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ABSTRACT

NITROGEN AND CARBON COSTS OF GROWTH AND ANTIOXIDANT

PRODUCTION DURING ACCLIMATION TO ENVIRONMENTAL

STRESS IN TWO SPECIES OF GETHYLLIS

Christiaan Winston Daniëls

PhD Thesis, Department of South African Herbal Science & Medicines Institute

(SAHSMI), University of the Western Cape.

ABSTRACT

Gethyllis multifolia L. Bolus and G. villosa Thunb. are winter-growing, summer-

blooming, deciduous and bulbous geophytes that grow naturally in the semi-arid

succulent Karoo biome of South Africa. Both species grow under full sun

conditions and have four distinctive growth phases: a winter (cold and wet)

growing phase, leaf senescence phase towards spring, flowering phase during the

hot and dry summer months, and fruit and leaf formation phase in autumn. The

medicinal uses of this genus (including G. multifolia "Kukumakranka" and G.

villosa "hairy kukumakranka") range from cures for colic, digestive disturbances,

teething problems, fatigue, boils, bruises and insect bites, to being used as an

aphrodisiac. Gethyllis multifolia is threatened in its natural habitat and is listed in

the 'Vulnerable' category of the 'Red Data List of Southern African Plants' and

the 'IUCN-World Conservation Union List of Plants'. The literature indicate that

the habitats of both species are being exposed to drier conditions and is further



IV

threatened by the encroachment of invasive indigenous plant species. It is not

known to which extent these factors may pose a threat to the existence of both

species.

The first objective of this investigation was to determine the costs of vegetative

and reproductive growth during the seasonal life cycle of the plant, using carbon

(C) and nitrogen (N) as a physiological currency. The second objective was to

elucidate a functional basis to explain the difference in the conservation status of

both species in their natural habitat. Both species were subjected to drought and

shading as environmental stresses and the plant physiological performance was

investigated via photosynthetic gas exchange. The third objective of the study

was to evaluate the antioxidant content (total polyphenol, flavonol/flavone and

flavanone content) and antioxidant capacity [ferric reducing antioxidant power

(FRAP), oxygen radical absorbance capacity (ORAC) and 2,2'-azino-di-3-

ethylbenzthiazoline sulphonate (ABTS) radical cation scavenging ability] of

natural populations and plant samples that were exposed to photo- and -drought

environmental stresses. This study was done to elucidate the antioxidant profile

of plant parts of natural populations as well as providing farmers, traditional

healers and pharmaceutical companies with cultivation environmental conditions

to enhance the antioxidant properties of the species. This investigation also

attempted to isolate and characterize, by means of thin-layer chromatography

(TLC) and column chromatography (CC), natural compounds from both species

to lend support to the purported antioxidant benefit of both species and to further

lend support to claims made by traditional healers of the medicinal potential of the



genus. This study, however, did not engage in any in viva studies or human trials

to support published literature of the medicinal benefits of the genus.

The photosynthetic adaptation studies indicated that G. villosa had a better

photosynthetic performance than G. multifolia during both drought and low light

conditions because of the inability of G. multifolia to adapt to a wider range of

environmental extremes. The C and N cost of growth and reproduction studies

revealed that G. villosa had a more efficient resource utilisation strategy for both

growth and reproduction. These physiological responses suggest that G. villosa,

in general, has a more efficient survival strategy and that G. multifolia will

struggle to adapt to drier environmental conditions, as well as growing in the

shade of encroaching invasive plant species. To conclude, this could be a

contributing factor as to why G. multifolia is threatened in its natural habitat and

G. villosa not.

v

The antioxidant content-and -capacity study on natural populations of both species

revealed the highest total polyphenol content, FRAP and ORAC values for the

flowers and fruits of G. multifolia and G. villosa compared to other plant parts.

These values were found to be in line with and in some cases higher than most

commercial fruits and vegetables. The antioxidant activity during drought and

photo-stress of the leaves, bulbs and roots was found to be highest in the roots of

both species during drought stress. Gethyllis multifolia, in general, exhibited

higher total polyphenol content than G. villosa, with the highest content measured

during drought stress in the roots of G. multifolia. Phytochemical investigation of



the leaves, bulbs and roots of G. multifolia and G. villosa revealed the presence of

tannins, flavonoids, phenolics, saponins, glycosides as well as essential oils, while

alkaloids were absent. The chromatographic profiles of the leaves, bulbs and

roots of both species further indicated that the roots of G. multifolia contained the

highest concentration of natural products, compared to G. villosa and other plant

parts. Further in-depth studies on the roots of G. multifolia led to the isolation and

characterization of three known flavonoids, of which one was also isolated as its

endogenously acetylated derivative. In contrast to the fact that both species had a

high polyphenol content and exhibited high antioxidant activity, the isolated

compounds in this study revealed very low antioxidant activity. However, the

literature revealed that some of these isolated compounds exhibit antifungal,

antibacterial, anti angiogenic and anti carcinogenic properties in vitro, which could

be ascribed to the medicinal applications of plant parts of certain species

belonging to this genus. Furthermore, this study suggests that further chemistry

and pharmaceutical research on the genus, Gethyllis, in specific the flowers and

fruit of these two species, be pursued.
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CHAPTERl
INTRODUCTION

1.1 Background

Gethyllis multifolia L. Bolus and G. villosa Thunb. (Family:

Amaryllidaceae) are winter-growing, summer-blooming, deciduous, and bulbous

geophytes indigenous to South Africa (Du Plessis and Delpierre, 1973). The

genus Gethyllis consists of 37 currently accepted species and subspecies (Muller-

Doblies, 1986). The genus Gethyllis is more commonly .known as

"Kukumakranka" in South Africa and is one of the most extraordinary and poorly

researched of all southern African amaryllids (Liltved, 1992). The medicinal uses

of this genus range from cures for colic, digestive disturbances, teething problems,

fatigue, boils, bruises and insect bites, to being used as an aphrodisiac (Du Plessis

and Delpierre, 1973). Apart from its medicinal properties, many members of this

genus (including G. multifolia) have a highly fragrant, tasty, edible fruit which

was used in the past to perfume rooms, cupboards and linen (Lighton, 1992).

Gethyllis grows under full sun conditions and their natural habitats range from

sandy soils to mountainous rocky terrains. The genus have four distinctive

growth phases: a winter (cold and wet) growing phase, leaf senescence towards

spring, flowering during the hot and dry summer months (when no leaves are

present), and fruit and leaf formation in autumn, which is the start of a new

growing season (Du Plessis and Duncan, 1989).

Furthermore, G. multifolia is threatened in its natural habitat and is classified as

'Vulnerable' according to the Red Data List of Southern African Plants (Hilton-



Taylor, 1996). G. villosa grows in the same region but is not threatened at all.

The term 'Vulnerable' (V) is defined as taxa believed likely to move into the

'Endangered' category in the near future if the factors causing the decline,

continue operating (Hilton-Taylor, 1996). The literature reveals no reports on any

plant physiology processes such as photosynthetic activity, respiration,

transpiration, stomatal conductance, water-use efficiency, nutrient uptake and

nutrient utilisation of these two species to elucidate the difference in their

conservation status.
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A preliminary study by the author on the antioxidant-capacity and -content of G.

multifolia and G. villosa revealed high antioxidant activity in the leaves and roots

of both species (unpublished data). It has also been proposed, through

photographic studies of the fruit of G. multifolia and G. villosa, that the dark red

colour in the fruit of G. multifolia may be due to the presence of colour pigments

i.e. carotenoids or anthocyanins that are known to have antioxidant activity

(Daniels, 2007). Anti-inflammatory, anti-bacterial and anti-mutagenic studies

were conducted on the roots and bulbs of G. multifolia and G. villosa (Elgorashi

and Van Staden, 2004; Babajide, 2010) and revealed some anti-inflammatory and

anti-bacterial activity in both species. A study of head-space volatiles on the

fragrance of the fruits of G. afra and G. ciliaris (Kamatou et aI., 2008) was

conducted, but this investigation did not include any pharmaceutical studies of the

fruit. The fruits and flowers are regarded as the most useful medicinal plant parts,

but no literature could be found on any scientific pharmaceutical studies on the

fruits and flowers of the genus Gethyllis.



In South Africa there is a reluctance amongst traditional healers to use medicinal

plants from cultivated sources (Dold and Cocks, 2002) and this mindset results in

the plundering of our floral heritage. As mentioned earlier, G. multifolia species

bear a tasty, fragrant, edible fruit with medicinal potential and is threatened in its

natural habitat (Lighton, 1992). This fact emphasizes the need for future

cultivation of this species by pharmaceutical companies, traditional healers and

farmers. Furthermore, the application of environmental stresses during growth to

increase antioxidant capacity, content and possible medicinal potency could prove

to traditional healers that cultivated plants can be equally "potent" as plants from

natural habitats. This study, however, did not attempt to prove that there is a link

between the antioxidant properties of plant parts and the medicinal uses of the

genus.

In this investigation, comparative plant nutritional and gas exchange physiology

experiments were conducted to investigate whether botanical differences or

physiological responses could give an indication as to why there is a difference in

the "conservation status of G. multifolia and G. villosa. Secondly, antioxidant

studies were conducted to determine the antioxidant-capacity and -content in the

varIOUS plant parts of natural populations of both species. In addition, both

species were subjected to environmental stresses, to ascertain which

environmental stress will increase both antioxidant-capacity and -content in the

different plant parts. Thirdly, phytochemical screening of both species was

performed and natural compounds isolated and characterized in an attempt to
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provide a chemistry background to claims made by traditional healers and the

Khoi-San people of the medicinal values of the "Kukumakranka", in specific G.

multifolia and G. villosa.

1.2 Problem Statement and Research Motivation

Gethyllis multifolia L. Bolus is threatened in its natural habitat and IS

classified as 'Vulnerable' according to the Red Data List of Southern African

Plants (Hilton-Taylor, 1996). On the other hand, G. villosa Thunb. occurs more

frequently in the same areas and elsewhere throughout South Africa and is not

threatened in any way. No literature could be found on any comparative plant

physiology and nutrient uptake and utilisation experiments on G. multifolia and G.

villosa to elucidate the difference in the conservation status of these two species.

Environmental impact studies (Daniels, 2007) have been conducted to investigate

reasons behind the difference in the conservation status of these two species but a

complete botanical/plant physiological study still needs to be conducted to

confirm whether plant physiological processes and responses are contributing

factors to G. multifolio's 'Vulnerable' status on the Red Data List of Southern

African Plants.
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A horticultural study by Daniels (2007) revealed that when G. multifolia plants

were compared to G. villosa in their responses to severe drought, G. villosa

appeared to have better survival strategies. When no moisture was present, G.

multifolia plants were slower in initiating new leaves at the onset of the new

growing season, compared to G. villosa. Itwas also observed, during dry spells in
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the natural habitats of both species, that G. multifolia plants produced fewer

flowers, no flowers at all, flowers with no style or stigma or flowers with fewer

stamens than normal, when compared to G. villosa. Another interesting

phenomenon was that G. multifolia plants also aborted flower buds during dry

spells, which was not observed in G. villosa (Daniels, 2007). In its natural

habitat, it was further observed that many G. multifolia plants were growing in the

shade of Galenia africana, an indigenous invasive shrub that grows to a height of

1.5 m. It is, however, not known to what extent the exposure to a lower irradiance

poses a threat to the existence of the species.

The above-mentioned statements are based on mere observations and have not

been scientifically proven through botanical and plant physiological studies. A

complete plant physiological study on the behaviour of Gethyllis species during

different environmental conditions and growth phases could further our

knowledge of our indigenous floral heritage and also facilitate the protection

thereof. Current literature revealed limited research on the antioxidant-capacity

and -content of the various plant parts (leaves, bulbs, roots, flowers and fruit) of

G. multifolia and G. villosa. Babajide (2009) reported higher polyphenolic

content and antioxidant activity in whole plants of G. multifolia than in G. villosa.

Literature searches also revealed no information on the effect of environmental

stresses such as drought and different light intensities on the antioxidant

production in these two Gethyllis species. A preliminary study by the author on

the antioxidant content of the leaves, bulbs and roots of G. multifolia and G.

villosa revealed high levels of antioxidants in the leaves and roots of both species



(unpublished data). As mentioned earlier, photographic images revealed a dark

red colour in the fruit of G. multifolia, which may be due to the presence of colour

pigments i.e. carotenoids or anthocyanins that are known to have antioxidant

activity (Daniels, 2007). Further antioxidant studies by Babajide (2009) indicate

the presence of anthocyanins in water and methanol extracts of whole plants of G.

multifolia, while none was detected in similar extracts of G. villosa.

The genus Gethyllis is considered to have medicinal properties and is being used

for the following ailments: colic, digestive disturbances, teething troubles, fatigue

and an application on boils, bruises and insect bites (Du Plessis and Delpierre,

1973). Further studies by Elgorashi and Van Staden (2004) and Babajide et al.

(2010) revealed anti-inflammatory and anti-bacterial activity in both G. multifolia

and G. villosa plant parts. Although previous studies (Elgorashi et al., 2007 and

Kamatou et al., 2008) revealed isolation and characterization of natural

compounds from G. afra and G. ciliaris plants parts, no studies have reported on

the isolation of natural compounds from G. multifolia and G. villosa in the quest

to create a chemistry background to claims made by traditional healers of the

medicinal properties of members of this genus.
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In addition to the mentioned medicinal properties of the genus Gethyllis, some of

the species have a highly fragrant, tasty edible fruit which have been used in the

past to perfume linen, rooms and cupboards and is also a sought after snack by

children when playing in the veld (Lighton, 1992). Gethyllis multifolia has a

highly fragrant, tasty and edible fruit and G. villosa not, and should environmental



stresses indicate an increase in antioxidant-capacity and -content, the fruit of this

species could be of great benefit to the food and beverage industry. Results from

this study could benefit farmers, traditional healers and pharmaceutical

companies, by providing them with the correct growing conditions to increase

phytochemical (i.e. antioxidants) production in the fruit as well as to prevent

extinction of the species.

1.3 Objectives of the study

The following are the research objectives outlined:

• Comparative plant physiological experiments of G. multifolia and G.

villosa such as photosynthesis, respiration, transpiration, stomatal

conductance, and water-use efficiency to test their performance under

drought and shade stress, compare survival strategies and to investigate

why there is a difference in the conservation status of both species.

• Comparative carbon and nitrogen acquisition and utilisation experiments

of both species during the growth, reproductive and dormant phases to

elucidate the difference in the conservation status of the two species.

• To determine the major polyphenolic classes, antioxidant-capacity and -

content that are present in the leaves, bulbs, roots, flowers and fruit of

natural populations of both species.

• To subject both species to certain environmental stresses, i.e. drought and

photo-stresses and ascertain the modulation of the antioxidant content and

antioxidant activity as a result thereof.
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• To perform phytochemical screenmg, isolation and characterization on

both species to determine the presence of natural compounds in the

various plant parts.

1.4 The thesis hypothesis

Botanical/plant physiological experiments could indicate that G. villosa

has better survival strategies than G. multifolia based on the conservation status of

both species and horticultural observations during a previous study. Furthermore,

certain plant parts of both species may have high antioxidant content and exhibit

high antioxidant activity based on a pilot study of the two species, previous

literature and the yellow and dark red colours of the fruit of both species. The

isolated compounds from both species could possibly create a chemistry

background to the medicinal applications of the genus Gethyllis.

1.4 Delineation of the study

• The study of the growth cycles of both species was conducted over a

period of two years. Weather data for the Worcester and Cape Town areas

for the years 2006 and 2007 were supplied by the South African Weather

Service (Cape Town office).

• The plant species in this study were limited to Gethyllis multifolia and G.

villosa and both species were collected with the permission of the Karoo

Desert National Biodiversity Garden in Worcester (KDNBG), Western

Cape in the Worcester area. The exact location of both species is not

9
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disclosed because of the 'Vulnerable' conservation status of G. multifolia

and warnings by the KDNBG.

• The environmental stresses were limited to 80% shade and drought at 30%

field capacity. The environmental stresses and plant physiology

experiments were conducted at the nursery of the Department of

Horticultural Sciences, Cape Peninsula University of Technology (Cape

Town campus), Cape Town, Western Cape.

• Nutrient cost of growth over the different growth and reproductive phases

of both species was limited to carbon (C) and nitrogen (N). The isotope

ratio analysis for C and N was conducted at the Archeometry Department

of the University of Cape Town, Observatory, Western Cape.

• Antioxidant content analysis was limited to polyphenols, flavonolsl

flavones and flavanones and the antioxidant capacity to ORAC, FRAP and

TEAC assays. The antioxidant profile of both species was determined at

the Oxidative Stress Research Centre, Cape Peninsula University of

Technology (Bellville campus), Bellville, Western Cape.

• Phytochemical screening and isolation of natural compound methods were

limited to thin layer chromatography (TLC) and column chromatography

(CC) and were conducted at the Chemistry Department of the University

of the Western Cape, Bellville, Western Cape.

• Nuclear magnetic resonance spectroscopy (NMR) and mass spectrometry

(MS) measurements were limited to COSY, HSQC, HMBC and NOESY

and the analysis conducted at The Central Analytical Facility of the

University of Stellenbosch, Stellenbosch, Western Cape.



1.6 Brief overview of the chapters

This thesis consists of eight chapters.

• Chapter one presents a general introduction, motivation, thesis statement,

research aims and objectives and delineation of the study.

• Chapter two presents and overview of the literature of all the research

focus areas pertaining to this study in more detail.

• Chapter three introduces the first of the five research papers. This chapter

deals with a series of comparative plant physiological experiments to

determine why G. multifolia is threatened in its natural habitat and G.

villosa not, whilst both species are found growing in the same areas. By

means of an infra-red gas analyser and the exposure of the two species to

artificial drought and shade stress conditions, comparative photosynthetic

activity, transpiration, respiration, stomatal conductance and water-use

efficiency, were measured during the growth phase.

• Chapter four is a follow-up study on Chapter three and revolves around

the carbon and nitrogen content, acquisition and utilisation of both species.

The growth and reproduction of Gethyllis species takes place over four

phases: 1) leaf initiation and fruiting phase, 2) leaf senescence phase, 3)

flowering phase, and 4) dormant phase. Firstly the nitrogen and carbon

content were measured in the leaves, bulbs and roots during all four

phases. Secondly the carbon and nitrogen acquisition and utilisation rates

were measured only during the growth and reproductive phases.

11



chromatography (TLC) and column chromatography (CC).

• Chapter five firstly reports on the major classes of polyphenolic

constituents present in both species. Secondly, the plants of both species

from natural populations were excised into leaves, bulbs, roots, flowers

and fruit, dried and milled into a fine powder. All the plant parts were

then analysed for total polyphenol, flavonollflavone and flavanone

content. Antioxidant activity was measured using the following assays: 1)

Ferric reducing antioxidant power (FRAP), 2) 22'-(1 2-, ,

hydrazinediylidene )bis[3-ethyl, 2,3-dihydro ]-6-benzothiazolesulfonic acid

(ABTS/TEAC) and 3) Oxygen radical absorbance capacity (ORAC).

• Chapter six is a follow-up study on chapter five whereby the antioxidant-

capacity and -content were measured during drought and photo-stress of

both species. This experiment was designed to ascertain which plant part

of which species produced higher levels of antioxidants and under which

environmental stress conditions. The preparation and experimental

procedures and chemicals used were similar for both experiments.

• Chapter seven of the thesis reports on phytochemical screening, isolation

and characterization of natural compounds found in both species. Plants

were authenticated, excised into leaves, bulbs and roots, dried and ground

to a fine powder for this set of experiments. Phytochemical screening and

isolation of pure natural compounds were performed using different

solvents and various separation techniques such as preparative thin layer

Characterization of natural compounds, identification and structure

12



elucidation were performed using nuclear magnetic resonance (NMR) and

mass spectroscopy (MS) techniques.

• Chapter eight reflects on all previous experimental chapters and is a

general discussion and conclusion of all the experimental work done in the

study and includes recommendations to growers, traditional healers,

pharmaceutical companies and future researchers for similar future

research projects.
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This chapter is an elaborated follow up on chapter one. This review covers related

research that has been done on the genus Gethyllis, specifically the two species

Gethyllis multifolia and G. villosa and why there is a need for further research.

The scope of this review can be summarised as follows:

• A general introduction to the genus Gethyllis.

• Reasons behind the threatened status of this genus.

• Morphological descriptions of G. multifolia and G. villosa.

• Botanical and plant physiological studies on G. multifolia and G. villosa.

• Polyphenolic antioxidant-capacity and -content of related species.

• Medicinal value and application of this genus.

• Scientific pharmaceutical studies on this genus and other Amaryllidaceae

species.

2.1 General introduction to the genus Gethyllis

2.1.1 History

Horticulturists and botanists became aware of the Gethyllis geophyte when

it was first introduced to Europe in 1780. For two centuries this plant was known

in Europe as the 'Cape Crocus' but this name today still remains unused in our

Cape Floral Kingdom (Lighton, 1992). Because of the long-necked bulb

structure, the Swedish taxonomist, Linnaeus formulated the name Gethyllis from



the Greek word gethullis, which means a leek or small omon. It was also

mentioned by Liltved (1992) that the genus Gethyllis, more commonly known as

'Kukumakranka' (English); 'Koekemakranka' (Khoi, Afrikaans), is one of the

most extraordinary and poorly researched of all southern African amaryllids. The

meaning of the word 'Kukumakranka' is described by farmers as "goed vir my

krank maag", meaning cure for an upset stomach (Van der Walt, 2003). Vosa

(1986) mentioned that the edible, pulpy, aromatic berry is also called

'Bramakranka' by the Hottentots in Namaqualand.

2.1.2 Taxonomy

The genus Gethyllis (family: Amaryllidaceae) consists of 37 currently

accepted species and subspecies (Muller-Doblies, 1986). According to Snijman

(2004), the genus Gethyllis consist of 32 recognized species, 30 of which are

found in the summer-arid areas of southern Africa. Manning et al. (2002)

reported that the most recent taxonomic literature of Gethyllis is an outline by

Muller-Doblies (1986), and indicated that keys and complete descriptions of the

species are still needed. Further taxonomic studies (Horstmann, 1999) divided

Gethyllis into several groups, depending on the leaf shape, hairiness and the

absence or presence of a cataphyll. The first group consisted of those species with

cataphylls visible above the ground (e.g. G. vertic illata and G. ciliaris); the

second group consisted of species with prostate leaves arranged in a rosette form

(e.g. G. barkerae and G. lata); the third group with no visible cataphyll (e.g. G.

villosa and G. multifalia) while the final group were those with non-hairy leaves

(e.g. G. afra and G. campanulata).

17



Interpretation of the species concept of G. multifolia follows its original

description and classification by Bolus (1929). This interpretation of the species

was last used in its 'Red Data Assessment' (Hilton-Taylor, 1996). In the latest

'Red List of Southern African Plants' (SANBI, 2009), G. multifolia has

provisionally been subsumed under G. campanulata, but G. multifolia has not

formerly been placed into synonomy with G. campanulata.

2.1.3 Morphological description of G. multifolia and G. villosa

Gethyllis multifolia is a bulbous geophyte up to 120 mm in height, with

slightly twisted, lightly hairy leaves that are dry at flowering. This species has up

to 30 leaves, which can either be straight or spiral. The leaves are uniformly

green and may have a reddish colouration towards the base. Fine hairs cover both

leaf surfaces. Straight leaves are up to 200 mm in length and about 1-1.5 mm in

diameter (Horstmann, 1999). A further study by Daniels (2007) revealed that the

leaves vary in length from 85-240 mm and are completely spiral in young plants

compared to straight with a slight twirl apically in older plants (Figure 2.2). In

mature plants, leaves are completely straight. Leaves tend to spiral up more

intensely under extreme dry conditions. Furthermore, leaf spirals are not flat on

the ground but have an upright tendency (Figure 2.2). Younger plants have grey

coloured foliage, older plants grey-green foliage and mature plants green foliage.

The bulb in general is very small and varies from 30-40 mm in diameter with

fleshy roots, which varies between 2-4 mm in diameter (Daniels, 2007).
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The flowers are large and coloured white to cream with 12 anthers (six pairs) and

the flowering period is from November to January (Goldblatt and Manning,

2000). The stamens of open flowers are arranged in six pairs of two, flat against

the petals. The stamens are 10-12 mm in length. Flowers are mostly white or

light pink in colour and the tips of the tepals are curved downwards (Daniels,

2007) (Figure 2.1). Flowers measure 60-80 mm in diameter with the flower

petiole 3 mm in diameter and 20-30 mm in length. The fragrance of flowers

varies from not scented to lightly scented. All Gethyllis species have an inferior

subterranean ovary which develops over a period of three months until it is

pushed into view (Manning et al., 2002) (Figure 2.3).

Berries are produced from mid-March to mid-April at the onset of the new

growing season (Van Reenen, 1975). Seeds are ripe when the soft berry pushes

above ground and topples over (Du Plessis and Duncan, 1989) (Figure 2.3). The

berry is highly aromatic and has a passion fruit (more towards pineapple)

fragrance. The colour of the berry varies from maroon on the wide end to creamy

white towards the narrow end (bottom). The berry is club-shaped and varies in

size from 45-80 mm in length and 8-13 mm in diameter on the wide end. Seeds

are fleshy and suspended in an even more aromatic and sticky pulp. Seeds are

round to slightly oval in shape with the diameter varying from 2-3 mm and vary

from 13 to 85 per berry (Daniels, 2007).
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Figure 2.1: Hower of G. multifolia.
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Figure 2.2: Spirally twisted leaves of G. multifolia.
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Figure 2.3: The dark red berry of G. multifolia protruding the

soil during autumn.

Gethyllis villosa plants are 30-150 mm in height, with 3-10 green leaves that are

40-120 mm long, between 1.5 and 5 mm wide, flat and loosely spiralled towards

the apex, and covered with soft, white, T-shaped hairs (Horstmann, 1999).

According to Daniels (2007) the growth habit of the plant varies from spiralled

leaves flat on the ground to spiralled leaves above ground which are dry at

flowering (Figure 2.5). The diameter of bulbs varies from 18-24 mm.

The flowers are white or pink with tepals 20-40 mm long and consist of six

anthers with the style longer than the stamens. The style is curved sideways and

has a broad 3-lobed stigma (Manning et al., 2002; Snijman, 2004). Daniels

(2007) stated that the flowers of G. villosa are star-shaped, mildly scented, white

or pink in colour and measure 40-90 mm in diameter (Figure 2.4). The length of

the petiole varies from 35-80 mm and the diameter from 2.5-3.5 mm. The

flower consists of six distinct tepals, which vary from 26-40 mm in length. The

style is more or less 15 mm in length and is flexed to the side of the flower, away
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from the stamens, probably to avoid self-pollination. The seed numbers vary

from 34 to 115 per berry. G. villasa's berries have no fragrance and are white to

cream to yellow in colour (Figure 2.6). The size and shape of the berry and

seeds are similar to those of G. multifolia (Daniels, 2007).

Figure 2.4: Flowers of G. villosa with the stigma and style

flexed to one side.

Figure 2.5: Spirally twisted leaves of G. villosa.



Figure 2.6: The yellow berry of G. villosa protruding the

soil during autumn.

2.1.4 Life cycle

According to Van Reenen (1975), Gethyllis species are winter growers.

Both leaves and fruit reach the soil surface more or less at the same time and this

happens in autumn in South Africa. Elvin (2000) reported that when the rainy

season (winter) comes to an end and the temperatures rise towards spring, the

23

foliage dies back to the cataphyll and the plants begin to go dormant. Du Plessis

and Duncan (1989) documented that the plants reach their flowering phase when

the climate is hot and dry (summer) and that the leaves die down before the

flowers appear. Flower formation starts in August when flower development

takes place at the base of the bulb. The flowering period ranges from October to

March (Van Reenen, 1975). Once pollinated, the third and final phase, fruiting,

begins (Elvin, 2000). Du Plessis and Duncan (1989) mentioned that after cross-



pollination (probably all species are self-sterile), the ovary begins to swell. The

club-shaped berry is gradually formed and pushed above ground during autumn.

According to Elvin (2000), it can take more than two months to produce the club

shaped, aromatic fruit that ripens just in time to release the seeds for the rainy

season. As the fruits ripen, they fall over and, if not eaten or removed, the seeds

will germinate to form a dense group of seedlings. Van Reenen (1975) reported

that seeds of Gethyllis germinate without a preceding resting period and in

exceptional cases germination takes place within the berry.
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2.1.5 Predators

According to Liltved (1992), tortoises are attracted by the ripening berry

and play an important role in the dispersal of the seeds. Snijman (2004) also

reported that tortoises, birds and rodents eat the berry's fleshy pulp and act as

agents for seed dispersal, but that this remains unconfirmed. Van der Walt (2003)

mentioned that humans, tortoises, porcupines, birds, rodents and sheep are

common predators of the berry (Figures 2.7 and 2.8).
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Figure 2.7:

habitat.

G. multifolia leaves grazed by goats in its natural

Figure2.8:

habitat.

A rodent hole dug around a G. villosa plant in its natural

2.1.6 Survival strategies

The hair on the leaves of some species serves to trap moisture, prevents

excessive transpiration and helps protect the bulb organ from the heat of the sun
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(Liltved, 1992; Elvin, 2000). The coiled and curled leaves of geophytes serve the

purpose of maximizing photosynthesis by providing leaf surfaces perpendicular to

the sun at every hour of the day. Geophytes survive long periods of

environmental stress such as summer drought or winter cold by dying back to

underground storage organs only to re-sprout the following growing season as in

the case with Gethyllis species (Figures 2.9 and 2.10). The same underground

storage organs also give geophytes a strong tolerance to other stresses such as fire

and grazing (Esler and Rundel, 1998). According to Du Plessis and Duncan

(1989), the fleshy roots of some gethyllids are extremely long and are attached to

an enlarged, fleshy basal plate (Figure 2.11). Bulbs that are eaten by moles or rats

regenerate new plantlets from these fleshy eaten basal plates.

Van Reenen (1975) suggested that the reasons why Gethyllis plants are found

growing in clumps are because they propagate themselves vegetatively through

division (Figure 2.11). Several authors (Du Plessis and Duncan, 1989; Manning

et aI., 2002) reported that young plants frequently produce flowers without a style

and also with a reduced number of stamens. It was suggested that this is probably

a protective mechanism, to prevent the immature plants from being fertilised and

use up all its resources to produce berries. The leafing and fruiting stages occur at

the same time and all the nutrients and moisture required by the large developing

berry and leaves, have to be drawn from the stored resources in the bulb. It was

further suggested by Du Plessis and Duncan (1989) that the sheathing neck left

over from the dried leaves, helps to protect the delicate flower from the hot sand

(Figure 2.12). It was also mentioned that, because flowers only last for a few



days, it is essential that as many plants as possible flower at the same time to

ensure cross-pollination.

Figure 2.9: Dried leaves of G. multifolia

plants after the growth phase.
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Figure 2.10: Initiation of new leaves of G. multifolia plants after

the dormant phase.
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Figure 2.11: Fleshy roots of G. multifolia plants attached to the

basal plates.
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Figure2.12: The sheathing neck left over from the dried leaves that

helps to protect the delicate flower of G. namaquensis from the hot

sand (photo taken by Dennis Tsang - Pacific bulb society, 2004).

2.1.7 Distribution and habitat

According to Snijman (2004), the largest number of species occurs in the

Succulent Karoo Biome, followed by the Fynbos Biome. Habitats range from

coastal forelands to South Africa's high-lying, inland plateau. In most instances

the plants prefer open sites, free of competition from shrubs and grasses. The

majority of species prefer semi-arid habitats but a few Cape species (G. afra and

G. kaapensis) are found in seasonally moist sites amongst lowland fynbos

vegetation. Only G. transkarooica and G. longistyla are found in the summer-

rainfall region's Nama-Karoo Biome.

Gethyllis multifolia occurs naturally on stony clay flats in the Bokkeveld

Escarpment as well as the Worcester and Montagu areas (Goldblatt and Manning,



2000). Horstmann (1999) reported the occurrence of this species in the Worcester

and De Dooms districts. Gethyllis villosa occurs naturally in the Worcester area,

Cape Peninsula, western Karoo to Mossel Bay, Namaqualand and the Bokkeveld

Mountains (Goldblatt and Manning, 2000; Pacific Bulb Society, 2004). This

species is also found over a wide area from Kamieskroon in the north to

Bredasdorp in the south (Horstmann, 1999).
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2.1.8 Propagation and cultivation

Even though it is mentioned that certain Gethyllis species can regenerate

new bulbiets from the basal plate remains after mole or rat predation and that it is

possible for G. ciliaris to be propagated by basal bulb cuttings, the genus

Gethyllis is difficult to propagate asexually (Du Plessis and Duncan, 1989; Elvin,

2000). Neither G. multifolia nor G. villosa have ever been propagated by means

of in vitro propagation and only a single report on the in vitro propagation of G.

linearis L Bol. could be found (Drewes and Van Staden, 1994). Even though

previous studies indicated no in vitro culture studies on G. multifolia and G.

villosa, Daniels (2007) reported slow responses but successful in vitro culture

results for both species. Literature studies revealed that Gethyllis species,

however, are easily propagated from seed (Du Plessis and Delpierre 1973; Du

Plessis and Duncan, 1989). Daniels (2007) reported that asexual propagation by

means of bulb cuttings and twin scaling was slow, but proved to be successful

with G. multifolia and less effective with G. villosa. Scooping and scoring

asexual propagation techniques were also reported successful for G. multifolia but

is not recommended as a propagation method for increasing G. villosa. Further



asexual propagation studies by Daniels (2007) revealed that the fastest method for

propagating both species would be by means of bulb division.
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It was reported that Gethyllis plants require soil with excellent drainage and can

be difficult to grow for those who like to water plants too frequently. It was also

mentioned that they are poor vegetative producers but seed readily when cross-

pollinated, and that a fairly large population is needed to ensure large seed

quantities (Du Plessis and Duncan, 1989; Elvin, 2000). According to Du Plessis

and Duncan (1989), the parent plants must not be allowed to dry out

unnecessarily, and that they benefit from additional feeding during fruit

formation. They also mentioned that full sun is required, and that the soil must be

deep enough to accommodate the long cataphyll, bulb and fleshy roots. After the

leaves have died down all watering must be stopped. Overhead shade is

recommended in hot climates during the dormant stage. Watering can be

carefully resumed after the leaves and/or berry appear at the onset of the new

growing season. Apart from neck and root rot, is Gethyllis not susceptible to

other serious pests and diseases (Buckly, 1999; Du Plessis and Duncan, 1989).

Buckly (1999) suggested a soil medium that consists of 6 parts sand, 1 part fine

decomposed pine needles and 1 part fine peat, for growing Gethyllis species. It

was also mentioned that all the Gethyllis species flowered and grew in this

medium and none have ever rotted. A layer of small pebbles can be placed at the

base of the pots over the drainage holes. Bone meal can be added to the soil

medium and it is not necessary to sterilize the soil medium. Plants must be kept



out of the rain, especially during the dormant phase and a good watering must be

given once every two weeks and in cooler climates every three weeks. The plants

should not be left covered up during high humidity conditions as this will result in

rotting and death of the plants. Gethyllis species thrive in areas with a good

airflow and low relative humidity. A study by Daniels (2007) demonstrated that

G. multifolia and G. villosa plants could be grown successfully by means of hydro

culture, and that the recommended medium and system is leca clay pellets in a

sub-irrigation system.
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Du Plessis and Delpierre (1973) mentioned that seedlings must be kept moist (the

winter rain is normally adequate) and overhead shade is advised. Young

seedlings must also be protected against the harsh summer sun even though they

are dormant. Young plants can be transferred to their permanent stations towards

the beginning of the third growth cycle. It takes about six years or even longer

before bulbs reach maturity and are able to flower and produce seeds. According

to Snijman (2004) the cultivation of Gethyllis is best left to a bulb specialist and

their use in gardens should be avoided.

2.1.9 Gethyllis as a threatened genus

The conservation of Gethyllis is crucial, in that this strange indigenous

geophyte does not appear to have a bright future. The use of land for agricultural

development has had a negative impact on the survival of this genus. Farmers are

appealed to strictly protect and allow left over plants to fruit and seeds to

germinate (Du Plessis and Delpierre, 1973). The use of land for agricultural



development could be one of the reasons why Gethyllis multifolia is classified as

'Vulnerable' in its natural habitat today (Hilton-Taylor, 1996; 1UCN-World

Conservation Union, 1998). This fact is further supported by the statement of

Malan (2000) "I live in the southern Cape of South Africa, grow a lot of bulbous

plants from seed and also collect a lot of things around here from building sites -

where they tend to just bulldoze the lot before building!" According to Du Plessis

& Delpierre (1973) and Van Wyk et al. (1997) the fragrance and taste of the berry,

tempted children to gather the berries as part of a game. The child who found the

most berries was regarded as the champion of the year and that this innocent game

did not benefit the existence of the species.

Liltved (1992) reported that alien vegetation spread and agricultural and urban

expansion are contributing factors to the destruction of natural habitats of genera

such as Gethyllis. This was further supported through a study by Daniels (2007)

that grazing domestic livestock, urban expansion (including agricultural

extension) (Figures 2.13, 2.14,2.15 and 2.16), invasive plants and in some cases,

the lack of interest shown in our indigenous plant species, are some of the main

factors influencing the decline in numbers of the Gethyllis genus. According to a

report by Townsend and Viljoen (unpublished data - 1997), G. multifolia plants

were collected by staff members of the Karoo Desert National Botanical Garden

in 1997 from the Osplaas farm in De Dooms, because the land was required for

agricultural development. Similarly, G. villosa plants were collected by the same

staff in 1994 from the Hartebeesrivier farm (Fairway Heights) in Worcester,
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because this land was required for urban expansion (Townsend and Viljoen -

unpublished data, 1997).

Figure 2.13: Undisturbed natural habitat of G. multifolia and

G. villosa (photo taken in 2(05).

Figure 2.14: The same natural habitat of G. multifolia and G.

villosa being destroyed for the laying of sewerage pipes.

(photo taken in 2(06).
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Figure 2.15: A different section of the natural habitat of G.

multifolia and G. villosa (photo taken in 2(05).

Figure 2.16: The same section under construction for the laying

of more sewerage pipes (photo taken in 2(06).
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2.1.10 Conservation status of G. multifolia and G. villosa

Gethyllis multifolia is listed in the 'Vulnerable' category of the Red Data

List of Southern African Plants (Hilton-Taylor, 1996). G. villosa grows in the

same region and is not threatened at all. The term 'Vulnerable' (V) is defined as

taxa believed likely to move into the 'Endangered' (En) category in the near

future if the factors causing the decline, continue to exist. Included here are taxa

of which most or all of the populations are decreasing because of over-

exploitation, extensive destruction of habitat or other environmental disturbances;

taxa with populations that have been seriously depleted and whose ultimate

security has not yet been assured; and taxa with populations that are still abundant

but are under threat from serious adverse factors throughout their range (Hilton-

Taylor, 1996).

2.1.11 Justification for further research

The following statement was made by Saunders (2004): "many of us have

quite extensive collections of Gethyllis, and none of us know what they are, due to

the lack of literature on these plants". According to the literature survey

conducted, it was observed that limited literature is available on the genus

Gethyllis; therefore a serious need for further research on all aspects of this genus

still exists. Liltved (1992) stated that much variability exists between members of

the same species in different localities and that it is often not possible to truly

verify the identity of species. It was also mentioned that it is feasible to assume

that unidentified species do exist and that the identification thereof rests in the

isolation and examination of genetic material of Gethyllis. Liltved (1992) also
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mentioned that problems are associated with researching members of the genus

Gethyllis, for the reason that the flowering period is extremely short-lived and that

the plant remains dormant for almost half the year.

2.2 Plant physiology research

2.2.1 Background to the succulent Karoo biome

The succulent Karoo biome falls under one of the five Mediterranean-

climate ecosystems in the world, the Cape Mediterranean zone of South Africa,

which has the highest diversity of geophytes (Esler et al., 1999; Proehes and

Cowling, 2004) with 2100 species, of which 84% are endemic to the region. As

mentioned previously, G. multifolia and G. villosa grows naturally in the

succulent Karoo biome of South Africa (Snijman, 2004). This biome occurs

mostly west of the western escarpment through the western belt of the Western

Cape and inland towards the Little Karoo (Figure 2.17). This biome is

characterized by an abundance of spring flowers, which for a few weeks each

year, draw large numbers of tourists from all over the world. Succulent plant

species with thick, fleshy leaves are commonly found in this biome and this

diversity of specially adapted plant species is unparalleled anywhere else in the

world. This, together with many geophytes (plants that survive by means of

bulbs, tubers, tuberous roots, corms, etc. in times of unfavourable climatic

conditions) and annual plants, makes the succulent Karoo unique and of

international importance in terms of conservation (Lombard et al., 1999).



The succulent Karoo is primarily characterized by low to high winter rainfall and

extreme summer aridity (Tabel 2.1). The rainfall varies between 20 and 290 mm

per year and during summer the temperatures can be in excess of 40°C. These

high summer temperatures and dry conditions can generally result in high

transpiration rates, low photosynthetic activity, drought stress and eventually

death of plants if survival strategies are not applied (Cowling et al., 1986).
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Figure 2.17: The succulent Karoo and adjacent biomes in the

Western Cape of southern Africa, indicating the natural habitat

of G. multifolia and G. villosa. (Environment, South Africa,

2010).
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Table 2.1: The average rainfall (mm) and average daily minimum/maximum temperatures (0C)

for the Worcester area (Western Cape, South Africa) for the years 2006 and 2007. Each value

was obtained by calculating the mean of the two years ± SE. The data were provided by the

South African Weather Bureau and were recorded at the Worcester-A WS weather office.

MONTH MEAN MIN. TEMP. MEAN MAX. TEMP. MEAN RAINFALL

January 17.5(±O.39) 33 .1(±O.21) O.4(±O.4)
February 17.3(±O.12) 32.1(±O.45) 4.4(±8.9)
March 13.6(±O.15) 29.8(±O.51) 3.2(±6.3)
April 12.3(±O.3) 25.8(±O.4) 19.9(±21.8)
May 8.8(±O.5) 21.7(±O.3) 41.9(±48.2)
June 6.2(±O.O3) 19.3(±O.9) 25.2(±43.4)
July 5.7(±O.7) 18.2(±O.25) 60.2(±61.6)
August 6.7(±O.21) 18.1(±O.O8) 39(±51.7)
September 8.5(±O.35) 22.3(±O.25) 4.8(±10.2)
October 10.9(±O.3) 25.6(±O.15) 22.9(±17.3)
November 13.2(±O.36) 27.2(±O.8) 61.7(±21.8)
December 15.8(±O.12) 29.7(±O.8) 18.4(±7.1)

2.2.2 Physiological responses of plants to the succulent Karoo environment

The flora of this biome is mainly composed of winter annuals, drought

deciduous perennials with perennial below ground organs, and evergreen

succulent dwarf shrubs. The survival strategy of geophytes and annuals is similar

as both groups have to complete their life cycle within a short period of time,

which is dependant on the availability of soil moisture (Von Willert et al., 1992).

Geophytes also produce seeds or new daughter bulbs for propagation, but in the

case of unfavourable conditions they do not produce seeds and rely on their

subsoil storage organ for survival. Consequently, the survival strategy in this case

is focusing on keeping the storage organ alive rather than producing flowers and

seeds (Rossa and Von Willert, 1999).
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Geophytes also seem to exhibit a high diversity of life cycles and the most

obvious is the time of flowering and leaf production. Geophytes can flower prior

to their vegetative stage (hysteranthous geophytes) supporting flowers from the

storage organ, or they can flower during their vegetative stage (synanthous

geophytes) and hence support flowers by the annual leaf production (Dafni et aI.,

1981). Some other adaptation strategies of bulbous geophytes from the succulent

Karoo biome include hair on the leaves (including Gethyllis) of some species to

trap moisture and prevents excessive transpiration (Liltved, 1992; Elvin, 2000).

Geophytes also differ significantly in their growth-form where leaves may be

pressed flat on the ground (geophyllic leaves), with various physiological benefits

such as a reduction in water loss around the root zone and creating a CO2 rich

environment below the leaves (Eller and Gobbelaar, 1982; Esler et aI., 1999).

Geophytes also survive long periods of environmental stress such as summer

drought by dying back to underground storage organs, only to re-sprout and

growing vigorously the following growing season, as in the case with Gethyllis

species (Esler and Rundel, 1998; Dafni et al., 1981).
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2.2.3 General physiological responses of bulbous and other plants to

drought

It has been reported that among the various abiotic stresses, drought is the

major factor that limits crop productivity worldwide and activates various

physiological and morphological changes in plants (Valliyodan and Nguyen,

2006). Liu et al. (2003) mentioned that drought stress increased the rate of pod

abortion during the early stages of pod development in soybeans. According to



Pelleschi et al. (1997) and Kim et al. (2000), drought stress generally decreases

the photosynthetic rate and disrupts carbohydrate metabolism in leaves and

therefore could increase the rate of reproductive abortion in plants. In drought-

stressed maize (Zea mays L.), loss of kernel set was observed due to a reduction in

the photosynthetic rate and the photosynthate influx into kernels (Schussler and

Westgate, 1991, 1995).

It has been suggested that the starch and sucrose levels in plant leaves are depleted

under drought conditions, consequently affecting carbohydrate metabolism in

plant reproductive organs (Chaves et al., 2002). The success of growth and

reproduction in plants under stress conditions may be determined by their ability

to control carbohydrate utilisation for metabolic energy and the performance of

most food crops is evaluated by their ability to allocate enough nutrients to their

seeds at the end of the season (Nielsen et al., 2001). Generally under drought

stress conditions, restriction of lateral root development takes place and more

resources are invested in the development of primary roots to search for moisture

deeper down in the topsoil (Xiong et al., 2006). In addition to the restriction of

lateral root development, the root hairs of certain plants become shortened and

more tuberized or bulbous during drought (Schnall and Quatrano, 1992; Vartanian

etal.,1994).
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2.2.4 General physiological responses of bulbous and other plants to shade

Shade plants have a high specific leaf area (lamina area/leaf dry mass) for

efficient irradiance capture, at the expense of a limited root system, but this
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morphological adaptation results in a greater sensitivity to drought (Smith and

Huston, 1989). Plants can acclimatize to their light environment by

morphologically adapting any of its plant parts. Firstly, they can change the

fraction of biomass invested in its leaves, stems and roots. Secondly, they are

able to modulate the leaf area per unit biomass invested in leaves, by altering their

anatomy. Thirdly, they can change the relative investment of nitrogen between

photosynthetic components (Brouwer 1962; Poorter and Nagel, 2000). According

to Rousset and Lepart (2000), moderate shade (down to 20-40% daylight) often

improves plant performance during drought. Holmgren (2000) reported that

shade reduced leaf and air temperatures, vapour-pressure deficit, and the oxidative

stresses that can aggravate the impact of drought at higher irradiance levels.

According to the literature, flower morphology, flowering patterns and fruit

formation under low light intensity conditions have not been observed or recorded

for these two species. It is not known if and to what extent the application of

shade would have a negative effect on the physiological processes and survival

strategies of both species. Gethyllis multifalia and G. villasa plants were

subjected to drought and shade stress conditions in this investigation to

comparatively monitor their plant physiological responses to ascertain which of

the two species have better survival strategies. This data could elucidate why G.

multifalia is treatened in its natural habitat and G. villasa not, whilst both species

are growing in the same habitats.



2.2.5 The relationship between carbon and nitrogen utilisation in plants

It is common knowledge that carbon, hydrogen and oxygen are utilised by

plants in the production of their food through the process of photosynthesis. They

obtain these elements from C02 in the atmosphere and water from the

rhizosphere. Plants that are rapidly photosynthesizing and growing in a

greenhouse in close proximity to one another may reduce the C02 concentration

in the air to a very low level. Lower than normal levels of C02 is said to

drastically reduce photosynthetic activity and plant growth (Preece and Read,

2005).

Nitrogen may be one of the most important nutrient elements for plants and is

used in greater amounts than any of the other macronutrients and generally

constitutes the largest percentage of a plants' dry weight. Nitrogen is a

constituent of amino acids and thus, is found in all proteins including enzymes,

and is one of the reasons why nitrogen deficiency may severely stunt a plant. The

carbon:nitrogen (C:N) ratio refers to the interrelation of the carbonaceous and

nitrogenous components of a plant (Preece and Read, 2005). Under conditions of

drought or nutrient stress, roots capture very limited resources for the plant, but

still respire significant amounts of carbon (C) to maintain their membrane and

enzymatic activity (Eissenstat and Van Rees, 1994). It has also been reported by

Crick and Grime (1987) that C resources in the soil may become limited at

different times during a growing season, affecting the lifespan of fine roots. The

onset of dormancy in certain plants is accelerated during dry conditions and when

minerals such as nitrogen (N) are withheld (Preece and Read, 2005). N2 fixation
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has been noted to decline after flowering in some legume species, and this has

been attributed to a reduced availability of C for nodules (Phillips, 1980). The

carbon isotopic composition of plants varies, in a systematic manner, when there

are differences in the growth environment and the biochemical pathways of

photosynthesis (Maberly et al., 1992).

Nitrogen partitioning between proteins within leaves occur during the acclimation

of plants to their growth irradiance (Evans, 2001). Primary N assimilation

necessitates extensive co-operation between different cell compartments while

changes in C and N status influence organ physiology and root/shoot relationships

(Foyer and Bowsher, 2004). Considerable effort has been made to characterize

the C and N isotopic composition of plants from different habitats (Currin et aI.,

1995), however, there have been limted scientific studies on the fluctuations in the

C and N ratios in bulbous plants during their growth and dormant phases.

It has been reported by Ryan et al. (1997) and Amthor (2000) that the C use-

efficiency in plants can vary greatly within species which is based on their

respiratory needs for growth and maintenance. For this reason, a comparative

C:N isotopic ratio analysis, C and N acquisition and utilisation rates of G.

multifalia and G. villasa were some of the aims for this investigation, to elucidate

why there is a difference in the conservation status of the two species.



2.2.6 Resource allocation of geophytes during the growth, reproductive, and

dormant phases of their annual life cycle

Most geophytes avoid stress by growing vigorously during the rainy

season, with the above-ground parts senescing during the summer-drought period

(Dafni et al., 1981). An important life strategy of geophytes is characterized by

allocation and re-allocation of reserves and nutrients between the leaves and the

storage organ (Pate and Dixon, 1981; Ruiters, 1995). Translocation of reserves

from the leaves to the bulb is an important survival strategy of geophytes,

ensuring the economic utilisation of minerals, thus allowing geophytes to grow in

nutrient-poor soils (Pate and Dixon, 1981; Witkowski, 1989). It has further been

reported that in desert environments, geophyte growth is characterized by the

"reserve-pulse" model (Noy-Meir, 1973), which describes the importance of

stored reserves of resources for initial growth, which is triggered by the onset of

rain. This is followed by periods of no growth during the adverse season. During

the active pulse, leaf and root activity return resources to the bulb and root storage

organs. Part of the available internal resources however, is used for reproduction,

and does not flow back into the reserve stores.
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Reproduction in geophyte or bulbous species from arid environments is directly

limited by the plant's biomass budget, of which there is a relationship between

reproductive biomass and below-ground storage of long-term as well as current

biomass reserves. Thus, it is suggested that growth and reproduction in plants

from arid environments is biomass-limited because low water availability restricts

carbon assimilation (Noy-Meir, 1973; Orians and Solbrig, 1977; Bloom et al.,



1985). This suggestion was further supported by Boeken (1990), who found that

two Bellevalia geophytic species from arid environments had limted biomass

reserves before the start of the new growth season.

It is noteworthy that in one Iridaceous geophyte of Mediterranean-type

environments in Chile, Solenomelus peduncularis, biomass invested in leaves and

roots did not vary at all according to soil moisture availability (Jaksic and

Montenegro, 1979). According to Rossa and Von Willert (1999) geophytes

produce seeds or new daughter bulbs for propagation, and in the case of

unfavourable weather conditions which do not allow for seed or daughter bulb

production, the main focus is to keep this organ alive, rather than using its

resources for propagation. Frontanier (1973) reported that in a natural

unpredictable environment, geophytes must be more flexible in order to prevent

flowering in a bad year, as a means of escaping starvation at the end of the season

and to ensure the presence of reserves for the next vegetative phase.
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Geophytes that are growing in a seasonal climate with a restricted growth period,

must have an intelligent use of reserves in order to reduce risks. Furthermore,

reproduction in geophytic species from arid environments is directly limited by

the plant's biomass budget, of which there is a relationship between reproductive

biomass and below-ground storage of long-term as well as current biomass

reserves (Orians and Solbrig, 1977; Bloom et al., 1985).



2.2.7 Reported plant physiology responses of Gethyllis

According to Du Plessis and Duncan (1989), the process of seed

maturation in Gethyllis exhausts the resources within the parent plants and they

will die if allowed to set seed heavily for two consecutive years. It is further

reported that Gethyllis produces fleshy seeds which have a viability period of only

a few weeks, and if the distribution of seed is not followed by the winter rains, the

seeds or seedlings will die. Du Plessis and Duncan (1989) and Manning et al.

(2002) reported that young plants frequently produce flowers without styles and

also with a reduced number of stamens. It was suggested that this is probably a

protective mechanism to prevent the immature plants from being fertilised and use

up all its resources to produce the berries. This phenomenon was also observed

by Daniels (2007) where only G. multifolia and not G. villosa plants, produced

flowers without a style and stigma under severe drought conditions. According to

Du Plessis and Duncan (1989) and Elvin (2000) plants that are growing in large

numbers and in close proximity to each other, yield more berries. This statement

was further supported by Daniels (2007) who observed the same phenomenon

which is most likely due to the dependence of Gethyllis on cross-pollination for

seed and fruit formation.
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A drought stress experiment In a hydro culture study conducted by Daniels

(2007), revealed that when irrigation is withheld from G. multifolia and G. villosa

plants at the onset of the new growing season, G. multifolia plants are

approximately three to four weeks slower in initiating new leaves, compared to G.

villosa plants. Du Plessis and Duncan (1989) and Elvin (2000) further reported



that the initiation of new leaves at the onset of the new growth season of Gethyllis

species, is not dependant on moisture, but a drop in atmospheric pressure. An

experiment by Daniels (2007) revealed that both G. multifolia and G. villosa

plants did, however, produce new leaves with delayed irrigation at the onset of the

new growing season, but the leaves were stunted, compared to other plants

subjected to irrigation. Even though plants in the delayed irrigation experiment

appeared stressed and stunted, this was gradually corrected as plants were

irrigated. This experiment revealed that moisture speeds up the initiation of new

leaves and improves the quality and number of leaves, but is not a requirement for

leaf initiation. Thus, this experiment confirmed the statement made by Du Plessis

and Duncan (1989) and Elvin (2000) that the initiation of new leaves at the onset

of the new growing season of Gethyllis species, is not dependant on moisture but

a drop in atmospheric pressure.

According to Daniels (2007) the reproductive phase of G. multifolia and G. villosa

is from mid-November to early December, when both species produce flowers

simultaneously. This normally happened on average two weeks after the first

summer rains. Itwas further observed that when the summer rains were absent or

delayed, the number and quality of flowers produced in G. multifolia plants were

drastically reduced, compared to G. villosa. Gethyllis multifolia plants produced

flowers which shrivelled up and died during the bud stage (Figure 2.18). This

survival strategy could result in limited cross-pollination taking place and

consequently the formation of a decreased number of seeds for the existence of

populations and the species. The same study also revealed that, as the

temperature increased from the end of August, leaves of G. multifolia and G.
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villosa plants gradually started yellowing from the tips down to the cataphyll

which indicates the onset of senescence. This normally lasted until the end of

October. Gethyllis multifolia was always the first to react to this climatic impulse.

A good example of this phenomenon is that when G. multifalia's leaves have

reached their final stages of senescence, G. villasa's leaves were only at the

beginning stages of senescence. Further observations by Daniels (2007) revealed

that under shady conditions, both species produced thinner, longer and straighter

leaves without the natural spiralling.

Figure 2.18: Abortion of flower buds of G. multifolia plants in its

natural habitat during the absence of summer rains.

Gethyllis multifolia and G. villosa are two geophytes from the succulent Karoo

biome in the Western Cape of South Africa and this study will investigate the

comparative physiological responses during drought and shade as well as the

utilisation of resources such as carbon and nitrogen during the growth,
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reproductive and dormant phases of both species to possibly elucidate why there

is difference in the conservation status of the two species.

2.3 Oxidative stress and antioxidants

2.3.1 Introduction

It is a known fact that oxygen is essential to human life and without it we

cannot survive. Conversely, oxygen is also involved in toxic reactions and as

such is a constant threat to the well-being of all living matter. It is also known

that human beings can only tolerate oxygen because our evolutionary ancestors

developed powerful defence systems to minimize its toxic effects. Without this

protection, the by-products of the human body's metabolism would drastically

shorten the lives of mankind (Langseth, 1995). The body's natural defences only

limit the harm caused by oxygen but do not eliminate it completely. The body

produces a wide range of antioxidants to neutralise the effects of free radicals but

production decreases with age (Ames et al., 1993). It is revealed through

literature that oxygen-induced damage to our body usually accumulates with time

(Langseth, 1995). This damage is said to be a major contributor to ageing and

also many of the degenerative diseases of ageing such as allergies, Alzheimer's,

ALS (Amyotrophic lateral sclerosis), autoimmune diseases, cancers (including

bladder, breast, cervical, colorectal, lung melanoma, ovarian/endometrial,

prostate, stomach, and upper aerodigestive tract), cardiovascular and coronary

heart disease, cataracts, cystic fibrosis, diabetes, diabetic neutrophy, glaucoma,

Huntington's disease, macular degeneration, multiple sclerosis, muscular
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dystrophy, pancreatitis, Parkinson's disease, rheumatoid arthritis, schizophrenia,

and strokes (Rimm et aL, 1996).
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The past decade has shown major breakthroughs in trying to understand the link

between oxygenated metabolites and human diseases. Researchers have learned

that it may be possible to prevent, postpone or limit the severity of these diseases

by enhancing the body's natural antioxidant defence mechanisms through

improved nutrition (Packer and Glazer, 1990; Langseth, 1995). Previous studies

confirm that people who consume a diet rich in fruit and vegetables have a lower

risk of diseases associated with ageing, such as heart disease and many types of

cancer. Researchers initially believed that this was due to the vitamins in these

foods, but further studies using vitamin supplements failed to confirm the same

health benefits for heart disease and cancer (Langseth, 1995).

Further research has uncovered other foods that are associated with longevity and

good health. These include nuts, coffee, tea (green and black), red wine

(moderate quantities only), extra-virgin olive oil and dark bitter chocolate. The

common factor in all these products seems to be their range of antioxidants.

Hence, scientists believe there's a link between eating antioxidant-rich foods and

good health (Willcox et al., 2004). Further studies by Sesso et al. (2003) revealed

no confirmation that dietary flavonoids have a positive effect on cardiovascular

disease. Manach et al. (2004) further mentioned that clinical studies will be of

great assistance if the markers linking polyphenols to the prevention of diseases,

are reliable.



2.3.2 How do free radicals cause disease?

The molecules in the human body consist of atoms joined by chemical

bonds, formed by the electrons in an atom's outer shell. Normally, these bonds

maintain stability and if they do split, they do so in balanced reactions. When

weak bonds split, however, they may do so unevenly, creating what scientists call

free radicals, or loose, unbalanced atoms or molecules. These free radicals often

come from oxygen atoms; thus the term "oxidation" which is very similar to the

same process that causes metal to rust or apple pulp to turn brown (Packer and

Glazer, 1990).

Free radicals are very unstable compounds without the proper number of

electrons, and they tend to react quickly with neighbouring compounds, trying to

"steal" electrons from other molecules in an attempt to regain stability. If they

succeed, then the "victim" atom or molecule usually loses its electron balance and

becomes a free radical itself. Even if the free radical is not able to steal the

electron, it may still create such a pull as to disrupt the workings of neighboring

atoms and molecules. This can start a chain reaction; and once the process is

started, it can build exponentially (Aruoma et al., 1991).
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Reactive oxygen species (ROS) are labeled as harmful bypro ducts generated

during normal cell metabolism that can cause oxidative stress and serious damage

to the body's natural defence system (Ou et al., 2002). Reactive nitrogen species

(RNS) are a family of antimicrobial molecules derived from nitric oxide (·NO)

and superoxide (02-) which are produced via the enzymatic activity of inducible



nitric oxide synthase 2 (NOS-2) and NADPH oxidase, respectively (Iovine et al.,

2008). RNS are also produced in plants as by-products of aerobic metabolism or

in response to stress. RNS act together with ROS to damage cells, causing

nitrosative stress and therefore, these two species are often collectively referred to

as ROS/RNS (Nicolas et al., 2006). Oxidative stress is a condition arising from

an imbalance between free radical production and antioxidant defences and is

linked to damage of a wide range of molecular species including lipids, proteins,

and nucleic acids. The damage caused by oxidative stress has been associated

with many conditions such as atherosclerosis, certain inflammatory conditions,

certain cancers, and the process of aging (Young and Woodside, 2001).

Regarding cancer, the danger comes from the damage free radicals cause when

they react with important cellular components such as deoxyribonucleic acid

(DNA) or the cell membrane. DNA is the reproductive map of a cell and if it

changes, the cell may duplicate the change when it reproduces. These changes are

known as "mutations" and they also start a chain reaction, leading to the

development of mutated, cancerous tissue such as tumors and lesions (Packer and

Glazer, 1990). Another modem disease caused by the damage of free radicals is

atherosclerosis, which is the leading cause of morbidity and mortality among

people who have adopted the western lifestyle (Borochov-Neuri et al., 2008).

Atherosclerosis (degeneration of the arteries caused by fatty deposits) is mainly

caused by the action of free radicals which results in the oxidation of low-density

lipoproteins (LDL) cholesterol in the human body.
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Antioxidants prevent the oxidation of LDL, hence the depletion of antioxidants in

the artery walls might be a risk factor for various forms of cardiovascular disease

(eVD) (Young and Woodside, 2001). Proteins are directly responsible for the

various enzymatic processes, as well as structural support, necessary for cellular

homeostasis in the human body (Sohal, 2002). Free radical damage to proteins is

directly linked to the oxidative inactivation of several key metabolic enzymes in

the body (Starke-Reed and Oliver, 1989). The oxidation of proteins is initiated by

the interaction of proteins with reactive oxygen species which can be generated by

ionizing radiation, metal ion-catalyzed reactions, photochemical processes and

enzyme catalyzed redox reactions (Stadtman, 1995). The quantification of protein

carbonyl content, as a measure of oxidative damage, can be used as a tool to help

identify individuals at risk of developing diseases associated with oxidative

damage to proteins (Fagan et al., 1999).
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2.3.3 The role of antioxidants

An antioxidant can be defined as: "any substance that, when present in an

oxidisable substrate, significantly delays or inhibits the oxidation of that

substrate" (Diplock, 1991). Thus, the physiological role of antioxidants is to

prevent damage to cellular components arising from chemical reactions involving

free radicals (Young and Woodside, 2001). As a cancer preventative mechanism,

antioxidants appear to neutralize free radicals by donating one of their own

electrons or hydrogen atoms, thus making a free radical compound stable and

ending the electron-"stealing" chain-reaction that causes damage to cells and

DNA (Diplock, 1991). These antioxidant compounds are able to do this because



they do not become free radicals in the process and remain stable with or without

their donated electrons. The human body naturally produce certain antioxidant

enzymes (endogenous enzymes), but it can also absorb natural oxidants from

various diets (exogenous antioxidants). The human body also has several

mechanisms against the production of free radicals in the form of endogenous

antioxidant enzymes such as superoxide dismutase (SOD), catalase and

glutathione peroxidase (Gpx), which decrease the concentration of the most

harmful oxidants in the body (Langseth, 1995).
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Glutathione is a small molecule made up of three amino acids, which exists in

almost all cells of the human body. Glutathione is the body's most important

natural antioxidant and is required to maintain the normal function of the immune

system (Chaudru et al., 2009). Glutathione is primarily produced in the liver

where it comes into contact with all the nutrients that we consume. Glutathione

also allows the body to recycle its store of antioxidants and its function is most

important as it is the main antioxidant that protects the brain (Gao et al., 2009).

The best known exogenous antioxidants that can be obtained from food crops are

beta-carotene, vitamins C and E, and the mineral selenium. Diet is believed to

play an important role in the prevention of the following four major

diseases/disorders (which are generally caused by the high intake of fats and

sugars): cardiovascular disease, cancer, hypertension and obesity, which are

generally found in advanced economies of the world (Silalahi, 2002). It must also

be noted that more recent epidemiology studies show some conflicting reports on

this subject in a sense that the mechanisms explaining this observation remains

unclear. However, the American Heart Association still recommends a higher



intake of fruit and vegetables and other foods with high polyphenol contents

(Vita, 2005).

Plants have evolved a wide range of enzymatic and non-enzymatic mechanisms to

scavenge ROS and protect their cells against oxygen toxicity (Fridovich, 1975)

and the production of these chemicals that scavenges ROS, could be useful for

humans in the treatment of modem diseases. The active compounds in a variety

of plant sources, such as cocoa shells, oats, tea, olives, garlic, ginger, red onion

skin, grapes, apple cuticle, various spices and seed extractions continue to be of

interest for use in complementary medicine supplements, because they contain

important antioxidants such as vitamin E, vitamin C, carotene, flavonoids and

other polyphenols (Aruoma, 2003).

56

The following lists (Tables 2.2, 2.3 and 2.4) of antioxidant-capacity and -content

are based on similar assays as described in the methodology section of this thesis.

The literature study revealed many reports containing valuable information on

fruit and vegetable antioxidants, but different assays and different preparation

methods for the plant material were used, and thus, were not used as comparable

examples for this investigation. These tables can be used as a guide to compare

antioxidant-capacity and -content of the fruits and flowers of G. multifolia and G.

villosa with, what in general, are considered to be the most useful edible and

medicinal parts of the plant.



Table 2.2: A list of fruits, which can be compared to the fruit of Gethyllis, with their

respective polyphenol content and ORAC values (PR WEB, 2005; Thaipong et aI., 2006;

Wang et aI., 1996; Wang and Lin, 2000).

Plant (!roduct Poly(!henol content ORAC
(mg GAE/g DW) (umole TElg DW)

Raisins 28.30 *
Plums 9.49 79.1
Orange 7.50 51.7
Red grapes 7.39 36
White grapes * 26.2
Blackberry 13.47 133.3
Black raspberry 15.35 136.2
Red raspberry 13.46 104.3
Blueberry 24.00 *
Strawberry 15.40 153.6
Kiwi fruit * 36.5
Grapefruit (pink) * 48.3
Apple * 13.2
Melon * 12.9
Guava 3.45 (PW) 25.5 (PW)
(A. Safeda)
Guava 3.01 (PW) 21.0 (PW)
(P. Retief)
Guava 1.70 (PW) 18.2 (PW)
(R. Supreme)

Abbreviations: ORAC (jrM TElg DW), Oxygen radical absorbance capacity in

micromoles Trolox equivalent per gram dry weight; mg GAE/g DW, milligram

gallic acid equivalent per gram dry weight; FW, fresh weight; the * denotes data not

available.
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Table 2.3: A list of vegetables, which can be compared to the fruit of Gethyllis,

with their respective polyphenol content, FRAP and ORAC values (Cao et aI.,

1996; Ou et al., 2002).

Vegetable Pol:y~henol FRAP ORAC
content (J.1MTElg FdW) (J.1MTElg nwï
(mg GAE/g
!!ID

Spinach 17.70 64 29.6
Broccoli 8.80 41 *
Brussels sprout 9.80 * 38.5
Beetroot 8.40 86 36.0
Onion 4.50 17 4.1
Greenpepper * 157 *
Cauliflower * 61 13.6
Carrot * 31 10.3
Tomato * 56 37.8
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Abbreviations: ORAC (11M TElg DW), Oxygen radical absorbance capacity in

micromoles Trolox equivalent per gram dry weight; FRAP (11MTElg FdW) Ferric

reducing antioxidant power in micromoles Trolox equivalent per gram freeze-

dried weight; mg GAE/g DW, milligram gallic acid equivalent per gram dry

weight; the * denotes data not available.



ORAC
(J.lM TElg FW)
19.49
14.27
1.88
11.55
16.2
11.03
19.15
9.15
15.82
22.3
2.7
6.0

Table 2.4: A list of herbs and spices, which can be compared to the fruit of

Gethyllis, with their respective polyphenol and ORAC values (Zheng and Wang,

2001).

Abbreviations: ORAC (jrM TElg FW), Oxygen radical absorbance capacity in

micromoles Trolox equivalent per gram fresh weight; mg GAE/g FW, milligram

gallic acid equivalent per gram fresh weight; the * denotes data not available.

It must be noted that the flower and fruit of Gethyllis are the most used plant parts

by traditional healers, but are the most elusive and difficult plant parts to find in

nature, because of their dependence on rain, a definite drop in atmospheric

pressure and the precise timing of the appearance of flowers and fruit after being

exposed to the above-mentioned factors (Du Plessis and Duncan, 1989; Daniels,

2007). No antioxidant reports could be found on the flower and fruit of any ofthe

Gethyllis species, thus, this investigation could make a valuable contribution to

seek useful natural products derived from plants in the quest to win the battle

Herbs and spices Polyphenol content
(mg GAE/g FW)
2.13
2.23
0.23
1.31
1.5
1.12
2.19
1.05
2.26
3.09
*
*

Thyme
Basil
Aloe vera
Sage
Lavandula
Parsley
Rosemary
Chives
Peppermint
Coriander
Garlic
Celery

against human ailments and diseases.
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2.3.4 The influence of environmental stress factors on antioxidants

Plants possess different antioxidant properties, depending on their

antioxidant molecule content, which is strongly affected by the plant's

environmental conditions (Lin et al., 2006). According to Dixon and Paiva

(1995), polyphenols are important secondary plant metabolites and their synthesis

is affected by light, as plants growing in full sun conditions have been shown to

contain higher levels of polyphenolic compounds than shade plants.

Enviroiunental stresses, such as shade, abnormal salt levels, high temperature and

drought, may result in the generation of ROS in plants which in turn may cause

oxidative stress when in excess. In plant cells, oxidative stress reactions are

associated with the production oftoxic free radicals (Price et al., 1989).
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Wang et al. (2005) reported that in rice plants, oxidative stress caused by moisture

deficiency, resulted in membrane damage which is a secondary effect of drought

stress. Other toxic effects in plants due to environmental stresses include the

generation of lesions in DNA, a reduction in protein synthesis and stability and a

decrease in photosynthetic activity (Osmond and Grace, 1995). It was further

reported by Sofo et al. (2004) that different irrigation schemes and different

irradiance levels caused varying antioxidant enzyme levels in olive trees. In sweet

potato plants, a reduction in the total polyphenol content was noticed during

flooding and drought stresses (Lin et al., 2006).

Munné-Bosch: and Pefiuelas (2004) reported that under severe drought stress,

ascorbate levels increased significantly in Arbutus unedo. Similar findings were
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reported by Herbinger et al. (2002) whereby severe drought stress caused an

increase in a-tocopherol and glutathione concentrations in certain wheat cultivars.

Another study by Munne-Bosch et al. (2001) revealed that as drought levels were

increased, higher levels of rosmanol and isorosmanol were evident in the leaves of

Salvia officinalis subs. officinalis. Similarly, a high ferric reducing antioxidant

power (FRAP) value and higher 2,2'-azino-di-3-ethylbenzthiazoline sulphonate

(ABTS) radical cation scavenging ability were recorded when sweet potato plants

were subjected to drought stress (Lin et al., 2006). Conversely, a reduction in

flavonoid levels was found in Crataegus laevigata and C. monogyna following

drought stress (Kirakosyan et al., 2003) whereas Tattini et al. (2004) reported

higher flavonoid concentrations in the leaves of Ligustrum vulgare which were

exposed to high light intensities.

According to Manach et al. (2004) the polyphenol content in food vary according

to genetic, environmental and technological factors and future research must focus

on plant varieties that are richest in polyphenols, improving growing methods and

limiting losses during industrial processing and cooking in general. In this study,

G. multifolia and G. villosa were exposed to artificial drought and photo-stress

conditions to investigate whether these environmental stresses result in increased

antioxidant-capacity and -content in the different plant parts.



2.3.5 An overview of environmental stress on flavanoid biosynthesis and

accumulation in plants

Plant adaptation to biotic and abiotic stresses is due to the production of

protective secondary metabolites (Dixon et al., 1994). According to Brooker and

Miller (1998) plants that were exposed to ozone responded with increased levels

of enzymes in the phenylpropanoid and lignin pathways. Research reports by

Zimmerman and Cohill (1991) revealed that an increase in a plant's temperature

tolerance is related to the accumulation of phenolic metabolites and heat shock

proteins that act as chaperons at hyperthermia. Certain plants, when infected,

respond with an increase in phenolics and specific phenolic-like salicyclic acid

levels, acting as defence compounds or serve as precursors for the synthesis of

lignin, suberin and other polyphenolic barriers (Yalpani et al., 1994).

Furthermore, it was mentioned that some of these antimicrobial phenolics called

phytoalexins are synthesized around the infected wound as a protective

mechanism during pathogen attack (Dixon and Paiva, 1995).
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The levels of phenylpropanoid compounds such as flavonoids, isoflavonoids,

anthocyanins and polyphenols are increased when certain plants are subjected to

nutritional stress (Graham, 1991), cold stress (Christie et al., 1994) and high light

intensities (Beggs et al., 1987). The activation of biotic and abiotic stress

response arise from certain changes in the intracellular medium (Kurganova et al.,

1997), which transmit the stress signal to cellular effector systems which in return

result in changes in the cytosolic calcium concentration action potential (Retivin

et al., 1997). In conclusion, it is mentioned by Shetty (2004) that phenolic



antioxidants resulting from such secondary stress responses in plants, can be

targeted as a source of therapeutic and health-supporting ingredients for certain

modem diseases.

2.3.6 Antioxidant content

2.3.6.1 Polyphenols

In plants, polyphenolic compounds are mainly responsible for the

prevention of fungal and bacterial infection, protection against ultra-violet

radiation, oxidative damage, the effect of insect infestation and the control of

auxin levels and other plant regulators. They are also responsible for the colour,

texture and taste of food crops (Jood et al., 1995). It is further reported that the

total polyphenol content and antoxidant activity also varies in the different plant

parts (leaves, branches, phloem, bark, cork and needles) of trees (Kahkonen et al.,

1999; Zhishen et al., 1999). Many other factors such as plant species and variety,

fruit ripeness, time of harvest, processing and storage may affect the polyphenol

content of plants. Very specific environmental factors such as soil type, sun

exposure and rainfall can significantly change the polyphenol content in certain

plant species. Furthermore, cultural conditions such as greenhouse culture, field

culture, hydroponic culture and fruit yield per tree can also considerably affect

polyphenol concentrations (Macheix et al., 1990). It has also been reported that,

during ripening of fruit, phenolic acid concentrations decrease and anthocyanin

concentrations increase (Parr and Bolwell, 2000). Recent reports by Asami et al.

(2003) revealed that the polyphenol content of vegetables grown by means of

organic or sustainable methods, is higher than in vegetables grown without stress,
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e.g. hydoponics or greenhouse culture. Earlier studies by Sosulski et al. (1982)

concluded that storage of fruit or vegetables can also affect polyphenol content in

a sense that it leads to colour changes and organoleptic characteristics. Culinary

preparation such as peeling of fruit and vegetables, cooking, freezing, grinding of

plant tissues (Clifford, 2000) and industrial processing in general can result in a

significant reduction in the polyphenol content of food (Macheix and Fleuriet,

1998).

Asian and Mediterranean diets also contain a large quantity of polyphenols and

have shown to have protective effects against most modem diseases and disorders

such as cardiovascular disease, various cancers, osteoporosis, early ageing,

inflammatory and immune disorders, nutritional deficiencies, etc (Cox et al.,

2000; Strandhagen et al., 2000; Nakamura et al., 2003). More recent studies

confirmed that our knowledge is still too limited for formulation of

recommendations for the general population or for particular populations at risk of

specific diseases. It was further mentioned that the use of flavonoids for a

reduction in disease risk was considered "possible" for cardiovascular diseases

and "insufficient" for cancers (WHO/FAO, 2003).

According to Manach et al. (2004) several thousand molecules having a

polyphenol structure (hydroxyl groups on aromatic rings) have been identified in

higher plants and several hundreds are found in edible plants. Polyphenols are

subdivided into the following classes according to their structures: acetophenones,



benefits against cardiovascular diseases (Mazza et aI., 1999). Recent

benzofurans, chromones, coumarms, flavonoids, phenolic acids, phenylacetic

acids, phenylpropanoids, quinones, stilbenes and xanthones (Waterhouse, 2005).

Flavonoids are a subclass of the polyphenols, which are characterized as

containing two or more aromatic rings, each bearing at least one aromatic

hydroxyl and connected with a carbon bridge. For flavonoids, this bridge consists

of three carbons that combine with an oxygen and two carbons of one of the

aromatic rings to form a third 6-member ring (Figure 2.19) (Clifford, 2001).

Subclasses that are grouped under flavonoids according to their chemical

structures are as follows: flavanols, flavonols, flavanones, flavones, isoflavones,

and anthocyanidins (Beecher, 2003; Hertog et al., 1995; Rimrn et al., 1996). Over

9000 flavonoid structures have been identified which are widely distributed in all

higher plants throughout the plant kingdom (Martens and Mithëfer, 2005). The

dietary intake of flavonoids has attracted increasing interest as a result of recent

epidemiological, mechanistic, and human intervention studies suggesting potential

epidemiological studies, however, show some conflicting reports on the subject of

cardiovascular disease in a sense that the mechanisms explaining this observation

remains unclear (Vita, 2005). The consumption of flavonoids in western

countries is low compared to Asian countries and also the preparation of food

results in a further decrease (50-90%) in the flavonoid content, hence, the need for

a higher consumption of fresh vegetables and fruit to sustain a healthy lifestyle

(Natuurlijkerwijs, 2010).
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Figure 2.19: General chemical structure and numbering

pattern for common food flavonols (Clifford, 2001).

Flavonoids are synthesized VIa the phenylpropanoid pathway (Figure 2.20).

Phenylalanine ammonia lyase (PAL) catalyzes the conversion of phenylalanine to

cinnarnate. PAL also shows activity with converting tyrosine to p-coumarate,

albeit to a lower efficiency. The einnarnate 4-hydroxylase (C4H) catalyzes the

synthesis of p-hydroxycinnarnate from einnamate and 4-coumarate:CoA ligase

(4CL) converts p-coumarate to its coenzyme-A ester, activating it for reaction

with malonyl CoA. The flavonoid biosynthetic pathway starts with the

condensation of one molecule of 4-coumaroyl-CoA and three molecules of

malonyl-CoA, yielding naringenin chalcone. This reaction is carried out by the

enzyme chalcone synthase (CHS). Chalcone is isomerised to a flavanone by the

enzyme chalcone flavanone isomerase (CHI). From these central intermediates,
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the pathway diverges into several side branches, each resulting in a different class

of flavonoids. Flavanone 3-hydroxylase (F3H) catalyzes the stereospecific 3B-

hydroxylation of (2S)-flavanones to dihydroflavonols. For the biosynthesis of

anthocyanins, dihydroflavonol reductase (DFR) catalyzes the reduction of

dihydroflavonols to flavan-3,4-diols (leucoanthocyanins), which are converted to

anthocyanidins by anthocyanidin synthase (ANS). The formation of glucosides is

catalyzed by UDP glucose-flavonoid 3-o-glucosyl transferase (UFGT), which

stabilize the anthocyanidins by 3-0-glucosylation (Harbome 1994).
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Figure 2.20: A schematic presentation of the flavonoid biosynthetic pathway. Enzyme

abbreviations: PAL, phenylalanine ammonia-lyase; C4H, einnamate 4-hydroxylase; 4CL,

4-coumaroyl:CoA ligase; CHS, chalcone synthase; CHI, chalcone isomerase; F3H,

flavanone 3-hydroxylase; DFR, dihydroflavonol 4-reductase; ANS, anthocyanidin

synthase; UFGT, UDP glucose-flavonoid 3-o-glucosyl transferase (Stafford, 1991)
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2.3.6.1.1 Flavonols

Flavonols (Figure 2.21) such as isorhamnetin, kaempherols, myricetin, and

quercetin form one of the subclasses of flavonoids and are present in many plant

foods such as fruits, plant leaves, vegetables and tea (Beecher, 2003; Hertog et al.,

1995; Rimm et al., 1996). It has been reported that flavonols have positive effects

on vascular health such as lowering blood pressure, improving blood flow to the

brain and heart, reducing clotting of blood platelets, and a reduction in



cholesterol. Further health benefits of a high flavonol diet also include a

reduction in the risk of pancreatic cancer (Nëthlings et al., 2008).

OH

HO

OH 0
Figure 2.21: Chemical structure of the common

flavonol (Manach et al., 2004).

2.3.6.1.2 FlavanoIs

Flavanols are most commonly found in the following food products:

apples, blueberries, broccoli, chocolate, cranberry, green tea, black tea, red wine,

and white wine (Beecher, 2003). Catechin, gallocatechin, epicatechin,

epigallocatechin, epicatechin-3-gallate, epigallocatechin-3-gallate are some of the

most common flavanols (Figure 2.22) found in plants. New research evidence has

shown that foods rich in flavanols may improve the health of people with

coronary artery disease, the western nations' leading cause of death. Clinical

trials have shown that a flavanol-rich diet thins the plaque lining on the inside of

blood vessels (endothelium), thus causing a reduction in blood pressure (UC

Health,2010).
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Figure 2.22: Chemica! structure of the common

flavan-3-o! (Manach et al., 2004).

2.3.6.1.3 Flavanones

Flavanones are commonly found in citrus fruits, tomatoes, peanuts and

some herbs (mint, gaviota tarplant, yerba santa, and thyme). Some of the most

common flavanones (Figure 2.23) found in plants include butin, eriodictyol,

eriocitrin, eriodictyol, hesperetin, hesperidin, homoeriodictyol, isosakuranetin,

narirutin, naringenin, naringin, neohesperidin, pinocembrin, poncirin, rhoifolin,

sakuranetin, sakuranin, and sterubin (Tubaro et al., 1996). It has been reported

that flavanones exhibit antiviral, antimicrobial and anti-inflammatory activities

(Nakasugi and Komai, 1998).

_------------------------------ -_- -
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Figure 2.23: Chemical structure of the flavanone

backbone (Fowler et aI., 2011).

2.3.6.1.4 Flavones

Flavones (Figure 2.24) are polyphenolic crystalline compounds that are

found in some seeds, leaves and in stems as a yellow pigment (Beecher, 2003).

Apigenin and luteolin are some of the most common flavones found in plants.

They occur in high concentrations in leafy and other crops such as parsley, celery,

thyme, and hot peppers (Beecher, 2003). In recent years, scientific and public

interest in flavones has grown enormously due to the purported beneficial effects

against the development of atherosclerosis, osteoporosis, diabetes and certain

cancers. The flavone intake in the form of dietary supplements and plant extracts

has been steadily increasing because of their possibe health benefits (Sarda et al.,

2006). It is also further reported by Nakasugi and Komai (1998) that flavones

possess antimutagenic activity.
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Figure 2.24: The basic chemical structure of a

flavone (Quideau et al., 20 Il)

2.3.6.1.5 Isoflavones

Isoflavones have a limited distribution and the following are found in

plants: daidzein, genistein, glycitein, biochanin A, and formononentin (Beecher,

2003). They are mostly found in soy food products such as soy beans, soy milk,
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tofu, and soy protein powder. Research has shown that isoflavones are effective

in lowering blood cholesterol, reducing the risk of cancer, heart disease and

osteoporosis (Lin et al., 1996). Recent studies have found that soy isoflavones

can reduce menopause symptoms such as hot flushes and increase bone density in

women, because the chemical structure of isoflavones (Figure 2.25) is very

similar to that of the human body's estrogen. Further studies have also shown that

in men, isoflavones slowed prostate cancer growth and caused prostate cancer

cells to die (Jacobs et al., 2009).



Figure 2.25: The basic chemical structure of isoflavones

(Natuurlijkerwijs,2011)

2.3.6.1.6 Anthocyanidins (anthocyanin aglycone)

Cyanidin, delphinidin, malvidin, pelargonidin, petunidin, and peonidin are

some of the common anthocyanidins (Figure 2.26) found in plants (Beecher,

2003). Anthocyanin pigments are responsible for the attractive red, purple and

blue colours of many fruits and vegetables. They are relatively unstable and often

undergo degradative reactions during processing and storage (Francis, 1989).

Food crops that contain high levels of anthocyanidins include apples, blueberries,
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broccoli, chocolate, orange juice, cranberry including red and white wine. In

general, they are found in red, purple and blue berries (Beecher, 2003). They play

a role in the reduction of coronary heart disease, increased eye health (visual

sharpness), and also have carcinogenic properties. They have also been found to

have considerable potential in the food industry as safe and effective food

colourants (Francis, 1982).
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Figure 2.26: The basic chemical structure of anthocyanidin

(Cancerquest,2011)

2.3.6.1. 7 Dihydrochalcones

Dihydrochalcones (Figure 2.27) belong to the family of the bicyclic

flavonoids which are defined by the presence of two benzenoid rings joined by a

three carbon bridge. The neohesperidin dihydrochalcone is the most familiar of

these compounds and is known as an intense sweetener and permitted for

commercial use as a food additive (Borrego et aI., 1995). Nakamura et al. (2003)

further reported that dihydrochalcones have some advantages for application as

food additives because of their safety, stability and colorless property. Some
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dihydrochalcones (phloridzin and myrigalone B) have been found to occur

naturally and to possess antioxidant activity (Mathiesen et aI., 1997). Chalcones

and dihydochalcones are also known to exert multiple biological activities such as

anti-inflammatory, antioxidant and anticancer properties (Shah et aI., 2008; Vogel

et al., 2010).



o
Figure 2.27: Chemical structure of the chalcone

(Szliszka et al., 2010).

2.3.7 Antioxidant capacity determination

2.3.7.1 Introduction

According to Nakamura et al. (2003), phenolic compounds possess a wide

range of biochemical activities such as antioxidant, antimutagenic,

anti carcinogenic and the ability to modify gene expression. The chemistry and

methodology involved in the antioxidant capacity assays are highlighted in

reviews by Huang et al. (2005) and Prior et al. (2003), indicating three major

methods for evaluating the antioxidant capacity. The methods include (1) oxygen

radical absorption capacity (ORAC), (2) ferric reducing antioxidant power

(FRAP), and (3) 2,2'-azino-di-3-ethylbenzthiazoline sulphonate (ABTS) or Trolox

equivalent antioxidant capacity (TEAC).
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2.3.7.2 ORAe assay

The ORAC assay is a simple, sensitive, and reliable way to measure the peroxyl

radical absorbing capacity of antioxidants and serum or other biological fluids

using the peroxyl radical generator, 2,2'-azobis (2-amidino-propane)

dihydrochloride (AAPH) (Prior et al., 2003). The assay is different in a sense that

the total antioxidant capacity of a sample is estimated by taking the oxidation

reaction to completion. All of the non-protein antioxidants e.g. a-tocopherol,

vitamin C, p-carotene, uric acid, etc. and the albumin in the sample are at that

stage oxidized by the peroxyl radical. Results are then quantified by measuring

the protection produced by antioxidants (Cao et al., 1993). This assay uses

fluorescein (3',6'-dihydroxyspiro[isobenzofuran-1 [3H],9'[9H]-xanthen]-3-one) as

the fluorescent probe.

An advantage of this assay, using fluorescein, is that it is less expensive, does not

interact with other compounds, and is very stable. One disadvantage is that when

the pH drops below 7.0, the intensity of fluorescein decreases drastically (Ou et

al., 2001). Other shortcomings of this assay include the need for expensive

equipment, variability across instruments, and lengthy analysis time (Zulueta et

al., 2009). Above all, the determination of antioxidant capacity using the

fluorescein-based ORAC assay is effective in many experimental models and

conditions and is considered one of the best assays to measure antioxidant

capacity (Powers et al., 2010). To determine the ORAC of herbal extracts, Trolox

is used as a standard and fluorescein as the substrate, with the fluorescence



conditions set at a 485 nm excitation wavelength and a 530 nm emission

wavelength (Prior et al., 2003).

2.3.7.3 FRAP assay

The FRAP assay uses an oxidation/reduction reaction to measure the

ability of a sample to reduce FeIlI to Fell at a low pH of 3.4. An antioxidant

donates electrons in the same manner as a reductant in oxidation/reduction

reactions, so it is assumed that the FRAP assay is a method for evaluating

antioxidant capacity. However, it does not directly measure the antioxidant

capacity of a potential antioxidant. Also, since there are no free radicals

introduced into the system, there is no way of comparing the antioxidant capacity

towards different kinds of radicals.

The FRAP assay was developed by Benzie and Strain and generates fast,

reproducible results with plasma, with single antioxidants in pure solution, and

with mixtures of antioxidants in aqueous solution (Benzie and Strain, 1999).

Furthermore, this assay is inexpensive and easy to perform and thus has been

commonly used in research to evaluate in vitro antioxidant capacity. Nonetheless,

there are several problems with the FRAP assay. Some of the drawbacks of this

assay are that it is also based on a single electron transfer and therefore, cannot

measure the total capacity of antioxidants such as chain-breaking antioxidant

activity. Another disadvantage of this assay is that it is carried out at a very low

and non-physiological pH of 3.4, compared to the neutral pH used in the TEAC

assay (Huang et al., 2005). In addition, the absorption at 593 nm of some
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antioxidant polyphenols such as caffeic acid, tannic acid, ferulic acid, ascorbic

acid and quercetin, does not stop during the 4-min reaction time of the FRAP

assay. Instead, it slowly increases for several hours, thus making it inadequate

because it does not measure the true antioxidant capacity of a sample (Pulido et

al., 2000). Furthermore, the FRAP assay does not detect the activity of important

thiol antioxidants such as glutathione. Therefore, because of these multiple

drawbacks, the FRAP antioxidant assay is less than ideal (Powers et al., 2010).

2.3.7.4 ABTS (TEAC) assay

The 2,2'-azinobis[3-ethylbenzothiazoline-6-sulfonate] (ABTS) radical

cation scavenging assay was first developed by Miller et al., (1993) for the

determination of the total antioxidant status (TAS) of body fluids. This assay is

based on the scavenging of the ABTS radical by antioxidants present in a sample.

During this assay a biological sample is added to the free-radical-generating

system, and inhibition of the free-radical reaction is proportional to the

antioxidant capacity of that sample (Cao and Prior, 1998). The antioxidants

quench the ABTS radical cation, resulting in a loss of colour and thus, a decrease

in absorbance. The change in absorbance corresponds to the concentration of

antioxidants present in the system.
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The ABTS radical cation has a maximum absorbance value of 734 nm at 25°C

and Trolox is used as a standard (Re et al., 1999). Some of the advantages of this

assay include that it is inexpensive, fast, easy to perform, and stable to changes in

pH. This assay, however, has several limitations i.e. the ABTS radical cation is



relatively unstable, and different TEAC-assay methods makes it difficult to

compare TEAC results from studies using these different variations of the same

assay. Furthermore, the TEAC assay is based on a one-electron transfer and can

therefore not measure chain-breaking antioxidant activity. Due to the limitations

of this assay some authors have concluded that this assay should be used with

caution (Frankel and Meyer, 2000).

In conclusion, there is no single assay that is capable of reliably measuring total

antioxidant capacity and the ORAC assay using fluorescein appears to be one of

the best single antioxidant-capacity assays to use. Nevertheless, to

comprehensively measure total antioxidant capacity, specific assays are needed in

addition to ORAC. Indeed, a total antioxidant-capacity assay that measures the

antioxidant capacity against one ROS species is not biologically realistic (Huang

et al., 2005). Therefore, when assessing total antioxidant capacity of tissues, it is

sensible to evaluate the antioxidant potential of tissues after exposure to a wide

variety of biologically relevant ROS (Coombes et al., 2000).

2.4 Medicinal uses, natural compound extraction and

characterization of Gethyllis

2.4.1 Introduction to traditional medicine

Botanical drugs are defined by the Food and Drug Administration as those

drugs containing ingredients from fresh or dried plants, plant parts, isolated or

combined chemical components of plant origin, algae, macroscopic fungi or
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combinations thereof (Goldman, 2001; Liu and Wang, 2008). According to the

World Health Organisation (WHO) the use of plants for medicinal purposes (as

traditional medicine) is now internationally recognized as a building block for

primary health care (WHO, 2005). It was further reported by VanWyk and

Gericke (2000) that mankind have been aware of the healing power of herbs since

creation and the use of plants as traditional medicine, is one of the oldest practiced

professions. It is reported that India has the biggest repository of medicinal plants

in the world with nearly 15 000 plant species being used as sources of medicine

(Singh et al., 2003).

In South Africa the use of traditional medicine is widespread, where it is

estimated that 80% of the black population consult traditional healers. The more

available traditional healthcare system offers a cheap and more culturally

acceptable alternative to the costly allopathic system (Eastman, 2005). It was

further reported that about 80% of the world's population depends mainly on

traditional medicine derived from plant extracts (WHO, 2005). This practice is

generally found in rural areas where synthetic drugs are not available and also not

affordable. In light of this, there exists an urgent need for a systematic study of

our medicinal plants to isolate their active compounds, before they are lost forever

(Cox, 1991; Ogungbamila, 1993; Van Wyk et al., 2008).
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The Cape Floral Kingdom or Cape Floristic Region is widely recognized as one of

the richest floras of the world (Good, 1974; Goldblatt and Manning, 2000). This

region is also part of the traditional home of the Khoikhoi (Hottentot) and San

(Bushman) and these two cultural groups are collectively referred to as the Khoi-
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San people (Shapera, 1930). In the second half of the 17th century, the region

became inhabited by Europeans and the interactions between Khoi-San and Cape

Europeans resulted in a distinct but poorly studied and documented healing

culture, known as Khoi-San or Cape Dutch medicine (VanWyk et al., 2008).

Very little has been published on the medicinal uses of plants from these regions

and numerous publications on the use of plants for food and water (Story, 1964),

utility items (Tanaka, 1978) and hunting poisons (Neuwinger, 1996) were

available. According to Dold and Cocks (2002), the use and trade of plants for

medicine is no longer confined to traditional healers but has spread to the informal

and formal entrepreneurial sectors of the South African economy because of

unemployment, resulting in an increase in the number of herbal gatherers and

traders. Consequently, the trade in traditional medicines is now greater than ever

before and a complex biodiversity management issue is facing conservation

authorities in South Africa.

2.4.2 Medicinal value and other uses of Gethyllis species

Several authors (Rood, 1994; Van Wyk et al., 1997; Watt and Breyer-

Brandwijk, 1962) reported that 'Koekemakranka' brandy (Figures 2.28 and 2.29),

made of the fruit of G. afra and G. ciliaris, is one of the early Cape remedies for

colic and indigestion and that the edible fruit was highly valued for perfuming

rooms and linen. The fruit of this plant is sweet and juicy, pleasantly aromatic

and good to eat (Fox and Norwood Young, 1983). Some authors (Rood, 1994;

Watt and Breyer-Brandwijk, 1962) reported that the early Cape colonists used an

alcoholic infusion of the fruit of G. linearis and G. spiralis as a remedy for



digestive disturbances. For children, the gathering of the inconspicuous fruit

(which they refer to as "Koekemakrankies"), is a special occasion, and success

depends to a large extent on a good sense of smell (Smith, 1966).

In more recent times a diluted infusion of the flower has been used for teething

troubles and the skin of the fruit as a local application on boils, bruises and insect

bites. Du Plessis and Delpierre (1973) reported that the club-shaped fruit was

used to perfume rooms and was often dried in newspaper for use as a bookmarker.

Itwas further reported that in the past, the odourous dried fruits were often used to

scent handkerchiefs and cupboards (VanWyk and Gericke, 2000). It was also

mentioned by Rood (1994), that the fruit was boiled by the Khoi and used as an

aphrodisiac. Van der Walt (2003) reported that G. ciliaris was used for fatigue

and gave a recipe for the 'Koekemakranka' brandy. Traditionally, an alcoholic

infusion (Figure 2.28) or tincture is made from a few ripe fruits (Die. Nat. Prod.,

1996), which are presumed to contains some oils and esters of low molecular

weight alcohols (Watt and Breyer-Brandwijk, 1962). Van Wyk et al. (1997)

reported that no published information on the chemistry of Gethyllis existed and

that preliminary tests on the fruit indicated slight analgesic effects, but no details

were available. Further studies by Elgorashi and Van Staden (2004) confirmed

that the anti-inflammatory and antibacterial activities found in G. multifolia, G.

villosa as well as other Gethyllis species, were in line with their uses as traditional

medicines.
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Figure 2.28: Alcohol infusion of the fruit of G. afra

(Photo taken in 2005 at the Rondeberg Nature Reserve,

Westcoast, Western Cape).

Figure 2.29: Fruit of Gethyllis being used to

make 'Kukumakranka' brandy (Photo courtesy

of Van Wyk et al. (1997).

2.4.3 Major chemical constituents of Gethyllis species

Pharmaceutical studies by Elgorashi et al. (2007) on the bulbs and roots G. ciliaris

using a cyc1ooxygenase-l enzyme assay, resulted in the isolation of a



dihydroxydimethylbenzopyran-4-one (isoeugenitol) (Figure 2.30) and a 90%

methanolic extract yielded an isoeugenitol glycoside (Figure 2.30) and

9Z-octadec-9-enamide (Figure 2.31).

HO

o

OR o
Figure 2.30: (a) R=H, Isoeugenitol and (b)

R=Glucosyl, its glycoside as isolated from bulbs and

roots of G. ciliaris plants (Elgorashi et aI., 2007).

Figure 2.31: 9Z-octadec-9-enamide isolated from bulbs and roots of G. ciliaris plants

(Elgorashi et al., 2007).
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In a study by Kam.atou et al. (2008), 29 volatile orgarue compounds were

identified in the fruit of Gethyllis ciliaris and 43 compounds from the fruit of G.

afra. The major compounds isolated from the fruit of G. ciliaris were as follows:

pentacosane; ethyl octanoate; ethyl isovalerate; ethyl hexanoate and ethyl

benzoate. According to the authors, these compounds may be contributing to the

fruity-sweet odour of G. ciliaris. The following compounds were isolated from

the fruit of of G. afra: a-pinene, n-butyl n-butyrate, isoamyl acetate, p-pinene and

2-methylbutyl butyrate. Similarly, these compounds could be contributors to the

banana/piney/fruity odours found in the fruit of G. afra.

The majority of compounds detected in the Arnaryllidaceae family are mostly

alkaloids. It must be mentioned that alkaloids were not detected in either the

dichloromethane or 90% methanolic extracts of G. ciliaris using Dragenderff's

reagent as a conventional method of detection. On the contrary, the following

compound classes: tannins, flavonoids, phenolics, saponins, anthraquinones,

glycosides and essential oils were present in all the extracts (Fennell and Van

Staden,2001). Specific alkaloids, which are unique to the Amaryllidaceae family

consistently indicated antitumour potential and amongst other characteristics,

showed in vivo activity against various human viruses (Duri et al., 1994;

Hutchings et al., 1996). In addition to alkaloids, bulbs from this plant family

(including Gethyllis) also contain flavonols, organic acids, carbohydrates and

soluble nitrogen compounds. However, the fact that alkaloids were not detected

in G. ciliaris, does not necessarily mean that this species does not contain

alkaloids. More emphasis, in future research, needs to be placed on the ontogenic
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and environmental factors that affect the production of alkaloids (Viladomat et al.,

1997).

2.4.4 Reported biological activities of Gethyllis multifolia and G. villosa

and other Gethyllis species

Gethyllis multifolia and G. villosa species showed high anti-inflammatory

activity and virtually no antibacterial activities whereas the leaves and roots of G.

ciliaris showed similar anti-inflammatory activity but increased bacteriostatic

activity in a pharmaceutical study conducted by Elgorashi and Van Staden (2004).

A brine shrimp lethality assay indicates toxicology levels of bioactive compounds

which is based on three bands: inactive (LCso > 700), active (LCso < 700) and

very active (LCso < 10) (Babajide et al., 2008; McLaughlin et al., 1991).

According to Babajide et al: (2010), the brine shrimp lethality assay revealed that

G. multifolia methanolic (6.20) and water extracts (139.55) and only the G. villosa

methanolic extract (4.23) were both active and very active, whereas the G.

gregoriana methanolic extract (0.22) was the most active when compared to the

other two species. This is an indication of the presence of good antimicrobial and

antiviral agents, since the lethality test of a substance to brine shrimp nauplii

indicates the ability of that substance to kill cancer cells (antitumor activity) as

well as having pesticidal and antibacterial activities. It may thus be deduced that

all the "very active" samples, in this case G. gregoriana, G. multifolia and G.

villosa methanolic extracts, can be considered potentially useful for such

applications (Babajide et al., 2010).
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2.4.5 Chemical constituents of other Amaryllidaceae species

Plant species belonging to the Amaryllidaceae family, are herbaceous

perennials that grow from bulbous geophytes. The family consists of about sixty

genera, with eight hundred species that are widely distributed in many countries

around the world. They are cultivated as ornamental plants for their beautiful

flowers and for the production of volatile oil (Louwet al., 2002). More than 100

compounds have been isolated from various Amaryllidaceae species since the

isolation of the compound lycorine in 1877 from Narcissus pseudonarcissus

(Cook and Loudon, 1952). The medicinal value of species that are members of

the Amaryllidaceae family had been known for centuries but only in the past few

decades were the active cytotoxic principles isolated and clinically tested as

promising anti-tumor agents (Collins et al., 2010). Recent studies revealed that it

is likely that isocarbostyril constituents of the Amaryllidaceae family, such as

narciclasine, pancratistatin and their congeners, are the most important

metabolites in the folk medical treatment of cancer (Kornienko and Evidente,

2008). Furthermore, Collins et al. (2010) confirmed with new scientific evidence

that pancratistatin and narciclasine emerged as the most active compounds, with

the corresponding 7-deoxy congeners, 7-deoxypancratistatin and lycoricidine, as

being less active. According Piozzi et al. (1969) Narcissus poeticus L., as used by

the ancient Greek physicians, is now known to contain 0.12 g of narciclasine per

kg of fresh bulbs.

It has been reported by Heinrich and Teoh (2004) that in recent years,

galanthamine was isolated from several members of the Amaryllidaceae



(Leucojum spp., Narcissus spp., and Galanthus spp.) and has become an important

therapeutic option to slow down the process of neurological degeneration in

Alzheimer's disease. The use of galanthamine was traced back to the Caucasus

Mountains (southern Russia) and eastern European countries (esp. Bulgaria) in the

treatment of poliomyelitis and ultimately to the recent introduction in the

treatment of Alzheimer's disease. It was further reported by Lamoral- Theys et al.

(2010) that lycorine displays very promising anti-tumor properties and that the

lycorine family of compounds highlights the existence of various potential leads

for the development of novel anticancer agents.

Other species such as Ammocharis coronica are known to contain biochemicals

such as alkaloids and triterpenoids in its bulbs, which are toxic to humans. Instead

of oral administration, fresh, wet scales of these bulbs are cooked and used as

enemas for blood cleansing or applied topically to open wounds or boils (Louwet

al., 2002). A root infusion of Clivia miniata is used to treat snakebites and

wounds while the leaves are taken by South African women during pregnancy and

child birth to induce labor. Bulb decoctions are also used against infertility and

urinary complaints (Louwet al., 2002).
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Bulbous plants, even though being studied less intensively than herbs and trees for

medicinal potential, have proven to contain a unique range of active compounds.

Medicinal uses include their analgesic, anticancer, antimutagenic, immuno-

stimulatory, anti-infective, antimalarial, cardiovascular and respiratory system

effects (Fennel and Van Staden, 2001; Scott, 1993). Traditional uses of some



bulbous species, mainly belonging to the Amaryllidaceae and Hyacinthaceae plant

families, could provide useful leads in novel pharmaceutical developments and

the biochemical content and pharmacological action of many of these species still

remains poorly understood (Hutchings, 1989).

Previous studies revealed anti-inflammatory, antibacterial and antifungal

properties in certain plant parts of G. multifolia and G. villosa and other literature

reports endlessly on the traditional uses of plant parts of the genus Gethyllis. In

this investigation, extracts of natural compounds were prepared from plant parts,

purified and characterized, and this data could create a good platform for further

research in an attempt to understand the chemistry behind the claims made by

traditional healers of the medicinal potential of the genus Gethyllis, in specific, G.

multifolia and G. villosa.
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Abstract

Gethyllis multifolia and G. villosa are winter-growing, summer-blooming,

deciduous and bulbous geophytes that grow naturally in the semi-arid succulent

Karoo biome of South Africa. Gethyllis multifolia is threatened in its natural

habitat and is listed in the 'Vulnerable' category of the 'Red Data List of Southern



African Plants'. Observations in a previous investigation of these two species

suggested that G. multifolia suffers more during drought stress than G. villosa and

that both species adopted certain morphological changes in their leaves under

shade conditions. Both species have adapted to the wet and cold winters and

summer aridity of this biome but current models are showing that this biome is

exposed to increasingly drier conditions and shade from invasive plant species

due to global warming and ecosystem change, and as a consequence is losing its

current distribution of flora.

In this investigation, experiments were conducted on the photosynthetic rate

(Pmax), stomatal conductance (Gs), transpiration rate (E), photosynthetic water-use

efficiency (PWUE), specific leaf mass (SLM) and light compensation points

(Lep), to elucidate responses of both species to ecosystem change. It was found

that during drought stress, G. villosa had a better photosynthetic performance than

G. multifolia which appears not to be related to foliar adaptations such as specific

leaf mass (SLM), but to G. villosa' s leaves maintaining their stomatal

conductance (Gs), photosynthetic light compensation (Lep) and photon yields.

This study further revealed a better performance for G. villosa under low light

conditions whereby G. villosa did not change its photosynthetic light

compensation point (Lep) during shade and was able to synthesize more

chlorophyll b for light harvesting than G. multifolia, hence, a higher net carbon

gain. It can be concluded that the inability of G. multifolia to adapt to a wider

range of environmental extremes, may be a contributing factor to its threatened

conservation status.
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tolerance; Succulent Karoo biome.

1. Introduction

The genus Gethyllis (family: Amaryllidaceae), indigenous to South Africa,

consists of 37 currently accepted species and subspecies (Muller- Doblies, 1986).

Gethyllis species' have medicinal properties which range from cures for colic,

digestive disturbances, teething problems, fatigue, boils, bruises and insect bites,

to being used as an aphrodisiac (Liltved, 1992; Elgorashi and Van Staden, 2003).

The plants have four distinct growth phases, thrive under full sun conditions, and

are classified as winter-growing, summer-blooming, deciduous and bulbous

geophytes (Du Plessis and Delpierre, 1973, Manning et al., 2002). Gethyllis

multifolia L. Bolus and G. villosa Thunb. grow naturally in the succulent Karoo

biome of South Africa, which is primarily characterized by low to high winter

rainfall and extreme summer aridity. The rainfall varies between 20 and 290 mm

per year and during summer the temperatures can be in excess of 40°C. Gethyllis

multifolia is threatened in its natural habitat and is listed in the 'Vulnerable'

category of the 'Red Data List of Southern African Plants' and 'World

Conservation Union List of Plants' (Hilton-Taylor, 1996; IUCN-World

Conservation Union, 1998), whilst G. villosa is not threatened in the same

habitats. In their natural habitat, both these species encounter environmental

limitations such as increasing drought stress (Rutherford et al., 1999; Midgeley et
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al., 2002; Von Maltitz et al., 2006) and light restrictions due to shading caused by

encroaching indigenous shrubs (Daniels, 2007).

It has been observed that both G. multifolia and G. villosa are limited by drought

stress and this limiting factor appears to have a more significant effect on G.

multifolia (Daniels, 2007). According to preliminary work by Daniels (2007), G.

multifolia has impaired leaf and flower development during the growth and

reproductive phases when exposed to dry conditions (Daniels, 2007). These

features are part of a survival strategy during harsh environmental changes (Du

Plessis and Duncan, 1989). This concurs with studies on soybeans that drought

stress increases the rate of pod abortion during the early stages of pod

development (Liu et al., 2003). The success of plants under stress conditions may

be determined by their ability to control carbohydrate utilisation for metabolic

energy and their ability to allocate enough materials to their reproductive phase

(Nielsen et al., 2001). According to Pelleschi et al. (1997) and Kim et al. (2000),

drought stress generally decreases the photosynthetic rate and disrupts

carbohydrate metabolism in leaves, and therefore could increase the rate of

reproductive abortion.

In addition to drought stress, Gethyllis plants may also encounter light stress in the

form of shading from encroaching indigenous shrubs (Daniels, 2007). This

encroachment from the invasive shrub, Galenia africana, is also posing a growing

threat in the natural habitat of G. multifolia, where many plants are found growing

in the shade of this 1-1.5 meter tall, shrubby species (Daniels, 2007; Klaasen et
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al., 2009). A previous investigation (Daniels, 2007) revealed that under controlled

shade conditions both species produced thinner leaves with no natural spiralling,

which is a departure from the natural characteristic of Gethyllis species (Esler and

Rundel, 1998). The survival and growth of Gethyllis species in a changing light

environment may be dependent on their shade-tolerance levels, as found for other

plants (Daniels et al., 1979; Lorimer, 1983). This concurs with previous work that

shade stressed plants can respond to low irradiance via altered leaf morphology

for more efficient irradiance capture (Givnish, 1988; Smith and Huston, 1989;

Oliver and Larson, 1996) and enhanced photosynthetic investment (Brouwer

1962; Poorter and Nagel 2000).

Since both bulbous species occur in a semi-arid area, which is being threatened by

increasing aridity and shading from invasive species, the aim of this investigation

was therefore to investigate the capacity for photosynthetic adaptation of both

species to these environmental changes.

2. Materials and methods

2.1. Plant materials

Mature G. multifolia and G. villosa bulbs of equal size were identified and

obtained with permission from the Karoo National Biodiversity Garden (KNBG)

(Worcester, Western Cape, South Africa) in 2006 after their winter growth phase

(March to mid-August), from their natural habitat (Worcester), where new roads

and sewerage lines were planned through part of an existing population. Gethyllis

multifolia is threatened in its natural habitat, as already mentioned, and for
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conservation purposes the exact location of these plants are omitted from this

investigation. The bulbs of both species (n=10 per species per treatment) were

potted up in 15 cm nursery pots in sandy, clay soil (pH 4.3-4.4) from the natural

habitat. The plants were grown under outdoor conditions for 12 months which

included one dormant phase (6 months - spring and summer) and one growth

phase (6 months - autumn and winter) at the nursery of the Department of

Horticultural Sciences, Cape Peninsula University of Technology (CPUT), Cape

Town. Table 1 indicates the average rainfall and daily temperatures for the Cape

Town area where plants were grown and also indicates the higher rainfall and

lower temperatures for the growth phase and lower rainfall and higher

temperatures for the dormant phase. Weather data for the Cape Town area were

supplied by the South African Weather Service.
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Table 1
The average rainfall (mm) and average daily minimum/maximum temperatures (0C) for the

Cape Town area (Western Cape, South Africa) for the years 2006 and 2007. Each value was

obtained by calculating the mean of the two years ± SE. The data were provided by the South

African Weather Service and were recorded at the Cape Town weather office.

MONTH MEAN MIN.TEMP. MEAN MAX. TEMP. MEAN RAINFALL

January 17.3(±0.35) 27.9(±0.25) 0.3(±0.2)
February 16.4(±0.15) 27.1(±0.65) 20.2(±14.2)
March 14.2(±0.05) 25.9(±0.55) 11.7(±8.2)
April 12.4(±0.4) 23.4(±0.6) 47.9(±33.8)
May 9.5(±0.2) 20.5(±0.6) 108.9(±77.0)
June 8.1(±0) 19.0(±1.1) 78.8(±55.6)
July 7.9(±0.9) 17.3(±0.35) 111.5(±78.8)
August 8.1(±0.15) 17.8(±0.05) 78.9(±55.8)
September 9.8(±0.55) 20.4(±0.55) 19.1(±13.5)
October 11.7(±0.4) 22.9(±0.45) 27.9(±19.8)
November 13.4(±0.55) 23.4(±1.2) 39.3(±27.8)
December 15.6(±0.15) 25.7(±0.65) 14.3(±10.1)

2.2. Environmental stresses

Plant samples which represented the control (n=10 per species) were grown under

full sun and irrigated by the ambient rainfall of the Western Cape (Table 1). The

mean photosynthetic photon flux density (PPFD) on cloudless days at 12hOOwas

122

4450± 155 umol m-2.s-1 during the winter growth period of both species.

Temperatures around the plant samples varied from 8 to 24°C and the relative

humidity from 36 to 100%. The PPFD for all treatments was measured three times

per day with a Toptronie T630 digital light meter (Spraytech, Bellville, Western

Cape, South Africa) and the temperatures and relative humidity were measured

with a Majortech MT669 digital relative humidity/temperature meter (Spraytech,

Bellville, Western Cape, South Africa).



Table 1

The average rainfall (mm) and average daily minimum/maximum temperatures (0C) for the

Cape Town area (Western Cape, South Africa) for the years 2006 and 2007. Each value was

obtained by calculating the mean of the two years ± SE. The data were provided by the South

African Weather Service and were recorded at the Cape Town weather office.

MONTH MEAN MIN.TEMP. MEAN MAX. TEMP. MEAN RAINFALL

January 17.3(±0.35) 27.9(±0.25) 0.3(±0.2)
February 16.4(±0.15) 27.1(±0.65) 20.2(±14.2)
March 14.2(±0.05) 25.9(±0.55) 11.7(±8.2)
April 12.4(±0.4) 23.4(±0.6) 47.9(±33.8)
May 9.5(±0.2) 20.5(±0.6) 108.9(±77.0)
June 8.1(±0) 19.0(±1.1) 78.8(±55.6)
July 7.9(±0.9) 17.3(±0.35) 111.5(± 78.8)
August 8.1(±0.15) 17.8(±0.05) 78.9(±55.8)
September 9.8(±0.55) 20.4(±0.55) 19.1(±13.5)
October 11.7(±0.4) 22.9(±0.45) 27.9(±19.8)
November 13.4(±0.55) 23.4(±1.2) 39.3(±27.8)
December 15.6(±0.15) 25.7(±0.65) 14.3(±10.1)

2.2. Environmental stresses

Plant samples which represented the control (n= 10per species) were grown under

full sun and irrigated by the ambient rainfall of the Western Cape (Table 1). The

mean photosynthetic photon flux density (PPFD) (converted from lux to PPFD)

on cloudless days at 12hOOwas 1825±63 umol m-2.s-1 during the winter growth

period of both species. Temperatures around the plant samples varied from 8 to 24
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°C and the relative humidity from 36 to 100%. The PPFD for all treatments was

measured three times per day with a Toptronie T630 digital lux meter (Spraytech,

Bellville, Western Cape, South Africa) and the temperatures and relative humidity

were measured with a Majortech MT669 digital relative humidity/temperature

meter (Spraytech, Bellville, Western Cape, South Africa).



Plants in the drought stress experiment (n=10 per species) were subjected to full

sunlight and covered with a 6 mm clear glass sheet, placed 300 mm above the

plants. The PPFD, temperature and relative humidity environmental conditions

were similar to those of the control. The drought stressed plants were irrigated at a

rate of 30% field capacity once a month with de-ionized water (Mortimer et al.,

2003).

Plants in the shade stress experiment (n= 10per species) were grown under a

shade structure covered with 80% neutral black shade cloth (Alnet, Epping,

Western Cape, South Africa), which has a neutral effect on light quality (Yates,

1989; Duan et aI., 2005). During the experimental period, the mean PPFD on

cloudless days at 12hOOwas 365±26 umol m-2 S-1 and was approximately 20% of

full sunlight. The temperature around the shade stressed plant samples was ~ 1-2

°C lower than that of the control, and the relative humidity 2-4% higher than that

of the control. The plants in the shade stress treatment were also irrigated by the

ambient rainfall of the Western Cape (Table 1). Readings of the environmental

conditions under all treatments were taken daily at the following time intervals:

09hOO, 12hOOand 15hOO.

2.3. Physiological responses

An infra-red gas analyzer (Licor, Li-6400 Portable photosynthesis system,

Lincoln, Nebraska, USA) coupled to a leaf chamber, was used to measure the

photosynthetic rates (Pmax), leaf dark respiration rates (Dr), stomatal conductance
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(Gs) and transpiration rates (E) of the plant samples during the growth phase. The

readings were taken on fully expanded leaves at the peak of the growth season

during the month of June. Gethyllis villosa plants have flat leaves (± 5 mm in

diameter) and a section of one leaf blade per plant was used for the readings.

Gethyllis multifolia plants consist of thin needle-like leaves (± 1-2 mm in

diameter) and 6-8 leaf sections per plant were used for the readings. More (6-8)

leaves for G. multifolia had to be used to equate the same leaf diameter of G.

villosa. The infra-red gas analyzer was set to take the net photosynthetic rate

readings at the following light photosynthetic photon flux densities (PPFD): 0, 50,

150,350,500, 750, 950, 1200 and 1500 umol m-2 S-I. Six readings were taken per

PPFD and readings were recorded from four plants per species per treatment. The

corresponding temperature for the photosynthetic rate readings in the leaf

chamber was set at 25 oe and the relative humidity at 55-75%. Linear regression

analysis was performed on data within the light-limited part of the light response

curve to calculate the apparent photon yield. Photosynthetic water-use efficiency

(PWUE) was calculated as PmaxiE.

2.4. Chlorophyll determination

Fresh leaf material (100-150 mg) of both species was pulverised in a mortar and

pestle and the chlorophyll was extracted using 80% ammoniacal acetone (Arnon,

1949; Lichtenthaler and Well burn, 1983). The procedure was carried out at 4 oe in

an ice-bucket and the resulting extract was centrifuged at 2500 revs, 545 g for 5

min. (Model Sigma-16, Wirsam Scientific, South Africa). The absorbence of

chlorophyll a and b was measured at 663 and 710 nm respectively on a
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spectrophotometer (Model Pharmacia LKB - Ultrospec 11 E, Wirsam Scientific,

South Africa). The chlorophyll concentration, expressed per unit fresh mass of

plant material (Arnon, 1949), was calculated using the equations of Hendry and

Grime (1993).

2.5. Statistical analysis

Significant differences of the means for each species were separately tested under

drought and shade stress. The means were separated using a post hoc Fishers's

Protected LSD, multiple comparison test (SuperANOVA, version. 6.11 for

Macintosh Abacus Concepts, USA). Different letters indicate significant

differences between treatments (PSO.05, n=4), and superscript numbers indicate

the comparisons for each species only (1=G. multifolia; 2=G. villosa).

3. Results

During shade (Figure 1a) and drought (Figure 1b) stress, G. multifolia had a

reduction in its light saturated photosynthetic rates (Pmax), whilst the Pmax for G.

villosa remained unchanged. These photosynthetic patterns of both species,

concur with their respective stomatal conductance (Gs) (Figure 2a,b) and

transpiration rates (E) (Figure 3a,b).
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Fig. 1: Leaf photosynthetic rates (Pmax) In umol

CO2.m-2.s-1 of Gethyllis multifolia and G. villosa

during drought and shade stress over an

experimental period of six months. Readings were

taken at full leaf emergence during the peak of the

growth phase (June). Different letters indicate

significant differences between means ± SE of

treatments (P:SO.05, n=4), and superscript numbers

indicate the comparisons for each species only (l=G.

multifolia; 2=G. villosa).
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Fig. 2: Stomatal conductance (Gs) in mmoli.s" of

Gethyllis multifolia and G. villosa during drought

and shade stress over an experimental period of six

months. Readings were taken at full leaf emergence

during the peak of the growth phase (June).

Different letters indicate significant differences

between means ± SE of treatments (P::SO.05,n=4),

and superscript numbers indicate the comparisons

for each species only (1=G. multifolia; 2=G. villasa).
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Fig. 3: Transpiration rates (E) in mmol H20.m-2.s-1

of Gethyllis multifolia and G. villosa during drought

and shade stress over an experimental period of six

months. Readings were taken at full leaf emergence

during the peak of the growth phase (June).

Different letters indicate significant differences

between means ± SE of treatments (P::;O.05, n=4),

and superscript numbers indicate the comparisons

for each species only (l=G. multifolia; 2=G. villosaï.

In spite of the differences in photosynthetic shade responses in G. multifolia and

G. villosa, the photosynthetic water-use efficiencies (PWUE) remained unchanged

in both species during shade stress (Figure 4a). However, G. multifolia had an

128



increase in PWUE under drought stress, whilst G. villosa remained unchanged
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Fig. 4: Water-use efficiency (PWUE) in umol

CO2.mmor] H20 of Gethyllis multifolia and G.

villosa during drought and shade stress over an

experimental period of six months. Readings were

taken at full leaf emergence during the peak of the

growth phase (June). Different letters indicate

significant differences between means ± SE of

treatments (P:SO.05, n=4), and superscript numbers

indicate the comparisons for each species only (1=G.

multifolia; 2=G. villasa).
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The decline in the Pmax of G. multifolia in response to drought and shade stress is

not related to leaf morphological adaptations such as specific leaf mass (SLM)

(Figure 5a,b), but rather to leaf photochemistry and the associated pigments. In

this regard, G. multifolia plants had an increase in the light compensation point

(LCP) under drought and shade stress, whereas the LCP of G. villosa remained

unchanged (Figure 6a,b). Furthermore, the apparent photon yield of G. multifolia

declined sharply during shade and drought stress, whilst G. villosa remained

unaffected (Figure 7a,b). These responses were not associated with an alteration

in the dark respiratory costs of G. multifolia and G. villosa leaves (Figure 8a,b).

However, the ratio of photosynthesis to dark respiration indicates that although

there were no changes in G. villosa, there was a significant decline in G.

multifolia during shade and drought stress (Figure 8c,d).
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Fig. 5: Specific leaf mass (SLM) in g.m" of G.

multifolia and G. villosa during drought and shade

stress over an experimental period of six months.

Readings were taken at full leaf emergence during

the peak of the growth phase (June). Different letters

indicate significant differences between means ± SE

of treatments (P:<sO.05, n=4), and superscript

numbers indicate the comparisons for each species

only (1=G. multifolia; 2=G. villasas.
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Fig. 6: Light compensation points (Lep) In umol

m_2.s_1 of Gethyllis multifolia and G. villosa during

drought and shade stress over an experimental

period of six months. Readings were taken at full

leaf emergence during the peak of the growth phase

(June). Different letters indicate significant

differences between means ± SE of treatments

(P:SO.05, n=4), and superscript numbers indicate the

comparisons for each species only (1=G. multifolia;

2=G. villosa).
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Fig. 7: Leaf photon yield in mol CO2 .mol" of G.

multifolia and G. villosa during drought and shade

stress over an experimental period of six months.

Readings were taken at full leaf emergence during

the peak of the growth phase (June). Different

letters indicate significant differences between

means ± SE of treatments (P::;O.05, n=4), and

superscript numbers indicate the comparisons for

each species only (1=G. multifolia; 2=G. villosa).
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Fig. 8: Leaf dark respiration rates (Dr) (a) and (b) in umol CO2 m·2.s·1 and ratio of photosynthesis (Pmax)

to dark respiration (Dr) (c) and (d) of Gethyllis multifolia and G. villosa during drought and shade stress

over an experimental period of six months. Readings were taken at full leaf emergence during the peak

of the growth phase (June). Different letters indicate significant differences between means ± SE of

treatments (P::::;O.05, n=4), and superscript numbers indicate the comparisons for each species only (1=G.

multifolia; 2=G. villasa).

The chlorophyll analyses indicated that although G. multifolia maintained the

chlorophyll levels under drought (Figure 9a) and increased them during shade

stress (Figure 9b), there was no change in the ratio of chlorophyll a:b (Figure
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9c,d). However, for G. villosa, there was a change in chlorophyll levels during



drought and shade, with a ratio that shifted towards more synthesis of chlorophyll

b (Figure 9c,d).
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Fig. 9: Total leaf chlorophyll (a) and (b) In umol.m" and leaf chlorophyll ratio (c) and (d) of G.

multifolia and G. villosa during drought and shade stress over an experimental period of six months.

Readings were taken at full leaf emergence during the peak of the growth phase (June). Different letters

indicate significant differences between means ± SE of treatments (P:SO.05, n=4), and superscript numbers

indicate the comparisons for each species only (I=G. multifolia; 2=G. villasa).

4. Discussion

Both species responded to drought and low light stress conditions by alterations in

their photosynthesic performance.
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During drought stress, the ability of leaf photosynthesis to adapt to dry conditions

depends on a suite of alterations relating to leaf morphology, stomatal control and

photochemistry. Under drought stress, G. villosa had a better photosynthetic

performance than G. multifolia, which appears not to be related to foliar

adaptations such as specific leaf mass (SLM), but to G. villosa's leaves

maintaining their stomatal conductance (Gs), photosynthetic light compensation

(Lep) and photon yields during the dry periods. Stomatal control during

photosynthesis is a well-known adaptation, as documented in previous research

work done in various ecosystems (Winter and Schramm, 1986; Duan et al., 2005;

Valliyodan and Nguyen, 2006). The maintenance of Lep and photon yields may

be related to the increases in the light harvesting pigment, chlorophyll b. The role

of chlorophyll in photosynthetic drought adaptations have been previously

demonstrated by Musil et al. (2009) for a geophytic plant species and Sanchez et

al. (1982) for maize plants.

The inability of G. multifolia plants to maintain their photosynthetic performance

under drought conditions, is underpinned by both stomatal and photochemical

factors. In G. multifolia plants, the increase in photosynthetic Lep and the decline

in apparent photon yield under drought conditions indicated that these leaves were

not able to efficiently utilise light energy for photosynthesis. According to

Tabaeizadeh (1998), drought-induced responses in plant cells are characterized by

a reduction in photosynthetic activity due to a series of effects including the

reduced activity of photosynthetic enzymes. Although the chlorophyll

concentrations of G. multifolia were unaffected by drought, the Lep and photon
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yields indicate that the efficiencies of the pigment-related photochemical reactions

may have been impaired.

The decline in Gs, concurs with previous findings to that of stomatal closure in

order to conserve water (Tabaeizadeh, 1998; Duan et al., 2005). In G. multifolia,

the G, declined by 70% of the control, whereas Pmax declined by 62%, indicating

that G, may serve as a major adaptive measure for leaves under drought stress.

This relationship between G, and photosynthesis is congruent with previous work

(Winter and Schramm, 1986; Duan et al., 2005; Valliyodan and Nguyen, 2006)

and in particular with findings from mediterranean-type climates where the

decrease in stomatal conductance caused the stomatal limitation on photosynthesis

to increase by as much as 70% (Galmés et al., 2007). In spite of the decrease in

photosynthesis for G. multifolia under drought stress, the . .mcrease m

photosynthetic water-use efficiency (PWUE) was a consequence of a greater

decline in transpiration rate than photosynthesis. Similar responses were reported

in Castanea dentata plants where an increase in irradiance and not necessarily

drought, resulted in an increase in the PWUE (Wang et al., 2006).

suite of alterations relating to leaf morphology, phytochemistry and

During shade stress, leaf photosynthesis can adapt to low light conditions via a

photochemistry. Gethyllis villosa had a better photosynthetic performance in low

light, compared to G. multifolia. Compared to the Pmax decline of G. multifolia, G.

villosa maintained its photosynthetic rate under low light. This was possible in G.

villosa, by not changing the photosynthetic LCP in the shade. The underlying
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In the case of G. multifolia, the inability to shift its chlorophyll ratios during

shade, may have led to its increase in LCP and its decline in photon yield.

Furthermore, the decline in the ratio of photosynthesis to dark respiration in G.

multifolia, indicates a significant decline in G. multifolia's capacity to maintain a

higher net carbon gain during shade. These findings indicate that G. multifolia's

inability to acclimate to shade is drastically compounded by the lower net gain in

carbon during shade. Similarly, in Tradescantia albiflora (which is closely related

to T jluminensis), no difference was reported in the chlorophyll a:b ratio during

shade, which reflected a reduction in the photosynthetic rate and consequently a

lower net carbon gain (Chowet al., 1991).

cause of this adaptation in G. villosa is probably due to its capacity to synthesize

relatively more chlorophyll b, which is used for light harvesting. Additionally, this

improved chlorophyll b investment of G. villosa may also underpin its unchanged

photon yield during shade, whereas G. multifolia had a decline. Itwas reported by

Adamson et al. (1991) that the chlorophyll a:b ratio decreases with decreased

irradiance, and this adaptive strategy was reflected in G. villosa. Similarly, a

decrease in the chlorophyll a:b ratio during shade was reported for Tradescantia

jluminensis, a problem plant in New Zealand forests (Maule et al., 1995).

5. Conclusion

These findings indicate that G. villosa plants are able to adapt their Pmax to

drought and shade conditions. The inability of G. multifolia to adapt to a wider

range of environmental extremes such as drought and shade, may be a

contributing factor underpinning its threatened conservation status.
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Abstract

Gethyllis multifolia L. Bolus and G. villosa Thunb. are winter-growing, summer-

blooming, deciduous and bulbous geophytes and grow in the succulent Karoo

biome of South Africa. G. multifolia is threatened in its natural habitat and is
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listed in the 'Vulnerable' category of the Red Data List of Southern African

Plants. Gethyllis villosa grows in the same natural habitats, has smaller bulbs and

therefore fewer reserves but has the same flower production as G. multifolia. The

aim of this study was to determine, how efficiency of growth and flower

production costs over the four phases of growth, senescence, reproduction and

dormancy, has enabled G. villosa to achieve this. The dry weights, nitrogen and

carbon concentrations and relative growth rate for the roots, bulbs and leaves were

measured over the four phases to determine which of the two species uses its
....

available natural resources more efficiently. This investigation revealed that with

a significantly smaller bulb structure, G. villosa was able to produce more leaves

per bulb mass, invested more resources back into the bulb during senescence and

had a higher flower to bulb ratio during the reproduction phase. These

physiological responses of G. villosa suggest that it is more efficient at resource

utilisation as a survival strategy and this could be a contributing factor to why G.

multifolia is threatened in its natural habitat and G. villosa not.

Keywords: Carbon; Gethyllis species; Nitrogen; Relative growth rate; Specific

carbon acquisition rate; Specific nitrogen aquistion rate

1. Introduction

The genus Gethyllis (family: Amaryllidaceae) consists of 37 currently accepted

species and subspecies (Muller-Doblies, 1986). Gethyllis villosa occurs more
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frequently throughout South Africa whilst G. multifolia is threatened in its natural

habitat and is listed in the 'Vulnerable' category of the 'Red Data List of Southern

African Plants' (Hilton-Taylor, 1996), which is the list of endangered plants in



southern Africa. Both species are winter-growing, summer-blooming, deciduous,

bulbous geophytes (Du Plessis and Delpierre, 1973). Gethyllis species, in general,

thrive under full sun conditions and their habitat ranges from the succulent Karoo,

coastal areas and the inland plateau of South Africa (Snijman, 2004). Gethyllis

multifolia and G. villosa grow naturally in the succulent Karoo biome (Figure 1)

of South Africa, which is primarily characterized by low to high winter rainfall

and extreme summer aridity. The rainfall varies between 20 and 290 mm per year

and during summer the temperatures can be in excess of 40°C (Figure 3). These

high summer temperatures and dry conditions can generally result in high

transpiration rates, low photosynthetic activity, drought stress and eventually

death of plants if efficient survival strategies are not being applied (Cowling et al.,

1986).

Figure 1: Succulent Karoo biome (north-western

Cape, South Africa) which represents the natural

habitat of Gethyllis multifolia and G. villosa

(National State of the Environment Report, 2010).
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Some of the adaptation strategies of bulbous geophytes from the succulent Karoo

biome include hair on the leaves (including Gethyllis species) of some species to

trap moisture, prevents excessive transpiration and helps to protect the bulbs from

the sun (Liltved, 1992; Elvin, 2000). Geophytes also survive long periods of

environmental stress such as summer drought by dying back to underground

storage organs, only to re-sprout and growing vigorously the following growing

season, as in the case with Gethyllis species (Esler and Rundel, 1998; Dafni et al.,

1981). Reproduction in geophyte or bulbous species from arid environments is

also directly limited by the plant's biomass budget, of which there is a relationship

between reproductive biomass and below-ground storage of long-term as well as

current biomass reserves (Orians and Solbrig 1977; Bloom et al., 1985).

Both G. multifolia and G. villosa suffer under drought stress and this phenomenon

was found to be more significant on G. multifolia (Daniels, 2007). Itwas observed

that under drought stress G. multifolia plants have a delayed production of leaves

at the onset of the new growing season. Leaves are normally stunted and during

the flowering season, no flowers are produced or flowers are aborted during the

bud stage. In some cases the flowers are produced without a style and stigma or

with a reduced number of stamens to prevent the flower from being fertilized and

consequently seed being produced (Daniels, 2007; Du Plessis and Duncan, 1989).
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Considerable effort has been made to characterize the carbon (C) and nitrogen (N)

isotopic composition of plants from different habitats (Currin et al., 1995),

however, there have been few, if any scientific studies on the fluctuations in the



C:N concentrations of bulbous plants during their growth and dormant phases. It

has been reported by Ryan et al. (1997) and Amthor (2000) that the carbon-use

efficiency can vary greatly among and within species based on the respiratory

needs for growth and maintenance.

Gethyllis multifolia plants are 200 mm in height (when fully grown), with twisted,

lightly hairy, needle-like leaves and white to cream flowers in early December.

The bulb structure of G. villosa is significantly smaller than that of G. multifolia

(Figure 2). Mature plants of G. villosa are 30-150 mm in height with flat, loosely

spiraled leaves covered with soft, white, T-shaped hairs and white to pink flowers

(same size as G. multifolia) also in early December (Hortsmann, 1999). In spite of

having smaller bulbs and therefore fewer reserves, G. villosa has the same flower

production as G. multifolia.
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Figure 2: The bulb structures of Gethyllis

multifolia and G. villosa indicating the significant

size difference in the two structures.



According to Ruiters et al. (1993a), few studies of resource allocation in

geophytes of the Cape fynbos, which experiences a dry summer from October to

March (Figure 3), have been conducted. The aim of this study was to determine,

over the four phases of growth, senescence, reproduction and dormancy, how

efficiency of growth and flower production costs, have enabled G. villosa to

achieve this. This investigation could elucidate the survival strategies of these two

species and provide answers as to why G. multifolia is threatened and G. villosa

not, even though both are growing in the same areas. The literature review

revealed no data on the physiological adaptations of these two species and this

investigation could provide much needed data, which could contribute to the

future conservation and existence of the threatened and indigenous G. multifolia

plant.

2. Materials and methods

2.1. Plant materials

Mature G. multifolia and G. villosa plants were identified and obtained with

permission from the Karoo Desert National Biodiversity Garden (KDNBG)

(Worcester, Western Cape, South Africa) towards the end of their winter growth

phase (September), from their natural habitat (Worcester), where new roads and

sewerage lines were planned through existing populations. Gethyllis multifolia is

threatened in its natural habitat, as already mentioned, and for conservation

purposes the exact location of this species is omitted. The plants (with fleshy

roots) of both species (n= 10per species per growth phase) were potted up in 15
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cm nursery pots in sandy, clay soil (pH 4.3-4.4) obtained from the natural habitat

of the two species (Table 1). The plants were grown under outdoor conditions for

18 months which included a dormancy and reproductive phase (6 months- spring

and summer), a growth and senescence phase (6 months- autumn and winter) and

a second dormancy and reproductive phase (6 months- spring and summer) at the

nursery of the Department of Horticultural Sciences, Cape Peninsula University of

Technology (CPUT), Cape Town, Western Cape, South Africa.
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2.2. Environmental conditions

Temperatures around the growing plants during the winter growth phase ranged

from 8-24°C (Figure 3) and the relative humidity from 36-100% (measured with a

Majortech CE Digital relative humidity/temperature meter, Spraytech, Bellville,

Western Cape, South Africa). The photosynthetic photon flux density (PPFD)

(measured with a Toptronie T630 digital lux meter, Spraytech, Bellville, Western

Cape, South Africa) and converted from lux to PPFD, averaged 1825 ± 63 umol

m-2.s-1• All readings were taken at the following time intervals: 09hOOam, 12hOO

pm and 15hOOpm daily. The PPFD for the dormant phase was not measured since

no growth took place over this period. The plants were irrigated by the ambient

rainfall of the Western Cape (Figure 3) (weather data provided by the South

African Weather Service). During the senescent and dormant phases these plants

receive very little or no rain in their natural habitat, therefore, no irrigation was

applied during the senescence and dormant phases of the experimental period.



Soil analysis were done on soil samples (n=4) which were collected from four

pots in which G. multi/alia and G. villosa plants were growing (Table 1). These

soil samples were originally collected from the natural habitat of both species, as

previously mentioned. The soil samples were analyzed for total N, P, K, Na, Ca,

Mg, Cu, Zn, Mn, B, and C using ICP-MS analysis and a LECO-nitrogen analyzer

with suitable standards (Bemlab, Van der Berg Crescent, Strand, South Africa).

I--AVE. Mllf.7EMP. -o-J.VI:. MAK. TEMP. -.-Av.::. RA:NrALL I
tbL

14C9' t2C

~ S tUL= 5E ;;' SC
~.:': SC
5.: 4C.. ..
f-o ~ 2C

Years 2006-2007

Figure 3: The average rainfall (mm) and average daily

minimum/maximum (0C) temperatures for the Cape Town area (Western

Cape, South Africa) for the years 2006 and 2007. Each value was

obtained by calculating the mean for the two years ±SE. The data was

provided by the South African Weather Bureau and was recorded at the

Cape Town weather office.
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Table 1: Soil sample analysis (n=4) of soil from the natural habitat of GethylLis multifolia

and G. vilLosa plants (Worcester, Western Cape, South Africa). Plants were grown in the

same soil in 15 cm pots in a north-facing nursery (Cape Town, Western Cape, South

Africa) during April-July (growth phase of both species). Plants were exposed to the

ambient rainfall, irradiance and temperature of the area during this period.

Parameter Mean±SE

Soil type
pH (KCI)
Stone (Vol. %)
H+ (cmol/kg)
P (mg/kg)
K (cmol( +)/kg)
Ca (cmol( +)/kg)
Mg (cmol( +)/kg)
Na (cmol(+)/kg)
Mn (mg/kg)
Cu (mg/kg)
Zn (mg/kg)
B (mg/kg)
C (%)

Sandy/clay
4.33±O.025
26.25±2.84
0.89±O.025
16.75±1.79
0.32±O.01
3.61±O.04
9.54±O.32
2.23±O.06
2.35±O.05
0.16±O.01
1.80±O.43
0.32±O.05
0.40±O.03
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2.3. Harvesting and chemical analyses

The leaf, bulb, root, and flower carbon and nitrogen concentrations were

measured to determine their fluctuation over the growth, senescence, dormancy

and reproductive phases. Ten plants per growth phase of each species were

originally planted and eight of the healthiest plants were selected for harvesting.

The first harvesting (phase 1 - fresh leaves, bulbs and roots) was done during new

biomass emergence, 30 days after planting (dap) at the onset of the growth phase

(April 2007).



The second harvesting (phase 2 - fresh leaves, bulbs and roots) was done at full

emergence (pre-senescence) at 130 dap, at the peak of the growth phase (August

2007). The third harvesting (phase 3 - dry leaves, fresh bulbs and fresh roots) was

done at 161 dap, after yellowing and drying of the leaves (senescence) at the end

of the growth phase (October 2007). The fourth harvesting (phase 4 - fresh

flowers, bulbs and roots) was done at 246 dap, during the reproductive phase

(early December 2007).

Gethyllis multifolia and G. villosa plants were excised into leaves, bulbs and

roots. All the excised plant parts and later the flowers, were dried in a fan-drying

laboratory oven (Memmert, Laboratory & Scientific, Cape Town, South Africa) at

50°C for 48 hours while the bulbs took five days to dry. Individual plant parts

were ground to a powder in a portable spice grinder using a 0.5 mm mesh (Krups

75 model F203, Hecho En Mexico, Mexico City, Mexico). Between 2.6 mg and

3.0 mg of each sample was weighed into 8 mm by 5 mm tin capsules (Elemental

Microanalysis Ltd., Devon, U.K.) on a Sartorius microbalance (Goettingen,

Germany). Dried samples were sent to the Archeometry Department of the

University of Cape Town, Observatory, Western Cape, South Africa for further

analysis according to the procedures that follows. The samples were combusted in

a Fisons NA 1500 (Series 2) CHN analyser (Fisons Instruments SpA, Milan,

Italy). The carbon (C) and nitrogen (N) values for the C and N gases released

were determined on a Finnigan Matt 252 mass spectrometer (Finnigan MAT

GmbH, Bremen, Germany), which was connected to a CHN analyser by a

Finnigan MAT Conflo control unit. Three standards were used to correct the
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samples for machine drift; two in-house standards (Merck Gel and Nasturtium)

and one IAEA (International Atomic Energy Agency) standard- (N~)2S04.

2.4. Carbon and nitrogen cost calculations

The specific utilisation and acquisition rates of C and N were calculated according

to Mortimer et al. (2008), following the adaptions made to the formula of Nielson

et al., (2001). Specific C absorption rate (SCAR) (ug c.g-I root dry weight

(DW).d-l) is the calculationof the net C absorption rate per unit root DW (Nielson

et al., 2001):

SCAR = (M2 - MI) I (h - tI) X (loge R2 - loge RI) I (R2 - RI)

Where M is the C content per plant and R is the root DW.

Specific C utilisation rate (SCUR) (g DW.!lg-IC.d-l) is a measure of the DW

gained for the C taken up by the plant (Nielson et al., 2001):

SCUR = (W2 - WI) I (h - ti) X (loge M2 -Jog.Mr) I (M2 - MI)

Where M is the C content of the plant and W is the plant DW.

The specific N utilisation rates (SNUR) and N absorption rates (SNAR) were

adapted from the above equations to include N instead of C.

Relative growth rate (RGR) = Plant DW (Phase 2) - Plant DW (Phase 1) I Plant

DW (Phase 2) I number of days between (Phases 1 and 2) x 1000.
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2.5. Statistical analysis

Significant differences of the means were separated using a post hoc Fishers's

Protected LSD, multiple comparison test (SuperANOVA, version. 6.11 for

Macintosh Abacus Concepts, USA). Different letters indicate significant

differences (P:S0.05) between species per developmental phase (n= 8).

3. Results

3.1. Pre-senescent vegetative bulb, leaf and root growth

Gethyllis multifolia initially started with larger bulbs (Figure 2) during leaf

emergence (PHI), which increased by 80% in the full leaf emergence phase (PH2)

(Figure 4b). At 30 days after planting (dap) there was an increase in dry matter

accumulation by both plant bulbs over this period (Figure 4b). In contrast to G.

multifolia, G. villosa initially started with smaller bulbs (Figure 2) in PHI and

increased its mass by 10% over the same period to PH2 (Figure 4b). Gethyllis

multifolia also started with larger roots during PHI and increased their growth to a

greater extent than that of G. villosa (Figure 4a). During the reproductive phase

(PH4) this increase in G. multifolia root dry weight (DW) was significantly higher

than that of G. villosa (Figure 4a). Interestingly, the high root DW of G. multifolia

corresponded with a loss in the bulb N concentration over the same period (Figure

6b).
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Figure 4: Dry weights of (a) roots (b) bulbs and (c) leaves of Gethyl/is

multifolia and G. villosa. Plants were cultivated in soil from their

natural habitat and harvested at 4 phases. PHI =leaf emergence;

PH2=leaf full emergence; PH3=leaf senescence; PH4= reproductive.

Values are presented as means (n=8) with standard error bars. Different

letters indicate significant differences between G. multifolia and G.

vil/osa at each phase (P~O.05).
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Figure 5: Carbon (C) concentrations of (a) roots (b) bulbs and (c)

leaves of Gethyllis multifolia and G. villosa. Plants were cultivated in

soil from their natural habitat and harvested at 4 phases. PHI =Ieaf

emergence; PH2=leaf full emergence; PH3=leaf senescence; PH4=

reproductive. Values are presented as means (n=8) with standard error

bars. Different letters indicate significant differences between G.

multifolia and G. villosa at each phase (P~O.05).
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5b;6b).

G. multifolia had faster leaf growth during PHI to PH2 (Figure 4c; Figure 7c) but

it also had a lower leaf:bulb ratio than G. villosa (Figure 7d). This greater

proportion of leaf: bulb growth of G. villosa compared to G. multifolia (Figure 7d),

corresponds with G. villosa not depleting its bulb C and N reserves (Figures
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leaves of Gethyllis multifolia and G. villosa. Plants were cultivated in

soil from their natural habitat and harvested at 4 phases. PH I=Ieaf

emergence; PH2=leaf full emergence; PH3=leaf senescence;

PH4=reproductive. Values are presented as means (n=8) with standard

error bars. Different letters indicate significant differences between G.

multifolia and G. villosa at each phase (P~O.05).
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3.2. Leaf maturity and senescence

During the stages of initial leaf emergence (PHI or phase 1) and full leaf

emergence (PH2), G. villosa produced more leaves per bulb mass (Figure 7d).

During the leaf senescent stage (PH2 to PH3), G. multifolia had a greater loss of

N than G. villosa over the same period, while G. villosa had no significant change

in leafN concentrations during PH2 to PH3 (Figure 6c).
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Figure 7: Relative growth rate (RGR) of (a) roots (b) bulbs(c) leaves and (d) leaf to bulb ratio of

Gethyllis multifolia and G. villosa. Plants were cultivated in soil from their natural habitat and

harvested at 2 phases. PHI =leaf emergence; PH2=leaffull emergence. Values are presented as means

(n=8) with standard error bars. Different letters indicate significant differences between G. multifolia

and G. villosa at each phase (P:-S:O.05).

3.3. Leaf past-senescence and flowering

In spite of having started the growth season with smaller bulbs, the flower

production of G. villosa was similar to that of G. multifolia, which started with

larger bulbs (Figures 2; 8a). This represented a significantly higher percentage of

flower dry weight per bulb in G. villosa, compared to G. multifolia (Figure 8b).
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Figure 8: Dry weight of flowers (a) and flower to

bulb ratio (b) for the reproductive phase of Gethyllis

multifolia and G. villosa. Plants were cultivated in

soil from their natural habitat and flowers and bulbs

were harvested at the reproductive phase (PH4).

Values are presented as means (n=8) with standard

error bars. Different letters indicate significant

differences between G. multifolia and G. villosa at

each phase (P~O.05).
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Figure 9: Specific carbon (C) acquisition rate (SCAR) (a), specific C utilisation rate (SCUR) (b),

specific nitrogen (N) acquisition rate (SNAR) (c) and specific N utilisation rate (SNUR) (d) for the

reproductive phase of Gethyllis multifolia and G. villosa. Plants were cultivated in soil from their

natural habitat and flowers were harvested at the reproductive phase (PH4). Values are presented as

means (n=8) with standard error bars. Different letters indicate significant differences between G.

multifolia and G. villosa at each phase (P::;O.05).

4. Discussion

Although G. multifolia produced more growth in all its vegetative stages, the

flower production of the smaller G. villosa, was strikingly similar in size. Our
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findings show that G. villosa had higher allocation of nutrients to flower

production and an increase in the efficiency of its nutrient re-location.
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4.1. Pre-senescent vegetative bulb, leaf and root growth

Owing to a larger initial bulb mass, G. multifolia increased its bulb size to a

greater percentage during the leaf emergent phases than G. villosa, which had a

smaller initial bulb size. This concurs with previous work on two desert bulb

species of Bellevalia, where it was found that B. eigii, which has a larger size bulb

than B. desertorum, invested more dry weight into its roots, bulbs and leaves at

the onset of the growth season (Boeken, 1990). It was furthermore found that this

initial investment of new growth was not determined by water availability, but by

initial bulb mass (Boeken, 1990). This implies that storage material in the initial

bulb may be an important factor in subsequent bulb success.

Similarly, G. multifolia also increased its larger initial root size to a greater

percentage than G. villosa. This phenomenon is supported by Noy-Meir (1973);

Orians and Solbrig (1977) and Bloom et al. (1985) who suggested that leaf and

root growth in plants from arid environments is limited to the available biomass.

To support the high root growth of G. multifolia, there was a loss in the bulb N

concentration, possibly to supply nutrients to the new growing roots. This

occurrence is mirrored in Pinguicula alpina, a perennial geophyte, where 40% of

the N reserves in the bulbs were invested in root and leaf development during the

actively growing season (Chapin, 1980; Karlsson, 1988). It was also found in

Curcuma alismatifolia, which has two underground storage organs, a rhizome and

storage roots, that the N accumulated in both these organs was rapidly depleted

after the first 10weeks of vegetative growth during the growing season

(Khuankaew et al., 2010). In G. multifolia, this allocation ofN from bulb to roots
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may have been supported by the initial high N concentrations in bulbs, relative to

G. villosa bulbs. Similar results were found in a study of the seasonal allocation of

biomass and resources in Sparaxis grandiflora, where the highest concentration of

N was found in daughter corms towards the end of the growing season. This N

allocation was acquired from the absorption by other plant parts and indicates a

very efficient process of N storage in the daughter corms for this plant species

(Ruiters and Mckenzie, 1994). Similar findings were observed in the 'weedy

gladiolus' (Gladiolus caryophyllaceus), where N that was accumulated by the

leafy shoot during the growth phase, redistributed this resource with 70%

efficiency to the other plant parts (Hocking, 1993).

Leaf growth is an essential part of the vegetative growth stage, to enable the

generation of photosynthate for sustaining growth of other organs. Leaves of

spring ephemerals take advantage of the high light conditions in deciduous forests

during the winter period and as a consequence have high photosynthetic rates and

absorb moisture efficiently over the entire growth stage to supply the energy

demands of all actively growing meristems (Lapointe, 2001). In spite of the faster

leaf growth of G. multifolia during PHI to PH2, it had a lower leaf:bulb ratio than

G. villosa, which may indicate the efficiency of G. villosa in producing leaves as a

proportion of its existing bulb reserves. This may be an apparent benefit of G.

villosa not depleting its bulb reserves to support the greater proportion of leaf: bulb

growth, compared to G. multifolia. This suggests that G. villosa's proportionally

greater investment in the leaves may have been to increase its photosynthetic

capacity in order to drive resources to the bulb for storage before leave
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senescence. Similar physiological adaptations were observed in the spnng

ephemeral, Erythronium americanum, which evolved a characteristic phenology

that allows them to take advantage of the high light intensities whilst growing on

the forest floor, prior to canopy closure during spring. Growth of this species is

initiated in autumn and is characterized by the development of new roots and the

start of shoot growth (Lapointe and Lerat, 2006).

4.2. Leaf maturity and senescence

Although G. villosa produced more leaves per bulb mass, as an indication of

photosynthetic investment, the ability to extract as much reserves from these

leaves at the end of their life cycle, may also be a distinct advantage for resource-

limited plants (Boeken, 1990). Since the senescent phase is followed by the

flowering phase in both G. multifolia and G. villosa, the efficient resource

recovery may benefit the plants during flower production. Similar physiological

responses were observed in the bulbous geophyte Haemanthus pubeseens L.

subsp. pubeseens where substantial quantities of N, soluble carbohydrates and

starch were moved into the bulb components with the onset of unfavourable

conditions (summer drought). This response indicates that the levels of

macronutrients, in particular nitrogen and carbohydrate storage in the bulb

structure, appeared to be added determinants for flowering in this species (Ruiters,

1995). The greater loss of N in the leaves of G. multifolia, compared to G. villosa

during the senescent phase, may have been to replenish below-ground N in bulbs

and roots. This is an interesting possibility for G. multifolia, since its leaf

production relied heavily on bulb N reserves during the leaf emergent phases.



4.3. Leaf past-senescence and flowering

Although G. villosa has smaller bulbs than G. multifolia, the similar flower

production in the species is an indication of higher resource allocation to

flowering in G. villosa. This high resource allocation may be underpinned by the

efficient utilisation of C and N in G. villosa to support such a high ratio of flowers

and leaves to bulb size. This was most likely due to the significantly higher C

acquisition (SCAR) and utilisation (SCUR) rates of flowers from bulbs in G.

villosa, compared to G. multifolia (Figure 9a;b). The N acquisition (SNAR) and

utilisation (SNUR) of flowers from bulb reserves are also significantly higher in

G. villosa than in G. multifolia. Similar findings were reported by Kamenetsky

(1994) where Allium rothii, a desert geophyte, which lacks specific xerophytic

adaptations such as sclerophyllous or succulent leaves, survives drought stress.

Allium rothii successfully survives in desert environments with nutrient poor soils,

due to its effective life strategy, reproductive mechanisms and life cycle

specifically adapted to these environments (Chapin et al., 1990; Ruiters et al..

1993b).
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5. Conclusion

It has been reported that resource allocation in plants is the result of both their

genotype and environment, and that intra- and interspecific variation has been

exhibited by plants for both biomass and nutrient allocation (Chmielewski and

Ringius, 1987; Fitter and Setters, 1988; Zimmerman and Whigham, 1992). This

investigation found that G. villosa has more efficient C and N utilisation during



vegetative and reproductive growth stages than G. multifolia, as evidenced by the

high leaf and flower production per unit bulb mass and C and N bulb re-allocation

during senescence. This may contribute to the less vulnerable conservation status

of G. villosa relative to G. multifolia in their natural semi-arid environment.
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Abstract

The oxygen radical absorbance capacity (ORAC), ferric reducing antioxidant power

(FRAP), the ABTS radical cation scavenging ability, total polyphenol, flavonol!



flavone and flavanone contents were measured in the leaves, bulbs, roots, flowers and

fruit (dry weight) of two natural populations of Gethyllis multifolia (Kukumakranka)

and G. villosa. The flowers and fruit of G. multifolia and G. villosa showed higher,

and in some cases significantly (P<0.05) higher antioxidant activities and total

polyphenol content when compared to the leaves, bulbs and roots. The flavonol!

flavone content of the fruit and flowers of G. multifolia was also found to be higher

than the other plant parts. The fruit and flower flavonol! flavone content for G. villosa

was lower than the other plant parts, whereas the flavanone content in the fruit and

flowers for both species were found to be lower than the other plant parts. The total

polyphenol content in the fruits of G. multifolia (21.54 mg GAE/g) and G. villosa

(27.64 mg GAE/g) were found to be in agreement with those of raisins (28.30 mg

GAE/g) and blueberries (24 mg GAEl g). The FRAP values of G. multifolia flowers

(76.66 umole AAE/g) and fruit (91.51 umole AAE/g) were found to be significantly

(P<0.05) higher than those of the other plant parts (16.76 to 39.08 umole AAE/g). On

the other hand, the flowers (590.23 umole TElg) and fruit (741.16 umole TElg) ofG.

villosa revealed a significantly (P<0.05) higher ORAC when compared to the other

plant parts (251.25 to 410.60 umole TElg). A strong correlation was evident in the

fruit of both species between the total polyphenols and FRAP (r=0.95), ORAC

(r=0.95) and flavonol content (r=0.79). No flavanols were detected in the leaves,

bulbs, roots, flowers and fruit of both species.

Key words: ABTS; Antioxidant; flavanones; flavonols; FRAP; Gethyllis;

Kukurnakranka; ORAC; polyphenols.
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1. Introduction

The medicinal value of plants has become more evident during the past few decades

owing largely to the discovery of extracts from plants that contain a diverse array of

secondary metabolites with antioxidant potential (Akinmoladun et aI., 2007). Free

radicals, as associated with exposure to environmental pollutants, radiation,

chemicals, toxins, deep fried and spicy foods as well as physical stress, may cause

depletion of antioxidants which are implicated in the protection of the immune

system (Halliwell, 1994; Kuhnau, 1976; Kumpulainen and Salonen, 1999; Younes,

1981). These free radicals also contribute to many disorders in humans including

atherosclerosis, arthritis, ischemia and reperfusion injury of various tissues, central

nervous system injury, gastritis, cancer and AIDS (Kumpulainen, 1999; Cook and

Samman, 1996). Recently there has been an upsurge of interest in the therapeutic

potentials of medicinal plants in reducing such free radical-induced tissue injury

(Schuler, 1990).
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Fruits and vegetables contain high levels of polyphenolic compounds with

antioxidant activity and can reduce the risk of chronic inflammation in humans

(Finley, 2004). These findings have inspired the widespread screening of plants for

possible medicinal and antioxidant properties, and the development and utilisation of

antioxidants of natural origin (Jayaprakasha et aI., 2001). Recent antioxidant studies

further confirmed that our knowledge is still too limited for formulation of
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recommendations for the general population or for particular populations at risk of

specific diseases (WHO/FAO, 2003).

Gethyllis multifolia L. Bolus and Gethyllis villosa Thunb. (family: Amaryllidaceae)

are deciduous, winter-growing, summer-blooming, bulbous geophytes indigenous to

South Africa (Du Plessis and Delpierre, 1973). The genus Gethyllis (more commonly

known as "Kukumakranka" in South Africa), consists of 37 currently accepted

species and subspecies (Muller-Doblies, 1986) and is one of the most extraordinary

and poorly researched of all southern African genera (Liltved, 1992). Gethyllis

species grow under full sun conditions and their natural habitats range from sandy

soils to mountainous rocky terrains. The genus have four growth phases: a winter

(cold and wet) growing phase, leaf senescence towards spring, flowering during the

hot and dry summer months (when no leaves are present) and fruit formation in

autumn, which is the start of a new growing season (Du Plessis and Duncan, 1989).

The medicinal uses of this genus range from cures for colic, digestive disturbances,

teething problems, fatigue, boils, bruises and insect bites, to being used as an

aphrodisiac (Du Plessis and Delpierre, 1973; Louwet al., 2002; Van Wyk et al.,

2009). Apart from its medicinal properties, many members of this genus (including

G. multifolia) have a highly fragrant, edible fruit, which was used in the past to

perfume rooms and linen (Lighton, 1992).

Studies by Babajide et al. (2010) and Elgorashi & Van Staden (2003) revealed anti-

inflammatory and anti-bacterial activity for both G. multifolia and G. villosa.



Babajide (2009) further reported higher polyphenolic content, flavonoid content and

antioxidant activity in whole plants for G. multifolia when compared to G. villosa.

Although, according to Rood (1994), the fruit and flowers are the most medicinally

useful parts of Gethyllis species, there has however, to our knowledge, been no

published literature reporting on scientific studies based on these plant parts.

Previously, the following compounds, the dihydroxydimethylbenzopyran-4-one:

isoeugenitol, its 5-0-glycoside and 9Z-octadec-9-enamide, have been isolated from

the roots and bulbs of G. ciliaris (Elgorashi et aI., 2007). It is also proposed, through

photographic studies of the fruit of G. multifolia and G. villosa, that the dark red

colour in the fruit of G. multifolia may be due to the presence of colour pigments i.e.

carotenoids or anthocyanins that are known to have antioxidant activity (Daniels,

2007). Antioxidant studies by Babajide (2009) found the presence of anthocyanins in

water and methanol extracts of whole plants of G. multifolia while none was detected

in similar extracts of G. villosa.
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In South Africa, there is a reluctance amongst traditional healers to use medicinal

plants from cultivated sources, although some would be willing to test their potency

(Dold and Cocks, 2002). Gethyllis multifolia is threatened in its natural habitat and

conservation methods to prevent traditional healers from plundering the natural

biodiversity have largely been unsuccessful (Dold and Cocks, 2002). Gethyllis

multifolia and many other members of this genus have a highly fragrant and tasty

fruit with claimed medicinal uses by traditional healers and old folk. The genus

Gethyllis is poorly researched and there are many reports of its medicinal uses in the



past which have not been scientifically justified. This study reports on the

comparative investigation of antioxidant-capacity and -content of the leaves, bulbs,

roots, flowers and fruit of natural populations of G. multifolia and G. villosa.
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2. Materials and methods

2.1. Plant materials

Gethyllis multifolia and G. villosa bulbs were obtained, with permission from the

Karoo National Biodiversity Garden, in 2006 after their winter growth phase (July to

mid-August), from their natural habitat (Worcester, Western Cape, South Africa).

Mature plants of the same height and diameter were excised into leaves, bulbs and

roots (n=10) and dried in a laboratory oven (Memmert, Laboratory & Scientific, Cape

Town, South Africa) at 50°C for 48 hours. The bulbs of both species took

approximately five days to dry. Individual plant parts were ground to a powder in a

portable spice grinder (Krups 75 model F203, Hecho En Mexico, Mexico City,

Mexico). From the same population, flowers (n= 10) of both species were collected at

the beginning of December 2006 (summer), while the fruit (n=7) were collected

towards the end of March 2007 (autumn). The same drying and grinding procedures

as for the leaves and roots were followed.

2.2. Sample preparation

Crude extracts of the leaves, bulbs, roots, flowers and fruit of both species were

prepared without delay, by stirring the various dried, powdered plant materials (0.05

g of each) in 80% (v/v) ethanol (50 mL) (EtOH) (Saarchem, South Africa) whereafter



it was centrifuged at 4000 rpm for 5 min. The supernatants were used for all analyses.

The same sample preparation technique was followed for all assays and all analyses

were performed in triplicate.

2.3. Totalpolyphenol, flavonol/flavone andflavanone content

The total polyphenol content of the various crude extracts was determined by the

Folin Ciocalteu method (Singleton et aI., 1999). Using a 96-well clear (visible range)

microplate, 25 ul, of sample was mixed with 125 ul, Folin-Ciocalteu reagent (Merck,

South Africa), diluted 1:10 with distilled water. After 5 min., 100 ul, (7.5%) aqueous

sodium carbonate (Na2C03) (Sigma-Aldrich, South Africa) was added to the well.

The plates were incubated for 2 hours at room temperature before the absorbance was

read at 765 nm using a Multiskan plate reader (Thermo Electron Corporation, USA).

The standard curve was prepared using 0, 20, 50, 100, 250 and 500 mg/L gallic acid

in 10% EtOH and the results were expressed as mg gallic acid equivalents per g dry

weight (mg GAE/g DW).
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The flavonol content was determined using quercetin (0, 5, 10, 20, 40, 80 mg/L) in

95% ethanol (Sigma-Aldrich, South Africa) as standard. This assay measures both

flavonols and flavones since both groups absorb ultra-violet light maximally around

360 nm. In the sample wells, 12.5 ul, of the crude sample extracts was mixed with

12.5 ilL 0.1% HCI (Merck, South Africa) in 95% ethanol, 225 ilL 2% HCI and

incubated for 30 min. at room temperature. The absorbance was read at 360 nm at a



temperature of 25 oe (Mazza et aI., 1999). The results were expressed as mg

quercetin equivalents per g dry weight (mg QE/g DW).

The flavanone content was determined using an adapted version of the method as

described by Kosalek et al. (2004). This method was adapted with minor

modifications such as reducing assay volumes for the 96-well plates. Briefly, 100 ul.

of sample was mixed with 200 ul, 1% 2,4-dinitrophenylhydrazine (DNPH) (2%

H2S04 in methanol (MeOH). After incubation at 50 oe for 50 min., 700 ul, of 10%

potassium hydroxide (KOH) in 70% MeOH was added. The samples were

centrifuged and 30 ul. of the resulting supernatant mixed with 270 ul, MeOH in a 96-

well clear plate (visible range) and the absorbance read at 495 nm. A linear standard

curve using 0, 0.2, 0.5, 1.0, 1.5, 2.0 mg/mL naringenin (Sigma-Aldrich, South Africa)

in methanol was included. The results were expressed as mg naringenin equivalents

per g dry weight (mg NEig DW).
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2.4. Antioxidant capacity

2.4.1. Ferric reducing antioxidant power (FRAP) assay

The FRAP assay was performed using the method of Benzie and Strain (1999). In a

96-well clear microplate (visible range), 10 ul. of the crude sample extract was mixed

with 300 ul, FRAP reagent [0.3 M acetate buffer, pH 3.6 (Saarchem, South Africa),

10 mM 2, 4, 6-tripyridyl-s-triazine (TPTZ) in 0.1 M Hel (Sigma-Aldrich, South

Africa), 20 mM iron (III) chloride hexahydrate (Feeh.6H20) (Sigma-Aldrich, South

Africa), 6.6 mL distilled water] and incubated for 30 min. at 37 oe in the plate reader.



Absorbance was measured at 593 nm. L-Ascorbic acid (Sigma-Aldrich, South Africa)

was used as a standard with concentrations varying between 0 and 1 000 fJ.M.The

results were expressed as fJ.Mascorbic acid equivalents per g dry weight (fJ.MAAE/g

DW).

2.4.2. 2,2 -azino-di-3-ethylbenzthiazoline sulphonate (ABTS) assay

The ABTS assay was performed following the method of Re et al. (1999). The stock

solutions included 7 mM ABTS and 140 mM potassium-peroxodisulphate (K2S20g)

(Merck, South Africa) solutions. The working solution was then prepared by adding

88 fJ.LK2S20g solution to 5 mL ABTS solution. The two solutions were mixed well

and allowed to react for 24 h at room temperature in the dark. Trolox (6-hydrox-

2,5,7,8-tetramethylchroman-2-carboxylic acid) was used as the standard with

concentrations ranging between 0 and 500 fJ.M.The ABTS mix solution was diluted

with ethanol to read the start-up absorbance (control) of approximately 2.0 (±O.I).

Crude sample extracts (25 fJ.L)were allowed to react with 300 fJ.LABTS in the dark

at room temperature for 30 min. before the absorbance was read at 734 nm at 25°C in

a plate reader. The results were expressed as fJ.MTrolox equivalents per g dry weight
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(fJ.MTElg DW).

2.4.3. Oxygen radical absorbance capacity (ORAe) assay

The H-ORACFL values were determined according to the methods of Prior et al.

(2003) and Wu et al. (2004). A stock standard solution of Trolox (500 fJ.M)was



diluted in phosphate buffer (75 mM, pH 7.4) to provide calibration standards ranging

from 5 to 25 11M.The Fluoroskan ascent plate reader (Thermo Fisher Scientific,

Waltham, USA) equipped with an incubator was set at 37°C. Fluorescence filters

with an excitation wavelength of 485 nm and emission wavelength of 538 nm were

used. A fluorescein stock solution was prepared in phosphate buffer and further

diluted to provide a final concentration of 14 11Mper well. The peroxyl generator,

2,2'-azobis (2-amidino-propane) dihydrochloride (AAPH) (25 mg/ mL in phosphate

buffer), was added with a multichannel pipette to give a final AAPH concentration of

4.8 mM in each well. The fluorescence from each well, containing 12 ul. diluted

hydrophilic extract, was read every 5 min. for 2 hours. The final ORACFL values were

caculated using the regression equation y = ax2 + bx + c between the Trolox

concentration (11M)and the area under the curve. The results were expressed as 11M

Trolox equivalents per g dry weight (11MTE/g DW).

2.5. Statistical analysis

The statistical significance between antioxidant activity values of the various crude

plant extracts was determined by an analysis of variance (ANOYA) where P<0.05

was considered to be statistically significant. The computer program employed for the

statistical analysis was Medeale version 9.4.2.0 (MedcaIc, Belgium). Microsoft

Office Excel 2006, version 12 (Microsoft Corporation, USA) was employed to

determine the correlation between antioxidant contents and activity.
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3. Results

3.1. Total polyphenol, flavanal/ flavane and flavanane cantent

The total polyphenol content in the leaves and bulbs of Gethyllis villosa were found

to be significantly (P<O.05) higher than those of G. multifolia (Table 1). On the

contrary, the polyphenol content of the roots of G. multifolia was significantly

(P<O.05) higher than that of G. villosa. No significant difference (P>O.05) was

observed between the flowers of both species, but a significantly (P<O.05) higher

polyphenolic content of 28% was recorded for the fruit of G. villosa, when compared

to G. multifolia. The total polyphenol content in the flowers and fruit of G. multifolia

were found to be significantly (P<O.05) higher than the other plant parts. In G.

villosa, only the total polyphenol content in the fruit were found to be significantly

(P<O.05) higher than the other plant parts.
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In Gethyllis villosa, the flavonol contents of the leaves and bulbs were significantly

(P<O.05) higher than the leaves and the bulbs of G. multifolia (Table 1). On the other

hand, the flavonol contents of the flowers in G. multifolia were found to be

significantly (P<O.05) higher than the flowers of G. villosa. The flavonol contents in

the roots were 16% higher (P>O.05) for G. multifolia when compared to the roots of

G. villosa. The flavonol value for the fruit of G. villosa was found to be 12% higher

(P<O.05) than that of G. multifolia. In G. multifolia, the flavonol contents were found

to be higher (P>O.05) in the flowers and fruit compared to the other plant parts. In G.

villosa, the flavonol content was higher (P>O.05) in the leaves and fruit compared to



the other plant parts. The flavonol contents were higher in G. villosa for the leaves,

bulbs and fruit when compared to G. multifolia.
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In Gethyllis villosa, the flavanone contents of the leaves and bulbs were significantly

(P<O.05) higher than those of the leaves and bulbs of G. multifolia (Table 1), but the

flavanone contents in the roots of both species were very similar (less than 2%).

There was no significant (P>O.05) difference in the flavanone content of the flowers

and fruit of G. villosa when compared to those of G. multifolia (Table 1). The

flavanone contents in the flowers and fruit of G. multifolia were significantly

(P<O.05) lower compared to the other plant parts. Gethyllis villosa revealed a similar

trend with significantly (P<O.05) lower flower and fruit flavanone contents

compared to the other plant parts. The flavanone contents for the leaves and bulbs of

G. villosa were higher than that of G. multifolia. In contrast to the total polyphenols

and flavonols, the flavanone content in the flowers and fruit of both species were

found to be lower than the other plant parts.
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3.2. Antioxidant capacity

The FRAP values of Gethyllis villosa were found to be significantly (P<O.05) higher

in the leaves and bulbs than those of G. multifolia. The average flower and fruit

FRAP values of G. villosa were not significantly higher (P>O.05) than those of G.

multifolia. The flower and fruit FRAP values of G. multifolia were found to be

significantly (P<O.05) higher than those of the other plant parts (Table 2). G. villosa

displayed a similar trend with higher FRAP values in the flower and fruit when

compared to the leaves and significantly higher (P<O.05) compared to the bulbs and

roots.



Only the ORAC value of the roots of Gethyllis multifolia was found to be

significantly (P<0.05) higher (l09%) compared to the roots of G. villosa (Table 2).

The ORAC values of the other plant parts of G. villosa were not significantly

(P>0.05) different from those of G. multifolia. The ORAC value of the flowers and

fruit of G. multifolia were found to be higher (P>0.05) than the roots and significantly

(P<O.05) higher than that of the leaves and bulbs. G. villosa revealed a similar trend

with significantly (P<0.05) higher ORAC values in the flowers and fruit when

compared to the other plant parts. A strong correlation was also evident in the fruit of

both species between the ORAC and FRAP (r=0.94), and ORAC and flavonol content

(r=0.77).
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The ABTS radical cation scavenging ability of the leaves, bulbs and roots of G.

villosa were found to be significantly (P<0.05) higher than those of G. multifolia

(Table 2). Results for the flowers and fruit were similar to those of G. multifolia.

The ABTS radical cation scavenging ability of the flowers and fruit of G.

multifolia were significantly (P<0.05) higher than those of the other plant parts.

Furthermore a strong correlation was evident in the fruit of both species between

the total polyphenols and FRAP (r=0.95), and ORAC (r=0.95) and the flavonol

content (r=0.79).

4. Discussion and conclusion

According to Prior et al. (2005), it was recommended, through evaluation of the

literature and data presented at the 'First International Congress on Antioxidant

Methods in 2004', that three methods be considered for standardization of

antioxidant capacity and total polyphenol determination in food and dietary

supplements. Method 1: the oxygen radical absorbance capacity (ORAC) assay

which represents a hydrogen atom transfer (HAT) reaction mechanism. Method 2:

the trolox equivalent antioxidant capacity (TEAC/ ABTS) assay represents a single

electron transfer (SET) -based method which indicates reducing capacity. Method

3: the ferric reducing/antioxidant power (FRAP) assay which is also a SET-based

assay and a direct test of the total antioxidant power of a biological sample. It is

further suggested that experimental work on a series of assays gives a better

understanding of the antioxidant capacity of a sample (Prior et al., 2005; Prior and

Cao, 1999).
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Babajide (2010) recorded a higher total polyphenol content for G. multifolia

where whole plants of G. multifolia and G. villosa were compared. The present

study, however, only found a higher total polyphenol content in the roots of G.

multifolia compared to higher values for the leaves, bulbs, flowers and fruit of G.

villosa. In addition to a higher total polyphenol content, the flavonol content for

G. multifolia whole plants was also found to be higher than that of G. villosa,

compared to varying values for different plant parts of both species in this study.

A similar trend was observed in a comparison of the flavanone content of the two

species when results in this study were compared to those of Babajide (2010).

Furthermore, in this study, the flowers and fruit of G. multifolia and G. villosa

generally showed higher and in some cases significantly higher total polyphenol

and antioxidant capacity than the leaves, bulbs and roots. The polyphenol content

in the fruits of G. multifolia (21.54 mg GAE/g) and G. villosa (27.64 GAE) on a

dry basis were found to be in line with other commercial fruits such as raisins

(28.30 GAE), blueberries (24.00 GAE), strawberries (15.40 GAE), plums (9.49

GAE), oranges (7.50 GAE) and red grapes (7.39 GAE) (PR WEB, 2005).

The fruit pulp of the amarula tree (Sclerocarya birrea) has a higher polyphenol

value than the fruit of G. multifolia but a lower value than the fruit of G. villosa

(Table 1), when fresh weights were compared (Ndhlala et al., 2007). The flavonol

content in the fruit of G. multifolia and G. villosa was found to be higher than that

of raw beehive propolis samples (Kosalek et al., 2004). When compared to some

commercial vegetables, the polyphenol content of the fruit and flowers of both
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species, as well as the leaves of G. villosa was higher than that of spinach (17.70

GAE) broccoli (8.80 GAE), brussels sprouts (9.80 GAE), beetroot (8.40 GAE)

and onions (4.50 GAE). Of all the vegetables mentioned, only the polyphenol

content of spinach was found to be higher than the leaves of G. multifolia (12.36

GAE) (PR WEB, 2005). The polyphenol content of certain guava cultivars were

found to be similar to the fruit of G. multifolia and G. villosa (Table 1) on a fresh

weight basis (Thaipong et al., 2006).

The ORAC values of the flowers and fruit of G. multifolia were found to be

significantly higher than the fruit of the caneberry range (red raspberry, black

raspberry, boysenberry, Marion blackberry and evergreen blackberry) (Bushman

et al., 2004; Wang and Lin, 2000) while values reported for kiwi fruit, banana,

apple, tomato and orange (Wang et al., 1996) were found to be significantly lower

than the fruit of the Gethyllis species in this study. ORAC values for the fresh

weights of the fruit of both G. multifolia and G. villosa (Table 2) were also found

to be higher than the fresh weights of the following herb species: Thymus

vulgaris, Alae vera, Lavandula angustifolia, Petroselinum crispum and

Rosmarinus officinalis (Zheng and Wang, 2001). A study by Babajide (2010)

revealed similar ORAC values for G. multifolia and G. villosa when whole plants

of both species were compared. This study, however, revealed varying results for

G. multifolia and G. villosa when the ORAC values of leaves, roots, bulbs,

flowers and fruit were compared. Furthermore, Babajide (2010) reported higher

FRAP values for G. multifolia (whole plants), which is contradictory to findings
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in this study, in which higher FRAP values were recorded for all the plant parts of

G. villosa when compared to those of G. multifolia.

Commercialization of southern African medicinal plants is a process that has

rapidly been gaining momentum during the last 10 years (VanWyk, 2008). The

genus Gethyllis has not been grown commercially before and some of its species

(including G. multifoliaï appear on 'The Red Data List of Southern African

Plants' as endangered, threatened or vulnerable (Hilton-Taylor, 1996). Thus, a

serious need still exist for the propagation, cultivation, conservation and

pharmaceutical research on members of this genus. This in vitro study has shown

that the flowers and fruit of both species may be used as good natural sources of

dietary antioxidants. Further studies are also needed to identify individual active

components responsible for the antioxidant activity shown here and to investigate

the powerful fragrance and taste of the fruit of G. multifolia for possible use in the

food and beverages industry.
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Abstract

The total polyphenol, flavonol/ flavone and flavanone contents, oxygen radical

absorbance capacity (ORAC), ferric reducing antioxidant power (FRAP) and

radical cation scavenging ability (ABTS) were measured in the leaves, bulbs and
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roots (dry weight) of Gethyllis multifolia (Kukumakranka) and Gethyllis villosa

under photo- and drought stress. The antioxidant activity and content in the bulbs

of both species were relatively low and consistent compared to significant

fluctuations in the leaves and roots subjected to the two environmental stress

factors. In general, significantly (P<0.05) higher antioxidant activity was observed

in G. multifolia plants compared to G. villosa. Significantly (P<0.05) higher

antioxidant activity was observed in the roots of both species under drought stress

when compared to the photo-stressed roots and the control. The highest total

polyphenol level was observed in the drought-stressed roots of G. multifolia

(15.85 mg GAE/g) and the lowest in photo-stressed roots of G. villosa (7.66 mg

GAE/g). A strong correlation was evident between the total polyphenol level and

FRAP (r=0.91), ABTS (r=0.80) and flavonol content (r=0.91) for both species. No

flavanols were detected in the leaves, bulbs and roots of the control, photo-stress

and drought stress treatments of both species.
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1. Introduction

Gethyllis multifolia L. Bolus and G. villosa Thunb. (Family: Amaryllidaceae) are

deciduous, winter-growing, summer-blooming and bulbous geophytes indigenous

to South Africa (Du Plessis and Delpierre, 1973). Gethyllis grows under full sun

conditions and their natural habitats range from sandy soils to mountainous rocky



terrains (Du Plessis and Duncan, 1989). The medicinal uses of this genus range

from cures for colic, digestive disturbances, teething problems, fatigue, boils,

bruises, insect bites to an aphrodisiac (Du Plessis and Delpierre, 1973). Apart

from this genus' medicinal properties, many species (including G. multifolia) have

a highly fragrant, tasty and edible fruit which has been used in the past to perfume

rooms and linen (Lighton, 1992).
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Plants possess different antioxidant properties, depending on their antioxidant

molecule content, which is strongly affected by the plant's environmental

conditions (Lin et aI., 2006). Environmental stress factors such as shade, abnormal

salt levels, high temperature and drought, may result in the generation of reactive

oxygen species (ROS) in plants which in turn may cause oxidative stress when in

excess. In plant cells, oxidative stress reactions are associated with the production

of toxic free radicals (Price et aI., 1989). Different irrigation schemes and different

irradiance levels caused varying antioxidant enzyme levels in olive trees (Sofo et

al., 2004). In sweet potato plants, a reduction in the total polyphenol content was

noticed during flooding and drought stresses (Lin et aI., 2006). In rice plants,

oxidative stress caused by moisture deficiency resulted in membrane damage, a

secondary effect of drought stress (Wanga et aI., 2005). Other toxic effects in

plants subjected to environmental stress factors, include the generation of lesions

in DNA, reduction in protein synthesis and stability and a decrease in

photosynthetic activity (Osmond and Grace, 1995). Plants have evolved a wide

range of enzymatic and non-enzymatic mechanisms to scavenge ROS and protect

its cells against oxygen toxicity (Fridovich, 1975). According to Di Carlo et al.



(2001) the relationship between plant stress acclimation and human health

comprises a broad array of metabolites some of which possess "desirable"

pharmacological properties. Many examples can be found in nature as in the case

of hyperforin, which is the active ingredient in St. John's wort (Hypericum

perforaturn) and is known for alleviating mild depression. When St. John's wort

plants are subjected to heat stress it substantially increases hyperforin

concentration in shoots (Zobayed et al., 2005).
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The phytochemical antioxidant compounds that plants produce protect them

against harmful ROS activities and, when ingested, may also protect human cells

against oxidative damage caused by an overproduction of free radicals and an

impaired antioxidant defense system (Namiki, 1990). When in excess, these free

radicals may contribute to the development of many debilitating diseases such as

atherosclerosis, arthritis, ischemia and reperfusion injury of many tissues, central

nervous system injury, gastritis, cancer and AIDS (Kumpulainen and Salonen,

1999). Certain flavonoids have been employed to treat heart disease and moderate

depression (Cook and Sarnman, 1996). It has been also reported that the major

polyphenols in green tea are known for their antioxidative (Chen and Ho, 1995),

antitumor and antimutagenic activities in humans (Susanne et al., 1996).

Polyphenols in hawthorn is widely used in Europe as a tonic for the treatment of

chronic heart disease and high blood pressure (Kirakosyan et al., 2003). Recent

epidemiology studies show some conflicting reports on the subject of antioxidants

and cardiovascular disease in a sense that the mechanisms explaining this

relationship remains unclear (Vita, 2005) while the World Health Organization
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(WHO) reported that the use of flavonoids for a reduction in disease risk was

considered "possible" for cardiovascular diseases but "insufficient" for cancers

(WHO/FAO, 2003).

Gethyllis multifolia species is threatened in its natural habitat (Lighton, 1992),

which stresses the need for future cultivation of this species by pharmaceutical

companies, traditional healers and farmers. Should certain environmental stresses

increase the antioxidant content or activity of these two species, it can be

incorporated in future cultivation practices to induce increased antioxidant levels

in essential plant parts during production. To date no published data are available

on how important biological properties, such as antioxidant activity of these two

Gethyllis species, are affected by environmental stress factors. Thus, the aim of

this study was to investigate the changes in the antioxidative capacity and levels

in the leaves, bulbs and roots of G. multifolia and G. villosa during controlled

photo- and drought environmental stresses over one growth season.

2. Materials and methods

2.1. Plant materials

Gethyllis multifolia and G. villosa bulbs were identified and obtained with

permission from the Karoo National Biodiversity Garden (Worcester, Western

Cape, South Africa) towards the end of their winter growth phase (March to mid-

August). Gethyllis multifolia is threatened in its natural habitat, and for

conservation purposes the exact location of this species is omitted. The plants of

both species were transferred into 15 cm nursery pots in sandy, clay soil (pH 4.3-



4.4) obtained from the natural habitat. The plants were grown under full sunlight

conditions for 12 months, which included one dormant phase (6 months - spring

and summer) and one growth phase (6 months - autumn and winter) at the nursery

of the Department of Horticultural Sciences, Cape Peninsula University of

Technology (CPUT), Cape Town. Figure 1 shows the average rainfall and daily

temperatures for the Cape Town area where plants were grown and also indicates

the higher rainfall and lower temperatures for the growth phase and lower rainfall

and higher temperatures for the dormant phase. Weather data for the Cape Town

area was supplied by the South African Weather Service. Plant samples which

represented the control (n=10 per species) were grown under full sun and irrigated

by the ambient rainfall of the Western Cape (Figure 1). The mean photosynthetic

photon flux density (PPFD) (converted from lux to PPFD) on cloudless days at

12hOOwas 1825±63 umol m-2.s-1 (measured with a Toptronie T630 digital lux

meter Spraytech, Bellville, Western Cape, South Africa). Temperatures around

the plant samples varied from 8-24 °C and the relative humidity from 36-100%

(measured with a Majortech MT669 digital relative humidity/ temperature meter,

Spraytech, Bellville, Western Cape, South Africa).
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YEARS 2006-2007

Figure 1: The average rainfall (mm) and the average daily

minimum/maximum temperature (0C) for the Cape Town area (Western

Cape, South Africa) for the years 2006 and 2007_ Each value was

obtained by calculating the mean of the two years ±standard deviation.

The data provided by the South African Weather Service was recorded at

the permanent Cape Town weather office.

Plants which represented the drought stressed samples (n= 10per species) were

grown under full sunlight and covered with a 6 mm clear glass sheet, placed 300

mm above the plants. The PPFD, temperature and relative humidity
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environmental conditions were similar to those of the control. The drought

stressed plants were irrigated at a rate of 30% field capacity once a month with de-

ionized water (Mortimer et al., 2003). Plants representing the photo-stressed

samples (n= 10per plant species) were grown under a shade structure covered with

80% neutral black shade cloth (Alnet, Epping, Western Cape, South Africa),

which has a neutral effect on light quality (Yates, 1989; Duan et al., 2005). During

the experimental period, the mean PPFD on cloudless days at 12hOOwas 365±26

umol m-2.s-1 which was approximately 20% of full sunlight. The temperature

around the photo-stressed plant samples was -I-2°C lower than that of the

control, and the relative humidity 2-4% higher than that of the control. The



readings of all the environmental conditions under all treatments were taken daily

at the following time intervals: 09hOO, I2hOOand I5hOO.

2.2. Sample preparation

All plants were excised into leaves, flowers, bulbs and 'roots and dried in a fan-

drying laboratory oven (Memmert, Laboratory & Scientific, Cape Town, South

Africa) at 50°C for 48 hours. The bulbs of both species took approximately five

days to dry. Individual plant parts were ground to a powder in a portable spice

grinder using a 0.5 mm mesh (Krups 75 model F203, Hecho En Mexico, Mexico

City, Mexico). Crude extracts of the leaves, bulbs and roots of both species were

prepared without delay, by stirring the various dried, powdered plant materials

(0.05 g of each) in 80% (v/v) ethanol (50 mL) (EtOH) (Saarchem, South Africa)

whereafter it was centrifuged at 4 000 rpm for 5 min. The supernatants were used

for all analyses. The same sample preparation technique was followed for all

assays and all analyses were performed in triplicate.
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2.3. Total polyphenol, flavonol/flavone and flavanone content

The total polyphenol content of the various crude extracts were determined by the

Folin Ciocalteu method (Singleton et al., 1999). Using a 96-well clear microplate

(visible range), 25 uL of sample was mixed with 125 ul, Folin-Ciocalteu reagent

(Merck, South Africa), diluted 1:10 with distilled water. After 5 min., 100 ,uL

(7.5%) aqueous sodium carbonate (Na2C03) (Sigma-Aldrich, South Africa) was

added to the well. The plates were incubated for 2 hours at room temperature

before the absorbance was read at 765 nm using a Multiskan plate reader (Thermo



Electron Corporation, USA). The standard curve was prepared using 0, 20, 50,

100, 250 and 500 mg/L gallic acid in 10% EtOH and the results were expressed as

mg gallic acid equivalents per g dry weight (mg GAE/g DW).

The flavonol content was determined using quercetin (0, 5, 10, 20, 40, 80 mg/L)

in 95% ethanol (Sigma-Aldrich, South Africa) as standard. This assay measures

both flavonols and flavones since both groups absorb ultra-violet light maximally

around 360 nm. In the sample wells, 12.5 ul, of the crude sample extracts was

mixed with 12.5 ilL 0.1% HCI (Merck, South Africa) in 95% ethanol, 225 ilL 2%

HCI and incubated for 30 min. at room temperature. The absorbance was read at

360 nm, at a temperature of 25°C (Mazza et aI., 1999). The results were

expressed as mg quercetin equivalents per g dry weight (mg QE/g DW).
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The flavanone content was determined using an adapted version of the method as

described by Kosalek et al. (2004). This method was adapted with minor

modifications such as reducing assay volumes for the 96-well plates. Briefly, 100

ul. of sample was mixed with 200 ul. 1% 2,4-dinitrophenylhydrazine (DNPH)

(2% H2S04 in methanol (MeOH). After incubation at 50°C for 50 min., 700 ul, of

10% potassium hydroxide (KOH) in 70% MeOH was added. The samples were

centrifuged and 30 ul. of the resulting supernatant mixed with 270 ul, MeOH in a

96-well clear plate (visible range) and the absorbance read at 495 nm. A linear

standard curve using 0, 0.2, 0.5, 1.0, 1.5, 2.0 mg/mL naringenin (Sigma-Aldrich,

South Africa) in methanol was included. The results were expressed as mg

naringenin equivalents per g dry weight (mg NEig DW).
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2.4. Antioxidant capacity

2.4.1. Ferric reducing antioxidant power (FRAP) assay

The FRAP assay was performed using the method of Benzie and Strain (1999). In

a 96-well clear microplate (visible range), 10 ul, of the crude sample extract was

mixed with 300 ul. FRAP reagent [0.3 M acetate buffer, pH 3.6 (Saarchem, South

Africa), 10 mM 2, 4, 6-tripyridyl-s-triazine (TPTZ) in 0.1 M HCI (Sigma-Aldrich,

South Africa), 20 mM iron (III) chloride hexahydrate (FeCi).6H20) (Sigma-

Aldrich, South Africa), 6.6 mL distilled water] and incubated for 30 min. at 37°C

in the plate reader. Absorbance was measured at 593 nm. L-Ascorbic acid (Sigma-

Aldrich, South Africa) was used as a standard with concentrations varying

between 0 and 1 000 IlM. The results were expressed as IlM ascorbic acid

equivalents per g dry weight (IlM AAE/g DW).

2.4.2. 2,2 -azino-di-3-ethylbenzthiazoline sulphonate (ABTS) assay

The ABTS assay was performed following the method of Re et al. (1999). The

stock solutions included 7 mM ABTS and 140 mM potassium-peroxodisulphate

(K2S20g) (Merck, South Africa) solutions. The working solution was then

prepared by adding 88 ul, K2S20g solution to 5 mL ABTS solution. The two

solutions were mixed well and allowed to react for 24 h at room temperature in

the dark. Trolox (6-hydrox-2,5,7,8-tetramethylchroman-2-carboxylic acid) was

used as the standard with concentrations ranging between 0 and 500 IlM. The

ABTS mix solution was diluted with ethanol to read the start-up absorbance

(control) of approximately 2.0 (±O.l). Crude sample extracts (25 ul.) were

allowed to react with 300 ul. ABTS in the dark at room temperature for 30 min.
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before the absorbance was read at 734 nm at 25°C in a plate reader. The results

were expressed as u.M Trolox equivalents per g dry weight ().lMTElg DW).

2.4.3. Oxygen radical absorbance capacity (DRAe) assay

The H-ORACFL values were determined according to the methods of Prior et al.

(2003) and Wu et al. (2004). A stock standard solution of Trolox (500 ).lM) was

diluted in phosphate buffer (75 mM, pH 7.4) to provide calibration standards

ranging from 5 to 25 uM. The Fluoroskan ascent plate reader (Thermo Fisher

Scientific, Waltham, USA) equipped with an incubator was set at 37°C.

Fluorescence filters with an excitation wavelength of 485 nm and emission

wavelength of 538 nm were used. A fluorescein stock solution was prepared in

phosphate buffer and further diluted to provide a final concentration of 14 uM per

well. The peroxyl generator, 2,2'-azobis (2-amidino-propane) dihydrochloride

(AAPH) (25 mg/mL in phosphate buffer), was added with a multichannel pipette

to give a final AAPH concentration of 4.8 mM in each well. The fluorescence

from each weU, containing 12 ul. diluted hydrophilic extract, was read every 5

min. for 2 hours. The final ORACFL values were caculated using the regression

equation y = ax2 + bx + c between the Trolox concentration (u.M) and the area

under the curve. The results were expressed as ).lM Trolox equivalents per g dry

weight ().lMTElg DW).

2.5. Statistical analysis

The statistical significance between antioxidant content and activity values of the

various crude plant extracts were determined by an analysis of variance



(ANOVA) where P<0.05 was considered to be statistically significant. The

computer program employed for the statistical analysis was Medeale version

9.4.2.0 (Medcalc, Belgium). The computer program, Microsoft Office Exce12006,

version 12 (Microsoft Corporation, USA) was employed to determine the

correlation between antioxidant contents and activity.

3. Results

3.1. Total polyphenol, flavonol/flavone andflavanone content

In G. multifolia there was no significant (P>0.05) difference III the total

polyphenols of the leaves of the control and the leaves subjected to the two stress

treatments (Table 1). The roots of G. multifolia responded with a significant

(P<0.05) increase in the total polyphenols for both the photo-stress (9%) and

drought stress (26%) treatments, when compared to the control (Figure 2). In

contrast to the leaves of G. multifolia, G. villasa's leaves showed a significant

(P<0.05) decrease (51%) in the total polyphenols for the leaves under drought

stress when compared to the control. No significant difference in the total

polyphenollevels was observed in the leaves of G. villosa between the control and

photo-stress treatment. Furthermore, none of the environmental stresses had any

significant (P>0.05) effect on the total polyphenol content in the roots of G.

villosa. The highest total polyphenol content was recorded in the roots of G.

multifolia under drought stress (Table 1). In general, the drought stress treatment

brought about an increase in the total polyphenols in the roots of both species.
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Irrespective of treatment, no significant (P>O.05) difference was found in the

flavonol content of the leaves and roots of G. multifolia (Table I). A similar trend

was noticed in the roots of G. villosa where none of the treatments had any

significant effect (P>O.05) on the flavonol content. The leaves of G. villosa,

however, showed a significant (P<O.05) decrease in the flavonol content when

subjected to both the photo-stress (41%) and drought stress (47%) treatments

(Figure 2).

No significant (P>O.05) differences were evident in the flavanone content of the

leaves and roots under photo-stress and drought stress treatments (Table 1). When

comparing the three treatments the flavanone content was found to be highest in

the G. multifolia control plants. The flavanone contents of the leaves and roots of

plants under the photo-stress and drought stress treatments were not significantly

(P>O.05) different. When comparing the three treatments, significantly (P<O.05)

higher flavanone levels were evident in the control plants of G. villosa. Amongst

the two species, the highest flavanone content was found in the leaves of the

control of G. multifolia.
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3.2. Antioxidant capacity

No significant (P>O.05) difference was found in the FRAP value for the leaves of

G. multifolia when the photo-stress and drought stress treatments were compared

to the control (Table 2). G. multifolia showed a significant (P<O.05) increase in

the FRAP value for the roots under both photo-stress (22%) and drought stress

(32%) when compared to the control (Figure 3). The leaves of G. villosa showed a

significant (P<O.05) decrease in the FRAP value for both photo-stress (24%) and

drought stress (36%) treatments when compared to the control (Figure 3). No

significant (P>O.05) differences were observed in the FRAP value for the roots of

G. villosa when both treatments were compared to the control. The highest FRAP

value overall, was recorded in the leaves of the control plants of G. villosa (Table
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2).

The leaves of G. multifolia showed a significant (P<O.05) decrease in the ORAe

value when the photo-stress (18%) and drought stress (21%) treatments were

compared to the control (Figure 3). In contrast to this response of the leaves, the

roots of G. multifolia showed an increase in the ORAe value in the photo-stress

treatment and a more significant (P<O.05) increase in the drought stress (57%)

treatment when both stresses were compared to the control (Figure 3). For G.

villosa, a significant (P<O.05) increase was observed in the ORAe value for the

leaves under drought stress, when compared to the control. Similarly, a significant

(P<O.05) increase (84%) was noticed in the ORAe value of the roots of G. villosa

under drought stress when compared to the control. The highest ORAe value

overall, was recorded in the roots of G. multifolia under drought stress (Table 2).



The photo-stress and drought stress treatments had a significant (P<O.05) effect on

the leaves of G. multifolia with a decrease of (34%) and (39%) in the ABTS value

for both treatments, respectively, when compared to the control. The photo-stress

treatment did not have a significant effect on the roots of G. multifolia, but the

opposite was true for the drought stress treatment with a significant (P<O.05)

increase in the ABTS value of 34% when compared to the control. Similarly (to

leaves of G. multifoliay, the ABTS value in the leaves of G. villosa decreased

significantly (P<O.05) under both treatments (28%) when compared to the control

(Figure 3). In the case of the roots of G. villosa, neither of the treatments affected

the ABTS value significantly (P>O.05). The highest ABTS value overall, was

recorded in the control of G. villosa (Table 2).
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It must be noted that the photographic evidence of this study revealed that the

leaves of plants in both species under the photo-stress treatment appeared green

and vigorous but without the natural spiral (Figure 4B,C). Under the drought

stress treatment, the number of leaves of both species was drastically reduced,

appeared short and stunted with reduced chlorophyll pigments, but maintained the

natural spiral (Figure 4A,B). This observation also revealed that when plants were

subjected to artificial drought stress, the biomass yield (leaves, bulbs, roots,

flower and fruit) was drastically reduced, especially in the case of G. multifolia.

220

Figure 4: Comparative images on the effect of the artificial drought and photo-stress

treatments on the growth of Gethyllis multifolia and G. villosa. Plants on the left side of all

images represent the controls in both species. Drought stress on G. multifolia (A); Drought

stress on G. villosa (B); Photo-stress on G. multifolia (C); Photo-stress on G. villosa (D).



3. Discussion and conclusion

It was recommended, through evaluation of the literature and data presented at the

'First International Congress on Antioxidant Methods in 2004', that three methods

be considered for standardization of antioxidant capacity and total polyphenol

determination in food and dietary supplements (Prior et aI., 2005). Method 1: the

oxygen radical absorbance capacity (ORAC) assay which represents a hydrogen

atom transfer (HAT) reaction mechanism, which is most relevant to human biology.

Method 2: the trolox equivalent antioxidant capacity (TEAC/ABTS) assay

represents a single electron transfer (SET) -based method which indicates reducing

capacity. Method 3: the ferric reducing/antioxidant power (FRAP) assay which is

also a SET-based assay and a direct test of the total antioxidant power of a

biological sample. It is further suggested that experimental work on a series of

assays gives a better understanding of the antioxidant capacity of a sample (Prior et

al., 2005; Prior and Cao, 1999).
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The antioxidant-capacity and -content fluctuated in the leaves and roots of G.

multi/alia and G. villosa when subjected to both environmental stresses.

Conversely, the antioxidant-capacity and -content in the bulbs were relatively low

and consistent, and were therefore not compared and discussed in this

investigation. In comparison to the control, it was evident in this study that the

total polyphenols increased significantly in the roots of G. multi/alia when the

plants were subjected to the drought stress. Though not significant, higher

flavonol levels were also recorded in both the leaves and roots of G. multi/alia

when subjected to the drought stress treatment. Similarly, it was reported that in



Arbutus uneda plants, severe drought stress resulted in significantly higher

ascorbate levels in plant parts (Munné-Bosch and Pefiuelas, 2004). Furthermore, a

study by Herbinger et al. (2002) reported that under drought stress, a-tocopherol

and glutathione concentrations increased in certain wheat cultivars. In contrast to

the above reports, a study by Kirakosyan et al. (2003) reported that drought stress

effected a reduction in the flavonoid levels of Crataegus laevigata and C.

monogyna plants. The increase in the total polyphenols and flavonol content of G.

multifalia when subjected to drought stress, could suggest that this species

produces higher levels of total polyphenol antioxidants than G. villasa, to possibly

serve as a protective measure or adaptive strategy to cope with this specific

environmental stress.

In this study, G. villasa decreased its total polyphenollevels and flavonol content

in the leaves and roots when the plants were subjected to the photo-stress (deep

shade) treatment. In comparison to the control, significantly lower flavanone

contents were also evident in the leaves and roots of both species under the photo-

stress treatment. Evidence of similar plant responses to light was mentioned in a

study by Tattini et al. (2004) where high light intensities effected an increase in

the flavonoid concentrations in the leaves of Ligustrum vulgare. Furhermore,

Heuberger et al. (2004) reported that under chronic UV -exposure conditions the

ascorbate levels in certain plant species increased, which reflected the stress

acclimation process. In support of the above observations, Dixon and Paiva

(1995) reported that plants which are subjected to full-sun conditions have been

shown to contain higher levels of polyphenolic compounds than shade plants.
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Both the photo-stress and drought stress treatments did not have an effect on the

FRAP value of the leaves of G. multifolia, but the FRAP value decreased

significantly when the leaves of G. villosa were subjected to the same treatments.

Conversely, the leaves of sweet potatoe plants increased its FRAP values when

subjected to drought stress, as reported in a study by Lin et al. (2006). The ORAC

values increased significantly in the leaves of G. villosa after exposure to drought

stress. Similarly, increased ORAC values were recorded in the leaves of Sushu 18

and Simon 1 when these two sweet potato cultivars were subjected to a drought

stress treatment (Lin et al., 2006). In contrast to this response, G. multifolia leaves

showed a significant decrease in the ORAC values for both photo-stress and

drought stress treatments. This study, however, revealed that under drought stress

the ORAC and ABTS radical cation scavenging ability is increased in the root

system of both species, which could form part of the acclimation process or

adaptive strategy to this environmental stress factor.

The photographic evidence in this study (Figure 4A,B) and a horticultural study

by Daniels (2007) confirmed that during natural and artificial drought stress the

biomass yield (leaves, bulbs, roots, flower and fruit) is drastically reduced,

especially in the case of G. multifolia. Conversly, the leaves of plants of both

species under the photo-stress treatment appeared green and vigorous but without

the natural spiral (Figure 4B,C). However, observations of natural populations

over a period of four years (Daniels, 2007), indicated higher flower production

and consequently fruit production where individual plants were growing in close
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proximity to one another (to ensure cross-pollination) under no environmental

stress. Furthermore, various irrigation delay tactics can also be applied as to not

interfere with flower production and consequently fruit production of the species.

It can be concluded that the antioxidant activities in the mentioned plant parts

under drought stress may be a protective and acclimation mechanism against

drought stress, which is found to be more significant in G. multifolia. The

responses of plants in this study have also given a good indication as to how the

different species and plant organs respond to different environmental stresses by

increasing and decreasing their secondary metabolites as possible protective

mechanisms. The findings in the current study is echoed by this statement:

"responses to environmental stresses are species and/or cultivar specific, and

depend on the intensities and the dynamics of stress exposure, as well as other

environmental parameters which could influence the production of nutritionally

important plant metabolites" (Jansen et al., 2008). Results from this study could

have a significant impact on how traditional healers, pharmaceutical companies

and farmers choose conducive environmental conditions for the cultivation of the

two Gethyllis species in order to ensure enhanced polyphenolic content and

antioxidant activities in the relevant plant "parts" that are traditionally used in

medicinal practices. Future research is needed on the fruit and flowers of both

species to further elucidate other biological properties of these two endemic plant

species but also to confirm the antioxidant activity in vivo.
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Abstract

Phytochemical investigation of the leaves, bulbs and roots of Gethyllis multifolia

L. Bolus and Gethyllis villosa Thunb. revealed the presence of tannins,

flavonoids, phenolics, saponins, glycosides (phenolic and terpenoid) as well as

essential oils, while the test for alkaloids was negative. Further in depth studies on

the roots of G. multifolia led to the isolation of three known flavonoids, of which

one was also isolated as its endogenously acetylated derivative. Their structures

were elucidated by chemical and spectroscopic methods as 2,3-dihydro-7-
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hydroxy-2-phenyl-4H-l-benzopyran-4-one (1), (1-[2.4-dihydroxyphenyl]-3-

phenylpropan-l-one) (2), 2,3-dihydro-5,7-dihydroxy-2-phenyl-4H-l-benzopyran-

4-one or pinocembrin (3) and 5,7-diacetoxy-2,3-dihydro-2-phenyl-4H-l-

benzopyran-4-one (4).

Key words: characterization; Gethyllis; Kukumakranka; isolation; natural

compounds; phytochemistry.

1. Introduction

Botanical medicine is known as one of the oldest practiced professions by

mankind (Van Wyk and Gericke, 2000; Iwu, 1993) and the use of plants as

traditional medicine is now recognized by the World Health Organisation (WHO)

as a building block for primary health care (Akerele, 1988; WHO, 2005). It has

been estimated that 25% of prescribed medicines today are derived from plants

(Hamburger and Hostettmann, 1991). According to WHO about 80% of the

world's population depends mainly on traditional medicine and the traditional

treatment involves mainly the use of plant extracts (WHO, 2005). This practice

commonly exists in rural areas where synthetic drugs are not available or, where

available, are not affordable.

The Cape Floristic Region forms part of the traditional home of the Khoikhoi

(Hottentot) and San (Bushman) peoples and these two cultural groups are

collectively referred to as the Khoi-San people (Shapera, 1930; Boonzaier et aI.,

1996). Very little has been published on the medicinal uses of plants from this



region and numerous publications report on the use of plants for food and water

(Story, 1964), utility items (Tanaka, 1978) and hunting poisons (Neuwinger,

1996) are available. According to Dold and Cocks (2002), the use and trade of

plants for medicine is no longer confined to traditional healers, but has spread to

the informal and formal entrepreneurial sectors of the South African economy

because of unemployment, resulting in an increase in the number of herbal

gatherers and traders. Consequently, the trade in traditional medicines is now

greater than ever before and a complex biodiversity management issue is facing

conservation authorities in South Africa.
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The genus Gethyllis belongs to the plant family Amaryllidaceae and is better

known as "Kukumakranka" by the Khoi-San people. The genus comprises 37

currently accepted species in Southern Africa (Du Plessis and Duncan, 1989),

among which many are considered to be endangered. Presently, very little is

known about the chemical composition and bioactivities of this genus (VanWyk

et aI., 1997). The word "Kukumakranka" is described by farmers as meaning

"goed vir my krank maag" in Afrikaans, one of South Africa's eleven languages,

which translates to "cure for my upset stomach" in English (Van der Walt, 2003).

Gethyllis multifolia L. Bolus and G. villosa Thunb. are winter-growing, summer-

blooming, deciduous, bulbous geophytes (Du Plessis and Delpierre, 1973) with

four distinct growth phases. Gethyllis multifolia has a highly fragrant and tasty,

edible fruit, and this species is threatened in its natural habitat (Lighton, 1992).

Watt and Breyer-Brandwijk, (1962) reported that "Kukumakranka brandy", which

is made from the fruit of Gethyllis afra and Gethyllis ciliaris, is believed to



contain oils and esters of low molecular weight, and is an old Cape remedy that

was used for colic and indigestion.

According to Rood (1994) the early Cape colonialists used an alcoholic infusion

of the fruit of G. linearis and G. spiralis as a remedy for digestive disturbances. In

more recent times, a diluted infusion of the flower has been used for teething

problems, and the skin of the fruit as a local application on boils, bruises and

insect bites. Further reports by Rood (1994) indicated that the fruit was boiled by

the Khoi-San and used as an aphrodisiac, while Van der Walt (2003) mentioned

that G. ciliaris was used as a tonic for fatigue. Further pharmaceutical studies by

Elgorashi and Van Staden (2004) revealed some anti-inflammatory and

antibacterial activities in certain Gethyllis species and reported that the findings

were in agreement with its uses as a traditional medicine. Previously, the

following compounds: dihydroxydimethylbenzopyran-4-one, isoeugenitol, its 5-

0-glycoside and 9Z-octadec-9-enamide, had been isolated from the roots and

bulbs of G. ciliaris (Elgorashi et aI., 2007). During head-space analysis of the

volatiles from the fruits of Gethyllis afra and G. ciliaris, the following major

compounds were characterized for G. afra: a-pinene, n-butyl n-butyrate, isoamyl

acetate, p-pinene and 2-methylbutyl butyrate and for G. ciliaris: pentacosane;

ethyl octanoate; ethyl isovalerate; ethyl hexanoate and ethyl benzoate. It was

further reported that these compounds are responsible for the sweetlbanana/piney

odours of the fruit of these two species (Kamatou et aI., 2008). An antioxidant

capacity-and -content study of plant parts of G. multifolia and G. villosa revealed

higher polyphenol content and antioxidant activity in the roots of G. multifolia
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than in G. villosa (Chapter 5). This study further revealed high total polyphenols

and antioxidant activity in the fruits and flowers of both species, which is

comparable to blueberries, strawberries and raisins (Daniels et al., 2011).

According to Babajide et al. (2008) and McLaughlin et al. (1991), the brine

shrimp lethality assay, which indicates toxicology levels of bioactive compounds,

revealed that methanolic extracts of both G. multi/alia (LCso 6.2) and G. villosa

(LCso 4.2) indicated a high potential for antimicrobial and antiviral activities

(Babajide et al., 2010).

In the current investigation, phytochemical screening was undertaken and some

natural compounds present in the dried leaves, bulbs and roots of G. multi/alia

and G. villosa, were isolated and characterized, in an attempt to understand the

chemistry behind the claimed medicinal values of the "Kukumakranka".

2. Materials and methods

2.1. General methods

All laboratory grade solvents (Merck, South Africa) were distilled prior to use and

all spectroscopic grade solvents were used as such. Cleaning up of crude isolates

was performed using Sephadex LH-20 (Sigma-Aldrich, South Africa). Preparative

thin layer chromatography (TLC) (Sigma-Aldrich) was performed using Merck

Silica gel 60 PF254 on glass plates (20 cm x 20 cm) with a thickness of 0.5 mm.

Analytical TLC was conducted on normal-phase Merck Silica gel 60 PF254 pre-

coated aluminium plates. Separated compounds on TLC were visualized under

ultra-violet (UV) light at (254 and 360 nm) and spraying of the plates where
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required, was carried out using 2% vanillin in H2S04, followed by heating at 120

°C for 3 - 4 min. All extracts were concentrated on a rotary evaporator (Buchi

Rotavator R-II4, Germany) at :s 45°C. Column chromatography was performed

using Merck Silica gel 60 H (0.040 - 0.063 mm particle size, Merck). Melting

points (m.p) were determined on a Fisher-John's melting point apparatus (Fisher-

Scientific). Ultra-violet spectra (UV) of some of the isolated compounds

(dissolved in methanol), were obtained with a Unicam UV 4 -100 UVNis

Recording Spectrophotometer. Infra-red (IR) spectra were recorded on a Perkin

Elmer Universal ATR (Precisely) Spectrum 100 series FT-IR spectrometer. Mass

spectrometry (MS) was performed on a Waters Synapt G2API Q-TOF Ultima LC-

MS-ESI instrument in the positive mode, while nuclear magnetic resonance

(NMR) spectra were recorded on a Varian Inova 600 MHz NMR spectrometer in

MeOH-d4, using the solvent signals as internal reference.

2.2. Plant material

Gethyllis multifalia and G. villasa bulbs were identified and obtained with

permission from the Karoo Desert National Biodiversity Garden (Worcester,

Western Cape, South Africa) in 2006, towards the end of their winter growth

phase (mid-August to September). Gethyllis multifalia is threatened in its natural

habitat, and for conservation purposes the exact location of these plants is omitted.

Mature plants of the same height and diameter were washed in distilled water and

allowed to dry at room temperature in a well-ventilated room. The plants were

then excised into leaves, bulbs and roots (n=IO) and dried in a laboratory oven

(Memmert, Laboratory & Scientific, Cape Town, SA) at 50°C. Roots and leaves
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of both species took two days to dry while the bulbs took between five and seven

days. Individual plant parts were ground to a fine powder in a portable spice

grinder (Krups 75 model F203, Hecho En Mexico, Mexico City, Mexico) and

stored in air-tight stoppered glassware prior to analysis.

2.3. Extraction of the constituents

The dried, powdered parts of the plants, namely the leaves, bulbs and roots were

separately extracted for both G. multifolia and G. villosa. The dry weights (DW)

for excised plant parts were as follows: G. multifolia leaves (7.0 g), bulbs (10.0 g)

and roots (9.9 g) and G. villosa leaves (5.3 g), bulbs (10.0 g) and roots (9.9 g).

Extraction was carried out sequentially using hexane (Hex), dichloromethane

(DCM), ethyl acetate (EtOAc) and methanol (MeOH). Pant material was not dried

inbetween treatments and was left with some residual of the different solvents.

Exraction was done under the ambient light conditions of the laboratory facility.

By means of occasional stirring using a mechanical stirrer, each portion of plant

material was macerated twice in 250 ml of each solvent at room temperature (25

°C) for 24 h, and the extracts were evaporated on a rotary evaporator at :s 450C.

The two extracts in each case were pooled and concentrated. Each extract was

screened for the presence of tannins, flavonoids, phenolics, saponins, glycosides

(phenolic and terpenoid), alkaloids, steroids, essential oils and terpenes according

to the method of Wagner and Bladt (2001). Since the chromatographic profiles of

the leaves, bulbs and roots of both species were similar, while higher recoveries

were indicated in the roots of G. multifolia (data not shown), more in depth
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investigation of the natural product content was thus conducted on the roots of G.

multifolia.

2.4. Column chromatography

The height of the column was 750 mm with an internal column diameter of 25

mm. The flow rate of the eluent was measured 2 ml! min. and the volumes

collected were 10 ml in Pyrex test tubes. The ethyl acetate extract (5.0 g) of the

root of G. multifolia was adsorbed on silica gel 60 and chromatographed using the

solvent mixtures:- 100 ml of toluene and then 50 ml each of the following

mixtures, toluene - EtOAc (90 : 10), (80 : 20), (60 : 40), (20 : 80) and (10 : 90).

This was followed by EtOAc (50 ml) and 50 ml each of the following mixtures,

EtOAc - MeOH (90: 10), (80: 20), (60: 40), (20: 80), (10: 90). Finally the column

was washed with 70 ml of MeOH. Fractions (10ml) collected were analyzed by

TLC using toluene: EtOAc: MeOH (5: 4: 3). Fractions showing the same TLC

profile were pooled and concentrated in vacuo. Three distinct major fractions

were selected and coded A-C. Fraction B (1.32 g) was rechromatographed using

the same solvent mixtures, column diameter and flow rate as described above. Out

of the four fractions collected (on the basis of TLC profiles), fraction B (iii) was

chromatographed on Sephadex LH 20 using toluene - MeOH (7: 3), to yield a

brownish-yellow powder, which upon further purification by preparative TLC

using toluene: EtOAc: MeOH (5: 4: 3), afforded compound 1 (GTl) (22 mg).

Fraction C (0.5 g) was rechromatographed using the same solvent mixtures as

shown above. Successive chromatography, followed by preparative TLC of the

fraction obtained using toluene - MeOH (7: 3), afforded compound 2 (GT2) (12
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mg) as an off-white powder. Although this isolate (compound 2) appeared as a

single spot on TLC, MS and NMR subsequently revealed that it was a mixture of

two compounds.

The methanol extract of the root (5.0 g) of G. multifolia was chromatographed

using the same solvent mixtures as for the EtOAc extract, except that the final

volume of MeOH was 80 ml. Sixty five (lOml) fractions were analyzed by TLC

and those showing the same profile were pooled. Five fractions coded D - H, were

obtained. One of the fractions F (0.9 g) was rechromatographed using the same

solvent mixtures. Repeated preparative TLC afforded compound 3 (GT3) (11.1

mg) as a dull, yellow powder. Compound 3 (as indicated here) becomes

compound 4 in the 'Results' and 'Discussion sections' because the isolated

compound 2 is a mixture of two different compounds, and was discussed as such.
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3. Results

The preliminary phytochemical screenmg results indicated the presence of

tannins, flavonoids, phenolics, saponins, glycosides as well as essential oils, while

alkaloids were absent in all plant parts screened (data pooled). The results are

summarized in Table 1.
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Table 1: Preliminary phytochemical screening results for leaves, bulbs and roots (pooled) of Gethyllis

multifolia and G. villosa indicating the presence of some phytochemical compounds. Tann = tannins,

Ph en = phenolics, Glyc = glycosides, Sapo = saponins, Flav = flavonoids, Alka = alkaloids, Esse =

essential oils, GMM = G. multifolia MeOH extract; GVM = G. villosa MeOH extract; + equals

positive; - equals negative.

Test

materials Tann Phen Glyc Sapo Flav Alka Esse
GMM + + + + + +

GVM + + + + + +

The following compounds were isolated from G. multifolia roots by means of

column chromatography:

Compound 1 ( 2,3-dihydro-7 -hydroxy-2-phenyl-4H-l-benzopyran-4-one)

A brownish-yellow powder (22 mg) with m.p. 203 - 205 oe.
uv Amax nm (log e): 261 ,365; 262,366; 280,443; 268,412.

IR (v cm-I) pronounced peaks: 3400,2931,1656,1615 and 1556.

ESI-MS:m/z 241.08 ([CIsHI203 + Ht); IH NMR () 7.73 (IH, d, J8.2Hz, H-5),

7.49 (2H, m, H-2',6'), 7.40 (2H, m, H-3',5'), 7.35 (lH, m, H-4'), 6.51 (IH, dd,

J8.2Hz and 2.0Hz, H-6), 6.39 (IH, d, J2.0Hz, H-8), 5.48 (IH, dd, 112.8 and

3.0Hz, H-2), 3.02 (lH, dd, 117.0 and 12.8Hz, H-3a), 2.75 (IH, dd, 117.0 and

3.2Hz, H-3a); l3C NMR s 193.0 (C-4), 166.8 (C-7), 165.4 (C-8a), 140.7 (C-4'),

129,9 (C-5), 129.7 (C-l'), 129.5 (C-3',5'), 127.3 (C-2',6'), 115.1 (C-4a), 111.9

(C-6), 103.9 (C-8), 81.0 (C-2), 49.4 (C-3) (Addendum 1).



Compounds 2 (1-[2.4-dihydroxyphenyl]-3-phenylpropan-l-one) and 3 (2,3-

dihydro-5, 7-dihydroxy-2-phenyl-4H-l-benzopyran-4-one or pinocembrin)

An off-white powder (12 mg) with m.p. 225 - 227°C.

IR (v cm-I) pronounced peaks: 3385,2828, and 1690.

241

2; ESI-MS:m/z 243.10 ([ClsHI403 + Ht); IH NMR Ó 12.70 (IH, s, 2'-OH), 7.67

(IH, d, J9.6Hz, H-6'), 7.23 (5H, m, H-Aryl), 7.14 (lH, d, J2.1Hz, H-3'), 6.32 (lH,

dd, J9.6 and 2.lHz, H-5'), 3.20 (2H, t, 17.1Hz, H-2), 2.98 (2H, t, 17.1Hz, H-3);

I3C NMR Ó 205.2 (C-1), 133.7 (C-6'), 129.4 (C-Aryl), 127.1 (C-3'), 109.1 (C-5'),

40.5 (C-2), 31.6 (C-3) (Addendum 2).

3; ESI-MS:m/z 257.08 ([ClsHI204 + Ht); IH NMR Ó 12.05 (IH, s, 5-0H), 7.47

(2H, dd, 17.5 and 1.5Hz, H-2',6'), 7.39 (2H, m, H-3',5'), 7.34 ( 1H, m, H-4'), 6.24

(IH, d, J2.2Hz, H-8), 5.91 (lH, d, J2.2Hz, H-6), 5.41 (lH, dd, 112.8 and 3.2Hz,

H-2), 3.05 (IH, dd, 112.8 and 17.2Hz, H-3a), 2.74 (lH, dd, 117.2 and 3.2Hz, H-

3e); I3C NMR Ó 197.3 (C-4), 129.7 (C-3',5'), 129.6 (C-4'), 127.3 (C-2',6'), 103.7

(C-8), 97.2 (C-6), 80.4 (C-2), 44.2 (C-3) (Addendum 2).

Compound 4 (5,7-diacetoxy-2,3-dihydro-2-phenyl-4H-l-benzopyran-4-one)

A dull, yellow powder (11.1 mg) with m.p. 215 - 217°C.

IR (v cm-I) pronounced peaks: 3500 - 3400, 1652, 1613, 1568, 1556.

ESI-MS:m/z 341.10 ([CI9HI606 + Ht) and mlz 363.08 ([CI9HI606 + Nat); IH

NMR Ó 7.45 (2H, dd, 17.3 and 1.5Hz, H-2',6'), 7.41 (2H, m, H-3',5'), 7.36 (IH,



m, H-4'), 6.81 (IH, d, 11.7Hz, H-6), 6.60 (lH, d, J1.7Hz, H-8), 5.56 (lH, dd,

113.2 and 2.8Hz, H-2), 3.10 (IH, dd, 116.7 and 13.2Hz, H-3a), 2.77 (lH, dd, 116.7

and 2.8Hz), 2.31 (3H, s, 5-CH3CO), 2.27 (3H, s, 7-CH3CO), I3C NMR s 191.1 (C-

4),170.9 and 169.7 (2X C=O, CH3CO), 129.8 (C-3',4',5'), 127.4 (C-2',6'), 111.7

(C-8), 110.3 (C-6), 81.0 (C-2), 45.9 (C-3) (Addendum 3).

4. Discussion and conclusion

The molecular formula of compound 1(Figure 1) was determined as CIsHI203 by

ESI-MS, on the basis of the pseudomolecular ion peak at m/z 241.08 [M + nj'.

The flavanone characteristics were evident from the presence of an ABX spin

system due to the protons H-3e, H-3a and H-2, along with the typical coupling

constants. Further evidence for the structural assignment came from both I-D and

2-D NMR measurements (COSY, HSQC, HMBC and NOESY). H-5 appeared as

the most de shielded proton at b 7.73 due to its occupancy of a P position in an a-p

unsaturated carbonyl system. This observation, along with the complete absence

of the familiar chelated OH-5, characteristic of most naturally occurring

flavonoids, was indicative of the fact that this was one of those unusual

flavonoids. This flavonoid has recently been reported as isolated from Zuccagnia

punctata, (Zampini et al., 2012), Spatholobus suberectus (Shim, 2011) and

Dalbergia cochinchinensis (Shirota et aI., 2003), among many other sources. lts

synthesis has also been reported for the purpose of crystallographic and

conformational studies (Kendi et aI., 1995).
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Fig. 1: Compound 1; R, R, = H

( 2,3-dihydro-7-hydroxy-2-phenyl-4H-l-benzopyran-4-one)

Compound 3; R = H, Rl = OH

(2,3-dihydro-5, 7-dihydroxy-2-phenyl-4H-l-benzopyran-4-one or pinocem brin)

Compound 4; R = Ac, R, = OAe

(5, 7-diacetoxy-2,3-dihydro-2-phenyl-4H-l-benzopyran-4-one)

Compound 2 (Figure 2) displayed a molecular formula of CJSRJ403 as determined

by ESI-MS, {pseudomolecular ion peak. at m/z 243.10 ([M + Rt). It also

displayed the characteristic AB spm system usually observed for

dihydrochalcones. This dihydrochalcone, which was also shown to possess a

chelated OR group (b 12.70) was assigned the proposed structure on the basis of

I-D and 2-D NMR spectral analysis. This compound has previously been reported

both as a synthetic (Nakamura et al., 2003) as well as a natural (Vries et al., 2005)

product.
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o
Fig. 2: Compound 2

(1-[2,4-dihydroxyphenyl]-3-phenylpropan-l_one)

The molecular formula of compound 3 (Figure 1) was determined as C1sHI204 by

ESI-MS, on the basis of the pseudomolecular ion peak at m/z 257.08 ([M + Ht).

NMR spectroscopy revealed features of a flavanone structure, as well as a

chelated OH. Comparison with literature data (Wollenweber, 1982), suggested the

structure to be that of a well-known flavanone, pinocembrin. Pinocembrin has

been shown to be a flavonoid constituent in several plants, such as litchi (Wang et

aI., 2011) and has reportedly displayed antibacterial and antifungal activity in

vitro (Bremner and Meyer, 1998). Furthermore, Ahn et al. (2009) reported that
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pinocembrin exhibited very low antioxidant activity but possessed a considerable

degree of antiangiogenic activities. Jaganathan and Manda (2009) revealed in a

recent study that pinocembrin has evolved as a promising pharmacological agent

in the treatment of cancer.

Compound 4 (Figure 1) had a molecular formula of Cl9Hl606 as determined by

ESI-MS, {pseudomolecular ion peaks at m/z 341.10 ([M + Ht) and 363.08 ([M +

Nat)}. The NMR spectroscopic features of 4 were very similar to those of 3,

except that 4 carried two acetyl groups at 0 positions 5 and 7 (82.27 and 2.31),
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and of course showed no evidence for a chelated OH. The presence of the acetyl

groups was also evident from the significant downfield shift observed for H-6 and

H-8, as well as the appearance of two carbonyl I3C signals at 8 170.9 and 169.7, in

addition to 8 191.1 for C-4. Deacetylation of 4 with sodium methoxide in

methanol yielded a mixture of 3 and the partially deacetylated product (5-acetoxy-

2,3-dihydro-7 -hydroxy-2-phenyl-4H-l-benzopyran-4-one).

The occurrence of the latter compound as a by-product may be attributed to some

degree of hindrance from the C-4 carbonyl group to the approach of the

methoxide anion. Furthermore, acetylation of pinocembrin gave a product whose

spectral data was identical to that of 4. The occurrence of pinocembrin as its

diacetylated form in nature has, to our knowledge, not been reported previously.

However, based on the existence of a broad spectrum of acetyl transferases in

plants (see for example Hampel et aI, 2006), it is possible that similar enzymes

may be responsible for the production of this diacetate. On the other hand, that

this compound may be an artifact cannot be ruled out, especially given that ethyl

acetate was a prominent solvent constitutent of the eluent during column

chromatography. The acetyl group has been shown to migrate between hydroxyl

groups in the presence of a suitable catalyst, such as certain brands of silica gel.

According to Fennell and Van Staden (2001), the majority of compounds found in

the Amaryllidaceae family are usually alkaloids. These authors also reported that

alkaloids were not detected in either the dichloromethane or 90% methanolic

extracts of G. ciliaris, using the Dragendorff's reagent; only tannins, flavonoids,
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phenolics, saponins, anthraquinones, glycosides and essential oils tested positively

in all the extracts. However, the fact that alkaloids were not detected in G. ciliaris,

does not necessarily imply that this species does not contain Amaryllidaceae

alkaloids; but perhaps more attention in future research needs to be paid to the

ontogenic and environmental factors that could influence the production and

concentrations of alkaloids (Viladomat et aL, 1997). A study conducted by

Babajide et al. (2010) also revealed the presence of the same phytochemical

compounds, and the absence of alkaloids from the methanol and water extracts of

G. multifolia and G. villosa whole plants. The latter study also revealed the

absence of saponins in the water extracts for both species, an observation that was

further confirmed in all the plant parts in this study (data not shown) Table 1.

Earlier reports by Viladomat et al. (1997) had revealed that the bulbs of Gethyllis

species also contained flavonols, organic acids, carbohydrates and soluble

nitrogen compounds.

Although the phenolic group is considered to be the most fundamental structural

feature essential for antioxidant activity, the multiple presence of this

functionality, as well as their specific locations on the flavonoid skeleton relative

to other functional groups, have been shown to be critical for the enhancement of

antioxidant activity in selected flavonoids. Thus, the presence of one or more of

the following features in a flavonoid is known to contribute to enhanced

antioxidant activity:- (1) the pyrogallol group; (2) the catechol group; (3) the 2,3-

double bond in conjugation with a 4-oxo group and a 3-hydroxyl group; (4) and

additional resonance-effective substituents (Janeiro and Brett, 2004). Since the



flavonoids reported in this paper lack these key features, while they will

contribute to the total polyphenolic content, they may not be considered to be the

key contributing compounds towards the antioxidant activities which have been

reported previously for this plant species (Daniels et aI., 2011).
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CHAPTERS

FINAL DISCUSSION AND CONCLUSION

Introduction

Gethyllis multifolia L. Bolus is threatened in its natural habitat and is listed in the

'Vulnerable' category of the 'Red Data List of Southern African Plants' and the

'IUCN-World Conservation Union List of Plants' while G. villosa Thunb. is not

threatened although growing in the same habitats (Hilton-Taylor, 1996; IUCN-

World Conservation Union, 1998). The habitats of both species are being

exposed to drier conditions (Von Maltitz et al., 2006) and is further threatened by

the encroachment of invasive indigenous plant species (Daniels, 2007). Currently

it is not known to what extent these factors can pose a threat to the existence of

the two species. Furthermore, medicinal uses for the genus Gethyllis (including

G. multifolia and G. villasas have been reported, ranging from cures for colic,

digestive disturbances, teething problems, fatigue, boils, bruises and insect bites,

to being used as an aphrodisiac (Du Plessis and Delpierre, 1973), but very little

research have been done to understand the chemistry behind the reported

medicinal uses of this genus.
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The first objective of this investigation was to determine the costs of vegetative

and reproductive growth during the seasonal life cycle of the plant, using carbon

and nitrogen as a physiological currency. The second objective was to elucidate a

functional basis to explain the difference in the conservation status of both species



in their natural habitat. Both species were subjected to environmental drought and

shade stresses and leaf gas exchange physiology was assessed. The third

objective of the study was to evaluate the antioxidant-content and -capacity of

natural populations and plant samples that were exposed to artificial photo- and

drought stresses. This investigation also attempted to isolate and characterize, by

means of thin-layer chromatography (TLC) and column chromatography (CC),

natural compounds from both species to create a better understanding of the

chemistry behind the medicinal uses of the genus, Gethyllis. Herewith is a

discussion and conclusion of the main findings of the experimental chapters.
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Carbon and nitrogen costs of growth and reproduction

The study of the carbon (C) and nitrogen (N) costs associated with G. multifolia

and G. villosa's growth and reproductive stages revealed significant functional

alterations in the above-ground organs. At the onset of the growth season, G.

multifolia, which morphologically has a bigger bulb structure than G. villosa, had

a larger biomass and nutrient concentration associated with leaf production during

the growth phase but had a lower leaf:bulb ratio than G. villosa. During the

reproductive phase, G. villosa, which has a smaller bulb structure, had a flower

production that was similar to that of G. multifolia. This represented a

significantly higher percentage of flower dry weight per bulb in G. villosa,

compared to G. multifolia. The implications and underlying mechanism of this

altered above-ground investment were further studied using the photosynthetic

gas exchange ofleaf material.



Photosynthesis, stomatal conductance and respiration

The photosynthetic gas exchange data showed that the above-ground non-

reproductive organs experienced more stress from drought than from shading.

Under drought stress, G. villosa had a better photosynthetic performance than G.

multifolia, which appears not to be related to foliar adaptations such as specific

leaf mass (SLM), but to G. villasa's leaves maintaining their stomatal

conductance (Gs), photosynthetic light compensation (LCP) and photon yields

better than G. multifolia. In G. multifolia plants, the increase in photosynthetic

LCP and the decline in apparent photon yield under drought stress indicate that

these leaves are not able to efficiently utilise light energy for photosynthesis. This

indicates that G. multifolia was more severely affected by drought, owing to its

inability to adapt to increasing drought.
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Physiological outcomes

The functional mechanisms of growth and reproductive nutrient costs during the

normal growth phases of Gethyllis concur with the above-ground photosynthetic

physiology, where G. multifolia was less able to compete with G. villosa. The

functional plasticity of G. villosa and the inability of G. multifolia to adapt to the

environmental changes may be a contributing factor underpinning its 'Vulnerable'

conservation status. Stomatal control of photosynthesis is a well-known

adaptation strategy during drought, as reported in previous work for various

ecosystems (Valliyodan and Nguyen, 2006). Furthermore, the survival of G.

villosa is also enhanced by its more successful reproductive survival strategy than

G. multifolia. This reproductive strategy may be suited for nutrient-limiting



environments such as the succulent Karoo biome, to ensure flowering for

reproduction status. These findings are confirmed by reports on Haemanthus

species, which successfully survives in semi-desert environments with nutrient

poor soils due to its effective life strategy, reproductive mechanisms, and life

cycle specifically adapted to these environments (Ruiters et al., 1993).

Although these physiological studies elucidate why G. multifolia may be more

threatened in its natural habitat than G. villosa, it also show the need to integrate

physiology and ecology in a more cohesive manner, in order to account for plant

distributions in their natural environments. The weakness of this investigation is

that the studies have been conducted in a nursery under artificial environmental

stresses, and it may be prudent for future work to investigate the species in their

natural habitat. Additionally, the role of root associated bacteria and symbiotic

associations, such as mycorrhizal fungi should be studied, as they may playa vital

role in nutrient and water uptake in resource-limited ecosystems. Although

drought caused the most severe stress to the above-ground function of G.

multifolia, the previous experiments have also shown the. below-ground organs to

be less able to supply nutrients to the leaves and flowers during the growth

phases. These aspects of G. multifolia's physiology indicate that its organs may

be more sensitive to stresses than those of G. villosa.
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According to Tausz et al. (2004) phytochemicals, such as antioxidants may serve

as a quantitative indicator of plant stresses such as high light intensities, severe

drought, high salt levels, high temperature, low relative humidity, etc.



Antioxidant content-and -capacity during drought and shade

It was also reported by Price et al. (1989) that plants increase their production of

their secondary metabolites, such as antioxidative compounds during biotic and

abiotic stresses. Other investigations confirmed that the production of polyphenol

compounds during these stresses serves as an antioxidant defence system,

comprising of enzymes and low molecular antioxidants, to protect plants against

the production and damaging effects of reactive oxygen species (ROS) (Tausz et

al., 2004). Based on these reports and results from a previous observation study

of G. multifolia and G. villosa, it is hypothesized that G. multifolia struggles more

to adapt to adverse environmental conditions and consequently will have a higher

total polyphenol content with increased antioxidant activity, than G. villosa. In

comparison to shade stress, this investigation found that both species encountered

drought more severely as an environmental stress. The total polyphenols

increased significantly under drought stress in the roots of G. multifolia when

compared to the natural population as well as plant parts of G. villosa.

Furthermore, the FRAP in G. multifolia was also found to be highest in the roots

under drought stress when compared to other plant parts and the comparative

natural population. Similarly, the highest ORAC was recorded in the roots of G.

multifolia under drought stress when compared to the other plant parts, the

comparative natural population and plant parts of G. villosa under both

environmental stresses. Results from this study have shown that an increase in the

antioxidant profile is highest in the roots of G. multifolia under drought stress

when compared to G. villosa, other plant parts and other growing conditions.
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These findings confirm that polyphenolic antioxidants are a powerful quantitative

tool for predicting plant performance in a changing environment. These

functional predictions have been confirmed by physiological studies involving

both whole plant nutrition and photosynthetic gas exchange. The potential

weakness of this work is the fact that increasing degrees of drought stress were

not investigated as a gradient for plant performance and antioxidant synthesis

(Munne-Bosch and Penuelas, 2004). Furthermore, this study also indicated

reduced biomass for both species during drought stress and an even more limited

flower and consequently fruit production for G. multifolia under the same stress.

Another weakness of this investigation is that the antioxidant-content and -

capacity were not conducted on the flowers and fruit on both species during

drought and shade stress and its potential effect on antioxidant-content and -

capacity. It has been reported that the flowers and fruit of Gethyllis are mostly

used for medicinal purposes (Du Plessis and Delpierre, 1973) and therefore these

plant parts should be investigated for their antioxidant activity under drought and

shade stress in future research projects.
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Antioxidant content-and -capacity of the natural populations

It has been hypothesized, based on the pilot studies and the medicinal reports of

the genus Gethyllis, that certain plant parts of natural populations of both species

may have a high total polyphenol content and consequently increased antioxidant

activity. In this investigation it was found that, in general, the flowers and fruit of

both species showed increased, and in some cases significantly higher antioxidant



activities and total polyphenolic content than the leaves, bulbs and roots. Even

though this investigation cannot prove that there is a definite relationship between

high polyphenol values, increased antioxidant activity and the medicinal uses of

this genus, published reports did indicate mostly the application of the flowers and

fruit for medicinal purposes than other plant parts, as mentioned previously.
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The total polyphenol content in the fruits of G. multifolia and G. villosa were

found to be in line with other commercial fruits such as raisins, blueberries,

raspberries, guavas, marula fruit, strawberries, plums, oranges and red grapes (PR

WEB, 2005; Thaipong et al., 2006; Ndhlala et al., 2007). When compared to

some commercial vegetables, the polyphenol content of the fruit of both species

was higher than that of spinach, broccoli, brussels sprouts, beetroot, and onions

(PR WEB, 2005). The ABTS, FRAP and ORAC of the flowers and fruit of both

species were significantly higher than those of the other plant parts and in some

cases higher than members of the berry range (red raspberry, black raspberry,

boysenberry, marion blackberry and evergreen blackberry) (Wang and Lin, 2000)

and certain herb species (Zheng and Wang, 2001). The weakness of this study is

that only the total polyphenols and the presence of certain flavonoid groups were

investigated, but on the other hand, three assays (ABTS, FRAP and ORAC) were

used to determine the antioxidant capacity because of their different reaction

mechanisms (Prior and Cao, 1999). Furthermore, this study did not indicate

which compounds were responsible for the high total polyphenols and antioxidant

capacity in certain parts of the two species. For future studies, evaluation of the
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ability of these plant parts to inhibit lipid peroxidation using a biological system is

advised.

Phytochemical studies and compound extraction

Further phytochemical studies revealed that the chromatographic profiles of the

leaves, bulbs and roots of both species were similar, as was found also in a study

by Babajide (2010), while higher recoveries were indicated in the roots of G.

multifolia, hence, a more detailed investigation of the natural product content was

thus conducted on this plant part. These detailed studies on the roots of G.

multifolia led to the isolation and characterization of four flavonoids: 2,3-dihydro-

7-hydroxy-2-phenyl-4H-l-benzopyran-4-one (1), (l-[2.4-dihydroxyphenyl]-3-

phenylpropan-l-one) (2), 2,3-dihydro-5,7-dihydroxy-2-phenyl-4H-l-benzopyran-

4-one or pinocembrin (3) and 5,7-diacetoxy-2,3-dihydro-2-phenyl-4H-l-

benzopyran-4-one (4). The structure of compound 3 is suggested to be that of a

well-known flavanone, pinocembrin, which has been shown to be a flavonoid

constituent in several plants, such as litchi (Wang et al., 2011). The weakness of

this study is that phytochemistry and natural compound extraction was not

conducted on the flowers and fruit of the two species, even though these two plant

parts were mostly used by traditional healers and old folk for their medicinal

properties.

Antioxidant and phytochemistry outcomes

There seem to be a direct link between the higher (than G. villasa) total

polyphenol content and antioxidant capacity exhibited by the roots of G.
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multifalia and the chromatographic profiles of the roots of G. multifalia as found

in this investigation. In contrast to the fact that flavonoids are generally well-

known for their antioxidant properties, as well as reports on high antioxidant

properties in plant parts of both G. multifalia and G. villasa, the literature and the

SAR discussion revealed that the isolated compounds in this study (from the roots

of G. multifalia), in general, exhibit very low antioxidant activity. However, the

literature revealed that some of the isolated compounds in this study, exhibit

antifungal, antibacterial, antiangiogenic and anti carcinogenic properties in vitro,

which could be ascribed to the medicinal applications of plant parts of certain

species belonging to this genus. This in vitro study has further shown that the

flowers and fruit of both species may be used as good natural sources of dietary

antioxidants, but these results need to be further supported by clinical studies.

These results further suggest that under drought stress, G. multifalia produces

higher levels of polyphenols and flavonols/ flavones than G. villasa in the root

system, to possibly serve as a protective measure against oxidative stress and the

production of ROS. These results could have a significant impact on how

traditional healers, pharmaceutical companies and farmers choose conducive

environmental conditions for cultivation of the two Gethyllis species in order to

ensure enhanced polyphenolic content and antimicrobial activity in the relevant

plant "parts" that are traditionally used in medicinal practices.

The high antioxidant content, -capacity and flavonoids isolated from plant parts as

described in this thesis, do not confirm claims made by traditional healers, but



merely provide us with a better understanding of the chemistry behind the genus

Gethyllis (Kukumakranka), in specific, Gethyllis multifolia and G. villosa.

Future directions

The strength of the approach in this thesis is its multi-disciplinary scope, which

encompasses normally separate fields of study, and integrates a suite of analytical

techniques into a single functional theme, but suggests further investigations on a

number of issues. Future research is needed on the fruit and flowers of both

species to further elucidate other biological properties of these two endemic plant

species, but also to confirm the antioxidant activity in vivo. Further studies also

need to be conducted on the powerful fragrance and taste of the fruit of G.

multifolia for possible use in the food and beverages industry. Furthermore, the

use of current molecular tools should be further exploited in future work. In this

regard, the genes and enzymes involved in antioxidant production should be

investigated. In particular, the regulation of the antioxidants by specific gene

expressions and post-translational protein modifications, may reveal key aspects

of control during environmental and developmental changes. This would be of

importance to the pharmaceutical exploitation of G. multifolia, in the quest of

enhancing its antioxidant capacity.
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