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Abstract 

Resident skin flora are usually non-pathogenic and prevent colonization of 

harmful microbes by competing for nutrients and stimulation of the immune 

system. However, these resident microbes can enter the bloodstream of 

immunocompromised individuals and cause life-threatening diseases. 

Staphylococcus aureus and Candida albicans are examples of such microbes. S. 

aureus is a pathogen responsible for the increased occurrence of nosocomial 

and community-acquired infections. C. albicans causes a wide variety of fungal 

infections especially in immunocompromised individuals. Due to the increased 

use of antibiotics, resistant strains have increased in appearance over the past 

years.  As treatment options become limited, the need for novel antimicrobial 

drugs becomes apparent. Most of the antibacterial drug classes known today 

are derived from natural products. The aim of this study was to determine the 

antimicrobial activity of bark extracts of Z. davyi and X. caffra against 

planktonic and biofilm forms of C. albicans and S. aureus, as well as to 

determine the phytochemistry and cytotoxicity of the crude extracts. 

 

Zanthoxylum davyi and Ximenia caffra were chosen for evaluation based on 

their ethnomedicinal uses. Hot water, methanol and dichloromethane extracts 

were prepared for each plant. Thin-layer chromatography (TLC) was employed 

to identify the possible classes of phytochemical compounds present in each 

extract. High-performance liquid chromatography (HPLC) was used to 

determine the chemical fingerprints of the plant extracts as well as to 

determine the identity of phytochemicals via co-chromatography with known 

standards. The disc diffusion assay was employed as a qualitative crude 

screening method to identify the extracts which displayed antimicrobial 

potential against two clinical and one standard strain of S. aureus and X. caffra. 

The broth microdilution assay was employed to determine the minimum 

inhibitory concentration (MIC) of the extracts which displayed antimicrobial 

activity as determined by the disc diffusion assay. The crude extracts were 

tested on biofilms of S. aureus and C. albicans using the biofilm inhibition assay 



vi 
 

with quantification by the crystal violet assay. Anti-biofilm activity was further 

investigated using scanning electron microscopy (SEM) and drug interactions 

were determined using the checkerboard assay which allowed for the 

calculation of the fractional inhibitory concentration index. Cytotoxicity of the 

crude extracts was assessed using MCF-7 human breast cancer cells and 

EA.hy926 human umbilical vein cells. Effects on crude cell morphology was 

visualized using phase contrast and PlasDIC microscopy. 

 

Using TLC phenolic acids, terpenoids and sterols were detected in all extracts. 

HPLC identified antimicrobial phenolic acids, flavonoids and alkaloids, with 

ferulic acid, nitidine, quercetin and gallic acid in the highest concentrations. 

The activity of all extracts were considered to be clinically insignificant against 

planktonic S. aureus and C. albicans (>1mg/ml). All extracts displayed a 

clinically significant (p < 0.05) range of concentrations which indicated anti-

biofilm activity. Synergism was evident for all extracts when the two plants 

were combined. From SEM analysis it was evident that the extracts caused 

notable disintegration of the exopolysaccharide matrix of biofilms.  

 

Although all the extracts displayed poor cytotoxicity, the EA.hy926 cell line was 

more susceptible to the extracts than the MCF-7 cell line. This low cytotoxicity 

could be ascribed to the presence of antioxidant compounds detected in all 

extracts. Signs of apoptosis, such as blebbing, apoptotic bodies and nuclear 

condensation, was evident in EA.hy926 cells, with visualization using phase 

contrast and PlasDIC microscopy. At the highest concentrations, signs of 

necrosis were observed for MCF-7 cells which include swelling and 

enlargement of cells. 

 

This study provides scientific support for the antibacterial and antifungal 

activity of Z. davyi and X. caffra. It was shown that these plants could be used 

as alternative antimicrobials, especially against biofilms of S. aureus and C. 

albicans. To the author’s knowledge, this is the first report on the antimicrobial 
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activity of the bark extract of Ximenia caffra. Prominent antimicrobial potential 

together with the low cytotoxicity supports the therapeutic potential of these 

plants. Various antimicrobial phytochemicals were detected in these plant 

extracts and it would appear as if antimicrobial activity is attributed to their 

combined activity rather than as a result of a single compound. This study also 

shows that it could be useful to combine these plants to be used as a single 

antimicrobial regimen or synergistically with conventional antimicrobials. They 

could also be used to increase the sensitivity of microorganisms to 

conventional antimicrobials. Further research regarding isolation of the active 

compounds is warranted. 

 

Keywords: antimicrobial, biofilms, Candida albicans, cytotoxicity, microscopy, 

phytochemicals, Staphylococcus aureus, Ximenia caffra, Zanthoxylum davyi. 
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CHAPTER 1: Introduction 

1.1 Overview  

In humans, microbial cells greatly outnumber somatic cells.[1] Resident skin flora are 

usually non-pathogenic and prevent colonization of harmful microbes by competing for 

nutrients and stimulation of the immune system, however; these resident microbes can 

enter the bloodstream of immunocompromised individuals and cause life-threatening 

diseases.[2] Staphylococcus aureus and Candida albicans are medical examples of such 

microbes. S. aureus is a pathogen responsible for the increased occurrence of 

nosocomial and community-acquired infections.[3] C. albicans causes a wide variety of 

fungal infections especially in immunocompromised individuals.[4] Due to the increased 

use of antibiotics, resistant strains have increased in appearance over the past 10 

years.[5] As treatment options become limited, the need for novel antimicrobial drugs 

becomes apparent.[6] In the search for such antibiotics, plants have been indicated as 

valuable sources and drug leads.[7,8]  

 

1.2 Microorganisms  

1.2.1 Staphylococcus aureus 

S. aureus is classified under the kingdom Eubacteria, phylum Firmicutes and belongs to 

the family Staphylococcaceae.[9] S. aureus are round and resemble grapes under a 

microscope as they typically grow in clusters (Figure 1).[10] This anaerobic, Gram-positive 

bacterium is part of the normal skin and nasal flora. However, this bacterium can be 

successfully pathogenic due to nasal carriage and effective immuno-evasive 

strategies.[11,12] The shift from colonization to invasive pathogen correlates to the 

expression of genes involved in pathogenesis. Consistent up-regulation of genes such as 

drC, fnbA, fhuD, sstD, and hla are important in staphylococcal pathogenesis.[13] S. aureus 

is well recognised for its role in wound infection and sepsis.[14] It can cause a range of 

illnesses; which ranges from minor skin infections such as acne, boils, and cellulitis to 

more serious illnesses such as pneumonia, meningitis, endocarditis and bacteraemia. It is 

also one of the leading causes of nosocomial infections and postsurgical wound 

infections.[15]  Due to the fact that humans are a natural reservoir for S. aureus, 
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immunodeficient patients are at increased risk for staphylococcal infection.[3] S. aureus 

has the ability to adapt to different environmental conditions.[16] Resistance to 

antibiotics can be attributed to chromosomal mutations, extra-chromosomal elements 

acquired from other bacteria (mobile DNA segments, such as plasmids, transposons, and 

integrons), and efflux pumps.[17] Misuse/overuse of antibiotics has led to an increase in 

the proportion of methicillin-resistant S. aureus (MRSA) infections worldwide. 

Furthermore methicillin-resistant strains have already become resistant to other 

antimicrobial agents as well.[3] 

 

 
 

Figure 1: Scanning electron microscopy of S. aureus cells.[18] 

 

1.2.2 Candida albicans 

C. albicans is classified under the kingdom Fungi, phylum Ascomycota and belongs to the 

family Saccharomycetaceae.[19] It is the most prevalent fungal species in human 

microbiota and colonizes the gastrointestinal and genito-urinary tracts.[1] C. albicans is 

present in 80% of the human population without causing harmful effects.[20]  This fungus 

can exist either as a commensal or opportunistic pathogen.[21] C. albicans is considered a 

diploid fungus as it grows both yeast cells and filamentous cells.[10,22] Yeast cells (Figure 

2A) are important in early infection stages as they have they the ability to disseminate to 
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target organs via extravasation.[23] Upon reaching target organs, yeast cells can change 

morphology to filamentous cells, in response to environmental cues.[10] Filamentous cells 

(Figure 2B) are required for the establishment of a rooted infection and mortality, which 

is typical of late-stage infections.[23] When host defence systems are compromised, the 

mucotaneous surfaces serve as points of entry for such organisms.[24] This explains why 

patients with cell mediated immunological disorders and severe defects in their 

phagocytic system, such as those with Acquired Immune Deficiency Syndrome (AIDS) 

patients, suffer from chronic candida infections of the mucosae and skin.[4]  Previous 

studies have shown that C. albicans has surpassed Gram-negative bacilli as the third 

most commonly isolated bloodstream pathogen in US hospitals.[25]  

 

 

 

 

 

 

 

 

 

 

Figure 2: Scanning electron microscopy of A) C. albicans yeast cells involved in early infection stages, B) C. 

albicans filamentous cells involved in late infection stages.[26] 

 

Several antifungal drugs are available to treat candidiasis,[27] as described below (1.3.1). 

Candidiasis describes a number of different disease syndromes which differ in their 

causes and outcomes.[28,29] Candidiasis includes superficial infections, such as oral thrush 

and vaginitis, as well as systemic infections and life-threatening diseases.[30] Candida 

infections of the latter category are referred to as candidemia and are mostly limited to 

severely immunocompromised persons, such as cancer, transplant, and AIDS patients.[30] 

Repeated therapy for chronic infections has led to an increase in drug resistance over 

the past years.[31] There are many mechanisms of resistance in C. albicans, however, 

acquired resistance is less common than intrinsic resistance. Intrinsic resistance is found 

 1µm    1µm 
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naturally among certain fungal strains while acquired resistance is as a result of drug 

exposure which leads to altered gene expression.[32] Emerging C. albicans strains have 

acquired resistance to azole drugs as well as other commonly used antifungals and this 

results in treatment failure.[27]  

 

1.2.3 Planktonic microorganisms and biofilms 

‘Plankton’ can be defined as free-floating animals and plants which are distinct from 

those that are attached.[33] Planktonic microorganisms are single, unattached 

microorganisms which have properties different from sessile/attached microorganisms 

of the same species, and are more susceptible to antibiotics (Figure 3).[34] Environmental 

and other signals can cause phenotypic changes in planktonic microorganisms which 

increase their hydrophobicity and make them more adherent to surfaces and to each 

other. These interactions result in the formation of a resistant community structure of 

microorganisms known as a biofilm.[35] A biofilm is a community of sessile 

microorganisms embedded in an exopolysaccharide (EPS) matrix. The EPS matrix acts as 

a barrier which shelters microbes from antibiotics, disinfectants and host defences and 

this complicates treatment.[36] Biofilm development can be described in three major 

stages. In the first stage (initial attachment), a planktonic cell will bind reversibly with a 

surface and if it does not dissociate, it will bind irreversibly mediated by microbial 

surface components recognizing adhesive matrix molecules (MSCRAMMs). These 

molecules are important in infection as they enable planktonic cells to bind to host 

factors such as collagen and fibrinogen. The second stage of biofilm development is 

maturation. This involves cell division and the production of an EPS matrix which can 

include host factors, polysaccharides and proteins. The composition of this matrix can 

vary between different strains of a particular microorganism. The final stage of biofilm 

development is dispersal. After the accumulation of cells and EPS substance, biofilm cells 

can revert to planktonic cells and disperse to other areas.[37] Both S. aureus and C. 

albicans are capable of forming microbial biofilms.[38] Figure 3 displays the transition 

process of planktonic cells to a mature biofilm. 
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Figure 3: Transition process of planktonic cells into a mature biofilm.[39] 

 

An expanded regulatory network controls biofilm formation in C. albicans. C. albicans 

biofilms are dynamic as genes involved in adhesion and metabolism change over time. In 

addition to the six ‘master’ regulators of biofilm formation in C. albicans mentioned in 

prior studies,[40-43] three new regulators of biofilm formation (Flo8, Gal4, and Rfx2) are 

required for its formation in vitro and in vivo. Flo8 is required for biofilm at all points 

while Gal4 and Rfx2 are responsible for proper biofilm formation at intermediate time 

points. Adhesion proteins are differentially expressed over time and biofilm metabolism 

decreases with time compared to stationary cells.[41-43] While genetics play a vital role in 

biofilm formation, temperature, cell morphology and cell–cycle growth phase all affect 

gene expression patterns.[44] Quorum sensing (QS) also regulates biofilm behaviors. 

QS/cell to cell communication for biofilm formation, produces a variety of virulence 

factors which are the key causes of multi-drug resistance development and invasive 

infections.[45]  

 

In S. aureus biofilms, polysaccharide intercellular adhesion protein (PIA) plays a vital role 

in the integrity of biofilms in vitro and in vivo. Important surface proteins involved in 
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attachment and biofilm development include S. aureus surface protein (SasG), biofilm-

associated protein (Bap), and clumping factor B (ClfB).[37]  Secreted proteins such as 

extracellular adherence protein (Eap), and beta toxin (Hlb) play a role in biofilm 

maturation. S. aureus secretes 10 proteases, including seven serine proteases (SspA and 

SplA-F), two cysteine proteases (SspB and ScpA), and one metalloprotease (Aur) which 

mediate dispersal.[37] 

 

Apart from single-species biofilms, biofilms can be made up of multiple species of 

microorganisms closely associated with each other, allowing for the development of 

mutually beneficial interactions between species.[38] The medical impact of C. albicans 

and many other microbial species, depends on its ability to thrive as a biofilm.[1] 

Polymicrobial biofilms can be found throughout the human body and studies suggest 

that pathogenic phenotypes may emerge as a result of multispecies interactions.[46] It 

has already been demonstrated that the formation of an S. aureus-C. albicans biofilm 

establishes a dynamic relationship between two significant human pathogens and 

results in the up-regulation of virulence factors.[38] Co-species are more difficult to treat 

than single species biofilms due to the more complex composition of the EPS matrix.[47]  

 

1.3 Treatment 

1.3.1 Conventional therapy 

The discovery of antibiotics more than 65 years ago revolutionised medicine. Today we 

live in a society where antibiotics are prescribed as the first-line of treatment for the 

majority of ailments encountered by health professionals.[48] Therefore, it is not 

surprising that we are faced with an ever increasing amount of resistant microorganisms. 

According to a report by the National Institute of Allergy and Infectious Disease (NIAID), 

the appearance of resistant strains has increased dramatically over the past 10 years and 

more than 70% of the bacteria that cause infections are resistant to at least one of the 

treatment drugs.[5] As a result, people stay longer in hospitals and are forced to use 

second and third lines of treatment which are often more toxic. In some cases, bacteria 

are even resistant to last-line drugs such as vancomycin.[5]   
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With regard to S. aureus infections, vancomycin is typically reserved for patients with 

life-threatening infections, in areas where community-acquired MRSA infections have 

been documented. Patients with less severe infections are usually treated with 

penicillinase-resistant penicillin such as dicloxacillin and nafcillin, or a first-generation 

cephalosporin such as cefazolin. Clindamycin, co-trimoxazole, linezolid, and minocycline 

can be used as alternative treatment options for skin and soft tissue infections and in 

cases of necrotising pneumonias.[49] Established staphylococcal biofilms have been 

treated with quorum sensing inhibitors (QSI), use of surfactant-like molecules, treatment 

with enzymes that depolymerize biofilm components, and photodynamic treatment.[50] 

According to the GERMS-SA Annual Report of 2012, in South Africa, Gauteng was 

reported to have the most cases of S. aureus infections, followed by Kwa-Zulu Natal, the 

Western Cape and lastly the Free State, between January and July 2012. Drugs of choice 

include clindamycin, vancomycin and mupirocin. 

 

With regard to C. albicans, cross-resistance of fungal species to the different classes of 

antifungal agents[51] implies that there is an increasing need for the development of new 

antifungal drugs as well as novel classes of antifungal agents. C. albicans biofilms in 

particular, are resistant to most antifungal agents.[52] GERMS-SA states that in South 

Africa, the majority of candidemia cases diagnosed were among children and neonates.  

Of those cases, 50% resulted in death. The epidemiology of candidemia differs between 

provinces and therefore guides empiric treatment choices. In Gauteng, the empirical 

drug of choice is amphotericin B due to the high prevalence of azole resistant strains. 

Where available, caspofungin is also used. In the Western Cape, high dose fluconazole or 

amphotericin B are both reasonable choices.  

 

Mechanisms of azole resistance include induction of multi-drug pumps, up-regulation of 

the enzyme target lanosterol 14-α sterol demethylase (encoded by the ERG11 gene), 

mutations in the ERG11 gene (to prevent binding of azoles to the enzymatic site), as well 

as the development of by-pass pathways: azoles cause a decrease in ergosterol and 

build-up of a toxic metabolite; the fungal cells decrease the production of ergosterol 
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(therapeutic targets) and replace it with another sterol while also causing a mutation in 

the gene responsible for producing the toxic metabolite (ERG3).[32]  

 

Echinocandin resistance mechanisms include point mutations and hot-spot mutations 

(mutations at specific regions) which increases the minimum inhibitory concentration 

(MIC) of drugs, as well as initiation of the adaptive stress response. Another mechanism 

of antifungal resistance includes loss of heterozygosity at resistance genes and 

chromosomal rearrangements which amplify resistance genes.[32] As new antifungal 

mechanisms evolve, the search for new antifungal drugs becomes a constant challenge. 

Infectious diseases remain the second leading cause of death worldwide despite the past 

success of antibiotic drug discovery,[53] therefore, the discovery of novel antibiotics and 

antimicrobial compounds is an urgent priority as treatment options for infected patients 

are becoming extremely limited.[6]  

 

1.3.2 Alternative therapy: herbals 

Approximately 25% of all western drugs contain active substances derived from 

plants.[54] Worldwide, approximately 4 billion people rely on plants as medication.[55] 

Hong Kong is considered the largest herbal market in the world, importing over $190 

million of herbal products per year.[56] In Japan, the system of traditional medicine 

known as Kampo, is successfully used to treat chronic diseases including asthma, 

hypertension, diabetes mellitus and allergic rhinitis.[57] In the US, the National Cancer 

Institute has tested 35 000 species of plants for anticancer activity and many have shown 

promising effects.[58] In South Africa, millions of people rely on traditional medicines to 

obtain their primary healthcare needs and this is mainly attributed to affordability and 

accessibility.[59] In various parts of South Africa, a substantial amount of medicinal plants 

are sold regularly as crude, unprocessed drugs. Despite this large diversity of plants 

available on traditional markets, only a few indigenous plants have reached the level of 

being made available for sale in formal markets.[60]  
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Approximately 119 pure chemicals derived from plants are used in medicines throughout 

the world.[55] Most of the antibacterial drug classes known today are derived from 

natural products.[53] Natural products contain biologically active chemicals and are more 

likely to have evolved strategies to penetrate cell membranes.[63] They also contain the 

structural complexity necessary to inhibit microbial targets.[53] There are many 

approaches to the search for active chemical compounds in plants which can be used to 

develop new medicines. A common approach is to prepare extracts and screen each 

extract for pharmacological activity.[61] This broad-screening method led to the discovery 

of vinca-alkaloids which are used for cancer treatment.[62] 

 

With regard to biofilms, the phytochemicals present in plant extracts have the ability to 

act as quorum sensing inhibitors.[64] QS molecules are vital for cell-cell communication; a 

QS molecule can act as a switch turning yeast cells into hyphal cells for formation of 

biofilms.[64] As analogues, phytochemicals are similar in structure to QS molecules and 

can prevent the switch from yeast cells to hyphal mode of growth and can thus act as a 

prophylaxis against biofilm formation.[64] Phytochemicals can inhibit QS by signal 

degradation, signal sequestration, signal competition and receptor degradation.[64] 

Therefore, natural food sources play an important role in preventative therapy. 

Phytochemicals metabolised in the gut lead to the formation of new metabolites which 

may play a role in up-regulating beneficial flora and decreasing pathogenic flora in the 

body.[65] Plant extracts have also been shown to act synergistically with antibiotics 

against microorganisms.[65] 

 

     1.3.2.1 Plants as source for secondary metabolites 

Natural products can be divided into three main groups, namely, primary metabolites, 

secondary metabolites and high molecular weight polymeric materials (HMWPM).[66] 

Primary metabolites such as nucleic acids, amino acids and sugars play an integral role in 

cellular metabolism and reproduction.  HMWPM such as lignins and proteins form part 

of the cell structure.[66] Secondary metabolites however, are referred to as 

phytochemicals and xenobiotics which do not play a role in growth or development of 

the producing organism but are important because of their biological activity in other 
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organisms.[67] Main groups of secondary metabolites include: alkaloids, terpenoids, 

steroids, fatty acid derivatives, polyketides, phenylpropanoids, non-ribozomal 

polypeptides and enzyme cofactors.[66] These metabolites are responsible for the 

protection of plants against stresses, external attacks by insects and herbivores, growth 

regulation, modulation of gene expression and signal transduction.[67] Common groups 

of phytochemicals associated with antimicrobial activity include alkaloids,[68] amines,[69] 

flavonoids,[70] phenolic acids[71] and terpenoids.[72]   

 

1.3.2.2 Plants investigated in this study 

i) Zanthoxylum davyi 

Z. davyi (I. Verd.) P.G. Waterman, also known as Forest knobwood, (Figure 4) is a 

medium to tall tree commonly found in the coastal forests of KwaZulu-Natal and the 

Transkei, extending through Mpumalanga, Swaziland and Zimbabwe.[68] The 

Zanthoxylum genus which belongs to the family Rutaceae, comprises 250 species.[73] Z. 

davyi is commonly used by the Zulu to treat ailments such as severe coughs and colds, 

infected wounds, venereal diseases and snakebites.[73] The Vhavenda use the spines to 

treat infected wounds, leaves for chest pains, stem-bark to treat pleurisy and toothache, 

and root preparations for mouth ulcers and sore throats.[68] Z. davyi also plays an 

important role in insect control by acting as a fumigant and repellent. It has also been 

proven to display anti-feedant activity on the beetle, Tribolium casteneum.[74] Z. davyi 

has been found to possess anti-human immunodeficiency virus (HIV) properties in that it 

inhibits the cellular transcription factors necessary for efficient HIV replication.[75] The 

bark extract of Z. davyi has been reported to contain antifungal activity against a 

standard strain of C. albicans.[7] Z. davyi (bark) has been shown to exhibit anti-

acetylcholinesterase activity which supports its use in the treatment of neurological 

diseases such as Alzheimer’s disease.[76]  Other activities reported for the Zanthoxylum 

genus includes larvicidal,[77] analgesic,[78] anti-nociceptive,[79] hepato-protective,[80] anti-

proliferative[81] and anticonvulsant.[82, 83] 
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Figure 4: Z. davyi; A) Tree trunk showing bark, B) fruit and C) leaves.[84] 

 

ii) Ximenia caffra  

X. caffra Sond. (Figure 5) is a southern African plant and can be found across Tanzania, 

Zambia, Zimbabwe, Botswana, Namibia, Mozambique and South Africa.[85] The Ximenia 

genus which belongs to the family Olacaceae, comprises 8 species.[86] X. caffra is 

commonly used to treat inflammation of the eyes, fevers, diarrhoea, vomiting and 

gynaecological complaints,[73] as well as skin infections and opportunistic diseases in 

AIDS.[87]  Traditionally, root preparations are used as a remedy to treat eye infections, 

whereas leave preparations are used to treat stomach aches.[88] In South Africa, the 

fruits are commonly eaten in rural areas and the seed oil is used to soften leather. Leaf 

powder is used for infertility while cold leaf infusions are used as eyewash for painful 

eye conditions. The leaves are also taken orally for fever and extracts used as a gargle for 

tonsillitis. The powdered root is used in soup or porridge as an aphrodisiac. Root 

infusions are used to treat pelvic and venereal diseases, diarrhoea and haematuria. 

Systemic sepsis and rheumatism are treated with bark and root preparations.[89] X. caffra 

has been reported to possess; antimicrobial, anticancer and antiviral activities.[8] In 

Tanzania, X. caffra is used for the treatment of irregular menstruation and 

rheumatism.[90]  

 

A B 
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Figure 5: X. caffra tree branch showing leaves and fruit.[91]  

     

1.4 Toxicity testing 

Plants contain various classes of constituents which are responsible for the biological 

activities noted. Apart from “beneficial” compounds, plants can contain compounds 

which are inherently toxic. These may be exploited for the production of cytotoxic or 

anticancer-drugs.[92] Examples of anticancer plant derived drugs include vinblastine, 

vinorelbine and more recently, vinflunine, which are derived from vinca-alkaloids.[93] 

Vinca-alkaloids are effective as chemotherapeutic agents against a wide variety of 

cancers as they affect multiple cell cycle processes. They have the ability to bind to 

tubulin, block mitosis and inhibit purine and ribonucleic acid (RNA) synthesis.[93] These 

cytotoxic drugs not only affect cancer cells, but also healthy cells which can have 

undesirable side effects (as seen in patients undergoing chemotherapy) and which can 

even be fatal. An example of such a side effect is bone marrow suppression.[93] Plants are 

considered safe because they are natural and toxicity testing is not conducted. Novel 

investigational drugs which are deemed “unsafe” due to cytotoxicity in pre-clinical 

studies will not receive approval for use in clinical trials and will therefore not be 

developed further. Cytotoxicity testing not only protects patient safety but also prevents 
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sponsors from investing in novel investigational products which may bear no future 

value.[94] 

 

1.5  Study aim 

The aim of this study was to determine the antimicrobial activity of bark extracts of Z. 

davyi and X. caffra against planktonic and biofilm forms of C. albicans and S. aureus, as 

well as to determine the phytochemistry and cytotoxicity of the crude extracts. 

 

1.6  Study objectives 

The objectives of this study were: 

 to determine the phytochemical classes present in the crude extracts using thin-

layer chromatography (TLC). 

 to identify phytochemical compounds present in the crude extracts using high-

performance liquid chromatography (HPLC). 

 to determine the antimicrobial activity of Z. davyi and X. caffra crude extracts on 

planktonic C. albicans and S. aureus, using the disc diffusion and broth 

microdilution assays. 

 to determine the antimicrobial activity of Z. davyi and X. caffra crude extracts on 

biofilms of C. albicans and S. aureus, using the biofilm inhibition and crystal violet 

assays.  

 to determine ultra-structural changes caused by Z. davyi and X. caffra crude 

extracts on biofilms of C. albicans and S. aureus using scanning electron 

microscopy. 

 to determine synergistic activity between the crude extracts using the 

checkerboard assay. 

 to determine the cytotoxicity of the crude extracts using the Sulforhodamine B 

(SRB) assay and visualization using phase contrast and PlasDIC microscopy. 
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CHAPTER 2: Materials and methods  

2.1 Schematic outline of the study 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: Flow diagram representing the project sequence. 
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2.2 Study design 

An experimental study design was chosen to investigate the antimicrobial activity of Z. 

davyi and X. caffra and to determine the phytochemical compounds which could be 

responsible for such activity. Cytotoxicity testing was conducted and evaluated using 

microscopy. Ethical approval was obtained from the University of Pretoria’s Ethics 

Committee to carry out the study (Appendix 1). 

 

2.3 Plant collection and extraction 

2.3.1 Plant material 

X. caffra (XC) bark (NH 1875) was collected in Venda by a botanist, Dr Norbert Hahn. Z. 

davyi (ZD) bark was provided by Mr K. Baloyi from the South African National 

Biodiversity Institute (SANBI), Tshwane. Voucher specimens of XC and ZD are deposited 

at the Soutpansberg’s herbarium (Makhado) and SANBI (Tshwane), respectively. The 

bark was air dried and ground into a fine powder using a yellow-line grinder (Merck). 

This was stored in a bottle in a dark area in order to retain activity, until the extracts 

were prepared. 

 

2.3.2 Preparation of crude extracts 

Hot water (HW), methanol (MeOH) and dichloromethane (DCM) extracts were prepared 

for each plant. An exhaustive extraction method was used. A volume of 100 mL of the 

respective solvent was added to 10 g of plant material. The hot water extract was 

sonicated in an ultrasonic bath for 30 min. All extracts were then allowed to stir for 1 h 

using a magnetic stirrer. Preparations were allowed to stand for 24 h at 4°C. The extracts 

were centrifuged at 1000 g for 5 min and the supernatant collected. The hot water 

extract was filtered through 0.22 µm filters (Millipore) and stored at -18°C until used, to 

prevent chemical decomposition. As for the non-aqueous extracts, following collection 

of the supernatant, an additional 100 mL of solvent was added to the surplus plant 

material and allowed to stir for 2 h. These preparations were then allowed to stand for 

24 h at 4°C. The extracts were again centrifuged and the supernatant collected. This 

process was repeated three times until 300 mL of supernatant was collected in total for 
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each non-aqueous extract. These extracts were then filtered using 0.45 µm filters 

(Millipore) and evaporated to dryness at 40°C. Once dry, the extracts were re-dissolved 

in 2-3 mL dimethyl-sulphoxide (DMSO) (Merck). These preparations were then diluted to 

obtain the relevant concentrations so that the final concentration of DMSO in the 

sample was <0.5%. Yields of all extracts were determined gravimetrically.  

 

2.4 Phytochemical screening 

2.4.1 Thin-layer chromatography 

Thin-layer chromatography (TLC) was conducted on silica gel (F254) aluminium plates 

(Merck, Darmstadt, 10 x 10 cm). Extracts were tested for the presence of alkaloids, 

amines, flavonoids, glycosides, phenolic acids, quinones, sterols and terpenoids, 

according to the method of Cordier.[95] Approximately 4 µL of crude extract (12 mg/mL) 

was spotted and developed using specific mobile phases and sprayed with selective 

visualisation agents as presented in Table 1.[96] The retention factor (Rf) was calculated 

for specific compounds detected, using the formula:  

   
         Distance travelled by compound      

                                     Rf =   ___________________________         

    Distance travelled by solvent 
 

 
2.4.2 High-performance liquid chromatography 

In order to determine the chemical fingerprints of the plant extracts, HPLC analysis was 

conducted. Co-chromatography was performed using standard compounds known to be 

present in the plant part according to literature, in order to confirm the identity of plant. 

Standards used: chelerythrine, nitidine, sanguinarine, catechin, quercetin, rutin, caffeic 

acid, coumaric acid, ferulic acid, gallic acid, salicylic acid, sinapic acid, syringic acid, 

vanillic acid, and ascorbic acid (Sigma-Aldrich, South Africa).  

 

High-performance liquid chromatography (HPLC) was carried out using a UFLC-LC20AB 

diode array detector (254 nm- 320 nm) system (Shimadzu) and a C18 column (3.9 mm x 

150 mm x 5 µm; Xterra®, Waters). HPLC grade solvents were used in all analyses. The 

binary mobile phase for polar extracts consisted of A: water (0.1% formic acid) and B: 
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water (0.1% formic acid): Acetonitrile (64:36). The binary mobile phase for non-polar 

extracts consisted of A: water (0.1% formic acid), B: 100% acetonitrile. Gradient profile: 

10% solvent B at the start, rising to 45% within 1 min, continuing to rise to 50% at 5 min, 

rising to 90% at 8 min, remaining at 90% at 10 min, falling back to 10% at 11 min, and 

remaining at 10% until 15 min. A flow rate of 1.0 mL/min was used with an injection 

volume of 5 µL and detection was observed at 280 nm. Calibration curves were 

produced for compounds in the greatest abundance in the extracts in order to 

determine their relative concentrations. 

 

Table 1: Mobile phases and spray reagents used to detect specific phytochemical constituents by 

means of TLC. 

 

Phytochemical Mobile phase UV 
visualisation 

Spray reagent 

Alkaloids 
MeOH:DCM 

(9:1) 
254, 366 nm 

Dragendorff’s 

reagent 

Amines 
NH3:MeOH:DCM 

(1:13:6) 
254, 366 nm Ninhydrin 

Flavonoids 
Chloroform:Acetone:Formic acid 

(15:3:2) 
254, 366 nm 1% AlCl3 in EtOH 

Glycosides 
Xylene:Ethyl-acetate:Formic acid 

(2.5:1:1) 
254, 366 nm 

10% KOH in 50% 

MeOH 

Phenolic acids 
MeOH:DCM 

(9:1) 
254, 366 nm 

Folin-Ciocalteau 

reagent 

Quinones 
MeOH:DCM 

(2:8) 
254, 366 nm H2SO4 

Sterols/lipids 
DCM:MeOH 

(9:1) 
254, 366 nm 

85% phosphoric 

acid:H2O 

(1:1) 

Terpenoids 
Ethyl- acetate:MeOH 

(9:1) 
254, 366 nm Vanillin-H2SO4 
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 2.5 Determination of antimicrobial activity 

2.5.1 Microorganisms 

S. aureus (ATCC 12600) and C. albicans (ATCC 90028) were used as reference strains and 

were purchased from the American Type Culture Collection (ATCC). Two clinical strains 

of both S. aureus and C. albicans were obtained from the Department of Microbiology, 

National Health Laboratory Services, Pretoria. Stock cultures of S. aureus were 

maintained on MacConkey agar (Davies Diagnostics, Randburg, South Africa), while C. 

albicans was maintained on Mueller-Hinton agar (Davies diagnostics, Randburg, South 

Africa). All cultures were kept at 4°C.  

 

2.5.2 Preparation of inocula 

Fresh 24 h cultures were used to prepare inoculum in sterile saline (0.85%) and were 

colorimetrically adjusted (Sherwood colorimeter 254, Sherwood Scientific Ltd, UK) until 

standard turbidity (0.5 MacFarland) was reached at a wavelength 560 nm. A bacterial 

suspension with the OD520 nm equivalent of a 0.5 MacFarland turbidity standard has a 

cell density of 1 x 108 CFU/mL.[100] 

 

2.5.3 Disc diffusion assay 

The disc diffusion assay was performed according to Bauer et al.[97] A volume of 200 μL 

of crude plant extract was added to sterile paper discs (10 mm, Whatman’s No. 1) and 

allowed to dry. Ciprofloxacin and amphotericin B discs (10 µg, Davies Diagnostics, 

Randburg, South Africa) were used as positive controls for S. aureus and C. albicans, 

respectively. Ciprofloxacin was chosen because……clinical strains works….Saline was 

used as a negative control. 100 μL of the inoculum (0.5 MacFarland) was transferred to 

the surface of respective agar petri dishes, (MacConkey agar for S. aureus and Mueller-

Hinton agar for C. albicans). Inoculum was spread evenly across the whole surface of the 

agar plates. A disc containing dried extract at yield concentrations along with the 

respective control discs were then placed on an inoculated plate and incubated at 37°C 

for 24 h and 48 h for S. aureus and C. albicans, respectively. The zones of inhibition (mm) 

were measured using callipers.  
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2.5.4 Broth microdilution assay 

The broth microdilution assay[98] was used to determine the MIC’s of the extracts which 

displayed antimicrobial activity as determined by the disc diffusion assay. Serial two-fold 

dilutions (0.50 µg – 1000 µg) of the crude extracts were made using Mueller-Hinton 

broth (Davies Diagnostics, Randburg, South Africa). Serial two-fold dilutions of 

ciprofloxacin and amphotericin B (Sigma-Aldrich, South Africa) were similarly prepared. 

Ciprofloxacin served as the positive control for S. aureus, whereas amphotericin B served 

as the positive control for C. albicans. Wells containing only Mueller-Hinton broth and 

inoculum served as growth controls. DMSO (5%) was also included as a control.  A 

volume of 80 µl of Mueller-Hinton broth was transferred to the wells of a sterile, flat-

bottomed, 96-well microplate (Sigma-Aldrich, South Africa), followed by the addition of 

100 µl of inoculum (0.5 MacFarland) and 20 µl of each dilution of crude extract or 

antibiotic was transferred to the microplate, bringing the final volume of each well to 

200 µl. The plates were then incubated at 37°C for 24 h. Thereafter a volume of 30 µl of 

a 200 µg/mL solution of p-iodonitrotetrazolium chloride (INT, Sigma-Aldrich, South 

Africa) was added to all wells. The plates were allowed to incubate further until 

maximum colour intensity was achieved (±30 min). Uninhibited microbial growth was 

indicated by a pink colour, whereas inhibition of microbial growth was indicated by the 

failure of a well to change colour. The wells that failed to change colour were further 

investigated to determine the minimum bactericidal concentration (MBC)/minimum 

fungicidal concentration (MFC) of each crude extract. 

 

2.5.5 Minimum bactericidal/fungicidal concentration 

Wells which failed to change colour using the broth microdilution assay were 

subcultured on agar plates and incubated at 37°C for 24 h. The MBC was determined to 

be the lowest concentration which, when cultured on agar, showed no colony forming 

units or microbial growth against S. aureus. The MFC was determined to be the lowest 

concentration which, when cultured on agar, showed no colony forming units or 

microbial growth against C. albicans.[99] 
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2.5.6 Growth of biofilms 

Biofilms were grown under sterile conditions in 96-well microplates. A volume of 80 µL 

of Mueller-Hinton broth was added to test wells of a 96-well microplate. S. aureus and C. 

albicans (0.5 MacFarland) were diluted to 1 x 106 CFU/mL using Mueller-Hinton broth 

and 100 µL was then transferred to these wells. Final well volume of test wells was 180 

µL. Non-test/control wells were prepared as follows: medium control wells = 200 µL 

broth, saline control wells = 200 µL saline, and growth control wells = 100 µL broth + 100 

µL inoculum at 1 x 106 CFU/mL. The final volume of non-test wells was 200 µL. The plates 

were then allowed to incubate at 37°C for 24 h.[100] Presence of growth was confirmed 

using the crystal violet assay. 

 

2.5.7 Biofilm inhibition assay 

The biofilm inhibition assay was used to determine the Biofilm Inhibitory Concentrations 

(BIC’s) of the crude plant extracts. Biofilms were grown as described above (2.5.6). Serial 

two-fold dilutions of the extracts and antibiotics were prepared using Mueller-Hinton 

broth. The crude extract concentrations tested were: XC-MeOH-E (0.100 mg/mL – 

36.400 mg/mL), XC-DCM-E (0.050 mg/mL – 13.400 mg/mL), XC-HW-E (0.010 mg/mL – 

2.850 mg/mL), ZD-MeOH-E (0.030 mg/mL – 8.400 mg/mL), ZD-DCM-E (0.020 mg/mL – 

4.200 mg/mL) and ZD-HW-E (0.001 mg/mL – 1.300 mg/mL). Positive controls were 

diluted as follows: ciprofloxacin (0.001 mg/mL – 0.200 mg/mL) and amphotericin B 

(0.001 mg/mL – 0.200 mg/mL). A volume of 20 µL of each concentration of the extract or 

control was transferred to the test wells of a microplate containing either S. aureus or C. 

albicans (2.5.6), bringing the final volume of the extract test wells to 200 µL. All plates 

were allowed to incubate at 37°C for 24 h, followed by the crystal violet assay.  

 

2.5.8 Crystal violet assay 

Following incubation (2.5.7) biofilms were detected using the crystal violet assay.[100] 

After incubation the microplates were emptied and rinsed with distilled water three 

times to remove loosely attached/planktonic microorganisms and left to dry for 45 min. 

A volume of 200 µL of 0.1% crystal violet was then added to all the wells of the 

microplates and plates allowed to incubate in order to stain any adherent 
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microorganisms (30 min at room temperature). The plates were then rinsed six times to 

remove unabsorbed stain and allowed to dry for 24 h. A volume of 200 µL of 95% 

ethanol was added to the wells and the plates were incubated for 15 min at room 

temperature to solubilise the stained biofilms.The plates were read at 560 nm using a 

microplate reader (GLR 1000, Genelabs Diagnostics).[100] 

 

2.5.9 Viable colony count  

Viable colony count (VCC) values are used to approximate the actual concentration of 

viable microorganisms in each of the 0.5 MacFarland solutions. The values obtained 

were used to calculate the end-point for determining the MBC/MFC of the selected test 

agents. Inoculum (0.5 MacFarland) were diluted to 1 x 106 CFU/mL using Mueller-Hinton 

broth. This inoculum was further diluted to an optical density of 0.02 using sterile saline. 

A volume of 10 µL of inoculum was then transferred to specific agar petri dishes and 

evenly spread across the surface of the petri dish. The petri dishes were incubated at 

37°C for 24 h. Following incubation, the number of colonies were manually counted and 

recorded. Cell concentrations were calculated using the formula: 

 

      Number of CFU    Number of CFU 
________________________________        =       ___________________ 

           Volume plated (mL) x total dilution used   mL 

 
The average of triplicate values were used to estimate the actual concentration of 

bacteria/fungi in each 0.5 MacFarland solution. [100]  

 

2.5.10 Scanning electron microscopy 

Scanning electron microscopy (SEM) was employed to examine EPS production. Biofilms 

were grown on coverslips in sterile, flat bottom, 6-well microplates (Costar, South 

Africa). The method described in 2.5.6 was adjusted for a 6-well microplate. In this case, 

2 mL of Mueller-Hinton broth was added to test wells of a 6-well microplate. S. aureus 

and C. albicans (0.5 MacFarland) were diluted to 1 x 106 CFU/mL using Mueller-Hinton 

broth and 2.5 mL was then transferred to these wells. Final well volume of test wells was 

4.5 µL. Non-test/control wells were prepared as follows: medium control wells = 5 mL 
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broth, saline control wells = 5 mL saline and growth control wells = 2.5 mL broth + 2.5 mL 

inoculum. Final volume of non-test wells was 5 mL. The plates were then allowed to 

incubate at 37°C for 24 h. Test wells were then treated with 0.5 mL antibiotic or crude 

extract and allowed to incubate for a further 24 h at 37°C. Biofilms were rinsed three 

times using distilled water to remove planktonic microorganisms. The rinsed biofilms 

were then fixed with 0.1 M cacodylate buffer (pH 7.2, Sigma-Aldrich) at room 

temperature for 2 h, and air dried for 120 h. Coverslips were then carbon coated and 

mounted. Scanning electron microscopy was performed using a Jeol (JSM-5800LV, 

Tokyo, Japan) scanning electron microscope at the Laboratory for Microscopy and 

Microanalysis, University of Pretoria.[101]  

 

2.6 Determination of synergism 

2.6.1 Checkerboard assay 

Once the independent BIC’s had been assessed for each individual crude extract using 

the biofilm inhibition assay (2.5.7), synergism between different extracts were 

determined using the checkerboard assay.[102] Biofilms were grown as described above 

(2.5.6). Stock solutions (1 mg/mL) of all crude extracts were prepared. Z. davyi 

methanolic extract was combined with X. caffra methanolic extract in the following 

ratios: 90:10, 80:20, 70:30, 60:40, 50:50, 40:60, 30:70, 20:80, and 10:90. Biofilms were 

treated with these preparations as described in the biofilm inhibition assay (2.5.7) 

followed by quantification using the crystal violet assay (2.5.8). The same procedure was 

repeated for the hot water and dichloromethane extracts. The BIC’s of the combined 

extracts were then determined.[102] 

 

2.6.2 Sum of the fractional inhibitory concentration index  

The sum of the fractional inhibitory concentration index (ΣFIC) is expressed as the 

interaction of two agents where the concentration of each test agent in combination is 

expressed as a fraction of the concentration that would produce the same effect when 

used independently. The ΣFIC is then calculated for each test sample independently as 

specified in the following equations: 
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FIC (*i) = BIC (a) in combination with (b) 
           BIC (a) independently 

FIC (*ii) = BIC (a) in combination with (b) 
           BIC (b) independently 

 

ΣFIC or FIC index is thus calculated as: 

ΣFICI = FIC (*i) + FIC (*ii)[102] 

 

2.7 Determination of cytotoxicity of compounds 

2.7.1 Cell lines 

MCF-7 human breast cancer cells (ATCC 30-2101) were purchased from the American 

Type Culture Collection (ATCC).  EA.hy926 human umbilical vein cells (ATCC CRL-2922) 

were a gift from Dr CJS Edgell of the University of North Carolina. Cells were maintained 

in Dulbecco’s Modified Eagle’s Medium (DMEM, Sigma-Aldrich) supplemented with 10% 

Foetal Calf Serum (FCS, Sigma-Aldrich). Cells were harvested once 80% confluency was 

reached. The culture medium was discarded and trypsin (10%) added to rinse the cells. 

The trypsin (10%) was then discarded and a further 15 mL of trypsin was added and cells 

were allowed to incubate at 37°C for 20 min in an atmosphere of 5% CO2, until the cells 

detached from the flask. A volume of 5 mL of DMEM supplemented with 10% FCS was 

added to neutralize the action of trypsin. The suspension was aspirated, transferred to a 

15 mL tube and centrifuged (200 g, 5 min). The supernatant was discarded and the pellet 

re-suspended in 1 mL DMEM supplemented with 5% FCS. Cells were counted using a 

haemocytometer and the cell suspension was diluted to a concentration of 5 x 104 

cells/mL, for use in the sulforhodamine B (SRB) assay. 

 

2.7.2 Sulforhodamine B assay  

This assay was conducted by a modified method of Virchai and Kirtikara.[103] A volume of 

100 µL of cell suspension (5 x 104 cells/mL) in 5% DMEM, was placed in each well of a 96-

well microplate. Plates were allowed to incubate at 37°C (5% CO2 atmosphere) for 24 h 

to allow cells to attach. Stock solutions of the crude plant extracts were prepared in 5% 

DMEM and serially diluted (1.6 µg/mL – 200 µg/mL). Tamoxifen was used as a positive 
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control and was similarly prepared (0.09 µg/mL – 200 µg/mL). A volume of 100 µl of two-

fold dilutions of crude plant extract/tamoxifen was added to test wells. Final volume of 

test wells was 200 µL. Non-test wells were prepared in the following manner: untreated 

control = 100 µL cell suspension + 100 µL 5% DMEM, vehicle control = 100 µL cell 

suspension + 100 µL 5% DMEM containing DMSO. Plates were allowed to incubate at 

37°C, 5% CO2 for 72 h. Following incubation, medium was aspirated from the wells and 

discarded. Cells were washed twice with sterile Hank’s balanced salt solution (HBSS), 

after which they were then fixed by adding 25 µL of 50% (v/v) trichloroacetic acid (TCA) 

and allowed to incubate at 4°C for 24 h. The TCA solution was aspirated and cells rinsed 

four times with tap water. Cells were then allowed to dry in an oven (Incotherm) for 1 h 

at 40°C. Once dry, 100 µl of a 0.057% (w/v) solution of SRB was added to all wells and 

allowed to incubate for 30 min at room temperature. The SRB solution was then 

discarded and cells rinsed four times with 1% acetic acid. Plates were dried at room 

temperature overnight. Once dry, 200 µL of a 10 mM Tris base solution (pH 10.5) was 

added to all wells and placed on a plate shaker (Thermo Fischer Scientific) for 30 min. 

The optical density of the plates were read using a microplate reader (BioTek) at a 

wavelength of 510 nm, with reference wavelength 630 nm.  

 

2.7.3 Gross morphology 

Following washing of the cells with sterile HBSS (2.7.2), the gross morphology of the cells 

was observed using a phase contrast microscope (Zeiss, Oberkochen, Germany) at 10 x 

magnification. Signs of apoptosis or necrosis were visualized. Apoptosis is characterized 

by cytoplasmic shrinkage, nuclear condensation, membrane blebbing and the formation 

of apoptotic bodies/membrane bound vesicles.[104] Necrosis is characterized by swelling 

and rupturing of cells (cell lysis).[104] PlasDIC was also conducted (40 x magnification). 

Photos were taken and edited using the software program AxioVision 4. 

 

2.8 Statistical analyses 

Preliminary analyses of the various outcome measures were presented using summary 

statistics such as means, medians and standard deviations of various extracts or 

concentration level. Additionally, dose-response or concentration profile plots to 
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optimally visualise the results were used, where maximum and relative potencies of the 

extracts and concentration levels were determined. Inferential statistical analyses was 

based on the application of group comparison tests such as t-tests, Wilcoxon rank sum, 

Analysis of Variance (ANOVA) and Kruskal-Wallis methods depending of the normal 

assumptions of the data and the size of the replicates/samples. GraphPad Prism® 6 

software was used for all the analyses. A p-value below 0.05 signified statistical 

significance. All tests were carried out in at least triplicate, and on three occasions. 

 

Disc diffusion assay: Zones of inhibition were measured using callipers. The average of 

three measurements was used. Results were reported in mm ± standard error of the 

mean (S.E.M.). Only complete zones of inhibition were taken into account.  

 

Broth microdilution assay: Minimum inhibitory concentrations were determined visually. 

The MIC was regarded as the lowest concentration which inhibited microbial growth. 

Uninhibited microbial growth was indicated by a pink colour, whereas inhibition of 

microbial growth was indicated by the failure of a well to change colour. 

 

MBC/MFC: These were regarded as the lowest concentration which showed no colony 

forming units or microbial growth on agar on all occasions after streaking out non-colour 

MIC-wells. 

 

Crystal violet assay: Quantification of biofilms was determined spectrophotometrically. 

The Mann-Whitney U test was used to analyse the data. This test was used to determine 

differences between two independent sample groups of data. Groups treated with plant 

extract were compared to groups treated with standard antibiotics. Statistical 

significance was accepted if p < 0.05.   

 

Viable colony count: The average number of colonies (triplicate tests) were counted and 

recorded. Values between 5 and 200 colonies were deemed acceptable whilst values 

outside the range negated the results of the experiment which used the specific 0.5 

MacFarland solution.[100] 
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Synergy:  ΣFIC where a value of ≤ 0.5 is indicative of synergy, values > 0.5–1.0 implies an 

additive effect, values between 1.0–≤ 4.0 indicate non-interaction, and a value > 4.0 

indicates antagonism were used.[102] 

 

SRB assay: Percentage cell survival was assessed against the untreated control using a 

linear dose-response curve (curve fit) with a bottom constraint of 0% for the sigmoid 

dose-response (variable slope). The 50% inhibitory concentration (IC50) was extrapolated 

from this data. 
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CHAPTER 3: Results and discussion  

3.1 Extract yields 

The extract yields of X. caffra and Z. davyi are presented in Table 2. A higher yield was 

achieved for the extracts of X. caffra as compared to the extracts of Z. davyi. The 

methanol (MeOH) extracts were dark brown in colour and produced the highest yields 

followed by the hot water (HW) extract (orange in colour). The dichloromethane (DCM) 

extracts (yellow-green colour) produced the lowest yields. Therefore, it can be deduced 

that the greater the polarity of the extract, the greater the extract yield and the darker 

the extract. The differences in extract colours give an indication of the different 

properties/compounds in the extracts.[105] A yellow colour is indicative of the presence 

of flavonoids.[76] Previous studies report that darker extracts contain more polyphenolic 

compounds, associated with increased antioxidant activity.[105] Polyphenols are also 

associated with antimicrobial activity.[71] MeOH extracts of Ximenia species[8] as well as 

MeOH extracts of the Zanthoxylum species[106] have been reported to contain 

polyphenolic acids. With regard to percentage yield, differences could be attributed to 

external factors such as temperature, storage, time, preparation and also due to the 

structural properties of the compounds in the plants.[105] 

 

 

 

TTable 2: Extract yields of extracts of X. caffra and Z. davyi. 
 

Plant Extract % Yield ± S.E.M. 

X. caffra 

MeOH 22.48 ± 3.48 

DCM 5.48 ± 2.68 

HW 14.31 ± 1.20 

Z. davyi 
 

MeOH 10.09 ± 0.41 

DCM 3.77 ± 1.27 

HW 5.61 ± 0.41 

MeOH= Methanol; DCM= Dichloromethane; HW= Hot water (n=3) 
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3.2 Phytochemical analysis 

Phytochemical classes detected in the extracts are presented in Table 3 and Figures 7-13. 

The retention factor (Rf) was calculated for marked compounds on each plate. In this 

context, TLC is based on the assumption that different compounds in the crude plant 

extract travel different distances according to how strongly they interact with the 

stationary phase as compared to the mobile phase.[107] The stationary phase is made up 

of a polar substance therefore polar compounds will adhere to the stationary phase and 

non-polar compounds will travel further along the plate. Therefore, TLC gives an 

indication of the types of compounds present in each extract. Alternatively, if types of 

compounds present in a sample are known, the polarities and Rf values can be predicted 

(the lower the polarity, the greater Rf).[107]  

 
Table 3:  Phytochemical groups detected in methanol, dichloromethane and hot water extracts of 
Z. davyi and X. caffra using thin-layer chromatography. 
 

 
EXTRACT 

Phytochemical class 

ZD
-M

eO
H

-E
 

ZD
-D

CM
-E

 

ZD
-H

W
-E

 

XC
-M

eO
H

-E
 

XC
-D

CM
-E

 

XC
-H

W
-E

 

Alkaloids + + + - - - 

Amines + + - - + - 

Flavonoids + + - - + - 

Glycosides + + - + + + 

Phenolic acids + + + + + + 

Sterols/lipids + + + + + + 

Terpenoids + + + + + + 

Saponins - - - - - - 

Quinones + + - + + - 

ZD: Z. davyi; XC: X. caffra; MeOH: Methanol; DCM: Dichloromethane; HW: Hot 
water; +: positive (present); -: negative (absent). 
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Figure 7: TLC chromatogram of crude extracts of Z. davyi and X. caffra after development in 

NH3:MeOH:DCM (1:13:6) and spraying with ninhydrin. . Lane 1: XC-MeOH-E, Lane 2: XC-DCM-E, Lane 

3: XC-HW-E, Lane 4: ZD-MeOH-E, Lane 5: ZD-DCM-E, and Lane 6: ZD-HW-E. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8:  TLC chromatogram of crude extracts of Z. davyi and X. caffra developed in MeOH:DCM 

(9:1), visualised under UV at 254 nm to detect alkaloids and phenolic acids. Lane 1: XC-MeOH-E, Lane 

2: XC-DCM-E, Lane 3: XC-HW-E, Lane 4: ZD-MeOH-E, Lane 5: ZD-DCM-E, and Lane 6: ZD-HW-E. 
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Figure 9: TLC chromatogram of crude extracts of Z. davyi and X. caffra after development in 

MeOH:DCM (2:8) and spraying with H2SO4 to detect quinones. Dotted lines represent compounds 

detected at 254 nm and solid lines represent compounds detected at 366 nm.  Lane 1: XC-MeOH-E, 

Lane 2: XC-DCM-E, Lane 3: XC-HW-E, Lane 4: ZD-MeOH-E, Lane 5: ZD-DCM-E, and Lane 6: ZD-HW-E. 

 

 

 

 

 

 

 

 

 

 

 

Figure 10: TLC chromatogram of crude extracts of Z. davyi and X. caffra after development in 

xylene:ethyl-acetate:formic acid (2.5:1:1), visualised under UV at 254 nm to detect glycosides.  Lane 1: 

XC-MeOH-E, Lane 2: XC-DCM-E, Lane 3: XC-HW-E, Lane 4: ZD-MeOH-E, Lane 5: ZD-DCM-E, and Lane 6: 

ZD-HW-E. 
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Figure 11: TLC chromatogram of crude extracts of Z. davyi and X. caffra after development in 

xylene:ethyl-acetate:formic acid (2.5:1:1) and spraying with 10% KOH in 50% MeOH to detect 

glycosides. Dotted lines represent compounds detected at 254 nm and solid lines represent 

compounds detected at 366 nm. . Lane 1: XC-MeOH-E, Lane 2: XC-DCM-E, Lane 3: XC-HW-E, Lane 4: 

ZD-MeOH-E, Lane 5: ZD-DCM-E, and Lane 6: ZD-HW-E. 

 

 

Figure 12: TLC chromatogram of crude extracts of Z. davyi and X. caffra after development in 

chloroform:acetone:formic acid (15:3:2) and spraying with 1% AlCl3 in EtOH to detect flavonoids. 

Dotted lines represent compounds detected at 254 nm and solid lines represent compounds detected 

at 366 nm.  Lane 1: XC-MeOH-E, Lane 2: XC-DCM-E, Lane 3: XC-HW-E, Lane 4: ZD-MeOH-E, Lane 5: ZD-

DCM-E, and Lane 6: ZD-HW-E. 
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B: 0.60 

C: 0.53 

1                                                2                               3                                                4                                               6                                                5                                              

1      2    3   4  5 6   
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Figure 13: TLC chromatogram of crude extracts of Z. davyi and X. caffra after development in 

MeOH:DCM (9:1), visualised under UV 366 nm. Red, purple, violet and blue bands can be seen 

representing the presence of alkaloids and phenolic acids.  Lane 1: XC-MeOH-E, Lane 2: XC-DCM-E, 

Lane 3: XC-HW-E, Lane 4: ZD-MeOH-E, Lane 5: ZD-DCM-E, and Lane 6: ZD-HW-E. 

 

Saponins, most of which have haemolytic properties,[108] were not present in any of the 

extracts (Table 3). All Z. davyi extracts contained alkaloids (Table 3 and Figures 8 and 13). 

This is consistent with literature where the Zanthoxylum genus and specifically Z. davyi 

have been proven to contain benzophenanthridine alkaloids which have antimicrobial 

activity.[68,109,110] The benzophenanthridine alkaloids detected in stem-bark extracts of Z. 

davyi include: chelerythrine, dihydrochelerythrine, bocconoline, 6-

hydroxydihydrochelerythrine and 6-methoxy-7-demethyldihydrochelerythrine, 4-

methoxy-1-methyl-2(1H)-quinolinone as well as the lignin, meso-sesamin.[68]  

 

Phenolic acids, sterols and terpenoids were found to be present in all extracts (Table 3 

and Figures 8 and 13). These compounds are associated with antimicrobial 

activity.[72,111,112] In previous studies phenolic compounds such as vanillic, ferulic and 

coumaric acid have been isolated and terpenoids were also present in all extracts (Table 

A: 0.93 

B: 0.90 

C: 0.86 

D: 0.82 

F: 0.16 

E: 0.84 

G: 0.13 

G: 0.01 

1 2 3  4 5 6 
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3).[8] Sterols were found in the highest yields in the MeOH extracts of both Z. davyi and 

X. caffra. The MeOH extract of X. caffra also had the highest yield of terpenoids (Table 

3).  

 

Amines were found to be present in the MeOH extract of Z. davyi as well as the DCM 

extracts of both plants (Table 3 and Figure 7). The detection of amines could imply the 

presence of antimicrobial proteins/enzymes in X. caffra and Z. davyi.[69] All extracts, with 

the exception of the HW extract of Z. davyi, contained glycosides (Table 3 and Figures 10 

and 11). Munodawafa et al.[113] found leaf and root extracts of X. caffra to contain 

cardiac glycosides.  

 

The MeOH and DCM extracts of both plants were found to contain quinones (Table 3 

and Figure 9). Previous studies support the presence of quinones in both 

Zanthoxylum[114] and Ximenia species.[115] Quinones have pharmacological value as they 

possess anti-haemorrhagic, antioxidant and antimicrobial properties in the body. 

Vitamin K is a naphthoquinone important in blood clotting, and co-enzyme Q is a 

ubiquinone important in easing oxidation in tissues.[116] Anthraquinones (such as 

hypericin) from plants have been shown to have antimicrobial activity.[116]   

 

Previous studies confirm that compounds isolated from the Ximenia genus include 

glycosides, tannins, phenolics, alkaloids, quinones and terpenoids.[115] It has also been 

reported that leaf extracts of X. caffra contain tannins and glycosides, while the root 

extract contains flavonoids, saponins and coumarins in addition to tannins and 

glycosides.[113] The Zanthoxylum genus has been reported to contain compounds such as 

benzophenanthridine alkaloids, flavonoids, coumarins, terpenoids, lignans and linear 

chain fatty acids which concur with the findings obtained via TLC.[109] Chen et al.[109] 

reported that the genus is a rich source of phytochemicals and this may be the reason 

why this plant is used to treat so many different ailments. The bark of Z. capense is 

traditionally used to make toothbrushes while the powdered root is applied to treat 

toothache,[89] therefore the different activities (anti-plaque and anti-inflammatory) could 

be linked to the different parts of the plant, which contain different phytochemicals. 
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After qualitating the phytochemical groups present in the plant extracts, HPLC was 

conducted to quantitate most abundant compounds in the extracts. Co-chromatography 

confirmed the presence of specific phytochemicals. Standards were also run individually 

to determine their specific retention times (Table 4). 

 

 

Ascorbic acid, gallic acid, sinapic acid, sanguinarine and salicylic acid were found in the 

DCM extract of X. caffra, with retention times of 1.488, 4.442, 8.203, 8.733 and 10.043 

min, respectively (Figure 14A). Figure 14B displays the HPLC fingerprint for the MeOH 

extract. It is evident that ascorbic acid, gallic acid, caffeic acid, rutin, sanguinarine and 

nitidine were present, with retention times of 1.480, 4.355, 6.357, 8.386, 8.744 and 

Table 4: Phytochemical compounds reported to be present in the plant extracts, were analysed using 
HPLC to determine their retention times. 
 

Phytochemical 

class 

Phytochemical 

compound 

Compound 

abbreviation 

Retention time  

(min) 

Alkaloids 

Chelerythrine CHE 9.883 

Nitidine NIT 9.502 

Sanguinarine SAN 8.715 

Flavonoids 

Catechin CAT 4.649 

Quercetin QUE 11.136 

Rutin RUT 8.373 

Phenolic acids 

Caffeic acid CAF 6.316 

Coumaric acid COU 8.623 

Ferulic acid FER 8.555 

Gallic acid GAL 4.426 

Salicylic acid SAL 10.011 

Sinapic acid SIN 8.203 

Syringic acid SYR 5.457 

Vanillic acid VAN 5.522 

Vitamin Ascorbic acid ASC 1.480 
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9.521 min, respectively. The HPLC fingerprint for the HW extract showed the presence of 

catechin, vanillic acid, and ferulic acid, with retention times 4.669, 5.522 and 8.589 min, 

respectively (Figure 14C). Phenolic acids were contained in all extracts of X. caffra. The 

DCM and MeOH extracts were found to contain alkaloids and ascorbic acid. The 

flavonoids, rutin and catechin, were found to be present in the MeOH and HW extracts, 

respectively.  

 

The DCM extract of Z. davyi, indicated the presence of ascorbic acid, syringic acid, sinapic 

acid, salicylic acid and quercetin, with retention times of 1.467, 5.457, 8.203, 10.011 and 

11.136 min, respectively (Figure 15A). The MeOH extract was found to contain rutin, 

ferulic acid, nitidine and quercetin which eluted at 8.343, 8.574, 9.496 and 11.101 min, 

respectively (Figure 15B). In the HW extract ascorbic acid, gallic acid, sinapic acid, rutin, 

sanguinarine, nitidine, chelerythrine and salicylic acid were detected. These compounds 

had retention times of 1.451, 4.445, 8.249, 8.394, 8.701, 9.514, 9.884 and 10.044 min, 

respectively (Figure 15C). All extracts of Z. davyi contained phenolic acids and flavonoids. 

The MeOH and HW extracts contained alkaloids. Ascorbic acid was found in the DCM 

and HW extracts. Ascorbic acid is an essential nutrient in man and is known for its 

antioxidant activities.[117]  

 

When compared to HPLC, TLC did not detect the presence of flavonoids (rutin) in the HW 

extract of Z. davyi. TLC also failed to detect the presence of alkaloids in the DCM and 

MeOH extracts of X. davyi. The flavonoid catechin was detected in the HW extract of X. 

caffra via HPLC, however, no flavonoids were detected in the same extract via TLC. The 

ability to detect certain phytochemical classes when using TLC could be ascribed to the 

concentration/load of extract spotted. Other factors which could have accounted for the 

discrepancy in the results between TLC and HPLC are environmental factors, such as 

humidity, temperature, light, fumes and mechanical stress which are known to affect 

TLC analyses as well as the increased sensitivity of the HPLC methodology.[118]  
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Figure 14:  Chromatograms of X. caffra extracts, A) XC-DCM-E, B) XC-MeOH-E, and C) XC-HW-E. 
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Figure 15:  Chromatograms of Z. davyi extracts, A) ZD-DCM-E, B) ZD-MeOH-E, and c) ZD-HW-E. 
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Various phenolic acids were detected in the extracts of Z. davyi and X. caffra (Figures 14 

and 15). Polyphenols previously isolated from the leaves of X. caffra include gallic acid, 

quercetin, kaempferol, catechin and their derivatives, with quercetin-rutinoside being 

most abundant.[119] Ndhlala et al.[120] found X. caffra to contain 1.2% and about 1% dry 

weight condensed tannins in peels and pulps, respectively. Gallic acid has been 

attributed to the antimicrobial activity of several plant extracts and have been shown to 

have activity against Salmonella typhimurium and S. aureus.[121] Quercetin has been 

reported to have properties ranging from including antioxidant, anti-cancer, anti-

thrombotic effects, antimicrobial to anti-HIV effects. Catechin-rich extracts have been 

reported to contain antiviral activity against resistant herpes simplex virus (type 1).[122] 

 

HPLC revealed that the phytochemicals of greatest abundance were gallic acid (13.4% in 

ZD-HW-E), nitidine (33.5% in XC-MeOH-E) and quercetin (26% in ZD-MeOH-E). 

Calibration curves were generated in order to quantitate these compounds. The 

concentration of gallic acid in ZD-HW-E was determined as 0.102 mg/mL, nitidine at 

0.387 mg/mL in XC-MeOH-E, and quercetin at a concentration of 0.250 mg/mL in ZD-

MeOH-E. 

 

3.3 Antimicrobial activity 

3.3.1 Planktonic microorganisms 

In order to test for antimicrobial activity, the disc diffusion assay was employed as a 

qualitative crude screening method to identify the extracts which displayed 

antimicrobial potential against the different microorganisms and strains (2.5.3).   

 

The DCM extracts of both X. caffra and Z. davyi displayed antimicrobial activity against 

all microbial strains tested (Table 5). This implies that the activity could be attributed to 

compounds extracted in non-polar solvents. The MeOH extract of Z. davyi also displayed 

activity against all strains. The HW and MeOH extracts of X. caffra displayed activity only 

against the standard C. albicans strain (ATCC10231), whereas the HW extract of Z. davyi 

did not display any activity at all. Activity seen against planktonic species as determined 
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by disc diffusion was not considered noteworthy as crude extracts with activity > 1 

mg/mL, are not deemed active.[123] 

 

In a previous study using the disc diffusion assay, methanol extracts of X. caffra, at a 

concentration of 100 mg/mL, were reported to produce zones of inhibition of 25 mm, 14 

mm, 12 mm, 15 mm and 14.3 mm against S. aureus, Vibrio cholerae, Shigella 

dysenteriae, Shigella flexneri and Shigella boydi, respectively.[124] These findings support 

the results in this study which indicate that X. caffra extracts possess activity against S. 

aureus, however, at a concentration not deemed significant (Table 5).  

 

A study conducted by Obi et al.[125] found the MeOH, bark extracts of Z. davyi to have no 

activity against S. aureus at a concentration of 1 mg/mL. However, Bacillus cereus, 

Bacillus subtilis and Streptococcus pyogenes produced zones of inhibition of 12 mm, 10 

mm and 19 mm at a concentration of 1 mg/mL. With regard to Gram-negative bacteria, 

Escherichia coli, Shigella spp. and Salmonella typhimurium inhibited bacterial growth of 

18 mm, 15 mm and 14 mm, respectively at 1 mg/mL. The authors concluded that Z. 

davyi may be used to combat infections caused by enteric pathogens, which supported 

its use as an alternative antimicrobial agent. Apart from enteric pathogens, the leaf and 

bark extracts of Z. davyi were found to display antimicrobial activity against S. aureus, 

Staphylococcus epidermis, Bacillus subtilis, Pseudomonas aeruginosa, Escherichia coli 

and Micrococcus luteus.[126] 
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The variations of the results between studies using the same extracts and 

microorganisms can be caused by numerous factors. The factors which contribute to the 

success of this assay need to be taken into account as well as the suitability of the 

technique.[127] Experimental factors include: ability of the active compounds to diffuse 

through the agar and type of agar chosen,[127] handling and incubation procedures, 

timing considerations, volume of agar poured, as well as the interval between seeding 

the plates and placing the discs on the inoculated plates.[128] Furthermore, Rios et al.[127] 

states that the pH of the compounds in dilutions also plays a major role in the 

antimicrobial activity of extracts. Other factors may include the ability of the microbial 

strains to mutate during handling, spontaneous mutations, mutations as a result of 

temperature change and application of compound.[129] It is recommended that more 

than one assay be used to determine antimicrobial activity. In this study, the broth 

microdilution assay was chosen, not only to determine the minimum inhibitory 

concentrations of the extracts which displayed activity, but also to confirm the results of 

the disc diffusion assay. An advantage of the broth microdilution assay is that it allows 

for the testing of both polar and non-polar compounds.[123]  

 

Table 6 displays the MIC values for all the extracts against the strains tested. With the 

exception of XC-DCM-E  all values are > 1 mg/mL  therefore the activity of these  extracts 

were considered to be clinically insignificant[123] against planktonic S. aureus and C. 

albicans clinical and standard strains. After determining the MIC’s of the extracts, the 

MBC’s or MFC’s were also determined. The MBC and MFC was regarded as the lowest 

concentration which showed no colony forming units or microbial growth on agar. Apart 

from XC-DCM-E the bactericidal/fungicidal concentrations were found to be either equal 

to, or greater than the inhibitory concentrations determined for the specific extracts 

(Table 7). It is important to note that XC-DCM-E was the only extract to have an MIC, and 

MFC < 1 mg/ml on C. albicans clinical strains. 
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Table 6: Minimum inhibitory concentrations (MIC) of X. caffra and Z. davyi plant extracts. 
 
 MIC (mg/mL) 

Plant Extract C. a. 
ATCC 
90028 

C. a. 
clinical 1 

C. a. 
clinical 2 

S. a.  
ATCC 
12600 

S. a. 
clinical 1 

S. a. 
clinical 2 

X. caffra (bark) MeOH 23.40 - - - - - 
DCM 1.60 0.20 0.80 1.60 1.60 1.60 
HW 2.85 - - - - - 

Z. davyi  
(bark) 

MeOH 8.40 4.20 8.40 2.10 8.40 4.20 
DCM 4.20 4.20 4.20 4.20 4.20 4.20 
HW - - - - - - 

 
Controla Concentration 

(mg/mL) 
C. a. 
ATCC 
90028 

C. a. 
clinical 1 

C. a. 
clinical 2 

S. a.  
ATCC 
12600 

S. a. 
clinical 1 

S. a. 
clinical 2 

Ciprofloxacin 0.010 N/A N/A N/A <0.001 <0.001 <0.001 
Amphotericin 

B 0.010 <0.001 0.013 0.050 N/A N/A N/A 

C. a.: Candida albicans; S. a.: Staphylococcus aureus; DCM: Dichloromethane; HW: Hot water; 
MeOH: Methanol; aC. a. control = Amphotericin B; aS. a. control = Ciprofloxacin; N/A: Not 
applicable; -: no activity detected (n=3). 

 

 

 

Table 7: Minimum fungicidal/bactericidal concentrations of X. caffra and Z. davyi plant extracts. 
 
 MFC/MBC (mg/mL) 

Plant Extract C. a. 
ATCC 
90028 

C. a. 
clinical 1 

C. a. 
clinical 2 

S. a.  
ATCC 
12600 

S. a. 
clinical 1 

S. a. 
clinical 2 

X. caffra 
(bark) 

MeOH > 23.40 - - - - - 
DCM > 1.60 0.40 1.60 > 1.60 > 1.60 > 1.60 
HW > 2.85 - - - - - 

Z. davyi  
(bark) 

MeOH > 8.40 8.40 8.40 8.40 > 8.40 > 8.40 
DCM > 4.20 > 4.20 > 4.20 > 4.20 > 4.20 > 4.20 
HW - - - - - - 

 
Positive 
controla 

Concentration 
(mg/mL) 

C. a. 
ATCC 
90028 

C. a. 
clinical 1 

C. a. 
clinical 2 

S. a.  
ATCC 
12600 

S. a. 
clinical 1 

S. a. 
clinical 2 

Ciprofloxacin 0.010 N/A N/A N/A 0.003 0.002 < 0.001 
Amphotericin 

B 0.010 0.006 0.025 0.010 N/A N/A N/A 

C. a.: Candida albicans; S. a.: Staphylococcus aureus; DCM: Dichloromethane; HW: Hot water; 
MeOH: Methanol; aC. a. control = Amphotericin B; aS. a. control = Ciprofloxacin; N/A: Not 
applicable; -: no activity detected (n=3). 

 



43 
 

Antimicrobial activity determined by the broth microdilution assay has been previously 

reported for X. caffra and Z. davyi.[7,130] Fabry et al.[130] reported that the MIC values of 

the X. caffra (root) extracts which killed/inhibited 90% of S. aureus and Enterococci was 

0.5 mg/mL, whereas activity against Pseudomonas aeruginosa, Escherichia coli, Klebsiella 

and Salmonella were > 1 mg/mL. The MBC of the same root extract required to kill 90% 

of S. aureus was recorded to be 1 mg/mL whereas the MBC’s of the other organisms 

mentioned were > 1 mg/mL.  A study conducted by Steenkamp et al.[7] found that 

methanol and water extracts of X. caffra (roots) had MIC values of 5.66 mg/mL and 1.29 

mg/mL against S. aureus which supports the present findings that show activity against 

S. aureus to be > 1 mg/mL. This study also showed that a methanol extract of Z. davyi 

(bark) had MIC values of 1 mg/mL against both S. aureus and S. epidermis.[7] The MIC of a 

Z. davyi (bark) methanol extract was reported to be 1 mg/mL, whereas the water extract 

had no activity against a standard planktonic S. aureus strain.[7] The latter supports the 

current results (Tables 5-7). To the best of the author’s knowledge, there are no previous 

studies regarding the antimicrobial activity of X. caffra bark extracts. 

 

The results obtained using the broth microdilution assay confirms that the activity on 

planktonic bacteria/fungi is negligible. Rios et al.[127] states that it is a common mistake in 

many papers to claim positive activity for slight dilutions or excessively high 

concentrations, whereas, presence of activity in the case of concentrations below 100 

µg/mL for extracts and 10 µg/mL for isolated compounds should be considered 

noteworthy. According to Kuete et al.,[131] antibacterial activity of a plant extract is 

considered to be significant when MIC’s are below 100 µg/mL, moderate when 100≤ MIC 

≤ 625 µg/mL and weak when MIC’s are above 625 µg/mL. It is to be noted that absence 

of antimicrobial activity as determined by the disc diffusion assay does not necessarily 

mean that these extracts do not have antimicrobial activity. Inactivity could be noted 

where compounds do not diffuse into the agar.[123] Furthermore, it is possible that 

activity was not noted against the microorganisms tested against, but may be active 

against other microbial species.  
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3.3.2 Biofilms  

In order to determine the activity of the plant extracts on biofilm species, biofilms of S. 

aureus and C. albicans were grown in 96-well microplates. Biofilms were treated with 

plant extracts and conventional antibiotics. The crystal violet assay was then employed 

to quantify the biomass of S. aureus and C. albicans biofilms. Data was processed and 

represented as percentage biomass relative to untreated control. Biofilm Inhibitory 

Concentrations (BIC’s) were determined from the data. Colonies were counted using the 

Viable Colony Count (VCC) assay in order to deem the results of the assays valid.  

 

Figure 16A depicts the biomass of C. albicans strains treated with XC-MeOH-E. The ATCC 

strain of C. albicans showed a stepwise increase in biomass >100% from 1.10 mg/mL up 

to 36.40 mg/mL. A decrease in biomass below 45% was noted from 0.10 mg/mL to 0.60 

mg/mL. Clinical strain 1 had an increase in biomass >100% from 18.20 mg/mL up to 

36.40 mg/mL. A decrease in biomass below 50% was noticeable from 0.10 mg/mL to 

9.10 mg/mL. With regard to clinical strain 2, an increase in biomass >100% was evident 

at 36.40 mg/mL. The biomass decreased to less than 80% for all concentrations below 

36.40 mg/mL. Amphotericin B was more effective in inhibiting the biofilm than XC-

MeOH-E on all C. albicans strains tested (p < 0.05).  

 

In Figure 16B, the biomass of S. aureus strains treated with XC-MeOH-E can be 

visualised. There was a stepwise increase in biomass of the ATCC strain of S. aureus 

>100% from 0.60 mg/mL to 36.40 mg/mL. From 0.10 mg/mL to 0.30 mg/mL, the biomass 

decreased below 80%. For clinical strain 1 a stepwise increase in biomass >100% from 

2.30 mg/mL to 36.40 mg/mL was noted. The biomass decreased below 75 % for the rest 

of the concentrations tested (0.10 mg/mL to 1.10 mg/mL). With regard to clinical strain 

2, there was a stepwise increase in biomass >100% from 2.30 mg/mL to 36.40 mg/mL. 

From 0.10 mg/mL to 1.10 mg/mL, biomass decreased below 75%. The control, 

ciprofloxacin, had a more pronounced effect on eradicating the biofilm than XC-MeOH-E 

for all S. aureus strains tested (p < 0.05). 
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Figure 16: Effect of XC-MeOH-E against biofilms of A) C. albicans ATCC and clinical strains, 

and B) S. aureus ATCC and clinical strains. Data is represented as percent biomass relative 

to untreated control (mean ± S.E.M., n=6).  
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The biomass of C. albicans strains treated with XC-DCM-E is depicted in Figure 17A. With 

regard to the ATCC strain, there was a decrease in biomass below 40% at all 

concentrations tested (0.05 mg/mL to 13.40 mg/mL). As for clinical strain 1, there was a 

decrease in biomass below 80% at all concentrations tested. With regard to clinical strain 

2, there was a decrease in biomass below 10% at concentrations of 13.40 mg/mL, 6.70 

mg/mL, 3.35 mg/mL, 1.68 mg/mL and 0.05 mg/mL. At the other concentrations, biomass 

decreased below 70%. All concentrations of amphotericin B decreased the biomass of 

the standard and clinical strains of C. albicans below 30% which was significantly (p < 

0.05) better than XC-DCM-E on all strains of C. albicans.  

 

XC-DCM-E increased the biomass of the ATCC strain of S. aureus >100% at a 

concentration of 13.40 mg/mL (Figure 17B). At concentrations lower than 13.40 mg/mL, 

there was a decrease in biomass to under 40%. XC-DCM-E caused a decrease in biomass 

of clinical strains 1 and 2 below 20% and 30%, respectively, at all concentrations tested. 

Ciprofloxacin was more effective in eradicating S. aureus clinical strain biofilms than XC-

DCM-E (p < 0.05). There was no significant difference between ciprofloxacin and XC-

DCM-E with regard to inhibition in the ATCC strain of S. aureus (p > 0.05). 

 

When treated with XC-HW-E (Figure 18A) a stepwise decrease in biomass <65% was seen 

from 0.01 mg/mL to 0.36 mg/mL which was followed by a stepwise increase in the 

biomass of C. albicans ATCC >100% from 0.71 mg/mL up to 2.85 mg/mL. At all 

concentrations, the biomass of clinical strain 1 decreased below 30% (Figure 18A). A 

decrease in the biomass of clinical strain 2 was seen below 25% at all concentrations 

tested (Figure 18A). Amphotericin B was significantly (p < 0.05) better at eradicating all 

strains of C. albicans biofilms than XC-HW-E.  
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Figure 17: Effect of XC-DCM-E against biofilms of A) C. albicans ATCC and clinical strains, and B) S. 

aureus ATCC and clinical strains. Data is represented as percent biomass relative to untreated 

control (mean ± S.E.M., n=6).  
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Figure 18: Effect of XC-HW-E against biofilms of A) C. albicans ATCC and clinical strains, and 

B) S. aureus ATCC and clinical strains. Data is represented as percent biomass relative to 

untreated control (mean ± S.E.M., n=6).  
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XC-HW-E caused a stepwise increase in biomass of the ATCC strain of S. aureus from 0.18 

mg/mL to 2.85 mg/mL; however, there was a decrease in biomass below 90% for all 

concentrations below 0.18 mg/mL (Figure 18B). A stepwise increase in biomass of clinical 

strain 1 >100% was evident from 0.36 mg/mL to 2.85 mg/mL (Figure 18B). From 

concentrations 0.01 mg/mL to 0.18 mg/mL, biomass decreased below 50%. An increase 

in biomass >100% was seen in clinical strain 2 from concentrations 0.71 mg/mL to 2.85 

mg/mL. All concentrations below 0.71 mg/mL decreased biomass below 90%. 

Ciprofloxacin decreased the biomass of all strains below 25% and was found to be 

significantly (p < 0.05) better than XC-HW-E on all strains of S. aureus tested. 

 

A decrease in biomass of C. albicans ATCC <100% was evident from 0.03 mg/mL to 4.20 

mg/mL; and an increase in biomass >100% at a concentration of 8.40 mg/mL (Figure 

19A). Negative inhibition was evident for C. albicans clinical strain 1 at concentrations 

2.10 mg/mL to 8.40 mg/mL. At concentrations of 0.03 mg/mL to 1.05 mg/mL, a decrease 

in biomass below 50% was evident (Figure 19A). ZD-MeOH-E caused negative inhibition 

on clinical strain 2 at most concentrations with the exception of 1.05 mg/mL. 

Amphotericin B was found to be significantly (P < 0.05) better than ZD-MeOH-E at 

inhibiting the ATCC strain of C. albicans; however, there was no significant (p > 0.05) 

difference between ZD-MeOH-E and amphotericin B on the clinical strains.  

 

The biomass of S. aureus ATCC strain treated with ZD-MeOH-E resulted in an increase in 

the biomass of S. aureus ATCC >100% from 2.10 mg/mL to 8.40 mg/mL (Figure 19B) with 

a stepwise decrease in biomass below 70% from 0.03 mg/mL to 1.05 mg/mL. Clinical 

strains 1 and 2 showed a decrease in biomass below 50% at all concentrations tested. 

Although ciprofloxacin decreased the biomass of all strains of S. aureus below 25%, this 

was only significantly (p < 0.05) better than ZD-MeOH-E in the clinical strains.  
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Figure 19: Effect of ZD-MeOH-E against biofilms of A) C. albicans ATCC and clinical strains, and B) 

S. aureus ATCC and clinical strains. Data is represented as percent biomass relative to untreated 

control (mean ± S.E.M., n=6).  
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All concentrations of ZD-DCM-E caused a decrease in biomass of the C. albicans ATCC 

strain below 50%, whereas a decrease in biomass below 80% for clinical strain 1 and 

negative inhibition for clinical strain 2 was evident (Figure 20A). Amphotericin B 

decreased the biomass of all strains of C. albicans at all concentrations below 30% 

(Figure 21A). Amphotericin B inhibited the growth of ATCC and clinical strain 1 of C. 

albicans biofilms more potently than ZD-DCM-E. 

 

Figure 20B displays the biomass of S. aureus strains treated with ZD-DCM-E. ZD-DCM-E 

caused a stepwise increase in the biomass of S. aureus ATCC >100% at concentrations 

2.10 mg/mL to 4.20 mg/mL. A stepwise decrease in biomass below 50% was seen from 

concentrations 0.02 mg/mL to 1.05 mg/mL. The biomass of clinical strain 1 was 

decreased below 60% at all concentrations whereas the biomass of clinical strain 2 was 

decreased below 20%. Ciprofloxacin decreased the biomass of all S. aureus strains below 

25% at all concentrations tested and was found to be significantly (p < 0.05) better at 

decreasing the biomass of all S. aureus strains tested.  

 

The biomass of C. albicans strains treated with ZD-HW-E is presented in Figure 21A. At all 

concentrations, ZD-HW-E caused negative inhibition on C. albicans ATCC, the biomass of 

clinical strain 1 decreased below 80%, and the biomass of clinical strain 2 decreased 

below 55%. Amphotericin B decreased the biomass of all strains of C. albicans below 

30%, however; it was found to be significantly (p < 0.05) superior only on the ATCC strain 

and clinical strain 1.  

 

In Figure 21B, the biomass of S. aureus strains treated with ZD-HW-E. ZD-HW-E caused a 

stepwise decrease in the biomass of S. aureus ATCC below 100% from 0.01 mg/mL to 

1.30 mg/mL. Negative inhibition was observed for both clinical strain 1 and clinical strain 

2 at all concentrations tested. Ciprofloxacin decreased the biomass of all S. aureus 

strains below 25% at all concentrations and was found to be significantly (p < 0.05) 

effective when compared to ZD-HW-E on the clinical strains.   
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Figure 20: Effect of ZD-DCM-E against biofilms of A) C. albicans ATCC and clinical strains, and B) 

S. aureus ATCC and clinical strains. Data is represented as percent biomass relative to untreated 

control (mean ± S.E.M., n=6).  
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Figure 21: Effect of ZD-HW-E against biofilms of A) C. albicans ATCC and clinical strains, and B) 

S. aureus ATCC and clinical strains. Data is represented as percent biomass relative to untreated 

control (mean ± S.E.M., n=6).  

 

 



54 
 

No studies were found regarding the activity of X. caffra and Z. davyi plant extracts 

against microbial biofilms. The majority of the extracts inhibited microbial growth of the 

clinical strains more significantly (p < 0.05) than the standard (ATCC) strains of C. 

albicans and S. aureus (with the exception of ZD-HW-E and XC-DCM-E on C. albicans). 

The plant extracts had a greater effect on biofilms as opposed to planktonic 

microorganisms which is in line with the results of the disc diffusion and broth 

microdilution assays. All extracts and antibiotics caused biofilm inhibition <0.001 mg/mL. 

A summary of the biofilm inhibitory concentration (BIC) range for the extracts on the 

respective strains tested in this study is provided in Table 8. 

 

With regard to the crystal violet assay which was used to determine biomass of extract 

treated biofilms, a consistent paradoxical drug reaction trend was noted; lower 

concentrations of plant extracts inhibited biofilm adhesion/growth whereas higher 

concentrations promoted adhesion/growth. This is consistent with literature where high 

dose antimicrobials were found to cause paradoxical effects on certain 

microorganisms.[132,133] An isolate of C. albicans has been shown to have paradoxical 

growth in vivo with significantly higher CFU at 20 mg/kg of caspofungin than at 5 

mg/kg.[132] Bouza et al.[133] reported that echinocandins have paradoxical effects on 

Candida biofilms in particular. The latter was confirmed in Candida tropicalis biofilms.[134]     

 The results of this study also indicated that certain extract concentrations, had specific 

effects on biofilms as opposed to a dose dependent effect.  

 

The MeOH extract of Z. davyi was as effective as amphotericin B on both clinical strains 

of C. albicans as well as ciprofloxacin on S. aureus ATCC (Figure 19). Compared to 

amphotericin B, the DCM extract of Z. davyi had a similar effect on C. albicans clinical 

strain 2 (p > 0.05) (Figure 20A). The HW extract of Z. davyi was comparable to, and as 

efficacious as, amphotericin B on C. albicans clinical strain 2 as well as ciprofloxacin on S. 

aureus ATCC (Figure 21). With regard to X. caffra, the DCM extract was equally as 

effective as ciprofloxacin on S. aureus ATCC (Figure 17B).   
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Other plants of the Zanthoxylum species have also been proven to display antimicrobial 

activities, supporting the anti-biofilm effects observed with regard to Z. davyi extracts in 

the present study. The alkaloid, 8-acetonyldihydroavicine isolated from Z. caudatum has 

been reported to display antibacterial activity.[135] The alkaloid liriodenine, also isolated 

from Z. caudatum is known to possess strong antifungal activity.[135] Z. capense has been 

found to restore the antibiotic activity of antibiotics which have been rendered 

ineffective by resistant strains including MRSA.[136] The fruit oils of Z. zanthoxyloides have 

been shown to display antimicrobial activities,[137] which are used in wound 

dressings.[137]  

 

Antineoplastic, anti-trypanosomal, anti-rheumatic, antioxidant, analgesic, moluscicidal 

and pesticidal activity has been reported for the Ximenia genus.[115] Vomifoliol, a 

compound related to abscisic acid and extracted from X. caffra leaves, inhibits Nisseria 

gonorrhoea.[138]   

 

Various factors contribute to the virulence of S. aureus such as protein A and 

hemolysins, which have been associated with inflammatory signalling and cell death in 

host organisms.[139] S. aureus also has an assortment of extracellular toxins and its 

primary virulence factor is the ability to form biofilms.[140] Possible mechanisms by which 

the extracts could have inhibited microbial growth are provided. The extracts may have 

had an effect on the proteins which increased colonisation of S. aureus such as clumping 

factors A and B as well as an array of binding proteins. The antibiotic linezolid has been 

shown to decrease the secretion of virulence factors such as protein A and alpha- and 

beta-hemolysins in a dose dependent manner. While the expression of non-toxic 

exoproteins such as triacylglycerol lipase, glycerol ester hydrolase and DnaK was  

increased.[135] It is also possible that extract concentration may play a role in decreasing 

proteins important to biofilm formation such as polysaccharide intercellular protein 

(PIA),[141] which consists of teichoic acids, extracellular DNA and proteins,[142] and biofilm 

associated protein (Bap).[143] PIA forms the EPS matrix in which the microbial cells are 

embedded, whereas Bap is produced during infection and is connected with the 

persistence of S. aureus.[141] Although both Bap and PIA affect intercellular adhesion,[143] 
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Bap promotes primary attachment to inert surfaces. The extracts could also have 

resulted in genetic mutations in S. aureus thereby limiting biofilm formation (sarA 

mutants).[144] With regards to C. albicans, the extracts may have increased expression of 

Efg1p, an essential regulator in the morphogenesis of C. albicans.[145] This is important as 

a change in structure is related to the transition from planktonic to biofilm mode of 

growth. 

 

Since both plant extracts showed promising activity against biofilms, the checkerboard 

assay was used to determine their combined effect. The ΣFIC, which is expressed as the 

interaction of two agents where the concentration of each test agent in combination is 

expressed as a fraction of the concentration that would produce the same effect when 

used independently,[102] is provided in Table 9. 

 

3.3.3 Synergy 

Combination of the MeOH extracts of X. caffra and Z. davyi, at all ratios, resulted in ΣFIC 

index of 0.043 for all strains tested (Table 9). The ΣFIC index for the combined DCM 

extracts were found to be greater than the ΣFIC values for the MeOH combinations on all 

strains tested (0.070) with the exception of  C. albicans clinical strain 2. The combination 

of HW extracts produced ΣFIC values greater than the MeOH and DCM combinations on 

all strains with the the exception of C. albicans ATCC strain (Table 9). Since all values 

were ≤ 0.5 it was concluded that when the extracts of X. caffra were combined with the 

extracts of Z. davyi, the combination displayed synergistic antimicrobial actions. Van 

Vuuren et al.[146] found that when leaf, bark and root extracts of Croton gratissimus were 

combined in a 1:1:1 ratio, antimicrobial activity was either enhanced (lower MIC value) 

or equivalent to the MIC values independently, for S. aureus (ATCC 12600) and C. 

albicans (ATCC 10231).  
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Table 9: Sum of the fractional inhibitory concentration index with the BIC* 
 

 ΣFIC 
C. a. 
ATCC 
90028 

C. a. 
clinical  

1 

C. a. 
clinical  

2 

S. a. 
ATCC 
12600 

S. a. 
clinical  

1 

S. a. 
clinical  

2 
Combination of MeOH 

extracts (all ratios) 
0.043 

(<0.001) 
0.043 

(<0.001) 
0.043 

(<0.001) 
0.043 

(<0.001) 
0.043 

(<0.001) 
0.043 

(<0.001) 

Combination of DCM 
extracts (all ratios) 

0.070 
(<0.001) 

0.070 
(<0.001) 

0.043 
(<0.001) 

0.070 
(<0.001) 

0.070 
(<0.001) 

0.070 
(<0.001) 

Combination of HW 
extracts (all ratios) 

0.070 
(<0.001) 

0.200 
(<0.001) 

0.120 
(<0.001) 

0.200 
(<0.001) 

0.200 
(<0.001) 

0.200 
(<0.001) 

*BIC is provided in brackets for the various ratios; C. a.: Candida albicans; S. a.: Staphylococcus 
aureus; DCM: dichloromethane; HW: hot water; MeOH: methanol, (n=6). 
 

Synergistic interactions of the plant extracts could be due to the combination of the 

different antimicrobial phytochemicals present in each plant. It has been suggested that 

the benefits of phytomedicines are often the result of synergistic actions of multiple 

active chemicals and that the synergistic effect can be beneficial in eliminating the 

problematic side effects associated with the predominance of a single xenobiotic 

compound in the body.[147] The plant extracts in combination could also be used to 

increase the efficacy of conventional antimicrobial therapy.[148] A flavone and its 

derivatives have been found to intensify activity synergistically with β-lactams in treating 

MRSA and MSSA strains.[149]  

 

3.3.4 Scanning electron microscopy  

Biofilms were grown on microscopy coverslips, treated with extracts/antibiotics, after 

which they were fixed with cacodylate buffer, dried and carbon coated for scanning 

electron microscopy. The method was adapted from microscopy preparation where 

alcohol dehydration, was used to wash away surface EPS.[100] As EPS production is 

essential for biofilm formation,[150] it is necessary to preserve it in order to determine the 

effects of the extracts on an intact biofilm.  

 

When compared to an untreated C. albicans biofilm (ATCC 90028) (Figure 22A), 

amphotericin B caused partial removal of surface EPS, leaving cells partially exposed 
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(Figure 22B). XC-MeOH-E resulted in disintegration of surface EPS as well as yeast cells 

(Figure 22C) whereas, with ZD-MeOH-E, partial removal of surrounding EPS was evident 

(Figure 22D). With regard to clinical strain 1, amphotericin B caused noticeable 

disintegration of surface EPS leaving cells partially exposed (Figure 23B) compared to 

untreated C. albicans (Figure 23A). There was no noticeable disintegration/removal of 

EPS on biofilms treated with XC-MeOH-E (Figure 23C). ZD-MeOH-E caused slight 

disintegration of EPS on clumps of biofilms (Figure 23D). As for clinical strain 2, 

amphotericin B partially removed surface EPS (Figure 24B). There was nearly total 

disintegration of EPS and cells in biofilms treated with XC-MeOH-E (Figure 24C) and ZD-

MeOH-E (Figure 24D), respectively. 

 

S. aureus biofilms (ATCC 12600), treated with ciprofloxacin showed distinct breakage in 

EPS layers resulting in cells being exposed (Figure 25B) when compared to a double layer 

untreated biofilm (Figure 25A). Biofilms treated with XC-MeOH-E (Figure 25C) and ZD-

MeOH-E (Figure 25D) caused total removal of surrounding EPS and a decrease in cell 

clusters. On clinical strain 1, ciprofloxacin caused the removal of EPS as well as 

disintegration of cells (Figure 26B), XC-MeOH-E caused disintegration of surface EPS and 

lysing of cells (Figure 26C), and ZD-MeOH-E caused disintegration of EPS revealing 

clusters of cells (Figure 26D). When compared to untreated S. aureus clinical strain 2 

biofilm (Figure 27A), ciprofloxacin caused the removal of the surface layer of EPS and 

breakage of the biofilm, forming clumps of cells as opposed to a complete biofilm (Figure 

27B), XC-MeOH-E caused disintegration of surface EPS and lysing of cells (Figure 27C) 

whereas ZD-MeOH-E caused removal of total EPS and disintegration of the biofilm, 

leaving behind a few single exposed cells (Figure 27D).  
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Figure 22: C. albicans ATCC 90028 biofilms; A) untreated and B) treated with amphotericin B (1 mg/mL), C) XC-

MeOH-E (1 mg/mL) and D) ZD-MeOH-E (1 mg/mL). Arrows indicate disruption of EPS.  
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Figure 23: C. albicans clinical strain 1 biofilms; A) untreated and B) treated with amphotericin B (1 mg/mL), C) 

XC-MeOH-E (1 mg/mL) and D) ZD-MeOH-E (1 mg/mL). Arrows indicate disintegration of surface EPS matrix. 
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Figure 24: C. albicans clinical strain 2 biofilms; A) untreated and B) treated with amphotericin B (1 mg/mL), C) 

XC-MeOH-E (1 mg/mL) and D) ZD-MeOH-E (1 mg/mL). Arrows indicate substantial disintegration of surface EPS 

matrix by arrows.  
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Figure 25: S. aureus ATCC 12600 biofilms; A) untreated double layer biofilm and B) treated with ciprofloxacin 

(1 mg/mL), C) XC-MeOH-E (1 mg/mL) and D) ZD-MeOH-E (1 mg/mL). Arrows indicate disintegration of EPS 

matrix. 
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Figure 26: S. aureus clinical strain 1 biofilms; A) untreated and B) treated with ciprofloxacin (1 mg/mL), C) XC-

MeOH-E (1 mg/mL) and D) ZD-MeOH-E (1 mg/mL). The white arrows indicate disintegration of surface EPS and 

the black arrows, lysing of cells. 
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Figure 27: S. aureus clinical strain 2 biofilms; A) untreated and B) treated with ciprofloxacin (1 mg/mL), C) XC-

MeOH-E (1 mg/mL) and D) ZD-MeOH-E (1 mg/mL). The white arrows indicate disintegration of surface EPS and 

the black arrows, lysing of cells. 
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Production of EPS is central to biofilm development (Figure 3) therefore the 

disintegration of EPS leads to the disintegration of biofilms. Slight disintegration of EPS 

leads to partial removal of biofilms, whereas, complete disintegration leads to fatal 

removal/breakdown of biofilms (Figures 22-27).  The disintegration seen in Figures 22-

29, could be attributed to factors/phytochemicals which have the ability to 

inhibit/breakdown EPS.[151] Curcumin has been reported to significantly decrease initial 

cell adhesion in C. albicans biofilms.[152] Phytochemicals may also play a role in the 

interruption of quorum-sensing (QS), which is vital for cell to cell communication.[152] 

Quercetin has been shown to sensitize resistant C. albicans to antifungal agents and to 

induce apoptosis by modulating QS systems.[45] At high concentrations, quercetin was 

reported to be effective against a wide range of microorganisms such as S. aureus, 

Aspergillus flavus and Aspergillus parasiticus.[45] Quercetin has also been ascribed to 

have antiviral activity, including anti-HIV activity, possibly due to its ability to inhibit the 

enzyme reverse transcriptase.[153] Quinones have the ability to form complexes with 

nucleophillic amino acids in proteins, which results in protein inactivation.[116] This could 

explain the disintegration of the EPS matrix. Other microbial targets could be surface-

exposed adhesins and membrane bound enzymes. Quinones also have the ability to 

render substrates unavailable to a microorganism.[116] 

 

The plant extracts may also cause cell cycle defects which in turn cause substances such 

as glucose and intercellular adhesion proteins to become limited in the cells/decreasing 

their production, thus decreasing the production of EPS.[154] Jäger et al.[154] have found 

that nutrient limitation has an effect on biofilm stability and showed that glucose-

limiting conditions results in the disintegration of S. epidermis biofilms. Nutrient 

concentration can have profound effects on biofilms. High concentrations of leucine and 

peptones have been found to cause transition of cells from biofilm mode to planktonic 

mode.[155] Similarly, the phytochemicals present in the plant extracts could play a role in 

the re-planktonisation of pre-grown biofilms, as visualised in Figure 27D.  

 

The phytochemicals detected using HPLC, could be responsible for the anti-biofilm 

activity visualized in scanning electron microscopy. Tesaki et al.[156] found that methanol 
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extracts containing sinapic acid had antibacterial activity against Escherichia coli, 

Salmonella enteritidis and S. aureus and that activity was attributed to the specific 

structure of the phenolic acid. Plants sprayed with salicylic acid were found to stimulate 

pathogenesis-related proteins and increase antiviral ability.[157] It is believed that the 

presence of ferulic acid plays a role in wheat fungal resistance.[158] The antimicrobial 

activity (against Salmonella typhimurium and S. aureus) of several extracts of the plant 

Caesalpinia mimosoides, has been attributed to gallic acid.[121] Caffeic acid has been 

shown to hinder the production of aflatoxin in the fungus Aspergillus flavus.[159] Caffeic 

acid (as a food additive) is used to inhibit Clostridium botulinum.[160] Dicaffeoylquinic 

acids and dicaffeoyltartaric acids have been proven to be potent anti-HIV type 1 virus 

selective enzyme inhibitors.[160] Caffeic acid has antifungal and antibacterial activity 

against a wide range of microorganisms including Escherichia coli, Pseudomonas 

fluorescens, S. aureus, C. albicans, Trichophyton rubrum and Bacillus subtilis.[160] The 

antimicrobial potential of vanillic acid is evident from its use in curing acne and chicken 

pox-pustules,[161] and activity against probiotic and pathogenic bacteria.[162] Phenolic 

compounds have a wide array of antimicrobial mechanisms and these could contribute 

to the anti-biofilm effects observed in the present study. 

 

Another group of phytochemicals which have been ascribed to the antimicrobial activity 

of Z. davyi are alkaloids.[68,109,110] Nitidine, sanguinarine and chelerythrine, detected via 

HPLC (Figures 14 and 15), are bioactive benzo[c]phenanthridine alkaloids and are known 

for their biological activities, which include regulation of inflammatory diseases, 

antimalarial, anti-cancer, antioxidant, antimicrobial and bacteriostatic activity.[163] 

Benzo[c]phenanthridine alkaloids are widely found in high plant families such as 

Papaveraceae, Fumariaceae and Rutaceae. Benzo[c]phenanthridine alkaloids are 

abundant in the Zanthoxylum species which belong to the family Rutaceae[164] and are 

most probably responsible for the antimicrobial activity noted in this study. Nitidine, first 

isolated from Z. nitidum as well as 8-acetonyldihydronitidine, isolated from Z. 

tetraspermum bark, have strong antibacterial and antifungal activity.[165,166] Nitidine, has 

been found to inhibit the growth of Clostridium sporogenes, Streptococcus pyogenes and 

Clostridium bacteria.[163] Chelerythrine has antimicrobial activity against C. albicans and 
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S. aureus.[167] The antibacterial activity of sanguinarine and chelerythrine is reported to 

be dependent on the iminium bond in the molecule.[167] 

 

As for the other phytochemicals detected in these plants in this study, many groups of 

flavonoids have known antifungal, antibacterial and antiviral activity.[70]  In particular, 

catechin was revealed to have antimicrobial activity at nanomolar levels and was proven 

to have better activity than antibiotics such as vancomycin and tetracycline.[168] Several 

terpenoids have been found to inhibit microbial oxygen uptake and oxidative 

phosphorylation.[72] This could explain the cessation of the production of EPS which hold 

microbial cells together in a biofilm and account for the anti-biofilm activity found in this 

study. As regards terpenoid structure, it has been shown that carbonylation increases 

bacteriostatic activity whereas it is postulated that the free hydroxyl group on terpene 

alcohols could be key to their antimicrobial activity.[72] 

 

Plant sterols (long-chain unsaturated fatty acids) also display antibacterial activity and 

are the key ingredients of antimicrobial food additives and some antibacterial herbs.[111] 

Zheng et al.[111] discovered that long chain unsaturated linolenic acids inhibited bacterial 

enoyl-acyl carrier protein reductase which is essential for bacterial fatty acid synthesis. 

Lauric acid has been shown to display anti-MSSA and anti-MRSA activity.[69] Since 

antimicrobial action is mediated by the inhibition of fatty acid synthesis, sterols could 

play an important role as antimicrobials and could account for anti-biofilm activities.  

 

Apart from phytochemical activities, other mechanisms of anti-biofilm activity have been 

reported for S. aureus. A mixture of D-Amino acids; D-leucine, D-methionine, D-tyrosine, 

and D-tryptophan, was found to prevent formation of S. aureus and P. aeruginosa 

biofilms.[169] The aforementioned amino-acids are produced by a number of bacteria and 

may be a widespread signal for biofilm disassembly.[169] Anti-biofilm polysaccharides 

produced by E. coli have been shown to inhibit biofilm formation of the following 

bacteria: P. aeruginosa, Klebsiella pneumonia, S. aureus and S. enterococcus.[170] This 

production of anti-biofilm polysaccharides acts as an auto-regulatory process to control 

biofilm architecture.[170]  
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The results obtained from this study indicated that the plant extracts have significant 

activity against biofilms of S. aureus and C. albicans. This is ascribed to the presence of 

phytochemicals with antimicrobial activity detected in the study confirmed by TLC and 

HPLC. The results are also supported by previous reports where both the Zanthoxylum 

and Ximenia genus have been described as having antimicrobial activities. [70,99,100,115]   
 

3.4 Cytotoxcity  

The SRB assay was used to determine the cytotoxicity of extracts of Z. davyi and X. 

caffra. Although the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazoliumbromide 

(MTT) assay has been regarded as the gold standard for cytotoxicity testing, it has been 

reported that different test compounds, such as glycolysis inhibitors, can cause 

interference with the MTT assay.[171] Different plant extracts, antioxidants and other 

plant compounds also interfere with the MTT assay.[172] After comparison of the Neutral 

Red Uptake (NRU) assay, the Resazurin reduction assay (RES), the SRB assay as well as 

the MTT assay, it was concluded that the SRB assay performed best overall, having had 

the lowest variability, providing the most reproducible results and displaying no 

interference with the compounds tested.[171] The RES assay should not be used when 

assessing plant extracts for cytotoxicity due to potential interference between samples 

and substrates. A study conducted by Cordier et al.[172] showed that the RES assay failed 

to predict IC50 values where cell density exceeded 50%. A graphic representation of the 

dose response curve of the plants against the cell lines tested is shown in Figures 28 and 

29. All graphs indicated a dose-response effect. 
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Figure 28: Growth inhibition of MCF-7 cell lines when exposed to A) cells treated with XC-MeOH-E, B) XC-

DCM-E, C) XC-HW-E, D) ZD-MeOH-E, E) ZD-DCM-E and F) ZD-HW-E. 
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Figure 29: Growth inhibition of EA.hy926 cell lines when exposed to A) cells treated with XC-MeOH-E, B) 

XC-DCM-E, C) XC-HW-E, D) ZD-MeOH-E, E) ZD-DCM-E and F) ZD-HW-E. 
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The MeOH and DCM extracts of Z. davyi had an IC50 >100 µg/mL towards MCF-7 cells, 

and the MeOH and HW extracts had an IC50 >100 µg/mL in EA.hy926 cells (Table 10). The 

cytotoxic activity of ZD-HW-E in MCF-7 cells could be attributed to the high percentage 

of gallic acid (13.4 %) in the extracts.[173] Gallic acid has been proven to have anticancer 

effects on prostate cancer cells by blocking growth at the G2/M phase, activating Chk1 

and Chk2 and by inhibiting Cdc25C and Cdc2.[117] This compound has also been shown to 

have synergistic effects with the anticancer drug doxorubicin on prostate cancer 

cells.[173] In vivo, gallic acid and cisplatin have been shown to increase apoptosis in 

tumour cells compared to cisplatin alone.[174] Additionally, gallic acid also has antioxidant 

effects due to its strong reducing power and weak metal chelating ability.[117] This is 

important for inactivating reactive oxygen species (ROS) involved in cancer and other 

activities.[117] The presence of benzophenanthridines could be responsible for the 

cytotoxicity of the Z. davyi extracts noted.[175] Zanthoxylum species have been noted for 

their cytotoxic, trypanocidal, anti-leishmanial and anti-mycobacterial metabolites.[175] Z. 

buesgenii and Z. nitidium have been found to contain cytotoxic benzophenanthridine 

and furoquinoline alkaloids.[175] Lignans isolated from Z. alatum and Z. planispinum are 

reported to contain cytotoxic potential.[175] 

 
Table 10: Half-maximal inhibitory (IC50) concentrations of plant extracts on MCF-7 and EA.hy926 cell 
lines. 

 IC50 (µg/mL) 

PLANT EXTRACT MCF-7* EA.hy926* 

ZD-MeOH-E >100 >100 

ZD-DCM-E >100 61.27 ±  0.05 

ZD-HW-E 52.27 ± 0.13 >100 

XC-MeOH-E >100 46.99 ± 0.03 

XC-DCM-E >100 44.52 ± 0.06 

XC-HW-E >100 78.56 ±  0.05 

Positive control 

Tamoxifen 

4.01 ± 1.06 2.47 ± 1.50 

*mean ± S.E.M. (n=6) 
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All extracts of X. caffra showed greater cytotoxicity towards the EA.hy926 cells than 

MCF-7 cells (Table 10). This is evident from the IC50 values >100 µg/mL which were in 

MCF-7 cells. In previous studies, X. caffra exhibited cytotoxicity against HeLa (human 

cervical cancer), HT29 (colon carcinoma) and A431 (epidermoid carcinoma) cells at a 

concentration of 100 µg/mL.[176] IC50 values for X. caffra bark and leaf extracts were >100 

µg/mL in Vero cells, which supports the current findings.[177]  With regards to another 

Ximenia species, X. americana has been reported to display antineoplastic properties 

which has been attributed to the presence of ribosome inactivating proteins such as 

riproximin and ricin,[178] possibly explaining the mechanism of cytotoxicity of the Ximenia 

extracts noted in EA.hy926 cells.  

 

Overall, all extracts displayed low cytotoxicity when compared to the positive control, 

tamoxifen, and had a greater effect on the EA.hy926 cell line than the MCF-7 cell line 

(Table 10). Since flavonoids are reported to have cytotoxic properties,[179] and since they 

were present in all extracts of Z. davyi and X. caffra, they could have contributed to the 

cytotoxicity noted. Other phytochemicals detected in the extracts which have anti-

cancer properties are; salicylic acid,[180] caffeic acid,[181] quercetin,[153] rutin,[182] and the 

alkaloids; nitidine, sanguinarine, and chelerythrine.[163]  

 

Following the SRB assay the effects of cytotoxicity was visualised using phase contrast 

and PlasDIC microscopy, in order to distinguish morphologically between apoptosis and 

necrosis; two methods of cell death. Apoptosis is a biologically important process as a 

lack thereof leads to uncontrolled cell proliferation.[183] In apoptosis, cells actively 

participate in the cell death process, the cells fragments into apoptotic bodies while DNA 

breaks down into pieces of varying length. As this process is taking place, proteins and 

energy (in the form of ATP), which is required for the cells metabolic processes and 

functioning, are continually produced. Therefore each apoptotic body (bleb) contains 

functional organelles.[104] During necrosis, cells relinquish metabolic function, no 

proteins or energy is produced, organelles are non-functional, the integrity of the cell 

membrane is lost and blebs contain no organelles. Cells rupture and the released 

contents induce inflammation in the affected tissues.[104] 
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Figure 30A and E displays untreated EA.hy926 cells. Only a few cells indicate apoptosis 

which is normal in cell growth and death cycles. Therefore we do expect to see some cell 

death in untreated cells. In Figure 30B and D, it can be clearly seen that with an increase 

in concentration of ZD-MeOH-E, there is an increase in apoptosis which corroborates 

with the results of the SRB assay. At 100 µg/mL, most of the cells are round due to 

cytoskeletal breakdown (Figure 30B and F). Dark nuclear and organelle condensation is 

visible as well as cell blebbing. At 12.5 µg/mL, there is minimal apoptosis. Although cell 

blebbing is evident, the majority of cells are elongated which is an indication of stress 

(Figures 30C and G). Apart from the extracts, another factor which can cause stressed 

cells is the lack of space to grow in a surface with such a high cell density. At 0.78 µg/mL, 

the EA.hy926 cells were comparable to the untreated cells in morphology (Figure 30D 

and H). A similar trend was noticed for EA.hy926 cells treated with ZD-DCM-E, ZD-HW-E, 

XC-MeOH-E, XC-DCM-E and XC-HW-E (Figures 31-35).  

 

A multiplicity of cells is evident in untreated MCF-7 cells (Figure 36A and E) compared to 

untreated EA.hy926 cells (Figure 30A and E). Cell growth seems almost irrepressible and 

only a few rounded cells are evident, however, no nuclear condensation is visible and 

cells appear swollen and necrotic (Figure 36F) as opposed to the apoptotic EA.hy926 

cells (Figure 31F). It is evident that with an increase in concentration of ZD-MeOH-E, 

there is an increase in the amount of swollen cells and thus necrosis, which corroborates 

with the results of the SRB assay (Figure 36F and H). At 100 µg/mL, the cells were either 

highly stressed (elongated) or rounded as the cell’s organelles had swollen and become 

non-functional (Figure 36B and F). At 12.5 µg/mL, necrosis took place but to a lesser 

extent compared to 100 µg/mL, however, cells were still swollen (Figure 36C and G). At 

0.78 µg/mL, the treated cells are comparable to untreated MCF-7 cells (Figure 36D and 

H). A similar trend is evident for MCF-7 cells treated with ZD-DCM-E, ZD-HW-E, XC-

MeOH-E, XC-DCM-E and XC-HW-E (Figures 37-41).  
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CHAPTER 4: Conclusion  

Phytochemical screening of extracts of X. caffra and Z. davyi indicated the presence of 

phenols, sterols and terpenoids in all extracts. Quinones were present in all extracts 

except the HW extracts. ZD-MeOH-E and ZD-DCM-E contained 8 out of 9 classes of 

phytochemicals tested. The DCM extract of X. caffra contained 7 out of the 9 classes of 

phytochemicals tested. HPLC confirmed the presence of various phytochemical classes 

and identified the compounds ascorbic acid, salicylic acid, caffeic acid, gallic acid, rutin, 

quercetin, nitidine and sanguinarine. Gallic acid (13.4%), nitidine (33.5%) and quercetin 

(26%) were found in the greatest abundance in ZD-HW-E, XC-MeOH-E and ZD-MeOH-E, 

respectively. Previous studies confirm that compounds isolated from the Ximenia genus 

include glycosides, tannins, phenolics, alkaloids, quinones and terpenoids.[115] It has also 

been reported that leaf extracts of X. caffra contain tannins and glycosides, while the 

root extract contains flavonoids, saponins and coumarins in addition to tannins and 

glycosides.[113] The Zanthoxylum  genus has been reported to contain compounds such as 

benzophenanthridine alkaloids, flavonoids, coumarins, terpenoids, lignans and linear 

chain fatty acids which concur with the findings obtained via TLC.[109] 

  

The extracts of Z. davyi and X. caffra displayed both antibacterial and antifungal activity 

against planktonic and biofilm preparations of S. aureus and C. albicans, respectively. 

The activity against` planktonic microorganisms was insignificant (MIC >1.0 mg/mL) and 

was therefore not investigated further as the extract was not deemed a suitable lead. 

Anti-biofilm activity was significant and comparable to conventional antibiotics 

(ciprofloxacin and amphotericin B). A paradoxical effect was observed when biofilms 

were treated with the plant extracts. This is consistent with literature where 

antimicrobials were found to cause paradoxical effects on certain microorganisms.[132,133] 

When extracts of Z. davyi were combined with extracts of X. caffra, a synergistic effect 

was apparent and greater anti-biofilm efficiency was achieved (∑FIC < 0.5). This 

implicates that the combination of Z. davyi extracts with X. caffra extracts would have 

more pronounced antimicrobial effects than a single extract in isolation.  
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Scanning electron microscopy indicated that the extracts were efficient in degrading the 

exopolysaccharide matrix vital to biofilms. Antimicrobial activity is ascribed to the 

phytochemicals found to be present in the extracts as these phytochemicals were 

reported in literature to possess antimicrobial activity. The mechanism of anti-biofilm 

action of phytochemicals could be due to their role in interfering with quorum sensing 

systems (vital for cell-to-cell communication) due their specific chemical structures, their 

ability to re-sensitize microorganisms to antimicrobials or their ability to interfere with 

the cell cycle and limit nutrients and proteins vital to EPS production. Quinones in 

particular have been reported to interact with nucleophilic amino acids resulting in 

protein inactivation. Other antimicrobial activities including the anti-viral activity of Z. 

davyi reported in previous studies could be attributed to compounds like quercetin.  

 

With regard to safety, low cytotoxicity was observed for all extracts, with a dose 

dependent relationship between extract concentration and percentage cell death. Phase 

contrast and PlasDIC microscopy confirmed these results where an increase in 

concentration of plant extract, showed an increase in cell death. Apoptosis was 

noticeably induced in EA.hy926 human umbilical vein cells whereas necrosis was 

observed in MCF-7 breast cancer cells. Therefore high concentrations of extracts caused 

cell death via a controlled process in non-cancerous cells. In all, the cell extracts seemed 

to induce apoptosis (programmed cell death) in EA.hy926 cells while necrosis (cytolysis) 

was induced in MCF-7 cancer cells. Low cytotoxicity could be attributed to the presence 

of antioxidant compounds in the extracts; phenolic acids, flavonoids, terpenoids and 

quinones. 

 

This study is the first to determine the effect of Z. davyi and X. caffra on biofilms of S. 

aureus and C. albicans, as well as to determine the effect of these plants on microbial 

morphology. This study provides scientific support for the antimicrobial activities of Z. 

davyi and X. caffra, especially against biofilms which is the way in which microbes are 

present in the body. Accompanied with the latter, the extracts showed negligible 

cytotoxicity. Due to the findings, investigations into the mechanism of action and 

isolation of active compounds responsible for the antimicrobial activity is warranted. 
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CHAPTER 5: Limitations of the study 

Phytochemical analyses detected a range of phytochemicals using MeOH, DCM and HW 

as extract solvents. Other solvents may have been used which could have provided a 

greater yield and extracted phytochemicals not detected in the present study. The 

detection of phytochemical classes by TLC is variable and depends on the 

concentration/load spotted, therefore, a greater concentration of the extract spotted 

could increase the sensitivity of the method and result in further compounds being 

detected. Alternatively, HPLC-MS/MS could have been used which is much more 

sensitive and able to detect trace quantities of phytochemicals.  

 

Although the antimicrobial activity against planktonic microorganisms was deemed 

insignificant, there could be significant activity against other microorganisms not tested 

in this study. A wider spectrum of microorganisms could have been investigated. Anti-

biofilm activity was assessed by the crystal violet assay which depends on the 

quantitation of biomass. Although it is widely accepted as a means of assessing biofilms, 

the various rinsing steps could wash away parts of the biofilm giving a false indication of 

antimicrobial activity which may account for negative inhibition. With regard to the 

BIC’s, testing a broader range of concentrations may have different effects on biofilms 

than those seen in the present study. Combinations of different plant parts could also be 

explored with regard to synergy testing.  

 

As for cytotoxicity, extracts of X. caffra and Z. davyi may be toxic to cell lines not tested 

in this study. Different solvents could also affect cell viability and could be investigated 

for a more comprehensive overview. The effect of each extract on cytotoxicity was 

examined in this study. Combinations of the extracts could also be investigated. The 

synergistic antimicrobial effect of the combinations of extracts tested could result in 

greater toxicity to the cell lines tested. Although antimicrobial activity was confirmed 

and different phytochemicals detected, the specific compounds which have 

antimicrobial activity were not isolated and could have provided valuable information. 
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Summary 

This study aimed to determine the antimicrobial activity of extracts of X. caffra and Z. 

davyi. The phytochemicals present in the plant extracts were also investigated and the 

phytochemical profile of the plants determined.  

 

A range of antimicrobial phytochemicals were detected which may account for 

antifungal and antibacterial activity noted in this study. Although activity against 

planktonic microorganisms were deemed insignificant, anti-biofilm activity was 

prominent. Phenolic compounds have a wide array of antimicrobial mechanisms and 

these could contribute to the anti-biofilm effects observed in the present study. Since 

antimicrobial action is mediated by the inhibition of fatty acid synthesis, sterols could 

also play an important role as antimicrobials and could account for anti-biofilm activities. 

Extracts of X. caffra and Z. davyi were efficient in disintegrating biofilms of S. aureus and 

C. albicans, in a dose-dependent manner. Several terpenoids have been found to inhibit 

microbial oxygen uptake and oxidative phosphorylation. This could explain the cessation 

of the production of EPS which hold microbial cells together in a biofilm and account for 

the anti-biofilm activity found. This study is the first to determine the effect of Z. davyi 

and X. caffra on biofilms of S. aureus and C. albicans, as well as to determine the effect 

of these plants on microbial morphology.  

 

When extracts of X. caffra were combined with extracts of Z. davyi, synergism was 

evident. Synergistic interactions of the plant extracts could be due to the combination of 

the different antimicrobial phytochemicals present in each plant. Literature suggests 

that the benefits of phytomedicines are often the result of synergistic actions of multiple 

active chemicals.  

 

While the extracts induced apoptosis in EA.hy926 cells and necrosis in MCF-7 cells, they 

were not toxic to the cell lines tested against. Low cytotoxicity could be due to the 

presence of antioxidant phytochemicals such as gallic acid and quercetin. The 

cytotoxicity noted in this study could be attributed to the flavonoids detected, which 
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have been reported to have cytotoxic activities. Other phytochemicals detected, which 

could account for the anti-cancer activity observed, include salicylic acid, caffeic acid, 

quercetin, rutin, and the alkaloids; nitidine, sanguinarine, and chelerythrine.  

 

The results obtained from this study indicated that the plant extracts have significant 

activity against biofilms of S. aureus and C. albicans. This is ascribed to the presence of 

phytochemicals with antimicrobial activity detected in the study confirmed by TLC and 

HPLC. The results are also supported by previous reports where both the Zanthoxylum 

and Ximenia genus have been described as having antimicrobial activities. Apart from 

antimicrobial activity, the results obtained from cytotoxicity testing indicated negligible 

toxicity on the cell lines tested. Since plants are frequently considered safe and toxicity 

testing is commonly overlooked, this study is particularly meaningful and recognizes the 

need for cytotoxicity testing. This is significant as regulations regarding Complementary 

and Alternative Medicine in South Africa (CAMs) have become stricter and no new 

complementary medicines will be allowed on the market unless registered and 

consequently safe for public use.[184] This study provides scientific support for the 

antibacterial and antifungal activity of Z. davyi and X. caffra. Isolation of the active 

compounds is warranted, as these plants could serve as alternative antimicrobials in the 

search for novel antimicrobial drugs. 

 

 

 

 

 

 

 

 

 

 

 



92 
 

References  

1. Nobile CJ, Johnson AD. Candida albicans biofilms and human disease. Annu Rev 
Microbiol. 2015;69(1). In Press: doi/abs/10.1146/annurev-micro-091014-104330. 

2. Cogen AL, Nizet V, Gallo R. Skin microbiota: a source of disease or defence? Brit J 
Dermatol. 2008;158(3):442-455. 

3. Lowy FD. Staphylococcus aureus infections. New Engl J Med. 1998;339(8):520-532. 

4. Borg‐von Zepelin M, Beggah S, Boggian K, Sanglard D, monod M. The expression of 
the secreted aspartyl proteinases Sap4 to Sap6 from Candida albicans in murine 
macrophages. Mol Microbiol. 1998;28(3):543-554. 

5. NIAID. The problem of antimicrobial resistance. USA: US department of health and 
human services; [updated 2006 April 02; cited 2012 March 02] Available from: 
www.niaid.nih.gov/dmid/antimicrob. 

6. Freire-Moran L, Aronsson B, Manz C, Gyssens IC, So AD, Monnet DL, et al. Critical 
shortage of new antibiotics in development against multidrug-resistant bacteria—
time to react is now. Drug Resist Update. 2011;14(2):118-124. 

7. Steenkamp V, Fernandes AC, Van Rensburg CE. Antibacterial activity of Venda 
medicinal plants. Fitoterapia. 2007;78(7-8):561-564. 

8. Mulaudzi R, Ndhlala AR, Kulkarni MG, Finnie JF, Van Staden J. Antimicrobial 
properties and phenolic contents of medicinal plants used by the Venda people for 
conditions related to venereal diseases. J Ethnopharmacol. 2011;135(2):330-337. 

9. Ludwig W, Schleifer K, Whitman WB. Revised road map to the phylum Firmicutes. 
Bergey’s Manual® of Systematic Bacteriology. 3rd ed. USA: Springer; 2009. p. 1-13.  

10. Ryan KJ, Ray CG. Staphyloccoci. Sherris medical microbiology: an introduction to 
infectious diseases. 4th ed. USA: McGraw-Hill; 2004. p. 261. 

11. Kluytmans J, Van Belkum A, Verbrugh H. Nasal carriage of Staphylococcus aureus: 
epidemiology, underlying mechanisms, and associated risks. Clin Microbiol Rev. 
1997;10(3):505-520. 

12. Cole AM, Tahk S, Oren A, Yoshioka D, Kim Y, Park A, et al. Determinants of 
Staphylococcus aureus nasal carriage. Clin Diagn Lab Immunol. 2001;8(6):1064-1069. 

13. Jenkins A, An Diep B, Mai TT, Vo NH, Warrener P, Suzich J, et al. Differential 
expression and roles of Staphylococcus aureus virulence determinants during 
colonization and disease. Am Soc Microbiol. 2015;6(1):1-14. 

14. Williams REO. Healthy carriage of Staphylococcus aureus: its prevalence and 
importance. Microbiol Mol Biol R. 1963;27(1):56-71. 

15. Bowersox J. Experimental staph vaccine broadly protective in animal studies. USA: 
National Institutes of Health; [updated 1999 May 27; cited 2013 August 08] Available 
from: http://www3.niaid.nih.gov/news/newsreleases/1999/staph.htm. 

16. McCallum N, Berger-Bächi B, Senn MM. Regulation of antibiotic resistance in 
Staphylococcus aureus. Int J Med Microbiol. 2010;300(2-3):118-129. 



93 
 

17. Alekshun MN, Levy SB. Molecular mechanisms of antibacterial multidrug resistance. 
Cell. 2007;128(6):1037-1050. 

18. Vargas LJ, Quintana JC, Pereanez JA, Nunez V, Sanz L, Calvete J. Cloning and 
characterization of an antibacterial l-amino acid oxidase from Crotalus durissus 
cumanensis venom. Toxicon. 2013;15(64):1-11. 

19. Diezmann S, Cox CJ, Schonian G, Vilgalys RJ, Mitchell TG. Phylogeny and evolution of 
medical species of Candida and related taxa: a multigenic analysis. J Clin Microbiol 
2004;42(12):5624-5635. 

20. Zadik Y, Burnstein S, Derazne E, Sandler V, Ianculovici C, Halperin T. Colonization of 
Candida: prevalence among tongue-pierced and non-pierced immunocompetent 
adults. Oral Dis. 2010;16(2):172-175. 

21. Ramage G, Bachmann S, Patterson TF, Wickes BL, Lopez-Ribot JL. Investigation of 
multidrug efflux pumps in relation to fluconazole resistance in Candida albicans 
biofilms. J Antimicrob Chemother. 2002;49(6):973-980. 

22. Huber BA. Regulation of morphogenesis in Candida species. Candida: comparative 
and functional genomics. 1st ed. UK: Horizon Scientific Press; 2007. p. 1-15. 

23. Saville SP, Lazzell AL, Monteaguardo C, Lopez-Ribot JL. Engineered control of cell 
morphology in vivo reveals distinct roles for yeast and filamentous forms of Candida 
albicans during infection. Eukaryotic Cell. 2003;2(5):1053-1060. 

24. Scully CM, El-Kabir M, Samaranayake LP. Candida and oral candidosis: a review. Crit 
Rev Oral Biol Med. 1994;5(2):125-157. 

25. Banerjee SN, Emori TG, Culver DH, Gaynes RP, Jarvis WR, Horan T, et al. Secular 
trends in nosocomial primary bloodstream infections in the United States 1980–
1989. Am J Med. 1991;91(3 Suppl 2):S86-89. 

26. Endo EH, Cortez DA, Ueda-Nakamura T, Nakamura CV, Dias Filho BP. Potent 
antifungal activity of extracts and pure compound isolated from pomegranate peels 
and synergism with fluconazole against Candida albicans. Res Microbiol. 
2010;161(7):534-540. 

27. White TC, Pfaller MA, Rinaldi MG, Smith J, redding SW. Stable azole drug resistance 
associated with a substrain of Candida albicans from an HIV-infected patient. Oral 
Dis. 1997;1(3 Suppl 1):S102-109. 

28. Fidel P. Immunity to Candida. Oral Dis. 2002;8(1 Suppl 2):S69-75. 

29. Pappas PG. Invasive candidiasis. Infect Dis Clin. 2006;20(3):485-506. 

30. Kourkoumpetis T, Manolakakai D, Velmahos G, Chang Y, Alam HB, de Moya MM, et 
al. Candida infection and colonization among non-trauma emergency surgery 
patients. Virulence. 2010;1(5):359-366. 

31. Cowen LE, Sanglard D, Calabrese D, Sirjusingh C, Anderson JB, Kohn LB.  Evolution of 
drug resistance in experimental populations of Candida albicans. J Bacteriol. 
2000;182(6):1515-1522. 

32. Sanguinetti M, Posteraro B, Lass-Flörl C. Antifungal drug resistance among Candida 
species: mechanisms and clinical impact. Mycoses. 2015;58(1 Suppl 2):S2-13. 

33. Collins VG. Planktonic bacteria. J Gen Microbiol. 1957;16(1):268-272. 



94 
 

34. Costerton J, Stewart PS, Greenberg E. Bacterial biofilms: a common cause of 
persistent infections. Science. 1999;284(5418):1318-1322. 

35. Drenkard E, Ausubel FM, Pseudomonas biofilm formation and antibiotic resistance 
are linked to phenotypic variation. Nature. 2002;416(6882):740-743. 

36. Yarwood JM, Bartels DJ, Volper EM, Greenberg EP. Quorum sensing in 
Staphylococcus aureus biofilms. J Bacteriol. 2004;186(6):1838-1850. 

37. Lister JL, Horswill AR. Staphylococcus aureus biofilms: recent developments in 
biofilm dispersal. Front Cell Infect Microbiol. 2014;4(Article 178):1-9. 

38. Peters BM, Jabra-Rizk MA, Scheper MA, Leid JG, Costerton JW, Shirtliff ME. Microbial 
interactions and differential protein expression in Staphylococcus aureus-Candida 
albicans dual-species biofilms. FEMS Immunol Med Mic. 2010;59(3):493-503. 

39. Vasudevan R. Biofilms: Microbial Cities of Scientific Significance. J Microbiol Exp. 
2014;1(3):1-16. 

40. Ramage G, Saville SP, Wickes BL, López-Ribot JL. Inhibition of Candida albicans 
biofilm formation by farnesol, a quorum-sensing molecule. Appl Environ Microbiol. 
2002;68(11):5459–5463. 

41. Nobile CJ, Mitchell AP. Regulation of cell surface genes and biofilm formation by the 
Candida albicans transcription factor Bcr1p. Curr Biol. 2005;15(12):1150–1155. 

42. Fox, EP, Nobile CJ. A sticky situation: untangling the transcriptional network 
controlling biofilm development in Candida albicans. Transcription. 2012;3(6):315-
322. 

43. Nobile CJ, Fox EP, Nett JE, Sorrells TR, Mitrovich QM, Hernday AD, et al. A recently 
evolved transcriptional network controls biofilm development in Candida albicans. 
Cell. 2012;148(1-2):126–138. 

44. Fox EP, Bui CK, Nett JE, Hartooni N, Mui MC, Andes DR, et al. An expanded regulatory 
network temporally controls Candida albicans biofilm formation. Molec Microbiol. 
2015;96(6):1226–1239. 

45. Singh BN, Upreti DK, Singh BR,  Pandey G, Verma S, Roy S, et al. Quercetin sensitizes 
fluconazole-resistant Candida albicans to induce apoptotic cell death by modulating 
quorum sensing. Antimicrob Agents Chemother. 2015;59(4):2153-2168. 

46. O'Connell HA, Kottkamp GS, Eppelbaum JL, Stublefield BA, Gilbert SE, Gilbert ES. et 
al. Influences of biofilm structure and antibiotic resistance mechanisms on indirect 
pathogenicity in a model polymicrobial biofilm. Appl Environ Microb 
2006;72(7):5013-5019. 

47. Wargo MJ, Hogan DA. Fungal—bacterial interactions: a mixed bag of mingling 
microbes. Curr Opin Microbiol. 2006;9(4):359-364. 

48. Rogers GB, Carroll MP, Bruce KD. Enhancing the utility of existing antibiotics by 
targeting bacterial behaviour? Br J Pharmacol. 2012;165(4):845-857. 

49. Zetola N, Francis JS, Nuermberger EL, Bishai WR. Community-acquired Methicillin-
Resistant Staphylococcus aureus: an emerging threat. Lancet Infect Dis. 
2005;5(5):275-286. 



95 
 

50. Di Poto A, Sbarra MS, Provenza G, Visai L, Speziale P. The effect of photodynamic 
treatment combined with antibiotic action or host defence mechanisms on 
Staphylococcus aureus biofilms. Biomaterials. 2009;30(18):3158-3166. 

51. Gupta AK, Tomas E. New antifungal agents. Dermatol Clin. 2003;21(3):565-576. 

52. Bachmann SP, Ramage G, VandeWalle K, Patterson TF, Wickes BL, López-Ribot JL. 
Antifungal combinations against Candida albicans biofilms in vitro. Antimicrob 
Agents Chemother. 2003;47(11):3657-3659. 

53. Butler MS, Buss AD. Natural products—The future scaffolds for novel antibiotics? 
Biochem Pharmacol. 2006;71(7):919-929. 

54. Farnsworth NR, Morris RW. Higher plants-the sleeping giant of drug development. 
Am J Pharm Sci Support Public Health. 1976;148(2):46-52. 

55. Farnsworth NR, Soejarto DD. Potential consequence of plant extinction in the United 
States on the current and future availability of prescription drugs. Econ Bot. 
1985;39(3):231-240. 

56. Kong Y. The control of Chinese medicines-a scientific overview. Yearb Pharm Soc 
Hong Kong. 1982;1(1):47-51. 

57. Terasawa K. The present situation of education and research work on Traditional 
Chinese Medicine in Japan. International Symposium on Integration of Traditional 
and Modern Medicine; 1986 May 22; Taichung: Republic of China. 

58. Farnsworth NR, Akerele O, Bingel AS, Soejarto DD, Guo Z. Medicinal plants in 
therapy. Bull WHO. 1985;63(6):965-981. 

59. Street R, Stirk W, Van Staden J. South African traditional medicinal plant trade—
challenges in regulating quality, safety and efficacy. J Ethnopharmacol. 
2008;119(3):705-710. 

60. Van Wyk BE. The potential of South African plants in the development of new 
medicinal products. S Afr J Bot. 2011;77(4):812-829. 

61. Farnsworth NR, Loub WD. Information gathering and data bases that are pertinent 
to the development of plant-derived drugs. Plants: The Potentials for Extracting 
Protein, Medicines, and Other Useful Chemicals. Workshop Proceedings, OTA-BP-F-
23; Washington DC: US Congress, Office of Technology Assessment; 1983:178-195. 

62. Farnsworth N. Rational approaches applicable to the search for and discovery of new 
drugs from plants. Memorias del 1er Symposium Latinoamericano y del Caribe de 
Farmacos Naturales, UNESCO; 1982; La Habana: Cuba. 

63. Stone MJ, Williams DH. On the evolution of functional secondary metabolites 
(natural products). Mol Microbiol. 1992;6(1):29-34. 

64. Truchadoa P, Larrosa M, Castro-Ibáñez I, Allende A. Plant food extracts and 
phytochemicals: Their role as quorum sensing inhibitors. Trends Food Sci Tech. 
2015;43(2):189-204. 

65. Costa GM, Endo EH, Cortez DAG, Ueda-Nakamura T, Nakamura CV, Filho BPD. Effect 
of plant extracts on planktonic growth and biofilm of Staphylococcus aureus and 
Candida albicans. Int J Curr Microbiol App Sci. 2015;4(6):908-917. 



96 
 

66. Citoglu GS, Acikara OB. Chapter 2: Column Chromatography for Terpenoids and 
Flavonoids. Chromatography and its applications. InTech online; 2012: p. 224. 
Available from: http://www.intechopen.com/books/chromatography-and-its-
applications/column-chromatography-for-terpenoids-and-flavonoids.  

67. Hikaum WC. Antioxidant properties of selected South African medicinal plants in 
relation to their modulation of cellular oxidative status, phase 2 hepatic drug 
metabolizing enzymes and the protection against cancer promotion in rat liver 
[dissertation]. Bellville: Cape Peninsula University of Technology; 2013. 

68. Tarus PK, Coombes PH, Crouch NR, Mulholland DA. Benzo[c]phenanthridine alkaloids 
from stem bark of the Forest Knobwood, Zanthoxylum davyi (Rutaceae). S Afr J Bot. 
2006;72(4):555-558. 

69. Kithara T, Koyama N, Matsuda J, Aoyama Y, Hirakata Y, Kamihira S, et al. 
Antimicrobial activity of saturated fatty acids and fatty amines against Methicillin-
Resistant Staphylococcus aureus. Biol Pharm Bull. 2004;27(9):1321-1326. 

70. Cushnie TPT, Lamb AJ. Antimicrobial activity of flavonoids. Int J Antimicrob Ag. 
2005;26(5):343-356. 

71. Doughari JH. Phytochemicals: extraction methods, basic structures and mode of 
action as potential chemotherapeutic agents. Phytochemicals - A global perspective 
of their role in nutrition and health. InTech online; 2012: p. 538. Available from: 
http://www.intechopen.com/books/phytochemicals-a-global-perspective-of-their-
role-in-nutrition-and-health/phytochemicals-extraction-methods-basic-structures-
and-mode-of-action-as-potential-chemotherapeutic- 

 72. Griffin SG, Grant Wyllie S, Markham JL, Leach DN. The role of structure and 
molecular properties of terpenoids in determining their antimicrobial activity. 
Flavour Frag J. 1999;14(5):322-332. 

73. Hutchings A, Scott AH, Lewis G, Cunningham AB. Zulu medicinal plants, an inventory. 
Pietermaritzburg: University of Natal Press;  1996. p. 1-3. 

74. Wang CF, You CX, Yang K, Guo SS, Geng ZF, Fan L, et al. Antifeedant activities of 
methanol extracts of four Zanthoxylum species and benzophenanthridines from 
stem bark of Zanthoxylum schinifolium against Tribolium castaneum. Ind Crop Prod. 
2015;74(1):407-411. 

75. Tshikalange TE, Meyer JJ, Lall N, Muñoz E, Sancho R, Van de Venter M, et al. In vitro 
anti-HIV-1 properties of ethnobotanically selected South African plants used in the 
treatment of sexually transmitted diseases. J Ethnopharmacol. 2008;119(3):478-481. 

76. Adewusi E, Steenkamp V. In vitro screening for acetylcholinesterase inhibition and 
antioxidant activity of medicinal plants from southern Africa. Asian Pac J Trop Med. 
2011;4(10):829-835. 

77. Tiwary M, Naik SN, Tewary DK, Mittal PK, Yadav S. Chemical composition and 
larvicidal activities of the essential oil of Zanthoxylum armatum DC (Rutaceae) 
against three mosquito vectors. J Vector Borne Dis. 2007;44(3):198-204. 

78. Lima LM, Perazzo FF, Tavares Carvalho JC, Bastos JK. Anti-inflammatory and analgesic 
activities of the ethanolic extracts from Zanthoxylum riedelianum (Rutaceae) leaves 
and stem bark. J Pharm Pharmacol. 2007;59(8):1151-1158. 



97 
 

79. Chen JJ, Chen PH, Liao CH, Huang SY, Chen IS. New phenylpropenoids, bis(1-
phenylethyl)phenols, bisquinolinone alkaloid, and anti-inflammatory constituents 
from Zanthoxylum integrifoliolum. J Nat Prod. 2007;70(9):1444-1448. 

80. Rodríguez-Guzmán R, Radwan MM, Burandt CL, Williamson JS, Ross SA. Xenobiotic 
biotransformation of 4-methoxy-N-methyl-2-quinolone, isolated from Zanthoxylum 
monophyllum. Nat Prod Commun. 2010;5(9):1463-1464. 

81. Chou ST, Chan HH, Peng HY, Liou MJ, Wu TS. Isolation of substances with 
antiproliferative and apoptosis-inducing activities against leukemia cells from the 
leaves of Zanthoxylum ailanthoides Sieb & Zucc. Phytomedicne. 2011;18(5):344-348. 

82. Amabeoku GJ, Kinyua CG. Evaluation of the anticonvulsant activity of Zanthoxylum 
capense (Thunb.) Harv. (Rutaceae) in mice. Int J Pharmacol. 2010;6(6):844-853. 

83. Negi JS, Bisht VK, Bhandari AK, Singh P, Sundriyal RC. Chemical constituents and 
biological activities of the genus Zanthoxylum: A review. Afr J Pure Appl Chem. 
2011;5(12):412-416. 

84. iSpot. Observations in the Species: Zanthoxylum davyi. England: The Open University 
[updated 2013 July 02; cited 2013 August 05] Available from: 
http://www.ispot.org.za/species_dictionary/Zanthoxylum%20davyi. 

85. Chivandi E, Davidson BC, Erlwanger KH. A comparison of the lipid and fatty acid 
profiles from the kernels of the fruit (nuts) of Ximenia caffra and Ricinodendron 
rautanenii from Zimbabwe. Ind Crop Prod. 2008;27(1):29-32. 

86. Brasileiro MT, Egito AA, de Lima JR, Randau KP, Pereira GC, Neto PJR. Ximenia 
americana L.: botânica, química e farmacologia no interesse da tecnologia 
farmacêutica. Rev Bras Farmacogn. 2008;89(2):164-167. 

87. Chinsembu KC, Hijarunguru A, Mbangu A. Ethnomedicinal plants used by traditional 
healers in the management of HIV/AIDS opportunistic diseases in Rundu, Kavango 
East Region, Namibia. S Afr J Bot. 2015;100(1):33-42. 

88. Fabry W, Okemo P, Ansorg R. Fungistatic and fungicidal activity of east African 
medicinal plants. Mycoses. 1996;39(1‐2):67-70. 

89. Van Wyk BE, Gericke N. Chapter 10: Women's Health. People's Plants: A guide to 
useful plants of Southern Africa. 1st ed. South Africa: Briza Publications; 2000. p. 
194. 

90. Chhabra SC, Uiso FC. A survey of the medicinal plants of eastern Tanzania for 
alkaloids, flavonoids, saponins and tannins. Fitoterapia. 1990;61(4):307-316. 

91. Baloyi JK, Reynolds Y. Ximenia caffra. South Africa: SANBI; [updated 2015 June 26; 
cited 2015 October 04] Available from: www.plantzafrica.com. 

92. Calixto JB. Efficacy, safety, quality control, marketing and regulatory guidelines for 
herbal medicines (phytotherapeutic agents). Braz J Med Biol Res. 2000;33(2):179-
189. 

93. Lee CT, Huang YW, Yang CH, Huang KS. Drug Delivery Systems and Combination 
Therapy by Using Vinca Alkaloids. Curr Top Med Chem. 2015;15(15):1491-1500. 

94. Cimone P. Phases in clinical trials-overview. Clinical Trials. version 1.1. Pretoria: 
Quintiles; 2014. p. 1-20. 



98 
 

95. Cordier W. Effects of polyphenolic-rich bark extracts of Burkea africana and 
Syzygium cordatum on oxidative stress [dissertation]. Pretoria: University of Pretoria; 
2012. 

96. Silicycle. SiliaPlate-TLC Practical Guide. Canada: Worldwide Headquarters Silicycle 
Inc. [updated 2015 July 01; cited 2015 October 20] Available from: 
http://www.silicycle.com/products/thin-layer-chromatography-tlc-plates/siliaplate-
1. 

97. Bauer A, Kirby WM, Sherris JC, Turck M. Antibiotic susceptibility testing by a 
standardized single disk method. Am J Clin Pathol. 1966;45(4):493-496. 

98. Eloff JN. A sensitive and quick microplate method to determine the minimal 
inhibitory concentration of plant extracts for bacteria. Planta Med. 1998;64(8):711-
713. 

99. Daba H, Pandian S, Gosselin JF, Huang J, Lacroix C. Detection and Activity of a 
Bacteriocin Produced by Leuconostoc mesenteroides. Appl Environ Microb. 
1991;57(12):3450-3455. 

100. Olwoch IP. The effect of Pectinex ultra SP-L on bacterial biofilms and human cell 
cultures in vitro [dissertation]. Pretoria: University of Pretoria; 2014. 

101. Harrison JJ, Ceri H, Yerly J, Stremick CA, Hu Yaoping, Martinuzzi R, et al. The use of 
microscopy and three-dimensional visualization to evaluate the structure of 
microbial biofilms cultivated in the Calgary Biofilm Device. Biol Proced Online. 
2006;8(1):194-215. 

102. de Rapper S, Kamatou G, Viljoen A, Van Vuuren S. The In vitro antimicrobial activity 
of Lavandula angustifolia essential oil in combination with other aroma-therapeutic 
oils. Evid Based Complemet Alternat Med. 2013;2013(1):1-10. 

103. Vichai V, Kirtikara K. Sulforhodamine B colorimetric assay for cytotoxicity screening. 
Nat Protoc. 2006;1(3):1112-1116. 

104. Nanji AA, Hiller-Sturmhöfel S. Apoptosis and necrosis: Two Types of Cell Death in 
Alcoholic Liver Disease. Alcohol Health Res World. 1997;21(4):325-330. 

105. Paddy V. Determination of the in vitro antidiabetic potential of a polyherbal 
commercial tea [dissertation]. Pretoria: University of Pretoria; 2014. 

106. Kwon HJ, Hwang J, Lee J, Chae SK, Lee JH, Kim JH, et al. Analysis and investigation of 
chemical stability on phenolic compounds in Zanthoxylum schinifolium-containing 
dentifrices. J Liq Chromatogr Relat Technol. 2014;37(12):1685–1701. 

107. Mycodes. Organic Chemistry Net-course of Experiment. China: Comsenz; [updated 
2015 August 08; cited 2015 September 17] Available from: 
http://www.ce.gxnu.edu.cn/organic/net_course/content/tlc/Retention_Factor.htm. 

108. Sparg SG, Light ME, Van Staden J. Biological activities and distribution of plant 
saponins. J Ethnopharmacol. 2004;94(2-3):219–243. 

109. Chen JJ, Chung Cy, Hwang TL, Chen JF. Amides and benzenoids from Zanthoxylum 
ailanthoides with inhibitory activity on superoxide generation and elastase release 
by neutrophils. J Nat Prod. 2009;72(1):107-111. 



99 
 

110. Luo X, Pires D, Ainsa JA, Gracia B, Nulhovo S, Duarte A, et al. Antimycobacterial 
evaluation and preliminary phytochemical investigation of selected medicinal plants 
traditionally used in Mozambique. J Ethnopharmacol. 2011;137(1):114-120. 

111. Zheng CJ, Yoo JS, Lee TG, Cho HY, Kim YH, Kim WG. Fatty acid synthesis is a target for 
antibacterial activity of unsaturated fatty acids. FEBS Lett. 2005;579(23):5157-5162. 

112. Yun KJ, Koh DJ, Kim SH, Park SJ, Ryu JH,Kim DG, et al. Anti-Inflammatory Effects of 
Sinapic Acid through the Suppression of Inducible Nitric Oxide Synthase, 
Cyclooxygase-2, and Proinflammatory Cytokines Expressions via Nuclear Factor-KB 
Inactivation. J Agric Food Chem. 2008;56(21):10265–10272. 

113. Munodawafa T, Chagonda LS, Moyo SR. Antimicrobial and Phytochemical Screening 
of some Zimbabwean Medicinal Plants. J Biol Act  Prod Nat. 2013;3(5-6):323-330. 

114. Alphonso P, Saraf A. Chemical profile studies on the secondary metabolites of 
medicinally important plant Zanthoxylum rhetsa (Roxb.) DC using HPTLC. Asian Pac J 
Trop Biomed. 2012;(2 Suppl 3):S1293-1298.   

115. Monte FJQ, de Sousa Gomes, de Araujo MRS, de Lemos TLG. Ximenia americana: 
Chemistry, Pharmacology and Biological Properties, a Review. European Union: 
INTECH Open Access Publisher; [updated 2012 September 12; cited 2013 July 11] 
Available from: http://www.intechopen.com/books/phytochemicals-a-global-
perspective-of-their-role-in-nutrition-and-health/ximenia-americana-chemistry-
pharmacology-and-biological-properties-a-review. 

116. Cowan MM. Plant products as antimicrobial agents. Clin Microbiol Rev. 
1999;12(4):564-582. 

117. Yen GC, Duh PD, Tsai HL. Antioxidant and pro-oxidant properties of ascorbic acid and 
gallic acid. Food Chem. 2002;79(3):307-313. 

118. Reich E, Schibli A. Limitations of TLC. High-performance thin-layer chromatography 
for the analysis of medicinal plants. Illustrated ed. New York: Thieme; 2007. p. 18.  

119. Zhen J, Guo Y, Villani T, Carr S, Brendler T, Mumbengegwi DR, et al. Phytochemical 
analysis and anti-inflammatory activity of the extracts of the african medicinal plant 
Ximenia caffra. J Anal Methods Chem. 2015;2015(1):1-9. 

120. Ndhlala AR, Muchuweti M, Mupure C, Chitindingu K, Murenje T, Kasiyamhuru A, et 
al. Phenolic content and profiles of selected wild fruits of Zimbabwe: Ximenia caffra, 
Artobotrys brachypetalus and Syzygium cordatum. Int J Food Sci Technol. 
2008;43(8):1333–1337. 

121. Chanwitheesuk A, Teerawutgulrag A, Kilburn JD, Rakariyatham N. Antimicrobial gallic 
acid from Caesalpinia mimosoides Lamk. Food Chem. 2007;100(3):1044-1048. 

122. Esquenazi D, Wigg MD, Miranda MM, Rodrigues HM, Tostes JBF, Rozental S, et al. 
Antimicrobial and antiviral activities of polyphenolics from Cocos nucifera Linn. 
(Palmae) husk fiber extract. Res Microbiol. 2002;153(10):647-652. 

123. Thorburn A. Phytochemical analysis and antimicrobial activity of Piper capense L.f. 
[dissertation]. Pretoria: University of Pretoria; 2010. 

124. Mathabe MC, Nikolova RV, Lall N, Nyazema NZ. Antibacterial activities of medicinal 
plants used for the treatment of diarrhoea in Limpopo Province, South Africa. J 
Ethnopharmacol, 2006;105(1-2):286-293. 



100 
 

125. Obi CL, Potgieter N, Randima LP, Mavhungu NJ, Musie E, Bessong PO, et al. 
Antibacterial activities of five plants against some medically significant human 
bacteria. S Afr J Sci. 2002;98(1-2):25-28. 

126. Kelmanson JE, Jager AK, Van Staden J. Zulu medicinal plants with antibacterial 
activity. J Ethnopharmacol. 2000;69(3):241–246. 

127. Rios JL, Recio MC, Villar A. Screening methods for natural products with 
antimicrobial activity: a review of the literature. J Ethnopharmacol. 1988;23(2-
3):127-149. 

128. Davis WW, Stout TR. Disc plate method of microbiological antibiotic assay: factors 
influencing variability and error. Appl Microbiol. 1971;22(4):659-665. 

129. Holmes RK, Jobling MG. Medical microbiology. Genetics. 4th ed. Texas: University of 
Texas Medical Branch; 1996. p. 217. 

130. Fabry W, Okemo PO, Ansorg R. Antibacterial activity of East African medicinal plants. 
J Ethnopharmacol. 1998;60(1):79-84. 

131. Kuete V, Efferth T. Cameroonian medicinal plants: Pharmacology and derived natural 
products. Front Pharmacol. 2010;1(123):1-19. 

132. Clemons KV, Espiritu M, Parmar R, DA. Assessment of the paradoxical effect of 
caspofungin in therapy of Candidiasis. Antimicrob Agents Chemother. 
2006;50(4):1293-1297. 

133. Bouza E, Guinea J, Guembe M. The role of antifungals against Candida biofilm in 
catheter-related candidemia. Antibiotics. 2015;4(1):1-17. 

134. Ku TSN, Bernardo SM, Lee SA. In vitro assessment of the antifungal and paradoxical 
activity of different echinocandins against Candida tropicalis biofilms. J Med 
Microbiol. 2011;60(11):1708-1710. 

135. Nissanka AP, Karunaratne V, Bandara BM, Kumar V, Nakanishi T, Nishi M, et al. 
Antimicrobial alkaloids from Zanthoxylum tetraspermum and caudatum. 
Phytochemistry. 2001;56(8):857-861. 

136. Cabral V, Luo X, Junqueira E, Costa SS, Mulhovo S, Duarte A. Enhancing activity of 
antibiotics against Staphylococcus aureus: Zanthoxylum capense constituents and 
derivatives. Phytomedicine. 2015;22(4):469–476. 

137. Misra LN, Wouatsa NA, Kumar S, Venkatesh Kumar R, Tchoumbougnang F. 
Antibacterial, cytotoxic activities and chemical composition of fruits of two 
Cameroonian Zanthoxylum species. J Ethnopharmacol. 2013;148(1):74-80. 

138. Nair JJ, Mulaudzi RB, Chukwujekwu JC, Van Heerden FR, Van Staden J. 
Antigonococcal activity of Ximenia caffra Sond. (Olacaceae) and identification of the 
active principle. S Afr J Bot. 2013;86(1):111-115. 

139. Craven RR, Gao X, Allen IC, Gris D, Bubeck Wardenburg J, McElvania-Tekippe E, et al. 
Staphylococcus aureus alpha-hemolysin activates the NLRP3-inflammasome in 
human and mouse monocytic cells. PloS One. 2009;4(10):1-11. 

140. Mahady GB. Medicinal plants for the prevention and treatment of bacterial 
infections. Curr Pharm Des. 2005;11(19):2405-2427. 



101 
 

141. Rohde H, Burandt EC, Siemssen N, Frommelt L, Burdelski  C, Wurster S. et al. 
Polysaccharide intercellular adhesin or protein factors in biofilm accumulation of 
Staphylococcus epidermidis and Staphylococcus aureus isolated from prosthetic hip 
and knee joint infections. Biomaterials. 2007;28(9):1711-1720. 

142. Gross M, Cramton SE, Götz F, Peschel A. Key role of teichoic acid net charge in 
Staphylococcus aureus colonization of artificial surfaces. Infect Immun. 
2001;69(5):3423-3426. 

143. Cucarella C, Solano C, Valle J, Amorena B, Lassa I, Penadés JR. Bap, a Staphylococcus 
aureus surface protein Involved in biofilm formation. J Bacteriol. 2001;183(9):2888-
2896. 

144. Beenken KE, Blevins JS, Smeltzer MS. Mutation of sarA in Staphylococcus aureus 
limits biofilm formation. Infect Immun. 2003;71(7):4206-4211. 

145. Stoldt VR, Sonneborn A, Leuker CE, Ernst JF. Efg1p, an essential regulator of 
morphogenesis of the human pathogen Candida albicans, is a member of a 
conserved class of bHLH proteins regulating morphogenetic processes in fungi. 
EMBO J. 1997;16(8):1982-1991. 

146. Van Vuuren SF, Viljoen AM. In vitro evidence of phyto-synergy for plant part 
combinations of Croton gratissimus (Euphorbiaceae) used in African traditional 
healing. J Ethnopharmacol. 2008;119(3):700-704. 

147. Briskin DP. Medicinal plants and phytomedicines: linking plant biochemistry and 
physiology to human health. Plant Physiol. 2000;124(2):507-514. 

148. Rıos JL, Recio MC. Medicinal plants and antimicrobial activity. J Ethnopharmacol. 
2005;100(1-2):80-84. 

149. Shibata H, Kondo K, Katsuyama R, Kawazoe K, Sato Y, Murakami K, et al. Alkyl 
gallates, intensifiers of beta-lactam susceptibility in methicillin-resistant 
Staphylococcus aureus. Antimicrob Agents Chemother. 2005;49(2):549-555. 

150. Sutherland IW. The biofilm matrix – an immobilized but dynamic microbial 
environment. Trends Microbiol. 2001;9(5):222-227. 

151. Lazar V. Quorum sensing in biofilms- how to destroy the bacterial citadels or their 
cohesion/power? Anaerobe. 2011;17(6):280-285. 

152. Shahzad M, Sherry L, Rajendran R, Edwards CA, Combet E, Ramage G. Utilising 
polyphenols for the clinical management of Candida albicans biofilms. Int J 
Antimicrob Agents. 2014;44(3):269-273. 

153. Gatto MT, Falcocchio S, Grippa E, Mazzanti G, Battinelli L, Nicolosi G, et al. 
Antimicrobial and anti-lipase activity of quercetin and its C2-C16 3-O-Acyl-Esters. 
Bioorg Med Chem. 2002;10(2):269-272. 

154. Jäger S, Mack D, Rohde H, Horstkotte MA, Knobloch JKM. Disintegration of 
Staphylococcus epidermidis biofilms under glucose-limiting conditions depends on 
the activity of the alternative sigma factor B. Appl Environ Microbiol. 
2005;71(9):5577–5581. 

155. Kolari M. Attachment mechanisms and properties of bacterial biofilms on non-living 
surfaces [dissertation]. Helsinki: University of Helsinki; 2003. 



102 
 

156. Tesaki S, Tanabe S, Ono H, Fukushi E, Kawabata J, Watanabe M. 4-hydroxy-3-
nitrophenylacetic and sinapic acids as antibacterial compounds from mustard seeds. 
Biosci Biotechnol Biochem. 1998;62(5):998-1000. 

157. Hooft Van Huijsduijnen RAM, Alblas SW, De Rijk RH, Bol JF. Induction by salicylic acid 
of pathogenesis-related proteins and resistance to alfalfa mosaic virus infection in 
various plant species. J Gen Virol. 1986;67(1):2135-2143. 

158. Gélinas P, McKinnon CM. Effect of wheat variety, farming site, and bread-baking on 
total phenolics. Int J Food Sci Tech. 2006;41(3):329-332. 

159. Aziz NH, Farag SE, Mousa LA, Abo-Zaid MA. Comparative antibacterial and antifungal 
effects of some phenolic compounds. Microbios. 1998;93(374):43-54. 

160. Fu J, Cheng K, Zhang ZM, Fang RQ, Zhu HL. Synthesis, structure and structure–activity 
relationship analysis of caffeic acid amides as potential antimicrobials. Eur J Med 
Chem. 2010;45(6):2638-2643. 

161. Charrouf Z, Guillaume. Argan oil: Occurrence, composition and impact on human 
health. Eur J Lipid Sci Technol. 2008;110(1):632-636. 

162. Cueva C, Moreno-Arribas V, Martín-Alvarez PJ, Bills G, Vicente MF, Basilio A, et al. 
Antimicrobial activity of phenolic acids against commensal, probiotic and pathogenic 
bacteria. Res Microbiol. 2010;161(5):372-382. 

163. Cesari I, Grisoli P, Paolillo M, Milanese C, Massolini G, Brusotti G. Isolation and 
characterization of the alkaloid nitidine responsible for the traditional use of 
Phyllanthus muellerianus (Kuntze) Excell stem bark against bacterial infections. J 
Pharm Biomed Anal. 2015;105(1):115-120. 

164. Miao F, Yang XJ, Zhou L, Hu HJ, Zheng F, Ding XD, et al. Structural modification of 
sanguinarine and chelerythrine and their antibacterial activity. Nat Prod Res. 
2011;25(9):863-875. 

165. Duraipandiyan V, Ignacimuthu S. Antibacterial and antifungal activity of flindersine 
isolated from the traditional medicinal plant, Toddalia asiatica (L.) Lam. J 
Ethnopharmacol. 2009;123(3):494-498. 

166. Del Poeta M, Chen SF, von Hoff, Dykstra CC, Wani MC, Manikumar G, et al. 
Comparison of in vitro activities of camptothecin and nitidine derivatives against 
fungal and cancer cells. Antimicrob Agents Chemother. 1999;43(12):2862-2868. 

167. Kosina P, Gregorova J, Gruz J, Vacek J, Kolar M, Vogel M, et al. Phytochemical and 
antimicrobial characterization of Macleaya cordata herb. Fitoterapia. 
2010;81(8):1006-1012. 

168. Friedman M, Henika PR, Levin CE, Mandrell RE, Kozukue N. Antimicrobial activities of 
tea catechins and theaflavins and tea extracts against Bacillus cereus. J Food Prot. 
2006;69(2):354-361. 

169. Kolodkin-Gal I, Romero D, Cao S, Clardy J, Kolter R, Losick R. D-Amino Acids Trigger 
Biofilm Disassembly. Science. 2010;328(5978):627-629. 

170. Bernal P, Llamas MA. Promising biotechnological applications of antibiofilm 
exopolysaccharides. Microb Biotechnol. 2012;5(6):670–673. 



103 
 

171. Van Tonder A, Joubert AM, Cromarty AD. Limitations of the 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay when compared to three 
commonly used cell enumeration assays. BMC Res Notes. 2015;8(47):1-10. 

172. Cordier W, Steenkamp V. Evaluation of four assays to determine cytotoxicity of 
selected crude medicinal plant extracts in vitro. Br J Pharm Res. 2015;7(1):16-21. 

173. Chen HM, Wu YC, Chia YC, Chang FR, Hsu HK, Hsieh YC. Gallic acid, a major 
component of Toona sinensis leaf extracts, contains a ROS-mediated anti-cancer 
activity in human prostate cancer cells. Cancer Lett. 2009;286(2):161-171. 

174. Kawada M, Ohno Y, Ri Y, Ikoma T, Yuugetu H, Asai T, et al. Anti-tumor effect of gallic 
acid on LL-2 lung cancer cells transplanted in mice. Anti-Cancer Drugs. 
2001;12(10):847-852. 

175. Sandjo LP, Kuete V, Tchangna RS, Efferth T, Ngadjui BT. Cytotoxic 
Benzophenanthridine and Furoquinoline Alkaloids from Zanthoxylum buesgenii 
(Rutaceae). Chem Cent J. 2014;8(61):1-5. 

176. Kamuhabwa A, Nshimo C, de Witte P. Cytotoxicity of some medicinal plant extracts 
used in Tanzanian traditional medicine. J Ethnopharmacol. 2000;70(2):143-149. 

177. Samie A, Obi CL, Lall N, Meyer JJ. In-vitro cytotoxicity and antimicrobial activities, 
against clinical isolates of Campylobacter species and Entamoeba histolytica, of local 
medicinal plants from the Venda region, in South Africa. Ann Tropical Med Parasitol. 
2009;103(2):159-170. 

178. Voss C, Eyol E, Berger MR. Identification of potent anticancer activity in Ximenia 
americana aqueous extracts used by African traditional medicine. Toxicol Appl 
Pharmacol. 2006;211(3):177-187. 

179. Middleton Jr E, Chithan K. The impact of plant flavonoids on mammalian biology: 
implications for immunity, inflammation and cancer. The flavonoids: advances in 
research since 1986. 1st ed. London: Chapman and Hall; 1994. p. 620. 

180. Hawley SA, Fullerton MD, Ross FA, Schertzer JD, Chevtzoff C, Walker KJ, et al. The 
Ancient Drug Salicylate Directly Activates AMP-Activated Protein Kinase. Science. 
2012;336(6083):918-922. 

181. Rajendra Prasad N, Karthikeyan A, Karthikeyan S, Reddy BV. Inhibitory effect of 
caffeic acid on cancer cell proliferation by oxidative mechanism in human HT-1080 
fibrosarcoma cell line. Mol Cell Biochem. 2011;349(1-2):11-19. 

182. Luo H, Jiang BH, King SM, Chen YC. Inhibition of cell growth and VEGF expression in 
ovarian cancer cells by flavonoids. Nutr Cancer. 2008;60(6):800-809. 

183. Alberts B, Johnson A, Lewis J, Raff M, Roberts K, Walter P. Apoptosis: programmed 
cell death eliminates unwanted cells. Molecular Biology of the Cell. 4th ed. New 
York: Garland Science; 2007. p. 1392. 

184.  South Africa. Deptartment of Health. 2013. Medicines and Related Substances Act, 
1965 (Act No. 101 of 1965): Amendment. Complementary and Alternative Medicine 
Regulations (CAMs). Government Gazette No. 37032:10054(581)15. (2013 
November 15).   



104 
 

Appendix 1 

 

 


	MSC dissertation_Cover page_Jayshri Rangasamy
	MSC dissertation_Introductory pages_Jayshri Rangasamy
	MSC dissertation_Chapters_Jayshri Rangasamy

