Chapter 1

Overview of the use of aromatic plants and their eential oils to

treat microbial infections.

1.1 Introduction

There can be no doubt that antimicrobials are dnth® most important therapeutic agents
available today (Clark, 1996). The importance comdst likely be attributed to the fact that
most modern treatment regimens for ailments arect¥ely managed by pharmaceuticals.
However, the treatment of infectious diseases s a cure rather than symptomatic relief or
merely pharmacological management. The impact pfawved quality of life and increased life
expectancy with chemotherapeutic agents has broogin-kind into an era of antibiotic
dependency. Man'’s reliance on these antimicrolents has led to their global misuse. This

has resulted in untreatable infections due to emgmntimicrobial resistance.

There are a number of international strategiedanepto try and curb this surge of antimicrobial
resistance.Infection control, antibody-based therapies andomal use of antibiotics are
currently accompanied by the parallel developmenhe~r antimicrobial agentsScientific
advances have gone full circle and are presentpipg plant derived antimicrobials to seek
evidence corroborating the traditional use that Ib@sn holistically instilled into the cultural
evolution of indigenous people. The importance aedd for further research into traditional
herbal medicine was first officially recognized the World Health Organization (WHO) in
1978 (Kim, 2005). Subsequently, the WHO declaresl ghriod 2001-2010 as the decade for
African Traditional Medicine. Initiatives were sgp to prioritise medicinal plant screening with
the aim to initiate an African Pharmacopoeia (AAdHR2002). In the WHO document for
Traditional Medicine 2002-2005, a strategy was ssggd to address reliability of methods,
safety, quality, access and rational use. In @¥ollip presentation in 2005, the global outcomes
were presented (WHO, 2005). With the worldwide eagihon traditional medicines, the basic

screening and more in-depth research protocolsiatioral products cannot be over emphasised.



1.2 A historical perspective

Historically plants have provided a good sourcetfa treatment against microbial infections.
References to the therapeutic application of arienpdéints used for antimicrobial purposes are
well documented in ancient history. Hieroglyphigpu&ons have been found (Figure 1.1 and
Figure 1.2) of essential oils used for anointing $ick. Traces of frankincense oil, found in an
urn were discovered in Tutankhamen’s tomb. Therineembalming processes suggests that the
preservative nature of the oils were beneficiakarding off putrefaction. In ancient times, it has
generally been the essential oils rather than etstrnat were considered effective (Rios and
Recio, 2005). Records, written on clay tablets mdptback to about 2600 BC indicate that
amongst others, oils fror@edrus (Cedar) andCommiphora (Myrrh) species were used for
ailments ranging from coughs and colds to inflamamat(Gurib-Fakim, 2006). The oldest
written information from the Egyptians is the Eb&apyrus. The origin dates back to around
1500 BC. The Ebers Papyrus is a medical “handbod@kumenting therapeutic treatments and
pharmaceutical plant preparations. It has beentkaidthe diagnostic precision is very accurate
(Heinrichet al., 2004). Accounts of distillation by the Egyptiahsdians and Persians over 2000
years ago have been documented and the first digthemnitten account of essential oll
distillation is ascribed to Villanova ca. 1235-13Burt, 2004).

Figure 1.1 Figure 1.2

Figure 1.1 and Figure 1.2Egyptian hieroglyphic depictions of essential aited for anointing
and medicinal purposeBigure 1.1depicts an Egyptian with an incense burner prepgavils for
inhalation (http://www.lotuspress.com/lotusbrands/tiferetoalkey.html).Figure 1.2 illustrates
the administration of oils for the enhancementadfyprocesses
(http://www.ansononline.com/cgi-bin/ez-catalog/casplay.cgi?0X367200).



Biblical citations of medicinal plant use account fat least 30 references with myrrh and
frankincense the most noteworthy (Cowan, 1999). am@microbial attributes of frankincense
(Boswellia spp.) was especially favoured by the Greeks, RemBabylonians, Persians and
Hebrews where it was used as a treatment for wowhils diseases, urinary tract infections and
gynaecological disorders. MyrrilCdmmiphora spp.) was used in embalming because of its
effectiveness in preventing bacterial growth. ltswalso valued for its effectiveness in the

treatment of topical conditions (Dharmananda, 2088&shall, 2004).

One of the earliest reports of the use of plantenmt for antimicrobial use was when the
European “iceman” was first discovered. Trace®iptoporus betulinus, a bracket fungus was
found accompanied by the preserved human datinig t0a8300 BC. Capasso (1998) postulated

that the plant had antimycobacterial as well oth@robial inhibitory activities.

Later, the Greeks and Romans played a significalet in documenting the use of medicinal
plants. The Greek scholar Pedanius Dioscorides @) described more than 600 medicinal
plants which became the prototype of modern phaop@&ias (Cowan, 1999; Heinrich al.,
2004). Hippocrates, the well-known Greek medicalctdo (460-375 BC) to whom the
Hippocratic Oath is attributed, fully supported tnge of herbal medicines and advocated their

use.

After the conquest of the Roman Empire, Greek nadiexts were translated to Arabic, and
then later copied by the Christians. Printed Euaopgeports on medicinal plants through th® 16
century were still very strongly influenced by tGeeek-Roman sources. Herbal documentation

became available in various languages and becasrdrithing force of European phytotherapy.

During the middle ages aromatic plants were uséehsively to combat the plague. Widespread
use of perfumed candles, pomanders (plant mati@ined the neck of wearers) and burning of
oils were believed to offer some immunity to theecavers of the sick. During this time, plant
treatment regimens were greatly contradicted. Gn dhe hand monks were respected for
tending to the sick, using herbal medicine (Heimetal., 2004). On the other hand the village

herbalists were persecuted for witchery.

During the renaissance period there was a revivablistic treatments. It is about this time that

the term “pharmacognosy” was born. The word is véeri from the two Greek words



“pharmakon” meaning drug and dignosko” meaning to acquire knowledge. The focus of
pharmacognosy studies during this time and upe®f century were on medicinal substances
derived from the oils, waxes, gums and resins antsl (Kinghorn, 2001)t was highly thought
of as the mother of all present-day pharmaceutiesdiplines (Gurib-Fakim, 2006). With the
emergence of antibiotic discovery in 1939, plastsuatimicrobials were overlooked in favour of
more potent treatment regimens. With the introductof antibacterial compounds such as
penicillin and streptomycin, effective therapy amaStaphylococcus and other infections were
met (Rice, 2006). These discoveries led to theoéraonder drugs where the “single, golden

bullet” approach to combat diseases were theliirstof therapy.

1.3 Present use of antimicrobials and the impactodisease

Antimicrobials have been used successfully for @nerdecades. At least 30 new antimicrobial
agents have been introduced into mainstream chemsgutic treatment regimens within the
first 18 years of the antibiotic era. This has beearked by cycles, comprising of the
introduction or development of an antibiotic follesvby the subsequent emergence of resistance
(Swartz, 2000). Given the current problem with degelopment of bacterial resistance there is a
great surge to discover new potent antibiotics. Phesent world market for antibiotic drug
expenditure on finding new anti-infective agent&xpected to increase by 60% from spending
levels in 1993. The continued interest in findingwer anti-infectives are exacerbated by
emergence of resistance and its impact on the pjodyaulation encompassing both developed
countries and third world countries. Initially antcrobial resistance was mostly evident in
hospital environments where nosocomial infectioesdme prevalent due to the consistent
exposure to antimicrobials. More recently the spreé resistance has become community-
acquired. The available epidemiological data sutggbst levels of antimicrobial resistance have
reached unacceptable proportions and trends shotefuincreases (Okeket al., 2005).
Infectious diseases still account for approximatedif of all deaths in tropical countries (Ivet

al., 1999). Microbial infections contribute towarde tprimary morbidity and mortality statistics
from hospitals around the world (Rice, 2006hese mortality rates for developed countries are
increasing in spite of adequate hygiene, sanitadioh education. It has been estimated that as
many as 30% of people in industrialized countrig$ suffer from diarrhoeal-related diseases
(Koseket al., 2003).



It is also estimated that approximately 80% ofttital global population comprise of developing

nations. These developing nations often have poseagitation and hygiene levels which

contribute to infection susceptibility, Even thougie success of antibiotics has benefited
mankind, many poorer countries have not had aduéssi The burden of infectious diseases

falls heavier on developing countries where it basn estimated that approximately 60% of all
deaths are related to communicable diseases. 3 imssharp contrast to the 35% mortality from
developed countries (Igtiz and Carbon, 2000). Furthermore, third-world rioies are subject to

a shortage of funds, adequate medical care andiacdlesources for newly developed medicine,

which make them dependent on their natural ressurce

The increase of numerous infectious diseases that bccurred on a global level have further
emphasised the need to continue with antimicrostatlies (Cordell and Colvard, 2005). In
addition, the recent limitations on the use of l@ntic feeds in farming and the call for the
reduction of antimicrobial chemical additives irofts are now regulated more than ever before.
Thus the search for natural antimicrobials has becmcreasingly popular (Devliegheeeal.,
2004).

1.4 Ethnomedicinal plants as antimicrobials

Phytochemicals have found their way into the arsemaantimicrobial drugs prescribed by
physicians. The sale and use of herbal productddwate has increased dramatically with
Germany as the leading country where 80% of medicattitioners are prescribing herbal
remedies (Gilani and Rahman, 2006). Natural prtedatbotanical origin represent almost 40%
of all drugs in clinical use. Phillipson (2001)iestted that over 50% of the top 20 drugs used on
today's world market could be linked to natural gwot research. The modern pharmacopoeias
contain at least 25% plant derived drugs (Kim, 200%e primary benefit of sourcing plant
material for medicines is that they are perceivede safer, less rigorous and more affordable
than synthetic alternatives (lwet al., 1999). In spite of the successes of conventional
antimicrobials sourced from microbial products, dmi¢al substances are still researched for
potential biological activity. Borris (1996) hypeathised that plants and micro-organisms are
complementary, both systems are natural and hadévexrse species base, however, each
produce different metabolites and therefore reseanto both systems are necessary for

antimicrobial screening.



Rios and Recio (2005) commented on the increagmulntished articles relating to medicinal
plants for antimicrobial therapy. During 1966-198%re were 115 articles found on Pubmed. In
later years (1995-2004) the authors noted thatefexences more than doubled to 307. Where
essential oils were researched, references inaeas823 in 2005 (Rios and Recio, 2005). A
recent literature Pubmed search undertaken forntglaand “antimicrobial” yielded 324
citations exclusively for 2006, in comparison witie earlier publications (256 articles in 2003).
Similarly using Science Direct, only 44 papers waublished in 2002 in comparison with the 84
papers published in 2006. These estimates confiren éxponential rise in antimicrobial
ethnobotanical research. The rapid increase inaresein this field is possibly due to the
increased interest in overcoming antimicrobial gtesice to conventional antimicrobials. In
addition, improved assessment techniques withinrmpaeognosy as well as the diversity of

naturally occurring metabolites allows for a numbgstudies of this nature (Clark, 1996).

1.5 Essential oils as antimicrobials

Many essential oils extracted from plants are kndwamn their antimicrobial properties and
considered the most widely used natural productadte (Nakatswet al., 2000). The most
important antimicrobial application of essentialsoare within the fields of dermatology,
gastritis, respiratory complaints, wound healingd agenital infections (Neuwinger, 2000).
Arnald de Villanova, a physician in the"™8entury, is believed to be one of the first dosttor
have used essential oils therapeutically. By tH& dehtury essential oils were used extensively
by pharmacists where they were applied topically iealing (Hili, 2001). The antiseptic
properties of essential oils have been researdhed the 1800’s, however, during the course of
the 19" and 28 centuries the use of essential oils for fragramoce flavour became a more
prominent experimental focus rather than the thewtip application (Burt, 2004More recently
there has been a renewed interest in essentieg¢sshrch. The resurgence of aromatherapy and
aromachology assisted in launching essential otls the international markets where they are
sold as “natural antibiotics”. The essential oilMdaleuca alternifolia (tea tree) is probably the
best known example, which is sold for its antimiied properties. A number of studies have
been conducted on the essential oilhf alternifolia. Antiviral activities were investigated
where the oil significantly decreased a numbepoél lesions omicotiana glutinosa caused by
the Tobacco Mosaic virus (Bishop, 1995). Cytotdyitias also been reported (Soderbetrg.,
1996; Hayeset al., 1997; Hammeet al., 2006) but the predominant focus has been on the
antimicrobial potential of the oil (Carsaa al., 1995; Caelliet al., 2000; Coxet al., 2001;



Christoph and Stahl-Biskup, 2001). Other populatinaarobial commercial oils include
Lavendula angustifolia (lavender),Mentha piperita (peppermint) andRosmarinus officinalis
(rosemary) andrhymus vulgaris (thyme). Developing concurrently to this every dase of
essential oil products for antimicrobial propertissthe scientific exploration which aims at
validating the numerous properties ascribed toethestural molecules (Dharmarateeal.,
1999; Iwuet al., 1999). There have been numerous studies on thmiardgbial activities of
essential oils in specific plant species. A compemdfor the Journal of Essential Oil Research
(Lawrence, 1989-2005) documents over ninety antmbial publications. These papers include
studies on bacteriostatic activities (Clark, 19@8ristoph and Stahl-Biskup, 2001), antifungal
activities (Griffin et al., 2000; Dawson-Andolet al., 2000) and antiviral activities (Bishop,
1995; Chao and Young, 2000). Methodology has baatiex] extensively due to the problems
associated with the volatility and immiscibility efie oil. Diffusion and minimum inhibitory
assays (MIC) have pre-dominated many publicationsl @& a lesser extent time-Kkill
methodology (Remmal and Tanaoui-Elaraki, 1993; Heiad., 2003). The antimicrobial activity
of essential oil components has been studied extdpgHinou et al., 1989; Knoblochet al.,
1989; Pauli and Kubeczka, 1997; Pattretikl., 1997; Chalchat and Garry997; Nakatst al.,
2000; Pauli, 2001). Detailed compositional analysisachieved by gas chromatography and
mass spectrometry where the essential oil may yaelg number of major constituents. The
essential oil constituents that show the highesirgerobial activity are the phenols followed by
the aldehydes, ketones, alcohols, esters and Yfitladl hydrocarbons (Kalemba and Kunicka,
2003). A recent publication (van Zgt al., 2006) demonstrated the biological activities 20r
essential oil constituents from the seven differsimtuctural groups i.e. phenols, aldehydes,
ketones, alcohols, esters, terpene hydrocarbonsxdds. Highest antimicrobial activities were
found for carvacrol from the phenol group, confinghiresults from previous studies (Kalemba
and Kunicka, 2003). While the study of the antirolbal properties of essential oil constituents
play an important role in determining the overaitity of the plant, it must be taken into
account that any of the constituents (which maynoee than 70 in any given plant studied) may
be responsible for activity. These may be eithejom@&r minor constituents or even a
combination of constituents that interact synercgdly to enhance activity of the plant as a
whole. Somen vitro antimicrobial combination studies have been umdert which support the
role of synergism in essential oils, but antimigeblstudies have not been undertaken in great
depth (Kanget al., 1992; Lachowicet al., 1998; Cassellet al., 2002).



The objective to include plant-derived antimicrddim ingestible products to meet the needs of
the so called “green consumer” desired by many ®vests has also become very popular (Burt,
2004). Essential oils have become multifunctional in the reduction and / or elimination of
food-borne pathogens, as a preservative and asuileng agents in food. The use of spices for
antimicrobial prophylaxis has been well documentedh review on the antimicrobial properties
of essential oils in food, Burt (2004), listed 36GidBes reporting the efficacious use of oils as
preservative in various food stuffs. Essential ,odgcause of their organoleptic nature and
flavouring properties meet the culinary need antth wieir potential medicinal role may play an
active role in present and future food preservati®uch applications could contribute
significantly as synergistic agents that not oniyhance food flavouring but also work

prophylactically to ward off undesirable microbgadpulations.

Due to the known antimicrobial properties of esséiails, an interest has developed in aromatic
plants in general, in the continued search for neatural molecules to be used in

phytopharmaceuticals (Rates 2001, Cowan 1999).

1.6 The South African perspective

Southern Africa boasts a unique and diverse batbheritage with over 30 000 plant species of
which ca. 3 000 species are used therapeutically (van #k., 1997). Not only is the South
African flora rich in diversity but it is also m#gtendemic (Mulholland, 2005). In addition to
this unique botanical heritage, South Africa hasiléural diversity with traditional healing being
integral to each ethnic group. African traditionadicine is the oldest medicinal system, hence
culturally often referred to as the Cradle of Mantki{Gurib-Fakim, 2006). The informal verbal
record of medicinal use of plant material by theok&an, Nguni, Zulu and the Sotho-speaking
ethnic groups has been passed on from generati@erneration (Hutchings and van Staden
1994;van Wyket al., 1997). There are over 200 000 traditional healerSouth Africa who
systematically diagnose the cause of disease amckatfter administer plant medicines to
holistically improve the health of the patient (WAtyk et al., 1997). Methods such as this are not
very different to the western medical system. Hoavethe added benefit of the traditional healer
to seek the origin of the ailment makes the useudtural healing more favourable for many
people. There is also the added benefit of avaialait low cost, as many “muthi” medicines are
sold informally. It has been estimated that ovef@0 tons of plant material are sold annually on

the informal medicinal market (Taylet al., 2001).



Even though conventional drug therapies are tisé ¢loice of treatment in first world countries,
herbal therapy is a way of life for over 80% of pleoliving in rural South Africa (Shale al.,
1999). Indigenous medicinal plant use is well reeor in the readily available local
ethnobotanical literatureDespite the well-documented ethnobotanical litestwery little
scientific information (e.g. efficacy, phytochemgt has become available on indigenous
medicinally used plants. It is only recently (192806) that a number of findings have emerged
on the chemistry and biological activity of plantsed in traditional healing. South African
contributions within The Journal Ethnopharmacoldgy the period 1980-1994 were between
10-20%. However, this increased to approximateBb5d the last five years (Light al., 2005).
This recent emergence in the scientific validabdisSouth African medicinal plants can possibly
be attributed to the number of citations in locabks confirming the need for such studies
(Hutchings and van Stadet©994;van Wyket al., 1997). The National Research Foundation has
recently (2005) committed 15 million rand to thedijenous Knowledge Focus area
emphasizing the need to make pharmacognosy-rekttetles a high priority (Mulholland,
2005).

More specifically, the antimicrobial properties Sbuth African plants have been sorely
neglected. The literature search engines “SciericecD and “Scopus” identified only 4% and

3% (respectively) of citations related to “plantsiid “antimicrobial” were of South African

origin. While South African researchers seem toldgging behind on a global scale, the
antimicrobial investigation of plants compare fanahly with researchers from the rest of Africa
(Light et al., 2005).

An antimicrobial review of the South African litéuae reveals a broad spectrum of research
activity. Van Wyk (2002), includes a number antimlwal directives in his review on the
ethnobotanical research in southern Africa inclgdsocial relevance, wound healing, and
antidiarrhoeal activity. In addition, there haveebea number of antimicrobial screening
publications (Rabe and van Staden, 1997;dtial., 1999; McGawet al., 2000; Kelmansoset

al., 2000; Motseiet al., 2003; Eldeergt al., 2005; Buwa and van Staden, 2006; McGaw and
Eloff, 2005). Antimicrobial reports have been undken on specific species such as
Helichrysum (Meyer and Afolayan, 1995; Meyer and Dilika, 198&eyeret al., 1997; Dilikaet

al., 1997; Afolayan and Meyer, 1997; Mathekga and &ie¥998; Lourenst al., 2004; van
Vuurenet al., 2006) where research groups have focused tkypartise on specific plant groups.

There has also been local research activity on eirediplants used to treat sexually transmitted



infections (Tshikalanget al., 2005) and mycobacterial studies (Lall and Mey£99). Other
research groups have focused their studies on itr@miological activity of particular botanical
families e.g. the Combretaceae (Eloff, 1999; Marwh al., 2004; Eloff et al., 2005).
Furthermore, there have been significant contrimstitoward the methods associated with
biological testing of botanical material. Of thenmerous methodology publications undertaken,
the most prominent has been the minimum inhibitmmycentration determination publication by

Eloff, 1998a which has been extensively cited.

Other microbial related botanical studies have ive® the isolation of antimicrobial compounds

from South African plant species. This has beercessfully undertaken where the need for a
multi-disciplinary approach is integral to achielvigh quality research. Collaboration between
plant chemists, botanists and microbiologists hgeéded some valuable contributions (Rabe
and van Staden, 2000; Drewetsal., 2005; Drewest al., 2006). Other studies focusing on

specific parts of the plant such as roots, stensadmaterial have also been investigated (Louw
etal., 2002; Lewuet al., 2006).

Even though South African researchers have madeiabkd contributions towards
ethnopharmacological investigations, the need £xastapitalize on the rich botanical diversity
and meet the global need for the compilation ohifitant monographs. This is necessary in
order to meet The World Health Organization's otiec to provide guidelines for the

assessment of herbal medicines.

The examination of the antimicrobial propertiesacdmatic plants endemic to South Africa and
used in traditional healing forms an integral foo@ishis thesis. One of the main objectives is to
make a significant contribution towards generatimgcrobiological data to validate the

traditional use and thus ultimately contribute todga the acceptance of plant-based

antimicrobials in westernized healthcare systems.

1.7 Thesis structure

The thesis is introduced by a general introducfaiowed by individualised studies on nine
different plant species. In order to avoid methodglrepetition reference is made to preceding
Chapters. A flow chart (Figure 1.3) presents howhestudy was systematically followed by

initial plant collection and identification. Thefea chemical analysis of the essential oil for
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each specific species was undertaken. Antimicradmisdening and viability monitoring followed

with further in-depth target assay applicationsaditigs from each investigation have been
presented at a conference, published or have henitted for review. Abstracts of publications
are given in the Appendix. A selection of indigesouils is comparatively evaluated with

popular commercial oils to correlate antimicrobedficacies. A general methodology Chapter
follows which encompasses an overview of all methtmlowed as well as trouble shooting,
literature sourced and many of the challenges erteced when studying the various different
plant species. A final conclusion is provided tdegrate all Chapters and provide some

recommendations and guidelines for further ethnopheological antimicrobial studies.

Antimicrobial
properties
of aromatic
medicinal plants

|

Botanical Antimicrobial
aspects activity

I

Collection and Antimicrobial
identification assays (e.g. disc
of plant diffusion/MIC/

material time-kill)

1

Structure Target interactions

activity (e.g. synergy/
relationships bioautography)

Figure 1.3 A schematic outlay of the study protocol for tetimicrobial investigation of
aromatic plants.
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1.7.1 Study objectives

The overall intention of this study is to providesaientific basis for the use of selected

traditional aromatic plants used therapeuticallydonditions associated with infectious diseases.

Within this framework, the following objectives veeproposed;

1. To determine the antimicrobial activity of seé®t indigenous aromatic plants used in
traditional healing.

2. To record the essential oil composition of sarhehe most widely used South African
medicinal aromatic plants.

3. To investigate the plant composition with antirabial activity relating to structure
activity relationships and if possible identify thetimicrobial factor responsible.

4.  To study specific pharmacological interactions.
To compare the antimicrobial activity (potency) ofdigenous aromatic plants to

commercially available essential oils with claimedimicrobial activity.

6. To compare and validate results obtained from waritest methodologies (e.g. disc
diffusion, MIC and time-kill studies).
7. To provide a scientific rationale for the tramtiial use of various medicinal aromatic plants

to treat infectious diseases.
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Chapter 2

Myrothamnus flabellifolius Welw., antimicrobial efficacy determined
by disc diffusion, minimum inhibitory concentration and time-kill

methodology.

2.1 Introduction

Myrothamnus flabellifolius Welw. (Myrothamnaceae) is a plant used traditigriay many of the
ethnic people of Africa. It has been used medityriay the Pedi, Zulu, Shona healers and early
Rhodesian settlers (Watt and Breyer-Brandwijk, )96Phe use of leaves and stems as
flavouring agents has also been reported (van Wigk@Gericke, 2000). Furthermore, the use of
M. flabellifolius to treat psychological tribulations is stronglyked to the unusual nature of the
plant to revive to its original vegetative stateeewhen completely desiccated. In the rainy
season the seemingly dead plants are simply revineed the dormant state. This remarkable
feature of the plant is used by the traditionaléreto explain the healing action of the plant. The
patients are told to take the dry plant home witent, being a symbol of both their
psychological and physical state. They are toldlame the dried plant in water and as the plant
revives to it's original state, so too will the jgait become well again. This property is reflected
in the English (resurrection bush) and Zulu (uvulkafde) vernacular names and is used as a
symbol of hope in traditional African treatment exgd severe depression (Credo Mutwa,

personal communication to Prof. B-E van Wyk).

Due to the conflicting reports on the compositioh the essential oils distilled from
Myrothamnus flabellifolius, the oil composition has been re-examined. Somé¢hefmajor
compounds previously identified in the essentid are pinocarvone anttans-pinocarvone
(Chagondaet al., 1999) and camphou-pinene and 1,8-cineole (van Wyk al., 1997). The
antimicrobial properties are investigated here gistlisc diffusion, minimum inhibitory

concentrations (MIC) and time-kill methods.
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2.2 Botanical description

Myrothamnus flabellifolius is a small woody shrub about 0.4 m in height. heall aromatic
leaves (Figure 2.1) are fan-shaped and conspicpoosthed on the upper leaf margin. Plants
are monoecious bearing inconspicuous flowers. g#aeds have a strong aromatic character. The
plants have an affinity for rocky areas and arealigwedged into crevices of large boulders as
illustrated in Figure 2.2 (van Wydt al., 1997).

Figure 2.1 Aromatic foliage of
Myrothamnus flabellifolius.

2.3 Distribution

Myrothamnus flabellifolius grows on rocky outcrops in the northern regionsSotith Africa
from Gauteng, extending through Mpumalanga to tbetirn Province and Botswana. It is also

found in central and northern Namibia (Figure 2.3).

2.4 Medicinal uses

The leaves and twigs are used in many medicinggpagions. The main traditional uses related
to microbial infections as summarized from van Wlal. (1997) and Hutchinget al. (1996)

include: infusions taken for colds, respiratoryrahts and decoctions taken orally to alleviate

kidney problems. Externally, the plant may be utedreat abrasions and the dried powdered
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leaves are used in dressings for burns and woupdssibly to prevent sepsis. Lotions
incorporatingM. flabellifolius are prepared and applied to skin abrasions (Wadt Breyer-
Brandwijk, 1962). Leaves may be burnt and the smpkealed to treat chest pains and asthma.
The smoke may also be directed into the vaginadat infections and pains in the uterus (van
Wyk and Gericke, 2000). The local Pedi people athern South Africa smoke the leaves in
pipes to alleviate chest pains. The Karanga comtiesnchew the aromatic leaves for mouth
complaints. In central Africa the plant is usedaasnic and as a treatment for breast complaints.

Shona healers have used the plant to treat epjlepsyness and coughs.
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Figure 2.3 The geographical distribution of
M. flabdllifolius in South Africa (SANBI).

2.5 Methods
2.5.1 Chemical aspects

Plant collection: The aerial parts were collected in the growingseea(March) from a

population growing on rocky slopes in KlipriviersgeJohannesburg, South Africa. A voucher
specimen (Table 2.1) is retained in the Departmémftharmacy and Pharmacology, University
of Witwatersrand. Due to the large volume of oguied for time-kill studies plant material was

collected from several plants in the same popuiatio
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Table 2.1Plant collection data fdvl. flabdllifolius.

Plant Voucher Material distilled (g) | Essential oilyield (% w/w)
M. flabellifolius SVV934 2700.7 0.7

Distillation of essential oils: Distillation protocols were
undertaken according to Guenther (1948). Fresh phaterial was
hydrodistilled in a Clevenger type apparatus (Fegdrd) and the
essential oil collected after three hours. A rolnadtom flask of I
five litre capacity is packed with fresh leafy plamaterial. |
Approximately 500 mL distilled water is added andated by iR,
means of an electronic heating manidie essential oils were then efW
condensed in a cooling system where they were atetle The " ‘

temperature was kept constant by letting the waterthrough the

condenser. Thereafter, the oil was allowed to stahdroom

temperature to allow for good separation and ctdtbdn amber

vials for storage at 4C. .
g Figure 2.4 Clevenger

apparatus used for distil-
lation of plant material.

Gas chromatography (GC) Due to conflicting reports of the major constittge within M.
flabdlifolius (Da Cunha, 1974; Gibbs, 1974; Chagorda., 1999) and the large amounts of oll
required for the antimicrobial testing the oil adb& from each of the plants were analyzed by
GC to determine any chemical variatiohnalysis was performed on a Shimadzu 17A gas
chromatograph using the following parameters; Colud&W-DB1 (60 m x 0.25 mm id., 0.25
pum film thickness); Temperatures: injection port 28) column 60 °C for 1 min, 5 °C / min to
180 °C, 180 °C for 2 min, (total = 25 min). A smafthount (1 pl) of oil sample was injected
with 0.85 ul hexane (Rochelle) into a stream ofirert gas (helium), where the separated
components then emerge from the column at discigtervals (characteristics for each
component) and pass through a flame ionizationcttet€FID). Chromatograms were recorded
from the time of initial elution of compoundsThe retention times were used for qualitative

identification with peak r areas to provide quaiita. information
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Gas chromatography combined with mass spectrometr§GC-MS): Oil samples (0.1 plin 0.9
pl hexane) were further quantitatively analyzedhv®C-MS using the Hewlett-Packard 1800A
GCD system operating under the following conditicc@umn; HP-Innowax (60 m x 0.25 mm
id., 0.25 pm film thickness) was used with heliusnaacarrier gas; Temperatures: injection port
250 °C, column 60 °C for 10 min, 4 °C / min to 2Z1) 220 °C for 10 min, 1 °C / min to 240 °C
(total = 80 min). The split ratio was adjusted 15 The MS were taken at 70 eV. The mass
range was fronmvz 35 to 425. Data was recorded after a 5 min lag@hRelative percentages
of the separated compounds were calculated froat mt chromatogram by the computerized
integrator. The MS were compared with those ofresfee compounds and confirmed with the
aid of retention indices from published sourcesgishe in-house Bar Library of Essential Oil
Constituents in collaboration with Prof g at the Department of Pharmacognosy, Faculty of

Pharmacy, Anadolu University, Es&hir, Turkey.

2.5.2 Antimicrobial aspects

Culture and media preparation: The NCCLS (2003) guidelines were used to ensua¢ th
accurate microbiological assay and transfer tectesgwere followed. All stock cultures were
obtained from the National Health Laboratory Sersi§NHLS) with the exception @@andida
albicans, which was obtained from the South African Bureafi Standards (SABS).
Authorization to keep and use cultures for resepraiposes was obtained from the Department
of Health (reference: J1/2/4/16 NOL1). Table 2.&lihe cultures with corresponding reference
number (where possiblejsed in this study. Stock cultures were retainee2@t°C, subcultured
onto Tryptone Soya (Oxoid) agar, incubated at optmtemperatures and checked for purity.
Isolated pure colonies were selected and transfeorego Tryptone Soya (Oxoid) agar and
thereafter kept viable by subculturing weekly foock culture maintenance. All media was
prepared according to the instructions providedtly supplier i.e. weighed, dissolved in
distilled water and autoclaved (Butterworth) at TZ1for 15 min. After sterilization, all media

was pre-incubated to confirm sterility before fertlise.

Disc diffusion assaysDisc diffusion assays as described by Jansseh. (1987), Pauli and
Kubeczka (1997) and Hewitt and Vincent (2003) amateaperformed on the hydrodistilled oils.
Base layers of Mueller Hinton (Oxoid) agar werepaned for bacterial studies and depending on
the size of the assay plate either 15 mL or 100onhre-sterilized molten agar was poured into

a sterile petri dish. Care was taken so that tlee ags maintained at a working temperature of
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50-55°C. A temperature higher than 88 may result in either killing or reducing the Viab
count of the test organism. Temperatures lower thar?C will result in the agar rapidly
solidifying making uniformity of the agar surfaceoplematic. Similarly, disc diffusion assays
for fungal strains were prepared with the exceptiat Sabouraud’s Dextrose (Oxoid) agar was
used. Spore suspensions yielding an approximateuinm size of 1 x 1DCFU/mL were
thoroughly mixed into the overlaying agar surfacé identical volume. With aseptic
manipulation, 6 mm discs were saturated with the jil (approximately 9 mg) and were placed
onto the set agar. Neomycin discs (30 pg, Oxoidewesed for bacterial controls and Nystatin
discs (10aU, Oxoid) were used for fungal controls. Theseijpas controls were included in all
test replicates and repetitions to ensure susclptilof micro-organisms to conventional
antimicrobials. Negative controls i.e. sterile diswere used to ensure no pre-existing
antimicrobial activity was evident. All plates weaibowed to pre-diffuse at 4C for one hour to
allow for the dispersion of essential oil from tiec into the set agar before incubation at 37 °C
for 24 hr, with the exception of the two yea€&ndida albicans and Cryptococcus neoformans
which were incubated at 37C for 48 hr and the mould&spergillus niger and A. alternata
which were incubated at 2& for seven days. Results were recorded at ledsplicate and the
mean of the zone of inhibition measured from disigeeto margin of culture growth is

documented in Table 2.4.

Minimum inhibitory concentrations (MIC): After preliminary screening by disc diffusion
assaythe broth MIC micro-dilution bioassay was deterrdirf€arsoret al., 1995; Eloff, 1998a;
NCCLS, 2003). All bacterial cultures were subcwdtirfrom stock agar plates and grown in
Tryptone Soya (Oxoid) broth overnight. Yeasts wiekibated for a further 24 hr. Microtitre
plates were aseptically prepared by the additiohQfful distilled, sterile water into each well.
The hydrodistilledM. flabellifolius oils at starting stock concentrations of 128 mg/mére
subsequently transferred into the first rows ofieratitre plate. Essential oils were made up to
concentration with acetone (Merck) as the solveantiwice. Negative controls (acetone in
microtitre plate without antimicrobial) were incled in each assay. Serial dilutions are
performed on thé/. flabellifolius oils so that concentrations of 32, 16, 8, 4, 20.5,and 0.25
mg/mL were obtained. The overnight cultures weitateld in fresh Tryptone Soya broth at a
1:100 ratio, yielding an approximate inoculum sifel x 1¢ colony forming units (CFU)/mL
and 100ul was added to all wells. The microtitre plates eveealed with sterile adhesive sealing
film (AEC Amersham) to ensure that no loss of eBakail took place. Optimal (37 °C for 24 hr

for bacteria and 48 hr for yeasts) incubation coo followed.
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Table 2.2 Microbial organisms with corresponding referenaenbers and acceptable MIC
ranges for controls (ciprofloxacin for bacteria @mdphotericin B for yeasts).

Test organism MIC controls (pg/mL)
Pseudomonas aeruginosa (ATCC 9027) 0.25-2.50
Escherichia coli (ATCC 25922) 0.004-0.016
Salmonella typhimurium (ATCC 14028) 0.63-12.50
Proteus vulgaris (clinical strain) 0.25-128
Serratia odorifera (ATCC 33132) 0.30-1.2%°
Staphylococcus aureus (ATCC 25923) 0.12-0.50
Enterococcus faecalis (ATCC 29212) 0.25-2.00
Cryptococcus neoformans (ATCC 90112) 0.625-2.50
Candida albicans (ATCC 10231) 1.25-2.56
Aspergillus niger (clinical strain) ND™
Alternaria alternata (clinical strain) ND 3

"NCCLS, 2003; Andrews, 2004.

"2 Acceptable ranges as determined within the Departroé Pharmacy and Pharmacology, University of
Witwatersrand (controls in this study were rundéirtest organisms even though only one organism frihat
indicated in bold is recommended for inclusionacle MIC assay).

" No MIC’s were performed on moulds due to the exéehidcubation requirements.

Positive bactericidal controls i.e. ciprofloxactBigma-Aldrich) at starting stock concentrations
of 0.01 mg/mL were included in each assay to confihe antimicrobial susceptibility. The
ciprofloxacin stock solution was prepared asepicalith sterile water. The amphotericin B
(Sigma-Aldrich) stock solution for yeast controlainitially diluted with dimethyl sulfoxide
(DMSO, Merck) as recommended by the supplier aedetifter diluted with sterile water to a
starting concentration of 0.01 mg/mL. The selectid ciprofloxacin and amphotericin B as
suitable reference controls is in support of theQNS guidelines (2003). A review article
(Lahlou, 2004), on the methods in assessing thebiiwity of essential oils also cites a number
of publications in support of ciprofloxacin and damogericin B as standard controls.
Conventional antibiotics inhibit microbial growth @ertain acceptable quantitative MIC ranges.
Any variations to the acceptable MIC values indidogither strain resistance (if the MIC value is
higher than that from the range) or unusual stsaisceptibility (if the MIC value is lower than
the range). This would impact on the “true” resol$ained for the test and therefore monitoring

these ranges is important to corroborate the acgwfresults if further clinical studies are to be
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undertaken. Documented control ranges are onlyadblaifor selected pathogens, however, all
assays were run with micro-organism controls of plaeticular pathogen studied. If control
guidelines were unavailable, at least six repetitiand replications on controls were done to
achieve a standard guideline from which comparisonld be made. Table 2.2 gives the
acceptable ranges for ciprofloxacin and amphoterigi against pathogens used in the MIC
assaysA 0.4 mg/mLp-iodonitrotetrazolium violet (Sigma-Aldrich) soloti (INT) was prepared
and 40ul transferred to all inoculated wells. The use NT Ito determine the end point MIC
value is based on the principle of detection ofydebgenase activity where the metabolically
active test organism reduces INT to a red-purplewo The microtitre plates inoculated with
bacteria were examined after six hours to determinelour change in relation to concentration
of microbial growth. The yeasts were examined dtehr. The lowest concentration having no
colour change is defined as the MIC. Minimum intaby assays were done in triplicate and the
mean tabulated (Table 2.4).

Time-kill methodology: Death kinetic assays, as described by Christogh Stahl-Biskup
(2001)were performed oa Gram-positive organisi8. aureus (ATCC 25923), a&Gram-negative
organismP. aeruginosa (ATCC 9027) and a yeaS§l. albicans (ATCC 10231) Stock cultures
were grown in Tryptone Soya (Oxoid) broth and darged (MSE) for 10 min at 5000 rpm. The
supernatant was discarded and the pellets resusgppemda 0.9% NaCl (Labchem) solution. Oil
concentrations of 0.125, 0.5, 0.75, 1 and 2% (8.8, 8.1, 9.5 and 18.1 mg/mL respectively)
were incorporated into 50 mL Tryptone Soya brotthvd.5% Tween 80 (Saarchem) and a final
inoculum of approximately 1 x #@FU/mL. The different concentrations were incubaae®d?

°C with agitation in a shaking water bath (Labote&) pre-determined time intervals ranging
from O min - 24 hr, (O, 5, 15, 30, 60, 120, 240 @ 24 hr), aliquots of 1 mL were transferred
to 9 mL inactivation broth consisting of 0.1% papto(Oxoid), 5% lecithin (Merck) and 5%
yeast extract (Oxoid). A further four serial dituts were performed from the inactivation broth
into 9 mL of 0.9% NaCl. From each dilution 100 pasvplated onto Tryptone Soya (Oxoid)
agar. The plates were incubated (37 °C for 24 hb&zteria and 48 hr for the yeast) and colony-
forming units (CFU/mL) counted. Death kinetics wengpressed in lag reduction time-Kkill

plots.
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Figure 2.5 A diagrammatic representation of the steps uafert for each oil concentration
carried out at all time intervals.

Negative controls were included in all time-killsays having the same broth formulation,
inoculum and Tween 80 but without the oil. This tohvalidated the assay conditions so that
the test organism’s growth could be monitored wherinhibitor was added. Positive controls,
ciprofloxacin for bacterial assays, or amphoteriBirfor fungal assays at a concentration of
0.063% (0.6 mg/mL) were included in all time-kisays. This positive control was included to
ensure microbial death response to conventionaiambbials. Each time-kill plot represents
the mean of values where the kinetics were deteunin duplicate and each figure represents
the time period at which most activity could beawbtVarious steps in the method are seen in
Figure 2.5 and 2.6.
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2.6 Results and discussion

2.6.1 Essential oil chemistry

The GC analysis of individual plants within the iviersberg locality indicated consistent
chemical composition (data not shown) and consdtyure oil obtained from individual plants
were pooled and analyzed with GC-M&ighty-four compounds were identified in the
hydrodistilled M. flabellifolius essential oil representing 86% of the total compwsi(Table
2.3).
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Table 2.3 The essential oil composition and integration petage ofM.
flabellifolius as determined by GC-MS.

RRI* Compound name %
1032 |o-pinene 1.6
1076 | camphene 0.1
1118 | R-pinene 0.2
1132 | sabinene tr
1174 | myrcene 0.2
1203 | limonene 6.1
1213 | 1,8-cineole 0.2
1218 |*phellandrene tr
1220 [cis-anhydrolinalool oxide tr
1224 |o-mentha-1(17)5,8-triene 0.2
1280 |p-cymene 0.2
1384 |a-pinene oxide tr
1408 | 1,3,8s-menthtriene 0.1
1435 |y-campholene aldehyde tr
1452 |o-p-dimethylstyrene 0.2
1466 |a-cubebene tr
1468 |trans-1,2-limonene epoxide tr
1482 |fenchyl acetate 0.1
1497 |a-copaene 0.8
1528 |a-bourbonene tr
1535 [ 3-bourbonene 0.2
1536 | pinocamphone 0.1
1541 | benzaldehyde tr
1549 [ 3-cubebene 0.1
1553 | linalool 1.8
1562 |isopinocamphone 0.2
1565 | linalyl acetate 0.2
1571 |trans-p-menth-2-en-1-ol tr
1586 |pinocarvone 11.1
1597 | bornyl acetate 1.8
1600 | 3-elemene 0.5
1611 | terpinen-4-ol 0.4
1616 | hotrienol 0.3
1624 |cis-dihydrocarvone 0.1
1639 |trans-p-mentha-2,8-diene-1-o0l 2.7
1648 | myrtenal 0.9
1658 | sabinyl acetate 0.1
1661 | alloaromadendrene 0.1
1661 |trans-pinocarvyl acetate tr
1664 |trans-pinocarveol 19.6
1678 |cisp-menth-2,8-dien-1-ol 2.3
1687 |o-humulene 0.1
1697 | carvotanacetate tr
1704 |y-muurolene tr
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RRI* Compound name %
1706 |a-terpineol 0.3
1719 | borneol tr
1726 | germacrene D 1.1
1740 |o-muurolene 0.7
1747 |trans-carvyl acetate 0.4
1751 | carvone 11
1758 |cis-piperitol 3.7
1773 |5-cadinene 0.6
1776 |y-cadinene 0.2
1797 |p-menthyl acetophenone 0.1
1802 | cuminaldehyde 0.1
1804 | myrtenol 1.1
1807 | perilla aldehyde 0.1
1811 |[trans-p-menth-1-(7)-8-diene-2-ol 7.4
1845 |trans-carveol 1.3
1853 |cis-calamenene 0.1
1865 |isopiperitenone 0.3
1882 |cis-carveol 0.2
1896 |[cis-p-menth-1-(7)-8-diene-2-ol 7.0
1941 |a-calacorene | 0.1
1945 | 1,5-epoxy-salvial-4(14)-ene tr
1953 | palustrol 0.1
1956 |p-isopropyl benzaldehyde 0.1
1984 |a-calacorene Il 0.1
2008 | caryophyllene oxide 0.1
2037 | salvial-4(14)-en-1-one 0.1
2057 | ledol 0.3
2069 | germacrene D-413-0l 0.1
2080 | cubenol 0.3
2088 | 1-epi-cubenol 0.4
2104 | viridiflorol 0.2
2113 | cumin alcohol 0.1
2144 | spathulenol 0.8
2187 | T-cadinol 0.9
2209 | T-muurolol 1.5
2219 |56-cadinol 0.6
2255 |a-cadinol 3.0
2264 | intermedeol 0.2
2273 |selin-11-en-4a0l 0.4
2324 |caryophylladienol Il (saryophylla-2(12),6(13)-dien-5a-0l) 0.1
TOTAL 86.00

*RRI: Relative retention indices as eluted fromodap column.

% calculated from TIC data
tr = trace <0.1%.
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Major compounds: The two major compounds (Figure 2.7) in the esaertdil of M.
flabdllifolius are trans-pinocarveol (19.6%) and pinocarvone (11.1%), repnéng 30.7%

accumulatively.

CHs
HsC

CH,

pinocarvone trans-pinocarveol

Figure 2.7 Chemical structures for major compounds identifiadthe essential oil oM.
flabellifolius.

The major compounds in the essential oiMfflabellifolius have previously been reported by
Da Cunha (1974), indicating carvone and perillicaas the major constituents. Gibbs (1974)
recorded the presence of 1,8-cineole and diospharbé essential oil. Chagonedgal. (1999),
identified 43 compounds fromM. flabellifolius with trans-pinocarveol (28.7-28.8%),
pinocarvone (13.4-21.3%g;pinene (tr-23.0%) anfl-selinene (5.0-9.9%) as major constituents.
The major constituents (Figure 2.7) detected is #tiidy could not corroborate with the results
reported by Da Cunha (1974) and Gibbs (1974). Tmeposition however, corresponds to the
analysis reported by Chagondst al. (1999) who also recordetrans-pinocarveol and
pinocarvone as major constituents. Although no atam was recorded within the
Klipriviersberg area, more populations representimgwide geographical distribution range of

this plant may yield information on possible cheypat variations.

2.6.2 Antimicrobial activity

Myrothamnus flabellifolius have been used traditionally to treat various eilta, some
associated with microbial infections (Neuwinger,0@) The method of administration, for
example the inhalation of smoke from the burntésawdicates the probability that essential oils
are responsible for the biological activity. An @stigation of the antibacteriand antifungal

activity of M. flabellifolius against eleven different pathogens by disc difiusissay (Table 2.4)

25



showed inhibition for all micro-organisms excé&ptyphimurium andA. alternata. While results
for bacterial isolates show minimal (1 mm faraeruginosa) to moderate sensitivity (3 mm for
S aureus, E. coli and S odorifera), it was interesting to note that the fungal ised¢aC.
neoformans and A. niger showed marked antimicrobial activity (8 mm andm respectively)
in the essential oil d¥1. flabellifolius. These two fungal organisms are respiratory path®ged
may enter the host via the respiratory tract. Grgptcosis is a chronic infection involving
mainly the lungs and meninges afidniger is implicated in bronchopulmonary lung infections
(Boyd and Hoerl, 1981). As the smoke frau flabellifolius is inhaled directly into the lungs, it
provides some rational into its possible antimia@blbise in traditional medicine. The notable
candidacidal activity reported here (5 mm) couldsgioly provide scientific support for the
traditional use ofM. flabdlifolius for Candida-related infections (e.g. mouth and vaginal

infections).

Table 2.4 Zones of inhibition (measured in mm from disc etlgenargin of culture growth)
and MIC (mg/mL) ofM. flabellifolius essential oil.

Test oraanism Disc diffusion | Disc diffusion MIC MIC
9 (mm) Control** (mg/mL) | controls™

Staphylococcus aureus
(ATCC 25923) 3 7 4 0.30 x 18
Enterococcus faecalis
(ATCC 29212) 2 4 8 2.00 x 18
Pseudomonas aeruginosa
(ATCC 9027) 1 1 8 0.80 x 18
Escherichia coli
(ATCC 25922) 3 5 4 0.02 x 18
Proteus wilgaris
(clinical strain) 2 6 4 1.60 x10
Serratia odorifera
(ATCC 33132) 3 6 4 0.30 x 18
Salmonella typhimurium
(ATCC 14028) 0 4 4 0.80 x 18
Candida albicans
(ATCC 10231) 5 7 4 1.30 x 18
Cryptococcus neoformans
(ATCC 90112) 8 10 2 2.50 x 18
Aspergillus niger 10 10 ND? ND®
(clinical strain)
Alternaria alternata 0 > ND? ND®
(clinical strain)

"I Neomycin and nystatin served as controls for bicsnd fungi respectively.
2 Ciprofloxacin and amphotericin B served as contfotbacteria and yeasts respectively.
"> ND = Methods did not incorporate MIC’s for moulds.
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In addition to disc diffusion assays, quantitatMéC assays was also undertaken on the same
bacterial and yeast strains (Table 2.4). Congruemag mostly obtained between the two
methods. Where disc diffusion assays showed mageetsitivity (3 mm) similar moderate
activities (4 mg/mL) were found in the MIC assaymfarly, where lower sensitivities were
obtained in the disc diffusion assay (1-2 mm), MiQdies indicated less activity (8 mg/mL).
Results for C. neoformans indicated one of the highest sensitivities in thec diffusion
methodology (8 mm) and highest sensitivity in théCMassay (2 mg/mL), however, some
variation did occur.Salmonella typhimurium having no activity in the disc diffusion assay
showed moderate sensitivity in the MIC assay (4mmg/and conversely. albicans having
high sensitivity (5 mm) in the disc diffusion assshyowed only moderate activity (4 mg/mL) in
the MIC assay. Such method variations are not weerd when investigating essential oils as
results may be influenced by the choice of grow#dimm (agar in disc diffusion and broth in
MIC), diffusion rate, oil volatility, water insolulity, and the oil complexity (Janssest al.,
1987).

Researchers often find the reproducibility of plaased antimicrobial studies problematic
(Jansseet al., 1987; Pauli and Kubeczka, 1997; Njergyal., 2005). To further substantiate the
results obtained for the antimicrobial disc diffusiand MIC assays, time-kill studies were
implemented. As this method involved a number é fililution parameters and was undertaken
for the first time within the Department, tandensas were undertaken using similar methods
under the guidance of Prof. Klepser at the Univgisi lowa. This international collaboration to
standardize and confirm results obtained from Balioratories were in agreement and further

comparative analysis is discussed in Viljeeal. (2002).

Three susceptible organisms were selected to demteghe rapid onset of antimicrobial
activity using time-kill methodology. The bactedai activity of M. flabellifolius againstS.
aureus was investigated due to its comparatively highnaitiobial activity seen in the disc
diffusion assay (Table 2.45aphylococcus aureus is associated with primary infections of the
skin, such as boils, carbuncles and impetigo, pimasiding some rationale for the traditional use
to treat skin abrasions. Even though limited argnotial activity was noted fd?. aeruginosa in

the disc diffusion assay, further time-kill invegition was undertaken based on the hypothesis
thatP. aeruginosa, could possibly be the causative organism respan$blinfections from burn
wounds. AsM. flabdllifolius is traditionally used as a dressing for burns awodinds, possible
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preventative anti-infective properties may playé nn therapeutic treatment. Lung disease and
pseudomonial pneumonia also directly correlates wiedicinal preparations inhaled by the
ethnic Pedi community and warranted further antiob@l investigation withP. aeruginosa.
Candida albicans was selected for an in-depth fungal time-kill invgation due to its moderate
antimicrobial susceptibility, as seen in the MIGas(4 mg/mL) and susceptible profile noted in
the disc diffusion assay (5 mm), but more due &ptevalent pathogenesis. More than 80% of
all fungal bloodstream infections are a direct leflom the Candida species and since the

eighties there has been an explosive rise in tieeofaCandidal infections (Klepsetal., 1998).

The death kinetics @&. aureus, P. aeruginosa andC. albicans are represented as time-kill curves
(logio reduction values) in Figures 2.8, 2.9 and 2.1peetvely. Positive controls (ciprofloxacin
and amphotericin B) presented with an immediaterdezsponse and due to presentation scale
were not included in the time-kill plots. Negatigentrols, having no essential oil (indicated in
black in Figures 2.8, 2.9 and 2.10) show a contisugrowth pattern. Fd& aureus (Figure 2.8)
the essential oil generally followed a concentrati@pendent antibacterial trend. An oil
concentration of 0.125% and 0.25% resulted in aedse in colonies in comparison with the
control, however, no cidal action was noted. A eacidal effect after four hours was observed
at 0.75% (8.1 mg/mL) and a more rapid killing ratiéhin one hour forM. flabellifolius oil at
concentrations 1% (9.5 mg/mL) and 2% (18.1 mg/mLhe bactericidal effect noted here
correlates to a degree with the MIC values (4 mg/mhere minimal growth was still noted in
the time-kill assay at 0.5% (5.2 mg/mL).

For P. aeruginosa (Figure 2.9) death kinetics indicate a rapid decrease in the baunof
surviving cells within 60 min at higher concentoas (1% and 2%) but the CFU’s increased
over time. Lower concentrations (0.125%-0.75%) adsesented an initial decrease in CFU but
not as prominently observed as in higher concdatrsit This suggests that the oil produces an
initial bacteriostatic effect but regrowth of theganism occurs with time. This regrowth seen in
the time-kill assay gives a more detailed accoditih® essential oil action dA aeruginosa, not
seen in the disc diffusion nor MIC assays wherefitied limited antimicrobial effect was only
observed after 24 hr. Taat al. (2005), highlighted possible reasons for encoimgeregrowth
during time-kill studies. Previous studies (Moutgnal., 1997) have postulated that regrowth
may be attributed to the possibility of delayed vgito of sub-populations. These organisms
growing at a slower rate allow for resistance medms to be transferred to other sub-

populations thus enabling the population to withdteexposure of the antimicrobial test
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substance. This would explain the initial reductiorcolony forming units and later regrowth
where microbial populations have been exposed ® dbsential oil over time. Another
postulation explaining regrowth (Taet al., 2005) is simply by means of adaptation where
continuous exposure to the test antimicrobial @atds sub-populations over time until, the most

resistant microbial population becomes increasidgfycult to kill over time.

All the oil concentrations were fungicidal f@:. albicans (Figure 2.10)with rapid killing rates
within the first four hours. The highest oil contation (2%) was fungicidal within 5 min. The
death kinetic comparison between the three organstdied showed that the killing rate was
greater forC. albicans, thenS. aureus, and lastly only initial activity foP. aeruginosa. These
time-kill studies correlate directly with the digiffusion and MIC results, which as an initial
screening procedure also showed antimicrobial éiesvhighest forC. albicans and lowest for

P. aeruginosa of the three pathogens studiéthe value of time-kill methodology over other
methods is clear as it demonstrates a more deseripneans of explaining the
pharmocodynamic interaction of the oil with tesgamism over time, not seen with methods
such as disc diffusion and MIC where results argeoked at the end of an observation period.
Even though the investigationiisvitro, a more realistic approach is given to what massmy

be occurring in am vivo situation.
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Figure 2.8 Time-kill expressed in Lag reduction ofS aureus exposed tovl.
flabellifolius essential oil within the first six hours.
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Figure 2.9 Time-kill expressed ihog:o reduction ofP. aeruginosa exposed tiM.
flabellifolius essential oil over 24 hr.
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Figure 2.10Time-kill expressed ihog;o reduction units o€. albicans exposed tav.
flabellifolius essential oil within the first six hours.

While it is not always the major essential oil ditnents responsible for antimicrobial activity
(Chalchat and Garry, 1997), it is however, intengsto tentatively correlate the observed
antimicrobial activity to the essential oil comgasi for M. flabellifolius. Pinocarvone, a major
constituent (11.13%) M. flabellifolius essential oil is also one of the major constitaesit
Hyssop oil Hyssopus officinalis), which is a popular home-remedy with bactericidiperties
(Kerrolaet al., 1994). Hinowet al. (1989) reported thdtans-isomers have higher activities than
the correspondingcisiisomers. trans-Pinocarveol and oxygenated bicyclic terpenoid,

pinocarvone present iM. flabellifolius are bothtrans-isomers, possibly contributing to the
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antimicrobial activities seen here. Kishateal. (1996), found the essential oil Ghenopodium
ambrosioides with trans-pinocarveol as a major constituent (27%) to begitidal against
several dermatophytes. The high fungicidal acgsithoted in the disc diffusion assay (5-10 mm)
for M. flabdlifolius could possibly be attributed to the high conceiatraof trans-pinocarveol
(19.57%). It is worthy of note thatans-pinocarveol, the major essential oil componenMin
flabellifolius, is used in pharmaceutical preparations such ap@min™ to treat respiratory
tract disorders, including asthma. The antimicrbipwperties, with speculation on possible
structure activity relationships reported hereNbiflabellifolius essential oil, may provide some
pharmaceutical rationale for the popular traditlarse of this plant in African medicinal herbal

preparations.

2.7 General conclusions

o The major constituents of the essential ofl Myrothamnus flabellifolius are trans

pinocarveol (19.6%) and pinocarvone (11.1%), regmmsg 30.7% accumulatively.

o The highest antimicrobial activities obtained byame of the disc diffusion assay were
noted for the fungal organisn@ryptococcus neoformans (8 mm) andAspergillus niger
(20 mm).

o The highest antimicrobial activity noted in the MHESsay was also fo€ryptococcus

neoformans (2 mg/mL).

o Death kinetics for the three organisms studied destnated that the killing rate was
greatest foiCandida albicans, thenStaphylococcus aureus, and lastly only initial activity

for Pseudomonas aeruginosa with regrowth after two hours.
o The ethnobotanical use dflyrothamnus flabellifolius to treat respiratory ailments

correlates with the high antimicrobial activitiesihd forCryptococcus neoformans in the

disc diffusion and MIC assay.
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Chapter 3

Osmitopsis asteriscoides (P.J. Bergius) Less., the antimicrobial
efficacy (disc diffusion, minimum inhibitory concertration, time-

kill) and role of the major essential oil constituats.

3.1 Introduction

Osmitopsis asteriscoides (P.J. Bergius) Less.(Asteraceae) is known locally as ‘bels’ or
‘belskruie’. The plant is known for its abundandeessential oil which imparts a camphorus
odour (Watt and Breyer-Brandwijk, 1962). Previous/tpchemical work has been undertaken
on Osmitopsis (Bohlmann and Zdero, 1974 in van Wegkal., 1997; Bohlmanret al., 1985)
which reported the presence of sesquiterpene lastoNore recently (Scottt al., 2004)
described the morphology and phytochemical profié O. aderiscoides extracts.
Microbiological activity was investigated but thigas restricted to the disc diffusion assay on
aqueous extracts. This Chapter focuses on the matogical activity and composition of the
essential oil, which is the most characteristiduea of this highly aromatic plant. Although the
antimicrobial activity of essential oils and theonstituents are well-known (Hincat al., 1989;
Yousef and Tawil, 1980; Pattnag al., 1997; Hammegt al., 1999) the methods used to assess
the in vitro antimicrobial action remains a topic of debateisTdiudy has also documented the
variability, reproducibility and accuracy in thesudts obtained using different methods (disc
diffusion, MIC, time-kill and membrane confocalegtity studies). Furthermore the interaction

between major compounds was assessed for antinaCesbivity.

3.2 Botanical description

The leaves of the plant have numerous surface gleotaining essential oil and when brushed
the plant emits a strong eucalyptus-camphor smiéle plant is characterised by large thin,

leaves and daisy-like white flowers as seen infé@dul (van Wylet al., 1997).
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Figure 3.1 The leaves and flowers of Figure 3.2 The geographical distribution of
Osmitopsis asteriscoides. Osmitopsis asteriscoides in South  Africa

SANBI).

3.3 Distribution

Osmitopsis asteriscoides is restricted to the South Western Cape regiogufi 3.2) in South
Africa (Bremer, 1972).

3.4 Medicinal uses

This Cape-Dutch remedy has been traditionally usddeat various ailments and may be taken
orally in the form of a brandy tincture for chestngplaints, bronchial congestion and other
respiratory related illnesses (Watt and Breyer-Bvajk, 1962; Scotet al., 2004). Furthermore,
O. asteriscoides has been combined with other plant speciesAremisa afra and Eucalyptus
globulus to treat respiratory infections (Watt and Breyeaiiwijk, 1962). The dried plant may
also be used externally to treat inflammation, end swelling (van Wylet al., 1997). The use
of O. agteriscoides for intestinal disorders, stomach complaints anefdas also been reported
(Watt and Breyer-Brandwijk, 1962).
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3.5 Methods
3.5.1 Chemical aspects

Plant collection and distillation of essential oilsThe aerial parts of the plants were collected in
the growing season (February) from a natural pdjpuianear Betty's Bay, South Western Cape
region, South Africa. A voucher specimen (Table &Xetained in the Department of Pharmacy
and Pharmacology, University of Witwatersrand. Pplaent material was distilled as described in
Chapter 2.5.1.

Table 3.1 Plant collection data fdD. asteriscoides.

Plant Voucher Material distilled (g) | Essential oilyield (% w/w)
O. asteriscoides ADCAV174 2520.0 0.7

Gas chromatography combined with mass spectrometrGC-MS): Oil samples were
analyzed with GC-MS using the Hewlett-Packard 18@®@D system operating under the same
conditions as described in Chapter 2.5.1. The cheparation of camphor was performed on a
multidimensional gas chromatography / mass spe@ten{MD-GC/MS) system. Two Hewlett
Packard GC 6890 systems with MSD and Gerstel roaltimn switching (MCS) system were
used. The cooled injection system (CIS) was keptO&dC for injection. Helium was used as
carrier gas (1 mL/min). The precolumn comprisedaaf HP-Innowax fused silica capillary
column (60 m x 0.25 mm i.d., with 0.25 um film tkieess). The GC oven temperature was kept
at 60 °C for 10 min and programmed to 220 °C aita of 4 °C/min and kept constant at 220 °C
for 10 min, then programmed to 240 °C at a raté &€/min and kept constant at 240 °C for 40
min. The FID detector temperature was at 250 °Ge Wain column comprised: Lipodex E
[Octakis (30-butyryl-2, 6-diO-pentyl)-g-cyclodextrin] (70% in OV 1701), (25m x26 mm
i.d.). The temperature programme for camphor wa%Gor 34 min and programmed to 120 °C
at a rate of 1 °C/min then kept constant at 12@0t@& min. The MS were taken at 70 eV. Mass

range was from m/z 35 to 425.
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3.5.2 Antimicrobial aspects

Culture and media preparation were undertaken doapto the NCCLS (2003) guidelines and
additional references as described in Chapter 2Eee different antimicrobial assays (disc
diffusion, minimum inhibitory concentrations andné-kill studies) were performed on the

hydrodistilled oil to corroborate results.

Disc diffusion assaysA broad disc diffusion screening was carried against many of the
same reference pathogens as listed in Table 2re Sariation in the selection of pathogens was
undertaken. Two additional Gram-positive organiswese added to the study i.Bacillus
subtilis (ATCC 15244) andtaphylococcus epidermidis (ATCC 2223). Rabe and van Staden
(1998) and authors Mangena and Muyima (1999) hheevis a better efficacy towards Gram-
positives due to membrane structure and this wtadartheir inclusion in the study.
Staphylococcus epidermidis was included in the study due to its pathogenesisgbassociated
with immunocompromised patients, causing severecwnmial infections such as endocarditis.
This opportunistic pathogen resides on the skipas of the normal biological flora, but in
times of stress or reduced immunity it can causamber of infections (Bannistet al., 2000).
The disc diffusion method is described in Chaptér2

Minimum inhibitory concentrations (MIC): The microplate bioassay minimum inhibitory
concentrations were determined using the micraiditumethod (Carsomt al., 1995; Eloff,
1998a;NCCLS, 2003) as described in Chapter 2.5.2. Talifegdses the acceptable control
ranges for ciprofloxacin and amphotericin against additional pathogens used in the MIC
assays. Where pathogen strain numbers were the aathat used in Chapter 2, refer to Table
2.2.

Table 3.2 Acceptable MIC ranges for ciprofloxacin antibiotiantrol.

Test organism MIC controls (pg/mL)’
Escherichia coli (ATCC 11775) 0.04-0.10
Staphylococcus epidermidis (ATCC 2223) 0.30-2.50
Bacillus subtilis (ATCC 6051) 0.09-3.10

" Acceptable ranges as determined within the DepattafePharmacy and Pharmacology, University of
Witwatersrand (controls in this study were rundbrtest organisms).
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Minimum inhibitory assays were done in triplicatedathe mean tabulated (Table 3.4). A 0.4
mg/mL p-iodonitrotetrazolium violet (Sigma-Aldrich) soloti (INT) was prepared and 40

transferred to all inoculated wells. The microtiplates inoculated with bacteria were examined
after six hours to determine a colour change iati@h to concentration of microbial growth. The

yeasts were examined after 24 hr

Time-kill methodology: Time-kill assays were employed according to meshasl described in
Chapter 2.5.2 investigating the pathogéhsaureus (Gram-positive),P. aeruginosa (Gram-
negative)and a yeasC. albicans. Oil concentrations of 0.5, 1, 1.5 and 2% (5.2, 953.8 and
18.1 mg/mL respectively) were selected to deterrtiieedeath kinetics foD. asteriscoides. As
with the M. flabéllifolius study (Chapter 2), results were corroborated iapasate laboratory at
the University of lowa (Viljoeret al., 2003).

Membrane integrity: Harvesting of bacterial cells, treatment and coafascanning for the
assessment of membrane integrity was undertakesrding to standard methods described by
Lindsay and von Holy (1999) and Petaal. (2003). Stock cultures @&. aureus were grown in
Tryptone Soya (Oxoid) broth and centrifuged (MS&)I0 min at 5000 rpm. The supernatants
were discarded and the pellets resuspended in 10fnraL0.9% NacCl (Labchem) solution with
50 pl Tween 80 (Saarchen(psmitopsis asteriscoides oil at 0.5% was added to the buffer. A
control having no essential oil was run in tandéintime intervals comparable to the time-kill
assay, 1 mL aliquots were removed and added to 9Nmiltralizing Buffer (Difco).After
centrifugation for 10 min at 5000 rpm, samples weashed with 1 mL of a 0.9% NacCl solution
and recentrifuged. The supernatants were discaadddthe pellet resuspended in 100 pl of a
0.9% NacCl solution. Samples (0.5 @. asteriscoides oil and control) were prepared for
examination using the LIVE / DEADBaclight Bacterial Viability Kit (Molecular Probes) dn
thereafter viewed using a confocal scanning elactnecroscope (Carl Zeiss). The morphology
of cells exposed to the oil were compared with ¢hastreated control cells by observing the
interaction of the dyes with bacterial cells. Baetewith intact cell membranes stained
fluorescent green and bacteria having damaged rapamised membranes stained orange-red.

Experimental procedures were repeated for confgrmit
Major compound investigation: The compounds 1,8-cineol at 98.0% purity (Lot 4865,

Sigma-Aldrich), (+)-camphor at 98.0% purity (Lot4488-3, Sigma-Aldrich) and (-)-camphor at
99.0% purity (Lot 464-48-2, Sigma-Aldrich) were @stigated for the role they may play on the
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anti-candidal activity of the essential oil. InitiMIC determination was undertaken as a
screening process to investigate the activity efitidividual compounds. Assays were done in
triplicate and the mean tabulated (Table 3iadividual compounds were prepared at a starting
concentration of 128 mg/mL and assayed with therdigd oil of O. asteriscoides. A more
detailed assessment of the role on the two maimida® components i.el,8-cineole and
camphor was undertaken by comparative time-kildistsi whereC. albicans, a moderately
susceptible tesbrganism, was used to demonstrate the efficacy,®fciheole and camphor
independently and in combination in concentratigglative to their ratio in the plant over a 24

hr period. Time-kill studies were done in dupleeaind the mean plotted in Figure 3.8.

3.6 Results and discussion

3.6.1 Essential oil chemistry

Twenty-five compounds were identified in the essdnbil of O. asteriscoides representing
96.1% of the total composition (Table 3.3).

Table 3.3 Essential oil composition @. asteriscoides.

RRI* Compound name %
1014 | tricyclene tr
1032 |a-pinene 3.0
1035 |a-thujene 0.1
1076 | camphene 1.8
1118 | B-pinene 0.6
1132 | sabinene 14
1174 | myrcene tr
1188 |a-terpinene tr
1195 | dehydro-1,8-cineole 0.3
1203 | limonene tr
1213 |1,8-cineole 59.9
1255 |y-terpinene 0.3
1280 |p-cymene 0.9
1290 | terpinolene tr
1391 | ¢)-3-hexen-1-ol tr
1450 |trans-linalool oxide (furanoid) tr
1474 |trans-sabinene hydrate 0.1
1482 | longipinene 2.9
1493 |a-ylangene tr
1499 |a-campholenal tr
1522 | chrysanthenone tr
1532 |camphor, (-) 12.4
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RRI* Compound name %
1553 | linalool 0.3
1556 |cis-sabinene hydrate 0.1
1571 |trans-p-menth-2-en-1-ol 0.1
1586 | pinocarvone 0.1
1611 | terpinen-4-ol 2.3
1638 |cis-p-menth-2-en-1-ol tr
1648 | myrtenal tr
1651 | sabinaketone tr
1664 |trans-pinocarveol 0.1
1682 |5-terpineol 0.4
1706 |a-terpineol 7.8
1758 |cis-piperitol tr
1798 | methyl salicylate 0.1
1804 | myrtenol tr
1864 |p-cymen-8-ol tr
2008 | caryophyllene oxide 0.4
2008 | p-menta-1,8-dien-10-ol 0.1
2113 | cumin alcohol tr
2265 | longiverbenone (= vulgarone B) 0.2
TOTAL 96.1

*RRI: Relative retention indices calculated agaimstikanes
% calculated from TIC data
tr = trace (< 0.1%)

Major compounds: The two major compounds (Figure 3.3) in the esakemil of O.

asteriscoides are 1,8-cineole (59.9%) and (-)-camphor (12.4%)presenting 72.3%

accumulatively.

CH3 CH3
CH

3 O
(-)-camphor

O

1,8-cineole

Figure 3.3 Chemical structures for major compounds identifiadthe essential oil oD.
asteriscoides.
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3.6.2 Antimicrobial activity

Of the twelve test organisms studied in the ditusiion assay, fourR. aeruginosa, B. subtilis,

A. niger andA. alternata) showed no inhibitory effect. The highest actastiwere obtained for
the yeasts@. neoformans, 3 mm andC. albicans, 2 mm) andS. aureus (3 mm). For the MIC
assay highest sensitivities were noted Eorcoli and S. epidermidis (4 mg/mL), followed by
moderate sensitivity (8 mg/mL) for the three Gragsipive organisms. aureus, E. faecalis, B.
subtilis and the yeast€. albicans and C. neoformans. Table 3.4 lists the zones of inhibition
(mm) and MIC values (mg/mL) for the test organistsglied. The MIC values recorded here do
not always correlate with previously published d@tdjoen et al., 2003). Variation may be
attributed to the mean been calculated with a &rrttange of reference cultures and more
repetitions as the techniques were optimised. Bheelationbetween the two different screening
methods was examined and larger zones of inhibdidmot always correlate with lower MIC
values. Variations occurred f&. aeruginosa where no activity was noted in the disc diffusion
assay but in the MIC assay some minor activity fid@fmL) was noted. This variation is more
clearly seen in the time-kill assay (Figure 3.5evéha steady progression of antimicrobial action
is noted over 24 hr. This trend is also evidenthwthe test organisnB. subtilis where
antimicrobial activity (8 mg/mL) is only noted ihég MIC assay. Possible regrowth could have
occurred (not visible in the MIC assay and in thge dliffusion assay) due to the presence of
resistant sporesscherichia coli (4 mg/mL, 1.5 mm) and& epidermidis (4 mg/mL, 1 mm)
indicated MIC values lower than what would be expdcwhen observing / correlating with
inhibition zones.This variation between methods was also noted ljndlk et al. (1996),
Chalchat and Garry (1997), Jansseal. (1987), Pauli and Kubeczka (1997) and Remmal and
Tanaoui-Elaraki (1993) and can be attributed maimlthe variation of neat essential oil on disc,
disc size, agar composition as well as the vatatdf oil in an open air system. The incubation
period for the moulds are seven days and the libjadif the essential oils over this extended
incubation period may be responsible for the negainhibition results obtained in the disc

diffusion assay.
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Table 3.4 Disc diffusion and MIC assays @f. asteriscoides essential oil.

. Disc Disc
Test organism diffusion diffusion (mMI/%L) MIC controls ™
(mm)™ | controls? g
Pseudomonas aeruginosa
ATCC 9027 0 2 16 2.5 x 18
Escherichia coli
ATCC 11775 2 10 4 0.08 x19
Salmonella typhimurium
ATCC 14038 1 8 32 0.8 x 18
Proteus wulgaris 1 12 16 1.6 x19
(clinical strain)
Staphylococcus aureus
(ATCC 25923) 3 14 8 0.5 x 18
Staphylococcus epidermidis
ATCG 2923 1 2 4 2.5x 10
Enterococcus faecalis
ATCC 29212 1 8 8 2.0 x10
Bacillus subtilis
ATCC 6051 0 10 8 2.5 x 18
Cryptococcus neoformans
ATCC 90112 3 16 8 2.5x18
Candida albicans
ATCC 10231 2 14 8 1.3 x 18
Aspergillus niger 0 20 ND® ND'
(clinical strain)
Alternaria alternata 0 4 ND3 ND3
(clinical strain)

" The diameter of the zone of inhibition is expresseaim from the disc edge.

"2 Neomycin and nystatin served as controls for bctad fungi respectively.

> ND = Methods did not incorporate MIC’s for moulds.

" Ciprofloxacin and amphotericin B served as costfot bacteria and yeasts respectively.

Results of the time-kill study are presented inufFés 3.4 to 3.6. Positive controls (ciprofloxacin
and amphotericin B) presented with an immediaterdezsponse and due to presentation scale
were not included in the time-Kkill plots. As withetM. flabellifolius study, results duplicated in
an independent laboratory in a collaborative ingasbn with Prof. Klepsemwere mainly
congruent. Further comparative assessment can $er@a in Viljoeret al. (2003). The cidal
activity was exhibited for concentrations rangirgjvieeen 0.5% and 2.0% over 24 hr. For $he

aureus (ATCC 29523) time-kill plot the essential oil generally followed a concenbrati
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dependent antibacterial activity (Figure 3.4). Ehiran initial decrease in viable counts for all
concentrations within the first 60 min after whittle 1.5% (13.8 mg/mL) and 2% (18.1 mg/mL)
oil concentrations show increasing bactericidaivagtwith time where cidal activity is evident
after 24 hr. At concentrations of 0.5% (5.2 mg/nalng 1% (8.1 mg/mL) a bacteriostatic effect
was noted after eight hours with viable countshegitincreasing nor decreasing after 24 hr.
These results correlate with the MIC values (8 nig/obtained forS. aureus. In Figure 3.5 the
death kinetics show a decrease in the number wiviiug P. aeruginosa cells within 60 min, but
an increase in colony forming units over time irdés that, after an initial bacteriostatic effect,
regrowth of the organism occurs. The 24 hr timégot (Figure 3.5) folP. aeruginosa shows a
more detailed progressiai bacteriostatic activity, which can obviously ru¥ recorded by the
disc diffusion method. The regrowth effect givesnsorationale for the differences of results
obtained for the disc diffusion assay where novigtivas recorded. Some activity (8 mg/mL),
congruent with the time-kill assays was noted fer MIC assay. Figure 3.6 displays the cidal
effect of the essential oil 08. albicans (ATCC 10231). The candidacidal activity is rapidly
exhibited and viable counts were considerably l@dewithin 240 minutes for all the
concentrations and then increasing cidal actiorh viricreasing oil concentration. At 24 hr
complete fungicidal activity was exhibited for all concentrations. The candidacidal activity

reported here could possibly provide scientificgup for the traditional use @. asteriscoides.
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Figure 3.4 Death kinetic studies & aureus with exposure tdhe essential oil oD.
asteriscoides as seen over a 24 hour period.
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Figure 3.6 Death kinetic studies @. albicans with exposure tahe essential oil oD.
asteriscoides as seen over a 24 hour period.

Comparison of the time-kill plots for the three angsms studied showed that the killing rate was
the greatest fo€. albicans, thenS. aureus and then with initial activity followed by subseaue
regrowth forP. aeruginosa. For S. aureus, steady killing rates were obtained at 2% esskatiia
concentration. WithP. aeruginosa, regrowth before four hours was noted for all @niations
with growth reduction for the initial 60 min. F@. albicans, a concentration dependent cidal

activity was noted with greatest cidal activity286 after 12 hr.

Membrane integrity: In conjunction with time-kill analysis, a membramegrity study was
undertaken on 0.5%. asteriscoides essential oil sample. This method correlated vesl with

the time-kill studies. Figure 3.7 shows a proporta the confocal image viewed and selected
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for cell counting. This view of th&. aureus cells when exposed to 0.5% oil Of asteriscoides
indicate viability (green cells) seen for most el the control (0-20 hr) and on initial exposure
to the oil. There is some cell death as this igptable in growing cell populations. Over time,
however, the0.5% O. asteriscoides oil sample show increasing cell death (orange:réu)
comparison with the time-kill showing the kinetifce 0.5% O. asteriscoides after five hours
(Figure 3.7) results were comparable. The areaalboe line after five hourdepicts viable
cells. Below the line shows non-viability, indiczgiof a bacteriostatic action or cell injury. This
corresponds with the data generated in the confoemhbrane integrity study (Table 3.5) also
having injured populations with live and dead callsthe same proportion. In addition,
membrane integrity studies display cell lysis whiglsome indication of how the essential oil is

working to inactivate microbial cells.

0 min 0 min
4 hr 4 hr
20 hr 20 hr

Control

Figure 3.7 The confocal scanner laser images (2 um) ofdméral (having
no esential oil) and0.5%0. asteriscoides over 24 h.
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Figure 3.8 Death kinetic studies & aureus with exposure téhe essential oll
(0.5%) ofO. asteriscoides over five hours.

Table 3.5The confocal cell viability (%) o$. aureus cells when exposed to
0.5%0. asteriscoidesover 4 hr and 20 min.

. Cell viability (%)
Time Sample Live Dead Injured
Control 92.6 7.4 0
0 min .
0.5%0. asteriscoides 79.1 20.2 0.7
30 min Control 97.6 2.4 0
0.5%0. asteriscoides 49.3 34.9 15.8
. control 95 4.7 0.3
2hr, 1
LIS MmN 060, asteriscoides 364 | 573 6.3
4 hr, 20 min Control . 93.9 4.5 1.6
0.5%0. asteriscoides 20.2 20.2 59.6

Major compound investigation: Further studies on the role of the two major cioain
components 1,8-cineole (60%) and (-)-camphor (12%#b)the antimicrobial activity ofC.
albicans was demonstrated with MIC’s and death kinetic ®sidPrevious MIC studies on the
compounds 1,8-cineole and camphor have shown congi results when tested agair@t
albicans. Magiatiset al. (2002), indicated moderate activity when testgdirast camphor (6.2
mg/mL) and good activity (0.3 mg/mL) when testediagt 1,8-cineole. Pattna#t al. (1997)
reported candidal resistance when tested agai@stideole.Setzeret al. (2004) indicated good
activity for C. albicans when tested against both 1,8-cineole and camgh6rngg/mL). Griffin

et al. (1999), reported moderate candidal activity fo8-dineole with camphor being more
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active. Contradictory reports may be due to testsnbundertaken on differei@. albicans
referencestrains or differentiation in compound purity. Frahe MIC data seen in Table 3.6, it
can be noted that 1,8-cineole (16 mg/mL), (+)-caomp{82 mg/mL) and (-)-camphor (16
mg/mL) are less active having MIC values highenttieat ofO. asteriscoides (8 mg/mL). When
the combination of (-)-camphor with 1,8-cineole weasted againgt. albicans, a significantly
lower MIC value (0.5 mg/mL) was obtained. This pates that a combination of these two
major compounds may be responsible for the incoeastvity found inO. asteriscoides. Even
though some research has been carried out on kdseilt combinations (Gedal995;

Lachowiczet al., 1998), investigation of the synergistic role ohstituents have been neglected.

Table 3.6 The MIC of O. asteriscoides essential oil
and major constituents agai@tal bicans.

Sample MIC (mg/mL)
O. asteriscoides 8.0
1,8-cineole 16.0
(+)-camphor 32.0
(-)-camphor 16.0
1:1 (-)-camphor with 1,8-cineol 0.5
nystatin control 1.3x1d
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Figure 3.9 Time-kill plot for O. asteriscoides essential oil (1%), 1,8-cineole, (+)-

camphor,
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In order to investigate this further, a time-kstisay(Figure 3.9) was undertaken and results show
that both (+)-camphor, (-)-camphor have negligdximicrobial activity orC. albicans whereas
1,8-cineole indicated microbial reduction after 2#ih. As O. asteriscoides only accumulates
levorotatory camphor, it was tested in combinatwith 1,8-cineole and a total reduction of
colony forming units was observed within 15 minisTimdicates that the positive antimicrobial
response was due to possible synergistic interatigdween 1,8-cineole and (-)-camphor. From
Figure 3.7, it is evident that some minor compousiasuld also be taken into consideration as
1% essential oil still had a greater killing rateder 10 min) than 1,8-cineole and (-)-camphor in

combination.

Camphor is known to be a decongestant and ants@tiineton, 1995) and it is further known
for its topical use as a counter-irritant in fibitss (Reynolds, 1996). The enantiomeric
composition of camphor has been discussed by Destiat. (2002) where reference was made
to 40 different essential oil samples with (-)-cdmmpoccurring more abundantly than (+)-
camphor. Nakatsat al. (2000), reported inactivity of 1,8-cineole agai@sam-positive bacteria,
however, withS. aureus, relatively moderate activity (Table 3.4) fOr asteriscoides was noted.
Cineole-rich essential oils have been used hisillyidor respiratory infections (Silvestet al.,
1999). Previous studies by Pattnagk al. (1997), show that 1,8-cineole at 23.2% has an
antimicrobial effect against 18 microbial straimgth the exception of. aeruginosa which
showed no inhibitory effect. In antimicrobial stagidone or®. asteriscoides having 60% 1,8-
cineole, no lasting antimicrobial effect was noteth P. aeruginosa. The antifungal activity of
1,8-cineole, specifically witlC. albicans was also noted by Steinmegz al. (1988) where a
decrease of fungal activity was reported afterhsinrs for rosemary essential oil (composition =
51% 1,8-cineole and 11% camphor). Similarly, withasteriscoides, there was a 90% reduction
in fungal activity after six hourslasonia montana, another commonly used folk medicine,
having an essential oil composition of 21.79% ahphor and 4.6% 1,8-cineole was reported by
Hammerschmidét al. (1993) to have antifungal activity agait@talbicans andC. neoformans.
This corroborates the findings summarised in Taébde In a plant screening by Tzakaa al.
(2001) ofSalvia ringens containing concentrations of 1,8-cineole (46.4756), comparable to
that obtained folOsmitopsis asteriscoides no activity was reported fd8taphylococcus aureus
and Staphylococcus epidermidis, but very good activity for the Gram-negatives. iessof O.
asteriscoides show that the oil is active agair®taureus andS. epidermidis. It was thought to be
due to the high concentration of camphor (14.9%g0/Af note was the fact that camphor was

only present in small quantities (1.6-1.8%) $atvia ringens (Tzakouet al., 2001).
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Previous phytochemical work has been undertake®somtopss (Bohlmann and Zdero, 1974;

Bohlmannet al., 1985) who reported the presence of sesquiterfaetenes. These compounds
are known for their wide range of biological adiyv{Bruneton, 1995) and the monoterpenes,
contained in the essential oil, especially 1,8-@l@eand (-)-camphor, provides a chemical
rationale for the established traditional us®oésteriscoides as a Cape-Dutch remedy, which is

still widely used today.

3.7 General conclusions

o The major constituents of the essential afilOsmitopsis asteriscoides are 1,8-cineole

(59.9%) and (-)-camphor (12.4%), representing 72a8%umulatively.

o The highest antimicrobial activities obtained byame of the disc diffusion assay were
noted for the fungal organisi@ryptococcus neoformans (3 mm) andStaphylococcus

aureus (3 mm).

o The highest antimicrobial activity noted in the M#&Ssay was again§taphylococcus

epidermidis (4 mg/mL) andEscherichia coli (4 mg/mL).

o Death kinetics for the three organisms studied destnated that the killing rate was
greatest foICandida albicans, thenStaphylococcus aureus, and lastly only initial activity

for Pseudomonas aeruginosa with regrowth after two hours.

o The ethnobotanical use @fsmitopsis asteriscoides to treat dermal afflictions correlates

with the highest antimicrobial activities found five Staphylococci.
o Method corroboration was achieved between diffela@mnbratories (Universities lowa
and Witwatersrand) for the time-kill assay and leswmethods (MIC / time-kill and

time-kill / confocal integrity studies).

o The two major essential oil constituents (1,8-cieend (-)-camphor) act synergistically

to enhance antimicrobial activity.
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Chapter 4

The antimicrobial activity of Artemisia afra Jacg. ex Willd essential
oil and the role of the major constituents, singularlyand in

combination.

4.1 Introduction

The genusirtemisia (Asteraceae)s one of the most well-known medicinal plants &ad been
used globally to treat infectious diseases (Setzat., 2004). Its reputation in medicine dates
back to the 1% century when some species e4y.absinthium were not only used as an
antiseptic but also incorporated into alcoholicdrages and used in folklore celebrations as love
charms. The word “Artemisia” is derived from thee€k goddess Artemis. Of the 180 species in
this genusArtemisia afra Jacq. ex Willds the only indigenous specieafr@ means Africa) and

is one of the most widely used medicinal plantsag@net al., 1992). Its popularity may be
attributed not only to the wide use as a treatrf@nmainly respiratory ailments but also its vast
abundance in the wild. A recent study on the usaedicinal plants in the Bredasdorp region of
South Africa confirmed its popularity when a survesvealed that of the 44 participants
interviewed,all reported the medicinal use Af afra, making it one of the most popular plants
used by the local people (Thring and Weitz, 2006%pite of the international interest this genus
has generated both on a commercial market and nwitldigenous populations, very little
quantitative microbiological analysis has been utadken. Some literature (Gravehal., 1992;
Gundidzaet al., 1993;Mangenaand Muyima, 1999Huffman et al., 2002;Scottet al., 2004)
have established that microbial activity is eviddmit no time-kill studies have been undertaken
with A. afra. This report serves to validate the antimicrobigivety more quantitatively and
investigate further, the role of the major compaaad possible antimicrobial constituents, thus

providing a scientific basis for the traditionakgfA. afra.
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4.2 Botanical description

Artemisia is a large and widespread genus in the family steraceae housing approximately
350 species (Tast al., 1998). Most of théArtemisia species yield essential oils (Pappas and
Sturtz 2001). There is one indigenous. &fra) and one localizedX( vulgaris) Artemisia species

in Southern AfricaArtemisia afra is commonly known as African wormwood, “umhlonyane”
(Xhosa, Zulu), “lengana” (Sotho, Tswana) and “wdtd (Afrikaans) (van Wylket al., 1997).
This plant is a multi-stemmed perennial shrub, gngwup to two meters in height. Glaucous
feather-like leaves (Figure 4.1) with a pungent@atc smell, indicative of its rich essential oil,

characterizé\. afra. The oil is yellow-green. The flowers are yelldngonspicuous and borne at

the ends of branches (von Koenen, 2001).
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Figure 4.1 The leaves oArtemisia afra. Figure 4.2 The geographical distribution of

Artemisia afra in southern Africa (SANBI).

4.3 Distribution

The plant is abundantly distributed in mountaincegions from South Western Cape, extending
from the Cederberg Mountains northwards. Distributgenerally proceeds along the eastern
coast through to the Northern Province (van Wgkal., 1997). Figure 4.2 illustrates the
geographical distribution @&. afra in South Africa.
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4.4 Medicinal uses

Members of the genus have been frequently usa@ab infections caused by bacteria, fungi and
viruses. Watt and Breyer-Brandwijk (1962) repoiite inhalation of leaf deconcoctions for
blocked nose, headache, or alternatively the tip fsesh plant is inserted into the nose to treat
the same conditions. Fresh twigs may also be iedanto a hollow tooth to relieve toothache.
The plant is usually burned and used as an inh&ardilments of the bronchial passages. This
suggests the release of volatile components andehtms study is narrowly focused on the
essential oils of this species. The oils of thepimpart a bitter taste and the presence of thajon
makes this plant toxic if consumed in sufficientagtities (Hutchingset al., 1996).Artemisia
afra has also been used for the treatment of ailmesgsceated with the gastrointestinal tract,
fever and topical inflammation (von Koenen, 200tptset al., 2004). In addition, there have
been reports wherd. afra has been combined witAgrimonia bracteata, O. asteriscoides
(Chapter 3) Lippia javanica (Chapter 5)and Tetradenia riparia to treat respiratory disorders
(Hutchingset al., 1996).

45 Methods
45.1 Chemical aspects

Plant collection and distillation of essential oils The aerial parts from a natural population
were collected during the growing period (Februdrgm Klipriviersberg, southern region of

Gauteng. Due to the larger volumes of essentiakemjuired for the antimicrobial assays, a
collective sample from Klipriviersberg was usedhiain the essential oil. A voucher specimen
(Table 4.1) is deposited in the Department of Plaaymand Pharmacology, University of

Witwatersrand. The plants were distilled as desctim Chapter 2.5.1.

Table 4.1 Plant collection data fok. afra.

Plant Voucher | Material distilled (g) | Essential oilyield (% w/w)
A. afra SVV173 623.76 0.2
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Gas chromatography combined with mass spectrometrGC-MS): Oil samples were
analyzed with GC-MS using the Hewlett-Packard 18@®@D system operating under the same

conditions as described in Chapter 2.5.1.

45.2 Antimicrobial aspects

Culture, media preparation and assays were uncertaiccording to the NCCLS (2003)
guidelines and methods described by Cartoal. (1995), and Eloff (1998a), details of which
can be referred to in Chapter 2.5.2. Three differantimicrobial assays (disc diffusion,
minimum inhibitory concentrations and time-kill dies) were performed on the hydrodistilled
oil. Four additional test micro-organisms were atlde the study i.eCandida tropicalis,
Klebsella pneumoniae, Bacillus cereus and a different strain o%. aureus. Candida spp. are
prevalent not only in the urinary tract but areoala cause of lung abscesses in
immunocompromised patient&lebsiella pneurmoniae has been associated with septicaemia,
cystitis, urinary tract infections, wound infect®m@nd pneumonia with pyrogenic respiratory
infections being one of the most prevalent cau$ésng infections in hospitals (Bannistetral .,
2000). These organisms are often hospital acquetplicating antibiotic treatment. The use of
A. afra to treat both respiratory infections and disordsfrshe gut B. cereus being one of the
possible causative organisms responsible for enteod poisoning) may be attributed to one of
these organisms and thus their inclusion in thdystuas warranted. The acceptable MIC control
ranges for these additional test pathogens asndieked within the Department of Pharmacy and

Pharmacology, University of Witwatersrand is givefable 4.2.

Table 4.2 Acceptable MIC ranges for controls (ciprofloxador
bacteria and amphotericin B for the ye:

Test organism MIC controls (pg/mL)
Klebsiella pneumoniae (NCTC 9633) 0.12-1.30
Staphylococcus aureus (ATCC 12600) 0.12-1.00
Bacillus cereus (ATCC 11778) 0.20-1.00
Candida tropicalis (clinical strain) 1.25-2.50
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Time-kill assays were employed according to meth@ds described in Chapter 2.5.2
investigating two pathogen&(pneumoniae and C. neoformans). Oil concentrations of 0.063,
0.125, 0.25, 0.5 and 0.75% (0.6, 1.8, 3.0, 5.2 &idmg/mL respectively) were selected to
determine death kinetics &f pneumoniae, and oil concentrations 0.25, 0.5, 0.75, and 1%, (3.
5.2, 8.1 and 9.5 mg/mL respectively) were selecteddetermine death kinetics df.
neoformans. Selection was based on preliminary assays to deterwmptimal death kinetic

response.Results were done in duplicate and the logarithmean plotted in Figures 4.4-4.6.

Major compound investigation: Individual compounds, obtained from Sigma-Aldrialere
1,8-cineole, at 98.0% purity (Lot 1054365), artamnisketone at 97.0% purity (Lot
344166/114801)q-thujone at 96.0% purity (Lot 014071/423103488) andixture ofa & -
thujone composed of 70%-thujone and 109%-thujone (Lot 414439/112701). Investigation of
the role of the four major compounds on the ovaradirobial activity was investigated by MIC
determination and time-kill analysis. The MIC assags determined for all four major
compounds against ten pathogens to determine iinthiegidual compounds contribute towards
the overall antimicrobial activity oA. afra. Assays were done in triplicate and the mean
documented in Table 4.9ndividual compounds (Sigma-Aldrich) were preparad starting
concentrations 128 mg/mL and assayed witlafra. After the addition of INT, results were
observed after six hours (for bacteria) and 24fdr yeasts), as per standard MIC methodology
described in Chapter 2.5 Phe results were left for a further 24 hr and rareed to observe if
any change to the original results occurred i.g.lass of bacteriostatic action or regrowth. To
examine whether any of these compounds independentin combination (1,8-cineole and
artemisia ketonepw & B-thujone;a-thujone and 1,8-cineoley & B-thujone and 1,8-cineole;
artemisia ketone ang-thujone; artemisia ketone and& B-thujone; artemisia ketone;thujone
and 1,8-cineole as well as artemisia ketené&, p-thujone and 1,8-cineole) were responsible for
bactericidal efficacy irA. afra, each compound and various combinations thereoé widied
by death kinetic assay at the original concentnatio that found in the plant (1,8-cineole at
17.8%, artemisia ketone at 10.1&thujone at 18.8% anfl-thujone at 12.5%). The number of
colony forming units were determined at O min, 1,40 min, 8 hr and 24 hr when subjected
to K. pneumoniae. Time-kill assays were done in duplicate and the mé&FU counts

documented in Table 4.6.
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4.6 Results and discussion

4.6.1 Essential oil chemistry

Forty nine compounds were identified in the essémil of A. afra representing 99.7% of the
total composition (Table 4.3). Previous reportsa@net al., 1992 van Wyk et al., 1997;
Chagondaet al., 1999) have shown that the major componenté.adfra essential oils from
different localities exhibited chemical variatioRor instance, the major component reported
from Ethiopian oils was artemisyl acetate (24.4.1238), 1,8-cineole (63.4%) in the Kenyan oil,
a and B-thujone (52.0%) in the Zimbabwean oil andthujone (52.5-54.2%) in the South
African oil. In a more recent study (Viljoest al., 2006) the aerial parts of sixteen plants from
four natural populations within South Africa wergdhodistilled and the essential oil analyzed
by GC-MS.Artemisia afra displayed chemical variation in both the major amdor essential oil
compounds within and between natural populatiornenEhough the Klipriviersberg sample was
selected for this antimicrobial study one must bgnizant of the chemical variation that exists
and take into account the possible variability tméght arise should other populations or other

individual plants be comparatively investigated.

Table 4.3 Essential oil composition @k afra.

RRI* Compound name Area percentage
1032 |a-pinene 0.2
1043 | santolinatriene 0.1
1076 | camphene 1.0
1118 | B-pinene 0.1
1132 | sabinene 1.0
1174 | myrcene 0.1
1195 | dehydro-1,8-cineole tr
1213 | 1,8-cineole 17.8
1280 |p-cymene 2.2
1358 | artemisia ketone 10.1
1403 | yomogi alcohol 4.9
1405 | santolina alcohol 2.0
1409 | santolinyl acetate 0.2
1437 | a-thujone 18.8
1448 | artemisyl acetate 1.8
1451 | 3-thujone 12.5
1474 |trans-sabinene hydrate 0.3
1497 | a-copaene 0.1
1510 | artemisia alcohol 55

53



RRI* Compound name Area percentage
1532 | camphor 8.2
1540 | chrysanthenone 0.4
1556 |cis-sabinene hydrate 0.3
1571 |trans-p-menth-2-en-1-ol 1.0
1586 | pinocarvone 0.2
1597 | bornyl acetate 0.2
1611 | terpinen-4-ol 2.1
1638 | cis-p-menth-2-en-1-ol 0.7
1643 | dehydrosabina ketone 0.1
1651 | sabinaketone tr
1658 | sabinyl acetate 0.1
1664 |trans-pinocarveol 0.1
1682 | 6-terpineol 0.1
1689 |trans-piperitol 0.5
1706 |a-terpineol 0.2
1719 | borneol 2.7
1742 | R-selinene 0.2
1748 | piperitone 0.7
1758 |cis-piperitol 0.8
1786 |ar-curcumene 0.1
1802 | cumin aldehyde 0.1
1864 | p-cymen-8-ol 0.1
1889 | ascaridol 0.3
1957 | epi-cubebol 0.1
2008 | caryophyllene oxide 0.3
2113 | cumin alcohol 0.1
2126 | 4-hydroxy-4-methylcyclohex-2-enone 0.1
2144 | spathulenol 0.5
2209 | T-muurolol 0.5
2264 | intermedeol 0.2
TOTAL 99.7

* RRI: Relative retention indices calculated agamalkanes

% calculated from TIC data
tr = trace (< 0.1%)

Major compounds: The four major compounds (Figure 4.3) in the egakoil of A. afra are
1,8-cineole (17.8%), artemisia ketone (10.1%jthujone at 18.8% an@-thujone at 12.5%

representing 59.2 % accumulatively.
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Figure 4.3 Chemical structures for major compounds idertifrethe essential oil o&. afra.

4.6.2 Antimicrobial activity

Qualitative disc diffusion and quantitative minimumhibition concentration (MIC) methods
were used to evaluate antimicrobial activity. Friva disc diffusion and MIC results presented
in Table 4.4, it is clear that some antimicrobiativaty is evident forA. afra. This confirms
findings by Mangena and Muyima (1999) who repottsel activity of African wormwood oll
towardsB. aubtilis, E. coli, K. pneumoniae andS. aureus. According to Gravest al. (1992), the
oil has value as a biological agent with greatetinaycotic than antibacterial activity. Both
author’s results and that reported here, indiagneumoniae as the most sensitive bacterial test

organism in the disc diffusion assay.

Further correlations were difficult as collectiarcélity, methodology, reference culture strains
and interpretation of results differed. While Graet al. (1992) reported antimicrobial activity
against three mould species, in this study no fuagtvity was found when assayed by disc
diffusion againstA. alternata and A. niger. As the assay used to determine antifungal agtivit
differed it may account for the variation. Methoalgy variation is discussed in greater detail in
Chapter 11. Gravest al. (1992) also made no microbial evaluation on thasy species. In this
study, the yeasts displayed some activity v@thropicalis indicating the highest sensitivity (5
mm) for the disc diffusion assa@undidzaet al. (1993), using the same methodology as Graven
et al. (1992), has shown significant antifungal actiatyainstC. albicans, A. alternata andA.

niger.

The different localities from which the species avawllected can differ in the essential oil
composition and this may impact on the microbiatadgi activities being reported. On

examination of the literature, it can be noted thaifra collected from Fort Hare (in the Eastern
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Cape) had highes.-thujone (78.7%)p-thujone (13.1%) and lower 1,8-cineole (8.2%) cante
than that reported by Gravehal. (1992) and the oil did not contain any camphoafiena and
Muyima, 1999). An antimicrobial and geographicalriaion study indicated that the
antimicrobial activity within plants from a singf@pulation and inter-population variation was
evident (Viljoenet al., 2006). Such variation could account for discrepes observed when

comparatively assessing results from various rebegs.

The MIC values for the essential oil frol afra ranged between 8-16 mg/mL for most
pathogens. The organis@® odorifera showed slightly higher sensitivity (4 mg/mL) a&l
typhimurium showed lower sensitivity (32 mg/mL). The yeaStseoformans, C. tropicalis and

C. albicans showed consistent (8 mg/mL) antifungal activity.

Table 4.4 Disc diffusion (mm from edge of disc) and MIC (md/hof A. afra essential oil.

Test organism Disc diffL{fion Disc diffus*ion MIC MIC controls ™

(mm) controls (mg/mL)
igreg(éogggz;s aeruginosa 0 6 16 0.8 x 16
Elg?rsc‘: elgg ggwmniae 3 6 16 0.8 x 18
ATCC 11775 ? ’ 16 | oxxw
igrl (r;gnﬂ% %phirmrium 2 5 32 0.8 x 18
ATCC 33132 = * L
ATCC 12600 ? ’ S
it?;();]c):/lg;c;cgus epidermidis 1 12 16 0.4 x 16
ATCC 2ot ! ° | | 2o
ATCC 11775 ! 10 i
i?%lgjse gJSbltiliS 3 8 16 0.1 x 18
ATCC a0t § ° ° | 5%
Candida tropicalis 5 3 8 25x 106
(clinical strain)
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Test organism Disc diffusion | Disc diffusion MIC *
*1 *2 MIC controls
(mm) controls (mg/mL)
Candida albicans
ATCC 10231 ! 8 8 13x10
Asperg [lus niger 0 5 NDG? ND™
(clinical strain)
Al ternaria al ternata 0 4 NDG? ND
(clinical strain)

"I The zone of inhibition is expressed in mm fromdiee edge.
"2 Neomycin and nystatin served as controls for bctnd fungi respectively.
"® ND = Methods did not incorporate MIC'’s for moulds.

" Ciprofloxacin and amphotericin B served as costfot bacteria and yeasts respectively

The pathogen€. neoformans andK. pneumoniae indicating moderate antimicrobial sensitivities
in the disc diffusion assay were used to demoresttet killing rate over time in the death kinetic
studies. The time-kill plots fd£. pneumoniae (Figure 4.4 and 4.5) demonstrate the concentration
dependent antimicrobial activity where the bactdakefficacy is greatest at 0.75% (8.1 mg/mL)
within 10 min, followed by 0.5% (5.2 mg/mL) withB0D min, 0.25% (3.0 mg/mL) within 60 min
and 0.125% (1.8 mg/mL) within 24 hr. Very little tmnicrobial activity was noted at
concentration 0.063% (0.6 mg/mL) and the growthvewas very similar to the control having
no essential oil. As the time-kill response forpneumoniae is mostly within the first two hours,
an enlarged section of Figure 4.4 is included foicteéhe detailed cidal activity occurring within
the first hour (Figure 4.5). The positive contrgbrofloxacin resulted in an immediate death
response and due to presentation scale was nadettlin the time-kill plot. Time-kill plots for
C. neoformans (Figure 4.6) do not follow a concentration dependsdal pattern, however, all
concentrations (0.25% to 1%) have a cidal effe¢hiwifour hours. Concentrations 0.75% (8.1
mg/mL) and 1% (9.5 mg/mL) show similar death kiogtatterns, having bactericidal activity at
60 min. At a concentration of 0.25% (3.0 mg/mL}eafn initial drop in CFU’s over time, there
was a levelling off of viability before bactericidactivity was reached at two hours. At a
concentration of 0.5% (5.2 mg/mL) tife afra essential oil followed a steady concentration
dependent bactericidal tendency but after one tHwreduction of CFU’s over time decreased

at a much slower rate than that of the other higbecentrations.

The use of the essential oil Af afra to treat respiratory ailments is validated by simgwthis
rapid cidal rate over time faK. pneumoniae and C. neoformans, both respiratory pathogens

associated with lung infections.
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Figure 4.4 The death kinetics df. pneumoniae on exposure té. afra essential oil at

concentrations 0.063%-0.75% over a 24 hr period.
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Figure 4.5 The death kinetic study &f. pneumoniae on exposure té. afra essential oil

showing bactericidal activity within one hour
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Figure 4.6 The death kinetics d@. neoformanson exposure té. afra essential oil at
concentrations 0.063%-0.75% over a six hour period.
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The GC-MS results (Table 4.3) showed that the reahamical constituents in the essential oil of
A. afra area-thujone,-thujone, artemisia ketone and 1,8-cine®eevious antimicrobial studies
on the constituent thujone have reported modecategh activities (Dorman and Deans, 2000)
and no activity (Hinouet al., 1989) by means of disc diffusion assay. A morentjtaive
evaluation indicated poor activity by means of Md@termination (van Zykt al., 2006).
Thujone belongs to the aliphatic ketone group afistituents which is known for microbial
inhibition rather than cidal efficacy (Pauli, 200Thujone is known for its toxicity (Kronest
al., 2005; (http://www.sahealthinfo.org/tradionalmidsnographs/artemisia.htm) and one
would expectmicrobial cell destruction in response to the tayicHowever, thujone has very
poor solubility (http://www.erowid.org/chemicals&bthe_info3.shtml) and possibly this may

account for the poor antimicrobial activities notedhis and previous studies

For 10 of the 15 organisms previously stud{@dble 4.4),the MIC of a-thujone, B-thujone,
camphor, 1,8-cineole together with the essentiafrom A. afra wererecorded after six hours
and 24 hr. The antimicrobial activity remained dans after the full 24 hr period for the
essential oil ofA. afra. The MIC values for almost all of the compoundsiagt most of the
pathogens studied increased indicating static ratihen cidal activity for the independent
compounds (Table 4.5). The regrowth after 24 hgests that other compounds are responsible
for the cidal action noted fok. afra. A study undertaken by Setzeral. (2004) where MIC’s
were determined for the major compounds (among&rs} inA. douglasiana also indicated that
B-thujone,a-thujone, artemisia ketone and 1,8-cineole hadigwifeantin vitro activity and it
was thus suggested that further investigative phoes be carried out to determine which

components are responsible for the activity found. idouglasiana.

To further corroborate disc diffusion and MIC finds (Table 4.4) and take into account the
possible synergistic role of the major compounuisekill studies were undertaken for various
combinations of the major compounds: 1,8-cineold artemisia ketoneg & B-thujone;a-
thujone and 1,8-cineoleqx & p-thujone and 1,8-cineole; artemisia ketone anthujone;
artemisia ketone and & B-thujone; artemisia ketones-thujone and 1,8-cineole as well as
artemisia ketoney & B-thujone and 1,8-cineole. Table 4.6, Figure 4.7 kigdire 4.8 illustrate
the results (CFU/mL) obtained for the chemical ¢itunsnts independently and in combination
over a 24 hr time period. None of the compoundswsio any bactericidal effect when

investigated singularly over a 24 hour period withpneumoniae, thus corroborating findings
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from the MIC studies. Of the eight combination ofrpounds, sixdg & B-thujone;a-thujone
and 1,8-cineole; artemisia ketoresthujone and 1,8-cineoles & B-thujone and 1,8-cineole;
artemisia ketone and & B-thujone; artemisia ketone- thujone and 1,8-cineole) showed a
reduction in colony forming units after 15-240 miut regrowth after 24 hr. Compound
combinations of artemisia ketone and 1,8-cineolavals artemisia ketone and-thujone show

no antimicrobial death kill over the 24 hr testipér

Table 4.5 MIC (mg/mL) determination for the major compouratgl essential oil o&. afra.

Test organism artemisia ketone| a-thujone |o and P thujone| 1,8-cineole A. afra Control’
6 hr 24 hr 6hr ([24hr| 6hr | 24hr| 6hr (24 hr| 6hr |24 hr
iTa(L:JE:euls;zsoo 16 >32 8 | >32| 16 | >32| 16 | >32| 8 8 | 1.0x10
ifgg%g"z‘;js 16 16 16 | >32| 16 | >32| 16 | >32| 8 8 | 04x10
iTngjilwg 8 32 g8 | >32| 8 >32 | 8 |>32| 16 | 16| 0.8x18
i%g“ggﬂ 16 | 32 | 16 | 32| 8 32 | 16 | >32| 16 | 16| 0.1x18
ifgg 11775 | 16 | >32 | 16 | >82| 16 | >32 | 32 | >32| 16 | 16 | 0.04x18
Eg‘?gggisae 16 >32 g8 | >32| 8 >32 | 16 | >32| 16 | 16| 0.8x18
iéépgiﬁgyg 8 16 8 16 | 12 | >32| 32 |>32| 32 | 32| 08x1d
ifggrigf?)z 16 16 16 | >32| 16 | >32 | 16 | >32| 4 4 | 0.4x10
2‘%2?8231 16 16 | 12 | 16| 15 | >32| 16 |>32| 8 | 8 | 25x16
gfr(‘:egf%roq‘i”; 32 32 | 532 | >32| 6 >32 | >32 | >32| 8 8 | 1.25x16

" Ciprofloxacin and nystatin served as controlstiacteria and yeasts respectively.

Table 4.6 The CFU/agar plate obtained for the various magunmound combinations together
with A. afra essential oil tested agair&t pneumoniae.

Chemical standard Time Scale*
0 min |15 min| 240 min 8 hr 24 hr
Klebsiella pneumoniae*? >1000| >1000| >1000 |=>1000| >1000
0.5%Artemisia afra >1000| 208 0 0 0
1,8-cineole >1000| >1000| >1000 |>1000| >1000
artemisia ketone >1000| >1000| >1000 |>1000| >1000
o-thujone >1000| >1000| >1000 |>1000| >1000
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Chemical standard Time Scale*
0 min |15 min| 240 min 8 hr 24 hr
o andp-thujone >1000| 6 0 697 | >1000
artemisia ketone + 1,8-cineole >1000| >1000| >1000 |>1000| >1000
a-thujone + 1,8-cineole >1000| 92 23 1003 | >1000
o andp-thujone + 1,8cineole >1000| 7 0 0 1023
artemisia ketone #-thujone >1000| >1000| >1000 | >1000| >1000
artemisia ketone #& andp-thujone >1000| 90 1 19 >1000
artemisia ketone #-thujone + 1,8-cineole >1000( 120 1 12 >1000
artemisia ketone ¢ andp-thujone >1000| 15 0 0 ~1000
+ 1,8-cineole
*1 Shaded areas indicate CFU >1000.
"2 Control test organism without any compound orraittiobial indicating acceptable growth kinetics.
1.E+09
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1.E+07
1.E+06
-
E 1.E+05
)
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O 1.E+04
1.E+03
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1.E+01
1E+OO T ¥ T T T T T T T T T T 1
0 2 4 6 8 10 12 14 16 18 20 22 24
Time (h)
g Control —8— A afra
1,8-cineole artemisia ketone
—+—— alpha-thujone ——=o—— alpha & beta thujone
artemisia ketone + 1,8-cineole - -A- =-alpha thujone + 1,8-cineole
—®- - alpha & beta thujone + 1,8-cineole artemisia ketone + alpha thujone .
= grtemisia ketone + alpha & beta thujone + 1,8-ciaeo - -#- -artemisia ketone + alpha thujone + 1,8-cineole
— B - artemisia ketone + alpha & beta thu

Figure 4.7 The death kinetic representation for the varioupmaompound combinations
together withA. afra (0.5%) essential oil tested agaiKstpneumoniae.
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Chemical standard CFU at time intervals
Omin 15 min 240 min 8hr 24 hr

Klebsiella pneumoniae control

0.5%Artemisia afra

1,8-cineole

o andp-thujone

o-thujone + 1,8-cineole

o andp-thujone + 1,8-cineole

artemisia ketone d¢-thujone + 1,8-cineole

artemisia ketone ¢ & B-thujone + 1,8-cineole

Figure 4.8 The CFU’'s observed when performing the compoundbaoation time-
kill assaytested againg{. pneumoniae.

" Figure4.8 represents only a selected portion of the stadiflustrative purposes. Note that the study
was done in duplicate, with a 5 times dilution méoteall combinations and final mean CFU counts
represented in Table 4.6 and Figure 4.7.

Both MIC and time-kill studies on the major compdsnascertain that the antimicrobial
activities cannot be attributed to the major commuisor combination thereof. As suggested by

Chalchat and Garry (1997), when investigating tberedation between chemical composition
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and antimicrobial activity one needs to take intraaunt less abundant components. The
essential oil ofA. afra has 49 compounds as determined by the GC-MS @atdetermine the
antimicrobial activity on each individual compouras well as taking into consideration the
possibility of synergy between compounds is notsifda as a certain number of trace
compounds would still be unaccounted for. As seethis study withA. afra essential oils, one
or more of the 45 minacompounds are probably associated with the antibiat activity seen

here.

The use of the wholA. afra plant to treat microbial infections is conclusiveflidated in this
study. As noted, investigating single compounddetermine bioactivity does not always yield
the complete pharmacological action and in seagcfon single bioactive compounds scientists
may be overlooking other important synergistic ratéions between constituents. Many
phytomedicines on the market today, suclGakgo biloba and Kava kava, are sold as whole
extracts and it is believed that the synergistiteractions between the constituents are
responsible for their therapeutic efficacy (Willisom, 2001). It is also known that many
traditional healers rely not only on a single plaanstituent for therapeutic regimens but often
combine various plant parts and even different igget the belief that efficacy may be
enhanced. In this way the efficacy #&f afra may be biologically more active when all

constituents within the plant are accounted for.

4.7 General conclusions

o The major constituents of the essentialodifArtemisia afra analysed in this studyre 1,8-
cineole at 17.8%, artemisia ketone at 10.&3thujone at 18.8% anfl-thujone at 12.5%

representing 59.2 % accumulatively.

o The highest antimicrobial activities obtained byame of the disc diffusion assay were

noted for the fungal organis@andida tropicalis (5 mm).

o The highest antimicrobial activity noted in the Mé6say was againSerratia odorifera (4

mg/mL).
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Rapid death kinetics for the respiratory pathogeflebsiella pneumoniae and
Cryptococcus neoformans verify the ethnobotanical use ofrtemisa afra to treat

respiratory infections.

The major compounds dfrtemisa afra when accessed independently and in combination
had negligible antimicrobial activity, thus suggegtthat the major chemical compounds
may be acting in a synergistic manner with the minoompounds, or that the minor
compounds, independently or in combination, mayrdsponsible for the antimicrobial

efficacy noted foArtemisia afra.
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Chapter 5

Lippia javanica (Burm.f.) Spreng, the antimicrobial activity and an
In vitro synergy study when combined withArtemisia afra to treat K.

pneumoniae infections.

5.1 Introduction

The genud.ippia (Burm.f.) Spreng, a member of the Verbenaceaelyamirepresented by
approximately 200 herbs, shrubs and small treesciwlaire often of an aromatic nature
(Terblanché and Kornelius, 199&)ppia javanica is commonly referred to as “fever tea”. This
name is probably derived from its use as a wealsiah for fever symptoms. In Afrikaans it is
referred to as “koorsbossie”, which literally triated means “fever bush”. The Zulu name
“Umsuzwane”, refers to the strong odour of the pkhgwenyaet al., 2003). The aromatic
properties of the plant have resulted in its usth Imeedicinally and for culinary purposes as a
flavouring and a sweetener (Pascetall., 2001) A number of species have been used in African
tribal customs as a treatment to ward off demoseaen in contradictory conditions such as a
stimulant and sedative (Pascethl., 2001). The plant is used traditionally as a hand body
wash after burial procedures (Ngwergtaal., 2003).While a number of authors have reported
on the chemistry of the genus (Velasco-Neguereelal., 1993; Terblanché and Kornelius,
1996; Chagonda and Makanda, 2000; Brigd., 2005), antimalarial properties (Valengnal.,
1995) and the pharmacology (Pascetadl., 2001), the specids. javanica has been neglected
with regard to antimicrobial studies. Manenz#teal., (2004), has reported briefly on the
antimicrobial activity. Viljoenet al. (2005), highlighted the chemical variation in ural
populations in South Africa as well as the antimimal efficacy forL. javanica against three
pathogens. The linalool chemotype has been in\astigin this Chapter to further elaborate on
the antimicrobial activities. The combination lofjavanica with A. afra as an antimicrobial is
also studied. While literature sites the traditionse of plant combinations (Hutchingsal.,
1996; van Wyk and Gericke, 2000) there has beey ltde scientific evidence to support the

traditional use oL. javanica in combination withA. afra.
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5.2 Botanical description

Lippia javanica is an erect woody shrub approximately two metrebdight. Its hairy leaves

have compound veins and are highly aromatic wigtr@ng lemon smell. Dense rounded heads

of small yellowish-white flowers (Figure 5.1) appeuring the flowering season (van Wegk
al., 1997).
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‘ @ Lippia javanica (Burmf.) Spreng. |

flower heads ofippia javanica. javanica in South Africa (SANBI).

5.3 Distribution

The plant is distributed in southern Africa andthesards, mainly in the eastern regions. Plant
populations extend from the Eastern Cape througkweZulu-Natal, Mpumalanga, Gauteng,
North-West Province and Northern Province with & fe. javanica populations present in

southern Botswana (Figure 5.2).
5.4 Medicinal uses
Both the layman and traditional healers use thet@atensively in traditional medicine to treat

minor ailments. The leaves and stems are often aeddn some cases the roots as well (van

Wyk et al., 1997). Strong leaf infusions are made, whicha@mmmonly used as inhalants and
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also topically for scabies and lice (van Wagkal., 1997; Gelfandt al., 1985). In Tanzania, the
species is used to treat skin infections wherehflasiised leaves are rubbed over the infected
skin area (Ngassapt al., 2003). More commonly, leaf and stem infusiore @sed as a tea to
treat coughs, colds, fever and bronchitis (Watt Bnelyer-Brandwijk, 1962; Hutchingt al.,
1996). It has also been used for bronchial ailmantsinfluenza (Hutchinga al., 1996). Roots
are used as antidotes for suspected food pois@middronchitis. The Vhavenda people use leaf
infusions as antihelmintics, respiratory and febrdilments and as a prophylactic against
dysentery, diarrhoea and malaria (Mabogo, 1990pt&are used as antidotes for suspected food
poisoning, for bronchitis and sore eyes (Hutchimgsal., 1996). Ethnobotanical literature
documents its uses for fever and influenza in coatimn with leaves oA. afra (Hutchingset

al., 1996).

5.5 Methods
5.5.1 Chemical aspects

Plant collection and distillation of essential oilsThe aerial parts of the plants were collected in
the growing season (November) from a natural pdjouman Fairland, in the northern regions of

Gauteng. A voucher specimen (Table 5.1) is retaimedhe Department of Pharmacy and

Pharmacology, University of Witwatersrand. The plaraterial was distilled, as described in

Chapter 2.5.1.

Table 5.1 Plant collection data fdr. javanica.

Plant Voucher Material distilled (g) | Essential oil yield (% w/w)
L. javanica| AMV355 6517.9 0.2

Gas chromatography combined with mass spectrometrGC-MS): Oil samples were
quantitatively analyzed with GC-MS using the Hewleackard 1800A GCD system operating

under the same conditions as described in Chayiet. 2
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5.5.2 Antimicrobial aspects

Culture, media preparation and assays were uncertaiccording to the NCCLS (2003)
guidelines and methods described by Cargoal. (1995) and Eloff (1998a) in Chapter 2.5.2.
Three different antimicrobial assays (disc diffusidIC and time-kill studies) were performed
on the hydrodistilled oil. For the time-kill assay concentrations of 0.25, 0.5, 0.75 and 1% (3.0,
5.2, 8.1 and 9.5 mg/mL respectively) were seledtedietermine the death kinetics Kt
pneumoniae, C. neoformans and B. cereus. The MIC was determined on a racemic mixture of
linalool at 95% purity (Lot 409782, Sigma-Aldrich} a starting concentration of 128 mg/mL,
against all bacterial and yeast isolates from #tisdy. Time-kill assays were employed
according to methods as described in Chapter 2iBv2stigating three pathogens.(
pneumoniae, B. cereus and C. neoformans). Results were recorded in duplicate and the mean

plotted inFigures 5.4-5.6.

A time-kill assay was used to assess the ethnoioatanse ofL. javanica with A. afra in
combination therapy against the respiratory pathdgepneumoniae. Essential oilat 0.25%
concentratiorobtained fronL. javanica andA. afra (Chapter 4.5.1) were run independently with
a combination ot.. javanica andA. afra (together totalling 0.25%). A controK( pneumoniae
having no essential oil) was included in the studiquots were sampled (as described in
Chapter 2.5.2.) at pre-determined time intervatgirag from O min - 48 hr, (5 min, 15 min, 240
min, 8 hr, 24 hr and an extended 48 hr). Colonyriog units were counted and death kinetics

expressed in Table 5.4 and Figure 5.7. The studydweae in duplicate.

5.6 Results and discussion

5.6.1 Essential oil chemistry

Thirty-four compounds were identified in the essadrdil of L. javanica representing 99.40 % of
the total composition (Table 5.2).

Table 5.2 Essential oil composition df. javanica.

RRI* Compound name %
1032 |a-pinene 0.2
1076 | camphene 0.3
1174 imyrcene andi-phellandrene 2.6
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RRI* Compound name

%

1203 | limonene 0.5
1218 |B-phellandrene 0.5
1246 |(Z2)-B-ocimene 13.0
1266 |(E)-B-ocimene 6.2
1280 | p-cymene 0.9
1319 | dihydrotagetone 0.2
1382 |cis-alloocimene 0.2
1444 | ipsenone (tentative, Wiley) 0.8
1450 |trans-linalool oxide furanoid) 0.2
1452 | 1-octen-3-ol 0.1
1478 |cis-linalool oxide furanoid) 0.2
1497 |a-copaene 0.4
1500 |cistagetone 0.2
1522 |trans-tagetone 0.3
1532 | camphor 0.2
1553 |linalool 65.2
1612 |B-caryophylline 3.6
1661 | alloaromadendrene 0.1
1687 |a-humulene 0.2
1704 |y-muurolene 0.1
1719 | borneol 0.4
1726 | germacrene-d 15
1740 |o-muurolene 0.1
1755 | bicyclogermacrene 0.1
1758 |(E,E)-a-farnesene 0.2
1773 |5-cadinene 0.2
1830 | 2,6-dimethyl-3),5(E),7-octatriene-2-ol 0.1
2001 | isocaryophylline oxide 0.1
2008 | caryophylline oxide 0.4
2050 | E)-nerolidol 0.1
2071 | humulene epoxide Il tr
TOTAL 99.40

*RRI: Relative retention indices calculated agamstikanes
% calculated from TIC data
tr =trace <0.1%.

Major compounds: The three major compounds (Figure 5.3) in the e¢&denil of L. javanica

are linalool (65.2%) andZ}-B-ocimene (13.0%), representing 78.2% accumulatively
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OH

linalool @)-p-ocimene

Figure 5.3 Chemical structures for the major compounds ifledtin the essential oil ok.
javanica.

Mwangi et al. (1992) and Terblanché and Kornelius (1996) hated cnyrcene, myrcenone,
ocimene, E)-tagetenone 4)-tagetenone ands-tagetone as major compoundd.ifjavanica. Of
these, only(Z)-B-ocimene is present as a major constituent in shisple analysed from the
Fairland population. Variation in chemical compiosit was also noted by Ngassagaal.
(2003), when evaluating two differebt javanica samples from the same locality in Tanzania.
Further analysis of the composition variation wadertaken (Viljoeret al., 2005) where sixteen
samples (representing five natural populations)ewiavestigated by cluster analysis and five
chemotypes were identified: a myrcenone rich ty§#®-62%); a carvone rich type (61-73%); a
piperitenone rich type (32-48%); an ipsenone righet(42-61%) and a linalool rich type
(>65%). The myrcenone and linalool chemotypes Heaen mentioned in literature (Chagonda
and Makanda, 2000; Ngassagiaal., 2003; Terblanché and Kornelius, 1996) but thearze,
ipsenone and piperitenone chemotypes have notquglyibeen reported fdr. javanica. Of the
five localities studied, the Fairland population swaelected for further antimicrobial
investigation. Selection was based on its chemofypk in linalool), not identified in any of the
other samples, preliminary antimicrobial analySsilframoney, 2003) and the added advantage

that the vast quantity of plant material requiredtime-kill analysis was easily accessible.

As linalool represents the major component of theeatial oil, it warranted further assessment
to determine if the antimicrobial efficacy may hgributed to this major constituent. The MIC
(Table 5.3) was determined for a racemic mixturdimdlool against nine reference bacterial
strains and three yeast strains. Pattehiél. (1997) reported moderate antibacterial sensytivit
for linalool againstS. aureus, E. coli and K. pneumoniae. For C. albicans and C. neoformans
high sensitivities were found. Resistance was tegofior P. aeruginosa. In this study only the
bacterial results show partial congruency. Pattea#. (1997) noted that MIC’s from essential

oils were in many cases lower than the major ctuesiis independently suggesting that synergy
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between constituents may be contributing to thearobd activity. Minimum inhibitory
concentration values fdr. javanica essential oil indicated higher sensitivities thhe tinalool
constituent for pathogenB. aeruginosa, C. albicans and C. neoformans. In another study
(Inouye et al., 2001a) where the vapour was analysed for antihial activity, linalool was
assessed with 14 other essential oils. Resultsafowil rich in linalool (Coriander, 73.2%
linalool) indicted the same MIC value for linalomhd Coriander again& aureus andE. coli.
These organisms together wih tropicalis also gave linalool MIC results equivalent to that
found in thelL. javanica essential oil signifying that linalool may be respible for the
antimicrobial activity noted against these pathegdn a more recent study (Alviare al.,
2005), indicated by means of a bio-autographic yasdat the linalool rich essential oil of
Croton cajucara, while indicating antimicrobial activity, showed @mtibacterial effect against
the separated linalool constituent. While the stbgtyAlviano et al. (2005) seems to contrast
with previous results obtained by Inousteal. (2001a), one must take into account that differen
pathogens were used to assess antimicrobial actiiite study by Alviancet al. (2005) was
restricted to oral bacterial biofilms only. As ndtearlier, the MIC’s obtained for linalool in this
study withL. javanica also indicated no activity with selected pathogditsis, the antimicrobial
activity may or may not be attributed to the majonstituent linalool (65.2%), depending on the

pathogen studied.

5.6.2 Antimicrobial activity

Antimicrobial disc diffusion and MIC assays (Talie3) were performed on the essential oil
samples obtained from. javanica and tested against five Gram-positive bacteria, fouarGr
negative bacteria and five fungi. Highest disc whibn sensitivities were noted fdf.
pneumoniae (5 mm), E. faecalis (4 mm) andC. neoformans (4 mm). Interestingly, these
pathogens are associated with respiratory infestamd hence the correlation to the traditional
use ofL. javanica. None of the oil samples showed any apparentifciiv the disc diffusion

assay again®. aeruginosa, S. epidermidis and the mould. niger.

The MIC data has indicated moderate activity (8mig/for most of the bacterial isolates. No
significant antimicrobial activity was found in thIC assay forL. javanica. Ngassapaet al.

(2003) indicated similar MIC results on one of thgavanica species (sample B) collected from
Tanzania, even though the chemical composition edarconsiderably to the chemical

composition of theL. javanica sample collected from Fairlands. The authors desued
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limonene (11.3%), neral (13.7%) and geraniol (21.%% major components whereas linalool
(1.8%) andp-ocimene {rans 0.3% andcis 0.3%) were only present as minor components.
Previous reports (Knobloat al., 1989) on ocimene have shown poor to moderatsa@nbbial

activity and no conclusive correlation could be madth the major compound ocimene and the

antimicrobial activity noted ih. javanica.

Table 5.3 Disc diffusion (mm from edge of disc) and MIC (md/hof L. javanica essential oil.

Test organism | Diameter DD *o MIC . MIC
(mm) *1 controls (mg/mL) Linalool controls™

P. aeruginosa -
ATCC 9027 0 6 8 16 1.00 x 18
K. pneumoniae -
NCTG 9633 5 5 16 4 0.13x 16
E. coli .
ATCC 11775 1 5 4 4 0.08 x 18
S odorifera
ATCC 33132 1 6 8 4 1.25 x 18
S aureus
ATCC 25923 2 10 16 16 0.50 x 1®
S epidermidis .
ATCC 2223 0 12 8 4 0.63 x 18
E. faecalis "
ATCG 29212 4 3 16 2 2.00 x 18
B. cereus g
ATCC 11778 1 10 8 8 0.63 x 16
B. aubtilis
ATCC 6051 1 10 16 8 0.09 x T
C. neoformans .
ATCC 90112 4 5 4 8 2.50 x 18
C. tropicalis. 3 5 32 32 250 x 10
(clinical strain)

C. albicans
ATCC 10231 1.5 7 16 32 1.30 x 1d
A.niger 0 7 ND?® ND* ND"
(clinical strain)
A alternata 05 3 ND? ND® ND™®
(clinical strain)

"I The diameter of the zone of inhibition is expresiseaim from the disc edge.

"2 Neomycin and nystatin served as controls for bctad fungi respectively.

> ND = Methods did not incorporate MIC’s for moulds.

" Ciprofloxacin and amphotericin B served as costfot bacteria and yeasts respectively.
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There was very little correlation between disc usifon and MIC data. For instance with
aeruginosa andS. epidermidis, no antimicrobial activity was found in the disifulsion assay,
yet moderate activity (8 mg/mL) was noted in theQvissay. Conversely, significant activity
was noted forK. pneumoniae (5 mm) in the disc diffusion assay but lower sevises (16
mg/mL) noted in the MIC assay. Some correlation elist, as in the case &f aureus (2 mm;
16 mg/mL),B. subtilis (1 mm; 16 mg/mL)C. neoformans (4 mm; 4 mg/mL) ancC. albicans

(2.5 mm; 16 mg/mL). Method variation is furtheralissed in Chapter 11.

As L. javanica is mainly used in African traditional medicine tteat respiratory disorders such
as coughs, colds and bronchitis, time-kill assaysewperformed on the three respiratory
pathogens from three different micro-organism gsuf pneumoniae (Gram-negative),C.
neoformans (yeast) andB. cereus (Gram-positive) which are commonly associated with
opportunistic infections in immune-compromised @@is. The essential oil displays mostly
moderate antimicrobial activity against respirat@pathogens in the disc diffusion and MIC
methodology. By further examination using deathekits, a more detailed pharmacodynamic
approach may be observed for the oils when expdsedespiratory pathogens. This
antimicrobial assay shows the bactericidal effddhe oil at concentrations 0.25, 05, 0.75 and
1%.

For K. pneumoniae (Figure 5.4), a total rapid bactericidal efficacgsweached within 30 min for
all oil concentrations. The lower oil concentragq.25% and 0.5%) indicated an initial gradual
decline in CFU within 20 min after which the vialidacterial counts were reduced rapidly. The
higher oil concentration (0.75%) also indicatedratial rapid reduction in viability within 8 min
and thereafter a gradual decline in viability. Tiighest oil concentration investigated (1%)
indicated an immediate reduction in CFU over tirasuiting in very few viable colonies still
evident after 7 min. Total cidal activity was olpiedl at 30 min. This correlates with the high disc

diffusion activities noted for this pathogen.
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Figure 5.4 Time-kill plot of L. javanica essential oil showing death kinetics Kf
pneumoniae (NCTC 9633) represented over the first four hafra 24 hr test period.
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Figure 5.5 Time kill plot of L. javanica essential oil showing death kinetics ©f
neoformans (ATCC 90112) represented over the first eight hairs 24 hr test period.

Death kinetics folC. neoformans (Figure 5.5) showed a killing rate for concentrasid.5, 0.75
and 1% within one hour. The lowest concentratiof.@86% (3 mg/mL) took eight hours before
a cidal effect was noted and death kinetics caeelath the MIC value (4 mg/mL) obtained for
this pathogen. While it initially appears thatjavanica is more effective againgt pneumoniae,
one must take into account the growth response aintiee organisnt. neoformans. The growth
response time is longer for yeasts, as seen inctmrol where growth only increases
exponentially after four hours. Cidal efficacy ietefore expected to take longer. The MIC (4

mg/mL) and disc diffusion (4 mm) results indicateecof the highest sensitivities towar@s
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neoformans and further substantiate the use lofjavanica essential oils to treat infections

associated with this organism.
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Figure 5.6 Time-kill plot of L. javanica essential oil showing death kineticsBfcereus
(ATCC 11778) represented over four hours of a 2esir period.

Bacillus cereus (Figure 5.6) showed a reduction in growth withi®@ 3nin for all the
concentrations studied. Thereafter, growth maiethia generally consistent non-responsive
pattern neither increasing nor decreasing CFU d¢iwver24 hr test period. While this initially
suggests that the essential oillofjavanica has no significant effect oB. cereus, one must
consider that the test pathogen does contain spmiksvhile initial results show a reduction in
CFU possibly suggesting the cidal efficacy agawvesgetative cells, the later growth could
possibly be due to the germination of spores. Wbemparatively examining the growth
response of the essential oil concentrations ag#iescontrol after 30 min, it can be noted that
the CFU remained consistently lower than the cénfrbis indicates that a bacteriostatic effect
is occurring. In therapeutic treatment regimenspadient is usually given more than one
antimicrobial treatment dose and one could postulaat if another dose (at the concentration
given initially) of essential oil were to be intneckd after 30 min (when cidal action begins to
cease) it may have resulted in cidal action instefathe static effect notedhe death kinetic
plot for B. cereus does correlate with the disc diffusion assay (1)ramd to a lesser extent the
MIC (8 mg/mL).
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Comparison of the time-kill plots for the three angsms studied showed that the killing rate was
the greatest foK. pneumoniae, thereafterC. neoformans and very little reduction of microbial

populations foB. cereus.

A time-kill study was undertaken with javanica and A. afra, two plants often used in
combination therapy to treat respiratory infectioasongst the ethnic populations. The
combination time-kill study foL. javanica and A. afra (Figure 5.7) and tabulated results (Table
5.4) are shown for each plant independently andombination.Artemisia afra when studied
independently showed initial microbial destructiwithin one hour, but regrowth after 24 hr.
These results correlated with the death kineticdopmed onA. afra found in Figure 4.4
(Chapter 4) where cidal activity was seen withire diour, however, the extended assay given
here over 48 hr indicated that the antimicrobidicaty for A. afra at 0.25% could not be
maintained by long term exposure as regrowth oeduafter 24 hr. For the. javanica oil at
0.25% death kinetics was observed within 40 min buteegh after four hours. As with. afra,

the regrowth was not noted in previous death kirne$says on the same oils. The microbial load
was increased in this study and this could accéamthe extra bioburden placed on the oils.
When the two plants were combined, a bactericitfatewas maintained for the full 48 hours of
testing. This synergistic effect scientifically ites the combined use bf javanica and A.
afra for the treatment of respiratory infections asated withK. pneumoniae and corroborates

with the traditional use of these two plants wheadiin combination.

Table 5.4 The CFU on agar plate obtained for 0.25% essamitmhgainsK. pneumoniae of
L. javanica andA. afra independently and in combination.

CFU over time
Sample
0 min 15 min 1hr 8 hr 24 hr 48 hi

K. pneumoniae control >1000 | >1000 | >1000 | >1000 | >1000 | >1000
Artemisia afra (0.25% ) >1000 300 0 0 0 >1000
Lippia javanica (0.25%) >1000 | >1000 0 1000 | >1000 | >1000
A. afra (0.125%)and

L. javanica (0.125%) >1000 | >1000 0 0 0 0

* Shaded areas indicate CFU >1000.
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Figure 5.7 Time-kill plot of L. javanica andA. afra independently and in combination
for 0.25%essential oil againgt. pneumoniae (NCTC 9633) represented over 48 hr.

A review of the literature on plant combination rédqgy revealed that no death kinetic assays
have been previously presented for plant combinatié disc diffusion study was undertaken
(Jain and Kar, 1971; Geda, 1995), where oils webeednand applied to discs in a 1:1 ratio.
These studies have shown selective synergy for smisieln another study (Lachowict al.,
1998) linalool was combined with methyl charvicol&r ratios of 1:0; 0.8:0.2; 0.6:0.4; 0.4:0.6;
0.2:0.8 and 0:1. It was observed that the combamtentrations showed higher efficacies than
the constituents independently, when tested agawmsttest micro-organisms. Furthermore,
medicinal plants administered by traditional hesileften make use of a combination of species
to enhance efficacy. A comprehensive study orethaobotanical use of plant mixtures is given
by Cano and Volpato (2004), where 170 plant spettim® Cuba were examined for their
combined medicinal use. Other pharmacological stidin plant species have also been
undertaken. A study on the combined synergisticatly between Kava kava and Passifives
undertaken where there was a significant sedatwpgation with combined use (Capasso and
Sorrentino, 2005)Panax ginseng with Ginkgo biloba was shown to have improved cognitive
function when combined (Scholey and Kennedy, 200Bye specifically, in spite of the many
anecdotal accounts of plants used in combinatiothi® treatment of microbe related infections,
very fewin vitro antimicrobial combination studies have been umdert to validate the role of
antimicrobial synergism in phytotherapy. Some doeoted accounts includ®ortulaca
quadrifida with Monadenium lugardiae to treat stomach complaint3yichilia emetica with
Cyathula natalensis for leprosy andviomoridica foetida with Pittosporum viridiflorum for boils

(Hutchingset al., 1996). A follow-up literature search yielded ptiree studies on plants used

77



in combination for antimicrobial therapy. A disdfdsion study was undertaken by Hskttal.,
(2001) whereCinnamomum cassia was combined witlAllium tuberosum and the fruit ofCornus
officinalis at different ratios. Results indicated combinefitafy at various ratio combinations.
A more recent study on the combined effecOoifiganum vulgare and Vaccinium macrocarpon
was undertaken using the disc diffusion assay,captiensity evaluation and colony counts.
After treatment over a number of days, efficacy walanced in combination (L&t al., 2005).
Another combination study using isolobolograms kat phe combined MIC in relation to the
MIC as determined independently was undertaken &alvia chamelaeagnea and Leonotis
leonurus. The ethnobotanical use 8f chamelaeagnea andL. leonurus in combination to treat
respiratory infections was validated (Kamateual., 2006). While these studies cannot be
directly compared to the time-kill efficacy exanmihbere, they do support the hypothesis that

synergy between plants of different species exist.

5.7 General conclusions

o The major constituents of the essentialodiLippia javanica are linalool (65.2%), andZf-

B-ocimene (13.0%), representing 78.2% accumulatively

o The highest antimicrobial activities obtained byame of the disc diffusion assay were

noted forKlebsiella pneumoniae (5 mm).

o The highest antimicrobial activity noted in the Miethodology was againEscherichia

coli andCryptococcus neoformans (4 mg/mL).

o Death kinetic assays for the three organisms sdusi®wed that the killing rate was the
greatest forKlebsiella pneumoniae, thereafterCryptococcus neoformans and very little

reduction of microbial populations f@&acillus cereus.
o The ethnobotanical use bippia javanica to treat dysentery, diarrhoea and suspected food

poisoning is validated by the highest antimicrolaietivity noted in the MIC methodology

againstescherichia coli.
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The ethnobotanical uselappia javanica to treat coughs, colds, bronchial and respiratory
ailments is validated by the highest efficaciesaot®d in the MIC methodology, time-Kkill

assays as well as the use in combination Mitemisia afra.

The time-kill study forLippia javanica with Artemisia afra indicates that the oils in

combination act synergistically against the tegaaismKlebsiella pneumoniae.
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Chapter 6

Helichrysum cymosum (L.) D. Don subsp.cymosum, antimicrobial
activity of the essential oil, extract and isolatedbioactive compound

helihumulone.

6.1 Introduction

The genusHedichrysum, belonging to the Asteraceae family consists of apiprately 500
species (Bougats@t al., 2004). South Africa harbours in the region of 245 speads
Helichrysum and biological studies have been performed on abeurof these species. Of the
many species that have been investigated (Hutclindsvan Staden, 1994; Meyer and Dilika,
1996; Afolayan and Meyer, 1997; Dilikhal., 1997 Mathekga and Meyer, 1998; Louresisal .,
2004; Scottet al., 2004; Yaniet al., 2005)Helichrysum cymosum D. Don subspcymosum has
received very little attention. A non-quantitatisatimicrobial screening has been reported for
the ethanol extracts ¢f. cymosum where activities were selectively observed for Graositive
organisms only (Sindambiwet al., 1999). More recently (Bougatsbal., 2004; van Vuurest

al., 2006) reported the composition of the essentiadral antimicrobial activity. Up until now,
the research focus of this thesis has been ondlatile components of aromatic plants used in
traditional healing rites. However, one must takgréizance that non-volatile compounds may
be responsible for antimicrobial efficacy and ohewd not focus on the volatile fraction only
when studying aromatic plants. With this in mirtte study oH. cymosum subsp cymosum was
undertaken to additionally investigate the actiafythe non-volatile compounds not present in

the essential oils.

6.2 Botanical description

Members of the genudelichrysum are usually aromatic, perennial shrubs, havingedaaves
with hardy yellow flower heads (Figure 6.1). Thenge is characterized by hairy leaves and
persistent flower heads, which when dried keep gteape for years (van Wykal., 1997). The
word Helichrysumis derived from the Greek word “helios” meaning suml “chrysos” meaning

gold, referring to the distinctive flowers of therws.
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Figure 6.1 Helichrysum cymosum subsp.  Figure 6.2 Geographical distribution oH.
cymosum in habitat. cymosum subsp. cymosum in South Africa
(SANBI).

6.3 Distribution

Figure 6.2 illustrates the geographical distribwmtof H. cymosum subsp.cymosum in South
Africa. The species is distributed mainly along soeith and easterly coastal regions from the

Western Cape through to KwaZulu-Natal.

6.4 Medicinal uses

The medicinal uses dfelichrysum spp. have been widely reported. Extracts of varispecies
have been used to treat topical infections, respyaailments and have been incorporated in
dressings used after circumcision rites (Meyer Biltka, 1996; Mathekga and Meyer, 1998).
Administration by inhalation suggests that volatiempounds may play a role in antimicrobial
therapy and several studies indicate significaimacrobial properties foHelichrysum oils
(Hutchings and van Staden, 1994; Roussil., 2000). The traditional use as an analgesic and
anti-inflammatory suggests that it may be useditiertreatment of other tropical diseases such
as malaria (Hutchings and van Staden, 1994; varrérua al., 2006). Of all theHelichrysum
species found in South Africal. cymosum subsp.cymosum is among the best known and most
commonly used in traditional healing practices (§atso et al., 2004). The route of

administration varies from inhalation of burnedves (possibly suggesting active volatile
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constituents) to oral ingestion of a tea prepamnafmossibly extracting more polar non-volatile

constituents), with extracts applied to topicaéctfons.

6.5 Methods
6.5.1 Chemical aspects

Plant collection and distillation of essential oils Plant material was harvested from the wild,
during April near Oudtshoorn, one kilometre easRobinsons Pass. A voucher specimen (Table
6.1) is deposited in the Department of Pharmacy dtthrmacology, University of
Witwatersrand. The plants were hydrodistilled ascdeed in Chapter 2.5.1.

Table 6.1 Plant collection data fdf. cymosum subsp cymosum.

Plant Voucher Material distilled (g) | Essential oilyield (% w/w)

H. cymosumsubsp. | 3\ /7q9 1440 0.2
Ccymosum

Gas chromatography combined with mass spectrometryGC-MS) data: Oil samples were
analyzed with GC-MS using the Hewlett-Packard 18@®D system operating under the same

conditions as described in Chapter 2.5.1.

6.5.1.1 Isolation of antimicrobial compound

Extraction: The extracts were prepared by submerging the dniaderated plant material (297
g) in acetone overnight. Plant material was rethiaeroom temperature and thereafter filtered.
The extraction solvent was evaporated at 60°C usngotary evaporator (Buchijor

approximately three hours.

Bio-autographic assays Thin layer bio-autographic assays (Marston andtéitmann, 1999)
were carried out by placing pl of the acetone extract (50 mg/mL) on silica dahtlayer
chromatography (TLC) plates (Alugram ® Sil G/kdY 0.2 mm). The plates were eluted with
toluene 72%, dioxane 20% and acetic acid 8% (Mertwpo TLC plates were prepared under
identical conditions, one to be incubated with test organisnt. aureus and Tryptone Soya

agar, and a reference plate without test organistnagar, kept at ambient temperature. A base
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layer (15 mL) of Tryptone Soya agar was poured atsterile petri dish. The developed TLC
plate was dried and sterilized under ultra violdY] light at 254 nm for one hour. Thereatfter it
was placed onto the agar surface with the silide $acing upwards. An overlay of Tryptone
Soya agar (15 mL) containing a bacterial cultdraureus, ATCC 12600 (approximate inoculum

size, 1 x 16CFU/mL) was placed on top of the TLC plate. Thegsdavere allowed to prediffuse
at 4°C for one hour prior to incubating at 37 °C for 124 The resulting inhibition zones were
visualized around active compounds by spraying Withd% (w/v)INT and compared to the

reference TLC plate (Figure 6.3). The acetone ektod H. cymosum subsp.cymosum was

subsequently subjected to bioassay-guided fradtama

Bioactivity-guided fractionation and isolation using column chromatography: Column
chromatography was used as a purification techniquisolate the antimicrobial compound.
Several solvent systems were prepared and runthatitrude acetone extract to determine the
ideal mobile phase, of which 100% chloroform (Mérekas selected. The extract (4.8 g) was
dissolved in chloroform to produce a slurry. Théuomn was prepared by plugging the tap with
cotton wool and filling the column with silica géD (0.063-0.2 mm / 70-230 mesh ASTM,
Macherey-Nagel). The slurry (extract together watiloroform) was applied to the top of the
column. Four consecutive columns, packed withaigel 60 and eluted with 100% chloroform
were prepared. With each column, fractions wer&ectdd, and samples run on TLC which was
subsequently analyzed by viewing the chromatogranaer UV light at 254 nm and 366 nm.
Similar fractions were combined and concentratedrymess with the aid of a rotary evaporator.
Combined fractions were subjected to bio-autogaphsays against aureus (Figure 6.4). The
bioactive fractions were further purified on Sepdad H-20 (Sigma-Aldrich) eluted with
methanol to yield 277 mg of an isolated biologigalkttive compound. Figure 6.5 summarizes

the bioactivity-guided fractionation procedure.
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A prominent zone of
inhibition was
observed for the
compound.

Solvent system =
100% chloroform.

Rf = 0.26

Figure 6.3 Bio-autographic assay of the crude acetone
extract ofH. cymosum subsp cymosum againstS. aureus.

Crude Three bioactive fractions
extrac from the second column.

Solvent system = 72% toluene;
20% dioxane; 8% acetic acid.
R = 0.69

Figure 6.4 Follow-up isolation of the biologically
active compound by assay-guided fractionation using
S aureus as a test pathogen.
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CrudeH. cymosum subsp cymosum acetone extract
5.70¢g

Silica gel 60
Chloroform

422 fractions

fractions 1-15 fractions 16-135 fractions 136-255 fractions 256-422
0.59¢ 1.219g 3.35¢9 05
R¢{=0.51 R= 0.56 R 0.60 R 0.65
Silica gel 60
Ghdform

321 fractions

fractions 1-107 fractions 108-143 fractions 144-152 fractions 153-248 fractions 249-321

0.20 g 0.16 g 0.19¢ 150¢ 0.67¢9
Ri=0.71 R=0.71 R 0.69 R=0.69 R=0.70
Silica gel 60
Chloroform

58 fractions

fractions 1-10  fractions 11-24 fractions 25-3% fractions 38-53  fractions 54-58

04449 061g 0.25¢g 0.16 g 0.03 ¢
discard & 0.64 R=0.64 R=0.61 R=0.70
L 70 fractions <
Silica gel 60
Chloroform
fractions 1-19 fractsn20-25° fractions 26-70
220 mg 170 mg 600 mg
discard Ri=0.74 R 0.75

Sephadex LH-20
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Methanol

33 fractions

fractions 1-10 fractions 11-18 fractions 31-32 fraction 33
219 mg 277 mg 4.9 mg 8y
discard R 0.75 R 0.71 R 0.70

|

Antimicrobial compound.
Intense blue fluorescence at 366
nm, started crystallizing

immediately after isolatior

Figure 6.5 Schematic representation of the bioactivity gdiffactionation procedure.

"I No antimicrobial activity was noted on further iatography investigations
2 Antimicrobial activity was noted fd8. aureus on further bio-autography investigation.

Identification and elucidation of isolated compound: The isolated compound was subjected
to nuclear magnetic resonance spectrometry (NMR) M8 for identification in collaboration
with the Department of Chemistry and Biochemistryhe University of Johannesburg. Spectra
were recorded on a Varian Inova 2000 300 MHz spewtter. All spectra were recorded at 25
°C in deuterated chloroform and the chemical shifiesre recorded in ppm referenced to
tetramethylsilane or the solvent shift. Electronization MS of the compound was performed by
direct inlet at 70 eV on the GCMS-QP2010 gas chtography-mass spectrometer.

The crude extract constituents were analysed by Ipigrformance liquid chromatography
(HPLC) coupled to MS and using a Waters 2690 HPysTesn (Phenomenex Aqua C18 column,
250 mm x 2.1 mm at 40 °C) and equipped with a 986tgriode array detector (PDA) and
Thermabeam mass selective detector (TMLHe samples were dissolved in methanol at a
concentration of 50 mg/mL and 10 pl injected uritierfollowing conditions: mobile phase flow
rate; 0.2 mL/min, nebulizer gas flow; 30 L/h, nébait temperature; 80 °C, expansion region; 90
°C and source temperature; 225 °C. The initial heolphase was acetonitrile, 90% water
containing 100 mM formic acid and the solvent ratias changed through a linear gradient to

90% acetonitrile, 10% water with 100 mM formic aeid40 min. This ratio was maintained for
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10 min after which the solvent ratio was convetiethat of the initial starting conditions. Data

analysis was performed using the Empdwasftware program.

6.5.2 Antimicrobial aspects

Culture, media preparation and disc diffusion assagre undertaken according to the NCCLS
(2003) guidelines and additional referencas described in Chapter 2.5.2. Preliminary
antimicrobial screening by disc diffusion assays warformed with the essential oil and the
acetone extract on ten reference straYessinia enterocolitica, E. faecalis, B. cereus, B. subtilis,

S aureus, P. aeruginosa, E. coli, K. pneunoniae, C. albicans andC. neoformans.

The MIC was determined using the micro-dilutiondssay method as in Chapter 2.5vRere
the essential oil, crude acetone extract and tlated bioactive fraction were examined against
the same ten pathogens as investigated in theddission assay. Two strains were introduced
which were not studied in Chapters 2-5. The acddpteontrol ranges for ciprofloxacin against
these additional pathogens used in the MIC assagsgaven in Table 6.2. The starting
concentration for the essential oil was 128 mg/ifie starting concentration for the extract and

bioactive fraction for MIC determination was 64 mdy and 5 mg/mL respectively.

Table 6.2 Acceptable MIC ranges for ciprofloxacin control.

Test organism MIC controls (pg/mL)’
Yersinia enterocolitica (ATCC 23715) 0.39-1.00
Klebsiella pneumoniae (ATCC 13883) 0.12-0.80

" Acceptable ranges as determined within the DepaittwfePharmacy and Pharmacology, University of the
Witwatersrand (controls in this study were rundbrtest organisms).

6.6 Results and discussion

6.6.1 Essential oil chemistry

Sixty-five compounds were identified in thd. cymosum subsp. cymosum essential oil
representing 85.2% of the total composition (T#&h8).
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Table 6.3 Essential oil composition di. cymosum subsp.

cymosum.

RRI* Compound name Area percentage
1032 |a-pinene 12.4
1072 |a-fenchene 0.1
1076 | Camphene 0.4
1118 |B-pinene 3.7
1132 | Sabinene 0.2
1174 | Myrcene 1.2
1188 |a-terpinene 1.2
1203 | Limonene 7.2
1213 |1,8-cineole 20.4
1246 | ¢)-B-ocimene 9.5
1255 ly-terpinene 1.4
1266 |(E)-B-ocimene 3.6
1280 | p-cymene 24
1290 | Terpinolene 0.4
1320 | 2-heptanol 0.1
1386 | 1-hexanol tr
1382 [cis-allo ocimene 0.4
1391 | @)-3-hexen-1-ol 0.1
1398 | 2-nonanone 0.4
1426 | 2-octanol 0.5
1452 | 1-octen-3-ol 0.3
1493 |a-ylangene 0.1
1497 |o-copaene 1.20
1521 | 2-nonanol 0.1
1535 B-bourbonene 0.6
1541 | Benzaldehyde 0.1
1544 |a-gurjunene 0.1
1553 | Linalool 0.1
1586 | pinocarvone 0.1
1591 | fenchylalcohol 0.7
1612 |B-caryophyllene 10.8
1628 | aromadendrene 15
1631 |selina-5,11-diene 0.3
1664 |trans-pinocarveol 0.6
1682 |5-terpineol 0.9
1687 o-humulene 1.3
1700 |Limonene-4-ol 0.2
1706 |a-terpineol 2.6
1719 | Borneol 1.8
1730 |5-guaiene 1.1
1740 |a-muurolene 0.3
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RRI* Compound name Area percentage
1773 |5-cadinene 0.6
1804 | myrtenol 0.6
1838 | 2-phenyl ethyl acetate tr
1845 trans-carveol 0.2
1853 |cis-calamenene 0.6
1864 | p-cymen-8-ol 0.1
1889 | benzylacetone 0.3
1896 |cis-p-mentha-1(7), 8-dien-2-0l tr
1941 |a-calacorene 0.1
2001 |isocaryophyllene oxide 0.1
2008 | caryophyllene oxide 1.6
2033 | epiglobulol 0.3
2071 | humulene epoxide Il 0.2
2073 |B-caryophyllene alcohol 0.4
2098 | globulol 0.6
2104 | viridiflorol 0.8
2144 | rosifoliol 0.2
2184 |cis-p-menth-3-en-1,2-diol 0.1
2204 | clovenol 0.1
2255 |a-cadinol 0.1
2316 | caryophylladienol | tr
2324 | caryophylladienol Il 0.4
2389 | caryophyllenol | 0.2
2392 | caryophyllenol I 0.1
TOTAL 85.2

*RRI: Relative retention indices as eluted fromatap column
% calculated from TIC data
tr = Trace <0.1%

Major compounds: The chemical constituents of the essential cgl(€ 6.3) analyzed by GC-
MS indicate the major compounds df cymosum subsp.cymosum (Figure 6.6) ast-pinene
(12.4%), 1,8-cineole (20.4%) argitcaryophyllene (10.8%) comprising 43.6% of the ltatih

composition.

1,8-cineole a-pinene B-caryophyllene

Figure 6.6 Chemical structures for major compounds identifiedthe essential oil oH.
cymosum subsp cymosum.
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6.6.2 Elucidation and identification of the isolated compound

Based ortH, °C, COSY, HMQC and HMBC experiments, the compoung dantified as the
known helihumulone, a phloroglucinol-derived compdpreviously isolated frorkl. cymosum
(Bohlmannet al., 1979). The chemical shift data (Table 6.6) as waslthe carbon'{C, Figures
6.8) and proton'H, Figure 6.9) NMR spectra for helihumulone carfiend as an appendix to
this Chapter.

helihumulone

/

1.00]
0.80]
0.60-
) ]

0.40

0.20

0.00

VUV L UV L R L

5.00 10.00 15.00 20.00 25.00 30.00 35.00 40.00 45.00 50.00 55.00 60.00
Minutes

Figure 6.7 The HPLC profile oH. cymosum subsp.cymosum with the major peak identified as
helihumulone.

The HPLC profile (Figure 6.7) indicates a singlejena&ompound. Based ortH, *C, COSY,
HMQC and HMBC experiments, this compound was idieatias the known helihumulone, a
phloroglucinol-derived compound previously isolaté®m H. cymosum subsp. cymosum
(Bohlmannet al., 1979).
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6.6.3 Antimicrobial activity

The preliminary disc diffusion results (Table 6.#)dicated good activities only for the Gram-

positive organisms when exposed to the acetonacstr

Table 6.4 Zones of inhibition (measured in mm from edge stilof the acetone
extract and essential oil H. cymosum subsp cymosum.

Pathogen Extract 0]] Control
Enterococcus faecalis (ATCC 292192) 3.7 0 4.0
Bacillus cereus (ATCC 11778) 7.0 0 6.0
Bacillus subtilis (ATCC 6051) 5.7 0 11.0
Staphylococcus aureus (ATCC 25923) 8.0 0 3.0
Pseudomonas aeruginosa (ATCC 9027) 0 0 3.0
Escherichia coli (ATCC 11775) 0 0 5.0
Yersinia enterocolitica (ATCC 23715) 0 0 5.0
Klebsiella pneumoniae (ATCC 13883) 0 0 6.0
Cryptococcus neoformans (ATCC 90112) 0 0 5.0
Candida albicans (ATCC 10231) 0 0 5.0

" Neomycin and nystatin served as controls for bactmd yeasts respectively.

On further bio-autographic investigation of thedewacetone extract, a single prominent zone of
inhibition was observed for the compound with;av&ue of 0.26 when tested agaifsbureus
(Figure 6.3) thus suggesting that a single compocadld possibly be responsible for
antimicrobial activity in this species. Helihumuérhas previously been isolated frorh
cymosum (Bohlmannet al., 1979), however, no report was made on any of tldogical
activities of the compound. Helihumulone was furtheantitatively examined for antimicrobial
activity by the MIC assay together with the essdrdil and acetone extract (Table 6.5). Even
though antimicrobial activity was only selectivelyund in the disc diffusion assay, MIC
evaluations were performed for all test pathogessialse negatives, often associated with disc

diffusion assays may have occurred. This metho@an is further discussed in Chapter 11.
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Table 6.5 MIC (mg/mL) for H. cymosum subspcymosum essential oil, acetone extract and
helihumulone against ten pathogens.

Pathogen Essential oi| Extract |Helihumulone| Control”
Enterococcus faecalis (ATCC 292192) 1.000 0.156 0.031 2.0 x10°
Bacillus cereus (ATCC 11778) 8.000 0.078 0.063 1.0 x 10°
Bacillus subtilis (ATCC 6051) 8.000 0.313 0.063 3.0 x10°
Staphylococcus aureus (ATCC 25923) 8.000 0.313 0.125 0.5 x 10°
Pseudomonas aeruginosa (ATCC 9027) 4.000 0.313 0.016 1.2 x F0
Escherichia coli (ATCC 11775) 8.000 0.313 0.063 0.1 xF0
Yersinia enterocolitica (ATCC 23715) 8.000 0.313 0.063 1.0 x F0
Klebsiella pneumoniae (ATCC 13883) 8.000 0.313 0.063 0.2 x F0
Cryptococcus neoformans (ATCC 90112) 4.000 0.078 0.031 1.0 x 0o
Candida albicans (ATCC 10231) 4.000 0.313 0.063 2.5 x F0

" Ciprofloxacin and amphotericin B served as costfot bacteria and yeasts respectively.

The MIC values (mg/mL) ranges from 1 - 8 (esseraig| 0.078 - 0.313 (crude extract) and
0.016 - 0.125 (helihumulone) indicating that theid® extract is at least six times more
antimicrobially active than the essential oil, asmhilarly the isolated compound is more active
than the crude extract. The highest sensitivitytf® essential oils was agairistfaecalis (1
mg/mL). This pathogen is associated with respisattisorders and could possibly be correlated
with the traditional inhalation use &f. cymosum. Previous studies on the antimicrobial activity
of a-pinene, a major compound (12.4%) found in the r@gdeoil of H. cymosum have shown
moderate (Knoblockt al., 1989; Dorman and Deans, 2000; Tzakbal., 2001) to poor activity
(Hinou et al., 1989; Moleyar and Narasimham, 1992; Griiéiral., 1999; van Zykt al., 2006).
Thus, it is probable that this compound does ray plmajor role in the antimicrobial efficacy of
the plant. The highest sensitivities for the exsagere againd. cereus andC. neoformans (78
ug/mL). The highest sensitivity for the bioactivengmound helihumulone may be attributed to
P. aeruginosa (31 ug/mL), a pathogen often associated with wound infectidime numerous
accounts (Watt and Breyer-Brandwijk, 1962; Hutcliegal., 1996; Meyer and Dilika, 1996;
Mathekga and Meyer, 1998) of thielichrysum genus as a dressing for wounds is validated by
the high efficacies noted fét. aeruginosa. With the exception of the activity f@& aureus (125
pug/mL), helihumulone indicated good activity with lwes less than 64ig/mL. A review
publication on anti-staphylococcal compounds (Gii#$02004) has suggested that only

compounds with a MIC value of less than gg&mL have clinical antimicrobial significance.
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Considering this statement one can therefore dedbheé the antimicrobial activity of

helihumulone was significant for nine of the tethpgens studied.

No antimicrobial activity was found in the essehtid study of the Tanzaniahl. cymosum
species (Bougatse al., 2004) when investigated against nine test mazganisms. No starting
concentrations were given in the methodology aedetiore comparative examination cannot be
made, as starting concentrations may have beerr [thae the MIC’s obtained in this study.
Major compounds in the Tanzanibincymosum essential oil weré&rans-caryophyllene (27.02%)
and p-cymene (7.55%)a-Pinene, a major compound found in the essentlabfothis study
(12.4%) was detected only as a minor compound enTanzaniarH. cymosum essential oil
(0.75%). Also 1,8-cineole (20.4%), a major compounthis study is absent in the Tanzank&n
cymosum essential oil. From these essential oil comparigoiis not surprising that different
biological activities were noted. As noted in pms studies (Griffiret al., 2000; Dorman and
Deans, 2000), the antimicrobial activity is meratyexpression of the chemical composition and

activity is dependent on the structural configurati

These results highlight the importance of examirogh essential oils and extracts when the
bioactivities of aromatic plants are investigatdd.was noted, the highest antimicrobial activity
can be attributed to helihumulone isolated fromahede extract. Helihumulone is not found in
the essential oil, which could possibly indicateywhe essential oil showed lower antimicrobial

activities than the crude extract.

6.7 General conclusions

e  The major constituents of the essentialodiHelichrysum cymosum subsp cymosum areat-
pinene (12.4%), 1,8-cineole (20.4%) ghdaryophyllene (10.8%).

] Using bioassay-guided fractionation, the most actempound was isolated with column

chromatography and identified as the known phlaroigbl derivative, helihumulone.

e The MIC ranges for the essential oil were 1— 8 nigimith the highest activity noted for
the respiratory pathogelnterococcus faecalis, thus validating the traditional use of the

plant to treat respiratory ailments.
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The MIC ranges for the crude extract were 0.07831® mg/mL with highest activity

noted forBacillus cereus andCryptococcus neoformans.

The MIC ranges for the isolated compound helihumelwere 0.016 — 0.125 mg/mL with
the highest activity noted fd?seudomonas aeruginosa, thus validating the traditional use

of the plant for wound dressings.

94



Appendix

Helichrysum cymosum subsp.cymosum

Table 6.6 Correlation ofNMR chemical shift dat&’C and‘H for helihumulone with literature
values obtained by Bohlmamnhal. (1979).

Position| *C NMR data | *C NMR literature | *H NMR data | 'H NMR data
oc oH literature
1 14161 141.G
2,6 128.2 1286 7.25n° 7.27m
3,5 128.2 12844 7.2%n 7.3%n
4 126.47 126.d 7.25m
7 39.5° 39.% 2.95m 2.9%
8 41.2 42.1 3.30m
9 201.3 201.3
10 112.% 113.3
11 190.2 190.4
12 108.6 108.3
13 166.% 166.4s
14 84.6 84.7%
15 192.3 192.5%
16 31.1 31.3 2.54m 2.544d
17 115.@ 115.4 4.88m 4.81t(br)
18 137.8 138.G
19 17.61" 17.8y 1.49 1.59(br)
20 25.7 25.8) 1.60 1.55(br)
21 21.1 21.3 3.10m 3.19(br)
22 121.4 121.3 5.12m 5.15(br)
23 132.5 132.4
24 17.8) 17.8 1.69
25 25.6) 25.7 1.74 1.79(br)
OMe 53.9 54.0y 3.15

"Lsinglet;? doublet; 3 triplet; “ quartet® multiplet
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Chapter 7

Croton gratissimus Burch. var. subgratissimus, the antimicrobial
activity of the essential oil and extracts, with eddence of synergy

for plant part combinations.

7.1 Introduction

Despite the traditional use of the ger@@r®ton for its medicinal properties (Watt and Breyer-
Brandwijk, 1962; van Wyket al., 1997; van Wyk and Gericke, 2000), scientific sasdi
validating the therapeutic properties of the indmes specie€roton gratissmus Burch. var.
subgratissimus (from the family Euphorbiaceae) are lacking. Téavies of this tree are aromatic
and often used in herbal preparations and maytsassed with the bark and roots (Hutchiegs
al., 1996; van Wyket al., 1997; von Koenen, 2001). It has been suggesteah wivestigating
aromatic plants that one should not restrict reteamly to the volatile essential oils (van
Vuurenet al., 2006). This was noted in the study ldncymosum subsp.cymosum (Chapter 6)
where the antimicrobial spectrum of activity fortraxts was much higher than that for the
essential oils. There are numerous ethnobotanggadrts (Watt and Breyer-Brandwijk, 1962;
Hutchingset al., 1996; van Wylet al., 1997; von Koenen, 2001; Ngwenstaal., 2003) of plants
used in combination therapy i.e. where plant pswish as roots and leaves are combined and
used in therapeutic regimer@&.oton is one such plant where the bark, roots and learesised
independently as well as in combination. This stiotyised on the antimicrobial potential @f
gratissmus var. subgratissimus and the interactive role of the different planttpavhen used in

combination for antimicrobial therapy in order @idate the traditional use.

7.2 Botanical description

This tree can grow up to ten meters in height. esare distinctive (Figure 7.1) as they are dark
green on the upper side and have a shiny grayver sioloration on the lower surface (van Wyk
et al., 1997). The under side of the leaf is scatterégd dark brown glands. The bark is rough
and gray in colour. Cream-coloured flowers are poed in autumn, which yield small fruit

capsules (van Wyt al., 1997).
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Figure 7.1 The leaves and fruit a@roton Figure 7.2 The geographical distribution
gratissmus var. subgratissimus. of Croton gratissmus var. subgratissimus
in southern Africa. (SANBI).

7.3 Distribution

Figure 7.2 illustrates the geographical distribatiof C. gratissmus var. subgratissmus in

southern Africa. The tree occurs naturally overaeged area (Northern Cape, North-West
Province, Gauteng, northern KwaZulu-Natal, Mpumgéamand Northern Province) and in the
northern parts of South Africa (van Wk al., 1997). A number of populations have been

recorded in central to northern Botswana and Namibi

7.4 Medicinal uses

The Afrikaans name for the plant “koorsbessie” (k&' = fever) suggests that these trees are
used as a pyrogenic. All parts of the plant hayeited medicinal value. Leaf infusions are used
for coughs and placed in steam baths to reduce {ee® Wyket al., 1997; Hutchingst al.,
1996). Eye lotions are made for livestock from coitusions of the leaf (Watt and Breyer-
Brandwijk, 1962). A deconcoction of the roots haeib used for chest complaints, coughs, fever
and sexually transmitted diseases such as syjjhiis Koenen, 2001). The bark has the highest
reported use including the treatment of bleedinmguabdominal disorders, skin inflammation,
earache and chest complaints, suggesting microfi@dtions may be responsible (Hutchirgjs

al., 1996; von Koenen, 2001). Various combinationsCofgratissimus have been used. The
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combination of roots and bark to treat respiratdisorders has been reported (von Koenen,
2001). Accounts of the administration with otheedps (Hutchingst al., 1996) have been
noted i.e. for the treatment of swellings where ek of C. gratissimus is combined with the
root of Amaryllidaceae species and rubbed intosinas. Also noted, was the use of the bark of
C. gratissmus together with the bark ddcotea bullata where powdered forms are blown into
the womb to treat uterine disorders. Even thoughptant is considered toxic, the very nature of
the irritancy action may serve as a purgative apeve emetic thus ridding the body of toxins

and microbial infection.

7.5 Methods
7.5.1 Chemical aspects

Plant collection and distillation of essential oils The leaf, bark and root samples (Figure 7.3)
used in this study was collected from a single inethie wild on the western slopes below Diep-

in-die Berg, in the Tshwane area during May. A Jwarcspecimen (Table 7.1) is deposited in the

Department of Pharmacy and Pharmacology, Univerdityitwatersrand. Leaf material was
hydrodistilled, as described in Chapter 2.5.1.

Root

Bark

Leaves

Figure 7.3 The leaves, bark and root Gf gratissimus var. subgratissimus.
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Table 7.1 Plant collection data fdC. gratissimus var. subgratissmus.

Plant Voucher Material distilled (g) | Essential oilyield (% w/w)
C. gratissmus var. PB975 470.8 0.3
subgratissimus

Gas chromatography combined with mass spectrometryGC-MS) data: Oil samples were
analyzed with GC-MS using the Hewlett-Packard 18@®D system operating under the same
conditions as described in Chapter 2.5.1.

Preparation and analysis of the crude extractsExtracts of the leaves, bark and roots were
prepared by submerging the dried macerated platégriabin a 1:1 mixture of methanol (Merck)
and chloroform (Merck) overnight. Plant material smeetained at ambient temperature and
thereafter filtered. The solvent was evaporated6@t °C using a rotary evaporator for

approximately three hours.

High performance liquid chromatography (HPLC) analysis: In order to determine if any
major chemical variation between subterranean dogeaground foliage exists, HPLC analysis
was undertaken on the leaf, bark and root extractS. gratissimus var. subgratissmus. The
HPLC analysis was undertaken on a Waters 26690 H&ystemoperating under the same

conditions as described in Chapter 6.5.1.1.

7.5.2 Antimicrobial aspects

Culture, media preparation and assays were uncertaiccording to the NCCLS (2003)
guidelines and methods described by Caraoal. (1995) and Eloff (1998a) as described in
Chapter 2.5.2. Minimum inhibitory concentrationsreveletermined for the hydrodistilled oil,
leaf, bark and root extracts independently on &st brganisms (Figure 7.7). Commercial
antimicrobials (ciprofloxacin for bacteria and ampdricin B for yeasts) were included as

positive controls in all MIC repetitions and replions.

Synergy / antagonistic interaction Once the independent MIC was determined on the

hydrodistilled oil and leaf, bark and root extractSe interaction between plant parts was
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investigated in two ways. Firstly, stock solutiof@® mg/mL) of each individual plant part
extract were prepared and mixed together in tHeiohg combinations:

e 1:1 leaf and root

e 1:1 bark and root

e 1:1 leaf and bark

e 1:1:1 leaf, bark and root.

An MIC was determined for these combinations toleat® if there was a possibility that
synergistic interactions were at playhe fractional inhibitory concentration (FIC) was
calculated for the leaf with root, bark with roatdaleaf with bark combination. The FIC is
expressed as the interaction of two agents wheeectincentration of each test agent in
combination is expressed as a fraction of the aunagon that would produce the same effect
when used independently (Berenbaum, 1978). Theisk8en calculated for each test sample

independently as specified in the following equagio

MIC (a) in combination with (b)

FIC ™=
MIC (a) independently

MIC (b) in combination with (a)

FIC™ =
MIC (b) independently

(3 and ™ = in this study represents either leaf, bark ot.roo
The sum of the FIC, known as the FIC index is ttalsulated as:
YFIC = FIC®™® + FIC™

The FIC index (Schelet al., 2006), is determined as the correlation betwibertwo combined
test substances and may be classified as eitherggtic £ 0.5), additive (>0.5 —1), indifferent
(>1 — 4) or antagonistic4).



Antagonism

MIC of Y in combination

e Additive
/ MIC of Y independently

Synergy

MIC of X in combination / MIC of X indepdently

Figure 7.4 Isobologram depicting antagonism, synergy andadditive effect where the
relative ratio of Y is plotted to the relative mbf X.

The second part of this study involved combining thots and leaves &. gratissmus var.
subgratissmus in nine ratios i.e. 90:10%; 80:20%; 70:30%; 60:4®&.50%; 40:60%; 30:70%;
20:80% and 10:90%. The MIC was determined for alos and extracts independently. The
study was undertaken in triplicate and the mean M#lues (mg/mL) were plotted on an
isobologram using Graphpad Pri8moftware, allowing for a graphical representatfnthe
interaction of the various combinations. The isolgohm can be interpreted by examining the
data points of the ratios where the MIC for eachcemtration is determined in relation to the
independent MIC’s (shown as a straight line), amttapolating synergy (below the line),
antagonism (above the line) and additive in thenitic closest to or on the line (Figure 7.4).
Conventional antimicrobials (not shown on isobodéogy were included in all repetitions. Only

values within the 0-1.25 range were plotted ongbbologram.

7.6 Results and discussion

7.6.1 Essential oil chemistry

Ninety-four compounds were identified in tke gratissmus var. subgratissmus essential oil
representing 93.3% of the total composition (Tah®). The toxicity of the plant may possibly
be attributed to the high concentrations of thdicynonoterpene-phellandrene (20.7%) which
acts as a skin irritant and may cause vomiting @adrhoea if ingested (Windholz, 1976). The
presence ofi-phellandrene is not restricted to tetissimus species and can be found in other
Croton species such a€. stdlulifer as a major constituer(Martins et al., 2000) andC.

sakamalienss as a minor constituent (Radulét al., 2006).
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Table 7.2 Essential oil composition @. gratissimus var.
subgratissimus.

RRI* Compound name %
1032 | a-pinene 6.7
1035 | a-thujene 1.7
1076 | camphene 1.8
1118 | B-pinene 15
1176 | a-phellandrene 20.7
1188 | a-terpinene 0.7
1203 | limonene 2.7
1213 |1,8-cineole 8.3
1218 | p—phellandrene 1.2
1246 | £)-p-ocimene 2.2
1255 | y-terpinene 1.3
1266 | E)-p-ocimene 4.5
1280 | p-cymene 2.8
1290 | terpinolene 11
1296 | methyl heptanoate tr
1386 | 1-octenyl acetate 0.2
1391 | methyl octanoate tr
1402 | @)-2-hexen-1-ol 0.1
1450 | trans-linalool oxide Euranoid) tr
1453 | 1-octen-3-ol 2.1
1466 | a-cubebene 0.1
1476 | cislinalool oxide Furanoid) 0.1
1479  §-elemene 0.1
1482 | @)-3-hexenyl-2-methylbutyrate 0.1
1493 | a-ylangene 0.1
1497 | a-copaene 1.6
1532 | camphor 5.0
1535 | B-bourbonene 0.2
1544 | a-gurjunene tr
1553 | linalool 2.6
1554 | methyl nonanoate 0.1
1571 |trans-p-menth-2-en-1-ol 0.1
1589 | B-ylangene 0.1
1597 | bornyl acetate 0.1
1601 | B-copaene 0.1
1611 | terpinen-4-ol 0.9
1612 | -caryophyllene 2.1
1617 | selina-5,11-diene 0.1
1638 | cisp-menth-2-en-1-ol 0.1
1661 | alloaromadendrene 0.5
1677 | epi-zonarene 0.1
1682 | 5-terpineol 0.1
1687 | a-humulene 0.4
1689 | y-gurjunene tr
1706 | o-terpineol 1.7
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RRI* Compound name %
1719 | borneol 0.9
1725 | verbenone 0.1
1726 | germacrene D 8.6
1730 | bicyclosesquiphellandrene 0.1
1739 | a-muurolene 0.3
1744 | o-selinene 0.1
1755 | bicyclogermacrene 0.5
1759 | a-cuprenene 0.1
1773 | 3-cadinene 0.8
1776 | y-cadinene 0.3
1808 | nerol 0.1
1823 | p-mentha-1(7),5-dien-2.0l 0.1
1830 | 2,6-dimethyl-F),5(E),7-octatrien-2-ol 0.1
1854 | germacrene B 0.2
1864 | p-cymen-8-ol tr
1918 | epicubebol 0.1
1941 | o-calacorene tr
1942 | benzyl cyanide tr
1943 | palustrol tr
1957 | cubebol 0.2
1984 | y-calacorene tr
2008 | caryophyllene oxide 0.2
2017 | methyl eugenol 0.4
2037 | salvial-4(14)-en-1-one 0.1
2057 | ledol 0.2
2064 | a-copaen-11-ol tr
2069 | germacrene D 4-ol 0.1
2080 | cubenol 0.1
2088 | lepi-cubenol 0.1
2096 | elemol 0.3
2101 | germacrene D 1,10-epoxide tr
2127 | 10-epi-y—eudesmol tr
2128 | salviadienol tr
2146 | spathulenol 0.4
2164 | 6epi-cubenol tr
2184 | eugenol 0.2
2185 | T-cadinol 0.2
2209 | T-muurolol 0.2
2214 | torreyol 0.1
2255 | carvacrol tr
2256 | a-eudesmol 0.2
2257 | torilenol 0.1
2258 | B-eudesmol 0.6
2264 | intermedeol 0.3
2272 | alismol tr
2273 | selin-11-en<tol tr
2369 | (Z£,6E)-farnesol 0.7
2389 | eudesma-4(15),7-dieriol 01
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RRI* Compound name %
2622 | phytol 0.1
TOTAL 93.3
*RRI: Relative retention indices calculated agamatkanes

% calculated from FID data
tr = Trace (< 0.1 %)

Major compounds: Major compounds (Figure 7.5) in the essentialadilC. gratissimus var.
subgratissimus comprise ofu-phellandrene (20.7%) and to a lesser extent geenad (8.6%)
and 1,8-cineole (8.3%), representing 37.6% accutiaalg.

a-phellandrene 1,8-cineole geneae D

Figure 7.5 Chemical structures for major compounds idertifia the essential oil o€C.
gratissmus var. subgratissmus.

7.6.2 The HPLC analysis of the leaf, bark and root extract

The yield for the root, leaf and bark extracts wérg4%, 4.04% and 6.41% w/v respectively.
The HPLC chromatograms for the root, bark and é&dfacts indicate some similarity (Figure
7.6) and the retention times, UV absorbance maxanth percentage areas of the major peaks
(>4.00%), identified in each extract, are summarine Table 7.3. Two major compounds
(indicated in bold, Table 7.3) were present inthtee samples (leaf, bark and root) with two
major constituents present in both leaf and bail. d8ix major compounds were noted in the
root material with one compound showing similamtith the bark extract. Further quantitative
and qualitative similarities were noted with thenori compounds where analysis indicates
similarities between bark and root for five compdsin Similarities between eight minor
compounds were also noted between bark and leaf.lddf and root had only two common
compounds. Only three compounds present at lowestgrations (0.15-2.25%) were present in
all samples. The leaves contained 14 compounddetetted in the other samples. Similarly, the

bark exhibited six compounds and root eight compsynot detected in other parts of the plant.
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By combining leaf and root extracts, the numbecaipounds increases from 14 (leaf) or 8
(root), observed independently, to 22 compoundmbination. As the number of compounds
is increased when leaf and root are mixed it igljikhat there would be an increased possibility

of synergistic interactions that may occur to emieaactivity.
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Figure 7.6 TheC. gratissimus var. subgratissmus HPLC chromatogram for root(), bark ()
and leaf {-).

Table 7.3 The HPLC quantification dkaf, bark and root compounds
of C. gratissmus var. subgratissimus.

Retention time | UV absorbance maxima Content and area%

leaf | bark | root

1.625 201.7;281.7;376.7 0.65 - 0.23
1.652 204.0;279.3 - 0.94 -

2.667 205.2;376.7;598.5 2.18 | 1,68 | 0.43

4.113 205.2;375.5;592.2 6.01 | 4.88 | 3.43




Retention time

UV absorbance maxima

Content and area%

leaf | bark | root
4.833 205.2;376.7 3.54 - -
5.032 256.9;592.2 - 3.90 -
5.272 264.0;588.4 - - 2.88
7.460 202.9;273.4;354.2 1.25| 1.32 -
10.164 208.7;273.4;326.8 19.58| 13.87| 6.51
11.451 208.7;273.4;354.2 294 | 1.42 -
11.925 218.1;260.4;291.2 163 | 192 -
14.056 204.0;279.3;376.7 464 | 1.19 -
14.981 224.0;267.5;301.9 - 11.94| 7.23
15.153 234.5;324.4 1.23 - -
16.397 255.7;347.1 0.16 - -
17.007 228.6;269.9;348.3 2.40 - -
17.585 231.0;255.7;348.3 1.23 - -
19.659 234.5;280.5;309.0 - - 0.37
19.818 231.0;268.7;337.5 0.69 - -
20.252 229.8;269.9;337.5 1.58 - -
24.710 242.8;279.3;373.1 - 0.39 -
25.114 233.3;291 - - 1.44
26.197 243.9 - - 0.46
28.556 245.1;373.1 0.44 - -
28.847 236.9;266.3;314.9 4,80 | 4.56 -
29.238 266.3;313.7;434.7 2.78 | 2.58 -
30.934 245.1;265.2;469.5 - 0.94 | 464
31.169 266.3;312.5;452.5 0.81 | 2.58 -
31.368 242 .8;565.4 - - 0.71
31.555 251.0;434.4;595.8 - 1.58 -
32.359 247.5;373.1 2.95 - 0.60
32.539 248.6;399.5;382.4 - 3.60 | 3.61
32.604 252.2 9.76 | 7.43 | 5.83
32.830 241.6;373.1;434.4 1.05 | 3.70 -
33.310 249.8;373.1;403.1 1.25 | 1.42 -
33.583 251.0;373.1;434.4 - 0.57 | 0.31
33.916 254.5;350.6 1.40 - -
33.935 399.5;565.4 - - 4.88
34.037 249.8;348.3 2.47 - -
34.174 246.3;334.0;373.1 1.27 | 0.88 | 2.25
34.421 243.9;373.1;457.5 - 3.00 -
35.491 245.1;373.1;430 0.37 | 0.81 | 0.15
35.565 243.9;374.3 1.50 - -
36.409 242 .8;373.1;428.4 - 0.72 | 1.03
37.235 266.3;565.4 - - 0.83
37.324 251.0;373.1;399.5 0.48 | 0.47 -
37.605 249.8;374.3;406.7 - - 0.07
39.119 251.0;374.3;399.5 0.58 - -
39.374 245.1;565.4 - 1.14 | 1.09
43.374 249.8;273.4;374.3 0.39 | 1.64 | 7.65
45,197 268.7;331.6 0.66 - -
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Retention time | UV absorbance maxima Content and area%
leaf | bark | root
48.280 256.9;273.4;374.3 - 1.82 -
49.857 254.5;319.7;376.7 1.27 - -
52.610 255.7;582.4 - - 1.82
TOTAL 33 29 24

7.6.3 Antimicrobial activity

As noted in literature (Jansseal., 1987; Hinowet al., 1989; Yousef and Tawil, 1980; Pattnaik
et al., 1997; Hammeet al., 1999; van Vuureset al., 2006) and in a number of Chapters in this
thesis (i.eO. asteriscoides, Chapter 3L. javanica, Chapter 5 anél. cymosum subsp.cymosum,
Chapter 6) the correlation between disc diffusiod MIC assays are not always congruent. As
MIC determination demonstrates a more quantitasiseay for assessing susceptibility, it was
selected as the screening method to determine biadogical susceptibility towards the
hydrodistilled oil, leaf, bark and root extracts@fgratiss mus var. subgratissimus prior to the
combination studies. Figure 7.7 represents themgomobial activity determined by the MIC
assay (mg/mL) ofC. gratissmus var. subgratissmus essential oil, and leaf, bark and root
extracts. A literature search @roton species indicated that a number of species haitivyeos
antimicrobial activity for their essential oils (Mgs et al., 2000; Alvianoet al., 2005). In this
study, the essential oils showed moderate act{itgl mg/mL) against six of the pathogens
studied. Fourpathogens & aureus, S. epidermidis, B. subtilis and E. coli) showed poor

susceptibilities (13-32 mg/mL) towards the essénila.

The leaf, bark and root extract, however, showejhéri efficacies than the oils against all the
pathogens studied. Upon further analysis of theaetd, no general trend could be found for the
Gram-positive organisms. All three Gram-negativgamisms [E. coli, P. aeruginosa and K.
pneumoniae) showed highest efficacy for the leaf extractshwihe bark and root having
equivalent susceptibility patterns. Both yeastsicaigd a consistent MIC value for all three
extracts i.eC. albicans (6 mg/mL) andC. neoformans (2 mg/mL). In a study by Shal al.
(1999), information was provided by the traditiohalalers of Lesotho on the administration of
plant material. Healers indicated that the rootsevithe most commonly used part of the plant.
From the leaf, bark and root efficacies noted iis gtudy, the root was found to have either
equivalent activities (for six pathogens) or higkéicacies (for four pathogens) of all pathogens
studied.
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Figure 7.7 The MIC (mg/mL) ofC. gratissimus var. subgratiss mus essential oil (EO),
and leaf, bark and root extracts.

The traditional use of the root, leaf and bark a&ots (van Wyket al., 1997; Hutchingst al.,
1996; von Koenen, 2001) together with the findindmt the extracts indicated higher
antimicrobial properties than the oils, led theus®f this study towards examination of the
interaction between the plant parts when used mbaation therapy. The leaf, bark and root of
C. gratissimus var. subgratissmus were mixed in equal aliquots and thereafter a M#Sag
carried out on the combinations. Results (Tablg ihdicate that when a combination of leaf,
bark and root is studied, antimicrobial efficacym®stly enhanced for all pathogens except one
(S. epidermidis) where the MIC in combination is lower than thafland root independently, but
higher than the MIC obtained for the bark extrdohe. The antimicrobial activity for all other
pathogens indicated a lower than or equal to MIfQesén combination, than when the leaf, bark

and root extracts were investigated independently.

When the leaf and bark extracts were combinediactias enhanced only fdt. faecalisandC.
albicans. Antagonism (where the FIC = >4) was found agaihsed of the ten pathogens
studied. A predominantly indifferent interaction svaoted for leaf and bark combination and

only one test organisn€( albicans) demonstratedn additive profile
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Table 7.4 The MIC values (mg/mL) for the leaf, root and bafk gratissmus var.
subgratissimus extracts, singularly and in combination with th€E|

1:1:1 Leaf,

1:1 Leaf and

1:1 Bark and

1:1 Leaf and

*2

Pathogen Leaf Bark |Root bark and root bark root root Control
Saphylococcus aureus
ATCC 12600 23| 06| 04 0.3 2.0(4.2) 0.4 (1.6) 1.0(29) 11m%
Enterococcus faecalis
ATCC 29212 6.0 6.0| 2.6 1.3 4.0 (1.4) 1.3(0.7) 1.5(0 [0.3x10°
Bacillus cereus
ATCC 11778 15| 09| 08 0.3 1.0(1.8) 0.3(0.7) 0.7(1.3) | 0.5x18
Saphylococcus
epidermidis 40| 08| 4.0 1.0 4.0 (6.0) 3.0(4.5) 2.0(1.0) | 1.6x18
ATCC 2223
Bacillus subtilis
ATCC 6051 15| 05| 03 0.2 2.0(5.3) 0.2 (1.0) 0.5(1.9) | 0.3x18
Escherichia coli ]
ATCC 11775 20| 4.0| 4.0 2.0 3.0(2.3) 1.5(0.8) 4.0(3.0) | 01x18
Klebsiella pneumoniae
ATCC 13883 40| 6.0| 6.0 2.0 4.0 (1.7) 3.0(1.0) 2.0(0.8) | 0.2x18
Pseudomonas
aeruginosa 1.0| 201 2.0 0.6 2.0(3.0) 1.5(1.5) 0.5(0.8) | 0.3x18
ATCC 9027
Candida albicans 3
ATCC 10231 6.0/ 6.0 53 1.0 40(0.7)| >8.0(>80) 20(0.8) AR
Cryptococcus
neoformans 20| 2.0| 2.0 0.6 4.0 (2.0) 0.8 (0.8) 0.4 (0.4 0.6 X10
ATCC 90112

FIC™ is shown in brackets for all 1:1 combinations vehivo plants were studied.
2 Ciprofloxacin and amphotericin B served as costfot bacteria and yeasts respectively.

For the bark and root combination, a lower MIC ealvas obtained for pathogelsfaecalis, B.

cereus, B. aubtilis, E. coli, K. pneumoniae andC. neoformans, than when investigated against the
bark or root independently. The FIC for these pa#ims indicated an additive effect (FIC = 0.5-

1) when combined in a 1:1 ratio. Faraureus having a FIC of 1.6 anB. aeruginosa having a

FIC of 1.5, an indifferent profile was observed eTgreatest antagonism (FIC>4) was noted

for the pathogers. epidermidis (FIC 4.5) andC. albicans (FIC >8). Candida albicans also

showed the least sensitivity when combined, witii€ value of >8 mg/mL when compared

with the root and bark independently having MIC wes of 5.3 mg/mL and 6 mg/mL

respectively. The FIC foC. albicans showed the highest antagonism of all the pathogens

studied. No synergy was noted for the root and tdmd&n used in a 1:1 combination.

When the leaf and roots were combined in a 1:b rétie test pathogeiss cereus, E. faecalis, S

epidermidis, P. aeruginosa, K. pneumoniae, C. albicans and C. neoformans had MIC values

lower in combination than when investigated indejgsly. The FIC for these pathogens with
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the exception oB. cereus and C. neoformans showed an additive profile. Only. neoformans
demonstrated synergism when combined. The pathdgemseus, B. subtilis andE. coli had
varying sensitivity patterns in combination wittetMIC’s, indicating values lower than or equal

to one plant part only.

While these results give an indication of interactbetween the plant parts, the methodology is
restricted to only a 1:1 combination. Isobologrameiaction studies were thus undertaken which
took into account more than one ratio of the tebtstance. The leaf and bark combination was

selected for further isobologram studies to vaédheir ethnobotanical therapeutic use.

Table 7.5 Raw data for the isobologram construction foBo€ereus.

A B. C. D.

Row | Concentration in mg/mL MIC values Ratio values
in X Y X Y X Y

plate (roots) (leaves) | (roots) (leaves) (roots) (leaves)
1 16.0 0.0 0.80 0.00 1.000 0.000
2 14.4 1.6 0.90 0.10 1.125 0.050
3 12.8 3.2 0.80 0.20 1.000 0.100
4 11.2 4.8 0.70 0.30 0.875 0.150
5 9.6 6.4 0.90 0.60 1.125 0.300
6 8.0* 8.0* 0.25* 0.25* 0.313* 0.125*
7 6.4 9.6 0.20 0.30 0.250 0.150
8 4.8 11.2 0.15 0.35 0.188 0.175
9 3.2 12.8 0.20 0.80 0.250 0.400
10 1.6 14.4 0.20 1.80 0.250 0.900
11 0.0 16.0 0.00 2.00 0.000 1.000

*The 1:1 ratio as determined from the raw dataés@nted as a red square on the isobolograms.

The isobolograms for all ten pathogens are giveth véidjacent MIC plots (for relative
comparison) in Figures 7.8-7.27. In order to clahbw the isobologram were constructed, a
layout of the raw data for one test organidndereus) is given in Table 7.5. The first column
(A.) represents the microtitre well in which thextore of the two test substances was prepared.
Any arbitrary number may be given. The concentratibthe two test substances X and Y were
mixed in various ratios. This is reflected in columd. For this study, the roots and leaves were
mixed so that the concentration in the first wedfdse further dilution of each ratio is given.
Column C presents the MIC results in mg/mL as deteed relative to the original
concentration given in column B. Column D is théaaf the MIC results (Column C) with

reference to the independent MIC results when niaedn This ratio is then plotted on the



isobologram which figuratively presents the resaksither synergistic, antagonistic or additive
(Figure 7.4). Ratios are plotted within the sca®bil.25. Any outlying values with antagonistic
profiles greater than that within the scale are displayed on the isobologram. Trew MIC

data can be noted in Table A1, Appendix A.

The isobologram combination studies for the Grarsitp@ organisms do not show any specific
pattern. FoB. cereus, synergy was observed in four ratio points oniso®olograms where the
leaf material were equivalent and in majority (Figu.9). However, the FIC (Table 7.4) #Br
cereus shows indifference (1.3) for the 1:1 ratio of leaid root combination. Observation of the
MIC data forB. cereus (Figure 7.8, Table 7.4), indicates that the comdiMIC value (0.7
mg/mL) is lower than the MIC value for leaves (Irg/mL) and MIC value for roots (0.8

mg/mL).

The Staphylococci having FIC values of 2.9 and 1.0 for the speeieeus and epidermidis
respectively (Table 7.4) show similar concentratt®pendent additive to indifferent profiles,
with the 1:1 ratio of the isobole being on the Iifféggure 7.11 and 7.13). Results obtained for

both combination methods are consistent.

Antimicrobial activity of B. cereus B.cereus
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o g 0.25-]
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m 1:1 leaf & root 000 025 050 075 100 125
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Plant part combination/MIC roots
alone
Figure 7.8 Figure 7.9
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Antimicrobial activity of E. faecalis E. faecalis
w1257
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Figure 7.8 - Figure 7.17 The antimicrobial efficacy of the Gram-positive ttesganisms B.
cereus, S aureus, S epidermidis, B. subtilis and E. faecalis respectively) against the leaf, bark
and root extract independently and in a 1:1 contlunawith the adjacent isobologram of leaf
and root combination.

Bacillus subtilis indicated antagonism for five of the nine ratioghwthe highest antagonism
noted where the roots were at a 90% concentrabome. to the scale, this is not noted on the
isobologram. Where the roots were in majority aotagm was observed. As the root
concentration decreases and leaf concentratioreases, synergy becomes apparent (Figure
7.15). The isobologram, for this pathogen indicateg depending on the concentration of the
combination, synergy may be attained, however, Ishtlie concentration vary, antagonism
would be encountered. This can also be noted irmadj@cent bar graph (Figure 7.14) where the

combination is synergistic when comparatively exsediwith the leaf but not with the root.

For E. faecalis, all ratios (Figure 7.17) where leaf concentratiees higher than root, a mostly
additive profile predominated. Where root concdigrais higher than leaf concentration and
where concentrations are equal a synergistic grgfiedominated. The 1:1 ratio (Table 7.4)
indicates how efficacy is enhanced when compargtiveserving the independent profiles. The
FIC (0.8) forE. faecalis indicates an additive effect in the 1:1 combinatibus corroborating

results obtained in the isobologram study.
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Antimicrobial activity of K. pneumoniae K.pneumoniae
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Figure 7.18 - Figure 7.23 The antimicrobial efficacy of the Gram-negativet teganisms K.
pneumoniae, P. aeruginosa andE. coli) against the leaf, bark and root extract indepetig@nd
in a 1:1 combination with the adjacent isobologiarteaf and root combination.
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The isobolograms for the Gram-negative test orgast. pneurmoniae (Figure 7.19),P.

aeruginosa (Figure 7.21) andcE. coli (Figure 7.23) all indicate a ratio dependent pattéll

ratios fall mainly within the additive profile raagThe 1:1 combination of leaf and root #r
pneumoniae andP. aeruginosa indicated an additive effect when the FIC was eitged (Table
7.4).

Both yeasts,C. albicans and C. neoformans investigated in combination studies showed
synergism for most ratios when observing the isodp@m data (Figure 7.25 and 7.27). The FIC
for C. albicans (0.8) indicates an additive effect whereas @meoformans the FIC (0.4) was
synergistic. In both 1:1 FIC combination studiesd aisobologram ratios the leaf / root
combination forC. neoformans indicate the greatest synergistic patterns. Theaefy againscC.
neoformans, a respiratory pathogen, may be correlated wighttaditional use o€. gratissimus
where the plant is used as a treatment for lungrmhation. The adjacent MIC bar graphs
(Figure 7.24 forC. albicans and Figure 7.26 fo€. neoformans) confirm synergism, where it can

be noted that MIC values show higher efficaciescombination than when investigated

independently.
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Antimicrobial activity of C. neoformans C. neoformans
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Figure 7.24 - Figure 7.27 The antimicrobial efficacy of the yeast€.(albicans and C.
neoformans) against the leaf, bark and root extract indepemgamid in a 1:1 combination with
the adjacent isobologram of leaf and root combamati

*Due to the close proximity of the ratio points the isobologram, no red square was inserted foll theatio as
this would impair data visualization

Research into antimicrobial synergy configuratibas in the past been very vaguely defined and
experimental procedures and conclusions based lgrooa experimental procedure (Lambeirt

al, 2003).Synergy as determined by the FIC method variesterpretation of results and may
either be expressed as an FIC of <1 (Berenbaun8)1®7/< 0.5 (ESCMID, 2000). The FIC
synergistic investigation d®. gratissmus var. subgratissimus was standardized according to the
most recent literature (Schedzal., 2006) with true synergy been expressed as aoFKC0.5.
Antimicrobial synergy assessment for this study wased on more than one method and as
results indicate, methodologies were not alwaysagneement. In Chapter 11.13, method
variation with regard to synergy studies is disedsdurther. If one compares the FIC
methodology with the isobolograms, five of the teathogens show congruency, with two
additional pathogensS( aureus and B. subtilis) showing partial congruency. One possible
hypothesis for the variability of these results Idobbe due to dissimilar mechanisms of
interaction as noted by different methods (Bealt &atherland, 1983). It is clear, however, that
when comparing the different plant part combinationa 1:1 ratio, the combination of leaf and
root demonstrates the greatest efficacy of thecaribinations, having five additive profiles and
one synergistic profile for the ten test pathogemslied. The benefit of combining leaf and root
plant parts ofC. gratissmus var. subgratissimus is also apparent in the isobologram studies

where a predominant trend is seen where most ratioss an additive profile, or close to an
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additive profile, for most pathogens studied. Tlahpgens showing the highest synergistic
profiles €. faecalis, C. albicans, C. neoformans and selectively forB. cereus) correlate

somewhat with diseases for which the plant is tiaaklly used for.

Studies such as this give credibility to the uselaht part mixtures for therapeutic treatment.
There are many screening studies that focus oranlienicrobial efficacies of different plant
parts. Earlier studies (Vlietinoét al., 1995) have examined antimicrobial efficacieshef fruit,
leaf, root, barks, seeds and whole plant of Rwamdasdicinal plants. More recent studies
(Eldeenet al., 2005) have examined the leaf, root and barlenfSouth African trees for their
antimicrobial potential. These studies and manyerstiCacerest al., 1991; Rabe and van
Staden, 1997; Liret al., 1999; Drewest al., 2005) have however, investigated the different
parts of the plant as separate entities. A recardysby Lewuet al. (2006) comparatively
evaluated the antimicrobial efficacy of the roats deaf material oPelargonium sidoides. Even
though the ethnobotanical use of many plants irm@ates mixes of the different plant parts,
there has been very little scientific evidence upport the interactive efficacies of the different
parts of the plant when combined. Furthermore,istudnCroton species have narrowly focused
on the investigation of specific compounds from species, such as the isolation of diterpines
from the leaves o€roton zambesicus (Block et al., 2004), the ethnopharmacological study of
the chemical constituents within the roots @foton cajucara (Maciel et al., 2000) and
investigations on the chemical composition of tlaekboil of Croton stellulifer (Martinset al.,
2000). The outcome of this study was to examindritezaction of plant parts rather than taking

a reductionist approach to assess the antimicrabtality of a plant.

7.7 General conclusions

o The major constituents of the essentialodiCroton gratissimus var. subgratissimus area-
phellandrene (20.7%), germacrene D (8.6%) and ibgbte (8.3%), representing 37.6%

accumulatively.

o The extracts of leaf, bark and root when investidaindependently indicated better
antimicrobial activity (0.3-6.0 mg/mL) than the hgdistilled leaf essential oil (4.0-32
mg/mL).



The MIC and FIC results indicated variable effiescfor the plant combinations with the
highest efficacy noted faCryptococcus neoformans in the leaf and root combination (MIC
value 0.4 mg/mL and FIC of 0.4).

The pathogens showing the highest synergistic Ipsofin the isobole method of
determining synergy werBacillus cereus, Enterococcus faecalis, Candida albicans and
Cryptococcus neoformans which correlate with the ethnobotanical uses efglant to treat
respiratory disordersEfterococcus faecalis and Cryptococcus neoformans) and abdominal

complaints Bacillus cereus).
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Chapter 8

A seasonal and geographical studgf Heteropyxis natalensis Harv .

essential oil and effect of stereochemistry on amtiicrobial activity.

8.1 Introduction

The family Heteropyxidaceae has only three repteseas in southern AfricaHeteropyxis
canescens, Heteropyxis dehniae andHeteropyxis natalensis. The most noteworthy ideteropyxis
natalensis Harv,, a tree known for its therapeutic properties (Véaid Breyer-Brandwijk, 1962;
van Wyket al., 1997; van Wyk and Gericke, 2000). A literatureieavon this species identified
two seasonal variation studies that had been daoug (Weyerstahét al., 1992; Chagondat

al., 2000), however, the major essential oil constita established in these two investigations
varied, even though plant sampling was undertakerthe same region. No antimicrobial
investigation was undertaken in these two studisother study (Gundidzat al., 1993)
reported the antimicrobial properties and phytottrents of ZimbabwearH. natalensis

species, but studies were restricted to disc ddfumethods only.

It is known that phytochemicals are often goverbgdexternal factors such as soil quality and
climate, and biological activity is directly reldt¢éo the chemical composition of a plant, which
may be subject to quantitative and qualitative atsvn. Seasonal fluctuation of
phytoconstituents may or may not impact on thenaintbbial activity. WhileH. natalensis has
been cultivated in Zimbabwe for further commerdatelopment (Chagond# al., 2000), this
study on the seasonal variation of South Afriddnnatalensis species was undertaken to
determine if there was any quantitative and / alitptive variation in essential oil composition
as noted in the Zimbabwean oilBhe purpose of this study was to collect, hydradastd
analyze the essential oils obtained from threeviddal trees oH. natalensis and to characterize
the essential oils thereof on a monthly basis. géw@graphical variation within South Africa was
also investigated to determine if oil compositiowl anicrobiological activity is dependent on the

origin of the plant material.
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8.2 Botanical description

Heteropyxis natalensisis a deciduous tree growing to approximately tetres in height. It has
strongly aromatic foliage, a branched trunk andadeqgreen bark, which has a distinctive
mottled appearance (Figure 8.1). The leaves ardl,ssimaple, narrow, oblong / elliptic and are
arranged spirally. They are pale-green on the wlerwith a shiny dark-green upper. The
leaves may appear red-tinged when the tree is yowang Wyket al., 1997). The leaves have a
strong lavender odour, which is emitted in the smrhence the vernacular name “lavender
tree”. The flowers (Figure 8.2) are yellowish-gre@rconspicuous and are in bloom between
December and March. They are usually followed bwlgnoval, dry capsules (fruit), which
appear between March and May. The genus name igedeirom Greek “Hetero”- meaning
different, and a Latin “-pyxis” meaning “the comiar with the lid”. The latter refers to the fruit

(capsule), which is sometimes called the pyxidiManter and Venter, 2002).

Figure 8.1 Figure 8.2
Heteropyxis natalensis (Figure 8.1) and leaves with smailiconspicuous flowers
(Figure 8.2.

8.3 Distribution

Heteropyxis natalensis grows naturally in the north-eastern part of SAiiica (Figure 8.3), on
the coastal and inland regions extending fromtke’s place of origin, which is KwaZulu-Natal,

through to Mpumalanga, northern Gauteng regionsNorthern Province.
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Figure 8.3 The geographical distribution éf.
natalensis in southern Africa (SANBI).

8.4 Medicinal uses

Heteropyxis natalensis is used traditionally to treat respiratory disordexs,a decongestant and
as an anti-infectant (van Wyt al., 1997). The leaves are mainly used for medicinappses
and prepared as a tea (van Wyk and Gericke, 2@00¢concoction of the roots is prepared and
the steam inhaled. Both the Venda and Zulu comnasnitave reported on the medicinal values

of H. natalensis (Watt and Breyer-Brandwijk, 1962).

8.5 Methods
8.5.1 Chemical aspects

Plant collection and distillation of essential oils For the seasonal variation study, the aerial
parts from three individual trees (A, B and C) weodlected from the Johannesburg Botanical
Garden (JHB BG) on a monthly basis, for the ye&@42@ue to the semi-deciduous nature of the
tree no plant samples were obtained from for Jon8&dptember and only one tree produced

sufficient foliage in October.
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Table 8.1 Collection data foH. natalensis harvestedn the Johannesburg Botanical
Garden.

Sample Voucher | Material distilled | Essential oil yield Average temperature
C)] (% wiw) (°C)*

A, January SVvv897 10425 0.20

B, January SVvVv898 419.0 0.10 20.5

C, January SVVv899 257.0 0.10

A, February SVV922 948.4 0.20

B, February SVVo23 400.2 0.10 19.5

C, February SVVv924 405.6 0.20

A, March SVV954 510.0 0.20

B, March SVV955 587.8 0.10 19.0

C, March SVV956 485.1 0.10

A, April SVV972 460.6 0.20

B, April SVV973 490.0 0.10 16.0

C, April SVVv974 460.6 0.10

A, May SVVv993 336.7 0.10

B, May SVv994 158.8 0.10 13.0

C, May SVV995 455.2 0.10

A, October SVV1069 450.0 0.10 17.5

A, November | SVV1071 780.0 0.10

B, November | SVV1072 455.0 0.04 18.5

C, November | SVV1073 816.0 0.20

A, December SVvWV1074 1296.0 0.10

B, December SVV1075 811.0 0.10 19.5

C, December SVV1076 840.0 0.10

" Average temperature at sampling is calculated e@snémn of the maximum and minimum temperature for
that month(http://www.weathersa.co.za/FcastProducts/LongR&fewSeasonEyeBall.jsp).

For the geographical variation study, plants weréected from Cullinan and Verena (Gauteng);
Nelspruit (Mpumalanga); Lagalametse and WaterbeéMgrthern Province) and Balakane
(Swaziland). With the ex ception of the Balakane sample (abdd in November), all

collections were undertaken in the month of Febywaravoid any impact on possible seasonal
variations that may occur.

Voucher specimens for seasonal (Table 8.1) and rgpbigal (Table 8.2) sampling were

deposited in the Department of Pharmacy and Phariogyg University of Witwatersrand. The
plants were distilled as described in Chapter 2.5.1

124



Table 8.2 Collection data foH. natalensis sourced from various localities.

Locality Voucher Material distilled (g) | Essential dl yield (% w/w)
Cullinan AMV771 700.0 0.3
Verena PMB703 559.0 0.2
Nelspruit ADC721 421.5 0.2
Lagalametse ADCAV181 450.0 0.1
Waterberg PMB738 499.2 0.1
Balakane ADCAV140 380.0 0.1

Gas chromatography (GC) and GC-MS dataThe GC analysis was performed on a Shimadzu
17A gas chromatograph using the parameters asildbesan Chapter 2.5.1. Oil samples were
quantitatively analyzed with GC-MS using the Hewlackard 1800A GCD system (Chapter
2.5.1.). Using quantitative data obtained from BE-MS analysis, a cluster analysis was
performed on the essential oils from three seassaraples (February, plants A, B and C) and a
further sixH. natalenss samples from different localities dendrogram (Figure 8.8) presents
the data using the NTSYS-pc software package (vergi0) analysed by a phenetic program
(Rohlf, 1998). Correlation of similarity was seledtfor the basis of analysis and the unweighted

pair-group method with arithmetic average (UPGMAgswised for cluster definition.

Thin layer chromatography (TLC): TLC plates were developed for the essential on=as
obtained from the seasonal variation study to distalf there was obvious seasonal variation in
the essential oil components. Samples were predaygulacing 2ul of diluted (1:7 hexane,
Merck) H. natalensis essential oil on silica gel TLC plates (AlugramS& G/UVs4, 0.2 mm).
The plates were developed with ethyl acetate aleene (Merck) at a ratio of 7:93 and dried at
ambient temperature. Plates were observed undevidliet light (254 nm) and thereafter
sprayed with an anisaldehyde-acetic-sulphuric ezadient. This was prepared by mixing 0.5 mL
anisaldehyde (Fluka) with 10 mL glacial acetic afiderck), followed by 85 mL methanol
(Merck). The TLC plates were subsequently placetheoven at 110 °C for five minutes to

enable visualization of the separated compoundg(\&aand Bladt, 1995).
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8.5.2 Antimicrobial aspects

Culture, media preparation and assays were uncertaiccording to the NCCLS (2003)
guidelines (Chapter 2.5.2.). Quantitative MIC ass@yarsoret al., 1995; Eloff, 1998aNCCLS,
2003) were performed on the hydrodistilled oil gietmine if:

e The antimicrobiakfficacy supports the traditional use.

Results correlate with that found in literature (@idzaet al., 1993).

e Seasonal variation exists.

e Geographical variation is evident between distaputations.

e Structure-activity relationships between major tibmsnts and biological activity were

evident.

As the traditional use ofl. natalensis is for respiratory tract infections, eight micrabtest
organisms were selected for the seasonal variatioty based on their respiratory pathogenesis.
A clinical Gram-negative respiratory pathog®toraxella catarrhalis was included in the study.
This opportunistic respiratory pathogen has seiapications in upper and lower respiratory
tract infections, bronchitis, pneumonia and mayneve associated with sinusitis and otitis media
(Laurans and Orfila, 1991; Verduet al., 2002). The study on the Zimbabwddnnatalenss
species undertaken by Gundidzaal. (1993) has shown antimicrobial sensitivity towattis
pathogen and was included in this study to deteFrfisimilar sensitivity patterns exist for the

South AfricanH. natalensis samples.

In addition to theH. natalensis samples examined for seasonal variation, a furserH.
natalensis samples were selected from different regions terd@he any geographical variation
within the MIC data. Antimicrobial MIC assays wédiraited to five pathogens (Table 8.6) due to

limited oil acquisition. Pathogen selection wasdobgn the traditional use bf. natalensis.

All MIC assays were undertaken at least in trigécavith the seasonal mean and standard
deviation presented in Table 8.5. The geograpmezdn with standard deviation is presented in
Table 8.6. The geographical MIC data (Table 8.6 weouped according to sensitivity, with
poor susceptibility classified as 16 - >16 mg/mlodarate susceptibility with MIC values 8 -
<16 mg/mL, moderate to good susceptibility with MMalues 4 - <8 mg/mL and good
susceptibility with MIC values <4 mg/mL. A clustanalysis was performed from this data using

the same parameters as described with the GS-Mgclanalysis and presented-igure 8.10.
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Interaction between limonene and 1,8-cineolelfhe GC-MS data confirmed that limonene and
1,8-cineole are predominantly present as the twgomeompounds inH. natalenss. The
enantiomeric configuration of limonene with 1,8emte was investigated for antimicrobial
activity according to the MIC microtitre plate methas described previously. The compounds
1,8-cineole at 98.0% purity (Lot 1054365) was atedi from Sigma-Aldrich. S(-)-Limonene at
99.0% purity (Lot 054076) was obtained from Flukal §R)-(+)-limonene at 97.0% purity (Lot
301TIl-101) was obtained from Sigma-Aldrich. The @ounds were prepared at starting
concentrations 128 mg/mL and assayed with lthenatalensis essentialoil. Assays were

undertaken in triplicate and the mean document&dhbre 8.7.

Table 8.3 Raw data for the isobologram constructiorsadureus.

Concentration in mg/mL MIC values Ratio values
X Y X Y X Y
(+/- limonene) (1,8-cineole) | (+/- limonene) | (1,8-cineole) | (+/- limonene) | (1,8-cineole)
32.0 0.0 4.00 0.00 1.000 0.000
28.8 3.2 7.20 0.80 1.800 0.100
25.6 6.4 4.80 1.20 1.200 0.150
22.4 9.6 4.20 1.80 1.050 0.225
19.2 12.8 3.60 2.40 0.900 0.300
16.0¢ 16.0¢ 3.0 3.00 0.750 0.375
12.8 19.2 2.40 3.60 0.600 0.450
9.6 22.4 2.40 5.60 0.600 0.700
6.4 25.6 1.60 6.40 0.400 0.800
3.2 28.8 0.80 7.20 0.200 0.900
0.0 32.0 0.00 8.00 0.000 1.000

*The 1:1 ratio as determined from the raw dataésented as a square on the isobolograms.

The optically active monoterpene, limonene was useddetermine if microbes respond
differently when exposed to the (+), (-) and / acemic mixture of limonene in combination
with 1,8-cineole. The isobologram ratio method asadibed in Chapter 7 (Berenbaum, 1978;
Williamson, 2001) was used and nine ratios i.e0%9%):80:20%; 70:30%; 60:40%; 50:50%;
40:60%; 30:70%; 20:80% and 10:90% of each enanticnferm and the racemate were
thoroughly mixed with 1,8-cineole. The MIC valuesi\g/mL) were determined for each
concentration independently and for the nine ratmsl raw MIC data can be noted in Table A2,
Appendix A. The MIC of all relevant ratios (valuesthin the 0-1.25 range) were plotted as
points on an isobologram relative to the MIC ofdinene and 1,8-cineole independently (shown
as a straight line), allowing for a figurative repentation of the interaction of the various

combinations. Investigations were undertaken inlidag on the following reference test



organisms:S. aureus ATCC 12600, (Gram-positive)P. aeruginosa ATCC 9027, (Gram-
negative) and a yeaét neoformans ATCC 90112. Conventional antimicrobials (not shosmn
the isobologram) were included in all repetitionseinsure susceptibility of the test organism.
The raw data for the isobologram construction fag test organisnS(aureus) is given in Table
8.3.

8.6 Results and discussion
8.6.1 Essential oil chemistry

The GC-MS data identified approximately 173 compisuim theH. natalensis essential oil
representing 72.0-97.8% of the total compositioab(& 8.4).

Major compounds: Two major compounds (limonene and 1,8-cineolenidied by GC were
predominantly present in all seasonal samples.r€igu7 shows the monthly variation of the
different concentrations of the main compounds heree and 1,8-cineole in relation to the sum
of the remainder of the constituents as determimgdGC. Three individual trees (samples
February A, B and C) were selected for further GS-Rhalysis. Major compounds confirmed
were 1,8-cineole (23.9-41.2%) and limonene (18.8%4). The H. natalenss (geographical
study) samples identified limonene and 1,8-cinemdemajor constituents in four localities.
Linalool was found as a major constituent in thengles from Nelspruit (16.7%) and
Lagalametse (11.4%)Z)-3-Hexenyl nonanoate (16.0%) was only presenthe ltagalametse
sample. 3-Pinene at 25.2% was identified as themajnstituent in the Balakane samplg)- (
Nerolidol was present as a major constituent insdraples JHB BG, sample A (12.5%) and C
(16.3%) and only present in negligible quantities the other geographical sampleg)-(
Nerolidol, limonene and R-pinene were not presenthie Lagalametse sample. All major

compounds detected in the variddisnatalensis samples are given in Figure 8.4.
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Table 8.4 Essential oil composition as determined by GC-MS3Honatalensis samples (seasonal and geographical variation study)

Gauteng Mpumalanga Northern Province Swaziland
*

RRI Compound name JHB BG (Feb)

A B c Cullinan | Verena| Nelspruit Lagalametse| Waterberg | Balakane
1032 | a-pinene 1.7 3.2 3.1 3.0 1.9 2.7 tr 3.1 1.9
1035 |a-thujene 0.4 1.2 1.1 0.6 0.6 1.0 - 0.7 tr
1076 camphene - - tr 0.1 - - - - 0.1
1118 | B-pinene 1.1 2.0 1.9 7.6 3.2 6.2 - 2.5 25.2
1132 sabinene - 0.1 0.4 0.1 0.7 0.6 - 0.1 tr
1146 2-methylbutyl acetate - - - - - - 0.1 - -
1174 myrcene 0.5 1.8 2.0 1.6 1.2 3.2 - 1.4 5.1
1183 | p-mentha-1,7(8)-diene Rseudolimonene) 5.2 7.1 4.6 6.0 3.7 3.0 - 6.5 tr
1188 | a-terpinene - - - 0.1 - - - - -
1203 |limonene 18.1 25.4| 16.5 22.8 19.7 15.0 - 23.6 1.8
1213 | 1,8-cineole 33.6 41.2] 239 23.5 29.4 21.7 0.2 39.2 -
1246 | (2)-B-ocimene - 0.3 0.1 0.4 tr 0.2 - - 0.4
1255 |y-terpinene - 0.2 - 1.1 - - - - ir
1265 | (E)-B-ocimene - 0.8 - 15 tr 0.7 - - 25
1274 2-heptyl acetate - - - 0.1 0.1 0.1 0.2 - 0.2
1275 2-methylbutyl butyrate 0.1 tr 0.3 0.3 0.1 0.1 0.4 tr
1280 | p-cymene 3.5 2.5 3.3 3.7 4.3 4.2 0.1 5.8 0.4
1290 terpinolene - 0.1 - 0.2 - - - - 0.1
1303 amyl isovalerate - - - - - - - 0.1 -
1345 4-pentenyl butyrate 0.4 0.5 1.2 1.2 tr 0.2 0.4 0.3 0.2
1391 ¢)-3-hexenol - - - - - - - 0.4 tr
1395 2-nonanone - - .3 0.7 0.3 0.6 2.4 - 1.1
1398 3-methyl-2-butenyl butyrdte 0.3 0.3 1.1 0.6 0.4 0.1 0.4 0.2 0.1
1413 rose furan - - 0.2 - - 0.1 - - 0.1
1429 perillen - - - - tr 0.1 - - tr
1450 | trans-linalool oxide Furanoid) - - - tr tr 0.4 8.8 0.1 tr
1458 | cis-1,2-limonene epoxide 0.3 - 0.1 - tr 0.1 - - -
1466 | a-cubebene - - - - - - - - 0.1
1468 |trans-1,2-limonene epoxide 0.2 - - - - - - - -
1469 3-methyl butyl hexanoate (soamyl i i ) ) i 0.1 i i tr

hexanoate)
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Gauteng Mpumalanga Northern Province Swaziland
*

RRI Compound name JHB BG (Feb)

A B c Cullinan | Verena| Nelspruit Lagalametse| Waterberg | Balakane
1470 2-nonyl acetate - - - - - - 0.3 - -
1471 ¢)-3-hexenyl butyrate - - 0.2 0.1 - - - 0.1 -
1473 E)-2-hexenyl butyrate - tr - 0.2 - - - -
1474 | trans-sabinene hydrate - - - - - 0.1 - - -
1476 | (2)-p-ocimene epoxide - - tr - - tr - - tr
1478 | cislinalool oxide Euranoid) - - tr tr - 0.3 8.0 0.1 tr
1482 fenchyl acetate 0.1 tr tr tr - - - - tr
1483 octyl acetate - - - - - tr - - tr
1497 | a-copaene - - tr 0.1 0.1 - - tr 0.1
1498 | (E)-B-ocimene epoxide - - 0.1 - 0.1 0.1 - - 0.1
1506 decanal - - - - - - 0.1 - -
1521 2-nonanol - - - tr - - 0.4 - -
1541 benzaldehyde - tr tr - tr tr - 0.1 -
1553 |linalool 0.1 1.2 0.5 8.0 0.2 16.7 11.4 2.1 1.0
1559 8,9-limonene epoxide-I tr - - - - - - - -
1565 linalyl acetate - tr - 0.1 - 0.1 0.1 tr -
1571 | trans-p-menth-2-en-1-ol 0.1 tr 0.1 tr 0.1 0.1 - - -
1586 pinocarvone - - tr - - 0.1 - - 0.1
1589 | B-ylangene - - - - - - - - 0.1
1590 | 3-methyl-2-butenyl hexanoate - - tr - - - 0.1 - tr
1591 fenchyl alcohol - - - - - tr - - 0.2
1597 bornyl acetate - - - - - - - - 0.2
1600 | B-elemene - - 0.1 - - 0.1 - - 0.1
1601 | B-copaene - - tr - 0.1 - - - 0.2
1602 6-methyl-3,5-heptadien-2-one - - 0J2 - 0. - - - -
1605 2-undecanone - - - 0.1 - 0.1 0.8 - -
1611 terpinen-4-ol 1.4 1.6 1.4 0.7 0.8 2.1 - 2.3 10.
1612 | B-caryophyllene - 0.1 0.5 0.7 0.1 0.1 - tr 1.9
1616 hotrienol - - - - - - 0.3 -
1625 4,4-dimethyl but-2-enolide - - - - - - 0.1 - -
1628 aromadendrene - - 0.1 - tr - - - -
1630 terpinen-4-yl acetate4=Terpinenyl - - - - tr tr - - -
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Gauteng Mpumalanga Northern Province Swaziland
*

RRI Compound name JHB BG (Feb)

A B c Cullinan | Verena| Nelspruit Lagalametse| Waterberg | Balakane

acetate)

1638 | cis-p-menth-2-en-1-ol - - - tr - 0.1 - - -
1639 | trans-p-mentha-2,8-dien-1-ol 0.1 tr 0.1 - 0.2 - - -
1641 | cis-B-terpineol - tr tr - tr 0.1 - - -
1648 myrtenal - - - - - 0.1 - - 0.3
1661 alloaromadendrene - - - - - - - - 0.3
1664 nonanol - - - - - - 0.2 - -
1670 | trans-pinocarveol 0.1 0.1 tr 0.2 0.1 - - 0.4
1671 acetophenone tr - - - - - 0.1 -
1678 | cis-p-mentha-2,8-dien-1-ol - - 0.1 - 0.1 - - - -
1681 4-methyl-4-vinyl butyrolactone - - - - - - 5.3 - -
1682 | 3-terpineol 0.5 0.4 0.2 0.1 0.3 0.2 - 0.4 -
1687 | o-humulene 0.1 0.2 0.8 0.3 0.3 0.4 - 0.1 0.5
1688 selina-4,11-diene(=4, Fidesmadiene) - - - - - - - - 0.2
1700 | p-mentha-1,8-dien-4-ol (monen-4-ol) - tr tr - 0.1 - - 0.1 -
1704 myrtenyl acetate - - - - - tr - - -
1705 |y-muurolene - - - - - - - - 0.3
1706 | a-terpineol 3.1 3.2 2.3 1.0 3.5 3.0 - 2.8 25
1707 | &-selinene - - - - - - - - 0.1
1709 | o-terpinyl acetate 0.1 tr - 0.1 0.1 0.1 - 0.1 -
1718 | 4,6-guaiadiene (=Guaiene) - - - - - - - - tr
1719 borneol - - - - - - - - 0.2
1723 | cis-1,2-epoxy-terpin-4-ol 0.2 tr 0.1 - 0.1 0.1 - tr tr
1733 neryl acetate - - - 0.1 0.1 - - -
1739 | a-muurolene - 0.1 0.2 - 0.3 0.1 - - 1.0
1740 valencene - - 0.1 - 0.1 - - - 0.2
1742 | B-selinene - - - 0.1 - 0.2 - - -
1744 | a-selinene - tr 0.1 0.1 0.1 0.1 - - 0.6
1750 | cislinalool oxide Pyranoid) - - - - - - 1.9 - -
1751 carvone 0.5 0.1 0.2 - 0.4 tr - 0.2 -
1758 | cis-piperitol tr tr - tr tr - - -
1759 | (EE)-a-farnesene - - - - - - - - tr
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Gauteng Mpumalanga Northern Province Swaziland
*
RRI Compound name JHB BG (Feb)
A B c Cullinan | Verena| Nelspruit Lagalametse| Waterberg | Balakane
1765 geranyl acetate - tr - 0.1 0.2 0.1 0.2 0.1 0.1
1770 |trans-linalool oxide Pyranoid) - - - - - tr 2.0 - -
1773 | &-cadinene 0.1 0.1 0.1 0.1 0.1 0.1 - 0.1 1.2
1776 |y-cadinene - 0.1 0.2 0.1 0.4 0.1 - - 0.6
1797 | p-methyl acetophenone - - - - - tr - - -
1798 methyl salicylate - - - tr - tr - - -
1804 myrtenol 0.1 - - - 0.2 0.1 - - 0.3
1807 | a-cadinene - - - tr tr tr - - -
1808 nerol - - - - - 0.1 - - -
trans-p-mentha-1(7),8-dien-2-ok(trans-2-
1811 . - tr - - - - - - -
hydroxy pseudolimonene)
1826 |y-heptalactone - - - - - - 1.1 - -
1830 2,6-dimethyl-3),5(E), 7-octatriene-2-ol - tr - tr - 0.1 - - -
1845 | trans-carveol 0.5 0.1 0.3 tr 0.5 0.1 - 0.2 -
1853 |cis-calamenene 0.1 tr 0.1 - 0.2 0.1 - 0.1 0.6
1857 geraniol - - - 0.1 - 0.3 - - -
1864 | p-cymen-8-ol 0.2 tr 0.1 - 0.2 0.2 - 0.1 0.1
1875 |trans-2-hydroxy-1,8-cineole 0.1 - - - - - - - -
1882 | cis-carveol 0.2 0.1 - - tr - 0.1 -
1883 benzyl butanoate 0.1 0.1 043 0.1 0. tr 0.2 1 0. -
1896 cis—p—mentha-1(7),8-dien-2-ol=(cis—2— i ir i ) i i i tr )
hydroxy pseudolimonene)
1901 geranyl butyrate - tr 0.1 0.1 0.2 - tr -
1941 | a-calacorene - tr tr tr - tr - - 0.1
1949 | (2)-3-hexenyl nonanoate - - - - - - 16.0 - -
1969 | cisjasmone - - - 0.1 0.1 tr - tr 0.1
2,6,10-trimethyl-7,10-epoxy-2,11-
1989 | jodecadien-6-oNerolidol oxide) 0.4 J i - - J J J J
2001 isocaryophyllene oxide - - 0.2 - 0.5 0.2 - tr 0.1
2008 caryophyllene oxide 1.3 1.2 2. 4.2 7. 1.5 6 4 1.3 4.5
2016 2,6,10-tri_methy|-7_,10-ep0xy—2,_11- _ 0.6 i i ) ) i i i i
dodecadien-6-ol isomer Nerolidol oxide '
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Gauteng Mpumalanga Northern Province Swaziland
*

RRI Compound name JHB BG (Feb)

A B c Cullinan | Verena| Nelspruit Lagalametse| Waterberg | Balakane

isomer)
2029 perilla alcohol - tr - - 0.1 0.1 - tr 0.1
2037 salvial-4(14)-en-1-one - - - - 0.1 - - tr 0.2
2045 humulene epoxide-I 0.1 0.1 0. 0.1 0. 0.1 - rot 0.1
2050 | (E)-nerolidol 12.5 tr 16.3 0.1 0.2 0.8 - tr tr
2051 gleenol - - - - - - - tr tr
2071 humulene epoxide-Il 1.2 0.6 1. 1.0 0. 0.6 - 0.2 0.7
2079 | (E)-p-ionone 0.1 - - - - - - - -
2080 cubenol - tr - - 0.1 tr - tr 0.5
2088 lepi-cubenol 0.1 0.1 0.1 0.1 0.2 0.1 - 0.1 1.0
2096 elemol - - - - - 0.4 - - -
2098 globulol 0.3 0.2 0.6 - 0.8 - 0.3 - -
2100 heneicosane - - - 0.1 - - - - -
2104 viridiflorol - - tr 0.1 - tr - 0.1 0.8
2106 guaiyl acetate - - - - - - - - 0.2
2123 methyl-4-(4’-methy1-3’-pentenyl)-3- i i ) ) i 0.1 i i i
cyclohexenyl ketone

2126 3,7-dimethyl-1,7-octadien-3,6-diol - - - - - - 3.4 - -
2144 rosifoliol - - - - 0.1 tr - - 0.3
2146 spathulenol 0.4 0.6 0.1 0.1 0.9 0.5 1.0 0.1 8 0.
2148 ¢)-3-hexen-1-yl benzoate - - - - 0.1 - - -
2153 neointermedeol - tr - 0.1 - 0.1 - tr 0.6
2164 6epi-cubenol tr tr 0.1 0.1 0.3 0.1 - tr 0.1
2174 cinnamyl acetate tr - - - - - - -
2184 | cis-p-menth-3-en-1,2-diol - 0.1 - - 0.5 - - 0.1 -
2185 T-cadinol 0.3 0.1 0.3 0.3 0.8 0.1 - 0.2 1.4
2187 | y-eudesmol - - - 0.2 - 0.9 - - 5.2
2196 eremoligenol - - - 0.1 - 0.1 - - 1.7
2206 | a-guaiol - - - - - - - - 0.5
2209 T-muurolol 0.1 tr 0.1 tr 0.3 tr - 0.1 0.2
2211 clovenol - tr - 0.1 0.1 - - tr -
2214 torreyol 0.1 tr 0.1 tr 0.2 0.1 - tr 0.6
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Gauteng Mpumalanga Northern Province Swaziland
*
RRI Compound name JHB BG (Feb)
A B c Cullinan | Verena| Nelspruit Lagalametse| Waterberg | Balakane
2247 |trans-a-bergamotol - tr 0.1 - - - - - -
2250 | o-eudesmol - - - 0.6 - 1.1 - 7.5
2255 | w-cadinol 0.3 0.1 0.3 - 0.8 - - 0.2 tr
2257 | B-eudesmol - - - 0.8 - 1.4 - - 3.1
2272 alismol - - - - 0.4 0.2 - 0.1 0.7
2273 | selin-11-en-4&-ol - tr 0.2 0.2 0.3 0.1 - - 0.2
caryophylla-2(12),6(13)-diengzol
2316 (=Caryophylladienol 1) i i 0.1 i i i i i i
caryophylla-2(12),6(13)-dienebol
2324 (=Caryophylladienol 11) - 0.1 - 0.4 0.3 - - 0.1 0.4
2328 E,E)-10,11-epoxyfarnesyl acetate - 0.4 - - - - - -
3,7,11-trimethyl-10,11-epoxy-2,6-
dodecadien-1-yl acetatd=10,11- 1.0 - - - - - - - -
Epoxyfarnesyl acetate)
2350 | carvone hydrat¢=Aralone) 0.2 - - - - - - - -
2352 (E,6E)-farnesol - 0.1 0.3 0.3 0.8 - 0.1 -
2375 | eudesma-4(15),7-dier3dol - tr 0.1 0.1 0.2 0.1 - 0.1 0.5
2385 10-hydroxy calamenene - 0.3 - 0.4 0.1 - 0.1 -
23g9 | caryophylia-2(12),6-dienebol - 01 | t 0.4 0.4 - ; 0.1 0.2
(=Caryophyllenal I)
2392 | caryophylla-2(12),6-dienfbol 02 | 01| 02| 04 0.5 - 0.2 0.1 0.1
(=Caryophyllenal I1)
2438 kaur-16-ene - - - - 0.2 - - - -
2441 3,7-dimethyloct-1-en-3,6,7-tribl - - - - - - 0.5 - -
2501 | phytol acetate - - - - - - - - 1.1
2503 | agglomeronk - - - - - - - 0.4 -
2622 phytol - 0.1 0.4 - 0.6 0.2 - - 2.7
TOTAL 92.3 97.8| 93.6 97.6 93.3 95.3 72.0 97.2 89.1

"RRI: Relative retention indices calculated agairatkanes
% calculated from TIC data
tr = Trace (< 0.1%)' = Tentative identification from Wiley, MassFindérlams libraries.
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Figure 8.4 Chemical structures for major compounds iderttifie the essential oil of various.
natalensis samples.

Seasonal variation: The essential oil yield for the seasonal studytbmatalensis varied (0.04-
0.2%) with higher yields in the late summer montliminary TLC comparisons were undertaken
to investigate if variation in chemical profilesiged between seasonal samples. Similar profiles
were obtained for all samples from the three irdtlial trees studied with a representative profile
given in Figure 8.5 and Figure 8.6. Confirmation aifromatograms depicting 1,8-cineole and
limonene as major constituents were made by cosgramwith the commercially obtained standards
(not shown in Figure 8.5 and Figure 8.6).

The monthly fluctuation of 1,8-cineole and limondaeels in the essential oil showed tree-to-tree
variation within a single site as well as varialyilbon a monthly basis (Figure 8.7). The highest-tre
to-tree variability for limonene is noted in Noveenlor plant B, which contains 4% as opposed to
plant A with 26%. Other variations within the inalual plant sampling show monthly fluctuations
in limonene content, as is the case in May witmPE having 7% and plant A having 29%. Both
these months fall on either side of the winter merdnd seasonal changes could possibly account
for this variation. The total plant to plant vaiat within a population for limonene was between 4-
29% (depicted in blue, Figure 8.7).
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The TLC chromatograms indicating similar profiles fplant A, sampled monthly
(Figure 8.5 and Figure 8.6) representing similar profiles for three individyddnts

within a population.
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Figure 8.7 The monthly variation of imonene and 1,8-cine@earded for three individual
H. natalensis plants at the same locality.
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Fluctuation of 1,8-cineole within plant populatiosisowed the highest variation for January (plant
A: 60% and plant B: 79%) and December (plant A: 4318 plant B: 28%). Both months fall within
the mid summer season. In general plant to planati@n within a population for 1,8-cineole was
between 13-20% (depicted in red, Figure 8.7).

The concentration of limonene in plant A has shawmn11% seasonal variation throughout the
period of analysis. 1,8-Cineole, indicated highenaentrations in January, February, March, and
April (55-65%), with lower concentrations obtainet May, October, November and December,

(38-47%). The overall seasonal variation for 1j8oie in plant A was 18%.

For plant B (Figure 8.7), the concentration of lmeae was low in January (11%), increased in
February, March, and April (21-23%), and decreaagain in May, November and December (4-
15%). 1,8-Cineole had higher concentrations in danand February (65-79%), with concentrations
decreasing in March and April (38-44%), increasedMay (57%), and again decreased in
November and December (28-29%). The seasonal iwarifdr plant B is 19% for limonene and
51% for 1,8-cineole.

For plant C (Figure 8.7), the concentrations ofoimane were lower in January (7%) and February
(18%) than in the later months (21-26%), with asseal variation of 19%. 1,8-Cineole was found
in higher concentrations in January (78%), whichreased in the later months (46-52%), with a

seasonal fluctuation of 32%.

The two major compounds (limonene and 1,8-cinectddiectively present in the essential oilsHbf
natalensis made up between 32% (plant B, November) to 90%n{pB January) of the total
composition. One would assume that three plantsyigg in close proximity within a population in
cultivated conditions (Johannesburg Botanical Gasjlevhere irrigation is regular, would yield a
relatively standard composition. This was not tasecin this study where fluctuations of the sum of
the two major constituents show up to a 58% vanmti

Seasonal variation studies &h natalensis by Weyerstahkt al. (1992), on the leaves of plants
collected in Zimbabwe had a lower oil yield (0.986)that found in this study. More interestingly,

however, was the difference in composition. Theamapmpounds found in the Zimbabwean oils in



the summer months werg)¢(f—ocimene (29%) and linalool (26%). In the winter rtienlimonene
(21%) and 1,8-cineole (40%) were dominant. The GE-adhalysis of the three February samples
(A, B and C) from JHB BG indicates that these coomuts were found in negligible quantitieg){
f—Ocimene was absent in plant A, with minor constitussmposition 0.3% and 0.1% in plants B
and C respectively. Linalool, although present agomconstituents in other geographical regions,
were only present as a minor constituent here septeng 0.1%, 1.2% and 0.5% for plants A, B and
C respectively. This study also noted that limonand 1,8-cineole, both major constituents, were
consistently predominant throughout the winter amshmer months. In another seasonal study, also
undertaken in Zimbabwe (Chagondaal., 2000), linalool (26.5%) and 1,8-cineole (37.2%gre
found to be the major constituents in winter fothbthe wild and cultivated plants. In the summer
months, linalool (26.5%), limonene (13.3%) and dij8ole (24.7%) were seen as major
components. For this study, limonene concentrationshe three separate plants within the month
of February varied between 16.5-25.4%. 1,8-Cinemdenposition varied between 23.9-41.2%.
These results correlate more closely with the stuttlertaken by Chagondaal. (2000), than when
comparatively examined with the study done by Wetgdtlet al. (1992). The average climate for
Harare, Zimbabwe (information obtained from an eigyear mean, http://www.climate-
zone.com/climate/zimbabwe/celsius/harare.htm), ceted very little temperature variation when
compared to the seasonal sampling in this studg.oMerall variation for the Zimbabwean oils was
between 2-5 °C with more variation in the winterntins. For the South African oils studied here, a
temperature variation of 1-7.5% was noted with dheatest difference found in May, also being a
cooler month of the year. Thus, one may deduceitth&unlikely that essential oil variation féf.

natalensisis determined by climatic conditions

Geographical variation: The chemical diversity noted between the Zimbalmwda natalensis
essential oils and that noted from this study bhbugbout the postulation that geographical
distribution might play a role in composition vdility. This geographical variability is not novel
and can be noted in studies Arafra (Viljoen et al., 2006) anderiocephalus species (Njenget al.,
2005) where the oil composition varied quantitdgvend qualitatively within and between natural
populations and showed little or no correlationgemgraphical distribution. A study investigating
the geographical variability within South Africdh natalensis populations was hence undertaken.
The geographical oil yield dfi. natalensis from six different localities showed little varian (0.1-
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0.2%) with only the sample from Cullinan having am@what higher yield (0.3%). The oil
compositions are given in Table 8.4.

The percentage composition of the essential oiinfid. natalensis representing seven different
localities was studied and a dendrogram (Figurg\Ba® generated using the 173 different chemical
compounds identified by GC-MS (Table 8.4). Four mgjpes were identified with two groups
closely related with a similarity coefficient of831. TheH. natalensis sample from Lagalametse is
distinctly different from all other samples, whehe characteristic major constituents limonene and
1,8-cineole are absenfZ)-3-Hexenyl nonanoate predominantly present (16.0%9 absent from all
other H. natalensis samples. Also uniquely different was tHe natalenss sample from Balakane
havingp-pinene (25.2%) as a major constituent. The sanfpd@s Gauteng are similarly clustered
all having limonene and 1-@neole as major constituents. These major compouwnere also
present in the Nelspruit and Waterberg sampleadthtion to these major compounds, linalool was
present as a major constituent in the Nelspruit pfamdistinguishing it from Gauteng and
Waterberg.

JHB A
|: JHB C

JHB B

Waterber:

Veren:

Cullinan

Nelsprui

Balakan

Lagalamets

| | | | |
0.C 0.z 0.52 0.7 1.C

Coefficien

Figure 8.8 Dendrogram constructed from the essential oil da#ix (Table 8.4) foH. natalensis.
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8.6.2 Antimicrobial activity

Seasonal studyAs the chemical variation may impact on the argnoiial efficacy of the plant, an
antimicrobial study (MIC method) was undertakentlo@ oil samples to determine if antimicrobial
variability is present. The acceptable MIC contrahges for all pathogens exceyt catarrhalis
have been previously determined (Chapters 2, 34ndither by the NCCLS (2003), Andrews
(2004), or standards determined within the Depamntroé Pharmacy and Pharmacology, University
of Witwatersrand. The MIC control ranges fdr catarrhalis was set at a range of 0.3-u§/mL

for ciprofloxacin as determined by the mean of igmetitions.Results for 16 of the 22 oil samples
against eight pathogens are represented in Table Sasonal samples for January (plant C),
February (plant A), March (plant B), May (plant Axca B) and November (plant B) were not
evaluated by the MIC assay due to insufficiensaihple.

With seasonal variation, one would expect the lgicll activity to correlate with the fluctuating
levels of the major constituents. No trend existere the two major constituents (1,8-cineahel
limonene) show similarities with certain seasonalnditions. This is also seen with the
microbiological assessment. Most oil samples shiowiag antimicrobial patterns over the season
with slight variations for some samples. Theseatams were sporadic and restricted to individual
plant samples unrelated to climatic conditions. #a Gram-positive test organisr8saureus, B.
cereus andE. faecalis, the average MIC values obtained were 6.4, 3.388dng/mL respectively
with the highest variability noted fd8. aureus with a standard deviation of + 3.3. Similarly, the
Gram-negative test organisms showed little varighwith average MIC values of 11.1, 4.8, 8.8 and
5.1 mg/mL forE. coli, P. aeruginosa, K. pneumoniae and M. catarrhalis respectively. The greatest
variability noted amongst the Gram-negative teghnisms was recorded f&t pneumoniae with a
standard deviation of + 2.9. The yea€l, neoformans, showed the highest sensitivity of all
pathogens studied having an average MIC value binfy/mL with the least variance (standard
deviation of + 0.3)noted between samples (Table 8.5). The antimickobdaivity for the
ZimbabwearH. natalensis species (Gundidzet al., 1993) showed good activities against pathogens
E. coli, K. pneumoniae, S. aureus andMoraxella species with lower sensitivities f&: aeruginosa.

In this studyE. coli showed poor susceptibility arkd pneumoniae moderate activity. Even though
the major constituents 1,8-cineole, and limoneaend in the oil studied by Gundidegal. (1993)
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correlate with that found in the South African pilesults are not comparable due to the different

antimicrobial methods (Gundidetal., 1993, made use of disc diffusion techniques).

Geographical study: Table 8.6 presents the MIC data obtained when tigagsg the possibility of
antimicrobial related geographical variation. Thau@ng samples (Cullinan, Verena and JHB BG)
all indicate consistent moderate antibacterial vatgti(3.0-16.0 mg/mL). OnlyC. neoformans
displayed higher sensitivities (0.8-2.0 mg/mL). $pebiit, Waterberg and Balakaft natalensis
samples also displayed similar antimicrobial effiea. This was clearly demonstrated when testing

these samples agairstfaecalis (Figure 8.9).

12 34 5 6 7 8 91112 |

il

rd"l

Figure 8.9 The MIC plate forE. faecalis showing uniform
microbial inhibition for selectedl. natalensis samples.

Key to Figure 8.9

Columns 1 and 2 = Waterbérg

Columns 3 and 4 = Verena

Columns 5 and 6 = Nelsprit

Columns 7 and 8 = JHB BG (sample Feb'B)
Columns 9 and 10 = Swaziland

Column 11 = Positive control (ciprofloxacih)

Column 12 = Negative control (having no test sufsta
showing no inhibition.

"I Starting concentration 128 mg/mL.

"2 Stock antibiotic (ciprofloxacin) solution starting
concentration 0.01 mg/mL.
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Table 8.5 The mean MIC (mg/mL) for selectéd natalensis essential oils for January — December, 2004.

Staphylococcus Bacillus Enterococcus | Escherichia | Pseudomonas Klebsella Moraxella Cryptococcus
Plant sample aureus cereus faecalis coli aeruginosa pneumoniae catarrhalis neoformans
ATCC 12600 ATCC 11778 | ATCC 29212 | ATCC 11775| ATCC 9027 | ATCC 13883 | (clinical strain) ATCC 90112
January A 12 5 8 11 6 16 8 3
January B 7 4 8 11 4 8 5 2
February B 5 6 8 11 4 11 2
February C 5 2 8 11 4 6 4 2
March A 12 3 8 8 4 8 4 2
March C 3 3 8 11 4 8 4 2
April A 4 3 8 11 4 8 4 2
April B 2 3 11 4 8 4 2
April C 5 3 8 13 4 8 4 2
May C 4 3 13 11 4 8 4 2
October A 6 3 8 11 4 8 4 2
November A 4 3 16 11 4 8 4 2
November C 11 2 8 11 4 8 4 2
December A 11 5 12 11 2 16 6 3
December B 5 1 6 13 12 6 5 2
December C 7 3 6 11 8 8 7 2
Annual mean 6.4+33 3.3+x12 8.8+26 1111 4.8+ 2.3 8.8+29 51+20 21+0.3
Control * 0.30x 10 0.30x 10 1.25x 10’ 0.10x 10' 0.30 x 10° 0.60 x 10° 0.50 x 10° 1.60 x 10°

" Ciprofloxacin and amphotericin B served as costfol bacteria and yeasts respectively
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The antimicrobial geographical variation was magpaent when observing the faecalis MIC

data obtained from Cullinan (16 mg/mL) and Lagales®g3 mg/mL) accounting for the large

standard deviation of + 3.8, wherethe geographical variation was least apparent vaieserving

the C. neoformans MIC data with a + 0.5 standard deviation.

Table 8.6 The mean MIC (mg/mL) foH. natalensis essential oils selected from different localities.

H. natalensis Staphylococcus Enteroco_ccus Pseudo_monas Klebsiel!a Cryptococcus
sample aureus faecalis aeruginosa pneumoniae | neoformans
ATCC 12600 | ATCC 29212| ATCC 9027 | ATCC 13883| ATCC 90112

Cullinan 8.0 16.0 4.0 8.0 0.8
Verena 4.0 8.0 3.0 4.0 1.0
JHB BG™ 5.0 8.0 4.0 7.0 2.0
Nelspruit 6.0 8.0 3.0 6.0 1.0
Waterberg 8.0 8.0 4.5 4.0 1.0
Balakane 4.0 8.0 4.0 8.0 0.5
Lagalametse 1.6 3.3 2.0 3.3 0.5
ﬁ‘;g?]raph'ca' 52+23 8.5+ 3.8 3.5+0.9 5.8+2.0 1.0+0.5
Control ™ 0.3 x 10° 1.25 x 10° 0.3 x 10° 0.6 x 10° 1.6 x 10°

"I Mean of plant B and C harvested in February (inetlds a comparison with other samples from Gauteng)
“Ciprofloxacin and amphotericin B served as contfmisacteria and yeast respectively.

The antimicrobial MIC data from the seven differdatalities (Table 8.6) is presented in a
dendrogram(Figure 8.10). With the exception of the Lagalaraetample, all microbiological data
was closely clustered approximately around the -0.85 similarity coefficient. Clustering
similarities were evident between both the esskerdi data matrix (Figure 8.8) and the
microbiological data (Figure 8.1@ith the Lagalametse sample existing as a distatieo in both
dendrograms.
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Figure 8.10 Dendrogram constructed from the microbial MICadiat Table 8.6 foH. natalensis.

With the exception of the Balakane sample, all gaplical samples have 1,8-cineole and limonene
as major constituents. 3-Pinene, present as a majwtituent only in the Balakane sample, has
previously shown either poor (Hinoat al., 1989; Kanget al., 1992) or moderate (Dorman and
Deans, 2000; van Zyt al., 2006) antimicrobial activity against the Grangagves. The authors
mainly concur that better efficacy was noted f& @ram-positive organisms. With the exception of
the MIC results shown foC. neoformans, the Balakane sample does not display any distinct
antibacterial disparities and therefore it can bduted that 3-pinene has no major influence on the
overall bactericidal activity of the plant, howeyéhne low MIC values (0.5 mg/mL) seen in this
sample forC. neoformans could possibly be attributed to alterations in rolitondrial and plasma
membrane function. Previous studies by Uebal. (1985) have shown th8tpinene has an adverse
effect on yeast membrane functio(is)-Nerolidol present as a major constituent in bggimples A
and C from JHB BG have shown poor antimicrobialceffy in a previous study (van Z# al.,

2006) and thus it can be assumed to have no antim& impact on theH. natalensis oils,
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however, previous studies on nerolidol have shdvan this aliphatic sesquiterpene has a significant
role as a penetration enhancer (Xiab@l., 1996) and further studies (Brehm-Stecher andsturh
2003) demonstrated the non-specific bacterial pabifiey when nerolidol was combined with
polymyxin B. PossiblyE)-nerolidol could act synergistically with othelr natalensis essential oil
components where the compound enhances peneti#tiother more active molecule$he H.
natalensis sample from Lagalametse displayed the lowest aatohial efficacies of all samples and
against all pathogens. The chemistry of the esdemitiof the Lagalametse sample is very different
from the rest of the samples, havirf)-8-hexenyl nonanoate and linalool msjor constituents. A
previous study (Dorman and Deans, 2000) has shbainlihalool has far greater broad-spectrum
antimicrobial activity when comparatively assesseth limonene. The authors presented disc
diffusion data where inhibition was greater foralmol against 22 of the 25 test organisms studied.
Another study (Carson and Riley, 1995) demonstratagher efficacies for linalool when
comparatively assessed with 1,8-cineole. Higheicaffes were found for linalool in both disc
diffusion and MIC methodology. Pattnag al. (1997) also demonstrated increased efficacies for
linalool for 21 of the 30 pathogens studied. A mogeent publication (van Zydt al., 2006) has
shown increased efficacies against linalool whemmaratively assessed with both limonene and
1,8-cineole against four pathogens. This couldipbsaccount for the increased efficacies found in
the Lagalametse sample, however, the Nelspruit Eaaigo having linalool as a major constituent
(16.7%) indicated lower susceptibilities for thehmagens studied. ThusZ)¢3-hexenyl nonanoate
exclusively found in the Lagalametse sample coolssiply account for the increased antimicrobial
activity noted. Z)-3-Hexenyl nonanoate has been associated with fmditives and possibly
included into food perishables due to its antimbieabefficacy, however, this cannot be confirmed

and further investigation is recommended on thigshoompound.

8.6.3 The enantiomeric influence on microbiological efficacy

It is well-known for several pharmaceutically aetisompounds that stereochemistry is often related
to the specific structure activity relationshipsaomolecule (Hutt and O’ Grady, 199@n Miert,
2003; Cordatcet al., 2003). For example, levofloxacin is the optigalttive L-isomer of ofloxacin.
Not only is levofloxin twice as active as ofloxadiat it also has a greater spectrum of antimiciobia
activity, being 8-128 times more potent (Morrissewl., 1996).This resulted in the postulation that

when investigating constituent combinations, oneuh also take into account the enantiomeric
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form. With this in mind an investigation was un@éen on the interaction (antagonistic, synergistic,
inert or additive) between the two major constitsenf H. natalensis, with regard to the specific
stereochemistry of the optically active molecute (+), (-) and racemic mixtures of limonene. As
indicated in the GC-MS analysis (Table 8.4), TLGfpes (Figure 8.5 and 8.6) and GC composition
(Figure 8.7), the major compounds (limonearel 1,8-cineole) identified in thél. natalensis oils,
predominated both the seasonal and geographicallsanand thus served as a model to study their

microbiological interaction further.

Previous studies have shown pathogen selectiven@ntibial activity for limonenéLis-Balchin, et.

al., 1996; Neirottiet al., 1996; Dorman and Deans, 2000; Chalahat., 2000).For this study the
MIC results determined for (+) and (-)-limonenenadl as the racemic mixture show that depending
on the chirality different microbiological resultsay be obtained. Analysis of the results outlined i
Table 8.7 show that in general the (-)-limonenthés more active component in comparison to the
(+)-limonene with higher sensitivities for five tife eight pathogens studied. A disc diffusion study
by Dorman and Deans (2000), on the antimicrobidicafy of different plant volatile oil
components indicate moderate to no inhibition fgrl{monene, depending on the pathogen studied,
with highest sensitivity towards. coli (11.2 mm diameter zone of inhibition). Even thoulgh disc
diffusion results are not comparable, the genentilmécrobial trend for (+)-limonene indicating
moderate efficacy was also noted in this study,éwaw, the highest sensitivities found in this study
were noted foB. cereus andC. neoformans, both having MIC values of 3 mg/mL. These path@gen
were not investigated by Dorman and Deans (2000panother study by Chalchet al. (2000),
antimicrobial efficacy was greater for the (-)-emamer. Conversely to that which was noted here,
and with Dorman and Deans (2000), other studies-Balchinet al., 1996; Aggarwakt al., 2002)
have indicated higher antimicrobial efficacies 181)-limonene in the disc diffusion assay. In
addition to methodology variation between the &itare review and the values reported in this
study, further comparative analysis could not belenas Lis-Balchiret al. (1996), did not specify
which pathogens were investigated. Aggareiahl. (2002), indicated sensitivities only for (+)-
limonene, with no values given for (-)-imonene. n@Ocommon finding in all of the above
mentioned studies is that antimicrobial variabilibgtween isomers is apparent. The greatest
variation in this study was noted f& aureus where there was at least a three-fold difference

between the enantiomeric forms of limonene (Tablg. 8
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Table 8.7 The mean MIC (mg/mL) for the major constituemsolnene and 1,8-cineole independently, and in coatlan with FIC (in
brackets), determined for 1:1 combinations.

Moraxella
Staphylococcus Bacillus Enterococcus | Escherichia | Pseudomonas Klebsella arrhal Cryptococcus
catarrhalis
Constituent aureus cereus faecalis coli aeruginosa pneumoniae (clinical neoformans
clinical
ATCC 12600 | ATCC 11778 | ATCC 29212 | ATCC 11775 | ATCC 9027 | ATCC 13883 train) ATCC 90112
strain
(+)-Limonene 13 3 27 11 4 12 8 3
(-)-Limonene 4 3 27 8 4 6 4 2
1,8-Cineole 2 23 8 4 8 16 2
1:1 (+) and (-)-
] 8 (1.1) 4 (2.6) 8 (0.6) 8 (1.8) 4 (1.0) 8 (2.0) 014) 4 (2.3)
Limonene
1:1 (+)-Limonene
_ 16 (3.2) 8 (6.6) 16 (1.3) 32 (6.9) 8 (4.0) 16 (3.3) 16 (3.0) 3(2.5)
and 1,8-Cineole
1:1 (-)-Limonene
_ 8 (3.0) 4 (3.3) 8 (0.6) 27 (6.8) 8 (4.0) 16 (4.6) 6 (5.0) 2 (2.0
and 1,8-Cineole
1:1 (+/-)-Limonene
_ 8 (2.0) 4 (1.5) 8 (1.4) 16 (2.5) 8 (4.0) 16 (4.0) 6 (16) 2 (15)
and 1,8-Cineole
Control * 0.30x 10 0.30x 10 1.25x 10’ 0.40 x 10' 0.30x 10 0.60 x 10° 0.30x 10 1.60 x 10°

" Ciprofloxacin and amphotericin B served as costfof bacteria and yeast respectively.
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When the racemic mixture was examined, there wasomsistent sensitivity patterfihe best
antimicrobial activity noted for the racemate imygmarison to the two isomeric forms was noted
with studies onM. catarrhalis where the racemic form had an MIC value of 1 mg/ard
synergistic FIC value of 0.4. The (+) and (-)-lineme had MIC values of 8 mg/mL and 4 mg/mL
respectively. This pattern was also notedEofaecalis with MIC values for the racemate at 8
mg/mL and additive FIC value of 0.6. Both ff#g and (-)-limonene exhibited MIC values of 27
mg/mL.

Comparative evaluation of the compounds studiect@ted that efficacy was pathogen specific
and none of the compounds showed broad-spectruita@ff 1,8-Cineole, known for its
biological activity (Magiatist al., 2002),demonstrated the highest efficacy of 2 mg/mL agjain
B. cereus and C. neoformans. The 1:1 combinations of,8-cineole with (+), (-) and (+/-)-
limonene mostly show an indifferent interaction iagading FIC's between 1 and <4 for 13

samples.

Plant essential oils however, are complex in natumging a number of constituents and
antimicrobial efficacy may depend not only on therality of the constituent, but also on the
distribution ratio of constituents. The biologicattivities for a number of individual oil
constituents have been studied (Hingiual., 1989; Chalchat and Garry, 1997; Grifiehal.,
1999). Studies have also been conducted on edseihttmmbinations (Geda 1995; Lachowicz
et al., 1998). Nakatset al. (2000) demonstrated a few instances where esseilt@nstituents
show synergistic and antagonistic profildsstudy (Viljoenet al., 2003, Chapter 3) showed that
the combination of camphor and 1,8-cineole contebu synergistically to the overall
antimicrobial activity ofO. agteriscoides. A study on the combination of the majownstituents
in A. afra (Chapter 4,Viljoen et al., 2006) has shown that the major constituents and
combination thereof were not responsible for theeraW activity. Even though some
pharmacognostic research has been undertaken stiteent combinations, very little biological
activity has been performed on the enantiomerim&With this study ofl. natalensis, results
(Figure 8.11 - 8.13) indicate how the chirality miaypact on the microbiological activities

obtained.

When S. aureus was exposed to the various isomeric forms of lierentogether wittl,8-
cineole, some antagonistic activity was observadefach isomer (Figure 8.11). Where (+)-

limonene and 1,8-cineole were combined, the antwbial activity was dependent on the
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concentration ratios assessed. Antagonistic psofitere observed for all combinations where
(+)-limonene was higher. Where 1,8-cineole and li@pnene were present in a 1:1 ratio
combination a synergistic pattern was observed l@gs significant synergistic profiles for most
of the ratios where 1,8-cineole is in a higher @mtiation than (+)-limonene. The (-)-limonene
and 1,8-cineole combination show antagonistic efior all ratios. Four antagonistic ratios are
not plotted on the isobologram as their values gaeater than the range expressed. When a
racemic mixture of limonene was combined with lif8ecle, ratios were predominantly
antagonistic with only one ratio (40% limonene &@%0 1,8-cineole) showing an additive or
close to additive profile. The mixture of 1,8-citeavith (+)-limonene at a 1:1 concentration
shows the highest synergistic efficacy of all thefies studied agains$. aureus. Interestingly
with the single compound study (Table 8.7), (-)dimne showed the highest efficacies of the
different enantiomers, yet it is when (+)-limoneie combined with 1,8-cineole in the

isobologram study that better efficacies, i.e. sgpeare noted.
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Figure 8.11 Isobologram plots foIS. aureus (ATCC 12600) when exposed to the
combination of (+)-limonene with 1,8-cineole, (ipbnene with 1,8-cineole and a racemic
mixture of limonene with 1,8-cineole. The 1:1 ratie determined from the raw data isc
presented as a square. 14¢



The isobologram for the Gram-negative pathoferaeruginosa (Figure 8.12) show mostly

additive profiles when both (+) and (-) isomerierfis of limonene were combined with 1,8-

cineole. Antagonistic activity is only noted fdwée ratios where concentrations of (+)-limonene

are greater than that of 1,8-cineole i.e. in cotre¢ion ratios observed for: 90% (+)-limonene

and 10% 1,8-cineole (not noted on isobologram); §®¥dimonene and 20% 1,8-cineole; 70%

(+)-limonene and 30% 1,8-cineole. Synergy was olegtfor seven ratios where the racemate of

limonene was combined with 1,8-cineole. For the MITC study (Table 8.7), an indifferent

profile was obtained for all combinations of limoweewith 1,8-cineole.
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8.12 Isobologram plots foP. aeruginosa (ATCC 9027) when exposed to the combination of
(+)-limonene with 1,8-cineole, (-)-limonene witBigineole and a racemic mixture of limonene

with 1,8-cineole.
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The isobolograms (Figure 8.13) where (+)-limonend the racemate were combined with 1,8-
cineole, and tested agairGt neoformans, displayeda predominantly additive profile. For the
(-)-limonene / 1,8-cineole combination an antagimigrofile exists for most ratios where 1,8-
cineole is in higher concentration. With ratios vehé€-)-limonene predominates (90:10 and
80:10) additive profiles are noted. When obsertlg MIC data (Table 8.7) of the compounds
studied againstC. neoformans, all 1:1 combinations of limonene with 1,8-cineoclaow
indifference with FIC’s 1.5-2.5. These results etate with the isobolograms where the 1:1 ratio

(depicted within the square) is either on or inclese proximity to the straight line.
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Figure 8.13 Isobologram plots forC. neoformans (ATCC 90112) when exposed to the
combination of (+)-limonene with 1,8-cineole, (kpbnene with 1,8-cineole and a racemic
mixture of limonene with 1,8-cineole.

151



From these results obtained with test organismecssl from each microbial group, it is clearly
shown that not only may the chirality influenceiamtrobial efficacy but also the concentration
of the composition may impact on the overall atyiviWhile the independent antimicrobial
efficacies of the various enantiomeric forms of dmne highlight the significance of
stereochemical configurations for antimicrobial mige the combination with 1,8-cineole shows
that consideration between constituent combinatmagust as important. The variation between
the (+), (-) and racemic forms of limonene when berad with 1,8-cineole differ from pathogen
to pathogen. This was most apparent when obsethimgacemic mixture of limonene and 1,8-
cineole forS aureus where antagonism was noted. Haraeruginosa the racemic mixture
indicated synergy and fdZ. neoformans an additive profile was obtained. Variation withire
pathogen profile were also apparent with the highesiation noted againd®. aeruginosa
expressing synergy, antagonism and an additivectetfepending on the enantiomeric form
studied. Such variation may ultimately impact om thverall activity of the whole plant,
particularly when trying to correlate structureraty relationships and must be considered as

researchers could be overlooking relevant influsraoeantimicrobial activities

This study ofH. natalensis has shown both the seasonal (with minimal micraguial
variation) and geographical characterization asl \asl enantiomeric impact on biological

activity.

8.7 General conclusions

e The major constituents for seven of the nkheieropyxis natalensis samplesanalysed by
GC-MS confirm 1,8-cineole (21.7-41.2%) and limonéh®.0-25.4%) as major constituents.
Other major constituents were linalool at 16.7% aad4% for Nelspruit and Lagalametse
samples respectively. Z)-3-Hexenyl nonanoate (16.0%) was only present le t
Lagalametse sample and R-Pinene (25.2%) was igehts the major constituent in the
Balakane sampleE}-Nerolidol was present in the samples JHB BG, damp(12.5%) and
C (16.3%).

e Moderate antimicrobial activity (3.0-16.0 mg/mL) svdound for most pathogens with
higher sensitivities forCryptococcus neoformans, a respiratory pathogen associated with
lung infections. As this plant is traditionally uséo treat respiratory disorders, efficacies
tested with this pathogen may give credibility tee tethnobotanical use d¢feteropyxis

natalensis.



The seasonal variation ¢feteropyxis natalenss samples selected from three trees in the
Johannesburg Botanical Garden indicate similar atenprofiles with fluctuation in the
quantity of major constituents (1,8-cineole anddirane). The antimicrobial study indicated

little variation between samples.

The geographical variation diieteropyxis natalensis indicates similar major constituent
profiles for the Gauteng, Nelspruit and Waterbemggles. The Lagalametse sample showed
distinct variation both chemically and microbiologily, and antimicrobial efficacy was

higher than in all the other samples.

The microbiological enantiomeric investigation bé tmajor constituents (limonene and 1,8-
cineole) indicate varying activity profiles with fxlimonene in combination with 1,8-
cineole having the most significant synergisticiostagainstPseudomonas aeruginosa.
Staphylococcus aureus also displayed synergistic profiles when invesgdawith the (+)-

limonene / 1,8-cineole combination.
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Chapter 9

Tarchonanthus camphoratus L. and Plectranthus grandidentatus
Gurke, antimicrobial activity and pharmacological interaction of the

non-volatile and volatile fractions.

9.1 Introduction

Medicinal plants are often administered throughalation (Cacerest al., 1991; Inouyeet al.,
2001a). This suggests the volatile constituents (rapart) be responsible for antimicrobial
activity. Several papers (Brantnetr al., 1994; Chagondat al., 2000) have focused on the
antimicrobial efficacies of either the essentidk mr extracts independently. Some papers
report on the bioactivity of both volatile and neolatile plant constituents (Hammet al.,
1999; El-Shazlyt al., 2004; van Vuureset al., 2006), however, when dealing with aromatic
plants, there is a need to determine the specditribution of both the volatile and non-
volatile constituents to test the hypothesis thatdromatic constituents, while independently
may exhibit poor activity, in combination with neoiatile constituents act synergistically to

enhance biological activity.

This study aims to verify the need for the co-esise of volatile and non-volatile constituents
for enhanced antimicrobial efficacy using two p$afarchonanthus camphoratus L. (Asteraceae

andPlectranthus grandidentatus Giirke (Lamiaceaegs a model for further investigation.

Tarchonanthus camphoratus, or the wild camphor bush / tree as it is commdaipwn, is a
strongly scented tree (van Wyk al., 1997; Watt and Breyer-Brandwijk, 1962). The name
“anthos” fromTarchon- “anthus’ is derived from the Greek word meaning flower,erdas the
name ‘tamphoratus’ refers to the strong camphor odour, which thevésaimpart (van Wylet

al., 1997). Hutchings and van Staden (1994), mentibngamphoratus for its potential
antimicrobial properties. A literature search Bncamphoratus yielded only four articles. One
published more or less at the same time as Hutshamgl van Staden’s article, reporting the
volatile constituents ofT. camphoratus in Kenya (Mwangiet al., 1994). Another later
publication (McGawet al., 2000) evaluated the biological propertiesTotamphoratus extracts
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together with a number of other species and foumdamtimicrobial activity when tested at a
starting concentration of 12.5 mg/mL. A recent pedilon (Matasyolet al., 2007) indicated
marked activity in the disc diffusion assay and fliotimg poor activity in the MIC assay for
selected pathogens tested against the essentiafl Dilcamphoratus. Some taxonomic revision

has also been undertaken ondhephoratus complex (Herman, 2002).

The largePlectranthus genus (over 350 species), of which 300 specieardacAfrica, have a
rich diversity of ethnobotanical use. A number gforts on the antimicrobial activity have been
documented. In a study by Rabe and van Staden \18®88crude leaf extracts of a number of
Plectranthus species were investigated for their potential raiatiobial activity. Some of the
species i.eP. ambiguus, P. ciliatus, P. ecklonii, P. ernsti, P. fruiticosus, P. hadiensis, P.
hilliardiae, P. laxiflorus, P. madagascariensis, P. oertendahli, P. oribienss, P. petiolaris, P.
purpuratus, P. reflexus, P. rubropunctatus, P. strigosus, P. succatus, P. verticllatus and P.
zuluensis as investigated by disc diffusion assay, exhib¥adable antimicrobial activity. A
further study undertaken by Maistry (2003), invgsted the essential oil composition and
antimicrobial activity of eight specieP.(ciliatus, P. fruticosus, P. grandidentatus, P. hadiensis,

P. neochilus, P. porphyranthus, P. venteri andP. zuluensis). While Rabe and van Staden (1998)
focused on th&lectranthus extracts and Maistry (2003) examined the esseaitidaction, it is
clear that both studies indicated activity for tBeam-positive test organisms albeit in the disc
diffusion assay. From the numerous literature respon thePlectranthus species, it was noted
that P. grandidentatus has been poorly investigated. In a review artiaketloe Plectranthus
species (Abdel-Mogil®t al., 2002), seven species were noted for their mealigdroperties.
Plectranthus grandidentatus however, was not mentioned. In a more recent veyieikhobaet

al., 2006), the specie®. grandidentatus was listed within the medicinal ethnomedicinal
category. Maistry (2003) did indicate some antimitgal activity for this species but this was not
further explored. Even though antimicrobial assesgmwas undertaken fét. grandidentatus by
Teixeiraet al. (1997), the antimicrobial quantitative values werdy reported for the isolated

compounds

This Chapter focuses not only on the antimicropralperties of the essential oil and extracts of
T. camphoratus and P. grandidentatus, but also on whether pharmacological interactions

between the volatile and non-volatile fractionsev&lent.
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9.2 Botanical description

Tarchonanthus camphoratus is a small shrub-like tree having thin oblong leavésclv are dark
green on the upper side and pale velvety-gray emuttderside (van Wyét al., 1997). The tree

is semi-deciduous growing approximately two to ninetres in height. Small whitish flowers
are produced giving rise to woolly fruits (van Wetkal., 1997), as clearly noted in Figure 9.1.
These woolly fruits, produced mostly from Marchaigh to June are strongly scented (van Wyk
and Gericke, 2000).

Plectranthus grandidentatus is classified as a perennial semi-succulent herb. |[€aees ofP.
grandidentatus show size variation with ovate to broadly ovaterabteristics. The stems have a
trailing, dishevelled appearance growing up to maeires (Codd, 1985). White to purple flowers

are borne on terminal lateral shoots (Figure 9.3).
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Figure 9.1 The leaves ofarchonanthus Figure 9.2 The geographical distribution
camphoratus with woolly fruits. of T. camphoratusin southern Africa

(SANBI).

9.3 Distribution

Tarchonanthus camphoratus is widely distributed in southern Africa (Figure2®. extending
from Namibia to Botswana, from the Northern ProeinGauteng, Free State to the Northern
Cape (van Wyket al., 1997; Herman, 2002 he T. camphoratus complex has recently been

revised, where a number of different taxa have bpmlassified due to differences in
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morphology and geographical distribution (Hermaf02). Based on locality and voucher

material, T. camphoratus L. was the taxon identified for this study.

Plectranthus grandidentatus is naturally occurring within dry, rocky areas ardpen woodland.
The species is distributed along the eastern regiosouth Africa (Figure 9.4) from the
Soutspansberg mountain range, northwards to Mpungaland then through to Swaziland,
KwaZulu-Natal Midlands and extending through to ¢fastern area of the Cape (Codd, 1985).
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Figure 9.3 The inflorescence oPlectran- Figure 9.4 The geographical distribution of
thus grandidentatus. P. grandidentatus in South Africa (SANBI).

9.4 Medicinal uses

The leaves ofl. camphoratus have been used for numerous medicinal applicativosy an
infusion for stomach ailments and bronchitis to ititealation for headaches. Also noted was the
use of the leaves as a hot poultice for chest caimigl Chewing of the leaves is said to alleviate
toothache (Hutchinga al., 1996). The green branches are burnt and the es@mlanating from
this is inhaled for sinusgsan Wyk and Gericke, 2000). The use of the plana &reatment for
sexually transmitted diseases has also been ndtatt and Breyer-Brandwijk, 1962). Africans
have used the burned leaf and seed for fumigati@h & an anointment in funeral rituals.

Interestingly the word “Tarchos” is derived fronetGreek word meaning funeral flower.



The ethno-medical information available on Biectranthus species indicates its use for coughs,
colds and chest complaints, and administered byymehan infusion made from crushed leaves
(Hutchings et al., 1996). Root deconcoctions are prepared for raspy complaints and
abdominal disorders (Watt and Breyer-Brandwijk, 206-ifteen species have been identified for
the treatment of respiratory conditions and tweortg- species have been categorized for
digestive complaints encompassing stomach-achehdiea and oral infections (Lukhokegal.,
2006). In the same review publication, 20 speciesewecorded as being used for dermal
applications where some species are used as andgy@sswounds, burns and skin ulcerations.
The medicinal use of this genus encompasses a mwhispecies, however, very little specific
medicinal properties could be found for the spePiegrandidentatus. In the extensive review of
the ethnobotanical literature of tiRbectranthus species, where over 200 references are cited,
only one reference (Cerqueiret al., 2004) refers to the medicinal properties Bf

grandidentatus.

9.5 Methods
9.5.1 Chemical aspects

Plant collection and distillation of essential oilsThe aerial parts of. camphoratus and P.
grandidentatus within a single population were collected from Mé&lter Sisulu Botanical
Garden during February. Voucher specimens (Tallpv@ere deposited within the Department
of Pharmacy and Pharmacology, University of Witwsi@nd. The plants were hydrodistilled
as described in Chapter 2.5.1, however, distilatime was extended by one hour to allow for

the complete removal of all volatile constituemtsni the plant material.

Table9.1 Plant collection data foF. camphoratus andP. grandidentatus.

Plant Voucher | Material distilled (g) | Essential oil yield (% w/w)
T. camphoratus SVV1100 1243.0 0.10
P. grandidentatus | SVV1099 4.6 0.02

Gas chromatography combined with mass spectrometryGC-MS) data: Oil samples were
quantitatively analyzed with GC-MS using the Hewleackard 1800A GCD system operating
under the same conditions as described in Chayiet. 2
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Extract preparation with soxhlet apparatus: Plant samples were divided into three quantities
for separate extraction procedures with the soxdpeiaratus. The soxhlet extraction method was
selected on the basis of the method being heavaseti, thus being more comparable to
distillation than cold extraction methods. The planaterial remaining in the Clevenger
apparatus after distillation was dried at 40 °Gumnoven (Memmert), weighed .(camphoratus
8.39 g;P. grandidentatus 5.96 g) and placed inside an extraction thimblég¥han). This was
placed into a soxhlet extractor (Figure 9.5). Tkigaetor was attached to a flask containing 250
mL of a 1:1 methanol and chloroform mixture. Thév/eat was selected for its ability to extract
both polar and non-polar constituents. Heatinghefgolvent allowed for the extraction of plant
material by movement of the solvent through theepahamber of the soxhlet apparatus, through
to the condenser, after which permeation into tkteaetion thimble holding the plant material
occurred. When the solvent in the soxhlet chaminecgntact with plant material) was the same
colour as the pure solvent, extraction was comyp@roximately three hours). The operating
temperature of the soxhlet extraction process wastained at approximately 100 °C, thus
allowing for both the chloroform (boiling point 6C) and methanol (boiling point 65 °C) to
extract a full range of constituents. Thereafteicess solvent was removed by using a rotary
evaporator. A second portion of plant material ¢amphoratus, 14.80 g;P. grandidentatus,
23.30 g) was similarly extracted but with freshnplanaterial. The third portion of fresh leaf
material was oven-dried at 37 °C for 24 hr. Theszathe plant materiall( camphoratus, 7.90

g; P. grandidentatus, 6.18 g) was placed in a soxhlet apparatus andatettan the same way as
mentioned aboveThe dfferent preparative techniques of the plant sas@dowed for the
examination of the non-volatile and volatile constnts. The methods and resultant constituents

with a relevant key are as follovis:

o EO = Essential oil prepared by distillation (compds obtained: volatile constituents
only).

o NV = Non-volatile constituents prepared by soxtdetraction of fresh plant material
remaining in the still thus having no (or negligipl/olatile constituents.

o FC = Volatile and non-volatile constituents fromesh plant material that have been
soxhlet extractedcompounds obtained: non-volatile compounds [palad non-polar],
and essential oil constituents).

o DC = Volatile and non-volatile constituents thatvéabeen prepared from dried plant
material that have been soxhlet extractesimpounds obtained: non-volatile compounds

[polar and non-polar], and essential oil constitagn



P

Figure 9.5 The soxhlet apparatus.

9.5.2 Antimicrobial aspects

Culture, media preparation and MIC assays were riakn according to the NCCLS (2003)
guidelinesCarsonet al. (1995) and Eloff (1998a). Comparative assays \weréormed on eight
test mico-organisms. Acetone was used as the amtbial solvent forP. grandidentatus
samples, however, due to the insolubility of thecamphoratus plant extracts in acetone,
dimethyl sulfoxide (DMSO, Merck) was used as thévesat for reconstitution. As DMSO
exhibits some antimicrobial activity, MIC valuesu@glent to or greater than that found for the
DMSO control were omitted from the data (Table @6J considered not susceptible (NS) at the
highest concentration tested (64mg/mL). This waduBive for P. grandidentatus samples
having little or no susceptibility. Although DMSQ not the preferred choice of solvent for
antimicrobial studies, it is accepted for extradsacibility (Okeke et al., 2001; van Est al.,
2005; Mageet al., 2007) and is used extensively in laboratory pdaces (Santoat al., 2003).

Synergy / antagonistic interaction Once the independent MIC values were determities,
interaction between the essential oil containinghpgonent of the plant (EO) and the non-
volatile (NV) component was investigated based & hypothesis that efficacy may be
enhanced by having non-volatile constituents coetbiwith the volatile constituents. The
essential oil, at a starting concentration of 64mig was combined in selected ratios with the
non-volatile extract at a starting concentration6df mg/mL. Isobolograms were constructed
based on the methodology as described in Chafied. Assays were conducted in duplicate or

triplicate where there was a difference in the elation of results, and the mean plotted on an
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isobologram. Conventional antimicrobials (contraigre run in tandem with assays to assess

pathogen sensitivity patterns. These are not shanwisobolograms and were included in all

replications. Assay controls having solvent onlyreavandertaken with each pathogen where

ratios of acetone (used with essential oil &dgrandidentatus extract reconstitution) and

DMSO (used withT. camphoratus extract reconstitution) were assayed to deterntiree

antimicrobial effect of the solvents independeaihgl in various combinationRaw MIC data

for T. camphoratus can be noted in Table A3, Appendix A. Raw MIC ddta P.

grandidentatus can be noted in Table A4, Appendix A

Table 9.2 Raw data for the isobologram construction for tredatile (EO) constituent
interaction with non-volatile constituents Bfcamphoratus againste. faecalis.

Concentration in mg/mL MIC values Ratio values
X Y X Y X Y
(essential qil) | (non-volatile) | (essential oil) (non-volatile ) (essential oil ) (non-volatile )
16.0 0.0 8.00 0.00 1.000 0.000
14.4 1.6 3.60 0.40 0.450 0.100
12.8 3.2 3.20 0.80 3.200 0.200
11.2 4.8 2.80 1.20 0.350 0.300
9.6 6.4 2.40 1.60 0.300 0.400
8.0* 8.0% 2.00* 2.00* 0.250* 0.500*
6.4 9.6 1.60 2.40 0.200 0.600
4.8 11.2 1.20 2.80 0.150 0.700
3.2 12.8 0.80 3.20 0.100 0.800
1.6 14.4 0.40 3.60 0.050 0.900
0.0 16.0 0.00 4.00 0.000 1.000

*The 1:1 ratio as determined from the raw dataésented as a square on the isobolograms.

Table 9.3 Raw data for the isobologram construction foiati@ (EO) constituent interaction
with non-volatile constituents &f. grandidentatus againstS. aureus.

Concentration in mg/mL MIC values Ratio values
X Y X Y X Y
(essential oil ) | (non-volatile) | (essential oil ) | (non-volatile ) (essential ail ) (non-volatile )
16.0 0.0 2.00 0.00 1.000 0.000
14.4 1.6 0.23 0.03 0.113 0.071
12.8 3.2 0.40 0.10 0.200 0.286
11.2 4.8 0.35 0.15 0.175 0.429
9.6 6.4 0.30 0.20 0.150 0.571
8.0¢ 8.0¢ 0.25 0.25 0.125 0.714
6.4 9.6 0.10 0.12 0.050 0.343
4.8 11.2 0.75 0.18 0.375 0.500
3.2 12.8 0.10 0.40 0.050 1.143
1.6 14.4 0.10 0.90 0.050 2.571
0.0 16.0 0.00 0.35 0.000 1.000

*The 1:1 ratio as determined from the raw dataés@nted as a square on the isobolograms.
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For P. grandidentatus, the study was limited to three pathogé&naureus, K. pneumoniae andE.
faecalis due to low oil acquisition. Pathogen selection Wwased on the ethnobotanical uséof
grandidentatus. The raw data for the isobologram construction whitse volatile and non-
volatile constituents are combined is demonstrdtadtwo test organisméE. faecalis (T.
camphoratus) and S. aureus (P. grandidentatus) and given in Table 9.2 and Table 9.3

respectively.

9.6 Results and discussion

9.6.1 Essential oil chemistry

Tarchonanthus camphoratus

Ninety-eight compounds were identified in thecamphoratus essential oil, representing 94.3%
of the total composition (Table 9.4). Earlier seglonT. camphoratus species harvested from
Kenya identified 1,8 cineole (16.5%) anefenchyl alcohol (29.1%) as major constituents with
B-caryophyllene only present in trace amounts (Mwaa@l., 1994). In this studg-fenchyl
alcohol was not present at all and the bicyclicqaésrpene B-caryophyllene featured
predominantly. A more recent publication by Matdsgbal. (2007), also examined the essential
oil from KenyanT. camphoratus species where the major compounds 1,8 cineole ¥d4ahd
fenchol (15.9%) were identifiedp-Caryophyllene was only present as a minor (0.6%)
compound. Similarity between both Kenyan speciesvglli et al., 1994; Matasyotet al.,
2007) and that investigated here were the preseinegpinene (3.9-6.9%) and 1,8-cineole (9.3-
16.5%). The two Kenyan studies although harvestedn fdifferent localities display more
similarity. Geographical variation is not uncomm(&filjoen et al., 2005 and 2006) and possibly
the variance of-caryophyllene between the Kenyan species andsthdy can be attributed to

differences in locality.

Furthermore, it is interesting to note that althoube vernacular name (camphor bush or
camphor wood) suggests the presence of campha&vidence of such was present in either the
analysed oil in this study, nor the camphoratus oil studied byMatasyohet al. (2007).
Camphor was only present in minor quantities (0.8B%the study undertaken by Mwaragial.
(1994).



Table 9.4 Essential oil composition af. camphoratus.

RRI* Compound name %
1032 | a-pinene 3.9
1035 | a-thujene 0.1
1076 | camphene 1.7
1118 | B-pinene 1.0
1146 |56-2-carene 4.1
1176 |a-phellandrene 1.0
1188 | a-terpinene 0.1
1203 | limonene 1.8
1213 | 1,8-cineole 9.3
1246 | (2)-B-ocimene 0.1
1255 |y-terpinene 0.1
1266 | (E)-p-ocimene tr
1280 |p-cymene 21
1290 | terpinolene 0.1
1327 | @)-3-hexenyl acetate 0.3
1360 | hexanol 0.4
1391 | @)-3-hexen-1-ol 0.3
1400 | nonanal 0.1
1402 | @)-2-hexen-1-ol 0.1
1406 | a-fenchone tr
1450 |trans-linalool oxide Furanoid) tr
1466 |a-cubebene 0.1
1476 | isoledene tr
1493 | a-ylangene 0.4
1497 | a-copaene 1.2
1528 | a-bourbonene tr
1535 | B-bourbonene 0.5
1544 | a-gurjunene 0.1
1553 | linalool 0.8
1559 |B-maaliene tr
1571 |trans-p-menth-2-en-1-ol tr
1589 | B-ylangene 0.8
1601 | B-copaene 1.2
1611 | terpinen-4-ol 0.7
1612 | B-caryophyllene 134
1617 | 6,9-guaiadiene 0.2
1628 | aromadendrene 0.2
1645 | cadina-3,5-diene tr
1659 |y-gurjunene 0.1
1661 | alloaromadendrene 3.4
1677 | epi-zonarene 0.3
1682 | 5-terpineol tr
1687 | a-humulene 1.1
1705 |y-muurolene 3.2
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RRI* Compound name %
1706 |a-terpineol 1.0
1708 | ledene 0.2
1719 | borneol 0.1
1720 | 4,6-guaiadiene (=Guaiene) 0.1
1725 | zonarene 1.3
1739 | a-muurolene 1.6
1740 | valencene 0.7
1744 |a-selinene 0.1
1755 | bicyclogermacrene 0.2
1773 | §-cadinene 51
1776 |y-cadinene 2.0
1799 | cadina-1,4-diene Gebenene) 0.4
1807 |a-cadinene 0.6
1853 |cis-calamenene 15
1864 | p-cymen-8-ol 0.1
1918 | B-Calacorene tr
1941 | a-Calacorene 0.5
1943 | palustrol 0.2
2001 | isocaryophyllene oxide 0.1
2008 | caryophyllene oxide 2.2
2017 | maaliol 0.1
2029 | perilla alcohol 0.1
2033 | epiglobulol 0.1
2037 | salvial-4(14)-en-1-one 0.2
2057 | ledol 0.5
2058 | 13-tetradecanolide 0.1
2071 | humulene epoxide-II 0.1
2072 | cubeban-11-bl 0.4
2074 | caryophylla-2(12),6(13)-dien-5-one 0.1
2080 | cubenol 1.1
2088 | lepi-cubenol 1.8
2098 | globulol 11
2104 | viridiflorol 0.5
2144 | rosifoliol 0.6
2146 | spathulenol 0.7
2153 | neointermedeol 0.2
2164 | 6epi-cubenol 0.1
2165 | 1,10-diepicubenbl 0.8
2185 | T-cadinol 2.6
2209 | T-muurolol 2.0
2214 | torreyol 1.0
2247 |trans-o-bergamotol 0.3
2255 |a-cadinol 4.3
2264 | intermedeol 0.1
2265 | 4-(4’-Methyl-3’-pentenyl)-3-cyclohexenyl-prdgetone 0.1
2272 | alismol 0.1
2273 |selin-11-en-4-ol 0.2
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RRI* Compound name %
2316 | caryophylla-2(12),6(13)-dienfBol (=Caryophylladienal 1) 0.2
2324 | caryophylla-2(12),6(13)-dienebol (=Caryophylladienol 11) 0.8
2375 | caryophylla-2(12),6-diend>-ol (=Caryophyllenol 1) 0.4
2384 | 10-hydroxy calamenene 0.3
2389 eudesma-4(15),7-dieriol 0.3
2392 | caryophylla-2(12),6-dienfbol (=Caryophyllenol I1) 0.1
2622 | phytol 0.6
TOTAL 94.3

* RRI: Relative retention indices calculated agamalkanes

% calculated from TIC data

tr = Trace (< 0.1 %)

T=Tentative identification from Wiley, MassFinder, &ds libraries.

Major compounds: The major compounds (Figure 9.6) identified by-@IS of T. camphoratus
are p-caryophyllene (13.4%) and to a lesser extent in8ede (9.3%), representing 22.7%

accumulatively.

B-caryophyllene 1,8-cineole

Figure 9.6 Chemical structures for major compounds identifiadthe essential oil off.
camphoratus.

Plectranthus grandidentatus

Sixty-two compounds were identified in tRe grandidentatus essential oil, representing 95.6%

of the total composition (Table 9.5). A previousidst on the essential oils of numerous
Plectranthus species displayed quantitative and qualitativeiati@n in major compound
composition. Somélectranthus species(P. ciliatus ex Ferncliff andP. zuluensis ex hort C.
Potgieter) did not have T-cadinol and camphor latGther species displayed only T-cadinol as

both a minor compoundP( neochilus, 1.3%) and a major compoun®. (hadiensis, 26.9%).
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Plectranthus hadiensis was the only other species shown to include Begadinol and camphor

as major constituents (Maistry, 2003).

Table 9.5 The essential oil composition Bf grandidentatus (Maistry,

2003).

RRI Compound name Percentage
1032 a-pinene 0.6
1035 a-thujene 0.4
1076 camphene 0.2
1132 sabinene 0.8
1176 a-phellandrene 0.7
1188 a-terpinene 0.1
1203 limonene 9.4
1218 B-phellandrene 0.5
1246 (2)-B-ocimene 0.1
1255 y-terpinene 0.4
1266 (E)-B-ocimene 1.9
1280 p-cymene 0.6
1290 terpinolene 0.2
1391 ¢)-3-hexene-1-ol tr
1393 3-octanol 0.5
1406 a-fenchone 4.3
1452 1-octen-3-ol 0.6
1495 bicycloelemene 0.3

1505 + 1497 dihydroedulane 2 #-copanene 0.5
1532 camphor 15.2
1553 linalool 0.5
1571 trans-p-menth-2-en-1-ol tr
1594 trans--bergamotene 0.1
1600 B-elemene 0.3

1612+1611 | B-caryophyllene + terpinen-4-ol 7.7
1628 aromadendrene 0.1
1638 cis-p-menth-2-en-1-ol 0.1
1655 9-epif-caryophyllene 0.6
1661 alloaromadendrene 0.6
1668 (E)-B-farnesene 0.1
1687 a-humulene 1.0
1706 a-terpineol 0.6
1719 borneol 15
1726 germacrene D 1.2
1737 (2)-E-a-farnesene 0.5
1755 bicyclogermacrene 3.3
1764 sesquicineol 9.2
1773 5-cadinene 0.4
1776 y-cadinene 1.2
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RRI Compound name Percentage
1784 (E)-a-bisabolene 0.5
1810 3,7 guaiadiene 0.1
1845 trans-carveol 0.1
1853 cis-calamenene 0.2
1864 p-cymene-8-ol tr
2001 isocaryophyllene oxide 1.0
2008 caryophyllene oxide 3.9
2050 €)-nerolidol tr
2051 gleenol tr
2069 germacrene D-4-ol 0.5
2080 cubenol 5.6
2098 globulol 0.5
2104 viridiflorol 0.3
2144 spathulenol 2.7
2170 B-bisabulol 0.3
2187 T-cadinol 10.3
2209 T-muurolol 0.2
2232 a-bisabolol 1.9
2247 trans-a-bergamotol 0.2
2255 a-cadinol 0.7
2324 caryophyllandienol-2 0.1
2389 caryophyllenol-1 0.2
2392 caryophyllenol-2 0.3

TOTAL 95.6

* RRI: Relative retention indices calculated agamalkanes
% calculated from TIC data
tr = Trace <0.1%.

Major compounds: The two major compounds (Figure 9.7) in the esSskroil of P.
grandidentatus are T-cadinol (10.3%) and camphor (15.2%), repiasgn 25.5%

accumulatively.

OH

T-cadinol camphor

Figure 9.7 Chemical structures for major compounds identifiadthe essential oil of.
grandidentatus.



9.6.2 Antimicrobial activity

In previous studies with. cymosum subsp.cymosum (van Vuurenet al., 2006, Chapter 6) and
C. gratissmus var. subgratissmus (Chapter 7), it was observed that the non-volatlestituents
in a plant showed higher antimicrobial activity théne volatile constituents. Studies with
natalensis (Chapter 8) have shown that plant essential oilstents may play a synergistic
role. This studyon T. camphoratus and P. grandidentatus examined the interactive role of
volatile and non-volatile constituents to determihevhen combined, constituents would have
antimicrobial synergistic properties. The MIC d#&a the EO, NV, FC and DC for both.

camphoratus andP. grandidentatus is presented in Table 9.6.

Tarchonanthus camphoratus

The MIC values for the essential oils (EO) rangetiveen 1.5-16.0 mg/mL depending on the
pathogen studied. These values were significantfdn in activity than that found for the
KenyanT. camphoratus oil, exhibiting MIC values within the range 1138tBhg/mL (Matasyoh

et al., 2007). Previous studies @rcaryophyllene have shown poor antimicrobial atyiwwhen
investigated against 16 test organisms (Ketrg., 1992). This could possibly indicate that it is
not the single major compoun@tcaryophyllene that is responsible for activity kbt a
synergistic interaction exists between compoundsgewen that one or more of the minor
compounds not present in the Kenyan samples cauleg$ponsible for the activity noted in the

South African species.
The non-volatile fraction (NV) devoid of volatileorstituents displayed higher antimicrobial

efficacies with a narrow MIC range between 2.0#@/mL, with the exception dE. faecalis

andK. pneumoniae showing no susceptibility at the highest concermraf16.0 mg/mL) tested.
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Table 9.6 W;he mean MIC (mg/ml_*) for the essential oil (E@)dgplants that have undergone soxhlet extractiow, (RC, DC) forT.
camphoratus *and P. grandidentatus .

) . ) Combined fresh Combined dried
Essential ol Non-volatile material material s
Pathogen (EO) (NV) (FC) (DC) Control
T.camp * |P. grand 2| T. camp *| P. grand ?|T. camp *| P. grand 2| T. camp * | P. grand ?

Saphylococcus aureus
ATCC 25023 6.0 4.0 2.0 0.5 2.0 8.0 1.5 0.16 0.2 x 16
Bacillus cereus
ATCC 11778 35 3.0 3.0 0.02 4.0 4.0 2.0 0.63 0.2 x 16
Enterococcus faecalis
ATCC 20212 NS 12.0 NS NS NS 6.0 NS 0.06 0.6 x 16
Escherichia coli
ATCC 11775 16.0 NS 3.0 NS 3.5 NS 4.7 NS 0.1 x1d
Pseudomonas aeruginosa
ATCC 9027 6.0 4.0 4.0 3.3 4.0 NS 3.3 1.5 0.3x1G
Klebsella pneumoniae
NCTG 9633 NS NS NS 4.0 4.0 8.0 4.0 4.0 0.8 x 16
Candida albicans
ATCC 10231 6.0 6.0 2.0 3.0 0.6 8.0 0.3 6.0 2.5x 10
Cryptococcus neoformans
ATCC 90112 1.5 3.0 2.0 3.0 3.0 4.0 1.5 0.13 2.5 x 16

*SCiproroxacin and amphotericin B served as contfamldacteria and yeasts respectively.

NS = Not susceptiblat the highest concentration tested (64mg/mL).
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Of the two combined preparations, the dried plarttemal showed the most favourable
synergistic profile with MIC values between 0.3-#1@/mL, depending on the pathogen studied.
Comparative investigation of two pathogeis ¢oli and K. pneumoniae) investigated by both
McGaw et al. (2000) and the combined fractions in this studydatt moderate antimicrobial
activity.

Even though each pathogen showed different semgifpatterns, it is clear that when volatile
and non-volatile constituents are combined efficscgnhanced. This is seen to a lesser extent
for the fresh plant material (two pathogens) andemutable for the dried plant material (five
pathogens). Although ethnobotanical reports (Huigéet al., 1996; van Wylet al., 1997 van
Wyk and Gericke, 2000) make more reference to tbe of the dried plant material, the
traditional use of the plant is not restricted tee tdried material and depending on the

ethnobotanical use, fresh plant material is alsuiatered.

10 | Volatile

O Non-volatile

MIC value (mg/ml)

M Dried
combined

S. aureus B. cereus E. faecalis E. coli P. aeruginosa K. pneunoniae  C. albicans  C. neoformans

Micro-organism

Figure 9.8 The comparative MIC (mg/L) for the volatile catsents (EO), non-volatile
constituents (NV) and dried combined (DC) constitadorT. camphoratus.
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Figure 9.8 shows a condensed version of the MIGlieéEO, NV and DC) obtained from Table
9.6, allowing for easier comparative evaluatione HC plant material and controls have been
excluded allowing for the more active combined plamaterial (DC) to be comparatively
assessed with the essential oils and non-volafesults show that for all pathogens with the
exception ofC. neoformans andK. pneumoniae where efficacies are equivalent, the non-volatile
extracts devoid of any essential oils show highetingcrobial efficacy than the volatile
constituents. FoB. cereus, K. pneumoniae and C. neoformans, both volatile and non-volatile
constituents were more or less equal in efficatys linteresting to note that two of these
organisms K. pneumoniae and C. neoformans) are predominantly associated with respiratory
infections. Tarchonanthus camphoratus is administered by inhalation thus suggesting that

volatile constituents may be the active constitsient

The synergistic roles of the volatile and non-vildatonstituents in various ratios are depicted in
isobolograms (Figures 9.9-9.11). The control isogdms for all pathogens showed that when
acetone was in higher concentration, no antimielohctivity was obtained. When DMSO was

in greater concentration, antimicrobial activitysarainimal. When plotted on an isobologram no
comparative ratios were noted thus indicating that solvents had no marked effect on the

results obtained for the test plant material.

The isobolograms for the Gram-positive organisnticate synergy for most ratios. Bobh
cereus and E. faecalis exhibited antagonism for one ratichere 80% non-volatile constituents
are combined with 20% volatile constituents. The@s are not seen on the isobolograms as
the points fall out of the 1.25:1.25 scale (FigQt8). This predominantly synergistic pattern
suggests that the presence of the essential oils bmanecessary for increased efficacy as
observed in the ratios where higher essentialvoiafile) content results in synergy. The Gram-
positive test organismS. aureus and B. cereus show similar synergy patterns in comparison
with the MIC study (Table 9.6). No comparison coblkel made folE. faecalis due to lack of
susceptibility in the MIC assay.
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Figure 9.9 The antimicrobial efficacy of the Gram-positiestt organismsS aureus, B. cereus
andE. faecalis respectively) against varying concentrations efibn-volatile (NV) and volatile
(EO) constituents of. camphoratus.

Isobologram studies for the Gram-negative patho@Eiaire 9.10) mostly indicate synergistic
interactions. It was only with the isobologram Eorcoli that antagonism was seen for five ratios
(three of which are not seen on isobologram, avahee falls out of the 1.25:1.25 scale). When
cross-examining with MIC data, it can be noted tteg combined plant material (fresh and
dried) showed no increased efficacy wihcoli and this was the only pathogen studied which
showed this pattern. For isobologram studies Witlaeruginosa and K. pneumoniae, results
were congruent with the MIC values. As noted itHaecalis, similar results were obtained for

P. aeruginosa where ratios having a higher non-volatile compoérsgrowed an additive profile
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and in ratios having a higher volatile concentrasgnergy was observed. This supports the need
for the presence of volatile constituents in orfdersynergy to occur. Synergy was observed for

all ratios, except one, when studied against tsteaiganisnK. pneumoniae.

E. coli P. aeruginosa
1.25+ 1.25+
2 2
(@) 1.00+ (@)
c < c <
> S 2 0754 S c g
295 295
ORI ORI
= < 0.50 = <
Qo Qo
£ (S
8 025 8
000 T T T T 1 OOO T T T T 1
0.00 0.25 0.50 0.75 1.00 1.25 0.00 0.25 0.50 0.75 1.00 1.25
MICgg in MICgq in
combination/MICgq combination/MIC g
alone alone
K. pneumoniae
1.25+
2
o 1.004
c S
>5 2 0.754
= O
Q@ B3
= £ 0.50-
(S
8 025
0.00 T T T T 1
0.00 0.25 0.50 0.75 1.00 1.25
MICgg in
combination/MICgq
alone

Figure 9.10 The antimicrobial efficacy of the Gram-negativettesganisms E. coli, P.
aeruginosa andK. pneumoniae respectively) against varying concentrations @f tlon-volatile
(NV) and volatile (EO) constituents ®f camphoratus.

The isobolograms for the yeasts (Figures 9.11) skgmwergistic profiles for all ratios studied.
This again confirms the need for volatile constiiseto enhance activity. Correlation with the
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MIC study is true forC. albicans where both the fresh and dried combined plant nadtbad

higher efficacies than when studied independently.

C. albicans C. neoformans
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Figure 9.11 The antimicrobial efficacy of the yeast€.(albicans and C. neoformans
respectively) against varying concentrations of then-volatile (NV) and volatile (EO)
constituents oT. camphoratus.

The overall comparative assessment of the volatiba-volatile with the combined volatile /
non-volatile extracts show that for the eight pa#ms studied in the MIC assay, five showed
increased efficacy for the dried combined matetialjs supporting the theory that volatile
constituents increase efficacyhis was further validated by the isobologram stadivhere a
predominant synergistic profile for all pathogensswpresented. All 1:1 ratios on the
isobolograms depicted as a square show synergisail fjpathogens includinB. cereus. Due to
the close proximity of the ratio points on tBecereus isobologram, no square was inserted for

the 1:1 ratio as this would impair data visualiaati

Plectranthus grandidentatus

A number of studies have been undertaken on thmistry of thePlectranthus genus (Batistat

al., 1994; Teixeiraet al., 1997; Dellaret al., 1996; Gaspar-Marques al., 2005) and in an
excellent review (Abdel-Mogibet al., 2002) where the isolation and identification of
antimicrobial compounds amongst others were ieitiat-rom these studies it is clear that the

main phytochemical constituents found in the extraaf the Plectranthus genus are the
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diterpenoids. Approximately 140 diterpenoids haweerb identified in the leaf extracts of
Plectranthus species of which vinylogous quinones, acylhydraquoes, dimeric abietanoids and
royleanones were isolated frofagrandidentatus (Abdel-Mogib et al., 2002). Other compounds
isolated include grandidone A and B (Uchietaal., 1981) and 7-epigrandidone D (Teixeéta
al., 1997). From bio-autographic studies undertaken dixeiraet al. (1997), it was confirmed
that the royleanonesvere the compounds responsible for antimicrobigivitg. Previous
antimicrobial studies oRlectranthus species have shown variable antimicrobial actifi®Rabe
and van Staden, 1998). Of the four test organisnties], the greatest antimicrobial activity was
found forS. aureus against 2@Plectranthus species. The other test organis@sgpidermidis, B.
subtilis and M. lutea indicated mostly poor to no activity in the disdfusion assay. The
antimicrobial activity forP. grandidentatus was not investigated, possibly due to previouskwor
undertaken on the species (Teixedtaal., 1997) The authors (Rabe and van Staden, 1998)
however, did recommend that further antimicrobieistigation be carried out on the essential
oil of the species. Table 9.6 presents the MIC déatained forP. grandidentatus essential oils

and extracts prepared with and without inclusiothefvolatile constituents.

The essential oil MIC data folP. grandidentatus (Table 9.6) indicate variable sensitivities,
depending on the pathogen studied. Two of the tFsem-positive test organisms indicated
moderate to good activitys(aureus, 4 mg/mL;B. cereus, 3 mg/mL). OnlyE. faecalis indicated
poor sensitivity (12 mg/mL). Of the three Gram-riaga organisms investigated, onB.
aeruginosa showed sensitivity towards the essential oiPograndidentatus with an MIC value
of 4 mg/mL. These results were not congruent witl ¢disc diffusion results as seen with
Maistry’s (2003) report where antimicrobial effigagvas only noted foiB. cereus and C.
neoformans. For the MIC results obtained in this study thige pathogens showed the highest
sensitivity patterns. As seen in previous studies discussed in further detail in Chapter 11.9,
disc diffusion methodology is not always compardbl®IC assays. Maistry (2003) did perform
a MIC assay witlB. cereus (4 mg/mL) where results were more or less congdruath those
obtained here (3 mg/mL).

Antimicrobial correlation with the essential oil eshistry suggests that possibly the major
compound, camphor, may in part be responsible Herantimicrobial efficacy as camphor is
known to possess some antimicrobial propertiedfi@ et al., 1999; Magiatist al., 2002). The
bactericidal effect of T-cadinol, also present asaor constituent in the. grandidentatus oil

has been previously investigated agaiisbureus and E. coli where results indicated high
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susceptibility forS. aureus (24 pg/mL) and no susceptibility fd&. coli (Claesonet al., 1992).
The MIC values fofS. aureus (4 mg/mL) anck. coli (not susceptible at the highest concentration
tested, 64mg/mL) noted in this study correlate il results obtained ylaesoret al. (1992)
and suggest that T-cadinol may in part be respnéib the antimicrobial activity noted in the

P. grandidentatus oil.

The MIC results forP. grandidentatus, obtained when the volatile constituents were resdov
from the extract, indicate mostly increased activ@nly E. faecalis andE. coli demonstrated no
susceptibility in the non-volatile extract. Thesghwgens also displayed poor to no antimicrobial

activity when exposed to the oils.

When fresh plant material was extracted contaitiath volatile and non-volatile constituents
increased efficacy was only noted fér faecalis. As in the case with most microbial species
studied against. camphoratus, the dried combined plant material indicated hrigir@imicrobial

activities with four pathogensS( aureus, E. faecalis, P. aeruginosa and C. neoformans),

displaying increased efficacies when volatiles and-volatiles were combined. Thus only the
dried combined plant sample containing volatile aod-volatile constituents were selected to
comparatively investigate the essential oil (védatand non-volatile extract (Figure 9.12). When
observing the ethnobotanical use of the specieson@lation could be found for the preferred
use of dried material over fresh material and &we\of thePlectranthus genus by Lukhobat

al. (2006), when reviewing 62 species, make no reterdo the use of fresh or dried plant

material.

The isobologram ratio study f&: aureus show predominantly synergistic profiles for sewén
the nine ratios studied (Figure 9.13). The twoosagxpressing antagonism is where the extract is
at highest concentrations, (80:20%) and the ra@id ®%6. The point is not seen on isobologram
as the ratio is greater than the scale expressedinteresting to note than when observing the
MIC data (Table 9.6) the essential oil (4 mg/mL} Har less efficacy than the non-volatiles
devoid of oil (0.5 mg/mL), yet when combined, effay is enhanced both in the isobologram
study and with the MIC study (DC).

Enterococcus faecalis indicated the highest synergistic effect when obsg both the fresh

combined material and dried combined material coatimn (Table 9.6). This enhanced
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synergistic pattern was corroborated in the isofp@m study where synergy was noted for all

ratios investigated (Figure 9.13).
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S. aureus B. cereus E. faecalis E. coli P. aeruginosa K. pneumoniae  C. albicans  C. neoformans

Micro-organism

Figure 9.12 The comparative MIC (mg/L) for the volatile cosents (EO), non-volatile
constituents (NV) and dried combined (DC) constitadorP. grandidentatus.

This pattern was also noted for the isobologramo sitidy forK. pneumoniae (Figure 9.13) and
MIC data (Table 9.6), however, to a lesser ext@he dried combined plant material having
volatile and non-volatile constituents displayeMiC value of 4 mg/mL while the essential oil
exhibited no activity. All ratios within the isolmgram study folK. pneumoniae displayed a

synergistic pattern.

All 1:1 ratios on the isobolograms (depicted asasgs), show synergism. Due to the close
proximity of the ratio points for th&. pneumoniae andE. faecalis isobologram no square was

inserted as this would impair data visualization.
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Figure 9.13 The antimicrobial efficacy of the test organisigureus, K. pneumoniae andE.
faecalis respectively against varying concentrations of ibe-volatile (NV) and volatile (EO)
constituents oP. grandidentatus.

From this work it is shown that there may be coasablle differences in microbiological activity
between volatiles obtained by distillation and nmhatiles obtain through extraction. The
greatest variation seen in the studylogamphoratus is wherek. coli indicated an MIC value of
16.0 mg/mL for the essential oil and the non-vtdaplant extract had a MIC value of 3.0
mg/mL, thus exhibiting more than a 5-fold differen&imilarly forP. grandidentatus whereB.
cereus has a MIC value of 3.0 mg/mL for the essentiaboitl the non-volatile plant extract had a
MIC value of 0.02 mg/mL. When plant material compd of both volatile and non-volatile

constituents, efficacy was enhanced for most pathegincreased efficacies were predominantly
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found for the dried combined plant material over ftesh material. Eloff (1998b), affirmed that
the choice of dried over fresh plant material fanldgical studies were favoured by a number of

researchers.

In a similar study (Lalli, 2006), undertaken onePelargonium species, the comparative TLC
and HPLC data were included and indicated no deositipn of non-volatile compounds during
distillation. Confirmation was also made using TtdCensure that the plant material remaining

in the distillation apparatus (NV) contained noegsil oil constituents.

Even though the ratio combination of the volatileh-volatile mixtures used in this study does
not truly reflect the natural ratios in the wholamg, it is clear that synergistic mechanisms exist
which necessitates the inclusion of volatile comutsuin the antimicrobial assessment. One also
needs to consider the dosage and administratidreddfal medicines when observing targeted
activity. The various different administration medls (infusions, inhalations, tinctures,
deconcoctions etc.) are usually carefully selettgdhe healer for the greatest efficacy, where
preparation often serves to neutralize toxins (Wagk et al., 1997). It has also been
demonstrated (Bonati, 1980) that the tinctur&alriana is more potent than the preparation in
water. The administration of an infused oil, whéine oil acts as a penetrative enhancer for
active principles of the extract is also widely guied (Shealy, 1998) and conceivably the
combination of volatile / non-volatile constituentaprove solubility and bioactivity of the

active principles.

The actual mode of action where the essentialmuilrgon-volatiles interact to enhance activity is
complex and may be attributed to a number of dfiermechanisms. It is known that essential
oils disrupt the bacterial cell wall (Burt, 2004)daa number of studies have confirmed that
aromatic compounds exert their antimicrobial effican the cytoplasmic membrane by altering
its structure and function (Caet al., 2000; Lamberet al., 2001; Holley and Patel, 2005). This
was clearly observed with confocal membrane intggtudies undertaken dd. asteriscoides
(Chapter 3.6.2), however, the antimicrobial effecfsessential oils may be dependent on a
number of other factors such as pathogen spegifioil concentration, level of activity and
relevant function of the microbial membrane such @d gradient, ATPase activity,
electrochemical potential, ion leakage, changesoimposition of fatty acid and intracellular
absorption of material (Nychag al., 2002). Such complexities require further invgestion,

however, one could postulate that the essentsipsdvide a different mode of action to the non-



volatiles and thus act synergistically to enhancvity. This synergistic interaction could
possibly enhance activities in a similar mannerotber combined antimicrobials such as
amoxicillin and clavulanic acid. Here the mechansfaction is known, where clavulanic acid
while independently exerts little antimicrobial iaity, in combination with amoxicillin,
increases the spectrum of activity by inactivattfactamases, blocking active enzyme sites and
thus allowing for a greater efficacy (Gibbon, 200Similarly essential oils could enhance entry

into the cell and allow for selected non-volati@ponents to exert bactericidal activity.

9.7 General conclusions

e The major constituents of the essential oil Tarchonanthus camphoratus are -
caryophyllene (13.4%) and to a lesser extent 8ete (9.3%), representing 22.7%
accumulatively. The two major compounds in the weigsk oil of Plectranthus
grandidentatus are T-cadinol (10.3%) and camphor (15.2%), reptasgn25.5%

accumulatively.

e The non-volatile constituents devoid of any ess¢wiis show higher antimicrobial efficacy
than the volatile constituents. The only exceptiovexe Cryptococcus neoformans and
Enterococcus faecalis when exposed tdrarchonanthus camphoratus and Plectranthus

grandidentatus respectively.

e When volatile constituents were combined with noiffatlle constituents (fresh and dried
plant material), MIC values most often indicatedtdre efficacy for the dried combined

(volatile and non-volatile) plant material.

e Isobologram representation of the combination ofous ratios of essential oil and non-
volatile extracts devoid of essential oils, presamredominant synergistic profile for all

pathogens fomrarchonanthus camphoratus andPlectranthus grandidentatus.

e The correlation between MIC data and isobologranesewmainly congruent where the
greatest synergy fofarchonanthus camphoratus was notedfor Bacillus cereus, Klebsella
pneumoniae Candida albicans and Cryptococcus neoformans. The greatest synergy for

Plectranthus grandidentatus was observed wittEnterococcus faecalis. These efficacies
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correlate with the traditional use of the plantstieat stomach ailments and respiratory

conditions.
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Chapter 10

A comparative investigation of the antimicrobial properties of
indigenous South African aromatic plants with popuér

commercially available essential oils.

10.1 Introduction

Popular commercial oils, such as lavenfleavendula angustifolia), thyme (Thymus vulgaris),

tea tree Melaleuca alternifolia), peppermint Mentha piperita) and rosemaryRosmarinus
officinalis) have been used extensively to treat bacteriafamgkl infections associated with the
urinary tract, wounds, skin disorders, digestianwell as the respiratory tract (Shealy, 1998).
Their popular use for antimicrobially related ders validated the choice to comparatively
investigate these commercial essential oils with fndigenous South African essential oils used
in ethnic healing rites. While literature (Carsamd Riley, 1995; Mangena and Muyima, 1999;
Tassouet al., 2000 Angioniet al., 2004) documents and supports the antimicrolmtb@a of
these commercial oils, their popularity has beemm@onented by excellent marketing strategies.
Even though the majority of the rural South Afrigampulation consult traditional practitioners,
for urban dwellers there is still a trend to ratlese globally recognized herbal therapies, of
which popular essential oils is considered the naadely used of all natural therapies (Nakatsu
et al., 2000). Based on traditional use, consultatiothviterature and results obtained from
research, five indigenous aromatic plants werectsdefrom this thesis for comparative study:
M. flabellifolius (Chapter 2),0. ageriscoides (Chapter 3) A. afra (Chapter 4),L. javanica
(Chapter 5) andH. natalensis (Chapter 8). While antimicrobial activities haveeln assessed for
these indigenous oils, this study aims to directdynpare, under identical laboratory conditions,
the antimicrobial activity against the five commaloils mentioned above. The objective was to
demonstrate the potential to actively promote Sédtitan indigenous aromatic plants and their

essential oils for antimicrobial therapy.



10.2 Botanical description and distribution

An abridged botanical description with distributiorap for indigenous oils can be found in the

relevant corresponding Chapters. For the commeptaait oils:

Lavendula angustifolia, commonly known as lavender is a member of theiaeeae family. It is
native to the Mediterranean but is widely cultivhtiroughout Europe. This bushy evergreen
shrub bears grey leaves turning greener with agestMommonly blue to mauve-coloured

flowers (Figure 10.1) are borne in the summer me(tls-Balchin, 2002).

Thymus vulgaris or thyme as it is commonly known, is also from tiamiaceae family. It is a
small hardy shrub perennial to the Mediterraneagavies are dark grey to green in colour-
bearing small white or violet flowers (Figure 10\@hich bloom from spring to summer (van
Wyk and Wink, 2004).

Melaleuca alternifolia or tea tree, is a member of the Myrtaceae familgigenous to Australia.
The evergreen tree grows in swampy, low-lying arteagng needle-like leaves (Figure 10.3).

Stalkless, yellow or purple flowers are borne ia tlowering season (Shealy, 1998).

Rosmarinus officinalis (rosemary), from the Lamiaceae family is nativetiie Mediterranean,
but cultivated world-wide for its culinary, perfunyeand medicinal uses. It is a woody perennial
shrub with evergreen spiky leaves. The flowers m@@nly purple in colour but may vary
between pale pink to blue (Figure 10.4). This hygifomatic herb has many traditional uses and
was often planted in cemeteries where the odouttesnivas thought to stimulate memories of

deceased loved ones (Shealy, 1998).

Mentha piperita, a perennial mint plant from tHeamiaceae family, originates from Europe and
is well-known as a flavouring and therapeutic ag@&he use of the plant dates back to 300 BC
where hieroglyphics show the use of mint as aneidignt in incense. Historical anecdotes have
shown that the Greeks and Romans have used miheiatfeasts and the Arabs have prepared
mint in beverages. Of the many species of mint lalkd, Mentha piperita is regarded as
therapeutically more superior due to the high mantbntent. The copious amount of menthol

produced is a characteristic feature of the plging it the distinctive peppermint odour. The
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leaves are short with finely-toothed margins (Fegw0.5) producing spiked pink to mauve

flowers in late summer (Wootton, 2005).

Figure 10.1 Lavendula angustifolia
(lavender)

Figure 10.4 Rosmarinus officinalis
(rosemary)

Figrl.
(tea tree)

Figure 10.5 Mentha piperita (peppermint}? )
! http://yourskin101.com/natural-skin-care/tea-todleaspx; 2 http://sophy.u-3mrs.fr/photo-id/Men
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10.3 Medicinal uses

A description of the medicinal uses for indigenoos can be found in the relevant

corresponding Chapters. For the commercial pldst oi

Lavendula angustifolia: The essential oil from this species is one of thestpopular and

appreciated in phytotherapy (Lis-Balchin, 2002)e Tiame of the plant is derived from the Latin
word “lavare” meaning “to wash” referring to the dim@nal use for the washing of wounds. The
medicinal properties range widely from the treattredrcoughs and colds by steam inhalation to

applying topically for the treatment of burns amte (Shealy, 1998).

Thymus wulgaris: The essential oil from this species was traditiynaked as a medicine for
treating coughs and respiratory disorders assatiaith the upper respiratory tract. It is known
as an antiseptic to treat wounds and urinary frgettions (Shealy, 1998). There have been a
number of reports validating the antimicrobial edity of thyme (Delespaset al., 2000; Valero
and Salmerén, 2003) and in a publication by Lai &wal (2004), where the antimicrobial
activity is reviewed by a number of authors againstterial isolates such & aureus, B.
subtilisandE. coli, in conjunction with other organisms. Due to it®wm antimicrobial efficacy

it is often used in combination with other oilseapreservative.

Melaleuca alternifolia: The Australian aborigines have originally used teze oil as an
antiseptic and the leaves were used as a poudticekin infections. It is a popular choice for the
effective treatment of respiratory complaints wharé&w drops of the oil are placed into hot
water and the vapours inhaled. Diluted tea tredsoidsed as a mouthwash to protect against
dental caries. The demand for tea tree oil as mfdiant increased when it was used by
Australian soldiers participating in World War ktfht//www.vitacost.com/science/hn/Herb/Tea_
Tree.htm). The use of tea tree oil to treat topfaabal infections (with particular reference to
Candida albicans) is well-known. Severain vitro studies have revealed that the oil inhibits
many strains of bacteria, yeasts and fungi (CasuhRiley, 1995; Shealy, 1998; Caddiial.,
2000; Coxet al., 2001).

Rosmarinus officinalis: The oil is known for its antiseptic and disinfedtgroperties (Shealy,
1998). The use of rosemary dates back to the anEmgyptians where it was used in cleansing
rituals. In former times this aromatic herb washredb on uncooked meat to delay putrefaction.

During outbreaks of the plague, rosemary was a comimgredient used in posies carried to
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ward off infection. More recently rosemary is usedhe fumigation of French hospitals. Of the
many virtues bestowed on rosemary, the therapeatire has been accredited to the treatment of
bronchitis, sinusitis, as an expectorant, as a igtic@and antiseptic. The therapeutic application
by inhalation has also been used by both aromails¢saand traditional Chinese medicinal
practitioners. Furthermore, it has been used aslg $reatment for the eradication of dandruff
(Holmes, 1999; Wootton, 2005).

Mentha piperita: The medicinal use of the oil has been used to sgatsitis by inhalation
therapy. It has been used for the treatment of digarders but is mostly known for digestive
disorders, hence the traditional consumption opeemints after a large meal (Shealy, 1998). In
addition to the numerous reports on the antimiabproperties of mint, as cited by Logan and
Beaulne (2002), the use of enteric coated peppeéraiinvas found to be beneficial in the

treatment of overgrowth of intestinal flora, of@ssociated with irritable bowel syndrome.

10.4 Methods
10.4.1 Chemical agpects

Essential oils: The aerial parts of the five indigenous plants eveollected from various

localities within South Africa and hydrodistilledrf three hours in a Clevenger apparatus
according to methods described in Chapter 2.5dntRlamples were retained for identification
and voucher specimens housed within the DepartmeRharmacy and Pharmacology at the
University of the Witwatersrand. The correspondwagicher numbers are given in Table 10.1.
The five commercial essential oils with their teicah data were obtained from Robertet

(France) where distillation and analysis was cdroet according to ISO compliance.

Gas chromatography (GC) and gas chromatography conmibed with mass spectrometry
(GC-MS): Even though the GC and GC-MS analysis of the Bwbgs oils have been
previously undertaken, all ten essential oils amel dtandards were confirmed on a Shimadzu
17A gas chromatograph using the following paranset@olumn: J&W-DB-1 (30 m x 0.25 mm,
0.25 pum film thickness), Temperatures: injectiomt®30 °C, column 60 °C for 1 min., 5 °C /
min to 180 °C, 180 °C for 2 min., (total = 25 minQuantification was achieved by correlation
of relative retention times with authentic standarihe major compounds and their relative

percentages are presented in Table 10.1 and Figuge
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10.4.2 Antimicrobial aspects

The culture preparation was undertaken accordinthe@oNCCLS (2003) guidelines (Chapter
2.5.2) and the microplate MIC bioassay method wsedu(Carsoret al., 1995; Eloff, 1998a;
NCCLS, 2003), as in previous Chapters. Tests wendopned in triplicate and identical
laboratory conditions were maintained to ensure thaculum, batch media, preparative
techniques and incubation times were standardizére MIC data indicated coinciding values
between commercial and indigenous oils, the MIC fuather refined to narrow the increments.
This was achieved by altering the dilution factoy preparing consecutive dilutions of
increments 0.75, 0.72 and 0.65 (depending on tleelgbermined MIC). The MIC assay is
performed on the principle of doubling dilutionstivia ratio of 0.5 for each dilution. By
manipulating the dilution factor i.e. changing tla¢io, a narrower MIC value can be obtained.
This would enable one to obtain a MIC reading sohee® between the two doubling dilutions.
This can be demonstrated by observing kg othannus flabellifolius oil sample, initially
having an MIC value of 8 mg/mL when using the Mi@udling dilution principle. By changing
the dilution ratio to 0.72, a MIC reading of eitHd5.59; 11.94; 8.6(actual value obtained); 6.19
or 4.46 could be obtained, thus reducing the dagbtlilution error normally encountered in

MIC methodologies.

Time-kill studies: To comparatively demonstrate the time-kill efficacypommercial and
indigenous oils were exposed $oaureus, K. pneumoniae and C. albicans (Figures 10.7-10.9)
under identical laboratory conditions and the cie#ficacy plotted over time against the
logarithm of viable colonies. The assays were edrdut in duplicate according to methodology
described in Chapter 2.5.2. Only one oil conceiatnaf0.5%; 5.2 mg/mL) for all ten test samples

was comparatively evaluated.

10.5 Results and discussion

10.5.1 Essential oil chemistry

The major compounds in the commercial oils, idesdiby gas chromatography are presented in
Figure 10.6. This ensured that commercial oils wera high quality and gave some indication
of which indigenous chemotype was included in thiisdy. The major compounds for the
indigenous oils have been diagrammatically preseinigrevious Chapters. A summary of data

for all oils comparatively evaluated can be obseiwneTable 10.1.
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Rosmarinus officinalis

camphor 1,8-cineole

Figure 10.6 Chemical structures for the major compounds idieatiin the commercial
oils of L. angustifolia, T. wulgaris, M. alternifolia, M. piperita andR. officinalis.

Table 10.1 A summary of the major compounds and therapastcfor the five indigenous and
five commercial essential oils.

Species, family and Common Major compounds and Therapeutic use
voucher number name relative %
Lavendula angustifolia Lavender | linalyl acetate (31.3%), | Acne, skin abrasions
(Lamiaceae) linalool (30.8%) and wounds,
Commercial sample antiseptic, respiratory
tract infections.
Thymus wulgaris Thyme thymol (47.2%), Wounds, antiseptic,
(Lamiaceae) p-cymene (22.1%) urinary tract
Commercial sample infections, colds,
coughs and flu.
Melaleuca alternifolia Tea Tree Terpinen-4-ol (38.6%), | Acne, skin abrasions
(Myrtaceae) y-terpinene (21.6%) and wounds,
Commercial sample antiseptic, respiratory

tract infections, fever
fungal infections.

Mentha piperita Peppermint | menthone (18.2%), Mainly for digestive
(Lamiaceae) menthol (42.9 %) disorders, respiratory
Commercial sample ailments, skin lesiong
and acne.
Rosmarinus officinalis Rosemary camphor (12.4%), Antiseptic and
(Lamiaceae) 1,8-cineole (41.4%), disinfectant.
Commercial sample a-pinene (13.3%)
Lippiajavanica Fever Tea | B-ocimene (19%), Respiratory tract
(Verbenaceae) linalool (65%) infections, fever,
Voucher number: digestive disorders.
AMV331
Artemisia afra African 1,8-cineole (17.8%), Respiratory tract
(Asteraceae) Wormwood | camphor (8.2%), infections, fever,
Voucher number: a-thujone (18.7%), digestive disorders.
AdcAV173 B-thujone (12.5%),

artemisia ketone (10.1%)




Species, family and Common Major compounds and Therapeutic use
voucher number name relative %
Heteropyxisnatalensis | Lavender Tree 1,8-cineole (31.4%), Respiratory tract
(Heteropyxidaceae) limonene (17.9%), infections.
Voucher number: a-terpineol (7.3%)
AMV771
Osmitopsis 1,8-cineole (56%), Respiratory tract
asteriscoides (-)-camphor (14.8%) infections,
(Asteraceae) inflammation, skin
Voucher number: lesions, digestive
ADCAV174 disorders, fever.
Myrothamnus Resurrection | pinocarvone (11.1 %) Respiratory tract
flabellifolius trans-pinocarveol (19.6%) infections, skin
(Myrothamnaceae) limonene (6.1%) abrasions and
Voucher number: trans-p-mentha-1(7), 8- | wounds, urinary tract
AV169 dien 2-ol (7.4%) infections, mouth
cis-p-mentha-1(7), 8-dien| ulcers.
2-ol (6.9%)

10.5.2 Antimicrobial activity

Initial MIC data indicated that indigenous essdriis compare favourably with the commercial
oils as noted fo%. aureus whereM. flabellifolius and O. asteriscoides (4 mg/mL) showed higher
sensitivity than the commercial oilk: angustifolia (lavender) M. alternifolia (tea tree) M.
piperita (peppermint) andR. officinalis (rosemary) at 8 mg/mL. However, in many instances
there was very little variance between MIC valugsifdigenous and commercial oils. This was
noticed forB. cereus whereO. asteriscoides, H. natalensis, T. wilgaris (thyme),M. alternifolia
(tea tree)M. piperita (peppermintandR. officinalis (rosemary) oils where the same MIC value
(4 mg/mL) was recorded (not shown in Table 10.2)narrower MIC was hence determined.
The final refined MIC values are depicted in Table2. Minimum inhibitory values against all
ten pathogens generally ranged between 4-16 mgémimbst oils. A few exceptions are seen
e.g. with the indigenous oild. flabellifolius indicating the highest sensitivity towarBscereus

(2 mg/mL) andS. epidermidis (3.2 mg/mL). This was also noted fOr asteriscoides (1 mg/mL)
againstC. neoformans. Similarly, T. vulgaris (thyme) oil showed the highest sensitivity towards
S aureus (1.3 mg/mL) anckE. coli (0.5 mg/mL). Previous comparative studies (Hamate.,
1999) also support high antimicrobial activity for wlgaris (thyme) where the lowest MIC

reported was againkt coli (0.03%), in comparison with oils from 20 other gen
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Table 10.2 The MIC (mg/mL) of the five indigencarsd five commercial oils.

Pathogen | LipAa | Artemisia | Heteropysis | Osmitopsis |Myrothamnus | SEeR | FMLS) THESIE | entha piparita F e TS
javanica afra natalensis | asteriscoides | flabellifolius (Lavender) |(Thyme) (Tea Tree) (Peppermint) (Rosemary)

2?2@2;060583 aureus 16.0 4.5 8.6 4.0 4.0 8.6 1.3 8.6 11.9 6.2 1.0 x 1C°
2?2@2;020;”3 epidermidis | 7 g 16.0 5.7 6.2 3.2 6.2 4.7 6.2 6.2 10.1 | 2.5x10°
ii@giﬁ%s 16.0 11.9 4.5 3.7 2.0 11.9 8.8 2.4 3.7 3.7 1.0 x 10°
ii@gzgﬁi”s 32.0 32.0 32.0 6.2 8.6 32.0 11.9 6.2 4.5 320 | 2.5x10°
isTcggi_‘{T??CS‘"i 1.6 8.6 4.5 3.7 5.7 6.2 0.5 3.7 5.7 4.5 0.1x 16
ZSTe”C‘(j:Og‘gg";s aeruginosa 16.0 8.6 8.6 8.6 8.6 8.6 8.6 8.6 8.6 6.2 2.5x 16
ig‘ggcgg”lszfa&a”s 13.5 5.7 18.0 7.0 6.2 18.0 4.0 8.6 6.2 24.0 2.0 x 1¢
Eﬁ%dggggwm”iae 7.6 10.1 10.1 11.9 5.7 16.0 4.0 4.0 6.2 16.0 1.3 x 18
g?.rg(i:diggians 8.6 4.5 4.5 5.7 5.7 5.7 2.4 3.7 2.4 5.7 1.3x 10
ngygg)ngsz”e"forma”S 2.4 8.0 5.7 1.0 2.0 4.0 4.0 40 4.0 16 25%1

*The bacterial control was ciprofloxacin and fungahtrol was amphotericin B.
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Results of these studies encompassing all fivenefdommercial oils were mostly congruent
with previous findings. Carson and Riley (1995)nfaoned results obtained for tea tree oil
where it was also observed tlatcoli was more susceptible th& aureus. In another study,
where eleven oils were comparatively evaluatedafuibacterial activity, thyme oil showed a
much higher inhibitory action than peppermint ojamst fifteen of the eighteen pathogens
studied (Ozkaret al., 2003). Similarly in this study thyme showed Hglinhibitory action in
eight out of ten pathogens investigated. While Mi&a for some of these oils have been
reported, studies are not always directly comparatile to different methods, microbial
sensitivities etc., hence the data represented bamebe accurately compared due to the
standardization of test conditiondhymus wulgaris (thyme) oil showed the highest overall
antimicrobial activity in the MIC assay followed 4. flabellifolius and thenO. asteriscoides

andM. alternifolia (tea tree) oil.

Time-kill data forS aureus (Figure 10.7) indicate that of the ten oils studigaiee of the four
having bactericidal activity are from indigenousu8o African plants. Indigenous oil®.
asteriscoides indicated bactericidal efficacy at 24 hr and bddh flabellifolius and A. afra
displayed a cidal effect at four hourfhymus vulgaris (thyme) was the only commercial oil
showing bactericidal efficacy (at eight hours). 3éeesults showed some correlation with the
MIC data where the same four oils had the lowest Malues forS aureus. The remaining six
oils (L. angustifolia, R. officinalis, M. alternifolia, M. piperita, H. natalensis and L. javanica)
show very similar bacteriostatic patterns, averggipproximately 50% reduction in CFU / mL
after 24 hr.
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Figure 10.7 A comparative death kinetic study 8faureus, exposed to 0.5%
essential oil from five commercial and five indigeis plants over a 24 hr period.



Death kinetics forK. pneumoniae (Figure 10.8) indicated less sensitivity. Althoughrapid
reduction of CFU was observed within one hour @rasteriscoides, A. afra and M. piperita
(peppermint) oil, regrowth oK. pneumoniae was evident within one hodor A. afra and M.
piperita (peppermint) oil and more gradually (after fourut®) with O. asteriscoides.
Bactericidal efficacy was noted far vulgaris (thyme) oil, M. alternifolia (tea tree) oil, as well

as M. flabellifolius oil, having a time-kill effect within one hour. Am these results confirm
similar susceptibility patterns as seen in the M&Ea where the same three oils have the lowest

MIC values forK. pneumoniae.
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Figure 10.8 A comparative death kinetic studykfpneumoniae, exposed to 0.5%
essential oil from five commercial and five ineiigus plants over a 24 hr period.

Most of the oils showed fungicidal efficacy f@r albicans (Figure 10.9) with the exception of
L. angustifolia (lavender) andH. natalensis having limited static activity. Even though an
approximate 25% reduction of CFU was noted fordéhes oils, no cidal activity was observed
after the 24 hr test period. The oils@fasteriscoides, A. afra andT. wulgaris (thyme) indicated
time-kill death rates within four hours. The Ml flabellifolius exhibited the most rapid (within
one hour) bactericidal activity againSt albicans. SurprisinglyM. alternifolia (tea tree) oil,
marketed for it's anti-candidal activity did nodinate cidal efficacy in the first four hours but
only after 24 hr, with oil sampleR. officinalis (rosemary),M. piperita (peppermint)and L.
javanica. This reduced time-kill effect was also noted incparative study (Hammet al.,

1999) in which the same five commercial oils, amstngthers, were studied. Results were
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mainly congruent wittM. alternifolia (tea tree) oil being less effective thainvulgaris (thyme)
andL. angustifolia (lavender) oils folC. albicans. Of the four oils demonstrating cidal efficacy
for C. albicans within four hours, threeM. flabdlifolius, O. asteriscoides and A. afra) are

attributed to the indigenous oils.

CFU/ml

0 2 4 6 8 10 12 14 16 18 20 22 24

Time (hrs)
—e— Control —e— Lippia Artemisia —a— Heteropyxis
Osmitopsis —e— Myrothamnus Lavender —e— Thyme
—— Tea tree Peppermint Rosemary

Figure 10.9 A comparative death kinetic study Gf albicans, exposed to 0.5%
essential oil from five commercial and five indigeis plants over a 24 hr period.

In light of these findings we can confirm that tineigenous oils compared most favourably
with commercial oils and as indicated in the ddatietic assayM. flabellifolius, an indigenous
oil had the most rapid cidal effect for all threathpgensS. aureus, K. pneumoniae and C.
albicans. Earlier studies (Chapter 2, Viljoegt al., 2002) state that the major compoutrar(s-
pinocarveol, 19.6%) iM. flabellifolius is also used in pharmaceutical preparations such as
Ozopulmi™, thus further substantiating the plant’s poterfial medicinal use. Comparative
death kinetics (Lattaoui and Tantaoui-Elaraki, 098¢ the oils of threelhymus species T.
broussonettii, T. zygis andT. satureioides) had time-kill efficacies within three and a hiatiurs
againstS. aureus (0.4% oil concentrationaind C. albicans (0.2% oil concentration)While T.
vulgaris (thyme) oilused in this study showed the highest microbiailcaties of all five
commercial oils studied at 0.5% concentrations,diath kinetic rate was four hours and eight
hours forC. albicans and S. aureus respectively From both these studies, it can be confirmed
that someThymus species possess strong antimicrobial propettiestime-kill study by Mayet

al. (2000), the rapid bactericidal effect Mt alternifolia (tea tree) oil within 30 min was also

194



noted, confirming the time-kill data presentedhiststudy. A time-kill study oM. alternifolia

oil (Christoph and Stahl-Biskup, 2001) indicatedesy similar cidal trend again§t aureus to
that seen in this study, however, the authors detmated that combinations with other oils,
such as manuka, showed excellent bactericidaleefyicthus one should not exclude synergistic

oil combinations in microbial therapy.

In summary these results validate the use of Safrtban aromatic plants for their anti-infective
properties and emphasize the need to promote tleahdotanical resources in South Africa.
Many urban South African people are growing Europkerbs for medicinal purposes but are
reluctant or ignorant of the use of African plafas therapeutic use (Derwent, 2004). Thus, by
publicising the efficacy of indigenous oils in coanfgon with those that are internationally well
marketed (van Vuuren and Viljoen, 2006), a bridgeyrpossibly be formed between western
herbal practices and that of indigenous sourceshhee been known for centuries within the

ethnic people.

We need to take into account however, that whigssén vitro antimicrobial results support the
local traditional use of indigenous aromatic plahigrvesting limitations need to be considered
to make further commercial development a viableppsition. Also, of note is that not at
vitro antimicrobial results correlate with their therape use and other factors such as
chemophysical, pharmacological or physiologicaleasp may contribute to further enhance the

efficacy of these essential oils.

10.6 General conclusions

o Comparative MIC results for popular commercial @ilsvendula angustifolia, Thymus
vulgaris, Melaleuca alternifolia, Mentha piperita and Rosmarinus officinalis) against the
essential oils of five indigenous plantMyfothamnus flabellifolius, Osmitopsis
asteriscoides, Heteropyxis natalensis, Artemisia afra andLippia javanica) indicated little

variance for many samples with MIC values mainlygiag between 4-16 mg/mL.

o Time-kill data forStaphylococcus aureus indicate that of the ten oils studied, three of the
four having bactericidal activity are from indigersoSouth African plants i.©smitopss
asteriscoides, Myrothamnus flabellifolius and Artemisia afra with Thymus vulgaris as the

only commercial oil showing bactericidal efficacy.
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Death kinetics forKlebsiella pneumoniae indicated less sensitivity, with bactericidal
efficacy noted for Thymus wulgaris, Melaleuca alternifolia and Myrothamnus

flabellifolius oil, having a time-kill effect within one hour.

Eight of the ten oils investigated demonstratedyitidal efficacy forCandida albicans

in the time-kill assay.

Of all oils studiedMyrothamnus flabellifolius showed the most rapid cidal effect against

all three pathogens tested.

Results indicate that the antimicrobial activitySduth African indigenous essential oils

compare favourably with the commercial oils invgated in this study.
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Chapter 11

A review of the methods used to study the antimictmal activity of

aromatic plants.

11.1 Introduction

Many papers on the antimicrobial efficacy of plagsential oils and extracts have been
published, however, there still remains a numbetigparities in the techniques, where there is a
need to explore standardization (Rios and Reci®5R0This is evident even though numerous
publications have been dedicated to the methodsvied in bio-activity studies of extracts and
oils (Remmal and Tanaoui-Elaraki, 19%antneret al., 1994; Carsort al., 1995; Pauli and
Kubeczka, 1997; Janssehal., 1987; Eloff, 1998a; Marston and Hostettmann,9t9%hlou,
2004; Rios and Recio, 2005). As microbiological Inoets incorporate living principles (test
micro-organisms), predictability of the outcome et always clear and subject to many
environmental influences that may impact on a raspoHence, the problems encountered when
trying to standardize techniques. Standardizatioprotocols for antimicrobial testing of plants
has limitations since the study objectives and ewrpental design amongst researchers often
differ (Holley and Patel, 2005).

The methodologies involved in the empirical applogcdiscover biological activities should be
carefully considered and approached so that regigtd accurate and reproducible outcomes
(Marston and Hostettmann, 1999). It is of the utmgportance that parameters such as plant
collection, validation of laboratory equipment, mtieal analysis and various intricacies of
antimicrobial investigations are carefully definedhis Chapter serves to document the
standardization of techniques based on literatendews and practical suggestions when

performing microbiological assays.

Microbiological assays on natural products arenepies where the potency of a test substance
(plant extract, essential oil or compound) may leéednined against the growth of a micro-

organism.



The classification of such studies can be four-fdldere should be an initial screening process.
Ideally this should be relatively cost effectiveilick and need not be quantitative (Marston and
Hostettmann, 1999). In these microbiological stsdielisc diffusion assays meet these
requirements. Secondly, screening should followclldonfirms qualitative biological activity
(Marston and Hostettmann, 1999). This has beenegetii by determining the quantitative
concentration that will inhibit microbial growth ing the minimum inhibitory concentration
(MIC) method. Both disc diffusion and MIC technigumay be carried out with the aid of
automated equipment, however, all assays undertakehis thesis have been carried out
manually. Thirdly, monitoring assays should be ilacp for studies, such as isolation of
antimicrobial constituents from whole plants, asthe case of bioassay-guided fractionation
procedures. Secondary testing should be in plaee afonitoring studies to confirm activity,
specifically for studies involving the isolation active compounds. Hostettmann (1999)
recommended that biological assays be used in gotjun with chemical screening to allow for
a multidisciplinary approach that may yield impaottanformation for future drug development.
Monitoring assays also include time-kill studiesend viability is assessed over a selected time
period. Lastly, a more outcome based approach reayndertaken to study the activity in more
detail, as with synergy studies where a specific@aue is sought to test a hypothesis (Marston
and Hostettmann, 1999).

11.2 Plant collection and essential oil isolation

For all plant collections voucher specimens wetaldished and species correctly identified in
order to botanically authenticate the plant matefar many follow-up studies plant material
was re-collected, always from the same localityvoid any chemotypic variability. There are
several methods that can be used to isolate tleatssoils i.e. cold press extraction, extraction
of a single oil with another, steam or hydrodiatithn, simultaneous distillation coupled with
solvent extraction, supercritical fluid extractiomicrowave extraction, solid phase extraction
and fluorocarbon extraction (Nakatsual., 2000). For these studies isolation was standeadi
by hydrodistillation as described in Chapter 2.hisTis the most common and best suited
method for the isolation of volatile constituents plant-based studies (Guenther, 1948). As
recommended, distilled oils were stored at 4 °Gaiitight amber vials to prevent alteration of
composition (Burt, 2004). Traceability of oil saraplto voucher numbers and oil yields were

documented in an established reference book.
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11.3 Equipment

All equipment i.e. from laminar flow benches, bales to micropipettes were calibrated
according to standard operating procedures. Thimpgrative for good laboratory technique to
ensure accuracy and reproducibility of results. Woentation supporting this is housed within
the Department of Pharmacy and Pharmacology, Usityesf Witwatersrand.

11.4 Chemical evaluation of essential oils

A review paper (Lahlou, 2004) on techniques usedhe investigation of the bioactivity of

essential oils lists the analytical requirementat teshould be adhered to when performing
investigations on essential oils. Parameters ssobhgaipment specifications, column type and
dimension, carrier gas-flow rate, temperature ofumm and detector should be specified.

Specifications for these studies have been docwedenChapter 2.5.1.

11.5 Effect of solvents, media selection and adihs

A number of different solvents may be used foiahgample dilution preparation. The choice of
an adequate biological solvent is crucial and examjnclude methanol, acetone, dimethyl
sulfoxide (DMSO), and ethanol, amongst others. Asiynof these solvents are antimicrobial in
nature they should be avoided if possible. Unfaataly studies on certain extracts show poor
solubility in acetone as was the case with Theamphoratus study (Chapter 9). Therefore a
solvent such as DMSO which has a broad polaritgeawas used to facilitate dissolution of
extract For such studies, controls should be run of theestlindependently to determine the
antimicrobial end points of the solvent. This waslertaken in thd. camphoratus studyand
DMSO showed inhibition between 4-8 mg/mL dependony the pathogen studied. Any
antimicrobial activity within this range obtainedtivthe T. camphoratus extracts werexcluded,

as activity could not be categorically attributedthe extract and may be as a result of the
solvent. When investigating bio-activity, acetorfeowld be used wherever possible as the
solvent of choice, due to its inert properties amscibility with water (Eloff, 1998b). The use of
acetone for antimicrobial susceptibility testingw&lely accepted as the solvent of choice and

supported by over 444 references when performuhgtabase literature search.



11.6 Reference standards

All assays must include conventional antimicrolmahtrols that are appraised under identical
laboratory conditions to that of the assay. Themd#ion that the micro-organism is susceptible
to the selected antimicrobial. In the literatureiees by Lahlou (2004), a number of references
are cited where ciprofloxacin is recommended as thee ideal antibacterial controls and
similarly amphotericin B is recommended for contrasting against fungal organisms.
Antimicrobial controls were assessed with everyt ggocedure and evaluated against an

acceptable standard (Chapter 2.5.2).

11.7 Pathogen selection

Many plants have reported use for the treatmentcuwds, wounds, sores, ear infections,
respiratory disorders, gastrointestinal upsets etdicating a possible bacterial or fungal
infectious agent. In this current study the patimgelection was based on the traditional use of
the plant as determined from the ethnobotanicatdiure. Studies on the medicinal use of the
plants were restricted to infectious test organisBwen though a number of other pathogens
exist, which may offer pertinent information foregjfic diseases, for this study a standard set of
pathogens relevant to the ethnobotanical usesegblint have been used. This would also allow
for standardization of growth requirements. Thetwirlg of many other pathogens involves
either the addition of blood i.e. tI&reptococcus species, provision of growth supplementation
as in the case d¥lycobacterium species and may even require enrichment of thebgt@on
atmosphere with the addition of 5% &€@s in the case fdractobacillus species. An overall
pathogenesis of all the test organisms studiedtlaid relative importance as infectious agents

are given here so that pathogen selection bas#uecethnobotanical use is clarified.

11.7.1 The Gram-positive test organisms

Staphylococcus aureus. Even though an opportunistic pathogen residindpénupper respiratory
tract,S. aureus is one of the most virulent bacterial pathogerms#mto man-kind. The organism

is responsible for superficial skin diseases (dastwboils, carbuncles, abscesses, pimples and
impetigo), systemic infections such as food poisgniand respiratory diseases causing
pneumonia. This organism is commonly associated blbodstream infections responsible for

endocarditis, soft tissue infection and osteomige(Rubinet al., 1999). A review of nosocomial

20C



cardiac infections (Giamarellou, 2002) cit&sureus as one of the major causative pathogens of
bacteraemia responsible for 52-57% infections. Tdie of increase of such infections has
increased exponentially since 1980, escalating 2804 to 283%, depending on the hospital
studied. With the ever increasing use of conveafioantimicrobials such as methicillin
(Hanbergeret al., 2001) and vancomycin (Gibbons, 2004), resistdrae emerged requiring a
more aggressive search for newer anti-staphylotostoalogical agents. The emergence of
methicillin resistantS. aureus (MRSA) strains have become a global problem wiareertain
epidemiology surveillance centres it is now refdrte epidemic methicillin resista® aureus
(EMRSA). Acquisition of MRSA carries increased tikahre costs and seriously limits effective
antimicrobial therapy (Bannistegt al., 2000). With the unsuccessful attempts to control
multiresistant strains o%. aureus with conventional antimicrobials, it is no wondiat the

search for newer antimicrobial sources from natprafiucts has become increasing popular.

Staphylococcus epidermidis. Of the many infections transmitted, those entenigg the skin
usually occur due to natural immune mechanismsrhempsuppressed or through abrasions to
the skin barrier. The most common infections arengry and associated with localized
inflammation and invasion of the pathogen, howewagcause of the skin’s contact with the
environment, it is usually the first port of entwhere infections are spread systematically
throughout the bodyStaphylococcus epidermidis is commonly isolated from the skin but also
resides in the upper respiratory tract, lower tmes urethra and vagina. Although commensal,
recent medical invasive therapies (such as thetioseof intravascular cannulae) have allowed
this organism to enter the blood stream of immungu@mised patients, resulting in the
organism becoming pathogenic (Bannisteral., 2000). In a study on nosocomial infections
(Giamarellou, 2002)S epidermidis wasfeatured together witls. aureus as the most common
infectious agent isolated from ICU patients. ltwell-known thatS. aureus is resistant to a
number of conventional antimicrobials and it isyoal matter of time before we see the same

thing occurring withS. epidermidis.

Bacillus cereus: Not only is this organism associated predominantith gastrointestinal
infections but there have also been reports of ascuifections, infections from wounds,
pneumonia and infections in the urinary tract (Kaita et al., 2000). An outbreak of a
respiratory tract infection associated witB.acereus strain has been documented by Geagl.
(1999), where the authors stated that such outbrea& not uncommon. A review of the

organismB. cereus classified infections into six groups i.e. locedc{uding burns), bacteremia,
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systemic (including meningitis), respiratory, endaltis and gastrointestinal (Drobniewski,
1993). This spore bearing organism has been assdomth an increasing number of food-
borne diseases and given the ever present risecimoutbreaks, especially in rural areas where
poor hygiene and a lack of adequate educatioresept, it would be ideal to use endemic plants

as a prophylaxis to prevent such infections ocogrri

Enterococcus faecalis: This pathogen is a regular inhabitant of the imtetract and often used
as an indicator of faecal pollution. The species been implicated in urinary tract infections,
abdominal lesions and endocarditis (Boyd and Hd€81). In recent years the organism has
emerged as a significant antibiotic resistant nosoal pathogen, developing resistance to both
aminoglycosides and vancomycin (Giamarellou, 2002ncomycin-resistart. faecalis (VRE)
has acquired specific resistant genes enablingotganism to withstand vigorous treatment
protocols (Walsh and Amyes, 2004). Recently, thdeddconcern that VRE strains could
exchange genetic material with MRSA has resultgehermaceutical companies increasing their
efforts to identify and produce compounds that wobé active against these multi-resistant
strains (Rice, 2006). Bannistet al. (2000), reports that over 25% of nosocomial itifers

resulting from surgery involving intravascular catae were attributed tB. faecalis species.

Bacillus subtiliss Even though rarely pathogenic, many ethnobotaniaatimicrobial
publications include this organism in their teggamism data set, possibly due to the fact that this
spore bearing Gram-positive organism may yield commmhibitory trends with other Gram-
positive pathogens. Kalemba and Kunicka (2003) iipddhat this organism is one of the most
common test strains when investigating antimicrioiiicacies against essential oils. There have
been occasional reports of food poisoning assatiatiéh the toxins produced by. subtilis
(Bannisteret al., 2000), but this is rare.

11.7.2 The Gram-negative test organisms

Klebsiella pneumoniae: Even thoughK. pneumoniae forms part of the commensal flora of the
intestine, the organism becomes an infectious agéen inhabiting the upper respiratory tract
causing pneumonia. The pathogen has been idenéifiezhe of the major causes of septicaemia
in paediatric wards (Boyd and Hoerl, 1981). Fatad as high as 90% in untreated cases and the
severity was highlighted with the recent outbre&likK opneumoniae infections in South African

neonatal hospital wards where the deaths of nibéebavere reported (Green and Rondganger,
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2004). Klebsidla associated meningitis, endophthalmitgolangitis, endocarditis and urinary
tract infections, even though uncommon have alsenb®ted (Bannisteet al., 2000). The
emerging antimicrobial resistance to ampicillin ardoxicillin shows the need to develop more

resilient means of preventingebsiella nosocomial infections.

Pseudomonas aeruginosa: This organism can invade virtually any living tissand is frequently
responsible for a wide spectrum of severe infestiQHanbergeret al., 2001). The growth
requirements foP. aeruginosa are minimal and thus often found in inappropriasttyred water.
This opportunistic pathogen is responsible for atwvaumber of nosocomial infections in
particular that of burn patients, pneumonia, dettisabpen wounds and otitis externa where a
high degree of antibiotic resistance has been tepoirhe organism has been associated with
nosocomial cardiac infections (Giamarellou, 2002)vall as infections of the lungs with a death
mortality of over 80%Pseudomonas aeruginosa can cause keretoconjunctivitis where infections
have derived from non-sterile ophthalmic cleanihgds (Bannisteret al., 2000). Multi-drug
treatment regimens are often necessary to eradiuaterganismPseudomonas species together
with MRSA have been identified as the most promirenganisms that are rapidly becoming

resistant to all existing antibiotic agents (Ri2803).

Moraxella catarrhalis: One of the most common bacterial agents respe@nfiblacute sinusitis.
This opportunistic pathogen may also be responstsléronchitis and pneumonia in the lower
respiratory tract (Laurans and Orfila, 1991). Theidences oM. catarrhalis infections have
resulted in this organism being a well-establispathogen, presenting itself in a number of
respiratory infections as well as septicaemia aetingitis. The organism resides in the upper
respiratory tract and has become the most commater@ species isolated from patients
presented with laryngitis (Verduig al., 2002). Because this organism often co-invadeh wi
other infectious agents future treatment develogsnshould include targeting poly-microbial

infections.

Escherichia coli: While E. coli is a consistent resident of the small intestignes strains are
pathogenic, causing intestinal and urinary tratéanons as well as neonatal meningitis. Most
infections are usually food-borne or spread frommspe to person via the faecal-oral route
(Bannisteret al., 2000). Their role in human pathogenesis has cedgmtly been appreciated,
due to the distinguishing difficulties between typipathogenic and commensal strains.
Antimicrobial resistance towards coli has already been reported worldwide. Enterotoxagyen

E. coli is presently recognized as the primary cause afrlibea in infants and adults,
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particularly associated with traveller’'s diarrhoéarecent publication by Qadst al. (2005),
strongly recommends that serious efforts be reduioe management dE. coli infections. In
addition, the widespread misuse of veterinary aiotmbials has resulted in the introduction of
antibiotic resistanE. coli strains into the endogenous microflora of animAkssistant genes are

then transferred to human strains where resistaraléerates (von Baum and Marre, 2005).

Yersinia enterocolitica: Transmission occurs through contaminated foodk amid water where
Y. enterocolitica will cause gastroenteritis accompanied by sevbo®minal pain (Bannistest
al., 2000). Another means of transmission is the test@ilanimal-to-human contact. The
organism is highly acid resistant, contributing ite survival and virulence in the stomach
(Koornhof et al., 1999). Infections arising from this organism na&so cause enlarged lymph
nodes, subcutaneous nodules and septicaemia, atéhty rates higher than 50% (Boyd and
Hoerl, 1981).

Salmonela typhimurium: Infections associated witkalmonella are a global problem and it has
been estimated that over 16 million cases are tegowearly (Houseet al., 2001).
Consummation of infected poultry is one of the mmshmon sources of salmonellosis where up
to 60% of all incidences occuBalmonela food poisoning and colitis usually result from
exposure and occasionally there have been repo8a monella-related infections in the bones,
joints and soft tissue, indicating blood-borne atiiens (Bannisteet al., 2000). Disease is spread
by person to person contact via the faecal-oratecoMany countries have experienced an
unprecedented rise in salmonellosis and in Soutit#\f nosocomial death mortality is on the
rise due to outbreaks & typhimurium (personal communication: personnel from the Refesze

Centre for Enteric Disease, NHLS).

Proteus vulgaris. This commensal gastrointestinal organism is ofiesociated with bladder
infections where there is inappropriate urine redeeesulting in chronically stagnant bladder
reservoirs (Bannistest al., 2000). The most frequently isolated human patho. vulgaris, is
often acquired in hospitals where transfer has lassociated with inadequate hygienic protocols

in the manipulation of catheters (Boyd and HoedB11).
Serratia odorifera: This micro-organism is free-living and capablecafising sepsis and urinary

tract infections. Since the emergence of antibio@sistanceSerratia spp. infections have

become increasingly prevalent. The organism reguiegy little growth stimulant and has been
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identified in hand-washing solutions from hospitalfie main route of infection is person to
person contact with immunocompromised hospitalepaési (Boyd and Hoerl, 1981), however,
the natural reservoir fo& odorifera is unknown (Leeet al., 2006). A fatal outbreak o

odorifera occurred in neonatal wards in South Africa in &aely nineties where contaminated

parenteral intravenous solutions resulted in a rerrobinfant deaths (Freaaal., 1994).

11.7.3 The fungal test organisms

Cryptococcus neoformans. This opportunistic pathogen can fatally infect gho with
compromised immune systems. Airborne spores emterlungs where infection becomes
asymptomatic until entry into the upper respiratt@ct where pathogenesis is presented as
Cryptococcus meningitis. Buchanan and Murphy (1998) cited a Inenof references supporting
the emerging pathogenicity of. neoformans resulting in 100% fatality for cryptococcal
meningoencephalitis. RecentlYryptococcus infections have become a problem in HIV patients
(Bannisteret al., 2000). In immunocompromiseddividuals, the infection may disseminate

systemically causing infection of the central nerysystem.

Candida albicans: This yeast is part of the normal microbial florhtbe skin, mucosa and
bowel. A fine balance with other flora is achievied healthy individuals, however, during
immunocompromised conditions or when antibioticatneent is administered the balance is
affected allowing for the growth proliferation ohi$ organism. Moist skin exacerbates
candidiasis resulting in superficial skin infecsoand inflammation at the site of infection.
Cutaneous infection is commonly associated witlpgapsh and genital infections (Bannister
al., 2000). Most candidal infections are effectiveigated with antifungal agents such as
nitroimidazoles, nevertheless the frequent useotém antibiotics has often resulted in the over
colonization ofC. albicans. Over colonization often leads to mucosal infectiofighe mouth
and throat,intestinal overgrowth and invasive persistent systeinfections.Candida related
nosocomial infections have recently emerged and ieview by Giamarellou (2002), 73% of

fungal infections resulting from prosthetic valvedecarditis were attributed @andida spp.

Candida tropicalis: The number ofeported infections associated wiflandida species other
than albicans has increased in incidence in the last two decatites report onCandida
epidemiologysurveillance C. tropicalis was found in 16% of clinicalandida associated cases

(Weinbergeret al., 2005). In another study on candidemia patie@tdropicalis was the third
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most isolatedCandida species isolated from ICU patients resident inzBien tertiary care
hospitals (Colombet al., 1999). The pathogeneses is similar to tha.afbicans and has been

associated with nosocomial cardiac infections (Gigethou, 2002).

Aspergillus niger: Aspergillosis infections usually reside in theesral ear and lungs. Because
of the characteristic fungal nature of spore foromaeind preference for damp conditions, this
organism often resides in buildings and ventilatgystems which may manifest in clinical
respiratory infections associated with sick buitgisyndrome. Lung infections may become
difficult to treat, especially when colonizing immasuppressed patients. If no response to the
recommended treatment by amphotericin B occurgiesyimay become necessary to excise the
infected lung segment (Bannistetral., 2000). Colonization of the organism in the ceeanof

the ear may eventually lead to loss of hearing (Baxyyd Hoerl, 1981).

Alternaria alternata: Although considered non-pathogenic, allergic respsrare common when
this organism has come into contact with the respiy system. Airborne fungal spores enter the
upper respiratory tract by inhalation where theyrmantribute towards allergic fungal sinusitis.
Alternaria alternata spores are larger than other fungal spores arsl dahel more likely to be
deposited within the mucus of the upper airway.tédg by Shinet al. (2004), demonstrated a
five fold increase in allergic immune response wegposed td\. alternata. The spores can also

be a contributing factor in sick building syndrome.

11.8 Inoculum

For cultures, the strain number should always lezifipd (Paull and Marks, 1987; Janssen
al., 1987). In many papers, this has been negledi=zd ét al., 1995; Rabe and van Staden,
1997; Natarajaret al., 2005). Wherever possible reference strains shaldally be used, as
clinical strains, isolated from patients may hawer exposed to conventional antimicrobials,
thus having the potential to have devised a meangeasing resistance. The use of microbial
culture reference standards has been standardigemhationally. This allows for direct assay
comparison whereas clinical strains are not unalravailable and could yield results that may

differ from reference strains.

The importance of standardizing the inoculum sikealiscussed in a number of publications
(Denyer and Hugo, 1991; Pauli and Kubeczka, 19@mhert, 2000). The general findings were

that with the increase of inoculum size the MICrédases. The recommended inoculum size for
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assays testing antimicrobial agents should be atdied by visual inspection with a 0.5
McFarland suspension where the density is apprdagimaquivalent to 1 x I CFU/mL or
alternatively adjusted photometrically (Klepsaral., 1998, ESCMID, 2000; NCCLS 2003;
Andrews, 2004). As the latter is based on turbidoiméechniques, one must take into account
that photometric readings cannot always predidbilrig of the test organism and even though
readings may be standardized, if assays are nariak@n promptly, changes in broth density

will occur due to exponential growth of the teggamism.

In order to verify the standardization of inoculwmmen investigating biological activities of
plant preparations, a selection of essential aild @mmercial antibiotics were assessed with
various different inoculum ranges. Eleven conceiamaranges (0.1 — 30 mL) were prepared
where a 24 hr growth of test organism éBreus, K. pneumoniae and C. albicans) was diluted
with 100 mL Tryptone Soya broth. The MIC was detieed for the two essential oil sampl@s
asteriscoides andH. natalensis (Table 11.1), as well as ciprofloxacin and amphoiteB (Table
11.2) where various inoculum sizes were introducBdth, Table 11.1 and Table 11.2,
summarise the MIC data obtained for the 11 cona#iotr ranges as determined in triplicate and
thus present the data as a range. It was integestimote that the essential oils showed little
variation in MIC value with increasing inoculumeiand only slight variation was noted for the
H. natalensis essential oil when investigating bacterial straihewever, with the yeast.
albicans, some variation was noted (Table 11.1). The MI@ges for the conventional
antimicrobials ciprofloxacin and amphotericin B icated a substantial variation with increasing
inoculum and thus extremely dependent on inoculizen §able 11.2). This variation, although
not predominantly noted with the essential oil sk®spvalidates the need to standardize results
and to keep in line with the literature recommeimhst All assays undertaken in this thesis were

thus adjusted according to the 0.5 McFarland stahda

Table 11.1 The MIC (mg/mL) for oil samples when tested wih
varying inoculum density ranging from 0.1-30 mL:1@6L (24 hr
culture: broth ratio).

MIC range (mg/mL)
Plant sample

S.aureus | K.pneumoniae | C. albicans
H. natalensis 8-16 8 8-32
O. asteriscoides 4 8 4-16




Table 11.2 The MIC (ng/mL) for controls when tested with a
varying inoculum density ranging from 0.1-30 mL:169Q. (24 hr
culture: broth ratio).

MIC range (pg/mL)
Control : :
S.aureus | K. pneumoniae | C. albicans
Ciprofloxacin 0.3-1.9 0.3-2.5 *
Amphotericin B * * 2.5-18.9

* Not tested, as amphotericin B is an inappropraatémicrobial for the test organism.

11.9 Disc diffusion assay

The principle of disc diffusion assay is basedlendutward diffusion of a growth inhibiting test
substance into an agar base, which has been suitaddulated with a pure culture of test
organism. The plates are allowed to pre-diffusé &C for one hour allowing for dispersion of
the test substance from the disc into the surrowyndigar. Thereafter optimum incubation
conditions follow which is predetermined dependargthe selected test organism. Results are
determined by measuring the clear zone of inhibitontrasting with the remainder of the agar
having microbial growth (Hewitt and Vincent, 2008or more detail of the method refer to
Chapter 2.5.2.

A number of critical factors are involved in thissay and may affect the outcome. These are the

following:

Measurement of the zone diameter: The simplest method of measurement is achieved with
hand-held vernier callipers, where measurementadano the nearest mm. The use of a light-
box aids with visualization of zone size determio@athowever, in numerous publications much
variation exists in obtaining an accurate measunenfeor some publications (Hinogt al.,
1989; Brantner and Grein, 1994; Kighal., 1995; Mangena and Muyima, 1999), measurement
of the inhibition zone includes the entire diameaterluding the disc (Figure 11.1). When no
inhibition is noted, the result is presented assike of the disc (6 mm). This is a relatively karg
area of “no-activity” and may become very difficwithen comparing samples having slight
activity i.e. 7/8 mm, as the actual inhibition és$ than the size of the disc. In addition, ons see
a negative result having a positive value. Othahans (Eksteeret al., 2001; Lourenst al.,

2004; Njengeet al., 2005) make reference to only the distance froendisc edge to the area of
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growth (Figure 11.2). This is a more accurate me&mseasurement, as the disc is not taken into
account. It should be assumed that the active @&mbivial agents have diffused from the disc
during the pre-diffusion period and thus should betconsidered as an inhibitory area. Some
publications, however, have not mentioned how theezsize has been determined (Akinpelu
and Olorunmola, 2000; Dorman and Deans, 2000; &zeé al., 2004; Natarajaet al., 2005)
and such discrepancies can greatly influence coatiper literature evaluations. All disc
diffusion assays undertaken in this thesis aredstatized to measurements from disc edge to the

area of microbial growth.

Choice of agar: The selection criteria for a growth medium foodssays should be based on the
nutrient requirements of the test organism. Pandl Kubeczka (1997), in their overview of
microbiological testing methods list 15 differenédia that have been used in the assessment of
essential oils. A recent study (Moenal., 2006) compared the efficacy of results achiewéd

two different media, IsoSensitest agar and Nutriegghr. No generalization concerning the
superiority of one test medium over the other colidd established. Mueller-Hinton media,
however, is the recommended choice for bacterisdiys (NCCLS, 2003). Both bacterial and
fungal cultures were assayed in this thesis andtbeth requirements for fungi differ from that
of bacteria. As Mueller-Hinton media is not suiglidr fungal culturing, Sabourauds Dextrose
agar was selected. In later studies, to keep Vasatonsistent, Tryptone Soya agar was used for
both bacteria and fungi. In addition, this versatiledium with high nutrient value was selected
due to its ability to produce a higher densityraddulum. In this way a more accurate definition

between presence and absence of growth could leevelols

Figure 11.1 Figure 11.2

Figure 11.1 and 11.2 Agar with seeded test organism where the dianudténe
zone of inhibition is measuredrigure 11.1) and wherethe radius of the zone ¢
inhibition is measuredsjgure 11.2.



Disc size and samplereservoir: The volume and concentration of test sample placethe disc
is important and should be consistent for all rigipets and between all test organisms (Hewitt
and Vincent, 2003; Jansse al., 1987). Standardization of disc size to 6 mm bhasn
undertaken in all disc diffusion studies and isoramended to ensure even absorption of test

sample.

Diffuson: Even though disc diffusion methodology is a quigke means of screening for
antimicrobial activity, problems may arise assaaiaivith the hydrophobic nature of the samples
assayed. Depending on the nature of the parti@aample i.e. extracts and essential oils may
differ and diffusion rates may result in inconsigteesults. Essential oils do not easily diffuse
through the agar and even with the pre-diffusianetiallocation of one hour (Hewitt and
Vincent, 2003), false negatives may still be entenad and the possibility of activity could be
underestimated. Another prominent factor to be idened is the volatility of the oil samples.
Depending on the incubation time a proportion efdli is inclined to be lost due to evaporation
and this too may impact on false negative resuitss is particularly true for fungal test
organisms due to their long incubation periods &4 - 7 days (Janssehal., 1987). It has
been suggested (Southwetlal., 1993) that the hydrocarbon components are péatiy prone

to evaporation and thus one tends to evaluate mntbial activity against only a proportion of

the essential oil compounds found in the whole r@gHeoil sample.

Such false negative results may become problenpaiticularly when comparatively evaluating
methodologies. This was encountered in a numbensténces in this thesis and is addressed
further in Sectior11.13 (Method variation).

11.10 Minimum inhibitory concentration (MIC)

The MIC measurement to determine antimicrobialvégtis a quantitative method based on the
principle of contact of a test organism to a sepéglilutions of test substance. The assay
determines the lowest concentration of antimicroagent that inhibits the growth of the test
organism (Bannistegt al., 2000). Assays involving MIC methodology are wydesed and an
accepted criterion for measuring the susceptibiifyorganisms to inhibitors (Lambert and
Pearson, 2000). Although current methods are sitfaigvard, to obtain useful comparative
information from tests is a challenge as factorshsas inoculum size, incubation temperature,
reading of results, growth medium and assay tecienigan greatly affect the results

(Christofilogiannis, 2001). Three main referencesewsed to carry out the MIC assays:
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e The NCCLS (2003), used for obtaining an adequateed inoculum range.
e Eloff (1998a), suitable because the method has tedered for plant-based studies.

e Carsoret al. (1995), suitable as the method takes into accessential oil volatility.

Due to the volatility of oil samples all microtitpates were sealed with sterile adhesive sealing
film. This ensured no loss of volatile actives. uge et al. (2001b) demonstrated the increased
effect observed when sealing agar plates during digggion MIC assays. With this principle in
mind, preliminary observations were undertaken lwa MIC micro-well methodology where
sterile sealing tape was placed on microtitre platied comparatively evaluated with unsealed
plates. Table 11.3 confirms the increased efficalgn the microtitre plate was sealed. With all
three plant samples (javanica, T. camphoratus andC. gratissimus var. subgratissimus), where

the essential oils and extracts were investigatedMIC values were lowered with sealing. The
results for ciprofloxacin (non-volatile) did notdicate any variation between sealed and

unsealed areas.

Selection of growth medium: As with disc diffusion assays, Tryptone Soya mediums

selected for most of the MIC studies as it is cdesed the most suitable medium for the growth
of all test organisms. Studies on medium comparisere undertaken where the MIC’'s were
performed in both Mueller-Hinton and Tryptone Sdyath under the same test conditions using
the same test samples. Results indicated no differén the outcome. Thus, to standardize

procedures, it was decided to perform all MIC assagh Tryptone Soya medium.

Table 11.3 The mean MIC (mg/mL) for plant samples exposel.foneumoniae in
microtitre plates that have been sealed in compatis the uncovered microtitre plates.

Plant sample Sample type| Uncovered (mg/mL) | Sealed (mg/mL)
_ _ Essential oil 16 12
L. javanica
Extract >32 6
Essential oil >32 12
T. camphoratus
Extract 12 4
C. gratissimus Essential oil >32 4
var. sub-
o Extract >32 8
gratissmus
Ciprofloxacin control 0.2 x 18 0.2 x10°
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Reading of results: The use of tetrazolium salts as an indicator fotdgjical activity has been
successfully employed for many years (Begue andeKlIL972). Its application for end point
determination of MIC readings in natural produse@ch has been widely accepted (Hamburger
and Cordell, 1987; Brantnest al., 1994; Eloff, 1998a)p-lodonitrotetrazolium violet (INT)
forms a red-purple dye on reduction i.e. in thespnee of biological growth and thus when
added to all wells within a microtitre plate, binds living cells making end point MIC
visualization more clear, however, in spite of themerous references to microtitre MIC
methods incorporating INT, no recommended time betwthe adding of indicator and reading
of results could be clarified in literatur€his factor is crucial as results may differ contle
when read at different times. Practical experim@ntademonstrated that if results were read
within the first three hours of adding INT a muolwer MIC value was obtained, however, this
is not ideal, as the indicator salts have not h&dl @olour development and for this reason the
reading of all MIC values was standardized at saxirl after adding INT for bacterial test
organisms. Continuous repetitions and replicatmn#irmed that this time allocation resulted in
a more reliable reading with full development oflocm and minimum change of MIC.
Ciprofloxacindid not show any variation in the MIC readings windxserved periodically within
the six hour colour development. For yeast cultuaesINT exposure time was increased to 24
hours as colour change developed at a much sloags, possibly due to the delayed growth of
yeasts. This was evident for both plant samples #md conventional antifungal control

amphotericin B.

The reporting of MIC results for pharmacognosy-bdassudies differs somewhat from
conventional MIC reports with known MIC breakpoini® elaborate, one needs to understand
how the clinician interprets data obtained from MHKSting. For each conventional antibiotic
there is an acceptable breakpoint range which bas predetermined by susceptibility criteria
and quality control (NCCLS, 2003). Thus MIC detamations on known antibiotics can be
effectively compared to the recommended categoResults are then categorized as either
susceptible (an appropriate antimicrobial to tie&tction), intermediate (where response may
be lower) or resistant where the MIC values depigssibility of resistance arising. With
pharmacognosy studies however, there are no cothygatareakpoints as the antimicrobial
activities are reported for test substances the¢ mot been previously examined and used for
therapeutic purposes. The activities found for plased assays are much higher then
conventional antimicrobials. Activities of 8 mg/mdre considered acceptable (Faletyal.,
1998) and many literature citations refer to ndtyraducts having activities over 1 mg/mL
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(Gibbons, 2004). This is in contrast with commdraatimicrobials obtaining therapeutic
susceptibilities in the lower pg range and showltle used as a direct comparison. The control
antimicrobials are thus only included as a refeegiacmonitor the response of the test organism

to a known antimicrobial.

Much debate has arisen over the use of statistiedhods, particularly standard deviation to
report MIC results. Standard deviation is definedttee square root of variance and is used to
compare the variance between samples within asgdtéRoscoe, 1995). Such criteria are only
useful and an acceptable means of measuring gctmien a large number of samples are
included in the data set and the variance betwasrpkes is narrow. With MIC reporting, the
methodology incorporates doubling dilutions ande¢fere the variance, if reported as standard
deviation becomes so high that even one variat@rrésults 16 to 32 mg/mL, are represented as
a very high probable variance. The reporting oMH@ value is hence not a true absolute point
and the true value is somewhere between the lotesstconcentration that inhibits the test
organism and the next lowest test concentratiora(@enova and Obreshkova, 2003). For this
reason many studies using MIC methodology do npbntestandard deviation. The use of
standard deviation only becomes a valuable stistool when comparably evaluated to
acceptable MIC limits given by the NCCLS (2003) lgyacontrol. Here the degree of variance
can be reported, as direct comparisons can be mnoattee acceptable breakpoint limits. Even
though the statistical method of using standardiatiew was not used to analyze data, the
experimental procedures should always be repeatembitfirm data, as well as replicated at

different times to ensure reproducibility, as wasertaken with the current studies.

The use of a dispersing agent: Due to the oil volatility and problems associatathwniscibility

of the oil in an aqueous basetedium, the use of Tween has been suggested taatecan
emulsive mix of test substance. In Remmal and TairB@raki (1993) and Delespaet al.
(2000), the use of Tween resulted in increased MH{Des. Inouyet al., (2001b) reviewed a
number of contradictory publications either supipgror rejecting the use of a dispersing agent
in antimicrobial assessments. Practical applicatibthe use of Tween (Saarchem) at 0.1-0.5%
showed no difference in MIC values. To avoid ireeehce of a dispersing agent on the

biological system, the use of an emulsifier wadweded in the assays.
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11.11 Bio-directed fractionation (bio-autographicassays)

The principle of the method is based on the isotatf the test substance (whole plant and / or
active compound) by basic thin layer chromatograpbgditions (Chapter 6.5.1.1). The test
compounds are then allowed to diffuse into a siatalgar medium containing a test micro-
organism and incubated at optimum incubation teatpees. Antimicrobial compounds are
thereafter detected by the lack of microbial growttthe vicinity of the test compound. Test
compounds to be isolated are preferentially obthinem non-volatile constituents rather than
essential oils, as the volatile constituents arenofost during incubation, leading to poor
detection of inhibition. A number of variations tifis method have been used to determine
antimicrobial activity by target-directed isolatioh antimicrobial compounds. The method most
commonly used is where the selected test culturaixed with suitable growth medium and
sprayed onto a TLC plate. This was not selectedhisrstudy as aseptic conditions are difficult
to maintain and with spraying, an aerosol of cdtis created thus potentially contributing to
contamination if multiple assays are being perfam@&his direct method also has the
disadvantage of media drying out which would ultiebgresult in inconsistent inhibition zones.
Similar inconsistencies would arise if the agatun@ spray mix is not of adequate uniform

thickness.

The method best selected, having the least amduwartables, was the over layer method
(Chapter 6.5.1.1). This method is applicable toidewange of micro-organism, produces well
defined zones of inhibition and is not susceptitdepossible contamination (Marston and
Hostettmann, 1999; Hostettmann, 1999).

11.12 Time-kill analysis

Time-kill studies provide descriptive informatiom athe relationship between bactericidal
activity and the concentration of test substan@e(& al., 2005). Even though the methodology
is labour intensive and requires a number of stgpere variables may be introduced, the
method gives valuable information of the cidal actover time. A number of considerations
need to be taken into account when analyzing tifietta. The type of organism studied may
impact on the results observed. This was partiufasted for studies oR. aeruginosa where
regrowth after initial reduction in CFU/mL was enctered. Previous studies have postulated
that the regrowth phenomenon be attributed to pratel killing of sub-populations, however,
this could not be substantiated in further studesdicated by Tara al. (2005) who attributed

214



regrowth more to the adaption of the test micrcaargm to the environment containing test
antimicrobial. Tamet al. (2005) stated that the constant exposure to aatgghicrobial may
result in a more resistant mixture of bacterialydapons which become increasingly difficult to
kill over time. This substantiates results wherere¢his an immediate reduction in CFU/mL over
time followed by regrowth. This was noted in timé-&ssential oil studies witM. flabellifolius
(Chapter 2) and to a lesser extéht asteriscoides (Chapter 3) when investigated with
aeruginosa. This organism is known to produce multiple emeggiesistant strains (Livermore,
2002) and time-kill studies have shown that evethwionventional antimicrobials such as
meropenem, regrowth is observed (Tetral., 2005). The regrowth effect may also be attridute
to a concentration dependent dose, as noted inath dénetic study orC. gratissmus var.
subgratissimus. As limited essential oil was obtained, time-lkafisays were employed for only
one pathogenK. pneumoniae). Selection was based on the moderate activitgiogd in the
MIC assay and the traditional use @fgratissmus to treat coughs, colds and inflammation of
the lungs. The essential oil, when exposedigneumoniae, indicated initial bacteriostatic
activity (Figure 11.3, not shown in Chapter 7) &irthree concentrations (0.5%, 0.75% and 1%).
The lowest concentration studied (0.5%) showed.8%9eduction in CFU within the first four
hours, however, after eight hours regrowth occuergdonentially over the 24 hr test period.
Both the 0.75% and 1% oil concentration indicatadnamediate drop in CFU and within one
hour bactericidal action was obtained and mainthine the full 24 hr test period. These results
indicate that essential oil concentrations @gratissimus var. subgratissimus should be greater

than 0.5% in order to achieve prolonged efficacy.
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Figure 11.3 Death kinetic studies &. pneumoniae exposed tdhe essential oil of.
gratissmus var.subgratissmusover 24 hr.
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One must also take into consideration that vivo pharmacodynamics of conventional
antimicrobial drugs relies on repeated doses taemehcomplete cidal activity. Should this
principle be applied to time-kill analysis, one baxtrapolate that a second dose provided with

an extended time-kill may result in a cidal outcome
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Figure 11.4 Death kinetic studies d@. cereus exposed tdhe essential oil oP.
grandidentatus over 24 hr
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Figure 11.5 Death kinetic studies ®f. pneumoniae exposed tdhe essential oil of
H. natalensisover 24 hr.

The presence of spores may also affect the re®4disterial spores are the most resistant of all
cell forms to bacterial agents and only with vigesalestructive methods are spores inactivated.

This was noted in the study d¢h grandidentatus. The MIC data foiB. cereus demonstrated
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relatively high sensitivity (3 mg/mL) for the essi@ahoil. Thus, a theoretical decision was made
to perform a time-kill study to assess the pharrdgwamic effect over time. It came to light
upon examination of the results (Figure 11.4) thatpoor reduction of CFU/mL over time was
due to the fact that this organism possesses spaniel re-germinated in spite of the possibility
of the vegetative cells been inactivated. Previmsearch on disinfectant evaluation wih
cereus has shown increased resistance of this specietodhe presence of spores (Lindsay and
von Holy, 1999; Lindsaw al., 2002).

Even though time-kill studies are a valuable mezrdetermining the inter-relationship between
test essential oil and selected test pathogene thier certain circumstances where studies may
not yield informative data, as was the case wittualy on a collective sample Bf natalens's
essential oil where death kinetics performed Konpneumoniae indicated little reduction in
CFU/mL over time (Figure 11.5). These results doredate with the moderate MIC data
(seasonal mean of 8.8 mg/mL), but the time-killagsgives a more detailed account of the

pathogens immediate and prolonged response withisexp to the test oil.

11.13 Method variation

Although the antimicrobial activity of essentiallsoiand their constituents are well-known
(Yousef and Tawil, 1980; Hinoet al. 1989; Pattnailet al. 1997; Hammeet al., 1999), the

methods used to assess such activity may reswiaried reporting of results. In a number of
studies, observed from both publications and detesth through experimental procedures,

variability between results was demonstrated.

The variability and problems associated with theediiffusion assay have been well documented
(Janssert al., 1987; Pauli and Kubeczka, 1997; Njerggal., 2005; van Vuureset al., 2006).
Variation between disc diffusion results and MIGadwas observed to a certain degree for all
studies incorporating both methods. This was neiil the study orA. afra (Chapter 4) where
lower disc diffusion efficacies were observed faret of the 13 pathogens when a comparative
evaluation was made with the MIC methodology. Thejavanica study (Chapter 5) also
incorporating both disc diffusion and MIC methodpjandicated better efficacies with the MIC
assay for five of the 12 pathogens studied. Goasteriscoides (Chapter 3), results for four of
the ten pathogens were incongruent. The greatesttioa was noted foB. subtilis where no
activity was noted in the disc diffusion assay amoderate activity (8 mg/mL) detected in the

MIC assay. The variation of results noted usinfedént methodologies was greatest with khe
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cymosum subsp.cymosum study (Chapter 6). All ten pathogens showed noviagtior the
essential oils in the disc diffusion assay and o@&ham-positive sensitivity for the extracts,
however, when the same samples were tested withvile method, all pathogens showed
activity for the essential oils and the crude et8avere at least six times more active than the

oil.

For a limited number of pathogens it was found thatdisc diffusion methodology gave higher
efficacies than the MIC methodology. This was emtder A. afra (Chapter 4) wher8. subtilis
andC. tropicalis had disc diffusion readings of 3 mm and 5 mm retspaly. Less sensitive MIC
values were obtained fd. subtilis (16 mg/mL with poor activity) an€. tropicalis (8 mg/mL
with moderate activity). This was also noted lfofjavanica whereE. faecalis andC. tropicalis
were more sensitive having disc diffusion valued eim and 3 mm respectively and poor MIC
values of 16 mg/mL and 32 mg/mL respectively. WMas also noted in a study &niocephalus
species (Njengat al., 2005) where the disc diffusion results yieldedtdr activities than MIC

values.

It is often difficult to compare results obtainegdrh MIC assays with literature presenting disc
diffusion results only. This was noted in a numbkstudies such as results obtainedAoafra
(Chapter 4) compared to the investigation by Grasteah. (1992). This was also noted in tHe
natalenss (Chapter 8) study where correlating data with tien-quantitative results by
Gundidzaet al. (1993). When comparing results with literatures Biter trend seems to support
the use of quantitative MIC methodology for pharogmosy studies rather than earlier disc
diffusion antimicrobial assessments. This is obsgtyy the number of earlier publications using
disc diffusion methods (Hinoet al., 1989; Gravemt al., 1992; Gundidza&t al., 1993; Brantner
and Grein, 1994; Kingt al., 1995; Mangena and Muyima, 1999) and later pabbtas utilizing
MIC methods (Neget al., 2005; Gaspar-Marquesal., 2006). The use of the more quantifiable
MIC assay techniques are presently the preferretiodeof antimicrobial assessment (Kalemba
and Kunicka, 2003; Burt, 2004

11.14 Validation of various methodologies

As microbial cell viability is the key in determirg antimicrobial activity, any reliable method
of determining rate of growth or inhibition of grtwcan be used to assess antimicrobial activity.

Diffusion assays, MIC’s, UV methods and time-kilhadysis are all such methods used to
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confirm antimicrobial activity. It has been notduht different methods (Tassat al., 2000),

may not always be comparable, however, the ideal isse reliable and reproducible techniques
that can yield consistent information. It has bekawn (Chapters 3, 6 and 8) that results from
literature do not always correlate with experiméotanditions. Standardization of techniques are

thus valuable in order to provide a common basiséonparison.

This was achieved for time-kill assays, undertakeriwo different laboratories to confirm
reliability and consistency of results. Collabavatiwas undertaken withesearchers at the
University of lowa whom have been involved with amber of studies reviewing the
methodology of time-kill studies (Klepsert al., 1997; Klepseet al., 1998; Ernstt al., 1999).
Time-kill assays were conducted using similar medfhhosame oil sample and same culture
reference standards to determine the reliability d@egree of variability. The results obtained for
both comparative time-kill studies against. flabdlifolius (Viljoen et al., 2002) andO.
asteriscoides (Viljoen et al., 2003) confirmed congruency. It was also showw hime-Kkill

analysis and membrane integrity studies undertaked asteriscoides correlated very well.

Congruency between disc diffusion, MIC and time-kiethods was examined for all relevant
Chapters and the greatest correlation was notedeirstudy withM. flabellifolius (Chapter 2)
where five pathogens showed consistent results degtwdisc diffusion and MIC methods.
Furthermore death kinetics & aureus and P. aeruginosa were congruent with botllisc
diffusion and MIC methods.

11.15 Interactive combination studies

The investigation of medicinal plants with a view a&scertain a single chemical entity for
antimicrobial activity is becoming more and morepiobable and research is now moving
towards the investigation of a combination of sabses to achieve efficacy. For plants to rely
on a single compound in their biochemical warfanghwathogens would be equivalent to
relying on the “single golden bullet” approach &hds as researchers investigating the activity
of single compounds, we would be ignoring the ettohary approach that plants may have
developed various metabolic mechanisms for the ymimh of structurally and functionally
diverse compounds to overcome emerging resistdiicensure future success in natural product
research we must incorporate interactive phytocbelrstudies with existing practices in the

hope that developments may be used as a foundatimh driving force for novel



chemotherapeutic agents. The problem arises wéhsthndardization of methods and even in
the classification of interactive procedures (Vdiison, 2001; Lambeet al., 2003). The effect

of combination studies may result in outcomes #r& synergistic, antagonistic or additive.
Synergism is evident where the combined actionesf substances exceeds the effects of the
individual components. Antagonism occurs whereethsra reduced effect in combination. An
additive effect occurs when the effect of the camhbbn is equal to the sum of the components
in combination (ESCMID2000). There are a number of different methodobdgiet can be
utilized to express synergy or antagonism and r@ifferesearchers have their preferred method
of assessment. The time-kill method, has beengutas one of the best methodologies to study
synergy (Beale and Sutherland, 1983) even thoughntbthodology had been shunned by
Berenbaum (1980). Further validation of the deattetic method for synergistic studies was
given by Acar (2000), where the method was praiseth a clinical perspective. Time-kill
studies have shown to be an effective procedurelemonstrating synergistic interactions
between constituents @. aseriscoides (Chapter 3, Viljoenet al., 2003). In this study the
combined effect of the two major constituents, caorpand 1,8-cineole, indicated enhanced
efficacy for C. albicans when in combination. Similar studies were conddiocte A. afra
(Chapter 4, Viljoeret al., 2006) where the major constituents, indepengesmid in various
combinations, were investigated to determine the irothe overall activity of the plant. Results
indicate that all 11 samples (independently andcambination) when investigated at the
concentration relative to that found in the whdkenp do not play a role in the overall activity of
A. afra. In another study, time-kill methodology was ugedvalidate the traditional use &t

afra when combined with.. javanica showing how the therapeutic properties may be et

when used in combination (Chapter 5).

An algebraic method to determine synergy by medrtheofractional inhibitory concentration
index (FIC) has been defined in Chapter 7.5.2 whéee roots, stems and leaves ©f
gratissmus var. subgratissimus were studied independently and in combination. Etxengh the
definition and equation for determining the FICaswidely accepted means of measuring
interaction, the interpretation has evolved. Tdldlel demonstrates the refinement of measuring
the FIC index, with the most recent reference béirggmost concise FIC interpretation. It was
therefore decided that the most comprehensive antb wate definition (Schelet al., 2006)

would be used to classify synergy or antagonistieractions.
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Table 11.4 The classification of the FIC index in accordamgéh the corresponding
authors.

Reference Interaction
Synergy | Additive | Indifference | Antagonism
Kerryetal., 1975 <0.7 * * >1.3
Berenbaum, 1978 <1.0 1.0 * >1.0
Krogstad and Moellering, 1986 | <0.5 * 1.0 >2.0
ESCMID, 2000 <0.5 >0.5-1.0| >1.0-<2.0 >2.0
Mackayet al., 2000; Odds, 2003| <0.5 * >0.5<4.0 >4.0
Schelzet al., 2006 <0.5 >0.5-1.0) >1.64.0 >4.0

* Values not given by author

The isobole method of determining interaction issently the favoured method of assessment
(Williamson, 2001) and although complicated, gi@esiore accurate assessment of each agent
when studied in various combinations. The methadlires the combination of two samples at
various ratios (Table 11.5), and determining theCM&lue. The MIC for each sample in the
concentration ratio is determined independentl\b(@d1.6). The MIC result for each sample in
the combination is comparatively assessed agdiasMiiC obtained for the independent sample
and expressed as a dose ratio (Table 11.6). Théss are then presented on an isobole graph.
The adjoining line of the two axes (Figut&.6) indicates the individual doses. It can beasho
that one cannot always rely on a 1:1 combinatiod #rat depending on the ratio of the
combination, differences in activity may be not&this is demonstrated in a study where the
volatile and non-volatile constituents ©f camphoratus were investigated witle. coli. Figure
11.6 in relation to Table 11.5 and Table 11.6 iathovhere synergistic ratios were found (ratios
3-6, depicted in red). Antagonism was noted fapr@t(depicted in green) and an additive effect
is noted for ratio 2 (depicted in brown). The noisglbologram representation of synergy thus
presents three different interactions for the wielaBnd non-volatile constituents ofF.
camphoratus studied withE. coli, depending on the relative ratio in which the @sthpounds

were combined.
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Table 11.5 The relative ratios of the volatile and non-vibéat
constituents oT. camphoratus.

Ratio (%)

Samples | 4 | 53| 4| 5| 67891011

Volatile (100 90|{80|70|60|50(40|30(20(10( O

Non-volatilel 0 | 10[20|30(40]|50|60]70|80]|90(100

| e

Additive Synergistic Antagonistic

Table 11.6 The raw data for the volatile and non-volatilensiituents ofT.
camphoratus.

Concentration in mg/mL MIC values Ratio values

Row
in X Y X Y X Y
plate | (volatile) | ( non-volatile) | (volatile) | ( non-volatile) | (volatile) | ( non-volatile)

1 16.0 0 8.00 0.00 1 0

8 4.8 11.2 2.40 5.60 0.300 1.400
9 3.2 12.8 1.60 6.40 0.200 1.600
10 1.6 14.4 0.80 7.20 0.100 1.800
11 0 16 0.00 4.00 0.000 1.000
E. coli
1.25
1.004
Q
8 0.754
(@]
>
S 0.50
[
0.25-
0.00 T T T T 1

0.00 0.25 0.50 0.75 1.00 1.25
volatile

Figure 11.6 The isobole of the non-volatile constituents anolatile constituents
combined in different ratios demonstrating theetiént profiles (antagonism, synergy and
additive) dependent on the ratio studied (Tablé)11.
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As seen with the comparison of disc diffusion antCMnethodologies, variation may also be
noted when looking at different methods to assgsergistic and antagonistic interactions. This
was highlighted by Odds (2003), wherein it wasestathat reproducibility errors using MIC
methodologies are common. Macketyal., (2000) found good correlation of time-kill met
with calculation of FIC indices if methods werefoemed simultaneously. Up until recently the
checkerboard MIC methodology and the calculationFt® indices were the only methods
adopted for synergy investigations and many stu(fs&net al., 1981; Lambertt al., 2003)
have focused on the correlation between the twaeNMecently e-tests have been incorporated in
antimicrobial synergistic studies, however, these anly applicable to commercially available

antimicrobials and have little relevance to plaaséd studies.

The use of isobolograms for antimicrobial combimasi has been poorly explored in spite of its
wide acceptance in other interactive pharmacoldgitadies, such as its application in drug
interactions, antiparasitic studies, antiviral camabions, toxicology interactions and numerous
in vivo investigations. A literature search yielded veewy f(Codd and Deasy, 1998; Cedergreen
et al., 2006; Kamatouet al., 2006) interactive antimicrobial studies usingbisle methods.
Recently, a mathematical 3-dimensional isobolograpproach for the examination of
antimicrobial agents was presented by Boucher aadh T2006) validating isobologram
construction as an effective tool for the examworatof antimicrobial combinations. In the
editorial by Odds (2003), researchers were encedrég seek more sophisticated approaches to
the measurement of synergy, to overcome limitationmosed by chequerboard methods. Thus
interactive approaches should be further explorebhalidated with different assays to confirm
interactions. With such validations in place, thstification and development of antimicrobial
combinations could lead to patentable entities mgikésearch in the field of phytosynergy not
only viable but also commercially beneficial (Lamtot al., 2003).

11.16 Summary

The standardization of antimicrobial assay techesgbased on literature reviews and practical

suggestions may be summed up briefly as follows:

e There should be suitable identification and documtén for all plant collections
(Jansseset al., 1987; Co=t al., 2006).
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Analytical GC-MS data for all oil constituents sldwe included in microbiological

analysis to assess structure-activity relationsflpilou, 2004).

Ideally, all microbial strains should belong totanslard collection i.e. ATCC (Casal.,
2006).

More than one antimicrobial method should be uredert in order to validate activity
(Coset al., 2006).

Selection of the test micro-organism should be edily the ethnobotanical use of the
plant (Coset al., 2006).

Standardization of inoculum should be undertakenafbassays (Pauli and Kubeczka,
1997; Costt al., 2006).

Inclusion of appropriate controls in each test iogpé i.e. conventional antimicrobials

and test blank should be incorporated with all gs$&oset al., 2006).

The occurrence of pharmacological interactions khooe explored (Burt, 2004;
Verpoorteet al., 2005; Co%t al., 2006).
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Chapter 12

General discussion, conclusion and further recommelations.

12.1 General discussion

Antimicrobial pharmacological activities of arongafilants consider many different parameters,
depending on the focus of the study. The studiesgmted herewith have demonstrated a number
of factors that should be considered when perfogmantimicrobial plant-based studies.
Moreover, essential oil studies are mplex duethi® heterogeneous nature of the oil.
Components not only exhibit distinct molecular folmy have specific physiochemical
properties but also interact synergistically oragonistically within the mixture (Lahlou, 2004).
This thesis has thus followed a structure-activifated approach into the antimicrobial study of
some of the most widely used aromatic medicinahtglaised for the treatment of infectious

diseases.

12.2 Thesis summary

Nine indigenous medicinal aromatic plantg. flabellifolius, O. asteriscoides, A. afra, L.
javanica, H. cymosum subsp.cymosum, C. gratissmus var. subgratissmus, H. natalensis, T.
camphoratus and P. grandidentatus have been selected to investigate their essenilal
composition and biological activity, establishingestific evidence for their local use in herbal
preparations. Figure 12.1 outlines the thesis ief bimdicating plants studied, methods used and

outcomes. A more extensive discussion follows basetthe objectives listed in Chapter 1.
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Myrothamnus Osmitopsis Artemisia Lippia Helichrysum Croton Heteropyxis Plectranthus grandidentatus and Indigenous/commercial
flabdlifolius asteriscoides afra javanica cymosum gratissmus natalensis Tarchonanthus camphoratus comparison
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Figure 12.1 Outline of thesis: The antimicrobial activity anssential oil composition of medicinal aromatic péaased in African traditional

healing.
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Objective 1: To determine the antimicrobial activity of selected indigenous aromatic plants

used in traditional healing.

In a review of over 500 publications detailing gm@imicrobial activity of plants, no set criteria
could be found that classifies an essential oihaging good, moderate or poor activity, and
many researchers base the assessment on theirasticular data attained. It is clear from this
study that the essential oils exhibit much highdCMalues (poorer activity) than the extracts.
Antimicrobial activity with MIC values 4 mg/mL oolwer were considered noteworthy for these
studies. Based on this criterion highest activipsvattained foM. flabellifolius oil where seven
of the nine pathogens studied exhibited MIC valoégt mg/mL or lower. Similarly good
activity was found forfour of the ten pathogens studied with cymosum subsp.cymosum oil

and four of the eight pathogens studied tlyrandidentatus oil.

With this study on aromatic plants, it was noteal ihwas not always the volatile (essential oils)
constituents that were responsible for the highestnicrobial activity, but also the non-volatile
(extracts) constituents, as documented with thdiestsuonH. cymosum subsp.cymosum, C.
gratissmus var. subgratissmus, T. camphoratus and P. grandidentatus. Extracts having
activities where MIC values are below 8 mg/mL (Feéral., 1998) are considered to possess
some antimicrobial activity, and natural producsihg activities where MIC values are below
1 mg/mL are considered noteworthy (Gibbons, 200#sRnd Recio, 2005). Antimicrobial
activities for extracts with MIC values 1 mg/mL lower were attained for all pathogens when
investigated against the extracttéf cymosum subsp.cymosum. Other extracts exhibiting high
activities includeC. gratissmus var. subgratissimus (bark) with four of the ten pathogens having
MIC values lower than 1 mg/mL arfdl grandidentatus (dried plant material)also with four

pathogens having MIC values lower than 1 mg/mL

Compounds having antimicrobial activities 64-100q1g accepted as having clinical relevance
for antimicrobial activity (Gibbons, 2004; Rios arRecio, 2005). The isolated compound
helihumulone fromH. cymosum subsp.cymosum had MIC values below 64 pg against nine of

the ten pathogens tested.

The highest antimicrobial activities obtained usMifC methodology, noted for all plants within

this study are given in Table 12.1.



Table 12.1 The highest antimicrobial activities found for plants in this study.

ATCC 29212

Test organism showing o . MIC
) o ) Antimicrobially related
Plant Component of plant highest antimicrobial . " value
o traditional use
activity (mg/mL)
o o Cryptococcus neoformans Colds, respiratory ailments,
M. flabellifolius Essential ol ) 2.00
ATCC 90112 chest pains and coughs
Escherichia coli Stomach complaints and
o S ATCC 1175 intestinal disorders
O. asteriscoides Essential oil _ _ 4.00
Staphylococcus epidermidis )
Cuts and swellings
ATCC 2223
S Serratia odorifera Ailments associated with the
A. afra Essential ol ) ) 4.00
ATCC 33132 gastrointestinal tract
Cryptococcus neoformans Coughs, colds, bronchial and
. . o ATCC 90112 respiratory ailments
L. javanica Essential oil - ] i 4.00
Escherichia coli Dysentery, diarrhoea and
ATCC 11775 suspected food poisoning
Bacillus cereus o )
Topical infections
ATCC 11778
Leaf extract 0.08
H. cymosum subsp. Cryptococcus negformans ] ]
Respiratory ailments
cymosum ATCC 90112
) Pseudomonas aeruginosa o )
Helihumulone Topical infections 0.02
ATCC 9027
Bacillus cereus Abdominal disorders and skir}
ATCC 11778 inflammation
o 1:1:1 Leaf, bark and roo
C. gratissmus var. Staphylococcus aureus o . )
Skin inflammation 0.30
subgratissimus ATCC 12600
Bacillus cereus Abdominal disorders and skir}
1:1 Bark and root ] ]
ATCC 11778 inflammation
Essential oil ) )
. Cryptococcus neoformans Respiratory disorders and as|a
H. natalensis (Lagalametse and 0.50
ATCC 90112 decongestant
Balakane samples)
) Candida albicans )
T. camphoratus Dried leaf extract Stomach ailments 0.30
ATCC 10231
P. grandidentatus i i
9 Dried leaf extract Enterococcus faecalis Respiratory complaints 0.06

! Adapted from reference literature within relevafagters.
2Bacillus subtilis is excluded from data set due to the organism’s rateqgenic status.
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Objective 2: To record the essential oil compositn of some of the most widely used South

African medicinal aromatic plants.

The major constituents for each plant essentialal summarized in Table 12.2. The most
predominant constituent present in five of the nplants studied was 1,8-cineole. This
monoterpene compound has previously attained plwiogical status as an inhalant and
expectorant with application for respiratory conmis (Windholz, 1976; Silvestret al., 1999).
Thus, it is not surprising that it is associatedhwihe aromatic plants studied here. The
antimicrobial property of 1,8-cineole has also besahely investigated (Table 12.3) with varied
reports attained by different authors. Variationswated between strains having the same
reference number as well as strains having diftemeference numbers. Such variations
emphasise the need to standardize reference csjltasewell as corroborate findings between
different laboratories. Mostly the authors are eneral agreement that some antimicrobial
efficacy may be attributed to 1,8 cineole. One most forget however, that synergistic
interactions between constituents may occur, sscthat noted in th®. asteriscoides study
where 1,8-cineole in combination with (-)-camphoct asynergistically to enhance the

antimicrobial activity.

Objective 3: To investigate the plant composition h antimicrobial activity relating to
structure activity relationships and if possible icentify the antimicrobial

factor responsible.

Results observed from the microbiological activity the various oils have shown that the
correlation between chemical structure and bioligactivity are integrated and the essential olil
chemistry has provided insights into the antimicabhctivity. Studies on the structure activity
related antimicrobial activity was demonstratechwite interaction of the major oil constituents
of O. asteriscoides, where the combination @lamphor and 1,8-cineole were shown to enhance
antimicrobial efficacy. Investigation of the fourajor compounds most abundant in the essential
oil of A. afra (artemisia ketone, 1,8-cineole,and p-thujone) indicated minimal antimicrobial
activity againstK. pneumoniae after 24 hours, when investigated independentty iarvarious
combinations. It is probable that the mono- andgsisrpenes could exert antimicrobial
properties by working in a synergistic manner @t tminor compounds greatly contribute to the
antimicrobial activity. Studies on the essentid| eitract and isolated biological compound

helihumulonefrom H. cymosum subsp.cymosum demonstrated higher activities for the extract.
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Helihumulone, not found in the volatile essentidl could possibly indicate why the essential
oil showed lower antimicrobial activities than tlude extract. Enantiomer studies, as
undertaken witiH. natalensis indicated how the variation of results obtainetieen the (+), (-)
and racemic forms of limonene when combined wiBidineole as well as their combination in
different ratios clearly impact on the bio-activityhe geographical investigation of the
natalensis oils revealed that the anomalous chemotype fronalaagetse havingZ)-3-hexenyl
nonanoate as a major constituent could possiblguatdor the increased antimicrobial activity
found in this sample. In a recent publication byléipand Patel (2005), mention was made of
the lack of information available on essential @nstituent interactions. The work presented

here sheds some light on these possible interaction

Table 12.2 Summary of the major oil constituents obtainenrfrall plants in this study.

YRPPIOe
Plant essential oil Major components Component % & W'thm. t°t"°?'
essential oil
M. flabellifolius |- F2nSPinocarveol 19.6 30.7
pinocarvone 11.1
. 1,8-cineole 59.9
O. asteriscoides (-)-camphor 124 72.3
1,8-cineole 17.8
A. afra artemisia ketone 10.1 592
a-thujone 18.8 '
B-thujone 12.5
: : linalool 65.2
L. javanica (2)-B-ocimene 13.0 78.2
H. cvmosum subs 1,8-cineole 20.4
cy.moﬁum P- B-caryophyllene 10.8 43.6
a-pinene 12.4
C. aratissimus var 1,8-cineole 8.3
Su'bg ratissimus " | germacrene D 8.6 37.6
g a-phellandrene 20.7
limonene 15.1-254
linalool (Nelspruit and 11.4-16.7
. Lagalametse samples) .
H. natalensis Variable*
(2)-3-hexenyl nonanoate
16.0
(Lagalametse sample)
3-pinene (Balakane sample) 25.2
1,8-cineole 9.3
T. camphoratus B-caryophyllene 134 22.7
P. grandidentatus | T-cadinol 10.3
25.5
camphor 15.2

*Composition % within major constituents displayszhsonal and geographical variation.

23C



Table 12.3 The antimicrobial properties of 1,8-cineole agedmined by corresponding authors.

Test micro-organism with corresponding reference sain number

Publication
S. aureus S. epidermidis B. cereus E. coli P. aeruginosa K. pneumoniae C. albicans
Carson and Riley 0.5 0.25 1.0
ND ND ND ND
(1995) (NCTC 6571) (NCTC 8359) (ATCC 10231)
- 18.1 9.1 18.1 9.1
Griffin et al. (1999) ND ND ND
(NCTC 8325) (AG100) (NCTC 6749) (KEMH 5)
9.5 9.5 2.0 2.8 3.0 0.3
Tzakouet al. (2001) ND ]
(ATCC 25923) | (ATCC 12228) (ATCC 25922) | (ATCC 227853) (ATCC 13883) (not given)
o 9.5 9.5 2.4 2.8 3.2 0.3
Magiatiset al. (2002) ND
(ATCC 25923) | (ATCC 12228 (ATCC 25922) | (ATCC 227853) (ATCC 13883) (ATCC 10231)
1.3 0.3 0.6 0.6 0.6
Setzeret al. (2004) ND ND
(ATCC 29213) (ATCC 14579) | (ATCC 25922) | (ATCC 27853) (ATCC 10231)
12.8 0.8 3.2
Chaet al. (2005) ND ND ND ND
(ATCC 21293) | (ATCC 12228) (ATCC 25922)
8.0 2.0 8.0 4.0 8.0
van Vuuren (Chapter 8 ND ND

(ATCC 12600)

(ATCC 11778)

(ATCC 11775)

(ATCC 9027)

(ATCC 13883)

ND = not determined.
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Objective 4: To study specific pharmacological iteractions.

The topic of synergy has been highlighted receimylynany authors. In the synergy review by
Williamson (2001), the need for further interactivevestigations was emphasized. Rios and
Recio (2005) recommended that a high priority stidnd given to further studies involving plant
combinations and Gilani and Rahman (2006) amplifigtht there is a scarcity of
ethnopharmacognosists performing a much needed/ stitol medicinal plant combinations.
Holley and Patel (2005) stated that very littleomhation was available on constituent
interaction. The emphasis on synergistic studiesalso highlighted by Prof. H Wagner (Editor:
Phytomedicine) at the Annual Conference of the &gdor Medicinal Plant Research, Florence
(21-25 August, 2005) when he stated “Progress enfibld of synergy research could give
phytotherapy new legitimacy and the possibilityreat diseases which up to now were reserved

for chemotherapy only”.

This study thus identified possible interactionviEn various constituents of the essential oils
as was noted with the interaction of the majorcoitstituents oO. asteriscoides where camphor
and 1,8-cineole, in combination act synergisticatlyenhance activity. Conversely, the major
volatile constituents ofA. afra in various combinations had no significant role tre
antimicrobial activity of the plant. The interaatitbetween different plant species was studied
using time-kill methodology, where the synergistideraction was demonstrated for the
combined use of. javanica with A. afra for the treatment of respiratory infections asated
with K. pneumoniae. Results show that in combination, efficacy is amted, which supports
with the traditional use of the plant. Antimicrob&udies orC. gratissmus var. subgratissimus
show synergistic, additive, antagonistic or norifiattive action between plant parts, depending
on the specific ratio in which the plant parts eoenbined. Higher synergistic sensitivities were
noted for the root / leaf combinations. Other iattive studies have shown that the volatile
fractions withinT. camphoratus and P. grandidentatus serve to enhance overall activity of the

plant.

Objective 5: To compare the antimicrobial activity (potency) of indigenous aromatic plants

to commercially available essential oils with claired antimicrobial activity.

Chapter 10 deals exclusively with this objectiBy. means of comparatively determining the
MIC of popular commercial oils(Lavendula angustifolia, Thymus wulgaris, Melaleuca
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alternifolia, Mentha piperita and Rosmarinus officinalis) against the essential oils of five
indigenous plantsM. flabellifolius, O. asteriscoides, H. natalensis, A. afra and L. javanica),
efficacy was determined against eight bacteri@rezice strains and two yeast reference strains.
The laboratory conditions and inoculum were statided to ensure all ten essential oils
(commercial and indigenous) were evaluated undemtidal conditions. Results indicated that
South African indigenous essential oils compareod@amably with the commercial oils studied
herein. Of all oils studied\l. flabellifolius showed the most rapid cidal effect against akehr

pathogens tested with the time-kill method.

Objective 6: To compare and validate results obiaed from various test methodologies

(e.g. disc diffusion, MIC and time-kill studies).

Many variables are involved in plant-based studies microbiological assays are only as
reliable and sensitive as the test system empldieds therefore necessary to incorporate more
than one microbiological method to validate theultssattained. The methods used for each
study is summarised in Figure 12.1. Detailed methugly development and critical validation

assessment was reviewed in Chapter 11.

Objective 7: To provide a scientific rationale forthe traditional use of various medicinal

aromatic plants to treat infectious diseases.

Incorporated in Table 12.1 is a summary of the iti@thl use of the plants studied with
reference to the test organisms having the mosifiignt activity. Other significant findings
were noted for plant combinations, as was the éaiséhe combination of. javanica and A.

afra, where the time-kill study indicated increased ariobial efficacy for the respiratory
pathogerK. pneumoniae. These findingsupport the traditional use of these plants whexdus

together in traditional therapeutic practices.

The benefit of combining roots and leaves @f gratissmus var. subgratissmus as used
traditionally was also apparent in the isobologsiadies, where extracts showing the strongest
synergistic profile were noted with studies Bn cereus, C. albicans and C. neoformans,

correlating with diseases that the plant is tradaily used to treat.
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12.3 Future Trends

Antimicrobial studies on plants have evolved fromultidisciplinary investigations where
researchers have used the antimicrobial data tglesnent the phytochemical study, to focused
studies pertaining to specific information abowt fflants’ antimicrobial activity. This reflects
the importance of such studies and conti nuedsiiy&tions have emerged as a result of many
of these positive preliminary screening procedufesiumber of recommended strategies for
future

antimicrobiological analysis in pharmacognosy stidhus be considered.

Toxicity: Although it is considered that traditional plant dieenes, having been used for
centuries, are generally safe, it can not be té&xegranted that these treatments do not have any
potentially toxic, mutagenic and / or carcinogepioperties and thus it has been recommended
that pharmacological studies should always be apeorad by toxicology screening (Tayletrr

al., 2001; Fennedt al., 2004; Cost al., 2006). The toxicology of the oils studied halligwaith

the exception oP. grandidentatus (still in progress), been assessed by Dr. RobynAyhuat the
Pharmacology Division of the Department of Pharmacyl Pharmacology, University of
Witwatersrand. Toxicology data (Table 12.4) is aged in ascending order from the least toxic
(O. asteriscoides) to the most toxic@. gratissimus var. subgratissmus) plant species. Toxicity
comparisons were made with quinine, considered msa@eptable control, presenting low

toxicity.

It comes as no surprise thatgratissmus var. subgratissmus demonstrates the highest toxicity
profile as this species is known for its toxicfii/att and Breyer-Brandwijk, 1962; Hutchings
al., 1996). The presence of copious amoumighellandrene (20.7%) in the oil may also
contribute towards the overall toxicity, as thismgmwund is known for its skin irritancy effect
and ability to cause vomiting and diarrhoea if stgd (Windholz, 1976). A further
recommendation to investigate the toxicity profifes the phenolic extracts @. gratissmus

var. subgratissimus (bark, leaves and rootdl), camphoratus and P. grandidentatus is advised.
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Table 12.4 The toxicity profiles for the eight essential ocgtidied (van Zyl,
publication in preparation).

Essential oils Mean toxicity profile
IC 50 (%)

Osmitopsis asteriscoides 0.00908 + 0.00140
Lippia javanica 0.00730 + 0.00065
Artemisia afra 0.00522 + 0.00088
Heteropyxis natalensis 0.00246 + 0.00032
Myrothamnus flabellifolius 0.00226 + 0.00010
Tarchonanthus camphoratus 0.00214 + 0.00112
Helichrysum cymosum subsp cymosum * 0.00175 + 0.00310
Croton gratissimus var. subgratiss mus 0.00157 + 0.00016
Quinine control 0.01364 0.00041

*(van Vuurenet al., 2006)

Mode of action studies: While investigations presented here demonstrate nherobial
inhibition on a selection of indigenous medicingny essential oils, the mechanism of action
requires further insight. Mode of action studies aomplex and destruction of microbial cells
could occur on many different levels. There is noulat that essential oils compromise
membrane integrity, as noted in studieSrasteriscoides (Chapter 3) and with studies by Cox
et al. (2000), Griffinet al. (2001), Lamberet al. (2001) and Fitzgeraldt al. (2004), however,
there are a number of other mechanisms that nebd ®ucidated. Leakage of potassium ions
and nucleic acids from bacterial cells (Hadal., 2003; Inouest al., 2004), impairment of a
variety of enzyme systems, electrochemical potentiasurement of microbial respiration
(Coxet al., 2000), ATPase activity (Burt, 2004), cellulartat®lic processes (Holley and Patel,
2005), changes in composition of fatty acid andairellular absorption of material (personal
communication Dr. Panos Skandamis) and even tieeofadonstituents as penetration enhancers
require further investigation. One also needs ke iato consideration that given the number of
essential oil constituents within one plant, theray be constituents independently exhibiting

different modes of action that when combined, swesgistically.
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Dosage schedules and administration for indigenousedicines: Research design often
overlooks these factors, which may be in part dudhe lack of information provided to
researchers on the details of the traditional @é. moreover, laboratory techniques often
exclude aqueous extracts, which is the most widebd traditional administration, in favour of
working with apolar extracts in order to maximizgities. Technically, aqueous extracts are
more difficult to work with and especially with mabiological work, contaminate rapidly,
however, these studies are important as bioactwepounds may be overlooked. In addition,
positive results from laboratory tests may indicatgivities greater than that found in the
traditional preparative methods, as indicated stualy by Jager (2003). With the rapid rate of
plant species extinction, there is an urgent neatbtument the medicinal potential of plants in
an effort to preserve the knowledge and naturalue®s. It is a future challenge to translate the

applied knowledge gained from intricate assaysraakie it meaningful to the ethnic people.

Future research design should also look at regulapnsistent administration of antimicrobials
to determine if better efficacy would be achievathwub chronic administrations in comparison
with single acute administrations (Etkin, 2001; iktlind Elisabetsky, 2005). As in scheduled
antimicrobial therapy, consistent dosages are requo produce a cidal effect. Such studies
could be carried out with plant test extracts ds @i extended time-kill methods, where the

viability can be monitored over time with regularsages.

Pharmacological interactions: The identification of a single active chemical iBnthat is
responsible for the antimicrobial activity of a plas becoming more and more improbable.
Research is now focussing on the investigation cbmbination of compounds to achieve a
greater efficacy. To ensure future success in mhtproduct research we must incorporate
interactive phytochemical studies with existinggpices in the hope that developments involving
combinations may be used as a foundation and dridorce in the search for novel

chemotherapeutic agents.

Combinations with conventional antimicrobials: Studies supporting the possible use of
medicinal plants together with known antibioticsynsrve to increase potency and reduce the
dosage of potent drugs. In so doing, the toxicyels may be reduced. With natural product
research gaining credibility and the escalated aiggerbal remedies by the public sector, less

burden and reliance may be placed on conventiom@inerobial drugs. In so doing we can
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preserve these important allopathic antimicrob&ld delay the emergence of resistance. In a

recent publication by Rios and Recio (2005), tihcgopsal is given high priority.

Metabolomics: The metabolomic study of plants is a rapidly grogvifield, where the

metabolites of plant species are quantitatively gunalitatively analyzed in order to obtain more
information on the overall mechanism of action.omfation regarding metabolites can be
correlated with biological activities to determiifea specific fingerprint exists. Such studies
encompass all aspects of plant metabolites an@ anajor challenge as this moves away from

the single targeted bioactivity approach of drugedtgpment (Verpoortet al., 2005).

Pathogen specific studiesMore attention needs to be directed towards thaodtotanical use

of the plant and the rational antimicrobial scregrhat follows. Plants used for skin afflictions
should be tested against micro-organisms suclEpedermophyton floccosum, Microsporum
canis and Trichophyton mentagrophytes, in addition to the more commonly tested organisms
such asS aureus andS. epidermidis. Similarly, plants used for oral complaints shob&ltested
againstStreptococcus mutans, S. sobrinus andPor phyromonas gingivalis. With studies on plants
used for the treatment of sexually transmittedaties, choice of bacterial and fungal test strains
are limited. WhileNeisseria gonorrhoeae remains the most commonly studied organism, other
organisms responsible for sexually transmitted did@s (STI) includeTreponema pallidum
(Syphilis) andHaemophilus ducreyi (Chancroid). Studies oh. pallidum prove difficult as the
micro-organism cannot be cultured in common bawl@gical growth media. Studies d.
ducreyi are no longer feasible as outbreaks no longer ofmersonal communication Prof.
Lewis at the National Centre for Communicable Dégsd, however, in spite of the difficulties
associated with culturing of sexually transmitteédamisms, there is a need to investigate the use
of medicinal plants for the treatment of STI's, evé studies are only restricted th.

gonorrhoeae.

Whilst it is understandable that all these orgasisnentioned here are fastidious and require
more intensive cultural techniques, it is a neagssmogression for further antimicrobial
pharmacognosy studies. We can no longer assuménbad spectrum activity is adequate for

plants used for specific afflictions.

In vivo and whole system studiesEven though a number of successful studies havsifiee

specific plant species as having antimicrobial\éigtiin anin vitro model, it is necessary to



subject these plants to animal and human studiéeteErmine their efficacy in whole organism
systems. Traditional medicines are esteemed ngtfonktheir therapeutic value but also from a
holistic administration approach, in which the glangiven to treat the patient on various levels.
Thus, when studying traditional medicines one muost forget that there may be other

physiological effects on the body that act beydmsymptomatic treatment of the disease.

In addition, studies on the efficacy of plants agairesident beneficial bacteria such as
Lactobacillus acidophilus and Bifidobacterium bifidum could yield information that may make
them more appropriate than the presently admimidteallopathic antimicrobials, which
inevitably destroy the beneficial commensal orgasisogether with the invading pathogens. In
line with this, studies on biofilms should be iated as these mixed populations play an active
role in the microbiological ecology of the humandio Ethnopharmacological studies have
shown that many plant essential oils are broadtspacin their activity, unlike conventional
chemotherapeutic agents which often target spebificterial modes of action. This multi-
faceted approach may be effective in treating palyobial infections and may also prove to be

effective in inhibiting undesirable biofilm forman.

Formulation studies: The next logical step in the investigation of #rgimicrobial efficacy of
plant extracts and essential oils would be to déstalsuitable formulations that retain the
efficacy demonstrated in tha vitro screening procedures. Formulations such as testueas,
ointments, capsulation or tableting incorporatingnp material should be investigated to

determine feasibility and bioavailability.

12.4 Conclusion

The antimicrobial study of some of the most siguaifit indigenous aromatic plants presented
here focuses not only on antimicrobial screeningdiso on addressing many of the concerns
and recommendations mentioned in literature. Byresking the complexity of standardizing
various methods, as recomme nded by Burt (2004elisasRios and Recio (2005), many of the
variables encountered when performing antimicrobgdays were examined. Furthermore the
interaction between constituents, plant parts, ai &as different species, emphasises that the
reductionist approach used in examining bio-agtimgay often be short-sighted (Rios and Recio,
2005;Holley and Patel, 2005; Verpooreal., 2005; Cot al., 2006).
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It is interesting to note that amongst all the nradechnologically advanced medical treatments
available today, it is still the simplest bacteritimt may result in humankind’s demise. One can
only hope that with continued research we can @avischanisms that may delay or prevent this
from happening. We need to plan for future theréipetreatments that will withstand the
growing population needs and emergence of “supeaifbsigch as MRSA and VRE. In support
of this, the study of the antimicrobial activitie$ medicinal plants has clearly become a
progressive trend. It has been predicted (Mulhdll&®005) that multidisciplinary studies within
the ethnopharmacology sector will escalate witha next decade. With advances in laboratory
technigues, renewed interest in the field and thiensific validation of the traditional use, the
possibility now exists to bring traditional medieito such a level of recognition that it becomes
accepted alternate regimen to western healthcaterag. The anticipated future of antimicrobial
phytotherapy should not attempt to replace conweati antimicrobials but rather focus on the
integration into conventional medicinal practicesewe the general practitioner may recommend
either phytomedicine or allopathic medicine or ewth, depending on the diagnosis (Tyler,
1999).
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Table A1 Raw MIC data (mg/mL) for isobolograms (Chapter Hewe Cgratissmus roots and leaves were combined.

Appendix A

Raw MIC data (mg/mL) for isobolograms

Combined MIC (roots and leaves) in combination (mémL)

Ratio | B.cereus | S.aureus | S. epidermidis | B. subtilis | E.faecalis | K. pneumoniae | P.aeruginosa | E.coli | C.albicans | C. neoformans
100:0 0.8 2.0 2.0 3.0 4.0 2.0 2.0 4.0 8.0 0.5
90:10 1.0 4.0 2.0 8.0 2.0 4.0 4.0 16.0 8.0 0.5
80:20 1.0 2.0 2.0 4.0 2.0 2.0 2.0 8.0 4.0 0.5
70:30 1.0 2.0 2.0 4.0 2.0 2.0 2.0 4.0 3.0 0.6
60:40 15 2.0 2.0 4.0 4.0 2.0 2.0 4.0 4.0 0.5
50:50 0.5 2.0 2.0 4.0 1.4 2.0 2.0 4.0 3.0 0.5
40:60 0.5 2.0 2.0 2.0 4.0 2.0 2.0 4.0 3.2 0.3
30:70 0.5 2.0 2.0 2.0 4.0 2.0 2.0 4.0 3.0 0.5
20:80 1.0 2.0 2.0 2.0 4.0 2.0 2.0 4.0 3.0 0.5
10:90 2.0 2.0 2.0 2.0 4.0 2.0 2.0 4.0 8.0 1.0
0:100 2.0 2.0 2.0 3.0 4.0 2.0 2.0 4.0 3.0 1.0

262



Table A2 Raw MIC data (mg/mL) for isobolograms (Chapter &)eve (+), (-) and the racemic form of limonene wambined with 1,8-

cineol.
Combined MIC of limonene in combination with 1,8-cheol (mg/mL)
Ratio S. aureus P. aeruginosa C. neoformans
(+)-limonene | (-)-limonene | (+/-)-limonene | (+)-limonene | (-)-limonene | (+/-)-limonene | (+)-limonene | (-)-limonene | (+/-)-limonene

100:0 16.0 4.0 4.0 4.0 8.0 4.0 2.0 2.0 2.0
90:10 16.0 16.0 8.0 6.0 8.0 8.0 4.0 2.0 4.0
80:20 16.0 9.6 6.0 6.0 8.0 8.0 4.0 2.0 2.0
70:30 16.0 10.4 6.0 6.0 8.0 4.0 2.0 2.0 2.0
60:40 7.0 17.6 6.0 4.0 8.0 4.0 2.0 2.0 2.0
50:50 8.0 8.0 6.0 4.0 8.0 4.0 2.0 2.0 2.0
40:60 8.0 8.0 6.0 4.0 8.0 4.0 2.0 2.0 2.0
30:70 8.0 8.0 8.0 4.0 8.0 4.0 2.0 2.0 2.0
20:80 8.0 8.0 8.0 4.0 8.0 4.0 2.0 2.0 2.0
10:90 8.0 8.0 8.0 4.0 8.0 4.0 2.0 2.0 3.0
0:100 8.0 8.0 8.0 4.0 8.0 6.0 2.0 1.5 2.0
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Table A3 Raw MIC data (mg/mL) for isobolograms (Chapter @eve the volatilend non-volatile constituents fér camphoratus

were combined.

Combined MIC (volatile and non-volatile) in combiration (mg/mL) for T. camphoratus
Ratio B. cereus S. aureus E. faecalis K. pneumoniae P. aeruginosa E. cali C. albicans C. neoformans
100:0 3.0 4.0 8.0 8.0 4.0 8.0 6.0 3.0
90:10 1.0 2.0 4.0 2.0 8.0 8.0 2.0 1.5
80:20 1.0 15 4.0 2.0 3.0 4.0 2.0 1.5
70:30 1.0 15 4.0 4.0 3.0 4.0 2.0 2.0
60:40 0.7 15 4.0 4.0 3.0 4.0 2.0 2.0
50:50 0.5 15 4.0 4.0 3.0 4.0 2.0 2.0
40:60 0.5 1.0 4.0 4.0 4.0 8.0 2.0 2.0
30:70 0.5 1.0 4.0 4.0 4.0 8.0 2.0 1.0
20:80 0.5 1.0 4.0 4.0 4.0 8.0 2.0 1.0
10:90 0.5 1.0 4.0 4.0 4.0 8.0 3.0 1.0
0:100 2.0 2.0 4.0 8.0 4.0 4.0 4.0 3.0
Table A4 Raw MIC data (mg/mL) for isobolograms

(Chapter 9) where the volatisnd non-volatile constituents
for P. grandidentatus were combined.

Combined MIC (volatile and non-volatile) in combiration
Ratio (mg/mL) for P. grandidentatus
S. aureus E. faecalis K. pneumoniae

100:0 2.0 8.0 4.0
90:10 0.3 1.0 2.0
80:20 0.5 1.0 2.0
70:30 0.5 1.0 1.0
60:40 0.5 1.0 1.0
50:50 0.5 2.0 1.0
40:60 0.2 4.0 1.0
30:70 1.0 1.0 1.0
20:80 0.5 3.0 1.0
10:90 1.0 4.0 1.0
0:100 0.4 32.0 8.0
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Appendix B

Publications arising from this study
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