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Abstract

Microbial biofilm and quorum sensing are related traits employed by microorganisms to improve
their survival and virulence. They have been increasingly implicated in the food processing and
the medical industries where they cause surface and food surface contamination. In this thesis,
the available literature regarding the value of South African plants as potential sources of anti-
biofilm and quorum quenching bioactive secondary metabolites was surveyed. The literature
survey also covered antimicrobial activity investigations of medicinal plants against foodborne
pathogens. The survey revealed that a total of thirty plant species belonging to nineteen families
have anti-biofilm and quorum quenching capacity against foodborne pathogens. The survey
served to summarize present knowledge and to provide a basis for further investigation of South

African medicinal plants with known anti-biofilm and quorum quenching potential.

In subsequent research, the antimicrobial, anti-biofilm, antioxidant and cytotoxicity activities of
nine South African medicinal plants was evaluated. The plants (Combretum elaeagnoides,
Combretum molle, Combretum oxystachyum, Carpobrotus edulis, Vachellia rehmanniana,
Vachellia xanthophloea, Kigelia africana, Elephantorrhiza elephantina and Ochna pretoriensis)
were investigated. The selection of plant species was based on their known antimicrobial activity,
chemotaxonomic relationships to plant species with antibacterial activity, availability and/or the

existence of traditional uses against foodborne diseases.

The serial microdilution technique and the crystal violet assay were used to assess the
antimicrobial and anti-biofilm potential of the acetone and methanol extracts, fractions and
isolated compound. The antioxidant activity of the extracts, fractions and isolated compound was
determined wusing 2, 2-diphenyl-1-picrylhydrazyl (DPPH) and 2, 2'-azino-bis (3-
ethylbenzothiazoline-6-sulfonic acid) assays. The tetrazolium dye cell viability assay was used to

ascertain the cytotoxicity of the samples. The methanol extract of C. elaeagnoides was



fractionated into five fractions (hexane, dichloromethane, ethyl acetate, butanol and water) via
solvent-solvent fractionation. Column chromatography making use of silica gel as stationary
phase combined with gradient elution of increasing polarity using hexane and ethyl acetate was
used to isolate a bioactive compound via bioassay-guided fractionation. The isolated compound
was identified as quercetin 3-O-rhamnoside using mass spectrometry (MS) and nuclear magnetic

resonance (NMR).

The extracts of the nine plants were active against all selected test organisms with minimum
inhibitory concentration (MIC) values ranging from <0.02 to 2.5 mg/ml. The acetone extracts of
Vachellia xanthophloea, Combretum molle, and Carpobrotus edulis had excellent MIC activity of
<0.02 mg/mL against Enterobacter cloacae. The dichloromethane fraction of Combretum
elaeagnoides had the best MIC value of 0.03 mg/mL against Escherichia coli (ATCC 25922). The
result of the minimum bactericidal concentration (MBC) investigation showed that the acetone
extracts of C. elaesagnoides and C. molle had the best activity against E. coli (ATCC 25922) with
no growth at 0.31 mg/mL, and acetone extracts of C. elaeagnoides and V. xanthophloea against
Staphylococcus aureus at 0.63 mg/mL respectively. The acetone extracts of C. molle and V.
xanthophloea had the best MBC activity against the clinical isolate of E. coli (clinical isolate),
Campylobacter jejuni, and E. cloacae with 100% inhibition at 0.08, 0.31 and 0.02 mg/mL
respectively. The acetone extract of C. edulis also inhibited (100%) E. cloacae at 0.02 mg/mL.
The acetone extract of C. molle exhibited 100% inhibition against Salmonella Typhimurium,
Stenotrophomonas maltophilia and Klebsiella pneumoniae at 0.04, 0.16 and 0.08 mg/mL
respectively. The acetone extract of V. xanthophloea also exhibited 100% inhibition against
Salmonella Typhimurium and S. Enteriditis at 0.08 mg/mL. Of all the extracts, fractions and the
isolated compound, the acetone extract of C. molle had the best MBC against the tested

pathogens.



Most of the extracts, fractions and the isolated compound, quercetin 3-O-rhamnoside, selectively
reduced biofilm growth by at least 50% against the foodborne pathogens. The acetone extract of
C. molle had the greatest anti-biofilm activity against S. Typhimurium. The antioxidant assay
revealed that the methanol extract of V. xanthophloea had very good activity against the radical
scavenging DPPH while the acetone extract of C. edulis had excellent activity against the electron
reducing ABTS with ICso values of 0.14+0.11pg/mL and 0.01+0.02 pg/mL respectively. Most of
the fractions had good antioxidant activity against DPPH (ICso- 0.01 to >100 pg/mL) and ABTS
(ICs0= 0.01+0.007 to 20.00+1.79 pg/mL) radicals. The butanol fraction of C. elaeagnoides and
guercetin 3-O-rhamnoside had excellent antioxidant activity with the same ICso value of 0.01
pg/mL. The cytotoxicity assay revealed that most of the extracts were relatively safe to cells
except for the acetone extract of C. molle (0.01 mg/mL) and the methanol extract of O. pretoriensis
(0.02 mg/ml). Therefore the good antimicrobial activity of C. molle may be largely owing to non-

specific toxicity.

In summary, the study has established that the leaf extracts of the nine South African medicinal
plants as well as the fractions and isolated compound from C. elaeagnoides have antimicrobial,
antibiofilm and antioxidant potential and are generally relatively non-cytotoxic. Further work is
needed to explore the quorum quenching, synergistic effects and possible mechanisms of action

of the plants.
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Chapter One: General Introduction

1. Introduction

1.1. Background and motivation of study

Over the years, foodborne disease has become a global burden. The prevalence of foodborne
diseases differs from one country to the other. Reports show that, of every ten persons in the
world, at least one falls ill due to the consumption of food contaminated by foodborne pathogens
(WHO, 2015). Unfortunately, Africa has the highest burden of foodborne diseases, followed by
Southeast Asia, while Europe is reported to have the lowest prevalence of foodborne diseases

(WHO, 2015).

Despite this massive burden of foodborne diseases, many countries within the African continent
do not consider food safety to be a significant concern. In South Africa, like in many other African
countries, there is limited capacity to predict and trace foodborne diseases despite many
occurrences of such diseases, especially among school children (Niehaus et al., 2011; NICD,
2014a, b; Korsten et al., 2016). It is worrisome to note that foodborne diseases are expected to
increase in developing countries due to the consumption of contaminated food (Uyttendaele et
al., 2016), migration and increasing income. Other contributors to the increasing emergence of
foodborne diseases include poor sanitation, under-reporting of suspected foodborne cases,
dearth of infrastructure, poor practices in food establishments and poor knowledge of hygiene

(Kibret and Abera, 2012).

Migration and increase in per capita income with changing food habits has been strongly linked
to increased consumption of animal products, vegetables, fruits and other products from plants.
Following this high demand for food, are intensive and potentially unhealthy methods in animal
production (unregulated antibiotic use for increased productivity leading to the proliferation of

resistant pathogens) and plant cultivation or propagation, including animal manure use

17



contaminated with microbes, and unregulated use of herbicides causing emergence of resistant
pathogens. Also, via global trade comes an increased vulnerability to food contamination and
spread of foodborne pathogens following the movement of processed products (Foley et al.,

2008).

Foodborne pathogens can be classified as parasites, bacteria, fungi or viruses that cause illness
or food poisoning and in severe cases, death. In 2015, the WHO investigated the burden of
foodborne diseases caused by 31 agents including bacteria, parasites, viruses, toxins and
chemicals, reporting that every year, 600 million people fall ill globally after eating contaminated
food. According to the report, 420 000 people die, particularly more susceptible sectors of the
population, such as children under the age of 5 years. This is acknowledged by the WHO as a
serious public health concern, and the highest incidence and death rates were recorded as being
within the African and South-East Asian regions of the world. The report further revealed that 91
million people fall ill and 137 000 die every year from foodborne diseases within the African region,
with diarrhea said to be accountable for 70% of the foodborne diseases in the continent. The
significance of foodborne pathogens, resulting from their ability to form biofilms, has led to
significant economic losses in various nations (JamunaBai and Rai 2011). Biofilms are formed by
the increasing growth of microorganisms on a surface which changes and damages the
phenotype of the affected systems, thereby leading to contamination or infections (Samaranayake
2002). The use of natural plant products has increasingly become a recognised treatment for
several ailments, and this is one of the wealthiest growing sectors in the agribusiness industry
(Makunga et al., 2008). In the current study, extracts of nine South African plants were evaluated

for their antibacterial, anti-biofilm and antioxidant potential as well as their safety via cytotoxicity.

1.2. Hypothesis

18



e Some medicinal plants used traditionally in the control of foodborne pathogens may
have bioactive compounds
e The mechanism of action of the selected plants may be different from known

pathways of antibiotic action

1.3.  Justification
¢ Adherence of foodborne pathogens to food products or processing surfaces results
in severe public health risk and substantial economic losses
¢ Foodborne pathogens have become resistant to antibiotics due to their unregulated
or improper use among other reasons
¢ Biofilm formation and quorum sensing are responsible for many chronic microbial
infections, and plants with activity against biofilm formation and quorum sensing can

be useful in fighting infections

1.4. Aim

The aim of the study was to determine the antimicrobial, anti-biofilm and antioxidant potential as
well as the toxicological effects of selected South African medicinal plants against specific
foodborne pathogens. An additional aim was to isolate and characterize bioactive compound(s)

from one of the most active plant species.

1.5. Objectives
e To provide an extensive literature review on the potential of South African medicinal
plants with activity against microbial biofilm formation as well as quorum sensing of

foodborne pathogens
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e To determine the anti-biofilm, minimum inhibitory concentration (MIC) and the
minimum bactericidal concentration (MBC) of nine medicinal plants selected against
nominated foodborne pathogens

e To determine the antioxidant potential and cytotoxicity of the plant extracts

e Toisolate, characterize and test bioactive compound(s) from one of the selected

plants for antimicrobial, anti-biofilm, antioxidant and cytotoxic activities

The objectives of the study are addressed in Chapters Two to Four. Chapter Five deals with

general conclusions and recommendations for future work.
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Chapter Two: Literature Review

Preface

This literature review was submitted in a modified version to the South African Journal of Botany

(impact factor 1.504) as a review paper and was accepted. The reference is as follows:

Erhabor, C.R., Erhabor, J.O., McGaw, L.J. 2019. The potential of South African medicinal plants
against microbial biofilm and quorum sensing of foodborne pathogens: A review. In Press:

South African Journal of Botany.

2. Introduction

Globally, it is recognized that traditional medicinal remedies have potential to provide significant
benefits to human and animal health, as well as to impact on national income. Traditional
remedies have generated great interest worldwide as a striking alternative to synthetic drugs. This
is due to the high cost of research for development of chemical drugs and lack of technological
facilities, especially in developing countries. Importantly, using natural remedies in developed
countries as an alternative or complementary remedy for treating different diseases has also

gained global attention.

In South Africa, a large percentage of the population (80%) rely on local medicines, majorly from
plants, to manage their diseases and meet their health care needs (Street and Prinsloo, 2013).
Plants are known to have a myriad of bioactive secondary metabolites with a broad spectrum of
activities, making them a potential source of new antibiotics (Abdalla and Matasyoh, 2014). In
scientific terms, plant secondary metabolites have attracted much interest in discovery and

industrial development of drugs.
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Quorum sensing and formation of microbial biofilms are two linked traits that have been developed
by microorganisms to enhance their survival and increase virulence. They may cause severe
infections in humans as their occurrence makes it difficult to treat commonly encountered
infections, with a high possibility of recurrent infections. Microbial biofilms and quorum sensing
have also been increasingly implicated in the food processing and medical industry where they
have caused food and surface contamination (Sandasi et al., 2011). This has made foodborne
pathogens resistant to antibiotics. Moreover, most infectious diseases are caused by bacteria
which multiply within quorum sensing (QS) facilitated biofilms. Efforts to disrupt these biofilms
have enabled the identification of biologically active molecules produced by prokaryotes and
eukaryotes (Kalia, 2013). As a result of evolving resistance, some commonly used control
methods have become ineffective. In this study, the potential of South African medicinal plants
with anti-biofilm and quorum quenching abilities are highlighted as a basis for their further
investigation as well as to promote investigation of new plants with chemotaxonomic relationships

to active plants.

2.1 Medicinal plants and antimicrobial activities

Medicinal plants form an integral part of the world healthcare system, providing affordable,
accessible and relatively cheap herbal drugs with cultural implications. Their wide acceptance has
led to sourcing for new, affordable and efficacious novel medicines to treat microbial diseases.
Infectious diseases caused by bacteria, fungi and viruses are globally of major concern, especially
in sub-Saharan Africa (Istariz and Carbon, 2000). These concerns stem from the resistance posed
by these microorganisms, toxicity and high cost of available drugs thus limiting their potency and
use.

However, due to the alarming rate of illnesses caused by antibiotic-resistant microorganisms,

awarenes in the use of medicinal plants as another source to conventional medicine has greatly
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increased in recent years (Dehghan et al., 2014). Some medicinal plants and their constituents
are promising sources of antimicrobial agents. Thus, studies on the anti-infective activities of
medicinal plants has become a progressive trend. No doubt, with advances in laboratory
techniques, reinvigorated interest in the field and scientific validation of the folk/local use, there
exists a possibility to incorporate traditional medicines into the treatment regimens of conventional
healthcare systems (van Vuuren, 2008). A recent review (van Vuuren and Holl, 2017) discussed
the important approaches used by researchers in screening or validating medicinal plants for anti-
infective activities. The foremost approach is examining the ethnobotanical use of the plant with
a follow up test on the relevant pathogen(s) based on the folk use. Another approach, though a
relatively new area, is by evaluating pathogen(s) which may act as a trigger for other diseases.
Additionally, chemotaxonomy, synergistic studies of the plants with known antibiotics and
prevention/inhibition of cell-to-cell communication (biofilm formation, metabolic activity and
guorum sensing) are other approaches that have been adopted in determining antimicrobial

activity or efficacy of plants.

2.2 Foodborne pathogens and their public health importance

A common determinant of healthcare is the intake of safe food. As a result of urbanization and
increase in per capita income with changing food habits, there has been a surge in the
consumption of animal products, vegetables, fruits and other products from plants. Following this
high demand for food, are sometimes intensive and unhealthy methods of animal production
(unregulated use of antibiotics for increased productivity leading to proliferation of resistant
pathogens) and plant cultivation or propagation, for example animal manure used may be
contaminated with microbes, and unregulated use of herbicides may cause emergence of
resistant pathogens. Also, with global trade comes an increased risk of food contamination and

spread of foodborne pathogens due to the movement of processed products (Foley et al., 2008).
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These foodborne pathogens can comprise parasites, bacteria, fungi or viruses, which affect both
humans and animals through consumption of undercooked food, poultry products, juice,
unpasteurized milk, fruits, and vegetables as well as through contact of food with contaminated
hands. This causes illness or food poisoning and, in severe cases, death. It has been reported
that Escherichia coli, Staphylococcus aureus, various serovars of Salmonella enterica,
Salmonella typhimurium, Listeria monocytogenes, Clostridium botulinum, Vibrio vulnificus and
Vibrio parahaemolyticus are the most common bacteria causing foodborne diseases (Busani et
al., 2006; Hoque et al., 2007; Gerner, 2008). Other pathogens include Penicillium expansum,
Bacillus cereus and Pseudomonas aeruginosa. In 2015, the WHO reported the burden of
foodborne diseases caused by 31 agents, including bacteria, parasites, viruses, toxins and
chemicals. The report posited that every year, 600 million or about 1 in 10 persons in the world,
fall ill after eating contaminated food. According to the report, 420 000 people die annually, with
children under the age of 5 years being particularly susceptible. Acknowledged by the WHO as a
serious public health concern, the highest incidence and death rates were within the African and
South-East Asian regions of the world. The report further revealed that 91 million people fall ill
and 137 000 die every year from foodborne diseases within the African region with diarrhea said

to be a factor in 70% of foodborne diseases in the region.

Foodborne diseases can result in immediate symptoms, such as nausea, diarrhea and vomiting
(food poisoning), but can also cause long-term illnesses, for example cancer, liver and kidney
failure, or brain and neural disorders. Such diseases may be very serious in children, antenatal
women, the very old and those with weak immune systems. Some foodborne pathogens like
Bacillus spp., Campylobacter jejuni, Pseudomonas spp., Salmonella spp. and Yersinia
enterocolitica have been identified to form biofilms leading to bacterial resistance to drugs (Bridier

et al., 2015).
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2.3 Resistance of foodborne pathogens, quorum sensing and biofilm formation.

Antibiotic resistance is one of the greatest public health threats experienced by both humans and
animals. Combating this threat is a priority that deserves attention from stakeholders/sectors
globally (CDC, 2018). Antibiotic resistance in foodborne pathogens has assumed an enduring
public health threat with trends based on the tracked data analyzed by the Center for Disease

Control and Prevention (CDC) (ICT, 2014).

Foodborne pathogens have become significant problems in the food industry following their strong
ability to adhere to, produce and accumulate extracellular matrix composed of one or more
polymeric substances (protein, extracellular DNA, humic substances and polysaccharide) and
other molecules involved in cell-to-cell communication (Flemming and Wingender, 2010). This
has led to their resistance to drugs, which results in food spoilage despite the availability of
modern food preservation techniques. In recent times, communication between bacterial cells has
received attention to elucidate the role of quorum signals in enhancing attachment as well as
growth of pathogenic bacteria in food substances (JamunaBai and Rai, 2011). Again, several
biochemical processes including proteolytic as well as lipolytic activities associated with food
deterioration are said to be regulated by quorum sensing (Ragaert et al., 2007). Identification of

guorum signals in spoiled food products is a novel approach to prevent the food spoilage process.

Quorum sensing is a system of chemical communication that boosts the survival of bacteria,
and allows resident bacteria to undertake specialized roles which are vital for intra- and inter-
bacterial gene regulation, and to keep bacterial colonies intact. Quorum sensing plays a critical
role in regulating diverse cellular functions in bacteria, including bioluminescence, virulence
gene expression, mating, sporulation and biofilm formation leading to antibiotic resistance.
This involves numerous processes and molecules, such as specific signaling molecules called
auto-inducers that have the ability to bind to and subsequently activate receptors that

transduce the quorum sensing signal into intracellular secondary messenger responses,
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almost similar to the process of ligand — receptor interaction (Raffa et al., 2005; Li and Nair

2012).

One popular auto-inducer that has been researched intensively in Gram-negative bacteria is
N-acyl homoserine lactone (AHL) (Fuqua et al., 2001). AHL is produced by Luxl auto-inducer
homologues and binds particularly to LuxR receptor protein to initiate the expression of specific
genes, including virulence factor production in Pseudomonas aeruginosa (Lasl/R) (Parker and
Sperandio, 2001). It is worthy to note that Gram-positive bacteria use oligopeptides to
communicate (Bacha et al., 2016). Equally, following the implication of quorum-sensing
signaling molecules in food spoilage, an approach was established to break the complex
communication system of these microorganisms. This approach, known as quorum quenching
(anti-quorum sensing), can interrupt or prevent microbial communication instead of eliminating
the microorganism (El-Hamid, 2016). It interrupts the signal molecules that are produced and
secreted by the microorganisms via quorum sensing inhibitors such as AHL- lactonase, AHL-
acylase and paraoxonase enzymes (Adak et al., 2011). The mechanism of quorum quenching
is to bind to the relevant signal receptor and control gene expression in the microbial
metabolism. This invariably blocks the signal molecules from the receptors and the resultant
cumulative behavior cannot be regulated by the signaling mechanism. Targeting of the quorum
sensing mechanism is a new strategy aimed at preventing the pathogen and spoilage
microorganisms and biofilm matrix produced by them which could be found in food products.
Quorum sensing activities can only occur when a specific cell density is attained by bacteria
(biofilm formation). These activities remain inactive if performed by a bacterium but if carried

out by a community of bacteria it then becomes active.

Adherence of these foodborne pathogens to the food product or the processing surfaces results
in severe public health risks and huge economic losses (Chmmielewski and Frank, 2003).

Bacterial migration or settlement of microorganisms on non-living material (biofilm formation) have

26



a detrimental value in medicine (medical devices, artificial organ contaminations, pathological
human tissues and organs) and in some economic fields such as growth on the wall of
fermentation processes, contamination of food processing equipment, contamination of water
pipelines, industrial piping, ventilation etc. Bacterial biofilms are by nature pathogenic and often
cause nosocomial infections. Biofilms have great significance to public health and food industries,
as biofilms can render inhabitants of such films resistant to antimicrobial agents and cleaning
(Choisy, 2011). Moreover, the effectivity of antimicrobial agents against biofilms cannot be
exclusively determined via standard microdilution testing. This is because these tests rely upon
the response of planktonic (suspended) form of the organism rather than the biofilm (surface-
associated) formed by the organisms. Therefore, susceptibility of the organisms against the
antimicrobial agents should include susceptibility determination directly against biofilm formed by

the respective organisms, preferably under conditions that simulate conditions in vivo.

A report by the National Institute of Health (NIH) revealed that biofilm formation is responsible for
65% and 80% of all chronic and microbial infections respectively. Hence, microbial activity is the
most common cause of food spoilage (Christensen et al., 2003). This has made it necessary to
investigate the adhesion processes of the microorganism and surface contents. In order to reach
this objective, increasing attention is being paid to the physiology and genetics of the initial stages
of adhesion and the description of the regulatory networks allowing the developmental processes
necessary for the structural development of biofilms and the usage of plants with anti-biofilm
activities. This would help find non-toxic surface treatments that can detach the microorganism

from the location they usually contaminate, especially in in-dwelling devices.

A biofilm is a thin layer of microorganisms adhering to an organic or inorganic surface of a
structure, together with the secretion of polymers (Saunders, 2003). It also comprises any cross
feeding group of microorganisms in which cells attach to each other and frequently also to a

surface. These adherent cells become entrenched within a slimy matrix which is composed of
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extracellular polymeric substances (EPS). The cells inside the biofilm produce the EPS contents
which are most commonly a polymeric conglomeration of extracellular polysaccharides, lipids,
proteins and DNA. This establishes the functional and structural integrity of the biofilms. These
EPS are considered the fundamental component that determines the physiochemical properties
of a biofilm. The adhering surface can be living (tooth enamel, heart valves, the lungs or middle
ear) or non-living, and its moisture content makes it a good site for biofilm formation as biofilms
thrive on wet or moist surfaces (Hall-Stoodley et al., 2004; Lopez et al.,2010; Aggarwal et al.,
2016). The interactions and associations of bacterial communities (biofilm formation), enable
bacteria to colonize a surface, thereby altering their phenotype and making conditions suitable for
them to survive and multiply. This process (biofilm formation) in turn encourages microbial
development (Rodney, 2001). At this stage, they send several exterior and interior signals to
effectively produce a new morphological structure that is adapted to endurance in a variety of
harsh environments (O’Toole et al., 2000). This in most cases leads to resistant spore formation,
especially in Gram-negative bacteria. Bacterial invasion on non-living (abiotic) materials and
biofilm formation can include one microbial species or many microbial species and can form on a
surface. Mixed-species biofilms are predominant in most environments and are infectious in
nature. This is especially true for the food industries as biofilms can render organisms on such
films resistant to antimicrobial agents and washing (Chmielewski and Frank, 2003; Jamal et al.,
2018). Henceforth, the activities of microorganisms can be regarded as the most common cause
of food spoilage (Christensen et al., 2003). Accordingly, contaminated foods are a huge problem
in health care, with serious acute diseases often resulting from poisoned food . Regular
preservatives can often produce unpleasant by-products, so finding an alternative, efficient
natural antimicrobial agent(s) to partially (synergistically) or wholly replace them has become

essential (Nazir, 2017).
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2.4 Medicinal plants: an alternative to fighting microbial resistance

The rapid spread of foodborne pathogens and emergence of antibiotic resistant microbial strains
coupled with the alarming failure of available chemotherapeutics has led to the search for
alternatives including medicinal plants. A large number of studies, though not exhaustive, has
shown the antimicrobial potential of South African traditional medicinal plants (Eloff, 1999, 2001;
McGaw et al., 2002; Mahlo et al., 2010; Koh et al., 2013; Nair and Van Staden 2014, Cock and
van Vuuren, 2015; Hussain et al., 2016; Motlhatlego et al, 2018). Generally, natural products have
been identified to play a highly interesting role in interfering with the microbial cell to-cell
communication processes of quorum sensing (Koh et al., 2013). The effects of plant extracts,
fractions and plant-derived compounds on bacterial cell-to-cell communication and biofilm
formation are yet to be fully explored. Targeting this communication system of microorganisms
becomes vital as it is thought that many bacteria make use of chemical signaling systems to
control cellular behaviors which are triggered by the local bacterial population density for effective
colonization and manipulation of host organisms (Blackwell and Fuqua, 2011). For microbial
biofilms, methods such as physical, chemical and biological techniques have been adopted
(Kumar and Anand, 1998; Steinberg, 2005). The common physical methods include scraping,
brushing, heat and mechanical scrubbing, as well as high-pressure spraying (Dreeszen, 2003)
while common chemical biocides like detergents, disinfectants and preservatives are also used.
Bacteriocins and enzymes make up the common bio-control agents used mainly in the food
industry, though on a small scale. The use of these biological agents faces limitations such as
availability and cost (Kumar and Anand, 1998). Although there are control agents for preventing
or eradicating microbial biofilms, most of these agents may become ineffective due to increased
resistance conferred by the microbial sessile cells. This has led to much interest in seeking

alternatives from natural sources like plants. These new biological agents from plants are
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expected to either prevent or inhibit cell adhesion, biomass formation and metabolic activities, or

disrupt the phenotypic features of the organism.

2.5 Indigenous and naturalized South African medicinal plants with anti-biofilm and

guorum quenching activities

Over the years, medicinal plants have been shown to have exciting therapeutic value worldwide.
This has been corroborated by the World Health Organization, which estimates that 70-80% of
the world population still uses traditional remedies (WHO, 2008; Arunkumar et al., 2009) with over
35 000 plant species used to treat severe ailments in many human cultures (Koshy et al., 2001).
These plants include medicinal plants which form an essential part of the African culture due to
their long history of use and probable safety (Bacha et al., 2016; Gidey et al., 2009). No doubt,
African traditional medicine is the most ancient medicinal system, as Africa is culturally known as
as the Cradle of Mankind (Gurib-Fakim, 2006). South Africa, an African country with a range of
climatic conditions, possesses an uncommon and diverse botanical heritage with over 30 000
plant species, of which 3 000 species are used for therapeutic purposes. The plants are richly
diversified and are mostly endemic (Van Wyk et al., 1997; Mulholland, 2005). Many South
Africans depend on medicinal plants for their health care needs, including patients who use
conventional drugs (Ahmed et al., 2012). South Africa is home to nearly 10% of the vascular plant
species diversity of the world, a possible source of undiscovered bioactive metabolites with
activity against a variety of bacterial and fungal pathogens (Shai et al., 2008). In 2002, Van Wyk
in his review of South African literature reported a wide array of research activity where traditional
medicinal practices were used to treat diverse infections/diseases including skin diseases, urinary
tract infections, tuberculosis and gastrointestinal infections/disorders. Available scientific reports
have alluded to the use of medicinal plants as a valuable source of treatment in virtually all
cultures worldwide. This is due to the presence of important antimicrobial principles, immune
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boosting properties and general maintenance of health, thus enabling prevention and cure for a
myriad of diseases and disorders of human and animal origin (Baquar, 1995, Nair and Van Staden
2014, Mahima et al.,2012; Rahal et al., 2014b). Many South African plants have been reported to
have medicinal properties such as antimicrobial activities (Adamu et al., 2012; Sharma and Lall,
2014; Mthethwa et al., 2014; Aro et al., 2015; Elisha et al., 2017; Ramadwa et al., 2017; Van
Vuuren and Holl 2017, Omokhua et al., 2018), anti-diabetic (Afolayan and Sunmonu, 2011;
Olaokun et al.,, 2013; Georgekutty, 2015; Hafsa et al., 2016; Olaokun et al., 2017), anti-
inflammatory and antioxidant (Otang et al., 2012; Dzoyem and Eloff, 2015; Adebayo et al., 2015,
Ondua et al.,2019) and anti-parasitic properties ( Aremu et al., 2010; Maphosa and Masika, 2012;
Ademola and Eloff, 2010; Mokoka et al., 2014). Table 2.1 presents a list of South African plants

(indigenous and naturalized) with potential against microbial biofilms and quorum sensing.
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Table 2.1. Native and naturalized medicinal plants of South Africa with anti-biofilm (anti-BF) and quorum quenching (anti-QS) activities

Plants species Uses and biological Plant part Tested strains Scientific validation (anti-BF
(Family) activities tested and anti-QS activities)
Agathosma betulina  The essential oils and Leaves Pseudomonas 280% inhibition of pyocyanin
(P.J.Bergius) Pillans  extracts of the leaves are aeruginosa and LasB Elastase production
(Rutaceae) used as flavours for teas, in P.aeruginosa showed the
candy and a liquor known as plant has anti-QS activity
buchu brandy. It has diuretic (Cosa and Chenia, 2014)
and properties
Agave sisalana The sap is used as binding Leaves Clinical isolates of Reduction of biofilm biomass

Perrine.

(Agavaceae)

agent in some powder used
as poultices on wounds. It is
used for the treatment of
diarrhea, dysentery,
indigestion, flatulence,
constipation, jaundice and
has antiseptic, diaphoretic,
diuretic and laxative
properties. Also used in
textiles industry, and other
handicrafts (Lust, 1983;
Chopra et al., 1986;

Chevallier, 1996; Anonymous

P. aeruginosa 1, 2, S.

aureus and C.

albicans

formation of P. aeruginosa
isolate 2 by 87.5% at
0.3mg/ml. Las A protease
activity of P. aeruginosa
isolate 1 was inhibited (65.2%)
at 10.4 mg/ml (Al-Refi, 2016)



1995; Duke and Ayensu
1983))

Artemisia absinthium
L.
(Asteraceae)

Aspalathus
linearis (Burm.f.)
R.Dahlgren

(Fabaceae)

Boswellia serrata
Triana & Planch.

(Burseraceae)

Used in beverages and wine.
It is used for dyspepsia, as a
bitter to counteract poor
appetite and against various
infectious diseases, Crohn's
disease, and IgA nephropathy
(Krebs et al., 2010)

Used as milk substitute for
infants prone to colic and to
treat eczema (Van Wyk
1997). It also has
antispasmodic, antioxidant
and antifungal activities and
commonly used in cosmetics
(Sandasi et al., 2010)

It is used to treat
inflammatory diseases, such

as arthritis, osteoarthritis,

Leaves

Leaves

Leaves
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Clinical isolates of

P. aeruginosa 1, 2, S.

aureus and C.

albicans

Listeria
monocytogenes
(ATCC 19111) and
clinical strain (Cl001)

Pseudomonas
aeruginosa ATCC
35032

Inhibition (47.8%) of biofilm
formation of P. aeruginosa
isolate 2 as well as minimal
reduction (47.8%) of
pyocyanin production of P.
aeruginosa isolate 1.
Reduction (52.4%) of LasA
protease activity of P.
aeruginosa isolate 1 was
reported (Al-Refi, 2016)

Dichloromethane/methanol
extracts had anti-BF activity by
inhibiting listerial cell
attachment by 55% and 70%
respectively (Sandasi et al.,
2010).

290% reduction of P.

aeruginosa biofilm formation



Centella asiatica
(L.) Urb.
(Apiaceae)

and IBD, and is also effective
in preventing lipid oxidation,
also used as incense in
religious and cultural
ceremonies (Kimmatkar et al.,
2003)

Used to treat leprosy, Leaves
wounds, cancer, fever,

syphilis and applied as

diuretic and purgative (Van

Wyk et al., 1997).
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Chromobacterium
violaceum (ATCC
12472), C. violaceum
(ATCC31532), a
mini-Tn5 mutant C.
violaceum (CV026),
and Pseudomonas

aeruginosa (PAO1)

Anti-BF activity (decreased
biofilm formation by > 80%)
against P. aeruginosa PAO1
at 400 pg/ml. At 80 pg/disc,
ethanolic extract had anti-QS
activity revealing pigmentless
zone (20 mm) indicating
violacein inhibition around the
disc against C. violaceum
CV026 while the ethyl acetate
fraction at 100ug/ml had >
50% inhibition and at 400
pg/ml completely inhibited the
violacein production of C.
violaceum (ATCC12472). AHL
(N-acyl homoserine lactone)-
mediated violacein production

in C. violaceum AT31532 was



Cinnamomum
zeylanicum Blume

(Lauraceae)

Cuminum cyminum L.

(Apiaceae)

To remedy respiratory,
digestive and gynaecological
ailments (Ranasingh et al.,
2003).

Used for treatment of

diarrhea, colic, bowel spasms,

Sticks

Groundseed
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Clinical isolates of
P. aeruginosa 1, 2, S.
aureus and C.

albicans

Clinical isolates of

P. aeruginosa 1, 2, S.

also inhibited at 100 — 400
pg/ml. The anti-QS activity
was also reflected in the
inhibition of elastolytic and
proteolytic activities at 200
ug/ml by > 50% inhibition and
complete inhibition at 400
ug/ml was observed against P.
aeruginosa PAO1. Complete
inhibition of swarming motility
in P. aeruginosa PAOL1 at 50
ug/ml was also observed
(Vasavi et al., 2014)
Inhibition of P. aeruginosa
isolate 2 biofilm biomass
formation and reduction
(44.3%) of pyocyanin
production of P. aeruginosa
isolate 1 at 7.8 mg/ml. Slight
reduction (22.9%) of LasA
protease activity was also
reported(Al-Refi 2016)
Reduction of P. aeruginosa

isolate 2 biofilm biomass


https://www.webmd.com/digestive-disorders/digestive-diseases-diarrhea
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Echinacea
angustifolia DC.
(Asteraceae)

and gas. Also used to relieve
bloating by increasing urine
flow as a diuretic; to

start menstruation and as an
aphrodisiac. Used to boost
immune system, to treat
rheumatism, used as a
flavoring component and as
fragrance in cosmetics
amongst others (Goreja,
2003).

Used against acid indigestion,
chronic fatigue syndrome,
attention deficit-hyperactivity
disorder (ADHD), gum
disease, migraine and pain,
diphtheria, dizziness, genital
herpes, syphilis, malaria,
typhoid, rattlesnake bite,
rheumatism, septicemia,
influenza, tonsillitis, urinary
tract infections and vaginal
yeast infection (Nordqvist,
2017)

Ground plant
material

(leaves)

36

aureus and C.

albicans

Listeria
monocytogenes
ATCC 19111

formation by 46.1%. Slightly
reduced pyocyanin production
in P. aeruginosa isolate 1 by
32.4% inhibited motility of both
strains of P. aeruginosa at
10.4 mg/ml respectively. (Al-
Refi, 2016)

Inhibition (77%) of cell
adhesion and a reduction in
listeria metabolic activity
(Sandasi et al., 2011)


https://www.webmd.com/women/tc/normal-menstrual-cycle-topic-overview
https://www.webmd.com/beauty/makeup/rm-quiz-makeup
https://www.medicalnewstoday.com/articles/163484.php
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https://www.medicalnewstoday.com/articles/159534.php
https://www.medicalnewstoday.com/articles/151739.php
https://www.medicalnewstoday.com/articles/150670.php
https://www.medicalnewstoday.com/articles/156859.php
https://www.medicalnewstoday.com/articles/156497.php
https://www.medicalnewstoday.com/articles/189953.php
https://www.medicalnewstoday.com/articles/189953.php

Eucalyptus globulus
Labill.
(Myrtaceae)

Foeniculum
vulgare Mill. var.
vulgare
(Apiaceae)

Used as herbal tea, bio-
pesticide, flavouring, and in
perfumery. Also has
antimicrobial properties (Yang
et al., 2004).

Mature fruit and essential oil
used to flavouring food
products such as liqueurs,
bread, pastries, pickles and
cheese. They also form
constituents of
pharmaceutical and cosmetic
products (Piccaglia and
Marotti, 2001). Herbal drugs
and essential oils from the
plant have hepatoprotective
effect (Ozbek et al., 2003), as
well as antispasmodic effects
(Reynolds, 1982). They are
also known for their diuretic,
anti-inflammatory, analgesic
and antioxidant activities
(Choi and Hwang, 2004).

Essential oil

Aerial parts
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Acinetobacter

baumannii

P. aeruginosa PaO1

Regulates production of
violacein pigment in A.
baumanni (Myszka et al.,
2016)

Inhibited formation of biofilm
by P. aeruginosa PaO1 (Artini
et al., 2018)



Glycyrrhiza
glabra L.

(Fabaceae)

Hibiscus sabdariffa L.

(Malvaceae)

Used to treat arthritis, mouth Rhizome
ulcers and liver detoxification
(Walters, et al., 2006). Anti-
Helicobacter pylori and
antibacterial activities of G.
glabra flavonoids reported
(Taga, et al., 2003; Riedel et
al ., 2006) Plant is also used
as a flavoring agent for [,
candies and sweets. The root
is used as a mouth freshener

(Assadourian, 2005)

Used to treat high blood Leaves
pressure, gastrointestinal

disorders, diaphoresis, and

anuria. It has aphrodisiac

activity and can be used as

tea (Orisakwe et al., 2004;

Lans, 2006; Seujany et al.,

2013)
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Clinical strains of
Acinetobacter
baumannii (C1-4,
ATCC 17978 and
19606) and A.
nosocomialis M2

Clinical isolates of

P. aeruginosa 1, 2, S.

aureus and C.

albicans

Active fraction at 0.5 mg/ml
significantly reduced (20-70%)
surface motility of the clinical
strains. Biofilm index of A.
baumannii was significantly
reduced (30 -70%) at 2 mg/ml.
The active fraction also
exhibited anti-QS activity by
decreasing (56-86%) the
production of AHLs at 0.5
mg/ml against A.nosocomialis
M2 and A. baumannii(clinical
isolates) (Bhargava et al.,
2015)

Reduced P. aeruginosa isolate
2 biofilm biomass formation
(84.6%) at 0.01 mg/ml. P.
aeruginosa isolate 1
pyocyanin production was
reduced by 47.8% at 0.3
mg/ml while the motility of P.
aeruginosa isolate 1 and 2 at
0.08 and 0.1 mg/ml was
inhibited (Al-Refi, 2016).


https://en.wikipedia.org/wiki/Tobacco
https://en.wikipedia.org/wiki/Liquorice_(confectionery)

Kigelia africana
(Lam.) Benth.

(Bignoniaceae)

Lawsonia inermis L.
(Lythraceae)

Marrubium vulgare L.

(Lamiaceae)

Boiled chopped bark and fruit
taken orally for blood
cleansing and pelvic pains
during pregnancy.

The back is peeled from both
the east and west side of the
tree and chopped with
Acalypha vilacaulus root and
boiled; this is taken to induce
lactation by a new mother
following delivery (De Wet
and Ngubane 2014)

For the treatment of burn
wound infections
(Muhammad and
Muhammad, 2005)

Used against ear and eye
problems, worms, colds,
whooping cough and non-
productive coughs of

bronchitis and tuberculosis.

Fruit

Leaves

Leaves
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Pseudomonas

aeruginosa

Clinical isolates of

P. aeruginosa 1, 2, S.

aureus and C.

albicans

Pseudomonas

aeruginosa

280% inhibition of pyocyanin
and LasB Elastase production
of P. aeruginosa (Cosa and
Chenia, 2014)

Inhibition (62%) of P.
aeruginosa isolate 2 biofilm
formation at 0.1mg/ml. Anti-
QS activity showed reduction
(39.2%) of pyocyanin
production in P. aeruginosa
isolate 1 (Al-Refi, 2016)
Ethanol extract inhibited
biofilm biomass formation by
53% at 0.6 mg/ml. The anti-
QS activity revealed a

reduction in P. aeruginosa



Mentha longifolia
(L.) Huds.

(Lamiaceae)

Also, to treat bites from rabid
dogs, respiratory ailments,
catarrh and sore throats, and
as a laxative, sedative and a
cure for poisoning (Tyler,
1993; Newall et al., 1996;
Moerman, 1998). Leaves and
young stems are antiseptic,
antispasmodic, diuretic,
stimulant, expectorant
diaphoretic, anti-diabetic, and
are used as emmenagogues,
cholagogues and tonics
(Chiej, 1984; Bown, 1995)
Used for the treatment of
cough, cold, asthma and
other respiratory ailment (Van
Wyk, 1997).

Leaves
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Clinical isolates of
P. aeruginosa 1, 2, S.
aureus and C.

albicans

isolate 2 pyocyanin production
(signaling factor) by 42.6%
and inhibited by 48% P.
aeruginosa isolate 1

Las A protease activity (Al-
Refi, 2016).

Ethanolic extract reduced
biofilm biomass formation of P.
aeruginosa isolate 2 by 81.2%
at 0.3 mg/ml. Anti-QS activity
by decreasing pyocyanin
production by P. aeruginosa
isolate 1 (32.4%). A reduction
in Las A protease activity of P.

aeruginosa isolate 1 by 66.8%



Pelargonium x
hortorum L.H. Bailey.

(Geraniaceae)

Pelargonium sidoides
DC.

(Geraniaceae)

Portulaca oleracea L.

(Portulacaceae)

Used in treating fever,
dysentery, diarrhea, wounds, and stalks
respiratory tract infections,

gastroenteritis, liver

complaints, haemorrhage and

kidney and bladder disorders

(Bakker et al., 2004).

Infusion of the tubers are
used to treat diarrhea,
dysentery and bronchitis in
children (Van Wyk et al.,
1997)

It is edible and a good Leaves
remedy for headaches,

inflammation of the eyes and

other organs. It can be used

for burning of the stomach,

erysipelas, disorders of the

bladder, numbness of the
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Leaves, flower

P. aeruginosa
(isolate 1 and 2), S.
aureus and C.
albicans (Clinical
isolates).

P. aeruginosa

Clinical isolates of

P. aeruginosa 1, 2, S.

aureus and C.

albicans

at 5.2 mg/ml was also reported
(Al-Refi 2016)

Anti-BF activity was by
reduction of P. aeruginosa
isolate 2 biofilm biomass
formation by 85.7% at 0.005
mg/ml. Anti-QS activity
showed 59.8% reduction of
Las A protease activity. Also,
P. aeruginosa isolate 2 motility
at 0.02 mg/ml was significantly
inhibited (Al-Refi, 2016)

The ethanolic extract inhibited
violacein production by 280%
at 2250 yL (Cosa and Chenia,
2014)

Biofilm biomass formation of
P. aeruginosa isolate 2 was
inhibited (66.6%) at 1.3mg/ml.
Las A protease activity of P.
aeruginosa was reduced
(20.2%) at 10.4 mg/ml (Al-
Refi, 2016).


https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/paresthesia

Punica granatum L.
(Lythraceae)

Salvia officinalis L.

(Lamiaceae)

teeth, excessive sexual
desire, burning fevers,
worms, dysentery,
hemorrhoids and bites
(Iranshahy et al., 2017).

Fruit rind is astringent. Whole
fruit act as laxative. The plant
has antifungal, CNS
depressant, diuretic, and
hypothermic activities. It also
has excellent activity against
giardiasis (Yogeeta et al.,
2007).

Used internally for mild
dyspepsia, heartburn,
flatulence and against
excessive sweating. The
leaves support
gastrointestinal function and
used for the symptomatic
treatment of mouth, gum and

throat inflammation and to

Peels

Leaves and

flowers
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Pseudomonas
aeruginosa 2
isolates, S. aureus

and C. albicans

Clinical isolates of
P. aeruginosa 1, 2, S.
aureus and C.

albicans

The ethanolic extract showed
a reduction in P. aeruginosa
biofilm biomass formation by
61% at 0.005 and 0.5 mg/ml.
Inhibition of P. aeruginosa
isolate 1 and 2 motility at 0.04
and 0.005 mg/ml and the
reduction of Las A protease
activity by 58.3% was
observed (Al-Refi, 2016)
Anti-BF activity revealed 40%
reduction in P. aeruginosa
biofilm formation while 44.3%
reduction of pyocyanin
production was reported (Al-
Refi, 2016)


https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/dysentery
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/hemorrhoid

Sutherlandia
frutescens
(L.) R.Br.
(Fabaceae)

Tamarix aphylla (L.)
Karst.

(Tamaricaceae)

treat mild skin infections. It
also helps against mental and
physical exhaustion (Felter et
al., 1898; Lasser et al., 1958;
Briese et al., 2007)
Decoctions used to wash
wounds and eyes and bring
down fever. The leaf and
stem infusions are used to
treat cancers, fever, diabetes,
rheumatism, stomach, kidney
and liver ailments (Van Wyk,
2002; Thring and Weitz,
2006)

Seed extracts are used in the
treatment of mild digestive
disorders, diarrhea,
flatulence, dyspepsia, to
improve liver function and
morning sickness; also
considered to be carminative,
eupeptic and antispasmodic
(Sahoo et al., 2014). It has

anti-diabetic (Dhandapani, et

Dried plant

material

Leaves
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P. aeruginosa ATCC
35032

Clinical isolates of

P. aeruginosa 1, 2, S.

aureus and C.

albicans

Inhibited (=280%) violacein
production at 250uL and
reduced (290%) of P.
aeruginosa biofilm biomass
formation. It also reduced
(80%) pyocyanin production
and 80% LasB Elastase
activity (Cosa and Chenia,
2014)

Inhibition of P. aeruginosa
isolate 2 biofilm biomass
formation. Anti-QS was by
reduction (63%) of Las A
protease activity (Al-Refi,
2016)



Terminalia catappa L.

(Combretaceae)

Terminalia chebula
Retz.
(Combretaceae)

Thymus vulgaris L.

(Lamiaceae)

Triticum aestivum L.

(Poaceae)

al., 2002), antioxidant, anti-
bacterial and anti-fungal
properties (Romagnoli et al.,
2010)

Dried fruit used as an
antitussive, cardiotonic,
homeostatic, diuretic and
laxative (Tewari et al., 2017)
Used as disinfectants,
flavoring agent. It can be
applied as vaporizers against
different human pathogenic
Gram-positive and Gram-
negative bacteria and yeasts
(Varga et al., 2015).

This plant is an important
human food crop. Young
stems are used to treat

biliousness and intoxication.

Leaves

Fruit

Leaves

Straw
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Chromobacterium
violaceum,
Pseudomonas

aeruginosa

Burkholderia cepacia

Clinical isolates of

P. aeruginosa 1, 2, S.

aureus and C.

albicans

Clinical isolates of

P. aeruginosa 1, 2, S.

aureus and C.

albicans

Inhibition of violacein
production by C. violaceum
and inhibition of biofilm
biomass maturation (Taganna,
et al., 2011)

Reduction of B. cepacia
biofilm biomass formation
(Huber et at., 2003)

Reduction of Las A protease
activity in P. aeruginosa
isolate 1 and reduced (60%)
biofilm formation at 0.6mg/ml,
(Al-Refi., 2016)

Slight reduction (20%) in P.
aeruginosa isolate 2 biofilm
formation, and reduction

(44.3%) of pyocyanin



Urtica dioica L.
(Urticaceae)

Vachellia karroo
(Hayne) Banfi &
Galasso

(Fabaceae)

Warburgia

salutaris

Ash is used to remove skin
blemishes, while the fruit is
antipyretic and sedative. The
seed promotes female fertility
(Duke and Ayensu, 1985).
The light grain is antihydrotic,
for the treatment of night
sweats and spontaneous
sweating (Yeung, 1985)
Used as tea to treat kidney, Leaves
gastrointestinal and urinary
tract infections, locomotors
system, skin, cardiovascular
system, haemorrhage,
influenza, rheumatism, and
gout (Vogl et al., 2013)
Used medicinally to treat Leaves
diarrhea, colds, dysentery,
conjunctivitis and
haemorrhage (Van Wyk et al.,
1997; Van Wyk and Gericke,
2000)

Used as food, fuel, tannin, Leaves

and the inner bark to treat

Clinical isolates of

P. aeruginosa 1, 2, S.

aureus and C.

albicans

Pathogenic strain of
Listeria
monocytogenes
(LMG21263)

P. aeruginosa

production in P. aeruginosa
isolate 1 (Al- Refi, 2016)

Anti-QS activity was by
reduction (44.3%) of
pyocyanin production in P.
aeruginosa isolate 1 and
decreased activity (33%) of

Las A protease.

Anti-BF activity of the isolated
compound (3-sitosterol) from
V. karroo showed decreased
cell aggregation of listeria cells
(inhibited listeria biofilm
formation) (Nyila, et al., 2011)
280% inhibition of pyocyanin

and LasB Elastase production
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(G.Bertol.) Chiov.

(Canellaceae)

malaria, colds, chest
complaints, coughs, diarrhea,
muscle pains, stomach-ache
and general body pains
(Orwa et al., 2009)

in P. aeruginosa (Cosa and
Chenia, 2014)
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2.6 Future perspectives and conclusion

Following the upsurge in drug resistance shown by many pathogenic microbial organisms
worldwide, it is essential to improve drug discovery efforts to identify bioactive metabolites against
clinically relevant bacterial and fungal strains. In view of this, testing methods should go beyond
dealing with the planktonic stage of the microorganisms but focus more on the activities of the
microbial community (quorum sensing and biofilm formation). It is also important that in
determining the potential of South African medicinal plants in antimicrobial drug discovery, in vivo

bioassays as well as more relevant in vitro bioassays should be considered.

Quorum sensing inhibition or interfering with the communication route of the causative pathogen
offers new hope for mitigating and treating infectious diseases (Bacha et al., 2016). It is imperative
to identify potential substances (such as secondary metabolites) that could restrict the
communication systems of pathogens by interfering with the auto-inducer molecules or their
expression to control microbial diseases. Again, it is also necessary to find new leads that can
prevent/inhibit microbial cell adhesion, viability, metabolic activity and biofilm formation. This will
ultimately ensure food security which is the constant availability of acceptable world food supplies
of basic foodstuffs to sustain a steady growth of food consumption to offset instabilities in
production and prices (FAO, 2006). Food security occurs when people have ready economic and
physical access to safe, adequate and nutritious food to meet their dietary needs and food
preferences (FAO, 2003). Food safety is a shared responsibility, as reported by the WHO (2015).
The findings of the report emphasize the importance and indeed the global threat posed by
foodborne diseases and support the need for the food industry and governments as well as
individuals to ensure that food is safe as a means of preventing foodborne diseases (WHO, 2015).
Alternative and complementary approaches to combating foodborne pathogens are needed and
bioactive compounds or extracts derived from plants may offer one solution to the problem. Most

antibacterial investigations of plants to date have focused on analyzing activity of extracts and
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purified plant compounds against planktonic forms of bacteria. A major component of bacterial
ability to avoid antibiotic action is by forming protective, resistant biofilms. With its vast plant
diversity, South Africa has much to offer in terms of research on discovery of extract preparations
or isolated plant constituents with significant efficacy against bacterial quorum sensing and biofilm

development.
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Chapter Three: In vitro antibiofilm and antioxidant activities and

cytotoxicity of nine South African medicinal plants

3. Introduction

The problem of bacterial resistance to antimicrobial agents and biofilm formation by pathogens
dates back to the mass production of penicillin in 1945 (Shaughnessy, 2007). Today, antibacterial
resistance has become a foremost concern in medicine all over the world, with resistance to
several groups of antibiotics being reported. Microbial resistance to antibiotics can be
characterized into two forms: innate resistance, which indicates certain microorganisms are
inherently resistant to many antibiotics, and acquired resistance, which can result from a number

of varied mechanisms like mutation and horizontal gene transfer (Tenover, 2006).

Bacteria often act as a group despite being unicellular organisms. This explains the formation of
biofilm, where individual bacterial cells perform different activities. There is a threat of bacterial
communities representing a progression in the impact between unicellular and non-specialized
organisms and multicellular organisms that operate in specialized ways by maintaining their
population density (McLean et al., 1997). Some of the organisms forming biofilms are associated
with food spoilage, for example Staphylococcus spp., Bacillus spp., Yersinia enterocolitica,
Pseudomonas spp., Salmonella spp., E. coli and Campylobacter jejuni amongst others (Bridier et

al., 2014).

The adherence of these foodborne pathogens to food products or food processing surfaces
results in severe public health risks and huge economic losses (Chmielewski and Frank, 2003).
Bacterial migration or settlement of non-living material (biofilm formation) has detrimental effects

in medicine and in some economic fields such as growth on the wall of fermentation processes,
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contamination of food processing equipment, contamination of water pipelines, industrial piping,
ventilation, medical devices and artificial organ contamination, as well as pathological human
tissues and organs. Bacterial biofilms are generally pathogenic and often cause nosocomial
infections. Biofilms have great significance for public health and food industries, as biofilms can
render inhabitants on such films resistant to antimicrobial agents and cleaning because they have
adapted to exist as adherent populations. Sessile (adherent population) bacteria seem to be
protected in these antagonistic environments by growing as colonies surrounded by an
extracellular matrix of carbohydrate or exopolysaccharide. The sensitivity of biofilms to antibiotics
and other antimicrobial agents cannot be ascertained using a model microdilution
techniquef/testing. This is probably because these tests rely on the response of the planktonic, or
suspended, form of the organism rather than the biofilm, or surface-associated, stage of the
organisms. Susceptibility should rather be determined directly against biofilm-associated
organisms under conditions simulating the in vivo situation (Costerton et al., 1999; Costerton et

al., 1995; Rosser et al 1987; Mah and O’'Toole 2001).

The United States of America (USA) National Institutes of Health (NIH) report that among all
chronic and microbial infections, 65% and 80% respectively are caused by biofilm formation
(Jamal et al., 2018). Hence, microbial activity is probably the commonest cause of food spoilage
(Christensen et al., 2003). These have made it necessary to investigate the adhesion processes
of the microorganism and surface contents. In order to reach this objective, increasing attention
is being paid to the physiology and genetics of the initial stages of adhesion and the description
of the regulatory networks allowing the developmental processes necessary for the structural
development of biofilms and the usage of plants with anti-biofilm activities. This would help find
non-toxic surface treatments that can detach the microorganism from the location they usually
contaminate, especially in in-dwelling devices. This has led to the search for microbiologically

active medicinal plants with useful mechanisms of action. Natural products are known to
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significantly interfere with microbial cell-to-cell communication routes that can induce biofilm

formation (Koh et al., 2013).

In this study, nine South African plants were selected following a comprehensive literature review
based on earlier reported antibacterial activities, ethnopharmacological use, availability and
chemotaxonomic similarities to other plant species used customarily for the management of
foodborne diseases such as diarrhea. Extracts of these plants were screened for antibacterial
and anti-biofilm activity against a range of bacteria implicated in causing foodborne disease. The
antioxidant and level safety of the extracts of the plants were also assessed for detection of

additional positive attributes.

3.1 Botanical descriptions and reported biological activities of plant species used in this

study

Combretum elaeagnoides Klotzsch (Combretum stevensonii Excell)

Combretum elaeagnoides belongs to the family Combretaceae. It is generally called large-fruit
jesse-bush and oleaster bushwillow in English and Vaaljesse-boswilg in Afrikaans. It is a small
deciduous tree. The opposite leaves are rarely 3-whorled, narrowly elliptic, generally hairless
with minute silvery scales on both surfaces. Flowers are in short, dense axillary spikes and
creamy-white. It produces flowers when the tree is leafless. Fruits are 4-winged, 2-3.5 cm long
(Hyde et al., 2019). C. elaeagnoides, like other Combretaceae species, are broadly distributed
within the tropics of Africa, South America and Asia. No pharmacological activity had been

reported on this species at the time of this study.

Combretum oxystachyum (Welw). ex. M.A Lawson
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Combretum oxystachyum, commonly known as the bottlebush combretum, also belongs to the
family Combretaceae. It is a scrambling shrub of 1-3 m in height with bark peeling in stringy strips.
The leaves are longitudinally folded, ovate to lanceolate, and the upper surface is dull green with
dense to scattered white hair. The flower is dense, with erect spikes, large and very striking with
crimson to red-brown stamens. The fruit is typically five winged (Curtis and Mannheimer, 2005).
No pharmacological information on this species could be obtained at the time of compilation of

this report.

Combretum molle R.Br. ex G.Don

Combretum molle, commonly known as velvet bushwillow (English), baster rooibos (Afrikaans),
umbondwe-omhlope (Zulu), moduba (Tswane), mokgwethe (North Sotho), also belongs to the
family Combretaceae. It is commonly distributed in six of the nine provinces of South Africa,
namely Gauteng, the Free State, Limpopo, KwaZulu-Natal, Mpumalanga and North West. It is a
medium-sized evergreen deciduous tree with a rounded crown which can grow up to 13 m in
height. It has grey bark when young but this may become grey-brown or nearly black when the
tree is older. The simple leaves are opposite, compactly covered by velvety hairs when juvenile
and smoother when developed. Young leaves are striking with light pink or orange colour. It
flowers between September and November. The flowers occur in dense axillary spikes with a
greenish yellow colour. Their strong scent is attractive to bees and other insects. The fruit is 4-
winged, about 20 mm in diameter and light green with a reddish tinge, turning red-brown when

dry (Thabo, 2011).

C. molle is used for the treatment of abdominal pain, fever, and convulsions, hookworm, snake
bite, leprosy, dysentery, chest complaints, headaches, diarrhea and infertility in women. It is also

used to stop bleeding after childbirth, to fatten babies and as a dressing for wounds (Mabogo,
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1990, Bessong et al., 2005). It has also been reported to have the following pharmacological
activities: analgesic, anti-inflammatory, anthelmintic and anti-schistosomal effects (McGaw et al.,
2001, Ojewole 2008), antibacterial activity (Geyid et al., 2005, Njume et al., 2011), antifungal
activity (Baba-Moussa et al., 1999, Masoko et al., 2007; Mogashoa, 2017) and antitrypanosomal

activity (Kloos et al., 1987, Atindehou et al., 2004, Ademola and Eloff, 2010).

Carpobrotus edulis (L.) N.E.Br.

Carpobrotus edulis is widely distributed in South Africa and belongs to the family Aizoaceae. C.
edulis is usually called sour fig or Cape fig in English, Kaapsevy, hottentotsvy in Afrikaans,
ikhambi-lamabulawo and umgongozi in Zulu. It is a robust, trailing perennial growing flat on the
ground. It roots at the nodes to form dense mats. The soft horizontal stems bend up at the growing
point. The succulent leaves are crowded laterally on the stem which is 60-130 x 10-12 mm,
sharply 3-angled and triangular in cross-section, yellowish to grass-green in colour and becoming

reddish when fully mature.

It is used traditionally to treat diarrhea, dysentery and stomach cramps, eczema, wounds,
toothache, earache and serves as a valuable source of natural antioxidants (Malan and Notten,
2006). C. edulis has been reported to show anti-inflammatory and antioxidant activities (Omoruyi
et al., 2012; Ondua et al., 2019), antibacterial effects (van der Watt and Pretorius 2001) and

antifungal potential (Henley-Smith 2011).

Vachellia rehmanniana (Schinz) Kyal. & Boatwr.

Vachellia rehmanniana is a small, flat-crowned tree with young branches compactly shielded with
golden, furry hairs that become grey and peel off to expose a powdery, rusty-red bark with striking

grey-green, velvety leaves. The spines are long and straight, white with a reddish-brown tip. The
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flowers are white balls, clustered at the ends of the young branches. The fruit is a straight, flat
greyish-brown pod (Glenice Ebedes, 2018). V. rehmanniana belonged to the Fabaceae family
and was previously called Acacia rehmanniana. No traditional use and pharmacological activity

on this species were found.

Vachellia xanthophloea (Benth.) P.J.H. Hurter

Vachellia xanthophloea, formerly called Acacia xanthophloea belongs to the family Fabaceae. V.
xanthophloea is usually called the fever tree in English, Koorsboom (Afrikaans), More o Mossetha
(Tswana), Muunga-gwena (Venda), Umhlosinga (Zulu) and nkelenga (Tsonga). It is a striking,
tall, deciduous, fast growing tree with distinctive greeny-yellow, smooth and powdery bark. It
bears fragrant, yellow flowers from August to November and is widely distributed across South
Africa. It is used as medicine to treat diabetes, high cholesterol, cancer, pharyngitis, gingivitis and
mouth sores. The bark is additionally employed to treat fevers and eye complaints. The bark
decoction is used to treat indigestion in Kenya while in Tanzania it is used to treat sickle-cell
anaemia. The Zulu people of South Africa use the powdered bark as an emetic to treat malaria.
The wood is used in the building industry as it is heavy, hard and a useful general-purpose timber;

however it should first be well-seasoned to avoid cracking (Exotichealingherbs, 2012).

V. xanthophloea possesses antibacterial, antioxidant and anti-carcinogenic activities (Katerere

and Eloff, 2004; Exotichealingherbs, 2012).

Kigelia africana (Lam.) Benth.

Kigelia africana belongs to the family Bignoniaceae, commonly known as cucumber or the

sausage tree. It is a tree that grows up to 20 m (66 feet) tall with spreading branches. It grows a
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sausage-shaped fruit up to 2 feet in length and weighs about 15 Ibs. In Malawi, during famine the
roasted seeds are eaten as food. The baked fruits are used to ferment beer, and boiled ones yield
a red dye. It is majorly used by traditional healers to treat several skin ailments like fungal
infections, boils, psoriasis and eczema. It is also internally usedtreat dysentery, ringworm, tape-
worm, post-partum haemorrhage, malaria, diabetes, pneumonia and toothache (Gill, 1992). The
fruits are used as as purgatives and to increase the flow of milk in lactating women. The boiled
chopped bark and fruit are taken orally for blood cleansing and pelvic pains during pregnancy (De
Wet and Ngubane, 2014). K. africana possesses antibacterial activity and antioxidant properties

(Sandasi et al., 2014, Hussain et al., 2016).

Elephantorrhiza elephantina (Burch.) Skeels

E. elephantina of the family Fabaceae is popularly known as the elephant's root or eland's wattle,
and is a subshrub in the mimosoid clade of legumes. The plants occur widely and in several areas
of southern Africa. In Botswana, the anus of children with bloody diarrhea is wiped with the
rhizome or root powder (Hedberg and Staugard, 1989). The root, aerial parts, and bulb are used
for diarrhea, heartwater, coughing and pneumonia (Van der Merwe et al., 2001). The rhizome,
roots, leaves and stem are used to treat diverse human and animal ailments (Maroyi, 2017). It is

also used in Mozambique, South Africa and Swaziland to treat diarrhea (Van Wyk et al., 2009)

E. elephantina possesses anthelmintic, anti-inflammatory and anti-nociceptive properties
(Maphosa et al., 2009), antibacterial and antifungal activities (Aaku et al., 1998), anti-antioxidant
(Mpofu et al., 2014), antiplasmodial (Clarkson et al., 2004), antirickettsial and antibabesial effects

(Naidoo et al., 2005).

Ochna pretoriensis E. Phillips
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Ochna pretoriensis belongs to the family Ochnaceae. It is commonly known as Magalies plane in
English and Magalies-rooihout in Afrikaans. It is a multi-branched evergreen shrub that grow to
about 2 m tall. The stems have rough brown bark, which as it grows older flakes in thin, small,
longitudinal strips. The main stem is pale grey to white and is generally covered in white lenticels.
It has a distinguishing yellow flower colour and fragrance which appeals to birds and insects.
Ochna pretoriensis is extensively distributed. It can be found within the northern provinces of
South Africa and is a very common tree in the area around Pretoria. It is also found growing in
Gaborone, Botswana. It may grow on rocky outcrops on mainly north-facing slopes, at altitudes
between 500 and 1520 m (Grunyuza et al., 2008). Studies have shown that O. pretoriensis
possesses antibacterial activity (Makhafola et al., 2012), but no reports of traditional uses could

be found.

3.2 Materials and methods

3.2.1 Collection of plant species

The leaves of the plants were sourced from the Pretoria National Botanical Garden (SANBI),
Pretoria and the Lowveld National Botanical Gardens (LNBG) in Nelspruit. The plant samples
were appropriately cleaned and dried in a well-ventilated room at room temperature for two to
four weeks. Herbarium voucher specimens were prepared and deposited at the H.G.W.J.
Schweickerdt Herbarium (PRU), University of Pretoria, South Africa (Table 3.1). The dried plant

material was milled to fine powder and kept in glass jars in the dark until required.
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Table 3.1. Selected plants and their herbarium accession numbers

Plant species Family Accession numbers
Carpobrotus edulis (L.) N.E.Br. Aizoaceae PRU 125173
Kigelia africana (Lam.) Benth. Bignoniaceae PRU 125172
Combretum elaeagnoides Klotzsch Combretaceae PRU 123603
Combretum molle R. Br. ex G. Don Combretaceae PRU 125175
Combretum oxystachyum (Welw). ex. Combretaceae PRU 123602
M.A Lawson

Elephantorrhiza elephantina (Burch.) Fabaceae PRU 125174
Skeels

Vachellia rehmanniana (Schinz) Kyal. &  Fabaceae PRU 125170
Boatwr.

Vachellia xanthophloea (Benth.) P.J.H. Fabaceae PRU 125171
Hurter

Ochna pretoriensis E. Phillips Ochnaceae PRU 125176

3.2.2 Extraction of plant material

The finely ground plant material was extracted following standard methods as described by Eloff
(1998a). In brief, the various powdered plant materials were extracted separately with two
solvents, namely acetone (100%) and 80% methanol in a ratio of 1:10 (w: v) of plant material to
solvent. The mixtures were soaked at 25°C for 48 h and filtered via Whatman No 1 filter paper.
The supernatant was poured into weighed labelled glass vials. The extraction process was
repeated twice to fully extract plant material. The solvent was evaporated in a BUCHI Rotavapor
(Labotech (PTY) Ltd. under reduced pressure at 40°C until left with a residue which was thereafter

dried under cold air and used to calculate the percentage yield using the formula

Percentage yield = (Mass of extract / Mass of powdered plant material) X 100
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3.2.3 Test bacterial strains

Gram-positive and Gram-negative ATCC bacterial strains and clinical bacterial strains obtained
from the collection of the Phytomedicine research laboratory in the Department of Paraclinical
Sciences, Faculty of Veterinary Science, University of Pretoria were used in this study. The

bacterial strains included:

+» Salmonella Typhimurium ATCC 39183

+ Salmonella Enteritidis ATCC 13076

% Escherichia coli 1 ATCC 25922

+ Escherichia coli 2 (Clinical isolate)

+» Staphylococcus aureus ATCC 29213

+» Campylobacter jejuni ATCC 33560

+ Sterotrophonas maltophilia (Clinical isolate)
+ Klebsiella pneumoniae (Clinical isolate)

+» Enterobacter cloacae (Clinical isolate)

Besides these bacterial strains representing Gram-positive and Gram-negative categories, they
belong to the ecologically rich, hence potential contaminants, and common residents of the
human body including skin (S. aureus), food and gastrointestinal tract (E. coli). The
commencement of the pathogenicity processes in certain bacterial strains like S. aureus (that
produces enterotoxin) depend on the density of the cell-to cell signaling (QS) molecules that can
lead to the formation of biofilm, which subsequently is the probable target of plant extracts.

Consequently, the inclusion of the aforementioned bacterial strains is rational and justifiable.

3.2.4 Culture of bacterial inoculum
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The bacteria were grown on Mueller Hinton agar (MHA) (Fluka, Spain) at 4°C. The bacterial
cultures were cultured in Mueller Hinton broth (MHB) for at least 12-16 h at an incubation
temperature of 37 °C. MHA and MHB were used for the assessment of the minimum inhibitory
concentration tests, while Tryptic Soy agar (TSA) and Tryptic Soy broth (TSB) were used in the

minimum bactericidal concentration and biofilm assays respectively.

3.2.5 Bioassay for antibacterial activities

3.2.5.1 Assessment of minimum inhibitory concentration and minimum bactericidal

concentration

The minimum inhibitory concentration (MIC) is the least concentration of the extracts at which the
microorganism does not show visible growth or revealed inhibition of growth. This was determined
following the method of Eloff (1998b). The extracts were tested at a starting concentration of 2.5
mg/ml (from a stock concentration of 10 mg/ml) in a 96-well microtitre plate and serially diluted
two-fold to 0.02 mg/ml. Following this, 100 uL of the overnight bacterial culture at a known
inoculum (standardized by measuring the absorbance of the diluted culture at 560 nm compared
to Mcfarland No. 1 standard) was added to each well. The positive control, gentamicin, with a
serially diluted concentration range between 0.5 to 0.004 mg/ml, was used as the reference drug
for the assay. The microtitre plates were covered with lids and parafilm and incubated overnight
for at least 18 h at 37°C. As an indicator of bacterial growth, 40 ul p-iodonitrotetrazolium chloride
(INT) (Sigma, 0.2 mg/ml) dissolved in sterile distilled water was added to the wells and incubated
at 37°C for 1h. The MIC values were recorded as the least concentration of the extract that
inhibited the growth of the bacteria, as indicated by a marked reduction in colour formation. The
INT turns to a red-pink formazan where bacterial growth is not inhibited. The assays was repeated

three times.
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The minimum bactericidal concentration (MBC) was assessed by adding aliquots of 50 uL of the
preparations from the concentrations which did not show any bacterial growth after incubation
during the MIC assay to 150 uL of freshly prepared TSB and spread on a TSA plate. These
preparations were incubated at 37°C for 24h. The least concentration of extract with no bacterial
growth (100% inhibition), was taken as the MBC value. This was done using the method by Cohen

et al. (1998) with slight modification.

3.2.5.2 Total activity

The total activity which indicates the volume to which active compounds in one gram of plant
material can be diluted and still inhibit the growth of the tested organisms was also determined

using the formula below (Eloff, 2004).

Total activity= quantity of extract residue from 1g of plant material in mg / MIC in mg/ml.

3.2.6 Anti-biofilm assay
3.2.6.1 Inhibition of biofilm formation

The inhibition of biofilm biomass formation was evaluated via the modified protocol described by
O’Toole and Kotler (1998), Mohsenipour et al. (2015) and Sandasi et al. (2010) with slight
modification. Biofilms were allowed to form for 24 h (T24). Biofilm formation was attained by
pipetting 100 pl of the respective culture (ODsg = 0.02 or 1.0 x 10° CFU/mI) into a sterile flat
bottomed 96-well microtitre plate and sterilely sealed with a sealing tape. One hundred microliter
(100 pl) of the sample (at a final concentration of 1 mg/ml from a stock of 2 mg/ml) and the
respective controls were transferred to the wells of the sterile plate and incubated for 24 h at 37°C

without shaking. Suitable control wells were included in the plate: negative control (culture+ media

60



(TSB)), positive control (culture + TSB + antibiotic), sample control (sample + TSB), antibiotic
control (antibiotic + TSB) and media control (TSB) for each test batch. After incubation, the
modified crystal violet staining (CVS) assay (Sandasi et al., 2010) was performed to assess the

biofilm biomass.

3.2.6.2. Crystal violet staining (CVS) assay

In the CVS assay, first, the wells were carefully emptied and washed at least three times with
sterile distilled water to remove any unattached cells. The plates were then air-dried and 150 pl
of 96% methanol added to the wells for 15-20 minutes to fix the adherent cells. The plates were
emptied, and the adhered cells stained with 100 pl of 0.1% crystal violet solution for 20 min at
room temperature while covered with the microtitre lids. The plates were washed at least five
times with tap water to rinse off any excess stain. Afterwards, the biofilm biomass was evaluated
semi-quantitatively by re-solubilizing the crystal violet stain bound to the adherent cells with 150
ul of 100 % ethanol. The absorbance of the plates after careful shaking was read at 590 nm using
a microplate reader (Epoch™ Microplate Spectrophotometer). The mean absorbance (ODsgonm)
of the sample was determined and results expressed as percentage inhibition using the equation

below.

% Inhibition = ((ODnegative control -ODmedia control) — (ODsample —ODsample control)) X 100

(ODnegative control — ODmedia control)

3.2.7 Antioxidant activity

3.2.7.1 Assay for free radical scavenging of DPPH radical

The DPPH (2, 2-diphenyl-1-picrylhydrazyl) assay was done according to the method described
by Gyamfi et al. (1999) with slight modifications. First, the optical density (OD) of the DPPH

solution was calibrated at 517 nm to between 0.9 and 1.00. Thereafter, the DPPH solution (160
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uL) was added to 40 pL of each crude extract at serially diluted concentrations (3.125-400
Mg/mL). The mixture was incubated for 30 min in the dark, and absorbance was then measured
at 517 nm using a microplate reader (Epoch, Biotek). Positive controls were ascorbic acid (Vitamin

C) and Trolox. Higher free radical scavenging activity was reflected by low absorbance values.

The percentage scavenging activity was calculated using the formula as follows:

% DPPH scavenging activity = [(A0 — As)/A0] x 100

Where AO is absorbance of control (DPPH solution without sample), and As is absorbance of
tested sample (DPPH plus sample). Linear and non-linear regression curves where necessary of
percentage scavenging activity against the actual or logarithm of concentrations was used to
determine the 50% inhibitory concentration (ICso) values of the extracts. Each test was done three

times and results are presented as meanz standard error of mean (SEM).

3.2.7.2 The 2, 2'-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) electron
reduction assay

The protocol outlined by Re et al. (1999) was employed in determining the ability of the extracts
of the selected plants to inhibit the ABTS radical. A stock solution of the ABTS radical was initially
prepared by dissolving the powdered ABTS (0.0720 g) in 20 ml of methanol and mixing with
separately prepared potassium persulfate (0.0132 g) dissolved in 20 ml of methanol and left at
room temperature in the dark for 12—-16 h. The working solution was obtained by calibrating the
stock solution to obtain an optical density (OD) of 0.70 + 0.02 at 734 nm. The ABTS working
solution (160 pL) was mixed with the samples (40 pL) at serially diluted concentrations (3.125—
400 ug/mL), and the absorbance was measured after 7 min at 734 nm using a microplate reader

(Epoch, BioTek).

The percentage of scavenging activity was calculated using the formula:
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% scavenging activity= {(AO- AS)/AO} X 100

The 50% inhibitory concentration (ICso) values of samples were determined using linear and non-
linear regression curves where necessary of the percentage of scavenging activity against the
actual or logarithm of concentrations. Ascorbic acid and trolox were used as positive controls.

Each test was done three times and results presented as mean + standard error of mean (SEM).

3.2.8. Cytotoxicity

The 3-(4, 5-dimethylthiazolyl-2)-2.5-diphenyltetrazolium bromide (MTT) colorimetric assay was
used to measure effects on cell proliferation and cytotoxic level of the plant extracts using the
method described by Mosmann (1983) with slight modification (McGaw et al., 2007). MTT is a
yellow water-soluble dye which is reduced by living cells to a purple formazan product. The
intensity of the colour (measured spectrophotometrically) of the MTT formazan converted by
metabolically active cells is proportional to the number of live cells present. The extracts were
tested for cytotoxicity against Vero African green monkey kidney cells. The cells of a sub-confluent
culture were harvested and centrifuged at 200 x g for 5 min and re-suspended in growth medium.
Minimal Essential Medium (MEM, Whitehead Scientific) supplemented with 0.1% gentamicin
(Virbac) and 5% foetal calf serum (Gibco, Sigma-Aldrich) was used as growth medium. A total of
ten thousand cells were seeded in each well (in 100 pL of MEM) of columns 2 to 12 of a sterile
96-well microtitre plate (Whitehead Scientific). A 100 pL aliquot of the growth medium (MEM) was
added to wells of columns 1 and used as blank. The plates were incubated for 24 h at 37°C in a
5% CO. incubator. The MEM was aspirated from the cells using a suction pump and replaced
with 200 pL of the test extracts at a range of concentrations (0.0075 mg/ml to 0.1 mg/ml) and the
plates were incubated at 37°C in a 5% CO; incubator for a further 48 h. Each dilution was tested
in quadruplicate. Untreated cells and positive control (doxorubicin chloride, Pfizer Laboratories)

were also included.
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After incubation, the MEM containing test substance was removed, and the cells were washed
with PBS, and fresh MEM (100 pL) added to each well. Then, 30 uL MTT (stock solution of 5
mg/ml in PBS) was added to each well, and the plates were re-incubated for another 4 h at 37°C.
After removing the MEM and MTT, the MTT formazan crystals were dissolved by adding 50 pL of
DMSO to each well. The plates were shaken gently until the MTT solution dissolved for about 2
min. The amount of MTT reduction was measured immediately by reading the absorbance using
a microplate reader at a wavelength of 570 nm with a reference wavelength of 630 nm. The wells
in column 1, which earlier contained medium and MTT but without cells were used to blank the
plate reader. The LCso values were calculated using linear regression as the concentration of test
compound resulting in a 50% reduction of absorbance (implying killing 50% of the cells) compared

to untreated cells.

3.3 Results and discussion

3.3.1 Percentage yields of the different plant extracts

Acetone (100%) and 80% methanol were used to extract leaf material of the plants to produce
the extracts. Methanol (80%) and acetone were selected because they have been used to extract
various polarities of antimicrobial metabolites from plants, with 80% methanol being more polar
(Cowan, 1999). Eloff (1998a) stated that acetone can extract both polar and non-polar compounds

in plants, and has less toxicity to microorganisms in bioassays.

The acetone extract of V. xanthophloea had the highest percentage yield of 42.4 % while the 80%
methanol extract of C. elaeagnoides had the most abundant yield in grams (84.92 g) amongst the
extracts (Table 3.1). The acetone extract of Ochna pretoriensis yield in percentage and grams
was not determined due to insufficient powdered sample, so only the 80% methanol extract was

prepared. Percentage yield = mass of extract residue x 100

mass of dry plant sample
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Table 3.2. The mass in grams (g) and percentage yield (%) of the selected nine plant species

Plant species Mass of extracts (g) Percentage yield of extracts (%)
80% methanol Acetone 80% methanol acetone

C. elaeagnoides 84.92 2.16 18.38 14.4
C. oxystachyum 5.29 7.22 13.23 18.05
C. molle 8.17 3.09 27.23 10.30
C. edulis 4.56 6.00 16.29 21.43
V. rehmanniana 6.17 29.53 6.17 29.53
V. xanthophloea 5.81 8.48 29.05 42.40
K. africana 3.79 11.16 9.48 27.90
E. elephantina 1.40 2.08 3.33 4.94
O. pretoriensis 2.66 - 35.47 -

- = Not determined due to insufficient sample
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3.3.2. Antimicrobial effects (MIC and MBC) of the extracts of the nine selected plants

The leaf extracts of the nine selected plants were active against all the tested microorganisms
with MIC values ranging between <0.02 to 2.5 mg/ml. The best MIC value of <0.02 mg/ml was
obtained against E. cloacae by the acetone extracts of C. molle, V. xanthophloea and C. edulis
while the methanol extract of V. xanthophloea (MIC = 2.5 mg/ml) had the weakest inhibitory

activity against S. Typhimurium (Table 3.3).

The methanol and acetone extracts of C. elaeagnoides had the best inhibitory activity against E.
colil (MIC =0.04 and 0.08 mg/ml respectively). The acetone extract of C. molle had the strongest
inhibitory activity against S. aureus (MIC= 0.08 mg/ml). The acetone extracts of V. xanthophloea
and C. molle were the only extracts with very strong inhibitory activity (MIC = 0.03 mg/ml) against
S. Typhimurium. The methanol and acetone extracts of V. xanthophloea also had very good
inhibitory activity against S. Enteritidis (MIC = 0.26 and 0.03 mg/ml). Interestingly, the methanol
and acetone extracts of C. molle had the best inhibitory activity against C. jejuni (MIC = 0.21 and
0.09 mg/ml) and K. pneumoniae (MIC = 0.11 and 0.03 mg/ml) while the acetone extract
particularly had the best inhibitory activity against S. maltophilia (MIC = 0.05 mg/ml). The acetone
extracts of K. africana, C. molle, C. edulis and V. xanthophloea were all active against E. coli2
and had the same MIC values of 0.03 mg/ml. The acetone extracts of C. edulis, V. xanthophloea

and C. molle had similar excellent activity against E. cloacae (MIC < 0.02 mg/ml).

All the test organisms were more susceptible to the acetone extract of C. molle compared to the
other plant extracts with MIC values between < 0.02 and 0.47 mg/mL. Of the nine test
organisms, five (C. jejuni, S. maltophilia, K. pneumoniae, E. coli2 (clinical isolate and E.
cloacae) were most susceptible to both extracts of C. molle with the MIC value ranging between
< 0.02 and 0.63 mg/mL. The findings of Mogashoa (2017) on the inhibitory activity of the
acetone extract of C. molle against E. coli ATCC 25922 and S. aureus (MIC = 0.26 and 0.17
mg/mL respectively) corroborates the findings of this study. MBC activity was not assessed on
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those samples with MIC value of 2.5 mg/ml. The acetone extracts of C. molle, C. edulis and V.
xanthophloea had the best MBC value (0.02 mg/ml) against E. cloacae with complete (100%)

inhibition (Table 3.4).

67



Table 3.3. Minimum inhibitory concentrations of the nine selected plants in mg/ml

Test organisms

Plant spp. E. colil S. aureus S. Typhimurium S. Enteritidis C. jejuni

MeOH Acetone MeOH Acetone MeOH Acetone MeOH Acetone MeOH Acetone
Ce 0.04+0.00 0.08+0.00 0.26+0.05 0.16+0.00 0.42+0.11 0.26+x0.05 0.84+0.21 1.25+0.00 0.26+0.05 0.16+0.00
Co 0.84+0.21  0.21+0.05 0.52+0.11  0.52+0.00 1.04+0.21 0.52+0.11 0.42+0.11 0.52+0.11 2.08+0.42 1.67+0.42
Cm 0.47+0.16  0.12+0.04 0.52+0.11 0.08+0.00 0.52+0.11 0.03+0.01 0.52+0.11 0.12+0.04 0.21+0.05 0.09+0.04
Ee 0.26+0.05 0.42+0.11 0.42+0.11 0.52+0.11 1.04+0.21 0.52+0.11 0.42+0.11 0.63+0.00 1.25+0.00 1.04+0.21
Op 0.62+0.31 ND 0.62+0.31 ND 0.26+0.05 ND 0.52+0.11 ND 0.84+0.21 ND
Ka 0.52+0.11 1.88+0.62 1.04+0.21 0.84+0.21  0.42+0.11 0.26x0.05 0.42+0.11 0.84+0.21  0.84+0.21 0.84+0.21
Vr 0.52+0.11  0.21+0.05 0.26x0.05 0.21+0.05 0.26+0.05 0.26+0.05 0.42+0.11 0.52+0.11 1.04+0.21 0.52+0.11
VX 0.26£0.05 0.12+0.04 0.26x0.05 0.12+0.04 2.5+0.00 0.03x0.01 0.26£0.05 0.03+0.01 0.84+0.21 0.12+0.04
Ced 0.52+0.11  0.52+0.11 0.26x0.05 0.47+0.16 0.84+0.21 0.47+0.16 0.84+0.21 0.84+0.21 1.15+0.68 0.84+0.21
Control <0.004 < 0.004 0.008 0.008
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Table 3.3 Contd.

Plant spp. S. maltophilia K. pneumoniae E. coli2 E. cloacae
MeOH Acetone MeOH Acetone MeOH Acetone MeOH Acetone
Ce 0.84+0.21  0.42+0.11 0.42+0.11 0.21+0.05 0.63+0.00 0.31+0.00 0.63+0.00 0.42+0.11
Co 0.42+0.11 1.67+0.42 0.524+0.11 0.42+0.11 0.84+0.21  0.63%0.00 0.84+0.21 0.63+0.00
Cm 0.63+0.00 0.05x0.01 0.11+0.03 0.03+0.01 0.42+#0.11 0.03+0.01 0.42+0.11 < 0.02+0.0
Ee 1.04+0.21 0.42+0.11 0.26x0.05 0.42+0.11 0.84+0.21 0.26+0.05 0.31+0.00 0.63+0.00
Op 0.52+0.11 ND 1.04+0.21 ND 1.25+0.00 ND 1.25+0.00 ND
Ka 0.84+0.21  0.21+0.05 0.31+0.00 0.21+0.05 0.42+0.11 0.03+0.01 0.31+0.00 0.03+0.01
Vr 1.25+0.00 1.25+0.00  0.52+0.11 1.04+0.21 0.21+0.05 1.04+0.21 0.31+0.00 0.16+0.00
VX 0.52+0.11  0.12+0.04 0.13+0.04 0.12+0.04 0.42+0.11 0.03+0.01 0.31+0.00 <0.02+0.00
Ced 0.52+0.11  0.12+0.04 0.63+0.00 0.03+0.01 1.04+0.21 0.03+0.01 0.52+0.11 <0.02+0.00
Gentamicin 0.004 < 0.004 0.004 0.004

Ce (Combretum elaeagnoides), Co (Combretum oxystachyum), Cm (Combretum molle), Ee (Elephantorrhiza elephantine), Op (Ochna

pretoriensis), Ka (Kigelia africana), Vr (Vachellia rehmanniana), Vx (Vachellia xanthophloea), Ced (Carpobrotus edulis), ND (not

determined), MeOH (methanol)
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Table 3.4. Minimum bactericidal concentration of the nine selected plants in mg/ml against the test organisms.

Test organisms

. E.colil S. aureus S. Typhimurium S. Enteritidis C. jejuni
Plant species

MeOH Acetone MeOH Acetone MeOH Acetone MeOH Acetone MeOH Acetone

C. elaeagnoides 0.63 0.31 2.5 0.63 >2.5 1.25 >2.5 >2.5 1.25 0.63
C. oxystachyum 2.5 1.25 1.25 2.5 >2.5 2.5 >2.5 2.5 ND ND
C. molle 1.25 0.31 2.5 1.25 25 0.04 >2.5 0.31 25 0.31
E. elephantina 2.5 2.5 2.5 2.5 >2.5 >2.5 2.5 2.5 >2.5 >2.5
O. pretoriensis 2.5 ND 2.5 ND 2.5 ND >2.5 ND >2.5 ND
K. africana 2.5 ND >2.5 25 25 1.25 >2.5 2.5 2.5 2.5
V. rehmanniana 25 25 25 1.25 25 >2.5 >2.5 >2.5 25 25
V. xanthophloea 2.5 0.63 1.25 0.63 2.5 0.08 2.5 0.08 >2.5 0.31
C. edulis 2.5 1.25 1.25 1.25 >2.5 1.25 >2.5 2.5 >2.5 2.5
Gentamicin <0.004 <0.004 0.016 0.016 0.250
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Table 3.4 contd.

S. maltophilia K. pneumoniae E. coli 2 E. cloacae
Plant species MeOH Acetone MeOH Acetone MeOH Acetone MeOH Acetone

C. elaeagnoides >2.5 2.5 1.25 0.63 2.5 1.25 2.5 2.5
C. oxystachyum 1.25 ND 2.5 15 >2.5 2.5 0.63 2.5
C. molle 2.5 0.16 2.5 0.08 1.25 0.08 2.5 0.02
E. elephantine 1.04 2.5 1.25 1.25 >5 1.25 2.5 15
O. pretoriensis 2.5 ND >2.5 ND 2.5 ND >2.5 ND
K. africana 2.5 0.63 1.25 1.25 2.5 0.08 1.25 0.08
V. rehmanniana ND ND 2.5 >2.5 1.25 >2.5 2.5 2.5
V. xanthophloea 2.5 0.31 0.63 0.31 2.5 0.08 2.5 0.02
C. edulis 0.31 2.5 0.31 >2.5 2.5 >2.5 <0.02 0.02
Control 0.008 0.008 0.008 0.008

ND: Not determined
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3.3.3 Evaluation of the total activity of the seventeen extracts of the nine plants

Total activity is the volume at which antibacterial compounds present in 1 g of the different plant
samples can be diluted and still inhibit bacterial growth. The results of the total activity are presented
in Table 3.5. Extracts with low MIC values against the test organisms with correspondingly high yield
of extract had the highest total activity. The acetone extract of V. xanthophloea had the highest total
activity of 42,800 mL/g, followed by the acetone extract of C. molle (21,429 mL/g) against E. cloacae.
This implies that when 1 g of C. xanthophloea and C. molle are diluted with 42,800 mL and 21,429 mL

of acetone respectively, the extracts will still be active against E. cloacae.
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Table 3.5. Total activity of the extracts of the nine selected medicinal plants in ml/g

Test organisms

Plant E.colil S. aureus S. Typhimurium S. Enteriditis C.jejuni

species MeOH Acetone MeOH Acetone  MeOH Acetone MeOH Acetone MeOH Acetone
Ce 4595.00  2297.50 706.93 1148.75 437.62 706.93 218.81 147.04 706.93 1148.75
Co 157.44 859.52 254.33 347.12 127.16 347.12 318.88 347.12 63.58 108.08
Cm 581.55 858.33 526.63 429.17 131.47 3433.33 526.63 858.33 1301.57 1144.44
Ee 127.96 117.69 79.21 95.06 31.99 95.06 79.21 78.46 26.62 47.53

Op 525.77 - 525.77 - 1253.77 - 626.88 - 388.07 -

Ka 182.21 148.40 91.11 296.81 225.60 1162.5 225.60 296.81 112.80 296.81
Vr 118.63 1406.19 237.31 1406.19 237.31 1135.77 146.90 567.88 59.33 567.88
VX 1117.31 3566.67 1117.30  3566.67 116.20 14266.67 1117.31 14266.67 345.83 3566.67
Ced 173.26 227.97 626.38 455.94 193.88 455.94 193.88 227.97 141.62 227.97

73



Table 3.5 Contd.

S. maltophilia K. pneumoniae E. coli 2 E. cloacae

Plant species MeOH Acetone MeOH Acetone MeOH Acetone MeOH Acetone
Ce 218.81 437.62 437.62 706.92 291.75 592.90 391.06 291.75
Co 314.88 108.08 314.88 401.11 209.92 286.51 281.38 384.04
Cm 433.86 1761.67 2484.82 3433.33 650.79 3433.33 581.55 10300
Ee 31.99 117.69 127.96 117.69 39.61 190.12 107.32 78.46
Op 626.88 - 313.44 - 260.78 - 260.78 -

Ka 112.80 1162.50 305.65 1162.5 225.60 9300.00 3158.33 9300.00
Vr 49.36 236.24 118.63 2271.54 237.31 283.94 385.63 1845.63
Vx 556.65 3566.67 2234.62 3292.31 691.67  14266.67 937.10 42800.00
Ced 313.19 1785.75 258.51 7143.00 156.60 7143 313.19 21429.00

Ce

(Combretum elaeagnoides), Co (Combretum oxystachyum), Cm (Combretum molle), Ee (Elephantorrhiza elephantine), Op (Ochna

pretoriensis), Ka (Kigelia africana), Vr (Vachellia rehmanniana), Vx (Vachellia xanthophloea), Ced (Carpobrotus edulis), - (Not

determined), MeOH (methanol).
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3.3.4 Evaluation of the antibiofilm (ABF) potential of nine selected plant species

The effects of the leaf extracts of the nine plants on the growth and development of biofiims
formed by the tested foodborne pathogens are presented in Table 3.6. The seventeen extracts
had selective antibiofilm (ABF) activity against the foodborne pathogens. The acetone extract of
C. oxystachyum displayed the strongest inhibitory (252%) activity against E coli 1. The acetone
extracts of C. edulis and V. rehmanniana were observed to have ABF activity (> 50% inhibition)
against the majority (6 organisms) of the nine tested organisms. All other extracts with greater
than 50% inhibition were considered to have good ABF activity. It was observed in this study, like
elsewhere (Ofek et al. 2003; Sandasi et al. 2008), that some extracts enhanced the formation of
biofilm by the organisms, depicted as 0% inhibition (Table 3.6). This can be attributed to the
presence of metabolites or production of conditioning films for microbial adhesion that can

enhance the growth and development of biofilms (Ofek et al. 2003; Sandasi et al. 2008, 2010).
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Table 3.6. The effect of the methanol and acetone extracts of the nine selected plants on biofilm formation

Sample Percentage inhibition of biofilm (%)

(extracts) Ecl Sa St Se Cj Sm Kp Ec2 Ent
Ce (MeOH) 0.000 0.000 0.000 0.000 229.287 0.000 20.344 50.354 0.000
Ce (acetone) 54.304 65.486 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Co (MeOH) 0.000 0.000 129.127 0.000 220.744 0.000 0.000 80.998 0.000
Co (acetone) 252.007 63.116 0.000 0.000 93.896 0.000 0.000 271.353 0.000
Cm (MeOH) 238.385 72.805 0.000 0.000 83.302 0.000 0.000 159.457 72.483
Cm (acetone) 0.000 0.000 246.992  0.000 0.000 0.000 149.369 129.182 0.000
Ee (MeOH) 145.750 78.289 0.000 0.000 94.056 61.619 0.000 170.610 0.000
Ee (acetone) 0.000 90.414 199.456 0.000 14.736 0.000 199.443 0.000 0.000
OP (MeOH) 0.000 0.000 75.206 0.000 73.799 0.000 84.914 63.416 0.000
Ka (MeOH) 0.000 101.431 96.339 0.000 0.000 0.000 8.050 61.270 53.484
Ka (acetone)  0.000 0.000 59.992 0.000 0.000 0.000 71.838 0.000 0.000
Vr (MeOH) 0.000 69.823 126.996  0.000 99.000 0.000 90.521 69.188 55.842
Vr (acetone) 0.000 60.866 96.339 0.000 0.000 0.000 0.000 57.237 95.190
Vx (MeOH) 0.000 0.000 62.762 77.126 96.849 0.000 72.418 122.883 142.422
Vx (acetone) 0.000 0.000 231.992 0.000 0.000 62.208 101.221 115.683 0.000
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Ced (MeOH) 0.000 0.000 0.000 0.000 0.000 66.720 66.653 108.751 0.000
Ced (acetone) 0.000 83.210 116.352  0.000 88.620 0.000 197.258 188.354 14.699

CPF 99.570 54.971 78.970 - 92.946 74.042 94.920 90.993 51.870

Ce (Combretum elaeagnoides), Co (Combretum oxystachyum), Cm (Combretum molle), Ee (Elephantorrhiza elephantine), Op (Ochna
pretoriensis), Ka (Kigelia africana), Vr (Vachellia rehmanniana), Vx (Vachellia xanthophloea), Ced (Carpobrotus edulis), - (Not
determined), MeOH (methanol), CPF= ciprofloxacin, Ec 1, 2 ( E. coli), Sa (S. aureus ), St (S. Typhimurium), Se (S. Enteriditis), Cj (C.

jejuni), Sm (S. maltophilia), Kp (K. pneumoniae), Ent (E. cloacae).
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3.3.5 Evaluation of the antioxidant potential of the nine selected plant leaf extracts

The results of the DPPH and ABTS radical scavenging activity of the nine selected plant leaf
crude extracts are presented in Table 3.7. The methanol extract of C. xanthophloea and the
acetone extract of C. edulis had the best antioxidant activity against the DPPH and ABTS radicals
with 1Csp values of 0.14 + 0.19 pg/ml and 0.01 + 0.02 pg/ml respectively when compared to the
other extracts and controls. The controls (Vitamin C and Trolox) had ICso values of 0.39 + 0.23

and 2.64+ 0.27 against DPPH, and 0.36+ 0.35 and 0. 74+ 0.47 against the ABTS radical.

Table 3.7. Antioxidant potential of the nine selected South African medicinal plant

against the tested foodborne pathogens

Plant species DPPH (ICsoin pg/mL) ABTS (ICs0in pg/mL)

MeOH Acetone MeOH Acetone
C. elaeagnoides 3.28+ 0.31 18.76+0.25 4.41+0.53 2.17+0.03
C. oxystachyum 6.37+0.20 16.44+1.15 5.71+1.23 0.80+0.17
C. molle 2.37+0.05 5.53+0.07 5.89+0.02 0.70+0.61
E. elephantina 7.65+0.12 >100 3.80+1.29 20.63+1.37
O. pretoreinsis 10.91+1.47 - 10.44+0.91 -
K. africana 5.47+0.08 >100 >100 >100
V. rehmanniana 11.90+0.67 >100 >100 >100
V. xanthophleoa 0.14+ 0.11 4.99+0.09 2.83+0.05 0.20+0.13
C. edulis 11.36+0.22 0.25+0.49 2.96+1.97 0.01+0.02
Vitamin C 0.39+0.23 0.36+ 0.25
Trolox 2.64+ 0.27 0. 74+ 0.47

- = Not determined , MeOH= methanol, values =meanz standard deviation
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3.3.6 Cytotoxicity evaluation of the crude extracts of the nine selected plants against Vero

African green monkey kidney cells

The cytotoxic effect of the nine plant extracts expressed in LCso and selectivity index values are
reported in Tables 3.8 and 3.9, respectively. The acetone extract of E. elephantina had the highest
LCso value of 3.69 mg/ml amongst the extracts while the acetone extract of C. molle had the
lowest LCso value of 0.01 mg/mL. The acetone extract of C. elaeagnoides had the highest
selectivity index value of 36.78 against E. colil. Interestingly, except the acetone extract of C.
molle, all other extracts may be described as relatively safe to cells (LCso> 0.02 mg/mL).
According to Zirihi et al. (2002), extracts with LCso values greater than 0.02 mg/mL are relatively
safe or have weak cytotoxicity. The safety level of the extracts was also measured using the
selectivity index values. In a previous report by Makhafola et al. (2012), extracts with selectivity
index (SI) values greater than one were regarded to have the potential to offer safer therapy. Of
the seventeen leaf extracts from the selected nine plants, the acetone extracts of C. edulis and
C. xanthophloea with Sl values of 17.07 and 14.96 had the best potential to offer the safest
therapy against E. cloacae (Table 3.9). In other words, the aforementioned extracts were more

toxic to the bacterial cells than they were to the Vero cells.
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Table 3.8. Cytotoxicity of the seventeen leaf extracts of the nine selected plants

Plant species

LCso (mg/mL)

MeOH Acetone

C. elaeagnoides 0.0249 = 0.0094 2.9424 + 0.5138
C. oxystachyum 1.5151 + 0.2569 0.0653 + 0.0258
C. molle 0.0860 + 0.0376 0.0100 + 0.0081
E. elephantina 0.0760 = 0.0439 3.6945 £ 0.1149
O. pretoriensis 0.0205 £ 0.0086 -

K. africana 0.0884 + 0.0612 0.0251 £ 0.0143
V. rehmanniana 0.1166 + 0,0375 0.0538 + 0.0094
V. xanthophloea 0.0762 £ 0,0312 0.1496 + 0.0029
C. edulis 0.1411 £+ 0.0644 0.1707 £ 0.0454
Doxorubicin 0.0054 + 0.0011

NA (Not applicable), MeOH= methanol, values = meanz+ standard deviation
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Table 3.9. Selectivity index values of selected nine plant leaf extracts against Vero African monkey kidney cells

Selectivity index (LCso/MIC)

Plant E.colil S. aureus S. Typhimurium S. Enteritidis C. jejuni

samples MeOH Acetone  MeOH Acetone MeOH Acetone MeOH Acetone MeOH Acetone
Ce 0.623 36.780 0.096  18.390 0.059 11.317 0.030 2.354 0.096 18.390
Co 1.804 0.311 2.914 0.126 1.457 0.126 3.607 0.126 0.728 0.039
Cm 0.183 0.083 0.165 0.042 0.041 0.333 0.165 0.083 0.410 0.111
Ee 0.292 8.796 0.181 7.105 0.073 7.105 0.181 5.864 0.061 3.552
Op 0.033 - 0.033 - 0.079 - 0.039 - 0.024 -

Ka 0.170 0.013 0.340 0.027 0.210 0.105 0.210 0.027 0.105 0.026
Vr 0.224 0.256 0.448 0.256 0.448 0.207 0.278 0.103 0.112 0.103
VX 0.293 1.247 0.293 0.575 0.030 4.987 0.293 4.987 0.091 1.247
Ced 0.271 0.182 0.543  0.363 0.168 0.363 0.168 0.182 0.123 0.182
Doxorubicin  0.0054 NA NA NA NA
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Table 3.9 Continued

Sample S. matophilia K. pneumoniae E. coli 2 E. cloacae

MeOH Acetone MeOH Acetone MeOH Acetone MeOH Acetone
Ce 0.030 7.006 0.059 11.317 0.040 9.492 0.053 4.670
Co 3.607 0.039 2914 0.155 1.804 0.104 3.224 0.139
Cm 0.137 0.167 0.782 0.333 0.205 0.333 0.183 1.000
Ee 0.073 8.796 0.292 8.796 0.090 14.210 0.205 5.864
Op 0.039 - 0.020 - 0.016 - 0.016 -
Ka 0.105 0.105 0.285 0.105 0.210 0.837 0.285 0.837
Vr 0.093 0.043 0.112 0.052 0.448 0.052 0.376 0.336
VX 0.147 1.247 0.586 1.247 0.181m 4.987 0.246 14.960
Ced 0.271 1.423 0.224 5.690 0.136 5.690 0.271 17.070
Doxorubicin 0.0054 NA NA NA

Ce (Combretum elaeagnoides), Co (Combretum oxystachyum), Cm (Combretum molle), Ee (Elephantorrhiza elephantina), Op (Ochna
pretoriensis), Ka (Kigelia africana), Vr (Vachellia rehmanniana), Vx (Vachellia xanthophloea), Ced (Carpobrotus edulis). Values in bold

had best Sl values (> 1), NA (not applicable).
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3.4 Statistical analysis

The mean and standard error of means, or mean and standard deviations where appropriate, for
the different assays, were determined. Percentages were also calculated. The 1Cso and LCso were
determined using linear and non-linear regression curves where necessary. The SPSS 25.0

computer software package was used in all the analysis.

3.5 Conclusion

Most of the plant species presented in this study are reported for the first time to inhibit bacterial
biofilm formation. Of the seventeen leaf extracts from the nine South African medicinal plants, the
acetone extract of C. oxystachyum had the best antibiofilm activity. The study established that
the leaf extracts of these nine South African medicinal plants have antimicrobial, antibiofilm and
antioxidant potential and are relatively safe in vitro. The pharmacological activities of the different
plants were at varying degrees in the different assays used in determining their biological
activities. Thus a synergistic approach to determine the activity of the screened leaf extracts of
the plants in various combinations with each other as well as with currently used antibiotics is
highly recommended for further studies. Following the large yield, after extracting the leaf of C.
elaeagnoides with 80% methanol and its relatively good biological activities, it was chosen for

isolation and characterization of bioactive compounds in further studies.

83



Chapter Four: Isolation of antibacterial compound from Combretum

elaeagnoides

4.1. Introduction

Medicinal plants have long been part of African culture. They are used traditionally by more than
80% of the world population for the treatment of various ailments. For example, in South Africa, it
is projected that 200 000 traditional medicine healers are consulted by over 60% of the population,
especially in the rural areas (Van Wyk et al., 1997). Medicinal plant products have been
incorporated in the development of several new drugs due to the presence of different classes of
bioactive compounds in the plant extracts. Moreover, there are difficulties in the use of natural
products as a source of drugs. This is probably because there is always the need to separate
other plant constituents from the active compounds in the extracts using appropriate separation

techniques (McRae et al., 2007).

Foodborne pathogens are a significant source of concern in the food industry due to their
resistance to antimicrobial agents as a result of their ability to form biofilms. Microbial biofilms are
of utmost importance to the food industry, mainly as a source of contamination leading to food
spoilage or transmission of microbial diseases (Van Houdt and Michiels, 2010). It has been
established that biofilm-forming microorganisms including foodborne pathogens are more
resistant to antibiotics, food preservatives, disinfectants, biocides and other antimicrobial agents
than their planktonic counterparts (Khiralla and El-Deeb, 2015). There is a need for new and
effective alternative antimicrobial and antibiofilm agents for controlling the growth and
development of bacterial pathogens, especially from plants. Plants have a considerable ability to
produce a myriad of bioactive secondary metabolites like flavonoids, tannins, alkaloids,
glycosides, terpenoids, saponins, steroids, quinones and coumarins (Das et al., 2010). These
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bioactive molecules are the precursor of plant-derived antimicrobial substances, and many have
been described to be extremely efficient in treating bacterial infections ((Srivastava et al., 2014,

Fernebro, 2011).

Combretum species are a group of plants belonging to the family Combretaceae. Many of the
species are reputed to be used for the treatment of diarrhea, hookworm, fever, dysmenorrhea,
infertility in women, leprosy, scorpion and snakebite, abdominal pains, backache, bilharzia,
cough, syphilis, toothache and general body weakness (Hutchings et al., 1996). In addition, the
use of Combretum species in several cultures in folk medicine to treat microbial infections and
many inflammatory maladies such as headache, abdominal pains and toothache have been
reported (Hutchings et al., 1996; Eloff et al., 2001). Antimicrobial activities of several Combretum
species have been established and some of the isolated compounds have higher activities than
currently used antibiotics in the market like chloramphenicol and ampicillin (Martini and Eloff,
1998; Eloff, 1999b; McGaw et al., 2001; Martini et al., 2004, Masoko and Eloff, 2005, Eloff and
McGaw, 2006). Thus, it is essential to investigate other Combretum species like Combretum
elaeagnoides which is expected to have similar biosynthetic pathways for producing its bioactive
secondary metabolites. There is little or no information in available literature on the antimicrobial,
antibiofilm and antioxidant activity and cytotoxicity of C. elaeagnoides extracts. Given the above,
this study was designed to evaluate the biological potential of the fractions and to isolate
secondary metabolites from Combretum elaeagnoides Klotzsch with activity against foodborne

pathogens.

4.2. Materials and methods

4.2.1. Extraction and fractionation of C. elaesagnoides leaf extract
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The plant material was collected in Lowveld National Botanical Gardens (LNBG) Nelspruit in April
2017 and prepared as previously detailed in Chapter 3, section 3.2.2. The dried powdered leaves
of C. elaeagnoides (462 g) were extracted in 4620 m| of aqueous methanol (80%) soaked for 48
h and filtered through Whatman No 1 filter paper. The extraction process was repeated twice to
completely extract the plant material. The filtrate was concentrated using a Rotavapor (Btichi,

Germany) under reduced pressure at a temperature of 40°C to produce the crude extract.

Solvent-solvent fractionation was employed to partition the constituents of the crude extract based
on polarity. This fractionation technique is one of the frequently used methods for partial
purification (group separation, according to polarity) of plant material. The crude extract was
suspended in distilled water and was successively partitioned in a separatory funnel with 300 ml
each of hexane, dichloromethane (DCM), ethyl acetate (EtOAc), butanol (BuOH) respectively.
This yielded four solvent fractions along with the aqueous extract. The yield of each of the

fractions was determined by applying the formula

Yield = (Mass of extract/ weight of dry sample) x 100

The fractions obtained were analyzed on thin layer chromatography (TLC) plates where 10 pL of
each fraction (a 10 mg/ml aliquot) were loaded on TLC plates in lines of about 2 cm wide and
developed using a mixture of chloroform methanol (CHCls/MeOH = 4:1). The chromatograms
obtained were sprayed with vanillin in sulphuric acid to identify the classes of the compounds

present in each of the fractions.

4.2.2. Isolation of bioactive compound from the ethyl acetate fraction of C. elaesagnoides

leaf extract

4.2.2.1. Column chromatography
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Biological activity results showed that the ethyl acetate fraction was one of the most active and
abundant fractions (see section 4.1.4.1) and was selected for fractionation and isolation of its
bioactive constituents. Column chromatography was utilized to separate the compounds in this
fraction using silica gel (230-400 mesh) as a stationary phase. The ethyl acetate fraction (27.0 g)
was dissolved in a small volume of methanol and adsorbed on silica gel by mixing with a small
amount of silica powder (40.0 g). The methanol in the mixture was dried completely using a
rotavapor. The silica column was packed using a glass column (100 x 2.5 cm) which was rinsed
several times with 100% hexane. Cotton wool was inserted into the column using a glass rod,
after which it was packed with a slurry of silica gel (270 g). One hundred mL of hexane was added
and allowed to flow out to enable the silica gel to settle. A mixture of hexane and ethyl acetate
(7:3) was poured into the column, and the fine powder of the ethyl acetate fraction adsorbed on
silica gel was loaded into the column. The polarity of the eluting solvent mixture was increased
gradually by increasing the volume of ethyl acetate in the hexane mixture by 10% up to 100%
EtOAc. The solvent mixture was then changed to a mixture of ethyl acetate and methanol starting
with 10% methanol up to 100% methanol. A total of 89 test tubes (25 ml each) were collected and

analyzed using TLC and appropriate eluting solvents.

4.2.2.2. Bulking of fractions

Test tube fractions collected were developed on TLC plates using a chloroform and methanol
eluting solvent mixture (9:1). The chromatograms obtained were sprayed with vanillin in sulphuric
acid. Fractions with similar TLC profiles were combined to give three subfractions, namely test

tube 10-33 (subfraction 1), 67-74 (subfraction 2) and 75-89 (subfraction 3). (Figure 2 a, b, c).

4.2.2.3. Purification of subfraction 1 on Sephadex LH-20 column
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Subfraction 1 contained the bioactive compound (see section 4.1.4.1) and was selected for
purification and isolation of the bioactive constituent (Figure 4.2 a). A glass column (35 cm x 2
cm) packed with pre-soaked Sephadex LH-20 was flushed several times with 100% methanol to
clean the column. A solvent mixture of chloroform/methanol (4:1) was prepared, and 50 ml of the
solvent mixture was added to the column while 10 ml was added to the sample (2.29 g). It was
then dissolved using the sonicator to free residue from the flask. The sample was then applied
onto the column and eluted with chloroform/methanol. The solvent mixture gradient was increased
to 3:2; 2:3; 1:4 and finally to 100% methanol. The eluent was collected in 25 ml test tubes and
analysed on TLC plates using DCM/MeOH (ratio 1:4). Test tubes 15-20, 107-110 and 114-118
were combined following the similarity of their TLC profile. The test tubes 15-20 showed TLC of
a single spot. The contents of the test tubes were combined and allowed to dry under a stream of

cold air for about 4 h to give compound 1 (259.7 mg) (Figure 3).

4.2.2.4. Spectroscopic characterization of isolated compound

The structure elucidation of the isolated compound was achieved in collaboration with Prof M.A.
Aderogba (a visiting Professor) at the Phytomedicine Programme, Department of Paraclinical
Sciences, Faculty of Veterinary Sciences, University of Pretoria. The Nuclear Magnetic
Resonance (*H and *C NMR) data were obtained from a 400 MHz Bruker Spectrometer at the

Department of Chemistry, University of Pretoria, South Africa.

4.2.3 Antibacterial activity

4.2.3.1. Minimum inhibitory concentration (MIC) and minimum bactericidal concentration

(MBC) of the fractions and compound isolated from C. elaeagnoides

88



The MIC values of the fractions and isolated compound were determined following the method of
Eloff (1998b) as outlined in Chapter 3, section 3.2.6.1. The fractions were tested at a starting
concentration of 2.5 mg/ml (from a stock concentration of 10 mg/ml) and the compound at a
starting concentration of 2 mg/ml in 96-well microtitre plates and serially diluted two-fold to 0.02

mg/ml and 0.016 mg/ml respectively. The assays were repeated three times in triplicate.

The MBC was determined by adding aliquots of 50 ul from the wells of the concentration which
did not show any bacterial growth after incubation during MIC assays, to 150 pl of freshly prepared
TSB broth. The preparations were thereafter spread on a TSA agar plate. These preparations
were incubated at 37°C for 24h. The least concentration of extract with no bacterial growth

determined the MBC value (Reiner et al., 1981).

4.2.3.2. Determination of anti-biofilm activity

The inhibition of biofilm biomass formation was assessed using the modified protocol described
in Chapter 3, section 3.2.7.1 (O'Toole and Kotler, 1998, Mohsenipour et al., 2015, Sandasi et al.,
2010). Briefly, biofilm was allowed to form at time T24 (24 h) to mark irreversible attachment.
Biofilm production was achieved by aliquoting 100 pl of the respective culture (ODsg= 0.02 or 1.0
x 108 CFU/ml) into a sterile flat bottomed 96-well microtitre plate and sterile sealed with a sealing
tape. One hundred microliter (100 ul) of the sample (at a final concentration of 1 mg/ml from a
stock of 2 mg/ml) and the respective controls were transferred to the wells of the sterile plate and
incubated for 24 h at 37°C without shaking. Appropriate control wells were included in the plate -
negative control (culture + TSB), positive control (culture + TSB + antibiotic), sample control
(sample + TSB), antibiotic control (antibiotic + TSB) and media control (TSB) for each test batch.
After incubation, the modified crystal violet staining (CVS) assay as described in section 3.2.7.2

(Sandasi et al., 2010) was performed to assess the biofilm biomass or adhered cell biomass. First,
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in the CVS assay, the wells were carefully emptied and washed three times with sterile distilled
water to remove any unattached cells. The plates were then air-dried and 150 ul of 96% methanol
added to the wells for 15-20 min to fix the adherent cells. The plates were emptied, and the
adhered cells stained with 100 pl of 0.1 % crystal violet solution for 20 min at room temperature
while covered with the microtitre lids. The plates were washed five times with running tap water
to remove any excess stain and unabsorbed stain. Thereafter, the biofilm biomass was assessed
semi-quantitatively by re-solubilizing the crystal violet stain bound to the adherent cells with 150
pl of 100 % ethanol. The absorbance of the plates was read at 590 nm using a microplate reader
(Epoch™ Microplate Spectrophotometer). The mean absorbance (ODsgonm) Of the sample was

determined and results expressed as percentage inhibition using the equation below.

% Inhibition = ((ODnegative control -ODmedia control) — (ODsample —ODsample control)) X 100

(ODnegative control -ODmedia control)

4.2.4. Antioxidant activity

4.2.4.1. Assay for free radical scavenging (DPPH) activity

The 2, 2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging assay was done according to the
method described in section 3.2.7.1 (Gyamfi et al., 1999). The ICso (50% inhibitory concentration)
values of the fractions and isolated compound were determined using linear and non-linear
regression curves where appropriate percentages of scavenging activity against the actual or
logarithm of concentrations. Each test was done in triplicate and results are presented as meanz+

standard error of mean (SEM).

4.1.6.2 The ABTS radical scavenging assay
The ABTS assay on the fractions and compound was conducted following the procedure

described in Chapter 3, section 3.2.7.2. The ICso (50% inhibitory concentration) values of the
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fractions and isolated compound were determined using linear and non-linear regression curves
where appropriate percentages of scavenging activity against the actual or logarithm of
concentrations. Ascorbic acid and Trolox served as the positive controls. Each test was done

thrice and results presented as mean + standard error of mean (SEM).

4.2.5. Cytotoxicity

The fractions and isolated compound were tested for cellular safety against Vero African green
monkey kidney cells, as described in Chapter 3, section 3.2.8.1. The LCso values were calculated
using linear regression as the concentration of test compound resulting in a 50% reduction of
absorbance (which implies killing 50% of the cells) compared to untreated cells. The experiment

was done at three different times with each concentration tested in quadruplicate.

4.2.6. Statistical analysis

The mean and standard error of means or mean and standard deviations where appropriate of
the different assays were determined. Percentages were also calculated. The I1Cso and LCso were
determined using linear and non-linear regression curves where necessary. SPSS 25.0 computer

software package was used in all the analysis.

4.3. Results and discussion

4.3.1. Percentage yield of fractions and isolated compound

The weight and percentage yield of the initial five fractions and bulked fractions are shown in
Table 4.1. Of the fractions, the ethyl acetate fraction had the highest yield of 27.10 g while

dichloromethane recorded the lowest yield of 3.98 g. Compound 1 (bulked fraction 1) had the
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highest yield of 0.26 g of the three compounds. Compound 1 was obtained as a greenish-yellow

to yellow colour while compounds 2 and 3 had a light brownish colour.

Table 4.1. Percentage yield of the different fractions and compounds

Fractions and compounds

Yield in gram (Q)

Yield in percentage (%)

Butanol fraction

Hexane fraction
Dichloromethane fraction
Ethyl acetate fraction
Water fraction
Compound 1

Compound 2

Compound 3

8.10

6.55

3.98

27.10

10.32

0.26

0.070

0.0091

9.54

7.71

4.69

31.91

12.15

0.31

0.08

0.011
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Figure 4.1. Thin Layer Chromatogram (TLC) of the fractions of aqueous methanol extract of

Combretum elaeagnoides leaf extract
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(a) (b) ()

Figure 4.2. TLC of subfraction 1 (a), subfraction 2 (b) and subfraction 3 (c)

CeB (butanol fraction), CeH (hexane fraction), CeD (dichloromethane fraction), CeE (ethyl acetate

fraction), CeH20 (water fraction)
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Figure 4.3. Chromatogram of Compound 1 (Ceo) spotted three times

4.3.2. Characterization of isolated compound

The *H NMR (DMSO-ds) spectrum of compound 1 (Appendix 1a) showed a splitting pattern of a
flavonol glycoside. There was a signal at & 12.64 ppm that indicated the presence of a chelated
5-OH. The substitution pattern of ring B was established from the multiplicity of its protons signals.
There was a doublet signal at 8 7.30 ppm (1H, H-2', J= 2.4 Hz) indicating a meta orientation
aromatic proton. A doublet of doublet signal appeared at & 7.26 ppm (1H, H-6', J =8.4 and 2.4
Hz) indicating a doubly coupled (meta and ortho related) aromatic proton. Another ortho coupled
aromatic proton signal appeared at & 6.88 ppm (1H, H-5, 8.0 Hz). This substitution pattern
revealed an ABX pattern for the ring B of the flavonol. The spectrum also showed the presence
of two meta related ring A protons at & 6.40 ppm (1H, H-8, 2.0 Hz) and & 6.21 ppm (1H, H-6, J=
2.0 Hz). The presence of sugar moiety in the flavonol was evident from the presence of the
following signals in the spectrum: anomeric sugar signal at  5.25 ppm (1H, d, J= 1.2 Hz, anomeric
H-1"), 6 4.97-3.20 ppm (H-2"- H-5" rhamnosyl Hs) and & 0.82 ppm, (3H, d, J= 6.0 Hz, rhamnosyl
CHs-6"). The 3C NMR data of this compound are presented in Table 4.2. The *H NMR (Appendix

1a) and 3C NMR spectra (Appendix 1a, c) as well as the expanded spectra showing the aliphatic

95



and aromatic regions (Appendix 1b, c¢) are displayed in the appendix. Compound 1(Ceol) was
identified as quercetin-3-O-rhamnoside (Figure 4.4) from the spectra data, which are in good
agreement with the literature (Harbone and Mabry, 1982). Previous work by Osborne and Pegel
(1984,1985) showed that four compounds had been isolated from the leaves of C. elaeagnoides.
The previously isolated compounds, which were triterpenoids, include jessic acid (1 a, (-
dihydroxyl), its a-L-arabinopyranoside, its methyl ester (methyl jessate) and methyl jessate 1a,11
a -oxide or methyl | a ,11 a -epoxy-3 B8 hydroxy-23-oxo-24-methylenecycloartan-30-oate. From
this study, following literature search, the isolated compound-quercetin-3-O-rhamnoside is
reported here for the first time from the leaf extract of C. elaeagnoides. Though the compound-
guercetin-3-O-rhamnoside had been previously isolated from Combretum apiculatum subsp.
apiculatum (Aderogba et al., 2012), Croton penduliflorus (Aderogba et al., 2013a), Croton
menyharthii (Aderogba et al., 2013b), Anacardium occidentale (Ajileye et al., 2015), Euphorbia

hirta (Gopi et al., 2016). The compound exhibited diverse biological activities.
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Table 4.2. The *C NMR Spectra data of Compound 1

Carbon Compound 1 (DMSO-ds) Quercetin-3-O-rhamnoside (DMSO-
ds), (Harborne and Mabry, 1982)

2 157.5 156.7
3 134.3 134.6
4 177.9 178.0
5 161.4 161.6
6 98.8 99.0
7 164.3 164.4
8 93.8 93.9
9 156.6 157.5
10 104.2 104.5
1’ 121.3 121.4
2' 115.8 115.9
3 145.3 145.4
4' 148.6 148.7
5 115.6 116.1
6’ 120.9 121.2
1" 101.9 102.2
2" 70.5 70.4
3" 70.2 70.4
4" 71.3 71.7
5" 70.8 70.8
6" 17.6 17.8
CeO1_1H NMR

NMR H and ** C analysis
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Quercetin-3-O-rhamnoside

Figure 4.4: Structure of Compound 1

4.3.3. Minimum inhibitory concentration and minimum bactericidal concentration activities

of fractions and isolated compound from C. elaeagnoides

The fractions (butanol, hexane, ethyl acetate, dichloromethane and water) of C. elaeagnoides
showed excellent to good antibacterial activity. The identified compound (quercetin-3-O-
rhamnoside) — Compound 1 - generally did not show strong antibacterial activity. A low MIC
indicates excellent antibacterial activity. The MIC result indicated that the more polar fractions
(ethyl acetate and butanol) had the most potent growth inhibitory activity against the foodborne
pathogens. The ethyl acetate fraction generally had the best antibacterial activity against most of
the test organisms. The dichloromethane fraction (DCM) at a MIC of 0.03 mg/ml had the best
antibacterial activity against E. coli 1. The hexane and ethyl acetate fractions showed the same

inhibitory action (MIC = 0.63 mg/ml) against E. coli 2 (clinical strain), just as the DCM and ethyl
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acetate fractions exhibited the same inhibitory action (MIC = 0.1 mg/ml) against S. aureus. The
ethyl acetate fraction had better antibacterial activity (MIC = 0.1 mg/ml) against S. aureus
compared to the positive control, gentamicin, which had MIC of 0.12 mg/ml (Table 4.3). The MBC
result reveals that the DCM fraction had the best bactericidal activity against E. coli 1 (0.31 mg/ml)
followed by butanol and ethyl acetate fractions with MBC value of 0.63 mg/ml against the same
organism. The dichloromethane and ethyl acetate fractions also had the same MBC value of 0.63
mg/ml against S. aureus (Table 4.4). The ethyl acetate fraction had the highest total antibacterial
activity (TAA) against all test organisms with a TAA ranging from 506.35- 5316.67 ml/g. The
compound (quercetin 3-O-rhamnoside) had the lowest total activity (1.22- 2.45 ml/g) against all
test organisms. This result is presented in Table 4.5. It is interesting to note that E. coli 1 was the
most susceptible organism while E. coli 2 and E. cloacae were the most resistant to the fractions

and isolated compound from C. elaeagnoides.
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Table 4.3. Minimum inhibitory concentrations (MIC) of the fractions and isolated compound from C.

elaeagnoides leaf extract

Test Fractions and compound from C. elaeagnoides MIC (mg/ml)
Organisms
CeB CeH CeD CeE CeH20 Ceo1* Control

E.colil 0.26+0.05 0.09+0.04 0.03+0.01 0.06+0.00 0.52+0.11 2.5+0.00 0.02+0.00
E. coli 2 1.25+0.00 0.63+0.00 2.5+0.00 0.63+0.00 2.5+0.00 2.5+0.00 0.02+0.00
S. aureus 0.31+0.00 0.63+0.00 0.1+0.04 0.1+0.04 0.84+0.21 2.5+0.00 0.12+0.04
S. Typhimurium  0.63+0.00 2.5+0.00 0.31+0.00 0.63+0.00 0.52+0.11 1.25+0.00 0.42+0.11
S. Enteriditis 1.04+0.21 0.63+0.00 0.37+0.16 0.63+0.00 0.84+0.21 2.5+0.00 0.03+0.01
C. jejuni 0.73+0.21 0.42+0.11 0.21+0.05 0.42+0.11 2.5+0.00 2.5+£0.00 0.09+0.04
S. maltophilia 0.63+0.00 0.63+0.00 1.25+0.00 0.42+0.11 1.67+0.42 >2.5+0.00 0.02+0.00
K. pneumoniae  0.37£0.11 0.63+0.00 0.63+0.00 0.31+0.00 0.63+0.00 2.5+0.00 0.02+0.00
E. cloacae 1.25+0.00 0.63£0.00 2.5%0.00 0.42+0.11 1.25+0.00 2.5+0.00 0.02+0.00

CeB (Combretum elaeagnoides butanol fraction), CeH (Combretum elaeagnoides hexane fraction), CeD
(Combretum elaeagnoides dichloromethane fraction), CeE (Combretum elaeagnoides ethyl acetate

fraction), CeH20 (Combretum elaeagnoides water fraction), Ceol* (Quercetin-3-O rhamnoside), Control
(Gentamicin), Na (Not applicable as MIC values were at the highest concentrations).
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Table 4.4. Minimum bactericidal concentration (MBC) of the fractions and isolated compound

from C. elaeagnoides leaf extract

Test MBC (mg/ml)

organisms

CeB CeH CeD CeE CeH20 Ceol* Contro
|

E. coli 1 0.63 0.31 0.08 0.16 2.5 Na 0.02
E. coli 2 >2.5 2.5 Na 2.5 Na Na 0.02
S. aureus 1.25 2.5 0.63 0.63 2.5 Na 0.12
S. Typhimurium >2.5 Na 125 25 2.5 >2.5 <0.43
S. Enteriditis >2.5 1.25 125 25 >2.5 Na 0.03
C. jejuni >2.5 25 1.25 1.25 Na Na 0.09
S. maltophilia 25 >2.5 >25 25 >2.5 Na 0.02
K. pneumoniae 2.5 2.5 2.5 2.5 2.5 Na 0.02
E. cloacae >2.5 2.5 Na 2.5 >2.5 Na 0.02

CeB (Combretum elaeagnoides butanol fraction), CeH (Combretum elaeagnoides hexane
fraction), CeD (Combretum elaeagnoides dichloromethane fraction), CeE (Combretum
elaeagnoides ethyl acetate fraction), CeH20 (Combretum elaeagnoides water fraction), Ceol*
(Quercetin-3-O rhamnoside), Control (Gentamicin), Na (Not applicable)
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Table 4.5. Total antibacterial activity in mL/g of fractions and isolated compound from C.

elaeagnoides

Organisms CeB CeD CeH CeE CeH20 Ceol

E. colil 368.85 1546.67 857.00 5316.67 233.71 1.22
E.coli2 76.30 18.56 122.43 506.35 48.61 1.22
S. aureus 307.68 464.00 122.43 3190.00 144.68 1.22
S. Typhimurium  151.40 73.65 30.85 506.35 233.71 2.45
S. Enteriditis 91.71 73.65 122.43 506.35 144.68 1.22
C. jejuni 130.66 220.95 183.64 759.52 48.61 1.22
S. maltophilia 151.40 37.12 122.43 759.52 72.77 1.22
K. pneumoniae 257.78 73.65 122.43 1029.03 192.90 1.22
E. cloacae 76.30 18.56 122.43 759.52 97.22 1.22

CeB (Combretum elaeagniodes butanol fraction), CeH (Combretum elaeagniodes hexane
fraction), CeD (Combretum elaeagniodes dichloromethane fraction), CeE (Combretum
elaeagnides ethyl acetate fraction), CeH20 (Combretum elaeagniodes water fraction), Ceol*
(Quercetin-3-O rhamnoside)

4.3.4. The antibiofilm potential of the fractions and isolated compound from C.
elaeagnoides

The fractions and isolated compound had varying effects on the growth and development of
biofilms by the foodborne pathogens. Some of the fractions, as well as the isolated compound,
had excellent antibiofilm activity (ABF) against some of the organisms while others enhanced
biofilm growth, expressed as 0.00% inhibition (Table 4.5). Two of the fractions (CeB and CeH)
exhibited the most active ABF activity against K. pneumoniae with percentage inhibition greater
than 200 percent (>200%). Interestingly, none of the fractions except the compound had ABF
activity against the ATCC isolate of E. coli 1. This result is dissimilar to the report by Sandasi et

al. (2010) where the ATCC isolate of Listeria monocytogenes was more sensitive than the clinical
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isolate to the tested samples. Surprisingly, the planktonic cells of E. coli 1 (ATCC), which was
sensitive to the fractions and compound in the antimicrobial studies (MIC and MBC), was more
resistant to the same fractions and compound in the antibiofilm studies. The isolated compound
had excellent ABF activity with percentage inhibition value of >150% against E. coli 1. It is worthy
to note that S. aureus and S. Typhimurium were the most sensitive organisms, as all the fractions
and isolated compound had good antibiofilm activity with percentage inhibition values of >50%
(Table 4.6). These results show that the inhibition of biofilm growth and development was more
difficult to achieve than combating the planktonic cells of the organism. This assertion was also
observed by Sandasi and colleagues in their investigation of the ABF activity of selected herbs,
spices and beverages against Listeria monocytogenes (Sandasi et al., 2010). However, one factor
that has been linked to the ability of foodborne pathogens to form biofilm and express resistance
is the presence of an EPS (glycocalyx) that encompasses the biofilm cells as well as the negative
charge on the EPS that limits the infiltration of molecules by charge attraction, thereby conferring
resistance (Hugo and Russell 2004). Another route through which these pathogens form resistant
biofilms includes the deactivation of the antimicrobial agent and efflux pumps that expel drugs
from the cells (Hugo and Russell 2004). Also, the slow growth rate in biofilms compared to free-
floating cells following reduced nutrient and oxygen supply has been reported as another factor

(Costerton et al. 1999; Mah and O’Toole 2001).

It is interesting to note that some of the samples (fractions and isolated compound) enhanced
biofilm formation of some organisms in this study. This observation could be as a result of the
samples comprising compounds with the capacity to produce conditioning films for microbial
adhesion (Sandasi et al., 2010). This enhancement in the growth and development of biofilm
correlates with earlier studies that certain metabolites can stimulate the growth of micro-
organisms (Ofek et al. 2003; Sandasi et al. 2008). In their study, Sandasi and colleagues

demonstrated that specific components of essential oils stimulate the growth and development of
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preformed L. monocytogenes biofilm (Sandasi et al., 2008). Ofek et al. (2003) showed that plant
lectins improve the adsorption of cells onto a surface by acting as receptors of bacterial glycan,
thus promoting cell attachment. The enhanced attachment found upon exposure to some of the
tested samples can be attributed to the presence of metabolites that support the development of

these biofilms.
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Table 4.6. Effect of fractions and isolated compound from C. elaeagnoides leaf extract on the

growth and development of biofilm of selected foodborne pathogens

Test organisms Percentage inhibition of biofilm (%)

CeB CeH CeD CeE CeH20 Ceol
E. coli 1 0.00* 0.00* 0.00* 0.00* 0.00* 153.77
E. coli 2 62.52 119.16 0.00* 0.00* 0.00* 269.78
S. aureus 77.39 66.69 77.46 71.93 80.57 67.59
S. Typhimurium 74.01 70.37 52.35 88.02 73.62 69.75
S. enterica 0.00* 0.00* 0.00* 0.00* 63.35 0.00*
C. jejuni 67.24 0.00* 0.00* 52.27 0.00* 119.36
S. maltophilia 0.00* 0.00* 76.15 0.00* 0.00* 0.00*
K. pneumoniae 247.76 237.51 0.00* 91.53 54.17 0.00*
E. cloacae 118.30 0.00* 0.00* 0.00* 66.40 0.00*

*= fractions and compound that enhance biofilm growth (negative inhibition), CeB
(Combretum elaeagniodes butanol fraction), CeH (Combretum elaeagniodes hexane fraction),
CeD (Combretum elaeagniodes dichloromethane fraction), CeE (Combretum elaeagnides ethyl
acetate fraction), CeH20 (Combretum elaeagniodes water fraction), Ceol* (Quercetin-3-O

rhamnoside)
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4.3.5. Antioxidant evaluation

The antioxidant activity of the fractions and isolated compound from C. elaeagnoides expressed
as ICsp against tested foodborne pathogens is presented in Table 4.7. In this study, the fractions
and isolated compound (Ceol) had good to excellent antioxidant activity against the DPPH and
ABTS radicals with ICso values ranging between 0.01+ 0.31 ug/mL to 7.00+ 0.51 and 0.01+ 0.07
ug/mL to 20.00+ 1.79 ug/mL respectively compared to the positive controls (vitamin C and Trolox)
with 1Csp values of 0.39 + 0.23 ug/mL and 2.64+ 0.27 for DPPH and 0.36+ 0.35 ug/mL and 0. 74+
0.47 for ABTS. The water fraction (CeH20) with an I1Cs value of 0.06 ug/mL had the best DPPH
radical scavenging activity amongst the fractions but was less active than the purified compound
(IC50=0.01 ug/mL). The fractions, except for the ethyl acetate fraction, were more active against
the DPPH radical than the two positive controls (Trolox, ICs=2.64 ug/mL and vitamin C, ICso =
0.39 ug/mL). The butanol fraction (CeB) was the most active fraction against the ABTS radical

with ICso value of 0.01+ 0.07.

The compound (Ce01), identified as quercetin-3-0- rhamnoside, had the best antioxidant activity
(ICs0= 0.01£0.31 and 0.90+ 1.19 ug/mL) against the DPPH and ABTS radicals respectively when
compared to the fractions and positive controls (vitamin C and Trolox) (Table 4.7). Quercetin-3-
0- rhamnoside isolated from the EtOAc fraction of C. elaeagnoides was earlier isolated from the
EtOAc fraction of Anacardium occidentale and assessed for antioxidant capacity. It was found
that the Ce01 isolated from C. elaeagnoides had better DPPH radical scavenging activity with an
ICso value of 0.01+£0.31 ug/ than the same compound in a mixture with quercetin-3-0- rutinoside
isolated from Anacardium occidentale with 1Cso value of 0.96+£0.01 ug/mL (Ajileye et al., 2015). In
another study, Aderogba and colleagues reported that quercetrin (quercetin-3-0- rahmnoside)
isolated from Combretum apiculatum subsp. apiculatum had good antioxidant activity with an
ECso value of 11.8+0.32 uM (0.0053 mg/mL) (Aderogba et al., 2012). Their findings corroborate

the results of antioxidant capacity of compounds similar to that obtained in this study.
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Table 4.7. Antioxidant activity of the fractions and isolated compound from C. elaeagnoides

expressed as mean ICso (ug/ml)

Samples DPPH ABTS

CeB 0.16x0.02 0.01£0.07
CeH 0.38£0.21 6.28+0.15
CeD > 100 20.00£1.79
CeE 7.00+£0.51 1.44+0.86
CeH20 0.06x£0.74 2.81+0.20
Ceol 0.01+0.31 0.90+1.19
Trolox 2.64£0.27 0. 74+£0.47
Vitamin C 0.39+0.23 0.36+0.35

CeB (Combretum elaeagnoides butanol fraction), CeH (Combretum elaeagnoides hexane

fraction),

CeD (Combretum elaeagnoides dichloromethane fraction),

CeE (Combretum

elaeagnoides ethyl acetate fraction), CeH20 (Combretum elaeagnoides water fraction),

Ceol*(quercetin-3-0-rhamnoside)
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4.3.6. Cytotoxicity and selectivity index values of the fractions and isolated compound

from C. elaeagnoides leaf extract

The results of the cytotoxicity assay on Vero African monkey kidney cells and the selectivity index
values are presented in Table 4.8. The LCso values of the fractions ranged between 22.20 and
50.26 pg/mL while the isolated compound had an LCso value of 28.17 pg/ml. The water fraction
(CeH20) had the highest LCso value of 50.26 ug/mL (lowest toxicity), while the dichloromethane
fraction (CeD) was more cytotoxic with LCso value of 22.20 ug/mL. The positive control
(doxorubicin) with an LCso value of 15.95 ug/mL was the most toxic to the Vero cells. The relative
non-toxicity of the fractions and the isolated compound is similar to an earlier report by Zirihi et
al. (2005) that plant extracts with LCso =2 20 pg/ml are considered safe. Previous studies have
shown that flavonoids generally have low toxicity to animal cells (Havsteen, 2002), for example a
lack of cytotoxicity by 2"-O-rhamnosylvitexin against Vero kidney and bovine dermis cells
(Aderogba et al., 2007). This assertion is supported by the findings in this study where the isolated

flavonoid glycoside (quercetin-3-0-rhamnoside) was relatively non-toxic.

Selectivity index (SlI) was used as another safety parameter (Table 4.8). The CeD fraction had
the highest selectivity index value of 0.7333 amongst the fractions against E. colil. The isolated
compound had weak selectivity index values against virtually all the tested foodborne organisms.
Ce01 had Sl values below 1 in all cases. Plant extracts or compounds with Sl values greater than
one implies that the samples are more toxic to the bacteria than the host cells (Eloff, 2002;

Makhafola et al., 2012).
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Table 4.8. Cytotoxicity (LCso) and selectivity index values (LCso/MIC) of the fractions and isolated compound from C. elaeagnoides leaf

extract

Samples LCso (mg/mL) Selectivity index

Ecl Ec2 Sa St Se Cj Sm Kp Entero
CeB 0.0484+1.4509 0.1862 0.0387 0.1561 0.0768 0.0465 0.0663 0.0768 0.1308 0.0387
CeH 0.0428+0.0035 0.4756 0.0679 0.0679 0.0171 0.0679 0.1019 0.0679 0.0679 0.0679
CeD 0.0222+0.1402 0.7333 0.0089 0.2220 0.0352 0.0352 0.1057 0.0178 0.0352 0.0089
CeE 0.0249+0,1050 0.4155 0.0396 0.2493 0.0396 0.0396 0.0594 0.0594 0.0804 0.0594
CeH20 0.0503+0.0050 0.0967 0.0201 0.0598 0.0967 0.0598 0..0201 0.0301 0.0798 0.0402
Ceol 0.0282+0.6690 0.0113 0.0113 0.0113 0.0225 0.0113 0.0113 0.0113 0.0113 0.0113
Doxo 0.0160+0.1268 NA NA NA NA NA NA NA NA NA

CeB (Combretum elaeagnoides butanol fraction), CeH (Combretum elaeagnoides hexane fraction), CeD (Combretum elaeagnoides
dichloromethane fraction), CeE (Combretum elaeagnoides ethyl acetate fraction), CeH20 (Combretum elaeagnoides water fraction),
Ceol (Quercetin-3-0-rhamnoside), Doxo (Doxorubicin), NA (Not applicable).
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4.3 Conclusions

This is the first time that quercetin-3-0-rhamnoside has been isolated and characterized from C.
elaeagnoides leaf extract. The antimicrobial, antibiofilm, antioxidant and cytotoxicity of the
fractions and isolated compound from C. elaeagnoides was also investigated for the first time.
The study established that the extract fractions prepared using solvents of different polarities and
the isolated compound have reasonably strong antimicrobial, antibiofilm and antioxidant
properties, though with varying degrees of activity. The solvent fractions and isolated compound
were relatively non-cytotoxic based on the findings of this study. The fractions and isolated
compound can therefore be potentially useful in managing oxidative stress and diseases caused
by foodborne pathogens and other infectious agents. The strong antibiofilm activity of the fractions
and particularly the compound indicates that these samples can possibly be developed into
promising alternate anti-infectious agents where resistance of the foodborne pathogens has been
attributed to biofilm formation by the organisms. The antibiofilm activity of the fractions and
isolated compound could be a possible mechanism of action through which the samples combat
the foodborne pathogens. The findings of this study lastly support the ethnomedical use of many
Combretum species in combating inflammation and infectious diseases. Further work, such as
combination (synergistic) studies and in vivo toxicity and efficacy screening, particularly with the

compound (quercetin-3- O -rhamnoside), is recommended.
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Chapter Five: General conclusions and recommendations

5. General conclusions

The purpose of this study was to evaluate the methanol and acetone extracts of nine South African
medicinal plants used for the treatment of ailments associated with foodborne diseases. A
literature survey of the potential of South African plants against specific foodborne pathogens was
also undertaken. Nine selected ATCC and clinical bacterial strains (Salmonella Typhimurium
ATCC 39183, Salmonella Enteritidis ATCC 13076, Escherichia coli 1 ATCC 25922, Escherichia
coli 2 (clinical isolate), Staphylococcus aureus ATCC 29213, Stenotrophomonas maltophilia
(clinical isolate), Klebsiella pneumoniae (clinical isolate), Enterobacter cloacae (clinical isolate)
and Campylobacter jejuni ATCC 33560) known to cause foodborne diseases or food poisoning
were investigated. The leaf extracts of the nine selected plants were assessed for their
antibacterial, anti-biofilm, antioxidant and cytotoxic activity. An active compound from Combretum
elaeagnoides was further isolated and characterized. The isolated compound was screened for

its antimicrobial, anti-biofilm and antioxidant activity and cytotoxicity.

5.1 Antibacterial and antibiofilm screening of the crude leaf extracts of the selected

medicinal plants

The antibacterial activity of the methanol and acetone extracts of the plants was investigated.
The broth serial microdilution method was used to determine the MIC activity of the nine plant
extracts against the selected strains. The extracts were active against all the tested
microorganisms with MIC values ranging from <0.02 to 2.5 mg/ml, but the test strains were
more susceptible to the acetone extracts of all the plant extracts. The MBC of the plant extracts

with MIC values ranging from <0.02 to 1.25 mg/ml was further investigated to determine at what
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concentration the plant extract inhibited 100% bacterial growth. MBC values of 0.02 to 1.25
mg/ml were obtained. The total activity was also assessed as a measure of the antimicrobial
potential of the plants. The acetone extract of V. xanthophloea had the highest total activity of
42,800 ml/g. The anti-biofilm investigation revealed that some of the plant extracts had very
good inhibitory activity and inhibited more than 50% of the test organism biofilm biomass. The
ABF activity of the seventeen extracts of the leaf of the nine plants was reported for the first
time. The acetone extract of C. oxystachyum had the strongest ABF activity (252%) of the

seventeen extracts investigated against E. coli 1.

5.2 Evaluation of the antioxidant potential of the nine selected plant extracts

The antioxidant activity investigation of the seventeen crude extracts of the nine selected plants
showed that the methanol extract of C. xanthophloea and the acetone extract of C. edulis had the
best antioxidant activity against the DPPH and ABTS radicals with ICso values of 0.14+ 0.19 pg/mL

and 0.01+0.02 ug/mL respectively when compared to the other extracts and positive controls.

5.3 Cytotoxicity of the crude leaf extracts of the selected nine plants

The cytotoxic effect of the nine plant leaf extracts was investigated and expressed in LCso and
selectivity index (SI) values. The acetone extract of E. elephantina had the highest LCso value of
3.69 mg/mL amongst the extracts, while the acetone extract of C. molle had the lowest LCso value
of 0.01 mg/mL. The acetone extract of C. edulis and C. xanthoploea had Sl values of 17 and 15

and could be described to have the best potential to offer the safest therapy against E. cloacae.

112



5.4 In vitro bioactivity of the fractions and compound isolated from Combretum

elaeagnoides leaf extract against selected foodborne pathogens

The methanol extract of C. elaeagnoides was fractionated into five fractions (hexane,
dichloromethane, ethyl acetate, butanol and water) via solvent-solvent fractionation. Column
chromatography with silica gel as the stationary phase and a hexane-ethyl acetate gradient as
the mobile phase was used to isolate the active compound in bioassay-guided fractionation. The
isolated compound was identified using nuclear magnetic resonance (NMR) and mass
spectrometry (MS) as quercetin 3-O-rhamnoside. The fractions showed excellent to good
antibacterial activity. The dichloromethane fraction of Combretum elaeagnoides had the best MIC

activity of 0.03 mg/mL against E. coli 1 (ATCC 25922).

5.5 Conclusions and recommendations for future work

The results presented in this thesis demonstrate the potential of South African plants against
foodborne pathogens. The antibiofilm and antioxidant activity of the crude extracts, fractions and
isolated compound from the selected plants could be possible pathways through which the plants
could be developed into therapies against the pathogens. Much further work is possible in this
study. The exact MIC values for those with MIC values less than 0.02 mg/ml need to be confirmed
and more accurately determined. More active compounds need to be isolated and identified from
the most active plant extracts to provide possible marker compounds if an active extract or fraction
is to be developed for use against foodborne pathogens. The mechanism of action of the active
plant preparations (extracts, fractions or isolated compounds) needs to be elucidated to identify

how they can be most useful in preventing or treating diseases caused by foodborne pathogens.
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Appendix 1a: The *H NMR spectrum of compound 1
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Appendix 1b: The expanded *H NMR spectrum of compound 1 (Aromatic region)
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Appendix le: The expanded **C NMR spectrum of compound 1
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