Calculated using Instat Graphpad®, California)

100

50

0r
0

2

4

6

8

10

12

14

Best-fit Standard 95% confidence interval
Parameter

Value

Error

from

to

Slope

8.025

0.1627

7.507

8.543

Y intercept

1.295

1.594

-3.778

X intercept

-0.1614

6.368

Correlation coefficient (r) = 0.9994. r^ = 0.9988

Standard deviation o f residuals from line (Sy.x) = 2.058
Test: Is the slope significantly different from zero?
The P value is < 0.0001, considered extremely significant.

This result was obtained from the following ANOVA table.
Source of

Degrees o f

Sum o f

Mean

variation

freedom

squares

square

Linear regression (Model)

1

10304

10304

Deviations from linearity (Residual)

3

12.710

4.237

Total

4

10316

F = 2431.9
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Appendix III
Formulae used in GC and HPLC validation
Relative retention

a

=

(t2-ta)
(tl-ta)

a = Relative Retention
t 2 = Retention tim e o f analyte m easured from point o f injection
ta = Retention tim e o f an inert com pound not retained by the colum n
ti = Retention tim e from the point o f injection for a reference com pound

Resolution

R

=

2 (t,-t.)
(^^ 0 .5 '^ Wp0 5)

R = Resolution betw een a peak o f interest (peak 2) and the preceding peak it (peak 1)
t2 = The retention tim e measured from the point o f injection o f peak 2
t| = The retention tim e measured from the point o f injection o f peak 1
Wo 5 = The width o f the com ponent peak at 50% peak height
Wpo 5 = The width o f the previous com ponent peak at 50% peak height

Theoretical Plates

N = 5.54(T / Wo.s)^

Where:
N = Theoretical plates
T = The retention tim e o f the com ponent
Wo 5 = Width o f the peak at 50% o f the height
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Relative Standard Deviation

R .S.D .= 100(S.D./X)

Where:
R.S.D. = The Relative Standard Deviation
S.D. = The Standard Deviation
X = Average
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Appendix IV
Growth Medium optimisation: Inorganic nitrogen and copper (Section 3.7.1 and Section 4.)
Factorial experiment examining three factors: copper sulphate (CUSO4), ammonium nitrate
(NH4NO3) and calcium nitrate Ca(N 03)2

set at two levels: ‘High’ ‘Low’
Media Formulation

500ml

Sucrose

15 g

Thiamine

0.25 ml

2,4-D

0.11m l

NAA

0.093 ml

Mesoinositol

100 mg

Organics concentrate

2.5 ml

Microelements concentrate

2.5 ml

FeNaEDTA concentrate

2.5 ml

CaCl 2.2 H 2 0

47.78 mg

K 2SO 4

495.00 mg

MgS 0 4 .7 H2 0

184.72 mg

KH2PO4

85.00 mg

Distilled water to

500 ml

Nitrogen and copper was added to each combination as given below
pH was then adjusted to 5.8-6 with KOH or dil IlCL

Microelements concentrate (-CUSO4)

JL.

H 3 BO 3

l.2 4 g

M nS04.H 20

5.80g

N a2M o04.2H 20

0.05g

ZnS04.7H 20

1.72g

Distilled water to

1L

FeNaEDTA concentrate
FeNaEDTA
Distilled water to

3.72 g
500ml

CUSO4 concentrate

0.25m g/m l solution

CUSO 4 5 H 2 O

25m g

Distilled water to

1 00ml
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C om bination 1

[Cu ‘H igh’ N H 4 ^ ‘L ow ’ N O s' ‘L ow ’ C ontrol conditions]

CUSO 4 concentrate

ml

1

C a(N 0 3 > 2

235.63 m g
200.00 mg

NH4NO3

C om bination 2

[Cu ‘L ow ’ N H 4 "^ ‘L ow ’ N O j' ‘L ow ’]

CUSO 4 concentrate

0

. 1 ml

C a(N 0 3 ) 2

235.63 m g

NH4NO3

200.00 m g

C om bination 3

[Cu ‘h ig h ’ N H 4 ^ ‘h ig h ’ N O s' ‘h ig h ’]

CUSO 4 concentrate

ml

1

C a(N 0 3 ) 2

471.26 mg

NH4NO3

400.00 m g

Com bination 4

[Cu ‘low ’ N H 4 ^ ‘h ig h ’ N 0 3 ' ‘h igh’]

CUSO 4 concentrate

0

C a(N 0 3 ) 2

471.26 mg

NH4NO3

400.00 m g

C om bination 5

. 1 ml

[Cu ‘h ig h ’ N H 4 " ‘h ig h ’ N 0 3 ‘ ‘Low ’]

CUSO4 concentrate

1ml

C a(N 0 3 ) 2

471.26 m g

NH4NO3

200.00 m g

Com bination

6

[Cu ‘low ’ N H 4 "^ ‘h ig h ’ N 0 3 " ‘L ow ’]

CUSO 4 concentrate

0

C a(N 0 3 > 2

471.26 m g

NH4NO3

200.00 m g

Com bination 7

. 1 ml

[Cu ‘hig h ’ N H 4 ^ ‘low ’ N Os' ‘hig h ’]

CUSO 4 concentrate

1

C a(N 0 3 ) 2

235.63 mg

NH4NO3

400.00 m g

C om bination

8

ml

[Cu ‘low ’ N H 4 ^ ‘lo w ’ N 0 3 ‘ ‘h ig h ’]

CUSO 4 concentrate

0

. 1 ml

C a(N 0 3 ) 2

235.63 m g

NH4NO3

400.00 m g
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Factorial design and run order o f the experiment created using Minitab ver 13.2

Blocks

Cu

nh

no

Plum bagin % D C W

G row th Index

1

+

+

+

1.482

2.32

1

+

+

-

1.820

2.93

1

+

-

+

2.740

3.55

1

+

-

-

2.820

3.23

1

-

+

+

1.590

2.77

1

-

+

-

1.610

3.33

1

-

-

+

2.370

3.24

1

-

-

-

2.410

3.50

2

+

+

+

2.050

3.57

2

+

+

-

1.710

3.07

2

+

-

+

3.220

3.08

2

+

-

-

2.070

3.15

2

-

+

+

1.580

2.99

2

-

+

-

1.750

♦

2

-

-

+

2.470

2.94

2

-

-

-

2.260

3.34

3

+

+

+

1.880

3.31

3

+

+

-

1.710

3.19

3

+

-

+

2.870

2.63

3

+

-

-

3.260

2.99

3

-

+

+

1.720

2.69

3

-

+

-

1.820

3.47

3

-

-

+

2.140

2.68

3

-

-

-

2.320

3.10

4

+

+

+

2.200

3.41

4

+

+

-

1.950

3.20

4

+

-

+

3.180

3.43

4

+

-

-

2.890

2.96

4

-

+

+

2.400

2.84

4

-

+

-

1.430

3.32

4

-

-

+

*

3.12

4

-

-

-

2.820

3.38
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One-way Analysis o f Variance (ANOV A) for Plumbagin (%DCW)

The P yalue is < 0.0001, considered extremely significant.
Variation among column means is significantly greater than expected by chance.

Dunnett Multiple Comparisons Test
Control column: control
If the yalue o f q is greater than 2.823 then the P value is less than 0.05.

Mean
Comparison

q

control ys cu

0.3110

1.513

ns

control ys no

- 0.2380

1.158

ns P>0.05

control ys no cu

0.4397

1.980

ns

control ys nh

0.9653

4.695

** P<0.01

control ys nh cu

1.108

5.389

** P<0.01

control ys no nh

0.9400

4.572

P<0.01

control vs no nh cu

0.9030

4.392

P<0.01

Difference

Lower

o
O

Mean

P value

o
o

Difference

Upper

Difference 95% Cl 95% Cl

control - cu

0.3110 -0.2693

control - no

-0.2380 -0.8183 0.3423

0.8913

control - no cu

0.4397 -0.1871

1.066

control - nh

0.9653 0.3850

1.546

control - nh cu

1.108 0.5277

1.688

control - no nh

0.9400 0.3597

1.520

0.9030 0.3227

1.483

control - no nh cu
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One-way Analysis o f Variance (ANQVA) for Productivity g/L
The P yalue is < 0.0001, considered extremely significant.
Variation among column means is significantly greater than expected by chance.
Tukey-Kramer Multiple Comparisons Test
If the value o f q is greater than 4.371 then the P value is less than 0.05.
Mean
Comparison

Difference

q

P value

1 vs 2

0.1036 12.510 *** P<0.001

1 vs 3

0.02220 2.682 ns P>0.05

1 vs 4

0.1075 12.025 **♦ P<0.001

1 vs 5

0.1806 21.083 *** P<0.001

1 vs 6

0.1856 22.425 *** P<0.001

1 vs 7

0.1583 19.120 *** P<0.001

1 vs 8

0.1512 18.268 *** P<0.001

2 vs 3

-0.08135 9.828 *** P<0.001

2 vs 4

0.003961 0.4431 ns P>0.05

2 vs 5

0.07709 8.997 *** P<0.001

2 vs 6

0.08207 9.915 *** P<0.001

2 vs 7

0.05471

2 vs 8

0.04766 5.758 ** P<0.01

3 vs 4

0.08531

3 vs 5

0.1584 18.492 *** P<0.001

3 vs 6

0.1634 19.743 *** P<0.001

3 vs 7

0.1361 16.437 *** P<0.001

3 vs 8

0.1290 15.586 *** P<0.001

6.610 *** P<0.001

9.542 *** P<0.001

4 vs 5

0.07313

7.940 *** P<0.001

4 vs 6

0.07811

8.737 *** P<0.001

4 vs 7

0.05075

5.676 *♦ P<0.01

4 vs 8

0.04370 4.888 * P<0.05

5 vs 6

0.004982 0.5815 ns P>0.05

5 vs 7

-0.02238 2.612 ns P>0.05

5 vs 8

-0.02943 3.434 ns P>0.05

6 vs 7

-0.02736 3.306 ns P>0.05

6 vs 8

-0.03441

7 vs 8

-0.007046 0.8513 ns P>0.05

4.157 ns P>0.05
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Intermediate calculations. ANOVA table

Source o f

Degrees o f Sum of

variation

freedom

squares

Treatments (between columns)

7

Residuals (within columns)

Total

121

Mean
square

0.5426 0.07751

114

0.1250 0.001096

0.6675

F = 70.705 =(MStreatment/MSresidual)
Summary o f Data
Number
of
Group

Standard

Standard Error of

Points

Mean Deviation Mean

Median

1

16

0.2905 0.05889

0.01472

0.2714

2

16

0.1870 0.03112 0.007779

0.1790

3

16

0.2683 0.03719 0.009297

0.2835

4

12

0.1830 0.01975 0.005701

0.1819

5

14

0.1099 0.009787 0.002616

0.1088

6

16

0.1049 0.02448 0.006120

0.1028

7

16

0.1322 0.03497 0.008742

0.1195

8

16

0.1393 0.01792 0.004479

0.1436

95% Confidence Interval
Group

Minimum Maximum

From

To

1 0.2219 0.3889

0.2591

0.3219

2 0.1416 0.2396

0.1704

0.2035

3 0.1989 0.3119

0.2485

0.2881

4 0.1520 0.2187

0.1704

0.1955

5 0.09530 0.1271

0.1042

0.1155

6 0.06975 0.1564

0.09184

0.1179

7 0.1004 0.2072

0.1136

0.1509

8 0.1030 0.1608

0.1297

0.1488
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One-way Analysis o f Variance (ANQVA) for growth index
The P value is 0.2868, considered not significant.
Variation among column means is not significantly greater than expected by chance.

Intermediate calculations. ANOVA table
Source o f

Degrees o f Sum o f

variation

freedom

squares

Mean
square

Treatments (between columns)

7

0.7633

0.1090

Residuals (within columns)

23

1.904 0.08279

Total

30

2.667

F = 1.317 =(MStreatment/MSresidual)

Summary o f Data
Number o f
Group

Points

Standard Standard
Mean Deviation

Error o f Mean

Median

1

4

3.086 0.1288

0.06440

3.073

2

4

3.330 0.1693

0.08467

3.362

3

4

3.176 0.4123

0.2062

3.259

4

4

2.995 0.2457

0.1228

3.031

5

4

3.098 0.1304

0.06519

3.131

6

3

3.372 0.08346

0.04819

3.327

7

4

2.842 0.1374

0.06872

2.842

8

4

3.157 0.5644

0.2822

3.366

95% Confidence Interval
Group

Minimum Maximum

From

1

2.963

3.233

2.881

3.291

2

3.097

3.500

3.061

3.600

3

2.634

3.551

2.520

3.832

4

2.676

3.241

2.604

3.386

5

2.923

3.206

2.890

3.305

6

3.321

3.468

3.165

3.579

To

295

Appendix V
Growth Medium Optim isation: D ecreased inorganic nitrogen (Section 3.7.2 and Section 4)
Experim ent 2: D ecreased nitrogen experim ents (See Section 2;C hapter 3)
8

M edia x 500m l w ere prepared and supplem ented w ith nitrogen supply according to the

com binations outlined below (NH 4 )2 S 0 4

M edia Form ulation

500 ml

Sucrose

15g

Thiam ine

0.25 ml

2,4-D

0.11

NAA

0.093 ml

M esoinositol

100

ml

mg

O rganics concentrate

2.5 ml*

M icroelem ents concentrate

2.5 ml

FeNaEDTA concentrate

2.5 ml*

C aC l 2 .2 H 2 0

47.78 mg

K 2SO 4

495.00 mg

M gS04.7H 20

184.72 m g

K H 2 PO 4

85.00 mg

D istilled w ater to

500 ml

(*see appendix 1)

N itrogen and copper w as added to each com bination as given below
pH was then adjusted to 5.8-6 with KOH or dil HCL

M icroelem ents concentrate

IL

CUSO 4 .5 H 2 O

0.05g

H3BO 3

1.24g

M nS04.H 20

5.80g

N a 2 M o 0 4 .2 H 2 0

0.05g

Z nS 04.7H 20

1.72g

Distilled w ater to

IL

Use 5ml concentrate for 1L m edia
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Com bination 1 [Control conditions]
Ca(N 0 3 ) 2

mg/1

mM
2 35.63 m g

NH4N O 3

2 0 0 .0 0 m g

2.35 mM

5.00 mM

Com bination 2
Ca(N 0 3 ) 2

117.82 m g

1.175 mM

NH4NO3

100.00 m g

2.5 mM

2 35.63 m g

2.35 mM

165.18 m g

2.5 mM

117.82 m g

1.175 mM

82.59 m g

1.25 mM

Com bination 3
Ca(N 0 3 ) 2
(N H 4 >2 S 0

4

Com bination 4
Ca(N 0 3 > 2
(N H 4 >2 S 0

4

Com bination 5
(N H 4 ) 2 S 0

4

C om bination
(N H 4 ) 2 S 0

165.18 m g

2.5 mM

82.59 m g

1.25 mM

6

4

Com bination 7
Ca(N 0 3 ) 2

Com bination
Ca(N 0 3 ) 2

5 7 2 .5 0 m g

4.35 mM

8

2 86.25 m g
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2.175 mM

Statistical analyses
Growth Index
One-way Analysis o f Variance (ANOVA)
The P value is < 0.0001, considered extremely significant.
Variation among column means is significantly greater than expected by chance.

Tukey-Kramer Multiple Comparisons Test
If the value o f q is greater than 4.897 then the P value is less than 0.05.
Mean
Comparison

Difference

q

P value

1 vs 2

-0.4071

1 vs 3

-0.7666 5.665 * P<0.05

1 vs 4

-1.043

1 vs 5

0.4142 3.061 ns P>0.05

1 vs 6

0.6616 4.889 ns P>0.05

1 vs 7

0.7338 5.422 * P<0.05

1 vs 8

0.8139 6.014 * P<0.05

2 vs 3

-0.3595 2.657 ns P>0.05

2 vs 4

-0.6361

2 vs 5

3.008 ns P>0.05

7.708 ** P<0.01

4.700 ns P>0.05

0.8213 6.069 * P<0.05

2 vs 6

1.069 7.897 *** P<0.001

2 vs 7

1.141

8.431 *** P<0.001

2 vs 8

1.221

9.022 *** P<0.001

3 vs 4

-0.2765 2.043 ns P>0.05

3 vs 5

1.181

3 vs 6

1.428 10.554 *** P<0.001

3 vs 7

1.500 11.087 ***P<0.001

3 vs 8

1.581 11.679

4 vs 5

1.457 10.769 *** P<0.001

4 vs 6

1.705 12.597 *** P<0.001

4 vs 7

1.777 13.131

4 vs 8

1.857 13.722 *** P<0.001

8.726 *** P<0.001

P<0.001

P<0.001

5 vs 6

0.2474

5 vs 7

0.3196 2.362 ns P>0.05

5 vs 8

0.3997 2.954 ns P>0.05

6 vs 7

0.07219 0.533 ns P>0.05

1.828 ns P>0.05
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6 vs 8

0.1523

1.125 ns P>0.05

7 vs 8

0.08008 0.5917 ns P>0.05

Intermediate calculations. ANOVA table

Source of

Degrees o f Sum o f

variation

freedom

Treatments (between columns)

7

squares

10.894

Mean
square

1.556

Residuals (within columns)

16

0.8791 0.05494

Total

23

11.773

F = 28.324 =(MStreatment/MSresidual)
Summary o f Data
Number
of
Group Points

Standard
Standard Error o f
Mean Deviation

Mean

Median

1

3

2.622 0.3143

0.1815

2.639

2

3

3.029 0.1710

0.09872

2.971

3

3

3.388 0.2524

0.1457

3.273

4

3

3.665 0.3333

0.1925

3.661

5

3

2.207 0.2498

0.1442

2.078

6

3

1.960 0.2081

0.1201

1.932

7

3

1.888 0.09274

0.05355

1.871

8

3

1.808 0.1496

0.08640

1.727

95% Confidence Interval
Group

Minimum Maximum

From

1

2.299

2.927

1.841

3.402

2

2.894

3.221

2.604

3.453

3

3.214

3.678

2.761

4.015

4

3.333

4.000

2.837

4.493

5

2.049

2.495

1.587

2.828

6

1.767

2.181

1.443

2.477

7

1.805

1.988

1.657

2.118

8

1.716

1.980

1.436

2.180

To
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Plumbagin %DCW
One-way Analysis o f Variance (ANOVA)
The P value is < 0.0001, considered extremely significant.
Variation among column means is significantly greater than expected by chance.
Tukey-Kramer Multiple Comparisons Test
If the yalue o f q is greater than 4.897 then the P yalue is less than 0.05.
Mean
Comparison

Difference

q

P yalue

1 ys 2

-0.7800 4.330 ns P>0.05

1 vs 3

-1.560 8.659 *** P<0.001

1 vs 4

-1.350 7.494 ** P<0.01

1 vs 5

-0.4967 2.757 ns P>0.05

1 vs 6

-0.4133 2.294 ns P>0.05

1 vs 7

0.2733

1 vs 8

-0.7033 3.904 ns P>0.05

2 vs 3

-0.7800 4.330 ns P>0.05

2 vs 4

-0.5700 3.164 ns P>0.05

2 vs 5

0.2833

2 vs 6

0.3667 2.035 ns P>0.05

2 vs 7

1.053 5.847 * P<0.05

2 vs 8

0.07667 0.4256 ns P>0.05

3 vs 4

0.2100

1.517 ns P>0.05

1.573 ns P>0.05

1.166 ns P>0.05

3 vs 5

1.063 5.902 * P<0.05

3 vs 6

1.147 6.365 ** P<0.01

3 vs 7

1.833 10.177 *** P<0.001

3 vs 8

0.8567 4.755 ns P>0.05

4 vs 5

0.8533 4.737 ns P>0.05

4 vs 6

0.9367 5.199 * P<0.05

4 vs 7

1.623 9.011

P<0.001

4 vs 8

0.6467 3.590 ns P>0.05

5 vs 6

0.08333 0.4626 ns P>0.05

5 vs 7

0.7700 4.274 ns P>0.05

5 vs 8

-0.2067

6 vs 7

0.6867 3.812 ns P>0.05

6 vs 8

-0.2900

7 vs 8

-0.9767 5.421 * P<0.05

1.147 ns P>0.05

1.610 ns P>0.05
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Intermediate calculations. ANOVA table
Source of

Degrees o f Sum o f

variation

freedom

squares

Mean
square

Treatments (between columns)

7

8.066

1.152

Residuals (within columns)

16

1.558 0.09736

Total

23

9.624

F = 11.836 =(MStreatment/MSresidual)
Summary o f Data
Number

Standard

of
Group

Standard Error o f

Points

Mean Deviation

Mean

1

3

1.713 0.06429

0.03712

2

3

2.493 0.3564

0.2058

2.390

3

3

3.273 0.4933

0.2848

3.040

4

3

3.063 0.3900

0.2252

3.070

5

3

2.210 0.2207

0.1274

2.190

6

3

2.127 0.1904

0.1099

2.140

7

3

1.440 0.2707

0.1563

1.560

8

3

2.417 0.3066

0.1770

2.490

1.740

95% Confidence Interval
Group

Minimum Maximum

From

1

1.640

1.760

1.554

1.873

2

2.200

2.890

1.608

3.379

3

2.940

3.840

2.048

4.499

4

2.670

3.450

2.094

4.032

5

2.000

2.440

1.662

2.758

6

1.930

2.310

1.654

2.600

7

1.130

1.630

0.7674

2.113

8

2.080

2.680

1.655

3.178

*

*

To

*
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Median

Productivity
One-way Analysis o f Variance (ANOVA)
The P value is < 0.0001, considered extremely significant.
Variation among column means is significantly greater than expected by chance.
Tukey-Kramer MuUiple Comparisons Test
If the value o f q is greater than 4.385 then the P value is less than 0.05.
Mean
Comparison

Difference

q

P value

1 vs 2

-0.08605

1 vs 3

-0.001662 0.1448 ns P>0.05

7.640 *** P<0.001

1 vs 4

-0.1001

1 vs 5

-0.05430 4.821 * P<0.05

1 vs 6

-0.008272 0.7344 ns P>0.05

1 vs 7

0.01429

8.888 *** P<0.001

1.269 ns P>0.05

1 vs 8

-0.003103 0.2755 ns P>0.05

2 vs 3

0.08439 7.352 *** P<0.001

2 vs 4

-0.01406

2 vs 5

0.03175 2.819 ns P>0.05

2 vs 6

0.07778 6.905

2 vs 7

0.1003

2 vs 8

0.08294 7.364 *** P<0.001

3 vs 4

-0.09844 8.577 *** P<0.001

3 vs 5

-0.05264 4.586 * P<0.05

3 vs 6

-0.006610 0.5759 ns P>0.05

3 vs 7
3 vs 8

0.01596

1.248 ns P>0.05

P<0.001

8.909 *** P<0.001

1.390 ns P>0.05

-0.001440 0.1255 ns P>0.05

4 vs 5

0.04581

4 vs 6

0.09183 8.153 *** P<0.001

4 vs 7

0.1144 10.157 *** P<0.001

4 vs 8

0.09700 8.612 *** P<0.001

5 vs 6

0.04603 4.086 ns P>0.05

5 vs 7

0.06859 6.090 ** P<0.01

5 vs 8

0.05120 4.545 * P<0.05

6 vs 7

0.02257 2.004 ns P>0.05

6 vs 8

0.005169 0.4589 ns P>0.05

7 vs 8

-0.01740

4.067 ns P>0.05

1.545 ns P>0.05
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Intermediate calculations. ANOVA table
Source o f

Degrees o f Sum o f

variation

freedom

square

7

0.1883 0.02690

103

0.1829 0.001776

Treatments (between columns)
Residuals (within columns)

squares

Mean

110

Total

0.3712

F = 15.146 =(MStreatment/MSresidual)
Summary o f Data
Num ber

Standard

of
Group

Standard Error o f

Points

Mean Deviation

Mean

Median

1

14

0.1025 0.02856 0.007633

0.1096

2

14

0.1885 0.06364

0.1733

3

13

0.1041 0.03033 0.008411

0.1114

4

14

0.2026 0.06041

0.01614

0.2159

5

14

0.1568 0.04747

0.01269

0.1442

6

14

0.1107 0.03122 0.008343

0.1122

7

14

0.08816 0.02470 0.006602 0.09522

8

14

0.1056 0.02948 0.007880

0.01701

0.1101

95% Confidence Interval
Group

Minimum Maximum

From

To

1 0.01419 0.1318

0.08596

0.1189

2 0.05520 0.2884

0.1518

0.2252

3 0.01649 0.1388

0.08579

0.1224

4 0.04247 0.2704

0.1677

0.2374

5 0.03471

0.1293

0.1842

6 0.01717 0.1505

0.09270

0.1287

7 0.01293

0.1154

0.07390

0.1024

8 0.01496 0.1359

0.08853

0.12

0.2186
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Appendix VI
Growth medium optim isation: Organic nitrogen (Section 3.7.3 and Section4)
Supply o f organic Nitrogen
Statistical analyses
One-way Analysis o f Variance (ANOVA) for plumbagin %DCW
The P yalue is < 0.0001, considered extremely significant.
Variation among column means is significantly greater than expected by chance.
Tukey-Kramer Multiple Comparisons Test
If the yalue o f q is greater than 3.742 then the P yalue is less than 0.05.
Mean
Comparison

Difference

q

P value

control vs no N

0.5357 5.994 *** P<0.001

control vs Casein +N

-0.4235 4.577 * P<0.05

control vs Casein

0.4270

4.777 ** P<0.01

no N vs Casein +N

-0.9591 10.368 *** P<0.001

no N vs Casein

-0.1087

Casein +N vs Casein

0.8504 9.193

Mean
Difference

1.216 ns P>0.05

95% Confidence Interval

Difference From

control - no N
control - Casein +N
control - Casein

P<O.OOI

To

0.5357 0.2012 0.8701
-0.4235 -0.7697 -0.07724
0.4270 0.09250 0.7614

no N - Casein +N

-0.9591 -1.305-0.6129

no N - Casein

-0.1087-0.4432 0.2258

Casein +N - Casein

0.8504 0.5042

1.197

Intermediate calculations. ANOVA table
Source o f
variation

Degrees o f Sum o f
freedom

squares

Mean
square

Treatments (between columns)

3

8.571

2.857

Residuals (within columns)

58

7.413

0.1278

Total

61

15.983
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F = 22.354 =(M Streatm ent/M Sresidual)

Sum m ary o f Data
N um ber
of
Group

Standard

Standard E rror o f

Points

16

control

M ean

D eviation

2.765

0.2150
0.2097

no N

16

2.230

Casein +N

14

3.189 0.5429

Casein

16

2.338

0.3854

M ean

0.05375

M edian

2.775

0.05244

2.217

0.1451

2.955

0.09634

2.328

95% C onfidence Interval
G roup

M inim um M aximum

From

To

control

2.321 3.085

2.651

2.880

noN

1.920 2.739

2.118

2.341

C asein + N

2.654

C asein

4.455

1.774 3.406

*

*

2.875
2.133

3.502
2.544

*

O ne-w ay A nalysis o f Variance (A N O V A ) for Grovyth Index
T he P value is < 0.0001, considered extrem ely significant.
V ariation am ong colum n m eans is significantly greater than expected by chance.
T ukey-K ram er M ultiple C om parisons Test
If th e value o f q is greater than 4.495 then the P value is less than 0.05.
Mean
C om parison

D ifference

control vs no nitrogen
control vs casein +N

q

P value

1.478

6.240

-1.736

7.331

**

P<0.01
P<0.001
O
O

control vs casein

0.8457

3.572 ns

control vs glutam ine+N

1.618

6.834

P<0.01

control vs glutam ine

1.818

7.677

P<0.001
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no nitrogen vs casein +N

-3.213

13.571 *** P<0.001

no nitrogen vs casein

-0.6318 2.668 ns P>0.05

no nitrogen vs giutamine+N

0.1407 0.5941 ns P>0.05

no nitrogen vs glutamine

0.3403

1.437 ns P>0.05

casein +N vs casein

2.582 10.903 *** P<0.001

casein +N vs glutamine+N

3.354 14.165 *** P<0.001

casein +N vs glutamine

3.554 15.008 *** P<0.001

casein vs glutamine+N

0.7725 3.262 ns P>0.05

casein vs glutamine

0.9721

glutamine+N vs glutamine

4.105 ns P>0.05

0.1996 0.8430 ns P>0.05

Intermediate calculations. ANOVA table
Source o f

Degrees o f Sum o f

variation

freedom

Mean

squares square

Treatments (between columns)

5

36.546

7.309

Residuals (within columns)

18

4.037

0.2243

23

40.583

Total

F = 32.592 =(MStreatment/MSresidual)

Summary o f Data

Number

Standard

of
Group

Standard Error of

Points

control

4

Mean Deviation

2.697

0.5607

Mean

0.2803

no nitrogen

4

1.219 0.02173 0.01087

casein+N

4

4.433

casein

4

glutamine+N
glutamine

1.851
4
4

*

*

Median

2.501
1.222

1.003

0.5014

4.432

0.1437

0.07184

1.829

1.078 0.05283

0.02641

0.8788 0.04143 0.02072

1.099
0.8821

*
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One-way Analysis o f Variance (ANOVA) Productivity g/1
The P value is < 0.0001, considered extremely significant.
Variation among column means is significantly greater than expected by chance.
Tukey-Kramer Multiple Comparisons Test
If the value o f q is greater than 4.137 then the P value is less than 0.05.
Mean
Comparison

Difference

q

P value

Control v s N o N

0.1732 16.002 *** P<0.001

Control vs C asein+N

-0.1414 12.623 *** P<0.001

Control vs Casein

0.08593 7.939 *** P<0.001

Control vs Glutamine + N

0.2570 22.938 *** P<0.001

Control vs Glutamine

0.2828 24.740 *** P<0.001

No N vs Casein +N

-0.3146 28.083 *** P<0.001

N o N vs Casein

-0.08729 8.064 *** P<0.001

No N vs Glutamine + N

0.08379

No N vs Glutamine

0.1096 9.588 *** ?<0.001

Casein +N vs Casein

0.2274 20.292 *** P<0.001

Casein +N vs Glutamine + N
Casein +N vs Glutamine
Casein vs Glutamine + N
Casein vs Glutamine
Glutamine + N vs Glutamine

7.478 *** P<0.001

0.3984 34.432 *** P<0.001
0.4243 35.978 *** P<0.001
0.1711 15.269 *** P<0.001
0.1969 17.223 *** P<0.001
0.02582 2.190 ns P>0.05

Intermediate calculations. ANOVA table

Source o f

Degrees o f Sum o f

Mean

variation

freedom

square

squares

Treatments (between columns)

5

1.841

0.3683

Residuals (within columns)

83

0.1556

0.001875

Total

88

1.997

F = 196.44 =(MStreatment/MSresidual)
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Summary of Data
Number
of
Group

Standard
Standard Error o f

Points Mean Deviation

Mean

Median

Control

16

0.2828 0.03426

0.008565 0.2837

N oN

16

0.1096 0.01054

0.002634 0.1103

C asein+N

14

Casein

16

G lutam ine+ N
Glutamine

0.4243 0.08224

0.02198

0.1969 0.05246

14
13

0.4145

0.01312 0.1758

0.02582 0.02338 0.006250 0.03982
0.000

0.000

0.000

0.000

95% Confidence Interval
Group

Minimum Maximum

From

To

Control 0.2378

0.3790 0.2646

0.3011

N o N 0.09097

0.1287 0.1040

0.1152

C asein+N

0.3219 0.5944

Casein 0.1198
G lutam ine+ N
Glutamine

0.2954 0.1689

0.000 0.05053
0.000

0.3768

0.000

0.4717
0.2248

0.01232
0.000

0.03932

0.000
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G row th m ed ia used for Dionaea su sp en sion cu ltu res
GB5

G+D

McCowans

M+S

Rugini Olive

S+H

WV3

WV5

C 0 C I 2 6 H 2O

O .llu M

O .llu M

-

O .llia M

O .llu M

0 .4 2 n M

O .ll^ M

O .llu M

CUSO4 .5 H2 O

O.lOi^M

0 . 1 0 ^M

l.OOuM

OuM

l.OOuM

0 .8 0 |iM

l.OOuM

l.O O ^M

FeN aE D T A

0.1 OmM

0.1 OmM

0.1 OmM

O.lOmM

O .lO m M

5 3 .9 4 ^ M

O .lO m M

O .lO m M

H 3B O 3

4 8 .5 2 n M

4 .8 5 n M

O.lOmM

O.lOmM

0 .2 0 m M

8 0 .8 6 n M

O.SOmM

O.SOmM

KI

4 .5 2 n M

4 .8 2 n M

-

S.OOuM

S.OOuM

6 .0 2 n M

S.OOuM

5 .0 0 n M

MnS0 4 .H2 0

5 9 .1 6 n M

5 .9 2 n M

0.1 3 m M

O.lOmM

O.lO m M

5 9 .1 7 n M

0 .0 9 m M

0 .0 9 m M

1.0 3 n M

0 . 1 0 ^M

l.OS^iM

1.03nM

1.0 3 n M

0.4 l^ M

1 .0 3 n M

1 .0 3 n M

6 .9 6 n M

1.04nM

29.91 ^M

2 9 .9 lu M

4 9 .7 5 ^ M

3.48(xM

O.OSmM

O.OSmM

0.65m M

2 .9 9 m M

2 .9 9 m M

1.36m M

4 .0 8 m M

4 .0 8 m M

2 .3 5 m M

-

2 .5 4 m M

-

-

-

6 .7 1 m M

-

8 .8 1 m M

9 .6 4 m M

Microelements

N a 2M o 0

4 .2

H2 0

M ACROELEM ENTS
C a C l2
C a (N 0 3 )2 .4 H 2 0

1,02m M
-

KCl

1.02m M
0 .8 7 m M

-

2 .2 0 m M

1.25m M

1.25m M

2 .5 0 m M

-

1.98m M

1.98m M

KNO3

2 4 .7 3 m M

9 .8 9 m M

-

18.79m M

lO .SSm M

2 4 .7 3 m M

9 .0 0 m M

10.72m M

K 2S O 4

-

5.68m M

-

-

-

-

-

MgS04

l.O lm M

0 .1 4m M

1.50m M

1.50m M

6 .0 9 m M

1.62m M

7.5 Im M

7.5 1 m M

1.09

-

-

-

-

-

-

-

(N H 4)H 2P04

-

-

-

-

-

2 .6 1 m M

-

-

N H 4N O 3

-

12.49m M

S.OOmM

2 0 .6 1 m M

5 .1 5 m M

-

-

8.74m M

1.01

-

-

-

-

-

-

-

K H 2P O 4

N aH 2 P 0 4

(NH4)2S04

Appendix VII

Z n S 0 4 .7 H 2 0

0.1

Basal salt composition of the media used for Streptocarpus callus initiation
A nd

G B5

L it

M cC o w an s

M +S

S+H

0 . 1 1 ^M

0.42nM

M ic ro e le m en ts
0 .11

nM

0 .1

l^ M

0.53nM

-

CUSO 4. 5 H 2O

0 .1 0

nM

O.lOuM

2 .0 0 nM

l.OO^M

0 .1

O^M

O.SOfiM

FeN aED TA

0.20 mM

O.lOmM

O.lOmM

O.lOmM

O.lOmM

53.94nM

H 3B O 3

0.10 mM

48.52nM

O.SOmM

O.lOmM

O.lOmM

80.86nM

KI

1.81 laM

4.52^M

25.00|aM

-

S.OOuM

6.02nM

M nS 0 4 .H 2 0

0.10 mM

59.16i.iM

0.12mM

0.13mM

O.lO^M

59.17nM

N a 2M o 0 4 .2 H 2 0

1.03 |iM

1.03nM

5.17nM

1.03^M

1.03|iM

0.41 nM

29.91nM

6.96^iM

0 .I5 n M

29.9 lu M

29.9 l^ M

3.48^M

2.99m M

1.02mM

0 .15mM

0.65mM

2.99m M

1.36mM

Ca(N03)2

-

-

-

2.35m M

-

-

KH 2PO 4

-

-

2.50mM

1.25mM

1.25mM

-

KNO3

4.75m M

24.73m M

18379mM

-

18.79mM

24.73m M

K 2SO 4

-

-

-

5.68mM

-

-

M gS04

1.50mM

l.O lm M

7.5Im M

l.SOmM

l.SOmM

1.62mM

N aH2P04

2.75m M

1.09

-

-

-

-

-

-

-

-

-

2.6 Im M

S.OOmM

-

20.6 ImM

S.OOmM

20.61m M

-

-

1.01

-

-

-

-

Z nS04.7H 20

M ACROELEM ENTS
CaC lj

(NH4)H2P04
N H 4N O 3
(NH4)2S04

Appendix VIII

C 0 CI 2 6 H 2O

Appendix IX
Preliminary biological testing of quinones
Cell Motility Assay
Background: The migration of T lymphocytes from the blood stream into the surrounding tissues
and lymph nodes is critical to ensure that an effective immune response is generated. This process
also contributes to the mechanism of inflammation in the body. Activation of a T lymphocyte in
the blood stream consists of several steps that convert the cell from a circular and round shape to a
polarised ‘tadpole’ shape with concomitant cytoskeletal-based rearrangements that permit the cell
to migrate toward the site of inflammation. An in vitro T cell migration assay has been established
in the Department of Pharmacology that can be used to study the effects of compounds on the
development of T cell polarisation with HuT-78 T lymphocytes. This assay demonstrates potential
effects of compounds on motility-activating receptors, secondary messenger systems and the
processes involved in cytoskeletal re-arrangements to enable cell motility. The assay indicates the
ability o f compounds tested to inhibit the inflammatoiy response by decreasing cell motility. This
assay is also indicative of cytotoxicity and potential apoptotic behavior when it is observed
instead of viable cells cells the formation of circular staining bodies. A number o f the quinones
isolated in the course of our work and structurally related compounds were assessed for anti
inflammatory activity using this assay by the Department o f Pharmacology.
M aterial and Methods
Q uinones tested

r\

dunnione

o

O ---

o

a lp h a -d u n n io n e

7-hydroxyalpha-dunnione

7 -h y d ro x y d u n n io n e

O

o
1 -h v d ro x v -2 -m e th v la n th ra q u in o n e

plumbagin

7-methyljuglone

Lawsone

o
1,4-naphthoquinone

Cell culture
HuT 78 cells were obtained from the American Type Culture Collection. The cells were grown in
RPMI 1640 media supplemented with 1% Penicillin / Streptomycin, 1% L-Glutamine, 1%
HEPES (lOuM), 1% Glucose, 1% Sodium Pyruvate (luM ), 8% FBS and 0.04% Sodium
bicarbonate. Cells were passed every two to three days.

Assay protocol
24 well or 96 well plates were coated with 1/100 dilution o f rabbit anti-mouse IgG in sterile Ix
PBS. The plate was sealed with parafilm and stored at 4*’C overnight. The coated plate was
washed twice with sterile Ix PBS and subsequently coated with a 1/100 dilution o f LFA-1 in
sterile Ix PBS. The plate was then covered and incubated at 37®C for at least 1 hour. Drugs and
controls were prepared on a second plate. lO"* cells/well were required. Cell density was
determined by suspension o f 50uL o f cells in 50uL Trypan blue with 400uL PBS and a
haemocytometer was used to count the cells. Dilutions were made as appropriate. Cells were
added to each well, left in the incubator for 10 minutes and the density checked under the
microscope. Stock concentrations o f drugs in DMSO were added to the cells at the appropriate
volume to give the desired final concentration. G06976, selective PKC-a and P inhibitor, was
used as a control o f motility inhibition. The cell/drug mixture was incubated for 30 minutes at
37®C. The antibody plates were washed as before. The cell/drug mixture was added and incubated
at 37°C again until sufficient deformation in control untreated cells had occurred. Image Pro Plus
(Media Cybernetics), was used to analyse the cells. Three photos o f each well were recorded.
Motility was then determined by calculation o f the deformation index. A deformation index
greater than three was considered to indicate motility.

Deformation index= elongation index/circularity index

All experiments use a positive control and inhibition o f motility was evaluated relative to the
positive and negative control.
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Results and Discussion

% of motile HuT 78 cells treated with HIH compounds
60.00
50.00

= 40.00
o>
o
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15 30.00

o

E

^

20.00
10.00

0.00
HIH1

HH2

HIH3

HH4

HH5

HH6

HH7

Meg

DMSO

Figure 1: Motility of Hut 78 cells in response to treatment with all HIH compounds (lOuM),
assayed is shown. N=3±s.d..

Motility of Hut 78 cells

Figure 2: Motility o f HuT 78 cells in response to treatment with the compounds
(10fiM)n=3±s.d.
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Photos of cells with the addition of compounds and controls

DMSO

control-

showing

maximum motility for the assay.
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o
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Plumbagin

7-methyljuglone

1,4-Naphtoq uinone,

Q

©

Lawsone

From the results it can be seen that o f the dunnione series o f naphthoquinones, only 7hydroxydunnione decreased cell m otility. The cells with this com pounds also had apoptotic
bodies present indicating this com pound should be investigated further in a specific cytotoxicity
assay for apoptotic behaviour. The rem aining naphthoquinones, plum bagin 7-m ethyljuglone, 1,4naphtoquinone and lawsone greatly inhibited the m otility o f the cells. These are known to be
biologically active.
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