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Abstract

Pelargonium sidoides DC. (Geraniaceae) root extracts are used in theteEa Cape
Province of South Africa as a traditional medicfoe the treatment of respiratory tract
and gastro-intestinal infections. Ethanolic exsamte used globally as herbal treatments
for bronchitis, asthma and as an immune system tbooPespite documented
exploitation of wild populations by illegal harvests, this species has not been awarded a
protected status. The high level of harvest inyars preceding this study prompted this
investigation of the prospects for sustainable roatvest through wild harvest and
greenhouse cultivation. A novel method was devealdpethe purification of umckalin, a
bioactive constituent in root extracts, such that toot umckalin concentrations of wild
and cultivated plants could be quantified by HPL&s part of the -cultivation
experiments, the concentration of umckalin in rosés measured for plants across part
of the species’ distribution range in the Easteapé&Province. This survey revealed that
root umckalin concentrations were inversely relatethe average annual rainfall of the
collection site (f = 0.94, p = 0.007) and directly related to soil @H= 0.97, p = 0.002).
Thus, the possibility of inducing high umckalin centrations in greenhouse-cultivated
plants was investigated by subjecting plants toidragnd prolonged water stress
treatments. Two leaf applied hormone treatmenttokayin and gibberellin) and a root
competition treatment with a fast growing annu@orfyza albida) were also investigated
based on the potential function of umckalinFinsidoides plants. These five treatments
did not significantly affect root umckalin conceations compared to well-watered
controls. The results of further experiments sutggethat umckalin production may have
been influenced by the geographical origin and tgeweof plants rather than
environmental variation. Following wild harvest exjpnents, the regrowth of replanted
shoots from which a standard proportion of the nwas harvested showed that water
availability affected shoot survival but not roegrowth rate. Regrowth rates were low,
questioning the viability of wild harvest. In comst, greenhouse cultivated plants showed
ca. six times greater growth rates, supporting theivailon of roots to supply future

market demand.
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Chapter 1

Introduction

Many South African medicinal plants, includingarpagophytum procumbens and

H. zerheri (Devil's claw), Aloe ferox (Cape aloes) andgathosma betulina (buchu), are
used in the production of internationally marketextbal remedies for the treatment of
various ailments (Van Wykt al., 2000). The wild resources of these species, #mer®
like Pelargonium sidoides, may become over-exploited should excessive sogii wild
plant material take place to meet foreign and Ideshand.

Therefore, the intention of the research preselnéed was to investigate the wild harvest
and cultivation ofPelargonium sidoides and gain knowledge that would aid informed
decision-making on the future conservation of tpecges. Additionally, experiments
were designed to investigate the function of a km&wvsidoides bioactive metabolite,
umckalin, in plants of this species. The implemgotaand assessment of novel harvest
techniques formed the focus of wild harvest expents, while cultivation experiments
focused on optimising the concentration of umckatirthe roots of greenhouse-grown
plants. Assessing the latter was achieved throhghdevelopment of novel methods for

the isolation of umckalin and for the quantificatiof this compound in root extracts.

1.1 Botanical description

P. sidoides DC. (Geraniaceae, sectionReniformia) is commonly known as Kalverbossie
or Rabassam and would be recognized in the fieldragrect, woody to herbaceous
subshrub. Its leaves are clustered, velutinousilaits fairly aromatic, long-stalked and
silver-green. The leaf shape is described as aw@tate and the base as cordate.
The inflorescences are formed by flowering branahnese or less throughout the year,
peaking in December, with several pseudo-umbels) @ath 4-12 flowers (Dreyer and
Marais, 2000; and Van der Walt and Vorster, 1988).

1
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Plants of this species are very easily confuseld thibse of. reniforme Curt. (Rooirabas
or Kidney-leaved pelargonium; Van der Walt, 197Bpth species are very similar in
appearance and the form of each varies betweenidosa(White, 2004-5 personal
observations). The diagnostic features that can be used tindigsh the two are sepal
and petal colour (Figure 1.1). Unlike the pink toe petals oP. reniforme, those ofP.
sidoides are maroon to black. The sepaldPotidoides are green with white margins with

those ofP. reniforme being red with pink margins (Dreyer and Marais, @00

Figure 1.1: The diagnostically coloured flowerdPo&idoides (A) andP. reniforme (B).

P. sidoides plants are evergreen in cultivation (Van der Véald Vorster, 1988) but wild
plants die back in winter at some localities (Whi2804-5,pers. obs.). The distribution
of this species is very widespread across the @etatreastern parts of Southern Africa;
occurring in Lesotho as well as the Eastern Capee State, Northwest, Gauteng and
Mpumalanga Provinces of South Africa. sidoides plants are said to thrive in direct
sunlight and are found predominantly on sand omipaoils from near sea level to
2300 m (Figure 1.2). The rainfall in the majoritiytbe distribution range, falling mostly
in summer, is between 200 and 800 mm per year @rayd Marais, 2000; and Van der
Walt and Vorster, 1988).
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Figure 1.2: Map showing the distribution &f reniforme (blue dashed line) and
P. sidoides (orange solid line) in South Africa and Lesothalafatted from Dreyer and
Marais (2000).

1.2 Medicinal use

1.2.1 Introduction

The tuberous, woody roots &f reniforme andP. sidoides are traditionally used in the
Eastern Cape Province of South Africa for their itiedl properties (Gerardy, 2002; and
Van der Walt and Vorster, 1988), particularly anm&tinghe Xhosa people who use
infusions of the roots for the treatment for diaeh, dysentery, colds and lung infections
including tuberculosis (Bladt, 1977; and Van Wykl&pericke, 2000).
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Recently, bothP. reniforme andP. sidoides populations in the Eastern Cape, particularly
in rural areas, have also been targeted by locdl iaternational pharmaceutical
companies for commercial products. These prodcts Pelargonium, Medicherb UK;
Pelargonium Syrup, Bioharmony Africa and Umckalag@p&pitzner) are effectively
used to treat upper respiratory tract infectiors are available in many regions including
Germany, Mexico, Baltic states, in the Commonweaithindependent States (CIS),
Turkey, Brazil (e.g. Matthyst al., 2003; and Chuchaligt al., 2005) and South Africa
(White, 2004-5pers. obs.).

1.2.2 Clinical trials

In their randomized, double-blind, placebo con&dltrial of 468 adults Matthysat al.
(2003) clearly showed thatRa sidoides extract (EPs 7630) was effective in the treatment
of acute bronchitis and had only mild and no sevi@dverse events. Specifically,
treatment with the extract reduced the time-offrfravork by two days, an important

aspect to consider when assessing the efficacyrebtment (Matthyst al., 2003).

Like Matthyset al. (2003), Chuchaliret al. (2005) found in a similar clinical trial that
EPs 7630 was more effective than a placebo inrdement of acute bronchitis amongst
adults. Their trial included 124 patients and wasda at six outpatient clinics in
Germany. Treatment with EPs 7630 was well tolerdiggatients and no serious side

effects were reported during the trial.

The rational basis for the effective treatment ofita bronchitis \ide supra) with

P. sidoides extracts is provided by chemical, immunologicat aantibacterial assays
performed using similar extracts and some of thmpmunds they contain (Kayser and
Kolodziej, 1997; Kolodziegt al., 2003; Kolodziejet al., 2005; Seidel and Taylor, 2004
and Trunet al., 2006).
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1.2.3 Antibacterial and antifungal activity

Extracts made from the roots Bf sidoides contain the following bioactive constituents:
the coumarins umckalin and 6,8-dihydroxy-5,7-dinoegfcoumarin  (Kayser and
Kolodziej, 1997), gallic acid and its methyl estdfayser and Kolodziej, 1997),
(+)-catechin (Kolodziegt al., 2003), certain fatty acids (Seidel and TaylorQ£0and
tannins (Kolodziegt al., 2005).

Kayser and Kolodziej (1997) investigated the amtibaal activity of crude root and leaf
extracts and their individual constituents agamsange of pathogenic bacteria known to
cause respiratory tract infections. Minimum intholyt concentrations (MIC) were
between 5-10 mg.mt for crude extracts and 0.62-2.5 mg.for fractionated root
extracts (water, ethyl acetate and butanol). Matile@aet al. (2006) found that acetone
and ethanolid®. sidoides root extracts were active at 5 mg.thagainst three bacteria
associated with respiratory tract infectiondaémophilus influenzae and Moraxella
catarrhalis, both gram-negative, and@reptococcus pneumoniae, gram positive).
Kayser and Kolodziej (1997) identified umckalin (Mbetween 200-50ig.mL™) and
6,8-dihydroxy-5,7-dimethoxycoumarin (MIC between0Z00 ug.mL™) to be the most

active single compounds in their root extracts.

Subsequently, Kolodziegt al. (2003) reported that extracts & sidoides showed
significant activity against multi-resistartaphylococcus aureus strains. They also
presented evidence to suggest fatidoides extracts possess antimycobacterial activity
as claimed in the traditional use for the treatmenf tuberculosis.
Mativandlela et al. (2006) observed inhibition oMycobacterium tuberculosis by

P. reniforme root extracts (acetone, ethanol and chloroform$ ang.mL?, but not by
extracts ofP. sidoides roots. In their bioassay-guided fractionatiorPofeniforme and

P. sidoides extracts for antimycobacterial activity, Seidedahaylor (2004) identified
active fractions containing complex mixtures ofusated and mono- and di-unsaturated

fatty acids.
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The authors found oleic and linoleic acid, two lo¢ three major components in active
fractions, to be active against aurum at 4 and 2ig.mL™, respectively. Streptomycin,

used as an antibiotic control, had an MIC of @g5mL™.

Additionally, Mativandlelaet al. (2006) found thaP. sidoides root extracts (acetone and
ethanolic) inhibited the growth of several fungaésies associated with respiratory tract

infections Aspergillus niger, Fusarium oxysporum andRhizopus stolonifer)
1.2.4 Immunomodulating activity

In addition to the antibacterial and antifungainatt described above, there is functional
and molecular evidence to suggest that the coestuof P. sidoides extracts have
significant immunomodulating capabilities. Thesdphthe immune system combat the
viruses that frequently cause respiratory tragtahbns. Dorfmulleret al. (2005) found
that aP. sidoides extract (EPs 7630) significantly increased opsbagpcytosis by
leukocytes in whole blood from healthy individuaisfected with Candida albicans,

in vitro. Furthermore, Kolodziejet al. (2003) showed that three constituents of
P. sidoides extracts (umckalin, gallic acid and 6,8-dihydrdxy-dimethoxycoumarin)
stimulated the non-specific immune system. Thisngkation was the result of the

induced expression of the genes coding for tumearasis factor (TNF).

Gallic acid, (+)-catechin and umckalin were ideatf as having the highest
interferon (INF)-like cytoprotective activity of éhcompounds isolated fromPasidoides
extract. This extract also included phenols andnw@mns, besides umckalin, that
accounted for less that 10% of the activity comgdoethe control (recombinant murine
IFN-y). In the above experiment, the combined effecgalfic acid, (+)-catechin and
umckalin was far less than the effect of the crBdsdoides extract. Gallic acid showed
complete cytoprotection at 1Q@y.mL*, with no cytotoxic effects, and was shown to
elicit the expression of the genes for nitric osid&lO) in addition to TNF. This result
provided further evidence for the stimulation ot thon-specific immune system by
P. sidoides extracts (Kolodziegt al., 2003).

6
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Trunet al. (2006) further investigated the basis for the imomodulatory activity of the
EPs 7630 at the molecular level. For the first fithey showed convincing evidence for
the immunomodulating action of EPs 7630 at the mdé level of macrophage-like
(RAW 264.7) cells in response to infection byeishmania major parasites.
They found that a methanol insoluble fraction ofsEA30 contained constituents that
were responsible for remarkable expression ofndxide synthase (iNOS), cytokine and
interferon (INF) mRNA in only infectious conditiondTheir results suggested that
EPs 7630 only mediates an immunological effect waennfectious agent is present.
This is highly appropriate as that is when adddidmelp may be needed by the immune
system to combat the given infection. The auth¢éss gound that umckalin, a chemical
marker forP. sidoides (Latté et al., 2000, in Truret al., 2006), was not responsible for
the observed effects on INOS and cytokine exprassio contrast to umckalin, gallic
acid showed the same positive expression results rasthanol insoluble root fraction.
Comparison of the relatively low concentration aflig acid in extracts and that needed
to induce gene expression suggested, howeverihbagtotent action of the extract was
the result of a then unknown metabolite (Tetial., 2006).

In order to determine the likely identity of theethunknown compound(s) responsible for
the immunological effects seen on the moleculaelléVrunet al., 2006; and Kolodziej
et al., 2003), Kolodziegt al. (2005) used reverse-transcriptase (RT)-PCR toyaedhe
effects of polyphenols on gene expression. As imanlat al. (2006), the authors used
macrophage-like RAW 264.7 cells infected or noeatéd withLeishmania parasites.
Their tested extracts and compounds includRedsidoides and Phyllanthus amarus
extracts containing polyphenols; and representast@ndards of simple phenols,
proanthrocyanidins, flavan-3-ols and hydrolysablenins. Their results showed that all
of the tested compounds and extracts were capdbémleancing INOS and cytokine
MRNA levels in parasitized compared to non-infecels.

Based on their results and subsequent work onhlenmacological activities of extracts
and their constituents, Kolodziej al. (2003) reasoned that there were two possibilities

for the efficacy ofP. sidoides extracts: either the constituents synergisticatigtributed

7
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to the powerful overall action of the root extraats then unknown compounds were

responsible for the activity.

Collectively, these research findings clearly shbat constituents d®. sidoides extracts
are effective against bacteria and also stimullagerton-specific immune system, thus
helping the body combat infectious agents, spetijicviruses, and their harmful effects
on cells. It can be concluded that umckalin, theagound quantified in this study, is an
antibacterial agent with INF-like cytoprotectivetigity that induces the expression of
TNF invitro.

1.2.5 Further investigations

In addition to the immunomodulating, antifungal aaatibacterial effects, preliminary
evidence suggests that topical treatment of thal@ssages with EPs 7630 may aid the
clearance of mucous from the nose. Neugeba&ued. (2005) showedn vitro that
treatment with EPs 7630 resulted in a significactease in the ciliary beat frequency of
ciliated cells in human nasal epithelium cultufBise isolation of the active constituent(s)
is the subject of further research by the authbing. activity of EPs 763 vivo and the
contribution of its effects to the mucociliatoryssgm as a whole are also part of ongoing

experimentation.

1.3 Conservation

1.3.1 Introduction

In an article in the East London based Daily Dispatewspaper, Gerardy (2002) quoted
local Environmental Affairs district manager QuistiHahndiek in saying that the
quantity of roots removed from the wild was sevéoals per week. At the time, plants

thought to bd®. reniforme were being collected illegally.
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P. reniforme andP. sidoides often grow together and as they are difficult istidguish
from one another when not in flower it is likelyatiboth species were collected together.

Nine harvesters were arrested as a result.

Up until that time no research had been publishedhe environmental impacts of
harvesting, the size of the wild resource or theovery of populations after harvest.
Additionally, the current volume and export valug dried P. sidoides roots to the

international and national markets is not known.

1.3.2 South African legislation

In a positive development, progressive changes dottSAfrican and Eastern Cape
legislation are leading towards the legal protectb these two species and the justified

intellectual property rights of indigenous commigst

The Eastern Cape Environmental Conservation Bik @Bill, Department of Economic
Affairs, Environment and Tourism, Eastern Cape P, 2003) makes the provision
for P. reniforme to be added to the list of protected species (Bdbe5) in the Eastern
Cape Province of South Africa (the Province), wheré& was not previously listed.
P. sidoides, however, was not listed in this most recent Bilhis may have been an
oversight or due to the once popular literaturengithatP. reniforme is the species of
dominant medicinal value. Conversely, the curremiume of literature focuses
predominantly onP. sidoides, suggesting that a protected species listing shda
considered. When the Bill is enacted the provisiohsections 115-118 and 120 will
apply specifically taP. reniforme as a protected species. These include the regeimtem
for an individual to hold a permit in order to sell growP. reniforme and that buyers
may only purchase from licensed selles.reniforme may not be imported into or
exported from the Province unless the carrier halgermit to do. Persons in possession
of material bought from a licensed grower or selldl be exempt from this provision.

Potential growers and sellers will have to applyd@ermit.
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The issuing of these permits will be at the disorebf the Head of the Department of
Economic Affairs, Environment and Tourism of thestean Cape Province (Head of
Department). The sale &f. reniforme for charitable or other similar purposes will be
possible after the issue of an appropriate permitha discretion of the Head of
Department. AlthoughP. sidoides is not listed as a protected species in the RBilis

afforded some protection as an indigenous Eastepe @lant. As such, it may not be

picked, uprooted or destroyed 90 m from the miadla public road without a permit.

Flowers may be picked provided the plants are pobated, picked or destroyed in the
process. The most important difference between pghevisions for protected and
unprotected flora concerns the collection of plamtgprivate land. Unprotected flora may
be collected on private land without a permit i tharvester has the written permission,
including the specific details of harvest, from tlaed owner or delegated authority.
No provision is made in the Bill specifically fane regulation of cultivating or selling
unprotected flora. Fortunately, as it is an indm&s species, the export Bf sidoides
from the Province will require a permit. Until thgall is enacted,P. sidoides will be
protected as an indigenous plant under the Capar&l@onservation Ordinance (No. 19
of 1974; in Egan and Cavvadas, 1977). The Cape rdlalonservation Ordinance
provides near identical legislation for the pro@ctof indigenous unprotected flora, like
P. sidoides, in comparison to the above mentioned Bill. Thiy alifferences are found in

the regulations concerning flower picking.

The South African Parliament has recently enactetilla by the Department of
Environmental Affairs and Tourism (DEAT) largelystaucturing the management of
biodiversity and bioprospecting in South Africa. lilmis regard, the National
Environmental Management: Biodiversity Act (the ABIEAT, 2004) protects South
African plant species and the interests of affegtedple through legislation concerning

bioprospecting, and the interlinked benefit-shaangd export of indigenous resources.

10
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Under the Act, interested parties must be holdées permit before they may engage in
bioprospecting. The export of indigenous resouficas South Africa for bioprospecting
or other kinds of research also requires a peduiditionally if a stakeholder, such as an
indigenous community or researcher, has an intemesthe proposed action, all
information concerning the proposed bioprospectmgst be disclosed to him/her/them.
Frameworks for benefit-sharing and subsequent amtigs resource management are

also provided by the Act.

1.3.3 Conservation options

There are two interlinked options that would proentbte conservation of wilB. sidoides
populations for future use, to the benefit of peophd the biodiversity of the natural
environment. The first option would be to develop amplement sustainable harvesting
practices for wild populations. The second wouldideffectively cultivateP. sidoides
plants in order to supply local and internationaim@nd, thus reducing the harvest of
roots from the wild (World Health Organizatiah al., 1993). A combination of good
cultivation and wild harvest practices may provitte the sustainable harvest of
P. sidoides in the future.

In this study we made significant steps towarddizieg the above options, firstly by
assessing the regrowth and survival of field haetplants and secondly by assessing
the levels of a bioactive metabolite, umckalin,tie roots of greenhouse cultivated

plants.

1.3.4 Determining a sustainable harvest

Ticktin (2004) reviewed the ecological implicatiom$ harvesting non-timber forest
products (NTFP) and identified a number of varialitebe considered when studying the
effects of harvest on individual plants and popafet. These included documenting the
plant part used, the life history of plants, vaaatin environmental conditions,

management practices, harvest method and landonsext.

11
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Ticktin (2004) recommended that, in order to managée conserve NTFP populations
effectively, researchers must identify what thelegical effects of harvesting are, what
the mechanisms are that cause them and identifynaaryagement practices that may
reduce the negative effects of harvesting. To cetephe investigation, socio-economic
and political issues must also be addressed. Thawiog case studies, of important

natural resources, shed light on some of the vimsathat may need to be considered

concerning the conservation Bfsidoides for sustainable harvest.

Pterocarpus angolensis is an important hardwood tree with many traditiomad

commercial uses found in the African miombo woodlaegetation type (Swargt al.,

2002). In their study the authors highlighted timeportance of gaining knowledge
concerning the effects of harvest on population atlyics. The authors estimated
population size structures, tree growth rates ameld sproduction; and interviewed
harvesters to learn about their harvesting pattérnsy used this information to develop
a simple population projection model and showedt tthee then harvesting was

unsustainable.

Findings on the commercial harvest of devil's claan important southern African

medicinal plant, may be very useful to the develepmof conservation and harvest
strategies for P. sidoides. Devil's claw is the collective common name for
Harpagophytum procumbens and H. zerheri and has recently been the subject of a
comprehensive and valuable review by Stewart arld (2005). Evidence was presented
to suggest that improving benefit-sharing for hatees results in improved resource
management and conservation at the local level. CEse in point was the successful
Sustainably Harvested Devil's Claw (SHDC) projattiated in Namibia. Some of the

activities of the SHDC project were to ensure gaudrket prices and strengthen
harvesters’ buying position, make information aailé, create options, and provide
general support. The project saw an increase imetsgonsibility taken by harvesters for
the management of the resource and in supplyingiga Quality product to the

marketplace. These positive results were not gépetiae case in areas where the

resource was extensively harvested.

12
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The SHDC project also showed the importance of ittcachl knowledge about
sustainable harvest. The authors recommendedrdhtianal knowledge be recognized,
legitimized and used as the base for a “best megtimessage to harvesters (Stewart and
Cole, 2005). As stated by the authors, the study pexformed on a limited and local
scale and would benefit from including a largedstarea.

Like Stewart and Cole (2005), Shinwari and Gilab0@3) also considered increased
coordination and cooperation between communitiesteaders regarding plant use and
regeneration to be important. Other factors weeatified as valuable to promoting the
sustainable use of plants in northern Pakistanirecidded: protecting areas where herbs
were over-exploited, conservation training, sedauritihe protection of intellectual
property rights and the cultivation of nutritionalend medicinally used plants in
nurseries. The authors noted that, in the regiorPakistan they studied, a lack of
knowledge of sustainable use and conservation battibuted to an increased shortage
of medicinal plants.

For P. sidoides, much information is currently lacking concerninipe plant
characteristics required by industry. It is knowowever, that harvesters are instructed
by middlemen to harvest large roots and those datfker red internal tissue (Dold, 2004,
personal communication). The lack of published information concerning theantity of
the resource harvested, harvesting methods apmtiécmanagement systems on the local
scale forP. sidoides is similar to the situation described by Ghimateal. (2005) for
many Himalayan medicinal plants. In a study on ¢kelogy and rhizome harvesting
patterns of two threatened specidsardostachys grandiflora and Neopicrorhiza
scrophulariiflora, Ghimire el al. (2005) found that there was great variation in the
harvesting practices and knowledge of resourcesusHEneir study was based in a
protected area where traditional doct@chi, collected rhizomes for home ussd a
non-protected area where commercial harvestereatetl for trade. The harvesting
approaches of the two major user groups were stuahe experimental trials were then
implemented to analyze the effects on populatioowgn in response to the different
harvesting practices.

13
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The amchi were selective in their approach to plant hansesd collected less on a
seasonal basis for homecare use. In contrast, ¢dhemercial harvesters were not
selective, collected intensely and did not hold@asonal collection, only stopping in the
three months of annual snowfall. The authors’ figdi on the response of population
growth to harvest showed that differences in grosttategy between species affected the
ability of each species to react to different hatwey intensities. In addition, growth form
was found to affect the ability to selectively hest/ plants. Collectively, differences in
growth strategy, growth form, intensity and fregeyxerof harvest - in addition to the
survival and regrowth of replanted ramets - infliceshthe potential for each species to be
harvested sustainably. Replanting of younger plant$ selectively harvesting mature
plants was recommended feopicrorhiza. Due to differences in harvest response and
growth form, sustainable harvest lgérdostachys was not considered possible unless a
long rotation between successive harvests was lisstedh. Ghimireet al. (2005)
concluded that it is important that management laa established for threatened
Himalayan medicinal plants based on applied hainggtractices, growth patterns in

different habitats, life forms and the plant pased.

In our study prominent steps were taken towardessssy the potential for the
sustainable harvest &f. sidoides roots. The regrowth and survival of harvested fglan
under two management practices in two climaticdlifferent habitats was monitored
over one year. In addition to field harvest experits, plants were grown in cultivation
so that regrowth and bioactive metabolite concéintia could be compared to those of
wild plants. Fundamental to the assessmerR. afdoides cultivation as a viable part of
sustainable harvest was the isolation of a bioacstandard from roots and the

development of an effective assay to assess itsecdration in cultivated and wild roots.

14
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1.4 Aims

The aims of this study were:

1) To isolate a standard of umckalin, a bioactiwamarin, from dried?. sidoides roots
and develop an effective High Performance Liquidddimatography (HPLC) assay for its

detection in root extracts.

An umckalin standard was isolated via a novel matimaorporating acetone extraction
and chromatography using HP-20 polystyrene resiicasand HPLC guided by

diagnostic Thin-Layer Chromatography (TLC) and MaclMagnetic Resonance (NMR)
spectra. The standard was then used in variouytan@lHPLC systems, adapted from
the literature, to develop an effective and robosthod for the quantification of

umckalin in ethanoli®. sidoides root extracts.

2) To determine the effects of different managenmmattices, habitat and season of

harvest on the regrowth of replantedsidoides plant parts after harvest.

Large sets of plants from two distinct annual ralindreas were harvested and subjected
to three treatments (management practices). Tvatnients included the removal of 80%
of the defoliated plant mass and replanting witlwadhout a colloid to gradually release
water into the soil surrounding the plants. A thirdatment involved the replanting of
defoliated plants without the removal of root. Témergence of leaves and the annual

production of root regrowth were measured.

3) To assess the relationship betw@&ersidoides root umckalin concentration and local

climate.

Plants and soil samples were collected from thoeations of distinct annual rainfall and

the average umckalin concentration of dried rootagared.
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4) To determine the effects of cultivation and was applied treatments on the root
umckalin concentration of non-clonl sidoides plants.

Wild harvested plants were grown under greenhooselitions for between 16 and 18
months before the application of one of five treatits. These treatments included rapid
and prolonged water stress, two hormone treatmemtskinin and gibberellin), and a
root competition treatment with a fast growing asn{Conyza albida). Each treatment
was hypothesized to increase root umckalin conatoirs relative to well-watered

controls.

5) To determine the variation of root umckalin cemications amongst clonBl sidoides

plants.
Cuttings were made from the roots of individualdvparent plants and grown under

greenhouse conditions. The variation of root umokebncentrations between cultivated

clonal plants was hypothesized to be lower than higdween non-clonal wild plants.
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Chapter 2

Umckalin Standard Purification and Attempted Veafion of

Biological Activity

This chapter describes the development of a metbodolate, and the subsequent
isolation of, bioactive umckalin (6-hydroxy-5,7-déthoxycoumarin) from the roots of

P. sidoides plants.

In their isolation of umckalin, Kayser and Kolodz{#995) used a method incorporating
an initial aqueous-acetone extraction, subsequehiyl eacetate extraction and
chromatography using Sephadex LH-20, silica gek1RRnd Medium Pressure Liquid
Chromatography (HPLC). The method developed herkudied acetone extraction and
chromatography using HP-20 polystyrene resin,aitjel and High Performance Liquid
Chromatography (HPLC); guided by diagnostic ThinaChromatography (TLC) and

Nuclear Magnetic Resonance (NMR) spectra.

2.1 Plant material

The roots of replicate plants, from two distincbgeaphical locations, were used in this
study. The two sites are situated in the Greatsh River Nature Reserve (GFRR)
(33° 07’ 13" S, 26° 43’ 29” E) and on Killaloe Famear Kei Road (KR, 32° 43’ 03" S,
27° 39" 30" E). Both sites are in the Eastern CBpevince of South Africa and were
specifically chosen as they represent areas oflyvadifferent annual rainfall,
397 and 760 mm for the GFRR and KR sites, respagtiwoucher specimens were
collected from each site and deposited in the Selehonland Herbarium (GRA),
Grahamstown. From here on “GFRR” will designateraots and fractions originating
from Greater Fish River Nature Reserve plants akB”“will designate those from

Killaloe Farm.
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2.2 Development of an umckalin isolation method

Fresh roots were collected from each site, slicg#dgua stainless steel knife, oven dried
at approximately 40 °C (Gallenkamp), crushed usipgstle and mortar and powdered to

a 1 mm particle size using a hammer mill.

500 g of powdered dry root from each site was soake2 L of redistilled acetone for
four days in separate 5 L conical flasks. The gsalvebot mixture was agitated
occasionally by swirling until all the settled posvdvas suspended in the supernatant. 50
mL of the burgundy coloured solutions yielded 18 15.5 mg.mt: of dried acetone
soluble extract for the GFRR and KR samples, rdspyg. These dried extracts were

further fractionated as follows:

The above dried GFRR (903.2 mg) and KR (772.7 mxpaets were re-dissolved in
acetone ¢irca 60 mL) with the addition of a minimal volumea{ 7 drops) of deionised
water, to improve solubility, before they were leddonto columns for separation using
HP-20 (Diaion®, Supelco, Sigma-Aldrich) chromatqgrg. The HP-20 chromatography
employed three steps: (1) loading of increasingjyemus diluted fractions, originating
from an individual extract, onto an HP-20 columiyd loading); (2) the elution of
fractions off a cyclically loaded column using aga of solvent combinations of varying
polarity and (3) the loading and elution of indiwal fractions from (2) onto and off
smaller HP-20 columns (backloading). This methods vealapted from that used by
Keysers (2003).

HP-20 columns were prepared as follows. 500 mL sgleglumns were rinsed with
acetone and stoppered with cotton wool before bdilgd with 1 mL of HP-20
polystyrene resin beads per 25 mg of dried extitmdie chromatographed. The beads
were primed with three bed volumes of methanolofedd by three bed volumes of

acetone.
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In loading the columns, the re-dissolved acetorieaets were poured onto the top of
each column and the eluted fraction collected (dtgpThe eluted fraction contained
compounds that did not bind to the HP-20 stationdrgise at the mobile phase solvent
concentration. Fractions collected from each columere transferred to separate
measuring cylinders and diluted by 25-33% with desed water or until the solutions
became cloudy. The cloudy nature of the fractioticated that dissolved compounds
were beginning to come out of solution before iating. Diluted fractions were then
reloaded onto the original respective columns. Wyslic loading was continued with
each column until the concentration of the dilutedtions to be loaded was 5% acetone.
Cyclic loading results in a high proportion of tbempounds in original extracts being
absorbed onto the beads in the column.

Fractions were then separated off the columns @}em elutions beginning with three
bed volumes of water changing to three bed volurmkslO0% acetone in 20%
increments. Fractions eluting at each acetone cdrat®n were collected in separate

conical flasks (Figure 2.1).

Figure 2.1: Photograph showing the fractions ctdleafter the HP-20 chromatographic
separation described above. Kei Road samples (€) are in the foreground with the

Greater Fish River Reserve (Kudu) samples behind.
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Backloading was performed to remove water from eaicthe fractions that contained
acetone and water. Two columns, one for GFRR fsastand one for KR fractions, were
filled with 15 mL of HP-20 beads and rinsed witheth bed volumes of acetone. Each of
the above 20 to 80% acetone fractions were loaded, @nd eluted off the columns
individually. Before loading, each fraction wasutidd with water, while swirling, until
the solution started to become cloudy. The appatprcolumn was then equilibrated to
the solvent concentration of the diluted fracti@mce loaded, the columns were air dried
to remove water and eluted with 50 mL of acetondpied by 50 mL of methanol.
Methanol and acetone fractions were collected ensdime round bottom flask and dried
under reduced pressure at 35 °C on a rotary evipdiiichi Rotavapor R-200, heating
bath B490). The columns were rinsed with three kellmes of acetone between

backloadings.

100% water fractions were frozen using liquid rgea and dried using a freeze drier
over three days (LyoLab 3000, Heto, with an Edwahndgh vacuum pump). 100%

acetone fractions were dried under reduced press8® °C on a rotary evaporator.

A small dried sub-samplecd. 10 mg) of every fraction was dissolved in deutsdlat
methanol (Merck) and analysed using a Bruker 400zMRBvance" DPX 2 Channel
NMR Spectrometer. The GFRR 60% acetone fraction3(2ig and named Fraction
Alpha from here on) provided a proton NMR spectriamumckalin, comparable with
published data (Kayser and Kolodziej, 1995), and weerefore chosen for further

purification.

At this stage TLC was used as rapid means of dagetde effectiveness of the possible
purification options to follow.

A dissolved sample of Fraction Alpha was spotteth rormal phase (silica gel 6Qsk
Merck) and reversed phase (C-18, RP-32&JFTLC plates and allowed to dry before
being placed in a solvent bath containing one ef $blvent combinations shown in
Table 2.1.
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Once the solvent had migrated to within 5 mm oftteof a given plate, it was removed
from the solvent and solvent bath. All TLC platesrevfirst observed under 254 and 365
nm wavelength light to reveal UV absorbing compaynthen sprayed with 10%

sulphuric acid in methanol and heated to reveal gresence of non UV absorbing
organic molecules, and finally they were dustedhwidine to reveal any further

compounds undetected by the two other plate demeap techniques. The sulphuric
acid with heat and iodine treatments did not frediyereveal any compounds that had
not already been observed under 365 or 254 nm weagt light.

Table 2.1: RF values of a compound, likely to beckatin (as seen in NMR spectra),

determined using various solvent combinations amiaband reversed phase TLC plates
in an experiment to find the combination that re=iiin the separation of the compound
closest to 30% from the baseline relative to tHeesud front. Compounds were observed
under 365 or 254 nm wavelength light.

Stationary Solvent combination RF value
phase

Normal Ethyl acetate 0.61
Normal Ethyl acetate: methanol (1:1) 0.37
Normal Ethyl acetate: methanol (9:1) 0.82
Normal Ethyl acetate: chloroform (1:1) 0.55
Reversed Acetonitrile:methanol (1:1) 0.85
Reversed Methanol 0.78
Reversed Acetonitrile 0.82
Normal Ethyl acetate: hexane (4:1) 0.73
Normal Ethyl acetate: hexane (3:1) 0.66
Normal Ethyl acetate: hexane (2:1) 0.6
Normal Hexane 0 (no separation)
Normal Ethyl acetate: hexane (1:2) 0.15
Normal Ethyl acetate: hexane (1:1) 0.32
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Normal phase separation using ethyl acetate: hedahgproduced the best RF value for
further HPLC purification. This result led to thénaice of a column based silica
stationary phase with ethyl acetate:hexane (1:1)esobile phase in the next separation

step.

22 mg of Fraction Alpha was dissolved in 2 mL diyétacetate and 1 mL of methanol
and loaded onto a column filled with 50 g of silicel 60 (0.040-0.063 mm,
230-400 mesh ASTM, Merck) stoppered with cotton Wmelow acid washed sand. The
column was eluted with two bed volumes of ethyltateehexane (1:1) and test tubes
were used to collect fractions of about 10 mL iduwee. The first 19 fractions were
spotted on normal phase TLC plates and run in etbgtate. Separated compounds from
fractions five and six (RF values of 0.78 and 0r@spectively) were observed under 365
nm wavelength light as blue spots. The contentthe$e fractions was combined and
dried to yield a 4.6 mg product that was pale yellshen dissolved in methanol. This

fraction is named Fraction Beta from here on.

'H NMR (Figure 2.2) and TLC (ethyl acetate:hexand,) showed that Fraction Beta
contained a single major compound (> 90% puritycombination of 1D and 2D NMR

(Figures 2.2-2.6) were used to unequivocally esthbthe structure of this major
compound as umckalin. Further confirmation of tlrecture of umckalin was provided
by High Resolution Fast Atom Bombardment Mass Specbopy (HRFABMS) and UV

spectroscopy as described below in Section 2.3.
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Figure 2.2: Proton NMR spectrum (400 MHz) of FractiBeta, umckalin isolation
method development (spectrum acquired in methahpl-
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Figure 2.3:*C NMR spectrum (100 MHz) of Fraction Beta, umckasinlation method

development (spectrum acquired in methang)l- d
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Figure 2.4: Distortionless enhancement by polaomatiransfer (DEPT)-135 NMR
spectrum (100 MHz) of Fraction Beta, umckalin isiola method development (spectrum

acquired in methanol-,1 Only CH and CH carbon signals appear in this spectrum.
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Figure 2.5: Heteronuclear single quantum corraiatiHSQC) NMR spectrum
(400 MHz) of Fraction Beta, umckalin isolation madhdevelopment (spectrum acquired
in methanol- g). The HSQC spectrum shows correlations betweenolgga (x-axis) and

carbon atoms (y-axis) separated by one bond.

Figure 2.6: The structure of umckalin with a diagnaatic representation of the

correlations between hydrogen and carbon atomsrshoWwigure 2.5.
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Table 2.2: Structural elucidation*H and **C NMR spectral data for Fraction Beta
(400 Hz, methanolf and umckalin (75 Hz, acetong-Kayser and Kolodziej, 1995)
(d = doublet, s = singlet). Coupling constant, Hir) in parentheses. Note: there will be

some small differences in chemical shiigppm) in different NMR solvents.

H H ™H

d (ppm) for Fraction Beta

6 (ppm) for umckalin

6.14 d (9.6) 6.13d (9.7)
4 8.02 d (9.6) 7.97d (9.7)
6.54 s 6.59 s
OMe 3.85, 4.01 (each s) 3.86, 4.01 (each s)

Table 2.3: Structural elucidation **C NMR spectral data for Fraction Beta
(100 Hz, methanol and umckalin (75 Hz, acetone-&ayser and Kolodziej, 1995).

C 13C 13C
d (ppm) for Fraction Beta | & (ppm) for umckalin
163.8 162.2
1114 1125

4 141.1 139.6

4a 107.4 107.3

5 158.2 155.9

6 124.9 138.1

7 152.9 152.5

8 100.1 99.6

8a 150.9 150.4

OMe 61.3, 62.2 61.3, 62.0

Comparison of Fraction beta proton and carbon NMia dTables 2.2 and 2.3) with
umckalin data in the literature (Kayser and Kol@§lz1995) confirmed that umckalin was
the dominant compound in the fraction and thathierrtpurification would be needed to

isolate a standard.
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At this point it was decided to pursue the purifica of umckalin from a larger mass of
crude acetone extract with the inclusion of a s#jpaw step on semi-prep HPLC after

silica column chromatography.

2.3 Umckalin isolation

The successful development of the above methoddlate a > 90% pure sample of
umckalin prompted the use of a similar method twlai® a larger quantity of the

compound with greater purity.

The method in Section 2.2 employed acetone extractnd two purification steps: HP-
20 column chromatography followed by silica coluetiromatography. In the method
described here (Section 2.3), an umckalin stan{ftddl mg) was isolated from dried
GFRR acetone root extract (8.62 g) using a simmiathod to that above but with the
addition of a semi-prep HPLC separation step afilera column chromatography. This

additional step improved the purity of the isolatedckalin toca. 99%.

HPLC was performed on a normal-phase Whatman Magh@artisil 10, 10 x 150 mm
column, equilibrated with ethyl acetate:hexane)(Ic@nnected to a Spectraphysics series
P100 pump and a Water R401 detector. Appropriateiybined silica column fractions
were loaded onto the equilibrated column in twaoasafe injections and eluted with ethyl
acetate:hexane (1:2, 4 ml.ifjn Eluting peaks were combined according to their
respective retention times (RT). The fraction comiey the largest peak from each
separation, 12.7 and 12.8 min RT respectively, dvasi under reduced pressure at 35 °C
on a rotary evaporator, yielding a pale yellow tailgse solid. This fraction is hamed
Fraction Gamma from here on. A sample of Fractiam@&a was dissolved in deuterated
acetone (Merck) and analyzed using NMR. The chofaeuterated acetone as the NMR
solvent was to enable the data obtained for thispound to be compared directly with

published data for umckalin.
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Figure 2.7:'H NMR spectrum (400 MHz) of Fraction Gamma, umakai$olation
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Figure 2.8:*C NMR spectrum (100 MHz) of Fraction Gamma, umakabolation
(spectrum acquired in acetong)-d
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Figure 2.9: DEPT-135 NMR spectrum (100 MHz) of F@c Gamma, umckalin
isolation (spectrum acquired in acetong-d

Table 2.4: Structural elucidatiortH spectral data for Fraction Gamma
(400 Hz, acetoneg)l and umckalin (75 Hz, acetone-rdKayser and Kolodziej, 1995)
(d = doublet, s = singlet). Coupling constant, Biin in parentheses.

Position H H

d (ppm) for Fraction gammasd (ppm) for umckalin

6.12 d (9.6) 6.13d (9.7)
7.96 d (9.6) 7.97d (9.7)
8 6.59s 6.59 s
OMe 3.86, 4.01 (each s) 3.86, 4.01 (each s)
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Table 2.5: Structural elucidatiort>C NMR spectral data for Fraction Gamma

(100 Hz, acetonegiland umckalin (75Hz, acetong;&ayser and Kolodziej, 1995).

Position Bc B¢
d (ppm) for Fraction gammas (ppm) for umckalin

2 161.1 162.2
112.2 1125
139.6 139.6

4a 107.0 107.3

5 156.4 155.9

6 138.2 138.1

7 152.3 152.5

8 99.6 99.6

8a 150.4 150.4

OMe 61.2, 62.0 61.3, 62.0

The proton and carbon NMR data in Tables 2.4 aBctc@nfirmed that a pure sample of
umckalin had been isolated (as first described laghéret al., 1974).

In order to determine the UV absorbance spectrurth@fisolated compound (Fraction
Gamma), 3 L of a 0.01 md.™ HPLC grade methanol solution was analysed using a
Varian Cary 500 UV-Vis-NIR spectrophotometer (FiguR.10). These results are
compared below with those in the literature (Kays®t Kolodziej, 1995).
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Figure 2.10: The UV absorbance spectrum of FracG@amma (spectrum acquired in
HPLC grade methanol).

In a further verification of the chemical structwkthe compound isolated here, a High
Resolution Fast Atom Bombardment Mass Spectrum &BRWFES, Micromass 70-70E
spectrometer) was obtained by Professor L. FodribeoMass Spectrometry Unit, North-
West University, Potchefstroom, South Africa. Thelacular formula of umckalin
(C11H100s) requires m/z 222.05282 and we found m/z 222.052BMicating

unequivocally that these are the same compound.

NMR analyses, combined with UV absorbance and mpestrometer data, confirmed

that the following compound had been isolated:

6-Hydroxy-5,7-dimethoxy-2H-benzopyran-2-one (umakall4.1 mg.

Molecular mass: 222.0528 g.rifo222 g.mof', Kayser and Kolodziej, 1995 and Wagner
et al., 1974). UV ., 206, 330 nm: (210, 328 nm, Kayser and Kolodzi8p5L and
221, inflection at 255, 330 nm Wagnretral., 1974). C° and H NMR data (see Tables
2.4 and 2.5).
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2.4 Attempted verification of biological activity

An assay was conducted in order to confirm the dwmmnted biological activity of

umckalin.
2.4.1 Quick microplate method

The quick microplate method (Eloff, 1998) was us®test for the bacteriostatic activity
of the umckalin isolated above. The method employeel use of sterile 96 well
microplates (0.5 mL volume) and the dye p-iodomgn@zolium violet (INT) as an
indicator of metabolic activity. Ampicillin (Roch&yas used as an antibiotic control and
dissolved in sterile triple distilled water (SW)mdkalin was dissolved in a minimal
amount of 96% ethanol (rectified, Saarchem UNIVAIRrck) with SW so that the final
ethanol concentration in wells was less than 0.358tvent controls were run at the same
concentrations as those in the umckalin wells. I8 dissolved in SW (0.2 mg.ii)
with sonication (UMC5, Ultrasonic Manufacturing Cpamy). Liquid bacterial cultures
were prepared by first inoculating Miiller-Hinton {¥) broth (23 g.[*, Fluka, Merck)
with a loop ofE. coli (ATCC 29181) under sterile conditions. The inotedbbroth was
incubated overnight at 37 °C with 200 rpm rotat{abson incubator). The following
morning fresh sterile M-H broth was inoculated witle overnight culture and incubated
at 37 °C with 200 rpm rotation for approximatelyefinours so that cultures were in their
log phase of growth at the time of use.

At the beginning of each microplate experiment 50qf sterile M-H broth (23 g.1)
was added to each of twelve wells in a single r&é@.uL of test solution (10 and
11 mg.mL* for ampicillin and umckalin, respectively) was thadded to the first well of
each row and thoroughly mixed by sucking it intoaamopipette tip and releasing it back
into the well three times. 50 pL from the first \webks then transferred to the next well,
mixed and the process repeated until the final wlere 50 uL was discarded after
mixing. 25 pL of the above log phase culture wadeadto each well (except for zero

culture controls).
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The microplates were covered with a sterile lid amcubated overnight at 37°C in a
controlled environment (CE) room. Three replicatese used for each test and control

solution.

After overnight incubation, 40 pL of INT (0.2 mg.fiwas added to each well before the
plates were returned to the 37 °C CE room. Digitabtographs were taken of each
microplate before adding INT and at 30, 60, 120 2id minutes afterwards to create a
permanent record of colour and rate of colour dgwelent. The contents of selected
wells was triple streaked on M-H agar plates (23'gM-H broth and 18 g.t: Agar
Bacteriological, Merck) which were inverted and ubated at 37 °C overnight. This
verification was used to determine the accuracyth&f results found in the visual

assessment of the microplate wells and also tdifgiggossible contamination.

Like Eloff (1998), we found that using broth insdeaf water for the serial dilutions of
ampicillin resulted in MIC closer to those foundtire literature. The MIC of ampicillin
diluted with water was 23.2dg.mL™" and 8.64ug.mL* with broth. The literature value
for ampicillin againstE. coli (ATCC 27853) was 2-gg.mL* (National Committee for
Clinical Laboratory Standards (1990), in Eloff (B9We also observed that after one
hour INT was reduced to red in some of the wellemgtthe ampicillin concentration was
above the MIC reported here, indicating false passt This observation was confirmed
by triple streak verification. The presence of égt®sitives was not found to be the effect
of using broth in the serial dilutions.

Colour developed in all the wells containing umakaést solutions, indicating possibly a
lack of bacteriocidal activity. However, the devaieent of colour over time did not
appear to correlate to umckalin concentration. Ashsthe published bacteriostatic
activity of umckalin could not be clearly reproddde our hands using Eloff's method.
Kayser and Kolodziej (1997) used an agar diluticethnd to describe the antibacterial
activity of umckalin against a range of bacteriaeTquantity of umckalin required to
reproduce the assay, however, was more than thdable for this study.
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2.5 Discussion

Umckalin is a reported antibacterial agent (Kaysed Kolodziej, 1997), has INF-like
cytoprotective activity and has been shown to iedube expression of TNF
(Kolodziejet al., 2003). The latter activity accounts for umckadindle in stimulating the
non-specific immune system. These findings andttmelusive evidence for the isolation
of umckalin here, offered rational justificatiorr fits use as a bioactive metabolite marker

in this study.
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HPLC Method Development

3.1 Introduction

Following the successful isolation of umckalin (@tex 2), a High Performance Liquid
Chromatography (HPLC) based assay was developetthdoguantification of umckalin
concentrations in ethanolfl. sidoides root extracts. The developed assay was then used
in subsequent experiments to assess the variatioroat umckalin concentrations
between wild harvested plants from a range of ggaucal locations and of greenhouse

cultivated plants subject to various treatments.

The published assay of Kayser and Kolodziej (19849 used as the starting point for the
development of a more efficient method. The authanslytical HPLC was performed
on a C-18 column (250 x 4 mm; RP-18um). The mobile phase was a linear gradient
system of water:methanol {8:MeOH, 9:1 to 3:7 over 40 min, at a flow rate of
1.5 ml.min®) yielding an umckalin retention time (RT) of 32.9dinutes. The linear
gradient system was misprinted in the original page being MeOH:kD instead of
H.O:MeOH, this was confirmed by Professor H. KologdZR005, pers. comm.) as the
convention is to have the most polar solveni(fhh this case) mentioned first. The use
of MeOH:H,O could have a significant effect on the resolutimmd separation of
compounds on the column. The guidelines of Sngtal. (1997) were followed here in

order to improve the assay to one that would barate, rapid and reproducible.
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3.2 Method development on a 250 x 4 mm reversedepbalumn

Our HPLC method development began using a similathod to that of Kayser and
Kolodziej (1997) on a C-18 column (Nucleosil, 258 xnm; C-18, Sum, Macherey-
Nagel) connected to a Spectra-Physics SP8800 yeHfaLC pump. The absorbance of
compounds from 2@L injections eluting from the column was measurgdabLinear
UVIS 200 detector at a wavelength of 330 nm. Thaultant peaks in absorbance, their
areas and RT, were recorded on chromatograms drégte Spectra-Physics SP4290

integrator.

Linear gradient and isocratic systems of HPLC gr&©:MeOH (Academic Al0
MilliQ, Millipore and Sigma-Aldrich, respectivelywere used as eluting solvents
delivered at a flow rate of 1 mL.nifn Separation was first assessed using injections of
the umckalin standard dissolved in ethanol; thesgewfollowed by injections of
ethanolic root extracts. The value of umckalin dead separations for the subsequent
analytical work was assessed according to the Rdthyclarity and definition of the
umckalin peak. The value of the separation for rthea extracts was assessed according
to the separation of the umckalin peak from othealgs on the chromatogram in addition
to the characteristics listed above. A 20 minutstyamalysis column clean-up elution
using MeOH was included after each separation éveamt RT drift and a loss of peak
resolution. The success of this stage was exemglily standard curves A and B in
Figure 3.2.

The long umckalin RT using the protocol of Kaysed a&olodziej (1997) was not

deemed suitable for the assay of the anticipat@detlBanolic extracts or for the routine
assessment of wild harvested or cultivated pldhtsas therefore decided to develop a
modified method with a shorter RT for umckalin. Tiesults of our separations using
altered solvent protocols on a 250 x 4 mm columa strown as Methods 1 to 4 in

Table 3.1. Reducing the RT was the focus of eadjhod development.
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RT was reduced to 15.2 min using the above colunthaa7:3 to 54:46 (}0:MeOH)
linear gradient system over 16 min. The RT could lb® reduced further and it was

therefore decided to change to a shorter column.

3.3 Method development on a 125 x 4 mm reversedepbalumn

Method development on the second column (Nucldd@t5 C-18, 125 x 4 mm, particle
size 125um with a CC 8/4 Nucleosil 100-5 C18 guard columracklerey-Nagel) began
using similar linear gradient systems of4MeOH to those used with the 250 x 4 mm
column. We quickly discovered a method giving ayvgood umckalin RT (8.0 min,
Table 3.1, Method 6). The RT using this system, éwew, was slightly longer than the
gradient time and as a result the advance of thekalin peak fell into the column clean-
up stage which used MeOH as the elutant. This hadpbtential to cause inaccurate
results when assaying plant extracts should otbepounds have eluted in the MeOH
clean-up stage. Methods 7 to 16 (Table 3.1) reptem@ subsequent attempts at reducing
the RT to within the gradient time, while still agting the good separation and peak
width of Method 6. None of the Methods 7 to 16 (fieat or isocratic) produced the

desired result.

The desired result was however attained when 0.08Uoroacetic (TFA) was added to
solvents and Method 6 (Table 3.1) used. TFA acts @®ton acceptor, deprotonating the
molecules in solution and therefore making themeymlar and quicker-moving on the
non-polar C-18 stationary phase. The method usiRg flesulted in a reduction of the
umckalin RT to well within the gradient time anccieased the distance between the
umckalin peak and the peaks of other compoundshe dthanolic root extracts
(Figure 3.1).
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Table 3.1: Retention times (RT) of umckalin staddabsorption peaks of known

concentrations, in ethanol, using reversed phadeCHBn 250 and 125 x 4 mm C-18

columns and linear and gradient systems #9:eOH. Duration of isocratic elution and

gradient time given in parentheses. Scanned chogreahs are included to show the

shape of each resultant umckalin peak, shape wed as one of the credentials in

judging the merit of separations. Solvent peakshateshown.

Method | Column Gradient| Solvent regimes RT Scanned
number | length or (H20:MeOH) over | (min) | chromatogram,
L=250 mm | isocratic | time (min) showing the shape ¢
S=125 mm | (G/I) the umckalin peak
1 L G 1:9—* 7:3(50) | 36.0
2 L G 9:1—> 3:7(50)| 314 ﬂ
i
A
I
3 L G 9:1—> 3:7(30)| 226 |
4 L G 7:3— > 54:46 15.2 I
(16) i
I\
5 S G 3:7—" MeOH |20
(8)
6 S G 73— 3:7(8) 8.0
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Table 3.1: Continued...

Method | Column Gradient| Solvent regimes RT Scanned

number | length or (H20:MeOH) over | (min) | chromatogram,
L=250 mm | isocratic | time (min) showing the shape ¢
S=125mm | (G/l) the umckalin peak

7 S G 1.—> 3:7(8) 4.1

8 S G 65:35—> 3:7(6) 6.2

9 S G 7:3—> 3.7 (8) 7.0

10 S G 73— 37(11)| 8.2

11 S G 7.3—> 37(12)] 8.2

12 S G 9:r—* 3:7(11) 10.3
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Table 3.1: Continued...

Method | Column Gradient| Solvent regimes RT Scanned
number | length or (H20:MeOH) over | (min) | chromatogram,
L=250 mm | isocratic | time (min) showing the shape @
S=125 mm | (G/l) the umckalin peak
13 S G MeOH> 1.9 1D | 1.2 '
(2 and 18,
respectively)
14 S 55:45—* 55:45| 6.3
(19)
I\
15 S 55:45—* 55:45(5.9
(©) |
\_
BRVES
16 S 32— 3:2(12) 9.7
17 S G 7:3—> 3:7(8) 9.3
18 S G 73— 3708) |7.7

with 0.05% TFA
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umckalin
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-

Figure 3.1: HPLC chromatograms for an umckalin déad with 0.05% TFA in eluting
solvents (A) and an ethanolic extract of poweredRIrsidoides root eluted without and
with 0.05% TFA in eluting solvents, (B) and (C)spectively. Results were obtained
using a linear gradient of 7:3 to 3:7,(ptMeOH) over eight minutes on a 125 x 4 mm C-

18 column.

Method 18 (Table 3.1) was chosen as the best metbweloped in this study based on
umckalin peak width, separation and retention tidedditionally, the rapid separation
made Method 18 better suited than that of Kolodaigj Kayser (1997) for use in the

experiments to follow (see Chapters 4 and 5).
The analyses of root umckalin concentrations werdopmed at two experimental times

separated by three months. As such, two standamkesuvere created for umckalin

dissolved in ethanol and used for analyses correBpg to these experiment times.
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For the first set of experiments, umckalin concaidns ranging from 0.1388 to
15 ug.mL* were analysed using Method 18 and the resultastrpbon peak areas used
to create a standard curve of peak area versuséss of umckalin injected (Figure
3.2A). The concentrations used for the second ataincurve (Figure 3.2B), ranged from
2.5 to 50 pg.mL:. A standard curve of umckalin dissolved in acet(gteto 200 pg.mt)
was also created so that the effects of using aeefs an extracting solvent could be
assessed. The linearity of the standard curvesromd that the developed method could
be used to accurately determine the concentrafianmezkalin in ethanolic and acetone

root extracts.

500000
450000 | .
400000 2
350000 |
300000 |5 =
250000 {4 —a
200000 | . T
150000 |
100000 ~gg‘
50000 g
o

(relative units)

’ .
PN
T

Area of umckalin peak

A&

0 0.5 1 15 2 2.5 3 3.5 4 4.5

Mass of umckalin injected (ug)

Figure 3.2: Standard curves of peak areas corrégpgprio masses of umckalin in

absolute ethanol (A and B) and acetone (C) injestias determined by HPLC using a
linear gradient of 7:3 to 3:7 g@:MeOH) over eight minutes on a 125 x 4 mm C-18
column. The y-axis intercept of the trendlines wees to zero. For A: y = 807430x

(r* = 0.99, N = 10), B: y = 446737x*(= 0.99, N = 3) and C: y = 61637¢ (F 0.99,

N = 3). In testing method robustness, the stanéardr of four umckalin peak areas

corresponding to 0.025 pg injected mass on curegualed 542/20932.

The above standard curves (A and B) allowed for dbecentration of umckalin in

ethanolic root extracts from both wild and culte@P. sidoides plants to be assessed.
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As seen in Figure 3.2, the gradient of curve Basidentical to that of curve A and may
have been due to differences in ambient temperaturing the two sets of elutions.
Alternatively, the change in gradient may have béee to changes in the condition of
the HPLC column during the three months betweenstts of analyses. The reduced
detection of umckalin dissolved in acetone (FigBtC), in comparison to that in
absolute ethanol (Figures 3.2A and B), could notdaalily explained but may have been

due to differences in the solubility of umckalintive two solvents.

3.4 Root extraction method development

Following the successful development of a robustidital HPLC method and initial
standard curve (Figure 3.2A), a series of experimamere run to determine an efficient
and practical method of preparing ethanolic extrador HPLC analysis.
The dry powdered root used in the following expents was taken from the same

GFRR stock that was prepared for and used in thatisn of umckalin (Chapter 2).

For the extractions, 1 g of powdered dry root wasilgined with 100 mL of absolute
ethanol in conical flasks, stoppered with rubbendsuand extracted for one, two and six
days at 25 °C in a shaking water bath (N = 3). @&th@nol portion of each mixture was
poured into plastic centrifuge tubes and centri(UdRC-5 Superspeed Refrigerated
Centrifuge; Du Pont Instruments, Sorvall) at 12 6@ for 20 minutes between zero and
20 °C. Supernatants were poured into a glass syangl filtered (0.4%m nylon filters,
Cameo) into 100 mL volumetric flasks. The intemalll of the neck of each flask was
rinsed and the volume made up to 100 mL with alieokthanol. After mixing
(Whirlimixer, Fisons Scientific Apparatus), a volarfrom each flask was transferred into
a clean 10 mL glass vial, capped, and was thernyrtsadHPLC analysis. The re-dried
powder from the one and six day extracts was etetdain a second 100 mL of absolute
ethanol for a further one and six days, respectjived determine if any umckalin

remained subsequent to the first extraction.
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in EtOH extracts (ug.mL™)
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Figure 3.3: Yield of umckalin in absolute ethangtracted over time, the grey shading
shows the average umckalin concentration of th&t Bxtractions. N = 3. a, b and ¢
represent statistically homogeneous groups at &% Bonfidence level, p < 0.0002,
F = 53.76. The black shading shows the average aimokoncentration of extracts made

of the powder remaining after the first one anddsiy extractions.

Less umckalin was extracted from the re-dried powalethe six day extractions than
from the one day extractions (grey shading in Feg8r3, p = 0.897). Following this
observation and for the purposes of this study,ctirabined umckalin concentration of
the first and second six day extractions was takeepresent a 100% yield. The average
umckalin concentration of the initial one day egtsarepresented 65.06% of this total.
For practical reasons, a single day extraction gfdf powdered dry root in 100 mL of
absolute ethanol was chosen for the preparatiosaofples for HPLC analysis in the
experiments to follow. Based on the informatiorFigure 3.3 the umckalin concentration

detected in one day extractions was adjusted (8434 1o represent a 100% yield.
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3.4.1 Root extraction with acetone versus ethanol

Ethanol extraction is used in the manufacture ahmercially availableP. sidoides
products (e.g. Pelargonium, Medicherb UK; PelargonByrup, Bioharmony Africa and
Umckaloabo®, Spitzner). However, acetone and acgsacatone extraction was used
here and in other studies (Kayser and KolodzieP5]1%ayser and Kolodziej, 1997;
Kolodziej et al., 2003 and Lattét al., 2000), respectively, for the isolation and teptif
active constituents. Therefore, the rationale aigiethanol as the commercial extracting
solvent was investigated by comparing the conceatraof umckalin in ethanol and

acetone extracts of dri¢tl sidoides root.

As shown in Figure 3.4 the umckalin concentrativadetone extracts waa. five times
greater than that in ethanol extracts. Therefdre,use of ethanol in the manufacture of
commercial products may be due to tradition as sp@do it being a more effective
extracting solvent. If the vyields of other activenstituents, like gallic acid and
6,8-dihydroxy-5,7-dimethoxycoumarin, are also higimeacetone extracts it would make
sense for the industry to change solvents and ugssd dacetone extracts in the
manufacture oP. sidoides products. Acetone is toxic to people and woulddntebe

removed from extracts before they were administevguhtients.
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Figure 3.4: Concentration of umckalin per gram dirfeot following extraction with
absolute ethanol and acetone. N = 3. a and b e&presatistically homogeneous groups
at the 95% confidence level, p < 0.0008, F = 83.85.

3.5 Summary of the developed method

The following is a summary of the preparation pchae followed for all subsequent root
samples: whole roots were washed under runningraatbdried with paper towel before
being sliced with a stainless steel knife and d¢d5-40 °C, dried root was either
crushed between the fingers or with a pestle andambefore being ground to a 1 mm
particle size using a hammer mill, 1 g of root pewdvas combined with 100 mL
absolute ethanol and extracted with shaking at@3ot one day, the ethanolic extract
was than centrifuged at 12 000 rpm and filteredugh a 0.45um nylon filter. Such
samples were then analysed using a linear gradfenB to 3:7 (HO:MeOH) over eight
minutes at a flow of 1 mL.mihthrough a 125 x 4 mm C-18 HPLC column. Detected
concentrations were corrected by 35.84%, as above.
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Wild Harvest

4.1 Introduction

Essentially, the research presented in this chaptestigated the effects of harvest on
the survival and regrowth of individual replantBdsidoides plant parts, post-harvest,

at distinct field sites.

4.1.1 The recent history & sidoides harvest

Preceding 2003P. sidoides roots were extensively harvested in the EasterpeQa
supply the demand generated by an internationakehaiDespite the international
interest, speculation still surrounds the quandityP. sidoides roots harvested from the
wild. The most recent reports date back to 2002nathe issue of unsustainable harvest
first became apparent to Eastern Cape Nature Catsmr officials and the public.
Popular articles in two newspapers and one onliobligation reported on rural
harvesting coordinated by two individuals. Constvedy, at least 20 tonnes of
combinedP. reniforme and P. sidoides roots were harvested from populations in the
Eastern Cape in 2002 (Bisseker, 2002 and LimsadR R2Eome of the potential problems
associated with the reported harvest included #raoval of entire plants from the
ground, not replanting any unwanted plant parte (Btems and leaves) and the rate at
which roots were harvested for export. In aboutr fellages middlemen would visit
almost weekly (Dold, 2002ers. comm.). This information was sufficient to identify the
investigation of potential mitigation techniquesaasarea of high priority research.
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4.1.2 Towards a sustainable harvest

Broadly, “sustainable harvest refers to the adgsitthat involve the extraction of a
natural resource in a manner that it is not degleted can renew itself so that similar
levels of exploitation can occur indefinitely” (8hsaker, 1998). Many approaches,
cited in the literature, are followed in assesgiegource utilisation towards the goal of
sustainable management and nature conservationseThecommendations include
examples on ecological, public participatory antiggomaking levels. On the ecological
level, it is recommended that the effects of harnees post harvest recovery of target
species, population dynamics and whole ecosysteamsvhluated before permission is
granted for extensive harvest (Peeeal., 2003; Roclet al., 2004 and Struhsaker, 1998;
respectively). On the public participatory levedetpromotion of cultivation and the
gathering of potentially valuable information orseerce management from traditional
users are viewed in high regard (Stewart, 2003 thiedWorld Health Organization,
WHO, et al., 2003). The use of legislation to monitor and tagu harvest is also
suggested (Rockt al., 2004; Stewart, 2003 and the WH®Dal., 2003). Additionally,
Stewart (2003) recommended the protection of widguysations and the enrichment of
harvested populations with cultivated plants. Gagran understanding of the ecology of
a given plant in its natural environment is alspariant, especially if researchers are to
provide policy makers and conservationists withacleriteria for evaluating the above
and other measures for biodiversity protection ammintaining a sustainable harvest
(Egli et al., 2006).

In 1993 the World Health Organization (WHO), Thetemmational Union for the
Conservation of Nature and Natural Resources (lU@hj the World Wide Fund for
Nature (WWF) published the document “Guidelinestb@ conservation of medicinal
plants”. In this document the authors recommendthed techniques be investigated for
improving the harvest of medicinal plants and thavernments take an active role in
regulating medicinal plant trade and harvest. Spedly, they recommended that

governments control the trade of plants and dermpreducts.
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The suggested control measures were a total baheowollection of all plants or the
establishment of a permit system. A permit systesnld/help ensure that certain species
or populations from certain locations were not elwarvested. FoP. sidoides and P.
reniforme populations in the Eastern Cape, middlemen aneiotly required to apply for,
and obtain, a permit from Eastern Cape Nature Guoagsen (ECNC) before harvesting
may proceed (Hahndiek, 200Bers. comm.). Over-exploitation was highlighted by the
WHO et al. (1993) as particularly important for threatenedare species, for which they

recommended collection for propagation purposesg.onl

The results of a study on Brazil nigeftholletia excelsa) harvest by Pereat al. (2003)
and the review of African cherryP(unus africana) bark harvest by Stewart (2003)
provide valuable insight relevant to the futureviest of P. sidoides. Before extensive
wild resource extraction is initiated, thorougheash needs to be completed on post-
harvest population dynamics and recovery followingesource removal.
Pereset al. (2003) studied the effects of Amazonian Brazil oollection onB. excelsa
population dynamics in relation to geographic laoatforest type (reflecting the canopy
openness), annual rainfall, degree of seasonalitynber of dry months witkk 50 mm
rainfall), the level of hunting pressure and saitrient availability, over a 20 year period.
The authors showed that the juvenile plant numbglswing the excessive Brazil nut
harvest during the 30century were insufficient to maintain populatiomger the long
term. Some of their suggestions to promote sudidityawere the spatial rotation of fruit
harvest, so that areas would have a chance to gm@edegree of seedling recruitment,
and the management of annual harvest quotas. URlik&loides, the immediate threats
to B. excelsa populations are habitat destruction and degraalafibe protection of this
species is particularly important as it is onlylecled from wild populations and the

Brazil nut industry forms the cornerstone of theafmmnian economy (Peresal., 2003).

Stewart (2003) cites the lack of adequate initialvlest experiments as negatively
contributing to the fate oP. africana in the wild. The bark oP. africana (African
cherry), an endemic African medicinal tree, is usgdrnationally for the treatment of
benign prostatic hyperplasia and other disorders.
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Although P. africana has only a recent history of harvesa.(38 years), it was placed on
the Convention on International Trade in Endange&pdcies of Wild Fauna and Flora
(CITES) Appendix Il list of endangered species BP& (Stewart, 2003; see CITES,
2005). Harvesting, which began in the 1970’s and waginally well controlled by a
single company in Cameroon, has since ceased itairtecountries due to over-
exploitation. This over-exploitation began with arcrease in the number of harvest
groups and the increasing neglect of traditionale$b conservation practices. The
effective conservation dP. africana in Cameroon was once performed by Kuefon,
traditional forest managers. The depth of consematnowledge they held may not be
available forP. sidoides as it is not one of the most commonly used tradél medicinal
plants in South Africa or the Eastern Cape. Theegftraditional harvesting practices
may not have been rigorously tested at the largée stecessary to supply international
demand. To successfully consefeafricana populations in the wild, Stewart (2003)
proposedex situ small and large scale farm cultivation, protectfon wild plants and
planting greenhouse-grown plants to enrich wildagionsin situ. Ex situ andin situ
cultivation of economically important medicinal pta may have the potential to
supplement future wild harvest (e.g. Devil's Cla&tewart and Cole, 2005; afaeonia
lactiflora, Kim et al., 2006). The WHGet al. (1993) listed the potential increase in crop
yield of plants under irrigation as a positive imoption of cultivating medicinal plants
commercially. Furthermore, Wargy al. (2006) found that increasing the frequency of
drip irrigation for cultivated potatoes resulted e@mhanced potato tuber growth and
increased tuber yields per total plant dry weidMttis provided a rationale for growing
P. sidoides plants under greenhouse conditions with frequeaterng to promote

tuberous root growth.

In this study, a hydrophilic colloid made up of ssbnked potassium polyacrylate-
polyacrylamide copolymers, Stockosorb™, was usedpitomote the survival and
regrowth of replante®. sidoides plant parts, post-harvest. The addition of Stookin®”

to the soil surrounding replants increased watewripion immediately after replanting

and would also have increased the retention ofnviratilhe soil after rainfall.
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Dehganet al. (1994) investigated the response Rifotinia xfraseri and Podocarpus
macrophyllus to different percentages of Stockosorb™ addeddavimg medium under
greenhouse conditions. The authors found that tierdaction between frequency of
irrigation and percentage of Stockosorb™ in thd root and shoot dry mass
produced byP. xfraseri plants was significant. However, the effect on grewth of
P. macrophyllus was not significant. Dehgamt al. (1994) concluded that the
effectiveness of Stockosorb™ may vary between pkpdcies and under different

cultivation conditions.

It is important that experimental design takes iatcount traditional harvest practices,
as in the work of Eglet al. (2006). The authors’ experiments were well degigizeuse
the available information about Swiss wild mushrobiarvest and thus produced a
relevant result. Performed in Swiss forests, theedrments included mushroom
collections by cutting or picking compounded by sund trampling treatment to
accurately simulate the effects of harvest. In talli the authors used exclusion plots in
areas where harvesting by private harvesters wasceed to occur during the course of
their experiments. Although some information wasmea through observation of the
practices used byP. sidoides harvesters employed in the industry (Dold, 2003,
pers. comm.), much traditional harvest information is lackifay this species. The novel
harvest techniques used in this study were thexed@veloped independently using a

reasoned approach and are described in the megkotisn to follow.

4.1.3 Field sites

As the survival of replanted harvested plant paréy depend on environmental factors
like rainfall (Ticktin, 2004), potential sites weserveyed across a broad range of rainfall
areas in the Grahamstown, Fort Brown/Fish River likadRoad regions of the Eastern
Cape. Two sites, one in the Greater Fish River Res¢GFRR; 33° 07’ 13" S,
26° 43’ 29" E) and one on Killaloe farm, Kei Roadstdct (KR; 32° 43 03" S,
27° 39’ 30” E) were chosen on the basis of theirked difference in annual rainfall, 397
+ 122 mm and 760 = 168 mm (1984-2003, average iadsta deviation), respectively.
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Figure 4.1 shows the location of each site usaterwild harvest experiments presented
in this chapter, as well as those used in studiesemted in Chapter 5. To observe the
effects of harvest season, the survival and redra#P. sidoides replants was assessed
following April/May (autumn) and November/Decembefsummer) harvests.

The regrowth of similarly treated plants under gremise conditions was also assessed.
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Figure 4.1: Map centered on the Eastern Cape Rreuvirfi South Africa showing the
locations of the Greater Fish River Reserve (GFR®), Road (KR) and Peddie field

sites (red triangles) in reference to key towns@hes (black circles).

Both wild harvest experiment sites were within pobéd areas and neither were
exclusion plots. The KR site was used as pasturesifieep and cattle while non-
domesticated large and small herbivores included) martebeest, springbok, eland and

warthog were present at the GFRR site.
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The latter site was at an altitude of 456 m witboatheast aspect while the former site
was at an altitude of 623 m with a north-northwaesgiect. An interesting observation was
that mostP. sidoides plants not included in the experiment at the Kie kist their leaves
in winter while the plants at the GFRR site werdyquartially defoliated in the same
season. Xeric succulent thicket and eastern thasi\Jeld on gentle slopes, 2 and 3°,
characterized the vegetation at the GFRR and Ké&,siespectively (Low and Rebelo,
1998). The choseR. sidoides population at the GFRR site occupied an area 6fréb
with plants growing at a density oé. 1 plant.n¥ separated mostly by open ground and
small herbs. This contrasted with the lower plaemgity ofca. 0.3 plants.nf observed at
the KR site for plants separated by dense grasar auithin an area of 3000°m

4.1.4 Aims, rationale and hypotheses
The aims of the research described in this chayses:

1) To determine the effects of different managenmattices, habitat and season of

harvest on the regrowth of replantedsidoides plant parts post-harvest.

Novel harvest techniques were designed and testedrder to address the lack of
information concerning traditional harvest. Thesarvist techniques (“management
strategies”; Ticktin, 2004) included the replantin§ harvested plant parts and the
addition of a water releasing colloid in two seasa two climatically different field
sites. The plant parts replanted in field experitwewere 20% portions of leafless
harvested plants, by mass (20% replant). The 80fiopowas removed as root. This
strategy was considered a small concession forektaks to make in order to promote
plant regrowth and hence potential sustainabiltgditionally, an approximate 20%
replant mass can be easily estimated by harvesténsut the necessity of a sensitive
balance and in instances comprises a 2 cm longseut the root with attached stem(s).
It was hypothesized that the 20% replants wouldehawigher production of root than
whole replants following harvest. This hypothesaswbased on the anticipated allocation
of assimilated carbon to root production, post-batyto replace harvested root.
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Conversely, the survival rate amongst 20% replesats expected to be less than that for
whole replants. The survival and growth of repldn28% replants was ascertained and
compared to results obtained for 20% replants ptantith a water releasing colloid,
Stockosorb™. The addition of Stockosorb™ to theé soirounding 20% replants was
hypothesized to increase the percentage survidhlegrowth of the replants. Following
the findings of Wanget al. (2006), it was hypothesized that the root growti2@%
replants under cultivation would be higher than toeresponding growth under field
conditions. Additionally, it was hypothesized tharvest and replanting in the wet
season, or in an area of higher rainfall, wouldease the subsequent growth of root and
leaf biomass.

2) To investigate the relationships between abak eelow ground plant biomass, and

root colour and umckalin concentration, respecyivel

The findings of this study may be useful in aidivagvesters and providing advice for the
industry, researchers and local and internatior@leghments; however, it was not
designed specifically to do so. The relationshipsMeen leaf and root mass, and root
colour and umckalin concentration, were investigdiased on the following information
concerning the root characteristics sought by neihdin in the industry.
Firstly, harvesters are requested to collect largsr opposed to smaller roots
(Dold, 2004 pers. comm.). It would therefore be useful to harvesters & Biomass of the
underground roots could be determined by an abaeeing observation. Potential
relationships were investigated and a relationsfgfween above ground biomass and
root mass was hypothesized. Secondly, harvestermsiructed to preferentially collect
roots with darker red internal tissue over lighteloured ones (Dold, 2004ers. comm.).

To determine the relevance of this request, thaticgiship between the colour and
umckalin concentration of powdered dry root wasestigated.
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4.2 Methods

4.2.1 Field harvest experiments

In order to test the proposed hypotheses, harvgdtaeds were treated in one of three
ways following the removal of their leaves. Inilyahll plants were weighed and had their
leaves and petioles removed by cutting the petiafggoximately 2 cm from the basal
attachment to the stem. These leafless plants weighed and control plants (CN) were
returned to the ground as such (whole replantsntBlin the second two treatments had
80% of their leafless mass removed as root, to gis leafless plants (20% replants),
and were either returned to the soil with the apion of Stockosorb™ (SA -
Stockosorb™ added) or without the application afc®bsorb™ (NS - no Stockosorb™
added). Stockosorb™ was hydrated 1'gdnd 500 mL was thoroughly mixed into the

soil surrounding appropriate replants.

The plants used in harvests at the GFRR and KR sgjgresented 70 and 18.5% of the
total number of plants in the selected populatioespectively. The largest populations at
each site, 270 (GFRR) and 1000 (KR), were choserefperimentation in order to

minimize the local impact of harvest.

As survival and regrowth were likely to be affectedgeographical location, climate and
season, these experiments were repeated at tvgoo$isegnificantly different rainfall in
both autumn and summer. Harvests at the GFRR andi#R were conducted at the
beginning of the dry season (autumn) and in thesgason (summer; Figure 4.4). The
autumn harvests represented the beginning of tiveréonfall period for both sites;
summer treatments represented the middle and begionhthe highest rainfall period for
the GFRR and KR sites, repectively. For the autlnamvests at the GFRR and KR sites,
50 plants were randomly selected from within thesemP. sidoides populations at each
site for each of the three treatments. 10-15 ramygl@@lected plants were used for the

three treatments in the summer harvests at the sidase
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Fresh total plant, leaf and replanted mass wererded for each plant at the time of
harvest. Individual plants were marked with labed¢ginless steel tags secured into the
ground with six inch steel nails. The coordinatéseach plant were recorded using
perpendicular transects intersecting a primarystahthat was marked with wooden

stakes.

Sets of 50 plants were chosen for the autumn tes@Brso that subsets of ten replants
from each treatment could be destructively hangeatefour month intervals during the
course of the experiments. This would have alloied the assessment of replant
survival and regrowth over time in relation to eowimental factors and treatments.
However, at the first proposed destructive harvestas found that the percentage
survival of replants was not high enough to suppaote than one destructive harvest.
The method was therefore changed to include aesihgtvest in May 2005, one year
after the autumn harvests and four months aftestinemer harvests. In order to compare
regrowth under field conditions with that of cutited plants, 127 20% replants from the
KR site were grown under well-watered conditionsaingreenhouse at the Rhodes
University Botany Department. Surviving greenhogsétivated plants were harvested
after 18 months. Leaf, inflorescence, stem, andl mmsses were recorded at the ultimate
harvest of surviving greenhouse and field growramgs. The stems included the above
ground part of the plants that bore the leavesskamt flowers (Allaby, 1998) without
the diagnostic red coloured cortical tissue of tlets (White, 2004 pers. obs.).

Leaves included the petioles and laminae (Allal9g8).

Both sites were visited approximately every fournthe during the study to note the
presence and absence of leaves on each replantfindievisit corresponded to the
ultimate harvest of the surviving replants in Ma§03. Replants were said to have
survived if they had green leaves at the time o$eokation. Plants that emerged
independently of the replants subsequent to eitiaevest, observed within a 30 cm
radius immediately around any replant, were comsil¢o be growth resulting from a

piece of root inadvertently left in the soil durihgrvest.
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The number of such plants (called resprouts) arddtstance of each resprout from the
head of the nail positioning the appropriate rejplabel were recorded.

Due to a faulty field balance, the total root makseafless plants and the proportion of
root to be excised for KR autumn harvest treatmerdse determined volumetrically.

Once the leaves had been cut off, the root secti@ns individually submerged ina 5 L

plastic measuring cylinder half filled with watérotal root volumes were recorded for
the CN plants before they were returned to the mplodror the NS and SA treatments,
total volume measurements were first made of thelevioots. Remaining in the water,
each was then raised so that 20% of the totalvoloime was above the water level. The
80% portion of the root that remained below thdasig was removed and resulting 20%

replants were returned to the soil with or with8tickosorb™, as above.

The root portions that accounted for 80% of thaltabot volume were weighed in the
laboratory and the value extrapolated to a 100%smake direct linear relationship
between the extrapolated 100% root mass and thertmt volume is shown in Figure

4.2, verifying the accuracy of using volume to deti@e root mass.
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Figure 4.2: Description of total root mass by totadt volume for KR autumn harvest NS
and SA treated plants. N = 98. p < 0.0001.
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In addition to the assessment of treated replanival after harvest, the regrowth of root
and leaf biomass was an important factor to consldeApril 2005, 12 months after the
autumn harvests and four months after the summeesis, all surviving plants were dug
up so that the regrowth of root and leaf biomassdcbe measured. As all leaves were
excised at the time of replanting, regrowth wasrespnted by the subsequent leaf
production. Old root growth was separated fromrbe root growth based on cortical
tissue colour, red/brown as opposed to creamy white root bark appearance, dark
brown and brittle as opposed to light brown and-hottle. Dry leaf and root masses and
2005.

However, only wet replant masses could be measaratl were measured at the

not wet masses were recorded for treated planteamgested in April
beginning of each treatment. As such, dry leaf avat masses were converted to wet
masses using the relationship between wet and dsgriound for greenhouse cultivated
plants (Figure 4.3). Average leaf and root yieldevcalculated using the wet replant
masses recorded at the beginning of the harvesriexgnts, giving wet yields. In the

results to follow (Section 4.3), these wet yields@therefore plotted against the average

wet root and leaf masses produced and not the geveiry masses produced.
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Figure 4.3: The relationship between wet and daf [&) and new root mass (B) for

leaves and roots harvested from greenhouse cdtiyaiants. The y-axis intercepts were

set to zero for both straight lines.
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Plant voucher specimens were collected from edelusied in the above experiments and
deposited in the Selmar Schdnland Herbarium (GRAahamstown.

4.2.2 Colour assessment of dry powered root

Eight plants were collected from the above KR hsinsgte in order to investigate the
relationship between the colour and umckalin cotreéion of old roots. Colour and
appearance of the root bark was used as a bastistorguishing between the old and
new root growth of plants (as above). Root samplese thinly sliced with a stainless
steel knife, dried at approximately 40 °C for 3aysl and powdered using a hammer mill.
In order to determine the colour of each root sanpbrtions of powdered root were
individually fixed onto approximately 1 cnsections of black card with Alcolin glue.
After air drying, the reflectance spectrum of eaaimple was measured using an Ocean
Optics USB2000 spectrophotometer (Analytical Insteat Systems, Inc.) with an AIS
model mini-DT light source. The integration timesaset to 300 msec. Transmission data
were plotted at 10 nm intervals and total reflecéaran indication of sample colour, was
measured as the area under the curve between 4000&nnm wavelengths light (the
spectrum visible to the human eye). Comparisorhefghape of the reflectance curves
with curves in the literature (Wyszecki and Stil2800) was used to determine the colour
of each sample (e.g. red, brown or red-brown). diiea under the curve was indicative of
the shade of the colour: the greater the area uhédecurve the lighter the colour of the
root powder andice versa. The umckalin concentration of each sample wasraened

using the method described in Chapter 3.
4.2.3 Estimation of root regeneration time

The time taken for 20% replants to regrow to therage pre-harvest mass under field
conditions was estimated using a mathematical nmoglédchnique. Firstly, replant mass
was plotted against the mass of root produced sules¢ to harvest for individual
replants that survived the CN and 20% replant (N8 &A) treatments following the

GFRR autumn harvest.
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The exponential relationship between these varsafglve an indication of how root
regrowth may change with increasing accumulated rmass. The equation of the
trendline fitted to the CN data was then used toagwlate the growth of 20% replants

from the average 20% replant mass to the averagegatment whole replant mass.
4.2.4 Statistics

Levene’s test was used to test the normality afhalldatasets generated and homogeneity
of variances was tested using Shapiro-Wilk's tBstta that were not homogeneous or
normally distributed were transformed to their maktdogarithm or square root. One way
analysis of variance (ANOVA) was used for testirgyiance within continuous data.
Non-parametric analyses of variance were used ¢ornormal and non-homogenous
continuous data that could not be corrected bysfammation. Post-harvest survival data
was analysed using observed versus expected Chies@{f) tests or log-linear models.
For the log-linear models, the significance of efiénces in th&? values of different
models was assessed using a table of critical sadfieheX? distribution (Zar, 1999).
Log-linear analyses were performed in order to ss$iee effects of treatment and time
after harvest on the survival of replants followiagtumn harvest at the GFRR and KR
field sites. In log-linear analyses, statistical dals are created using various
combinations of factors (e.g. treatment, site ainuk tafter harvest) to describe the
frequency of observed data (e.g. survival). In tkisidy best fit models were
automatically created using Statistica 7 (Stat$udt, 2004). Maximum likelihoodk?
tests are used to test the fit of log-linear modeld should not be significant (p > 0.05) if
a model effectively fits the observed frequencyad&@nce an effective model had been
created, including various two or three way intdoas between the factors, different
factor combinations are either added or removeé @range at a time) from the model
and subsequeti” tests performed (hierarchical tests of alternatigelels; StatSoft Inc.,
2004). Changes iK? values and degrees of freedofX¢ andAdf, respectively) between
the best fit and subsequent models are used tandate the significance of the
interaction of the added or removed factor comlomabn the model fit. Statistica,

version 7, statistical analysis software (StatSe#} used to perform the above analyses.
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4.3 Results

The total average rainfall in 2004 at each sité(i#8n for KR and 377 mm for GFRR)
was well within the variation of the respective Y€ar average, although the harvests
were conducted during a prolonged national droutié. distribution of the 2004 rainfall
(solid lines on Figure 4.4) was unusual at botlssin comparison with the 20 year

average (Figure 4.4).
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Figure 4.4: Average 1984-2003 monthly rainfall foe GFRR (A) and KR (B) sites
recorded at the Main Office Complex in the Andnéssloo Kudu Reserve (GFRR) and
Rangerton Farm, Kei Road district (shaded barspeaetively. The solid lines show the
total monthly precipitation for 2004. The arrowddve 1 and 2 show the dates of the

autumn and summer harvests, respectively.
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4.3.1 Relationship between above and below grolenat piomass

A weak relationship was found between the totadHreeplant mass (constituted mainly
of root mass) and the fresh leaf mass of plants fimth the GFRR and KR sites,
as indicated by the low values of the straight lines fitted to the dat#&igfures 4.5A and
4.5B, respectively. This relationship may have badluenced by plants only bearing
leaves seasonally (White, 20044%rs. obs.) while roots represent years of biomass
accumulation. As water becomes more freely avaléblowing the spring and summer
rains, the plants produce new leaves and infloresgse dependent on the availability of
water. This idea was substantiated by observatiometl watered greenhouse cultivated
plants, most of which produced masses of foliagerewnearly continually in flower
throughout the year and originated from a rangeramft masses. However, many

cultivated plants lost their leaves when severedyewstressed.
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Figure 4.5: The relationship between wet leaf naagbwet replant mass for all the plants
in the autumn and summer GFRR harvest (A, N = p94,0.0001) and all the plants in
the summer KR harvest (B, N = 40, p = 0.0005).

The implication of this finding is that harvestengy not be able to determine the size of

the unseen roots merely by observation of aboveurgrofeatures like leaf and

inflorescence biomass.
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4.3.2 Relationship between root colour and umckadimcentration

This analysis was performed to determine the waiatiip between the colour and

umckalin concentration of field harvestd®l sidoides roots. The shape of all the

reflectance curves generated from Ehaidoides root samples closely matched those of a
red-brown brick published by Wyszecki and StileB0@). The area under the curves was
inverted so that increasing values correspondedntoncrease in the darkness of the
samples (Figure 4.6). The lack of a direct relatiop between the darkness of colour and
umckalin concentration for dr{?. sidoides roots can be seen clearly in Figure 4.6,

guestioning the harvesters’ rationale for selectiatk red roots.
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Figure 4.6: The relationship between the darknég®wdered root colour and umckalin
concentration of old root collected from the KR Vet site (C). p = 0.722. A shows the
colour of the ethanolic extracts produced from tmvdered dried root (B), both
observed under fluorescent lighting. Each data tpom C corresponds to one of the
ethanolic extracts and powdered root samples showA and B from left to right,

respectively.
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4.3.3 Replant survival and regrowth after harvest

This investigation was conducted in order to deteenthe effect of harvest season and
local climate on the survival of treated plantstguarvest. The emergence of leaves after

replanting was taken as an indication of replantisal.
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Figure 4.7: Presence of green leaves on replarsisrodéd three times following autumn
harvest at the GFRR (A) and KR sites (B). Cont©N], 20% leafless plant without
Stockosorb™ (NS) and 20% leafless plant with Steokb™ (SA) treatments are
represented by circles, squares and trianglesecéisply. The maximum likelihoo&?
value = 8.85, df = 16 and p = 0.919 for the logeéin model describing the combined
frequency data of A and B. Four, seven and tweleaths after harvest correspond to the
months of August, December and May; and the seasprisg, summer and autumn,

respectively.

68



Chapter 4 Wild harvest

The p-value of 0.919 for the combined autumn harngsvival data (Figure 4.7)
confirmed that the specified model was sufficienekplain the frequencies observed in
the harvest data. The relationships between theetimeatments following the autumn
harvest in the GFRR (Figure 4.7A) show a clear @mbkistent trend throughout the year
following harvest. The observed percentage surwwad consistently the highest in the
CN treatment followed by the SA treatment and ttienNS treatment. The percentage
survival of GFRR replants was significantly affettey treatmentAX? = 86.49 Adf = 3,

p < 0.001), but did not vary significantly betweelnservation timesAX? = 0, Adf = 6,

p > 0.05). In contrast to the GFRR site, replamvisal at the KR site was significantly
affected by time after harveshX® = 228.64,Adf = 6, p > 0.05) and not treatment
(AX?=2.78,Adf = 4, p > 0.05). Owing to the drier conditionste GFRR site, the effect
of adding Stockosorb™ (SA) on the survival of repgacompared to treatment without
Stockosorb™ (NS) was more pronounced than that aedime higher rainfall KR site.
However, empty replant holes and evidence of piamels in cow dung suggested that
the decrease in the percentage survival of replaats due to grazing by local cattle,
compromising the experimental results. The autuamést results (combined GFRR and
KR) also revealed that the interaction of treatmesite and replant survival was
significant AX? = 87.56,Adf = 8, p < 0.001), as was the interaction of siteservation
time and replant survivalAX? = 67.29,Adf = 8, p < 0.001). The above two analyses
suggest that harvest site was a significant faatithough the effect of site alone on
replant survival could not be analysed. The sutviMareplants following harvest in

summer, at both sites, is shown in Figure 4.8.
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Figure 4.8: Presence of green leaves on replardseredd four months after summer
harvest at the GFRR (White) and KR sites (gray), 88 and SA represent the control,
20% leafless plant without Stockosorb™ and 20%ldsaf plant with Stockosorb™
treatments, respectively. The maximum likelihd6tdvalue = 1.29, df = 4 and p = 0.862

for the log-linear model describing the combineztjifrency data of the two sites.

Unlike the analysis of the autumn harvest datagffect of site alone on replant survival
could be tested for the summer harvest data. Lreepti analysis of the combined GFRR
and KR summer harvest data (Figure 4.8) revealadsite had a significant effect on the
percent survival of treated plants four months raftarvest £X? = 14.49, Adf = 2,

p < 0.001). Additionally, the survival of replantsthe CN treatments was the highest at
both sites followed by the SA and then the NS tnesits. These trends were the same as
those observed following the autumn harvest inGf&RR (Figure 4.7A). The effect of
treatment on the percentage survival of replants f@and to be significant at both sites
(X? = 6.35, df = 2p < 0.05 andX? = 12.33, df = 2, p < 0.003 for the GFRR and KR
treatments, respectively). Like the autumn harttesttments, the survival of replants in
all summer harvested GFRR treatments was highar that of the KR treatments.

This may have been influenced by livestock graanthe KR site.

70



Chapter 4 Wild harvest

The average root and leaf production of repland$ survived the autumn and summer
harvests, at the GFRR site, are shown in Figur@gt42. Too few plants survived the

harvests at the KR site for the same analyses peliermed.
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Figure 4.9: Average leaf production measured orag wfter the autumn harvest in the
GFRR. Leaf production was expressed as the avexagenass produced (white bars,
primary y-axis) and the average wet mass yield yeed per original wet gram of the
replant mass (shaded bars, secondary y-axis). raseqs a statistically homogeneous
group within the average mass data at the 95% aemde level, p = 0.235, F = 1.50.
a andp represent statistically homogeneous groups withenaverage yield data at the
95% confidence level, p < 0.0006, F = 9.24. N = 4%nd 20 for CN, NS and SA

treatments, respectively.
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Figure 4.10: Average root production measured aa wfter the autumn harvest in the
GFRR. Root production was expressed as the avevagenass produced (white bars,
primary y-axis) and the average wet mass yieldopginal wet gram of the replant mass
(shaded bars, secondary y-axis). a representtigtistédly homogeneous group within the
average mass data at the 95% confidence levelD263, F = 1.660 andp represent

statistically homogeneous groups within the averggéd data at the 95% confidence
level, p = 0.003, F = 6.63. N = 19, 4 and 20 for, BI% and SA treatments, respectively.

Figures 4.9 and 4.10 show that both root and ledfly were significantly higher for the
SA plants than the CN plants and not significarifferent between the SA and NS
treatments. This was the result of higher leaf massnongst the CN replants coupled
with a lack of significant difference between thermge root and leaf biomass produced
between the three treatments. Relative to massSAheated plants produced more root
biomass than CN treated plants. The implicaticinas higher root mass (CN treatments)
aided the survival of replants but did not promaggrowth. Additionally, these results
show that new leaf production was dependent ongslyathate produced subsequent to
replanting rather than re-allocation of carbon fraime roots. The addition of
Stockosorb™ (SA) did not significantly affect newormass production over the
treatment without Stockosorb™ (NS). The insignificdifference between the NS root
yield and that of the CN treatment may be accoufdedby the high variability of new

biomass production and the low number of plants thavived the NS treatment.
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The average wet leaf yield produced per gram waane mass by greenhouse cultivated
plants was 2.02 g (= 2.16 g), approximately founes higher than plants in the SA
treatment of the GFRR autumn harvest. The averageraot yield produced per gram

wet replant mass by greenhouse cultivated plaets Ghapter 5) was 1.1 g (+ 2.01 g),
approximately six times higher than plants in th® tBeatment of the GFRR autumn

harvest.

The results following the GFRR autumn harvest amstad with those following the
summer harvest at the same site. No significarferdihce was found between the
average wet leaf and new root yields of survivihgnts in the CN and SA treatments
following the GFRR summer harvest (Figures 4.11 4ri®). This result implies that
harvest time had an effect on subsequent root @afddroduction, especially for CN
treated plants. Insufficient data was availabledmmparison of the summer CN and SA

treatments with the NS treatment at the GFRR site.
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Figure 4.11: Average new leaf production measuma fmonths after the summer
harvest in the GFRR expressed as the average vestpnaduced (white bars, primary y-
axis) and average wet mass yield per wet grammegdda(shaded bars, secondary y-axis).
a represents a statistically homogeneous groupgniitie average mass data at the 95%
confidence level, p = 0.346, F = 0.%.represents a statistically homogeneous group
within the average yield data at the 95% confidefeesl, p = 0.433, F = 0.65.

N = 13 and 6 for CN and SA treatments, respectively
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Figure 4.12: Average new root production four mendlfiter the summer harvest in the
GFRR site expressed as the average wet mass pth(bie bars, primary y-axis) and
average wet mass yield per wet gram replanted éshdmhrs, secondary y-axis).
a represents a statistically homogeneous grougniitie average mass data at the 95%
confidence level, p = 0.826, U = 36.5, Z = 0.@2epresents a statistically homogeneous
group within the average yield data at the 95% idenice level, p = 0.693, U = 34.5,
Z =-0.40. N =13 and 6 for CN and SA treatmergspectively.
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4.3.4 Root regeneration and respouting

Root regeneration was extrapolated beyond the medsannual growth using a

mathematical modeling technique, as described above

The first step in modeling the growth of replantaswo assess the relationship between
the mass planted and the root mass produced aifteryear. Figure 4.13 shows this
relationship for the CN and combined NS and SAttneats (20% replants) following
the autumn harvest in the GFRR and for 20% replduatiswere grown under greenhouse
conditions. The CN data produced the strongestioakhip (f = 0.65) when compared
to the field-grown 20% replants?(= 0.026) and greenhouse-grown 20% replants
(r* = 0.046). The root growth by field-grown 20% repwas higher than that of CN
replants post-harvest (Figure 4.10). Hence, a piateimitation of using the trendline
fitted to the CN data was that it may not accuyatelpresent the regrowth of 20%
replants. However, as the 20% replants showed ablevirelationship between replant
mass and subsequent annual root production, thdlime fitted to the CN data, together
with 95% confidence limits, was used for all suhsag modeling purposes.
The relationship between this trendline for con{@N) field replants and the 20% field
and greenhouse replants was shown by superimposiog the 20% replant data
(Figure 4.13 B and C).
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Figure 4.13: Relationship between replant mass sugbequent annual mass of root
produced by plants in the CN (diamonds - A) and 2@fant (squares - B) treatments

following the GFRR autumn harvest and 20% replamder greenhouse cultivation

(circles - C). The line describing the relationsfop the CN data (solid line) is fitted to

each graph, y = 7.3%%°!% with 95% confidence intervals (dashed lines).
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The equation of the trendline fitted to the CN d@dquation 1) was chosen, based on its
r? value, for use in modeling the regrowth rate df@2feplants over time (Figure 4.14).
The relationship between the mass planted and dbemass produced for cultivated
plants was not strong enough to warrant furtheestigation (f = 0.046). Furthermore,
the average wet root yield of greenhouse cultiva@d replants wasa. 67 times greater
than that of CN replants armad. six times greater than field grown 20% replantssAsh,
Equation 1 was used to determine the annual massnient on the average 20% replant
mass under field conditions only. These incremeamie added to the respective average
replant masses and the process repeated to prtiteiceodeled growth curve for 20%
replants under field conditions (line A) in Figutel4. The average mass of the NS and
SA replants that produced root subsequent to hiar¢8s4 g, was used as the starting

mass for the curve.
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Figure 4.14: The estimated regrowth of 20% replants over time undecdiaditions (A)
modeled using equation: y = 7.37°*® (Equation 1). Line (B) marks the average pre-
harvest mass (61.1 g) of the 20% replants that survived till oneaftearthe GFRR
autumn harvest. The upper and lower estimations (dashed lines) cvesed by
substituting the upper and lower 95% confidence values of the fitted gtarana and b

into the equation used to fit line A, where y%a
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The average time estimated for 20% replants to regrow to thagevere-harvest mass
wasca. 56 years under field conditions (Figure 4.14). The upper and lower Bhuts
that the estimated regeneration time could range @i 1.5 to an unrealistica. 410
years. Thea. six times greater wet root yield under cultivation lends suppdhtet lower
estimated regeneration time of 11.5 years. The average regeneragamtl range were
obtained by inspecting the curve and noting where the lines plotting ttegavegrowth
and upper and lower 95% confidence limits crossed line B, the avamdmarvest 20%

replant mass (Figure 4.14).

Between three and nine resprouts, from the 50 plants harvested, atedednring the
three field site visits following the autumn harvest at the dR. A similar result was
found at the GFRR site where between three and five resprorgsobserved during the
same visits. Two resprouts were observed four months after theesuramest ota. 15
plants per treatment at the GFRR site and none were observeddotirs after the same
harvest at the KR site. Hence, the regeneration of harvBstdoides populations by

resprouts seems unlikely.
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4.4 Discussion

The ultimate aim of the research described in this chaptetonagestigate the effects of
harvest season, different harvesting practices and habitat orgtbe/te and survival of
replantedP. sidoides plant parts after harvest. Novel harvest techniques were designed
and tested in order to address the lack of information concerning tradiimnalst.

The three treatments employed showed a clear and significanbnshap to survival
when performed on plants from the GFRR site (Figure 4.7). The @Nnteat resulted in
the most number of replants surviving the harvest; this was ke$t Hue to the fact
that these plants remained relatively undisturbed besidesrtiw/al of their leaves. The
cause of death amongst the 20% replants was most likely due toslod tost mass and
the resultant loss of water reserves to supply transpiration and @mirdehydration.
This hypothesis is supported by the higher percentage survival 8Atheeated plants
compared to NS treated plants at the GFRR site following bothutbena and summer
harvests and the KR summer harvest. The seasonal loss of leaven-treated wild
plants at the KR site (White, 20Q&rs. obs.) may have had a compounding effect on the
observed survival of replants as survival was judged on the presedcabsence of
leaves. However, the results from the GFRR treatments cotifiamnthe addition of
Stockosorb™ to the soil surrounding replants was effective measag their survival
post-harvest in a xeric succulent thicket environment. The usdookdorb™ or a
similar product should therefore be considered by commercial openatthrs industry
and included in potentially mitigating harvest techniques investigated in thre.fut

Fungal infection and livestock grazing may have contributed, as confoundiongsfao
the death of replants. Roots that were collected and returned Bothey Department
showed fungal growth if they were not dried a few days after harvest
(White, 2004 pers. obs.). Additionally, the KR autumn harvest was conducted during wet

weather; conditions the WH@& al. (1993) recommended avoiding.
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Evidence for the interaction between replants and livestock, gartic cows, at the KR
site may have been significant, thus compromising the results fotiowath the autumn
and summer harvest. This result, however, is of important consequeRcadoides is
often harvested on communal rangelands where livestock grazing is cofFoiowing
confirmation of this observation, it may be necessary to accounthéopresence of
livestock in the development of suitable conservation strateghes.thiick grass cover

and relatively high rainfall would be expected to have minimized platér loss and

thereby promoted the survival of replants, had the KR experiment not been coregromis

The relative leaf and root yields per replanted mass wenéisantly different between
the three treatments (Figure 4.9 and Figure 4.10; for leaf angliebds, respectively). In
contrast, the average absolute mass of leaves and root produced doysreyds not
significantly different (Figures 4.9 and 4.10; for leaf and rootsessrespectively).
The SA treated replants produced a significantly higher root yielgpad to the CN
plants, and replants in both 20% replant treatments produced signyfitagitler leaf

yields than CN replants. These results show that the 20% replawiisced significantly
more root and leaf mass than CN plants relative to replant miaissallocation of carbon
by 20% replants agrees with the balanced-growth strategy of carboati@h (Shipley

and Mezaine, 2002). Balanced-growth simply describes the pre&rahbcation of

biomass, by plants, to plant organs that collect growth-limiting reesur
Under balanced-growth, a water-limited plant, like the repldrds had root removed,
would be expected to produce more root, the plant organ responsibtdidcticg water.

The only exception was the average root yield of the NS treatats pldnich was not
significantly different to the control. This can be attributechtolbow number of replants
that survived the NS treatment and higher variability of the yieltésdes the individual

plants.

The vyield of root and leaf biomass was much higher for 20% reptpotgn under

greenhouse as opposed to field conditions (four and six times greateaff@and root

yields per replant mass, respectively).
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These results, coupled with the low survival rates of field grown 2gsiants, long root
regeneration timec@. 11.5 to 410 years) and low regeneration from resprouts raise
questions about the sustainability of wild harvest. Additionally, they highighheed to
know the size of the available resource in the wild. Determittiegwild resource size
and the effects of these and other harvest treatments on the ksofyplants returned
after harvest would aid decision-makers in judging whether or netstfecies can be
harvested sustainably from the wild. A similar rationale wasemted by Rockt al.
(2004) following their study on the sustainability of harvesting whaeilel Allium
tricoccum plants for their bulbs. The authors assessed the effects of reprimtiveen 25

and 100% of the total number Af tricoccum plants from different sites within protected
areas in the southernmost parts of the species’ distribution rapgaléchian region,
USA). They used a population growth model and found that population recovery could be
affected by harvests as low as 5%. As a result, the authors recmadnhfurther research

in other areas of the species’ distribution range, improved monitorimgiaite party
harvests and greater enforcement of harvest limits by way of a permihsyste

The widespread occurrenceRfsidoides across a variety of climate and vegetation types
(Dreyer and Marais, 2000; see Chapter 1, Figure 1.2) necessitatethérengaof harvest
response data as well as population dynamics information for each gulogmamercial
harvest site. The distribution &f. sidoides populations within several South African
provinces and Lesotho will also require streamlining provincial le@gslaconcerning
indigenous plant conservation and harvest so that over-exploitatiappedtcompletely
and not only moved from one province to anotliersidoides has been harvested for
international export from populations in the Eastern Cape Province of South Africa and in
Lesotho (Smith, 2006ers. comm.). Once appropriate legislation is implemented for the
protection ofP. sidoides in the Eastern Cape, it will therefore be necessary for ther ot
provinces and Lesotho to follow suit with similar legislation. Wik help facilitate the
protection of the wildP. sidoides resource as a whole and prevent the shift of over-

exploitation from one province or country to another in the future.
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The importance of this rationale was highlighted by Mayet. (2006) in their study of
tree harvest, for timber, in the boreal forests of south-eabBteland and just over the
border in north-western Russia. The authors suggested that thecessofuboth regions
would be best conserved if a large scale, co-ordinated conservataiagg was
implemented. The authors stated that the strategy should be comstouatidress long-
term conservation goals and wood consumption, forest industries, logging¢saatid
trade. These principles will be useful in creating a efyyatfor the sustainable use and

conservation oP. sidoides.

The relationships between root colour and umckalin concentration, and leaf and ®ot mas
were investigated based on recommendations given to harvesters bgmaddh the
industry. Leafless plant mass (made up mostly of root) was not fourelrelated to leaf
mass (Figure 4.5). Two alternative strategies of biomass tdlocare balanced-growth

or allometric growth (Shipley and Mezaine, 2002). Under balancedgrotiie
proportion of roots to shoots (root:shoot ratio) is constant for a gipeoies under
certain conditions. Under allometric growth this ratio is hypotleesio change as a
given plant ages. The relationship between leafless plant massainidss shown in
Figure 4.5 is therefore best explained by the allometric growth hypsthe
However, the relationship between these two variables may benc#d by the seasonal
loss of leaves by plants (White, 2004-200&s. obs.). The leaf growth on the plants at
any one time only represents the growth of a particular season thaileot growth
represents the growth accumulated over many seasons, complicatirgsdbsnaent of

root biomass by leaf mass. Additionally, the production of leaves mgyfraain season

to season depending on the rainfall received. The influence of pateision on root
growth can be inferred from the relationship between replant masarmual root mass
produced by 20% replants grown under field (lower water provision) and greenhouse
(higher water provision) conditions (Figures 4.13B and C). These $igsinew that
greenhouse cultivated replants produced more root mass, relative ot neglss, than

field grown plants. Additionally, much higher variation in root mass proolicivas

shown amongst the greenhouse cultivated replants (Figure 4.13C).
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Moreover, the following observation of plant leaf masses reveptgemtial upper limit

of leaf production despite the range of root masses (Figure 4.5).t@ely of the 40
plants from the KR summer harvest had fresh leaf masses abov&ibilgrly, only one
summer harvested GFRR plant had a fresh leaf mass above 20 g.johity mAplants

in the autumn GFRR harvest had fresh leaf masses of 20 g and (k8®wut of 150).
Above ground biomass is therefore not a good indicator of below ground root biomas
As a result, it may be necessary for harvesters to adopt aedifferethod of selecting
plants. One example would be to harvest only every second or thirdaplass a large
area, as opposed to harvesting all the plants from a limieedaand leaving other areas

unharvested.

Root colour and umckalin concentration produced a very weak relationshipe(Bigyy
thus challenging the instruction by middlemen for harvesters to harvkst daropposed
to lighter coloured roots. The observed brown to red colour is most pyothablto the
presence of tannins and would potentially mask the pale yellow colaumaKalin. The
presence of equivalent levels of umckalin in very light brown new ravipared to the
dark red older root growth confirmed the lack of relationship obdgisee Chapter 5). It
would be valuable to compare the colour of roots and the biologicaltyaativthe
extracts made from different coloured samples as umckalin mloteaccount for the
entire biological activity of root extracts (Kayser and Kole@JzZ1997; Kolodziejet al.,
2003; and Seidel and Taylor, 2004). The relationship between root colobioéwgical
activity therefore requires further investigation before thasiality of the middlemen’s
instruction can be ruled out completely. On the socio-economic lewghyitoe important
for a governmental or non-governmental organisation to investigataitneds of the

trade between harvesters and middlemen.
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The results of the study presented in this chapter and futuresstudiidelp develop an
increased understanding of the ecological and environmental impads sodoides

harvest and the management structures that are needed to prontaiealsies wild

harvest. The wild plant recovery data presented here. f@doides coupled with the low
number of resprouts and the higher root yield by cultivated replantsaiadibat
greenhouse cultivation may provide a more sustainable source of rootsilthéwamnvest
to supply local and international markets in the future. The potdotighroducing a
viable P. sidoides root harvest from cultivated plants forms the subject of Chdpter

follow.
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Greenhouse Cultivation

5.1 Introduction

5.1.1 Guidelines for medicinal plant cultivation

The WHO et al. (1993) recommended that medicinal plants be cultivated, wherever
possible, as the source of supply for the market. The most prominesmtage of
cultivation over wild harvest is the potential for reducing the quardft material
extracted from the natural environment. The use of plant breeedhgitues can also
provide plants that are more genetically uniform, potentially negulh less chemical
variation in final products. The growth of plants under controltedditions, most
notably under irrigation, can increase the biomass yield and deaieasnical variability
that may otherwise have resulted from environmental variation. iaddlily, there would

be less chance of misidentifying plants under cultivation; tliglavbe especially useful
given the similarity ofP. sidoides and P. reniforme. The guidelines presented by the
WHO et al. (1993) include sourcing the most suitable genetic material for gatipa,

the genetic improvement of the stock, finding optimal cultivation conditimaisthe best
form of propagation; and finding ways to protect plants from pasts diseases and
control weeds. The WHG@t al. (1993) also recommended identifying the best time of
harvest, considering the possibility of mechanization and developing an lopyistam

for post-harvest storage.
This study focused on the prospectgosidoides wild harvest and cultivation. As such,

the following investigations of root cultivation under greenhouse condigacompassed

some of the above guidelines recommended by the \&ftdD (1993).
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These included the selection of suitable plants from the wiliated cultivation,
investigating the effects of various treatments on root umckadimcentration and
measuring the variation of root umckalin concentration between plemsdcfrom the

same parent material.

5.1.2 Variation in plant secondary metabolite production

The yield and composition of secondary metabolites within a speciesanabetween
plants from different geographical locations and may be influencedumoemental and
genetic differences. A number of studies have investigated thisgbleytacal variation
and revealed differences within or between populations, as in theviftd examples for
Melaleuca alternifolia (Australian tea tree)Echinacea spp. (purple coneflower),
Aloe ferox andPaeonia lactiflora (paeony), all important medicinal plants (Horeeal.,
2000; Binnset al., 2002; and Wills and Stuart, 1999; Van Wgk al., 1995; and
Kim et al., 2006; respectively).

Homeret al. (2000) used the chemical variation of three bioactive markepnotene,
1,8-cineole and terpinen-4-ol, in leaf oil extracts to clgsBif alternifolia plants into
three geographically distinct regions. Additionally, the authors’ staidyl5 individual
plants at 41 sites identified six chemotypes within the distributrange of
M. alternifolia. In their paper, Homest al. (2000) used the term chemotype to classify
plants of distinct chemical composition. Most of the six chemstypere found
throughout the distribution range in south-eastern Australia. Howeveauthers found
a definite correspondence between location and oil chemotype. This exbs@amnation
was accredited to genetic rather than environmental differémet®geen the locations
(Penfold et al., 1948 in Homeret al., 2000; and Butcheet al., 1992 and 1994).
Although the above authors ascribe the differences in chemical cdiopdsi genetic
variation, comparison with the works of Binesal. (2002) and Wills and Stuart (1999)
suggests that genetic and environmental effects may depend on thepplkirt sand

compounds under investigation.
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Binnset al. (2002) surveyed the variation of alkylamide and cichoric acid coratems

in Echinacea angustifolia root extracts of plants collected from wild populations in North
America, the indigenous habitat Bf angustifolia. The authors’ findings wereased on
the qualitative phytochemical analysis of populations grown from seedesbiiom nine
different regions. These findings provided evidence supporting the existence of
chemotypes within the species. Interestingly, Bimhsal. (2002) found a positive
relationship between increasing phytochemical quantity and increkadingle of wild
parent populations. This relationship held for certain compounds wtleleintlerse
relationship was shown for certain others. Similarly, Wills atd$ (1999) found that
alkylamide levels in root and aerial sample€opurpurea were significantly higher in
samples from populations cultivated north of the 32 °S latitude thase tcultivated
south of this division in Australia. The authors noted that differemcesylight hours
and annual distribution of rainfall may have accounted for the \ariaiowever, the
sample size was too small to fully determine the effectsegfon on alkylamide
concentration. Additionally, while alkylamide concentration changet laiitude, the
composition of alkylamides in extracts was not affected in the saageNo distinction
was observed in the cichoric acid levels north and south of 32 °8aBimvan Wyk et

al. (1995) found that the composition of the four major compoundA. iferox leaf
exudate was invariable across the natural distribution rangbeofpecies in South
Africa. The concentration of the main purgative principle, aloin, iearly related to

location, although no trends with other geographical variables were identified.

A similar study to that reported here fersidoides was conducted by Kirat al. (2006)

for Paeonia lactiflora, a traditionally used medicinal plant indigenous to Korea.
The authors used a gradient High Performance Liquid Chromatography )Hiitod

to quantify the variation of active compound concentrations in root ctxtraarge
variation was identified within a set of 12 samples collectexh fregional markets across
Korea. Additionally, the concentrations of the two known active ingnéslievere

observed to change independently of one another in response to changes in season.
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The root concentration of one compound, paeoniflorin, showed little waridtiring the

year while the concentration of a second, albiflorin, was highegtrimgsand decreased
dramatically to a lower level after the onset of summer. Gtvecentration of both
compounds in cultivated plants was higher in root extracts cauparextracts made of

leaf and branch material, thus supporting the traditional use of roots.

5.1.3 Coumarin production by plants

Cultivation provides the potential to grow plants under environmental oigbbyisal
conditions that may promote the production of desired bioactive secondaiyotites.
The concentration of umckalin in the roots of cultivaRedidoides plants was therefore
expected to increase following the application of treatmentsdbase knowledge
presented in the literature of the role of coumarins in plarfitsshich umckalin is an

example.

Coumarins, the class of compounds to which umckalin belongs, have a rdagetiohs
within plants. For example, the production of coumarin phytoalexins, plaauced
antifungal agents (Bailey, 1999), has been shown in an allelopathic fufwitmming
fungal infection (Urdangariet al., 2004 and Uritani, 1999). Here, allelopathy involves
“the release into the environment by an organism of a chemicabeabsthat acts as a
germination or growth inhibitor to another organism” (Allaby, 1998). Gaday. (2005)
tested a range of eight coumarins and found five to inhibit the symifimius of leaf-
cutting ants. The typical coumarin (1,2-benzopyrone), scopoletin (6-methoxy
hydroxycoumarin) and other coumarin derivatives have also been shown teangng
inhibitory effects on the growth of root cells (Avers and Goodwin, 1956; Goodwnd
Taves, 1950; Kupidlowska et al., 1994; and Pollock et al., 1954).
Additionally, Abenavoliet al. (2004) showed that 1,2-benzopyrone had a varying effect
on the carbon allocation between three different root types inenmpd@nts, while not

affecting biomass accumulation.
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The authors’ findings on the selective effect of 1,2-benzopyrone ke suggestion that
it may favour tap-rooted over fibrous-rooted species and therembliteence plant

composition within communities (Abenavetial., 2004).

Water stress and wilting (Ojala, 2001), in addition to mechaxigalage, are possible
conditions that result in the production of coumarins. It must be notredthat Ojala
only hypothesized that water stress and mechanical damage enhancercptodaction

and did not provide any experimental evidence in support of this hypothesis
No other scientific evidence for water-stress-induced coumarin produdas
subsequently appeared in the literature. As such, the effects ofat@o stress treatments

on root umckalin concentrations were investigated here. The firapid water stress
(RWS) treatment, was designed to provide extraordinary watessstmed mimic a
potential agricultural practice. The practice involves farmemsorving aP. sidoides crop

from the ground and leaving them on the soil surface in the sun tpiteafe two days

to stimulate water stress. The second was a prolonged wedes $PWS) treatment
designed to represent plants subjected to a natural one month drought.
Leaf water potentials¥(ea) were assessed throughout the above experiments using a
pressure bomb apparatus (Scholanderal., 1965) to indicate the water stress
experienced by plants. The same technique was followed by Alcodeliriguét al.
(1989) and Pegoraret al. (2004) where a decrease‘Hrar was used as an indicator of
increasing water stres®leaf is a “measure of the energy available in an aqueous solution
to cause the migration of water molecules across a selgcpeemeable membrane
during osmosis” (Bailey, 1999). As such, the smaller (more negativi)ddiehe greater

the available energy to drive the transfer of water betweés édl plants in the RWS
experiment were rehydrated each evening so that water potentiargsabdetween the
leaves and the medium surrounding the roots could reach equilibriuore bef
measurements were made the following morning (&el., 2000). Having the water
potential gradients in equilibrium is a necessity when using gmspre bomb apparatus
(Scholandeet al., 1965).
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In addition to environmental factors, plant hormones may increaserdieiction of
coumaringn vivo as shown by Pastirowhal. (2004) and Kaet al. (2006) with salicylic

and 2,4-dichlorophenoxyacetic acid, respectively. Additionally, prelimindoglies
presented here (Figure 5.14A) showed a relationship between dryso#aoe mass and
the concentration of umckalin in cultivated roots. As plant flomgers closely regulated

by hormones, including gibberellic acids (GAs), indoleacetic acid )|A#scisic acid
(ABA) and cytokinins (e.g. de Melo Ferreiehal., 2005; Koshita and Takahara, 2004;
Koshita et al., 1999; and Sirikul and Luukkanen, 1987), the effects of cytokinin and

gibberellic acid treatments on root umckalin concentrations were investigete.

5.1.4 Field sites

In order to identify the most suitable plant material for propagattmn,geographical
variation of P. sidoides root umckalin concentration was measured for plants from five
sites representing three different regions of the Eastern Qapenée, South Africa.
Two sites each were chosen in the vicinity of the Greatérfiser Reserve (GFRR) and
Kei Road (KR) sites described in Chapter 4 and one site wasncimotbee Peddie district
(33° 13 17.7" S, 27° 03 55.5” E). The three regions differed widely according to
average annual rainfall. The highest average annual rainfallesawed at the KR sites
(760 mm.yt), followed by the Peddie site (513 mmtyrl878-1991 average) and the
GFRR sites (397 mm.yj. Rainfall data for the Peddie site was recorded by the South
African Weather Bureau (SAWB) and data for the GFRR and Kd® s¥las recorded as
described in Chapter 4, Figure 4.4. Similar to the GFRR sites, the vegetationeddiee P
site consisted of xeric succulent thicket (Low and Rebelo, 1998); hovibedatter site
was not in a protected area and was open to domestic livestmikgyrin addition to the
above collections, plants were collected from the KR and GFRR &t use in the
greenhouse cultivation experiments described below. The location obkt#ul above
sites is shown in Figure 4.1 with reference to key Eastern @apes and cities (see
Chapter 4).
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5.1.5 Aims, rationale and hypotheses

The aims of the research described in this chapter were:

1) To assess the relationship betw@esidoides root umckalin concentration and local

climate.

Plant and soil samples were collected from three locatiordistihct average annual
rainfall and the average umckalin concentration of dried roots cothpérewas
hypothesized that the root umckalin concentration of plants from higinfalkareas
would be lower than that of plants from lower rainfall areas. Roass was also
measured, as the umckalin yield per plant, the product of root amalssoot umckalin
concentration, may influence the economic value of plants from vaareas. Following

the findings of Wangt al. (2006; see Section 4.1.2, Chapter 4), it was hypothesized that
the roots of plants from higher rainfall areas would weigh mone thase from lower

rainfall areas.

2) To determine the effects of cultivation and various appliedntezdas on the root
umckalin concentration of non-clonal sidoides plants.

Wild harvested plants were grown under greenhouse conditions for belwesrd 18
months before the application of one of five treatments. Thedengets included rapid
and prolonged water stress, two hormone treatments, and a root comgetétment
with a fast growing annuaCpnyza albida). Each treatment was hypothesized to increase

root umckalin concentrations relative to well-watered controls.
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3) To assess the effect of genetic uniformity on the variatiéh @tloides root umckalin

concentrations.

Cuttings were made from the roots of individual wild parent plants grown under
greenhouse conditions. The variation of root umckalin concentrations ancoitgsited
clonal plants was hypothesized to be lower than that amongst non-clonal wikd plant

5.2 Methods

5.2.1 Geographical variation of root umckalin concentration

At the end of April 2005, two sets of ten plants were collected #aoh of the GFRR
and KR sites and one set of ten plants was collected from tlaePste. Old root growth
and new root growth were distinguished from one another on the basstioél tissue
colour and root bark appearance (as in Chapter 4) and kept separaés, Istams and
root growth were dried and weighted. The umckalin concentration inaneéwld roots
was analysed using the method described in Chapter 3. Soil sawgestaken in
triplicate from each site and their characteristics aedly\lsy Matrocast Laboratories
(Pty.) Ltd. (Brackenfell, South Africa).

5.2.2 Variation of root umckalin concentration under cultivation
Individual plants to be cultivated and used in the non-clonal tesdsmwere collected
from one of the KR sites. Plants to be used in clone experimenésosllected from the

vicinity of one of the GFRR sites. The non-clonal experiments hlldiscussed first

(Section 5.2.2.1) followed by the clone experiments (Section 5.2.2.2).
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5.2.2.1 Variation of root umckalin concentration amongst non-clonal plants

As the choice of collection site was made before the geograpracation in root

umckalin concentration was known, plants for these experimentshagrested from the
KR site. This followed the assumption that KR plants would have loagtrumckalin

concentrations compared to the other sites owing to the more teenplaradte. Hence, it
was anticipated that the KR plants would respond most positiveltheoimposed
treatments, particularly those involving water stress. Plantctioliess were made from
the KR site in April and August 2004 taking care to excavate as ofutle intact roots
as possible. Leaves were removed before plants were transporietbbihe Rhodes
University Botany Department, Grahamstown. Each leafless plasmwweahted before
80% of this leafless plant mass was removed as root. These M8atsewere then

planted in locally sourced topsoil in 10 L black plastic nursery laags grown in a
plastic greenhouse tunnel (Figure 5.1).

SR

Figure 5.1: CultivatedP. sidoides 20% replants following three months of growth under
well-watered conditions in a greenhouse.

93



Chapter 5 -Greenhouse cultivation

The arrangement of plants in the greenhouse was randomly changetbradyaso

reduce the effects of spatial differences in light intengity @mperature. Soil samples

from six bags were sent to Matrocast Laboratories (Rtg.) for analysis five months

after planting. The results of these analyses are presented in Table 5.1.

Table 5.1: Average characteristics of the soil used in the mo@icigreenhouse

cultivation experiments. N= 6.

pH Carbon Nitrogen Potassium | Phosphorus | Colour
(9.kg") (mg.kg") | (meq%) | (mg.kg",
citric)
8.26 29.8 2135.7 1.72 100.7 Dark brown
% course % medium sand % fine sand | % silt % clay Texture
sand
12.8 14.6 59.4 13.3 0 Loamy sand

Cultivated plants were transplanted from the black bags to hardpkdtic pots in
December 2004. In January 2005 these plants were moved to a second, wowd¢rRg
the temperature in the first tunnel reached 50 °C on some days caasipngithe plants
to wilt. Once in the second tunnel all plants produced new leavesptidilt again and
were nearly continuously in flower till the end of the study. All amére watered once
every three or four days, and grew until mid September 2005 when the rokdlum
concentration of three randomly selected plants was assessélregl of these plants
had been grown under cultivation for the same amount of time. This atquior
assessment showed that the umckalin concentration of new roots wsigmiitantly
different to that of old roots (p = 0.623, F = 0.28; Figure 5.2).
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Figure 5.2: Average root umckalin concentration of new and old root growth fr
greenhouse cultivated plants. a represents a statistically homoggoopsat the 95%
confidence level. N = 3. p = 0.623, F = 0.28.

As such, the umckalin concentration of new root growth only was adsefiee the

following treatments, with the exception of the rapid water stress treatment.
5.2.2.1.1 Water stress treatments
Rapid water stress

This treatment was conducted using greenhouse cultivated plants expobégh to
intensity lights (400 Wea. 1140pmol.m.s?) and low humidity conditions generated by
a Humex Turbo heatercd. 28 °C and 36% relative humidity, Roberts Electrical
Company).

Firstly, ten plants (five treated and five controls) were rangaelected from plants that
had grown in the greenhouse for 18 months. Five intact plants hadithearefully
removed from their roots, were gently washed, dried and placed inedeigh light, low
humidity conditions (rapidly water stressed-RWS plants). The comtiahts were

subjected to the above conditions while remaining potted in the soil.
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Air flow was deflected away from the roots of the RWS plavitde control plants were
arranged so that only their leaves were above the air flow. |&vg@ressure bomb
apparatus (Scholandest al., 1965) was used to measure pre-da¥ies (Alcocer-
Ruthling et al., 1989; Pegoraret al., 2004 and Weét al., 2000) of single leaves from
each plant before the treatment began. To avoid positional effeatdés plere rotated
clockwise through each position under the lights at intervals duringathie2 hours of
light per day. Three sets of pre-daWiar measurements were made over the two day
duration of the treatments. Owing to limited space, the contratglaere subjected to
the same ambient conditions as those in the RWS treatment avotidays immediately
following the RWS treatment. Ambient air humidity and temperatwwasurements were
taken during both the control and RWS treatments and did not vary sigtiyfibatween
the two treatments. Plants from both treatments were rehydratdd evening by
spraying them liberally with water, covering them with plastic bagskeeping them in
the dark until pre-dawn the following morning. In addition to the wateayspg, the
roots of the RWS plants were carefully wrapped in water soedtdn wool and paper

towel.

Following the final pre-dawiieat measurement, plants were separated into inflorescence,
leaf, stem, old and new root growth; weighed, dried and weighed agamameold root

growth was prepared for HPLC analysis as described in Chapter 3.

Prolonged water stress

Ten plants, five control and five treated, were randomly seldéciedthe plants that had
grown in the greenhouse for 18 months. Water was withheld fromedretants (PWS
treatment) for the duration of the one month greenhouse based experimertontrols
were well watered every three or four dayisear and percent soil moisture content
measurements were made for each potted plant at intervaig dbe course of the
experiments using the pressure bomb apparatus (as above) and prdathetgype ML2x

with a HH2 moisture meter, Delta-T Devices), respectively.
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At the end of the experiment plants were separated into isflenee, leaf, stem, old and
new root portions; dried and weighed. New root was prepared for HPLgs&snab
described in Chapter 3.

5.2.2.1.2 Hormone treatments

Two sets of eight plants each were randomly selected from thts plaat had grown in
the greenhouse for 16 months. 250 mg of benzyladenine (cytokinin) and giblseriell
(both Sigma-Aldrich) were dissolved in small amounts of 5% aqueou$iNaf@ each
hormone solution made up to 100 mL. 20 mL of each of these solutions wad diitite
water to yield a final concentration of 25 md.LThese concentrations equated to
0.11 mM for cytokinin and 0.072 mM for gibberellic acid, agreeing with those used in the
literature (25 mg.L for both hormones, Ranwaghal., 2003; and 0.1 mM for cytokinin,
Liu et al., 2001). These solutions were applied to plants using individual sprigstior
each hormone. 500 mL of solution was applied to isolated plants byrapiyieaves,
both axial and abaxial surfaces, evenly until all solution was used umgDluwrmone
application, plants from each treatment were isolated frometbbshe other treatments
in order to prevent contamination through the air. Additionally, non-hormonenteets
were raised off the ground to prevent runoff contamination. InitipliGgiions were
made in December 2005 and followed by two others, separateal two weeks. Eight
untreated well-watered plants were randomly selected fromaime set of plants as
above to serve as controls. All plants were harvested approkmoaie month after the
final hormone application. At this time plants were separated inftorescence, leaf,
stem, old and new root portions; dried and weighed. The concentrationckalimmin

new root growth was then determined as per the method described in Chapter 3.
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5.2.2.1.3 Root competition treatment

Two or three individuals of an annual common to disturbed figligyga albida -
fleabane) were planted in the pots of eightsidoides plants randomly selected from
those that had grown under cultivation for 16 months. All other treatmeets
maintained so that no weeds developed beyond the seedling stage. Thentréagan in
December 2005 and continued for one month. Treated plants were thestddhridese
plants were separated into inflorescence, leaf, stem, old andonewartions; dried and
weighed. The concentration of umckalin in new root growth then was deé&ztas per
the method described in Chapter 3. The same eight untreated weiégvaontrol plants
described for the hormone treatments served as controls here.

5.2.2.2 Variation of root umckalin concentration amongst cloned plants

In May 2005, eight intad®. sidoides plants were collected from the vicinity of the GFRR
site described in Chapter 4 (Section 4.1.3), and returned to the RhodessitymiBotany
Department. The tuberous roots of these plants were cut intorseateighing between
2.9 and 22.1 g with an average mass of 7.3 g, dipped in a rooting hormone (S&adix®
No. 3, Bayer), planted in prepared seed trays and covered with Beiltrdys were
labeled and the position of each root cutting was recorded. Dried gron&agum
comprised of two parts of locally sourced topsoil for each part ehegbeach sand, by
mass. Additionally, the dry topsoil was sieved throegh4 mm square mesh before it
was combined with the sand. Soil samples were collected fraa tirthe six trays and
sent to Matrocast (Pty.) Ltd. for analysis. Thereafter, the remsnietvas replaced with
the same growing medium as above. These trays were well-watezedtwo or three
days and surviving clones were harvested after five months. Afirtles inflorescence,
leaf, stem, old and new root portions were dried separately andhede
The concentration of umckalin in both new and old root growth, from thregspla
originating from a single parent plant, was determined as pemétieod described in
Chapter 3. These concentrations were then compared with thoslkel % wdoides roots
collected from the GFRR site (see Section 5.2.1, above, for collection details).
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All dried plant material described in this chapter was stored Uaberatory conditions
in the dark. Dried roots remained under these conditions until just befamical

analysis. Table 5.2 lists the average soil characteristidseafrowing medium used for

the cultivation of the cloned plants.

Table 5.2: Average characteristics of the soil that the cloned plantgweva in. N = 3.

pH Carbon Nitrogen Potassium Phosphorus
(9.kgh) (mg.kg") (meq %) (mg.kg*, citric)

55 76 35 649 2

% course sand| % medium san% fine sand % silt % clay

14.2 32.7 49.3 3.8 0

5.2.3 Statistics

Statistical analyses were performed as described in Chapter 4, Section 4.2.4.

5.3 Results

5.3.1 Geographical variation of root umckalin concentration

The WHOet al. (1993) included selecting of the most suitable genetic materiakin t
guidelines for the conservation of medicinal plants through cultivatiowaids this
goal, this study investigated the variation of root umckalin concemtgaticross part of
the geographical distribution & sidoides in the Eastern Cape Province. As the yield of
umckalin per individual plant (Figure 5.7) is dependent on both root umckalin
concentration and the mass of the roots, both of these parameterassessed for each
site (Figures 5.4 and 5.6, respectively). Firstly, the root umclkalhcentration in the
new and old roots of the plants from the KR sites was measunedKR sites were the
only sites to have plants with both root age classes and, as showgurne Bi3, the

concentration of umckalin did not vary significantly between the two.
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Therefore, the umckalin concentration of new and old roots was combipedpartion

to the respective new and old root masses for use in Figures 5.6 to 5.9.
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Figure 5.3: Average root umckalin concentration of new and old root grosthwild
plants in the Kei Road region. a represents a statistically haraogegroup at the 95%

confidence level. N = 20 for old root and 5 for new root. p = 0.354, F = 0.89.
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Figure 5.4: Contribution of total dry root (gray), stem (white) and coetbileaf and
inflorescence mass (black) to the total dry plant mass fotgpfeom the five collection
sites. N = 10. a and b represent statistically homogenous groups%theonfidence

level for the average total dry root mass of plants from each site. p < 0.0005, H = 20.54.
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Figure 5.4 shows that the average root biomass per plant fromgihestrainfall area
was higher that that for roots from lower rainfall areas. Howetes trend was not
significant (p < 0.0005) and root mass was not strongly related to avanagal rainfall
(r* = 0.34, p = 0.304; Figure 5.5).
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Figure 5.5: The relationship between average dry total root massvaraha annual
rainfall for plants from the five collection sites. N = 10 &arch of the five average mass

data points. p = 0.304.

Contrasting root mass variation, significant variation in the rootkatimc concentration

and in the yield (concentration multiplied by root mass) of umckalirplaert from each

site was observed (p < 0.0001, Figure 5.6 and p < 0.0001, Figure 5.7; for umckalin

concentrations and vyields, respectively). Additionally, the average wautkalin

concentrations at the five sites were found to be strongly relatexhriual rainfall

(r* = 0.94, p = 0.007, Figure 5.8). The highest average umckalin concentratians wer

found in roots from the area of lowest rainfall amck versa. Furthermore, the average
root umckalin concentration and yield did not vary significantly between atos

from the same region (Figures 5.6 and 5.7).
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Figure 5.6: Average root umckalin concentration for plants from each ofitbe
collection sites. a, b and c represent statistically homogenous gedufiee 95%
confidence level. N = 10 for the average root umckalin concemirati each of the five
collection sites. p < 0.0001, F = 19.85.
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Figure 5.7: Average umckalin yield per plant from each of the fivieat@n sites. a, b
and c represent statistically homogenous groups at the 95% confidesicéNle 10 for
the average umckalin yields at each of the five collection sites. p < 0.0001, F = 9.17.
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Figure 5.8: The relationship between average root umckalin concentratioavarage
annual rainfall. N = 10 for each of the five average root unmtkaincentration data
points. p = 0.007.

The variation within the characteristics of the soil from each sitd€FaB) was analysed

in order to investigate the possible influence of biophysical factothe root umckalin
concentration of plants from these sites. Many of these chasticeriaried significantly
between the sites, including carbon, nitrogen, pH and percent cowdieinmand fine
sand content (Table 5.3). Of these, soil pH was found to be stronghledeio root
umckalin concentration {r= 0.97, p = 0.002, Figure 5.9) and was the only character to
show a strong relationship.
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Table 5.3: Average soil characteristics for each of the fidleaan sites. N = 3. a, b and
c represent statistically homogeneous groups at the 95% confidenceltetted last
column F is the value for parametric analyses of variance g hiackets) is for non-

parametric analyses.

GFRR 1| GFRR 2 Peddie KR 1 KR 2 Pvalue | F statistic
(H statistic)
pH a a b b B <0.001| 17.43
5.7 5.7 5.3 5.2 5.1
Carbon bc Cc bc ab Ab 0.024 4.55
(g.kg'l) 12.9 11.76 14.3 16.1 16.2
Nitrogen abd ab bc d C <0.001] 12.82
(mg.kg®) |1323.3 | 1270 978 18997 677
Potassium | a a a a A 0.629 0.67
(meq %) | 275.7 286 228.3 | 248.7] 289
Phosphorus a a a a A 0.689 (2.26)
(mg.kg®, |2.3 2.3 1.7 2.7 1.7
citric)
% course | bc ac bc ac A 0.007 7.08
sand 15.1 18.7 8.4 16.2 28.4
% medium | bc ab o bc A 0.046 3.59
sand 8.9 12.2 8 8.4 131
% fine a a a a B 0.048 3.53
sand 66.3 59.3 73.1 67.6 50.7
% silt a a a a A 0.769 1.82
6.7 6.7 7.3 5.3 6
% clay a a a a A 0.63 0.67
3.1 3.1 3.1 2.4 1.9
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Figure 5.9: The relationship between average root umckalin concentaatibaverage
soil pH. N = 10 for each of the five average root umckalin concesrisatind three for
average soil pH measurements. p = 0.002.

The strong relationship between annual rainfall and root umckalinentation
(Figure 5.8) provided a rational basis for the production of umckalin unater Wwmited

conditions.

5.3.2 Variation of root umckalin concentration under cultivation

5.3.2.1 Variation of root umckalin concentration amongst non-clonal plants

The rapid water stress (RWS) treatment was designed to prqlatgs with
extraordinary water stress conditions in order to promote the prodwétpossible stress
response compounds which may have included umckalin. The leaves of thed#ifés
plants wilted by midmorning on the first day and did not recover dunegemainder of
the treatment. By the end of the treatment the leaves of th® R&%ted plants were
discoloured and showed signs of chlorosis. The leaves of controldtiglatgs did not
wilt or appear to be chlorotic at any time during the treatment.
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Figure 5.10 shows the decrease of average leaf water potéhéd @émongst RWS
treated plants compared to the controls, culminating in a signifiiéi@tence by the end

of the experiment (p < 0.001).
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Figure 5.10: Change in average leaf water potenilidaf) over time for rapidly water
stressed (diamonds) and control plants (squares). The more eethatileaf the more
stressed the plant. N = 5 for each average leaf water potential data pothb sepresent
statistically homogenous groups at the 95% confidence level for gragevleaf water
potentials at 48 hours. p < 0.001, U =0.00, Z =-2.61.

The prolonged water stress (PWS) treatment was designed ta rthienieffect of a
natural one month drought on the root umckalin concentration ofRvsttioides plants.
The Wieat of plants in this treatment showed the same decreasing tsetitbse in the
RWS treatment (p < 0.001, Figure 5.11A) and followed the decreasel im@isture
content during the treatment (p < 0.001, Figure 5.11B).
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Figure 5.11: Change in average leaf water potential (A) and averagmipsoil moisture
content (B) over time for well watered controls (squares) andspfamin which water
was withheld (triangles). N = 5. a and b represent statistibatihogenous groups at the
95% confidence level for the average leaf water potentials on day 33.0.001,
U = 0.00, Z = -2.61. c and d represent statistically homogenous groups 86%
confidence level for the average percent soil moisture content on dgy 83.001,
U=0.00,Z=-2.61.

The RWS and PWS treatments significantly deceaseWithef treated plants, however,

they did not result in significant changes in the root umckalin exdrations of treated
plants (p = 0.488 and p = 0.703 for PWS and RWS treatments, respectively, Figure 5.12).
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Figure 5.12: Average root umckalin concentration of old root from plantshe
prolonged water stress treatment (PWS - A) and old and new oootHiose in the rapid
water stress treatment (RWS - B), with their respectoatrols. a represents a
statistically homogenous group at the 95% confidence level within the By
p = 0.488, F = 0.53. a represents a statistically homogenous grou@a¥lenfidence
level within the RWS data, p = 0.703, F = 0.48. N = 5.

Following the RWS experiment, the total inflorescence, leaf amdbmed leaf and
inflorescence mass of each plant was plotted against the ro&blimeoncentration of
each respective plant (Figure 5.13). Dry inflorescence mass dhtivee strongest
relationship to root umckalin concentrationr0.53, p = 0.016) and initiated postulation
about the effects of applying hormones involved in flowering on the woutkalin

concentration of greenhouse cultivated plants.

108



Chapter 5 -Greenhouse cultivation

Additionally, the effect of the PWS treatment on the mass ofabwmwe plant parts is
shown in Table 5.4. The average leaf mass of PWS treated plansggwifisantly lower
than that of the controls (p = 0.0481, Table 5.4) and was the only plarib mow a

significant difference.
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Figure 5.13: The relationship between the umckalin concentratioevinroots and dry
inflorescence (A - diamonds), leaf (B - triangles), stern $Guares) and combined above

ground mass (D - circles), for all plants in the RWS experiment. N = 10.
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Importantly, the average umckalin concentration in the new roots tvatad plants
originating from the KR region (79.49.g%) was not significantly different to the
concentration of umckalin in the old roots of plants collected frben dame region
(92.6 ng.g*, p = 0.483, F = 0.51). This was a crucial discovery as it indicdizd

greenhouse cultivated plants may have the same medicinal value as wild harasgted pl

Table 5.4: Average dry inflorescence, leaf, stem, old root and newnass for control
and treated plants in the prolonged water stress (PWS) experibbe= 5. a and b

represent statistically homogeneous groups at the 95% confidence level.

Control () PWS (g) p value F statistic

a a 0.599 0.3
Inflorescence |1 0.3

a b 0.0481 5.43
Leaf 8.7 4.9

a a 0.0985 3.49
Stem 3 2.4

a a 0.202 1.94
Old root 5.5 12.7

a a 0.199 3.03
New root 8.2 15

Figure 5.14 shows the effect of the cytokinin and gibberellin hormeaéents and the
root competition treatment on average new root umckalin concentratiopaceinto
well-watered control plants. As seen for the two water stiesatments, no significant
effects were observed (p = 0.76, Figure 5.14). Similarly, the above émtatrdid not

have a significant effect on the dry mass of the various plant parts (Table 5.5).
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Figure 5.14: Average root umckalin concentration in the new roots afspla the

cytokinin, gibberellin, root competition and control treatments. N = 8. p = 0.76, F = 0.39.

Table 5.5: Average dry inflorescence, leaf, stem, old root and newnass for control
and treated plants in the cytokinin, gibberellin, root competition andatdreatments.

N = 8. a represents a statistically homogeneous group at the 95% confidence level.

Control| Cytokinin | Gibberellin| Root p value | F statistic

(9) (9) (9) competition (g)

a a a a 0.488| 0.83
Inflorescenceg 1.1 1.3 1 0.8

a a a a 0.631| 0.58
Leaf 12.1 10.2 8.5 10.1

a a a a 0.216 1.52
Stem 3.4 2.3 1.8 15

a a a a 0.471| 0.86
Old root 14.9 16.8 18.1 11.1

a a a a 0.537| 0.74
New root 6.5 6.4 4.3 51
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5.3.2.1 Variation of root umckalin concentration amongst cloned plants

This analysis was performed to investigate the effects of igeneiformity on root
umckalin concentration. As such, Figure 5.15 shows the average root immckal
concentration of greenhouse cultivated cloned plants, originating frorsathe parent
plant, compared to that of non-clonal wild grown plants. For wild pfaats the GFRR

site, the variation of the old root umckalin concentration accounted for 550f &te
average concentration. Likewise, the old root of greenhouse cultivatedd ghdeuets
showed a 49.5% variation about the average. However, the new root ailtikated
clones showed a much higher variation of 99.4%. Additionally, the average root umckalin
concentration of the wild plants was significantly higher than that &f thet old and new

root of the cultivated clones (p < 0.0001; Figure 5.15), although alpldré material

originated from the same area.
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Figure 5.15: Average umckalin concentration in the old and new roots @flgrese-
cultivated cloned plants and the old roots of wild harvested GFRR plattglant
material originated from the same area. Vertical bars standard deviations. N = 20
for GFRR wild plant data and three for old and new clone data. &b amgresent
statistically homogenous groups at the 95% confidence level. p < 0.0001, F = 19.47.

112



Chapter 5 -Greenhouse cultivation

5.4 Discussion

The aims of the research presented in this chapter weresdesathe effect of climatic
factors on the concentration of umckalin in the roots of Wildidoides plants, and to
investigate the effect of greenhouse cultivation on root umckalimcerdration.
Additionally, the knowledge gained from the chemical survey of the plddits was
used, together with the relevant literature, to design cultivateatnhents that would

promote the synthesis of umckalin in the roots of greenhouse grown plants.

Identifying and sourcing the most suitable propagation material foicmal plant
cultivation is recommended by the WH®al. (1993). Accordingly, the phytochemical
survey of P. sidoides roots across three regions of the Eastern Cape was used here
The analysis of root extracts from these regions revealed vieaage root umckalin
concentrations were strongly related to both the average saihgldnnual rainfall of the
collection sites. Root umckalin concentrations were found to incredlsedecreasing
average annual rainfall. Conversely, root umckalin concentrations wesa $b increase
with increasing soil pH. Precipitation influences soil pH as hajhfall tends to leach
elements such as calcium, resulting in more acidic soils (Wa9§’). In contrast, soils
are more alkaline in areas with low rainfall, such as desghis relationship describes
the results presented here. As such, the relationship betweamrckdlin concentration
and soil pH may be a result of the rainfall received at edehBespite the relationship
between rainfall and root umckalin concentration, the imposed rapigratuhged water
stress treatments did not significantly alter the root umelkancentrations of cultivated
plants relative to well-watered controls. As such, although tfextebf pH on root
umckalin concentration was not investigated here, pH may be a kiey fawd worth

investigating in future studies.
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Additionally, average root umckalin concentration did not vary signifigan¢tween
plant populations from the same region. These results suggestehatyidg the most
suitable P. sidoides stock from within the entire distribution range could possibly be
based on an analysis of environmental variables. The collectiodddfoaal data from
other sites across the distribution range would help confirmet@ganship. The yield of
umckalin per plant was the highest in the lowest rainfalh aed resulted from the
combination of high umckalin concentrations and average root massesvefipwe
umckalin yields of both sites in this region were not consistentlyehitjftan the yield of
umckalin per plant at the KR sites (highest rainfall ar€ag Peddie site had the lowest
average umckalin concentration, root mass and thus yield of therélgieas. The lower
root mass may have been due to the selective removal of largey Ipjanarvesters as it
was outside of a protected area and therefore the only site \nlndra harvest.
The GFRR plants are potentially the most economical for haoxeisig to their high
umckalin yield per plant compared to the other sites. Howevesh@sn in Chapter 4,
the regrowth rate of replanted parts of harvested GFRR plagdomw, questioning the

sustainability of long term harvest from these sites.

As discussed above, variation of bioactive metabolite composition andntmaton in
medicinal plants may be influenced by genetic as well as envirdameariables
(e.g. Wills and Stuart, 1999; Binmtal., 2002 and Homeet al., 2000). The analysis of
cloned P. sidoides plants propagated from the GFRR stock revealed that the
concentration of umckalin in their roots was significantly lotem that of wild GFRR
plants. In contrast, no significant difference was found between \heage root
umckalin concentration of cultivated non-clonal KR plants contptorehat of wild KR
plants. This differential synthesis of umckalin by plants cultivatadeu the same
conditions but originating from different areas suggests a gendtierrghan an
environmental control of production. Furthermore, the genetic control okalimc

production may be influenced by plant adaptation to the climate of the site of origin.
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Accordingly, when plants adapted to survive in an arid climate, e.g. ERRGite, are
exposed to much more favourable greenhouse conditions umckalin may be produced at
lower concentrations. For plants originating from a more moderatateljre.g. the KR

site, the change to greenhouse conditions may not have been pronounced tenough
significantly alter the production of umckalin. The effect of igaling plants from
different regions under the same propagation technique needs to beagatedst
however, before this explanation can be confirmed. As the significdetedi€es in soil
characteristics between the wild collection sites weoé strongly related to root
umckalin concentration, the differences seen under cultivatiabl¢s 5.1 and 5.2) were

not regarded as having a significant effect.

In addition to the wild equivalent root umckalin concentrations (#dts), the annual
growth of new roots from cultivated replants was significantly highan that of GFRR
replants following the autumn harvesia( six times, see Chapter 4). The favourable
greenhouse conditions preferred Rysidoides, sunny positions and well drained sand to
loamy soils (Dreyer and Marais, 2000), together with high water gioov(Wanget al.,
2006), account for the higher root yield. The commercial cultivaifdhe species is also
favoured by the ease dP. sidoides propagation from basal cuttings, seed and
transplanting (Van der Walt and Vorster, 1988).

The five treatments imposed on the non-clonal greenhouse plants didsaotit ine
significant changes in root umckalin concentrations. However, otheestiteg findings
were reported. These include the relationship between dry inflgresanass and root
umckalin concentration, and the significant decrease of dry lea$ mmasngst PWS
treated plants. The relationship between umckalin concentration gndfldrescence
mass suggests a relationship between the accumulation of umeokaéw iroots and the
reproductive stage d?. sidoides plants. Research on the accumulation of umckalin over
time in cultivatedP. sidoides roots would be useful in future investigations of ith&ivo
function of umckalin. Monitoring gradual changes would also help asseséfebts of
rapid changes in cultivation conditions that are difficult totod. An example would be
the high greenhouse temperatures that caused leaf wilting here in December 2004.
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As discussed in Chapter 3, the umckalin concentrations shown abavgauweed during
two sets of HPLC analyses separated by three months. The rootsntd piathe
geographical collection and RWS and clone experiments were analysegl ther first
set of analyses. The roots of plants in the PWS, hormone and root timmpet
experiments were analysed during the second set of analyses. Whegriognfigures
5.6, 5.12 and 5.14 it is evident that the average concentration of umckalin measured in the
second set of experiments were much higher than that of thedirsf analysesa. 10
times. As the HPLC apparatus was calibrated before etoli @gperiments and separate
standard curves were used for each set of analyses, thiswasulbt due to an error in
the calibration or operation of the apparatus. Therefore, thedafitfes in root umckalin
concentrations may have been due to seasonal variation; howevas dhiicult to
postulate as the function and seasonal variation of umckalin mspleas not been

described.

The potential for supplying the market with cultivated roots is cemphted by the
concept of plant part substitution for conserving endangered medicinad ffaschocke
et al.,, 2000). Recently, Lewwd al. (2006) compared the antibacterial activity of
P. sidoides leaf and root extracts. The authors found that the activity of bdedots
against a range of bacteria was not significantly different to ohatoot extracts.
This result provides evidence for the potential plant part sutistitof P. sidoides roots
by their leaves. However, further investigations and clinicaktnaed to be performed
before this substitute can replace root extracts in the masethockeet al. (2000)
conveyed a convincing message for plant part substitution. This wasglcshed using
a study comparing the phytochemical content and biological activityrafugaparts of
four important and threatened South African medicinal plants. &héts of this research
on Eucomis autumnalis, Sphonocilius aethiopicus, Ocotea bullata and Warburgia
salutaris showed that the potential for plant part substitution for mealiaise is very
much species specific. For example, the bulbs and ro@saotumnalis exhibited higher
inhibition of cyclooxygenase-1 activity than the leaves, wherea$. fagthiopicus, the

leaf and stem extracts showed higher activity than the underground parts.
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The result forS aethiopicus was particularly interesting as the roots and rhizomes are
traditionally used and not the leaves or stems (Van W\&., 1997). To promote the
conservation of a medicinal plant species, the authors recommdratealltstudies of
medicinal plants include the investigation of leaves and othet paria, bark, stems and
underground parts. Although not all parts may have a traditional use stiieweél be
beneficial in terms of finding potential substitutes for part$ #ne less easy to harvest

sustainably.

The results presented here offer promising prospects for the exammimcultivation of
P. sidoides roots to supply the international and local markets. Firstly, tbetgr of

plants under irrigated greenhouse conditions resulted in yealdsix times higher than
wild grown replants. And secondly, the concentration of umckalirthen roots of
cultivated plants was not significantly different to that of vgldnts originating from the

same high rainfall site, suggesting equal medicinal value.
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Conclusions and Further Research

Umckalin was successfully isolated from a crude acetonecéexafaP. sidoides roots
using HP-20 resin, silica column and High Performance Liquid Chromatog(ai#LC)
guided by diagnostic Thin-Layer Chromatography (TLC) and Nuclear Magneti
Resonance (NMR) spectra. Thereafter, an effective and effamalytical HPLC method
was developed for the separation of umckalin from other compoundbianoéit and
acetone root extracts such that its concentration could be quantifiechethed included

a linear gradient of 7:3 to 3:7 §8:MeOH) over eight minutes at a flow rate of
1 mL.min* through a 125 x 4 mm C-18 HPLC column. An analytical HPLC method for
the detection of umckalin in ethanolic root extracts has nen Ipeiblished previously.
As such, the above method will be valuable for future academic and industriallmesearc

The effects of cultivation and climatic variation on the rootkatin concentrations of
cultivated and wildP. sidoides plants, respectively, were then determined using the
developed HPLC method. The survey of root umckalin concentrations atwess t
distinct rainfall areas revealed that both soil pH and anmiirgiatl were strongly related
to root umckalin concentration. Increasing annual rainfall was inyep®lportional
while increasing soil pH was directly proportional to the averaget umckalin
concentration of plants from each site. This discovery suggests thay be possible to
use climatic data in identifyind®. sidoides populations with high root umckalin
concentrations, and hence bioactivity, across the distribution range. Hyisprave
valuable in sourcing the best propagation material for future atiiiv studies and
commercial operations. Additionally, the average root umckalin caratem of plants
from the highest rainfall area did not differ significantly fraimat of greenhouse
cultivated plants originating from the same area. This resglgests that, for plants from
this area, cultivation may result in extracts that armedicinally active as those of wild

plants.
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Chapter 6 -Conclusions and further research

In contrast, the average umckalin concentration in the roots ohlgrese cultivated
cloned plants was significantly lower than that of wild plamsifthat same low rainfall
area. Collectively, the above results suggest that the umgiadduction of the plants
grown under cultivation may have been influenced by their origin and genetines
than environmental variation. Before these findings can be confirnsshrod should be
conducted into the effects of cultivation on the concentratidnazictive metabolites in
the roots of plants from different areas. Additionally, the effeftharvest season and

various post-harvest storage options could be investigated.

The five imposed treatments - rapid and prolonged water streskintytand gibberellin
hormone treatments, and the root competition treatment - did not cagmiyi alter the
average root umckalin concentration of cultivated plants relative to wedk@dhtontrols.
The production of umckalin during inflorescence development, as an alletopgent or
as a mitigation factor under conditions of water stresseietbre not supported by these
cultivation results. Based on the findings of this study, the effd@ctther treatments
including growth in soils of different pH and involving fungal infeati could be
investigated in future research. Root umckalin concentrations weréomad to be
related to root or ethanolic root extract colour. Further rekea assess the relationship
between total extract bioactivity against appropriate microongenisand the
concentration of known bioactive metabolites - specifically utitk®,8-dihydroxy-
5,7-dimethoxycoumarin, and gallic acid and its methyl ester - would be itiahef
Determining the relationships between extract bioactivity and coland between
bioactive metabolite variation and colour, could also prove valuable.
Additionally, DNA fingerprinting analyses could be used to as$esgénetic control of
bioactive metabolite biosynthesis of plants from across the distribuange and
amongst cultivated plants, including those grown from tissue cultlitesse analyses
could be used concurrently to assess the genetic diversity of individuaapopsiland of

the species as a whole.
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Chapter 6 -Conclusions and further research

In terms of wild harvest, the yield of umckalin per root mass was the highest in tis¢ lowe
rainfall area, making the plants from this area the most eccatiynivaluable.
However, replant survival at this site was low. The thrednreats in the wild harvest
experiments, particularly the Stockosorb™ treatment, showed a atehisignificant
effect on the survival of replants at the GFRR site post-Barwéet, the very long
estimated root regeneration time, low percentage survival ofntepknd the low
regeneration from resprouts raised questions about the long-tetmmahbsity of wild
harvest. The rooting pattern of the obsenkdsidoides plants consisted mostly of
taproots in contrast to the more adventitious rooting patterR. akeniforme plants.
The difference in rooting pattern between the two specigsfaneur the regrowth of
P. reniforme plants post-harvest as the adventitious rooting pattern of thiespecnore
likely to result in root pieces remaining in the soil during harvésiese results
highlighted the need for additional wild harvest experiments to be igatsi across the

distribution range of the species, especially where commercial heavetgnded.

Additionally, the total size of the wilB. sidoides resource needs to be determined before
sensible decisions can be made about the sustainability of wild hatvésgislated
monitoring system would help researchers determine the harvest ant\@{pores of

P. sidoides and other medicinal plants and thus comment on the urgency to fiheteet
species. Reviewing the compliance of commercial operationsrtentuegislation and
carefully reviewing and enforcing the current permit system a&awsommended.
Until further research has been conducted, it is highly recommehdde sidoides and

P. reniforme be awarded a protected status in all South African provinces and in Lesotho.
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Chapter 6 -Conclusions and further research

In contrast to regrowth under field conditions, the annual growth of roohdss by
replants under cultivation was. six times greater than that of similar plants under field
conditions at the low rainfall harvest site. The higher growtbsraimongst cultivated
plants, and the potential to grow plants of optimal medicinal valweufasustainable
harvest through cultivation. Hence, in the best interests ofotgecvation of the species
and the sustainable supply of roots for the local and international tsattke results of
this study strongly recommend that cultivation be pursued as a promitngatVe to

wild harvest.
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