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Abstract
New diseases requiring medical intervention are continually emerging whilst known 

diseases remain a constant threat due to continual mutation in their genome. This 

recurrent metamorphosis makes treatment more difficult due to the constant 

change. An example of which would be the emergence of many antibiotic resistant 

strains of the methicillin resistant Staphylococcus aureus which is a worldwide 

epidemic. Pathogens such Listeria monocytogenes, Escherichia coli and 

Staphylococcus aureus have been the source of a variety of human and animal 

diseases resulting in economic losses. The ease with which these pathogens adapt 

to antibacterial remedies means that many antibacterial remedies are rendered 

ineffective months after their first introduction. The discovery of penicillin marked 

the beginning of decisive treatment for bacterial infections. However, the extensive 

use of antibiotics in modern agricultural food production has been the subject of 

increasing public concern, particularly when it has been linked to the continuous 

emergence of resistant bacteria; which can transfer resistant genes from animals to 

humans via the food chain. Recently the use of antibiotic growth promoters for the 

prevention of animal disease and growth promotion was banned in the EU as a part 

of measures geared toward preventing emergence of resistance to antibiotics 

especially those used in human medicine. This EU-wide ban has created a gap and 

led to a new urgency in the search for safe replacements due to the importance of 

antibacterial growth promoters in food/animal farming. Examination of trends in 

antibiotic discovery shows that the majority of the antibiotics in clinical use until now 

are from natural origin, a trend which is not about to change quickly; as other 

sources of antibiotics, (synthetic) have failed to produce significant new drugs to 

keep up with the rate of emergence of resistant bacterial strains. As a result, there 

has been a renewed interest in the discovery of antibiotics from natural sources.

The aim of this study was to search and isolate plant-derived antimicrobial 

compounds which could be useful for disease control in animals and could have the
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potential for further pharmaceutical development in both human and veterinary 

applications. In this study, plant specimens were collected (based on the 

recommendations of trado-medical practitioners from Cameroon) and extractions 

were carried out. The resultant extracts were tested for antibacterial properties 

against microorganisms (of known public health importance) including Listeria 

monocytogenes NCTC11994 and Escherichia coli K12 NCTC 10538. Bioassay- 

guided fractionation procedures which involved the development of column 

chromatographic procedures and high performance liquid chromatography programs 

were used to isolate and purify bioactive components of extracts with antibacterial 

activity. Isolated compounds were analysed using nuclear magnetic resonance 

spectroscopy to help elucidate their respective chemical orientations. Secondary 

lines of evidence in structure elucidation included mass spectrometry to associate 

an exact mass with the structure. Structure activity relationship studies were also 

carried on the bioactive compounds. Toxicity profile studies were carried out and 

the identified compounds modes of action in combating Gram-positive 

microorganisms were investigated.

In total, four compounds were isolated from Aframomum melegueta three of which 

are labdane diterpenes; two of these diterpenes, G3 and G5 were significantly (p 

<0.05) more potent than either ampicillin or gentamicin when combating Gram

positive bacteria. The fourth compound (plasticizer) showed activity only against 

Gram negative E.coli and no activity against the Gram-positive organisms. The 

mode of action of G3 is penicillin-like and the toxicity profile on Caco-2 cell lines 

indicated that it is non-toxic against intestinal epithelial cells, a result which favours 

oral administration.

This thesis resulted in the isolation and identification of two antibacterial compounds 

with therapeutic potentials which will be further assessed and developed for possible 

therapeutic application.
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Chapter 1: Introduction



1. Introduction

Antimicrobial agents are substances that have the ability to inhibit the growth of and 

potentially cause the death of microorganisms (Wakesman, 1952). The word 

‘antimicrobials’ is used to refer to substances of both natural and synthetic origins 

that possess such ability. Historically, substances from natural origin were classified 

as antibiotics and this followed from the word antibiosis coined by Paul Vuillemin in 

1889 (Nicolaou and Montagnon, 2008). Antibiosis, according to Vuillemin, is a 

process in which life is destroyed by another life. Therefore, 'antibiotics’ was used 

to describe antimicrobial compounds from biological sources (Prasad, 2009). Both 

words ‘antimicrobial’ and ‘antibiotics’ are used interchangeably but the former is 

commonly used to describe substances that are effectively anti-bacteria and anti

viral while the latter is normally referred to antibacterial drugs or compounds. 

However in this work there will be no distinction.

The advent of antibiotics was officially synonymous with Fleming’s observation in 

1928 that a substance produced by Penicillium notatum was capable of inhibiting 

the growth of other microorganisms (Flemings, 1929). Although those compounds 

such as pyocyanase (Gross and Loper, 2009) and Fleming’s lyzozyme (Fleming and 

Allison, 1922) were already discovered and discarded, it was the event of 1928 that 

marked the turning point in infectious disease management in the history of human 

medicine.

Unfortunately, the potentials of this wonder drug could not be fully explored 

immediately due to the labile nature of penicillin which prevented its formulation until 

1940 when the chemists, Chain and Florey concentrated it by freeze drying (Chain 

and Florey, 1944). To date, antibiotic discovery from natural origin still requires the 

input of both the microbiologist and chemist in order to complete the process of
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screening for antimicrobial activity, isolation, purification and identification of a

candidate compound.

1.1 Pre-Antibiotic Era

Prior to 1928, archaeological reports had indicated that the Neanderthals who lived 

near Iraq, treated microbial infections with herbs that are still used nowadays in that 

region (Pribitkin et al, 2001; Ji et al, 2009). Traditional healers and folk medicine 

have been in existence in many regions of the world. Prominent amongst them is 

the age-long traditional Chinese medicine (TCM) (Pribitkin et al, 2001). Another 

example is African traditional medicine which appeared to be the mainstay of African 

healthcare delivery until the mid 20th century. There are remedies for most ailments 

in particular for wound healing and infectious disease management (Taniguchi and 

Kubo, 1993). To date, most of the population in the region still has recourse to 

herbal medicine which sometimes is combined with orthodox treatment. As much 

as 80% of the population in many African and Asian countries depend on herbal 

remedies for primary healthcare (WHO, 2008). Therefore, the use of antimicrobials 

for human diseases has a long standing history in folk medicine even before their 

knowledge of infectious diseases.

1.2. The Germ Theory

During the ‘pre-antibiotic’ era, scientists searched for the cure of infectious diseases 

by knowledge-based applications of different natural remedies. It is generally 

considered that knowing the cause of an ailment is 50% cure of the ailment. A 

significant breakthrough in the treatment of infections resulted only after Louis 

Pasteur propounded the germ theory in 1878 which described the cause of 

infectious diseases (Simmons, 2002). According to Pasteur, diseases were caused
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by a particular living organism, too tiny to be seen with the naked eye. His idea 

however did not gain acceptance immediately but initiated the search for the ‘magic 

bullet’ that would destroy the hypothetical organisms.

1.3. Antibiotic Era: the use of antibiotics in human medicine.

1.3.1. Discovery of Antibiotics and the treatment of infectious diseases.

In spite of the fact that Ehrlich had used Salvarsan to treat syphilis in 1908 (Kober, 

1919), it was only after the publication of Alexander Fleming’s findings in 1929 that 

greater public interest had arisen toward the search for antibiotics. Soon after 

Fleming’s observation, Rene Dubos extracted and purified gramicidine and 

tyrocidine (Sulphonamides) from a mould which had broad spectrum antibacterial 

properties (Dubos et al., 1942). Later in 1935, prontosil was successfully 

synthesized by Gerhard Domagk (Otten, 1986).

Consequently, two major approaches in antibiotic discovery were established. The 

first was Fleming’s discovery from natural products and the second was the 

synthetic approach used by Domagk for prontosil discovery. The natural product 

approach had dominated the antibiotic revolution during the period of 1940-1962 

(Walsh, 2003). This route has resulted in the discovery of most of the antibiotics 

used to date but some of them have been rendered ineffective by the emergence of 

resistant bacteria.

Different classes of antibiotics are commonly used including p-lactam antibiotics 

represented by penicllins, cephalosporins and monobactams, tetracyclines, 

macrolides, sulphonamides and quinolones. Tetracycline was discovered in 1948 

from two moulds, Streptomyces aureofaciens and Streptomyces rimosus. 

Chlortetracycline and oxytetracycline were the first members of the tetracycline
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group. Tetracyclines are a broad spectrum antibiotics used for the treatment of both 

Gram-positive and Gram-negative bacterial infections (Chopra, 2001). A new sub 

group of tetracycline known as glycylcycline represented by tigecycline was 

approved in 2005 and they are used to treat conditions that are resistant to older 

tetracyclines (Olson et al., 2006).

In 1952, erythromycin, the first member of the macrolide antibiotics was isolated 

from Streptomyces erythreus (Naoto et al., 1993). It is indicated for respiratory tract 

and soft tissue infections (Simon and Harhausen, 1980). Four years later in 1956, 

Eli Lilly isolated vancomycin, a glycopeptide from soil samples. It is currently the 

last drug of resort in the treatment of methicillin resistant Staphylococcus aureus 

(MRSA) infection and infections caused by Enterococcus sp (Moellering, Jr, 2006; 

Jung et al., 2007).

Cephalosporin was isolated in 1948 from Cephalosporium acremonium, another 

fungus from sewage (Ross, 1986). The cephalosporins belong to p-lactam 

antibiotics but have a broader spectrum of activity and are active against both Gram

negative and Gram-positive microorganisms (Xu et al., 1999).

Nalidixic acid, a representative of the quinolones was discovered in 1962. The 

fluoroquinolones which are broad spectrum antibiotics are indicated in infections 

caused by both Gram positive and Gram negative bacteria (Emmerson and Jones, 

2003; Krauss and Ullmann, 2003).

Further attempts made by researchers to discover antibiotics from different types of 

microorganisms other than Streptomyces resulted in various compounds with the 

same structural backbone and mechanism of action as those derived from 

Streptomyces (Mitscher et al. 1987). These have formed the scaffold that medicinal
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chemists built on to produce other members of the family either to achieve a better 

pharmacokinetic profile or reposition in order to overcome a new mechanism of 

resistance (Kalant, 1965). This trend still continues to the present time due to a high 

rate of resistance selection in the microbial world.

To date, only a few new antibiotic structural backbones have been added to the 

antimicrobial ammunitions for the last several decades. These include the synthetic 

oxazolidinone (linezolid) which was introduced nearly four decades after the 

quinolones had been discovered (Walsh 2003). Linezolid was initially discovered 

and abandoned earlier in the mid-80s (Wright and Sutherland, 2007), and is the 

most effective antibiotic for severe infections caused by resistant bacteria such as 

methicillin-resistant Staphylococcus aureus (MRSA). Daptomycin, a natural 

lipopeptide was approved for use by the Food and Drug Administration (FDA) in 

2006 for the treatment of Staphylococcal skin and soft tissue infections (Peifu et al., 

2009; Dhawan et al., 2009). Platensimycin (from soil bacteria Streptomyces 

plantesls) yet to be approved for clinical use was reported in 2006 as having a novel 

mechanism of action which is the inhibition of cellular lipid biosynthesis by 

selectively targeting p-ketoacyl synthase in the synthetic pathway of fatty acids 

(Wang et al, 2006) and horminone from plant was reported in 2007 (Wright and 

Sutherland, 2007; Baker et al., 2007).

1.3.2. Treatment of Foodborne diseases.

According to the World Health Organisation (WHO), illnesses associated with 

foodborne pathogens are multiple and constitute a growing public health problem 

worldwide which challenges international health security (WHO, 2010; Tauxe et al., 

2009). Diarrheal disease is the most common form of foodborne illness caused by 

foodborne pathogens (WHO, 2007). The control strategy of foodborne disease is
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prevention which involves the adoption of good hygiene and handling procedures in 

production and packaging of food products (Nunes et al., 2010). Most diarrheal 

diseases resulting from foodborne pathogens are self limiting and can resolve within 

days (Devasia, 2006). The use of antibiotics is therefore recommended only in 

severe cases of infection involving immune compromised patients such as the 

elderly (Poutanem and Simor, 2004).

Vancomycin has been used in the treatment of severe Clostridium difficille 

associated diarrhoea that can be triggered by the use of an antibiotic. Vancomycin 

is administered after the withdrawal of the precipitating antibiotic (Kokkotou et al., 

2008). Fluoroquinolones and cephalosporins have been used to manage severe 

cases of Escherichia coli induced diarrhoea. However, the resistance of E.coli to 

those agents are reported to be on the increase (Lanjewar et al., 2010). Another 

type of foodborne illness is listeriosis which is caused by Listeria monocytogenes 

that has been isolated from many food products including meat and milk (Center et 

al., 2009). Outbreaks can be fatal (Gandhi and Chikindas, 2007) and the current 

treatment of choice is ampicillin which should last for 21 days (Posfay-Barbe and 

Wald, 2009). New antibiotics which act faster and can shorten the treatment period 

will be of most interest.

1.4. Mechanism of antimicrobial action

Different classes of antibiotics attack microbial cells by different mechanisms based 

on the target organelles. The target organelles include the cell wall, ribosome, the 

cell membrane and microbial enzymes. The resultant effects range from inhibition 

of cell wall synthesis (penicillins) to inhibition of protein synthesis (tetracycline) and 

gyrase enzyme inhibition (quinolones) (Dzidic, 2008).
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1.4.1. Inhibition of Cell wall synthesis.

Antimicrobial activity can be achieved by targeting the cell wall by inhibiting cell wall 

synthesis. A bacterial cell wall is a flexible or rigid layer that surrounds some types 

of cells. Located outside the cell membrane, it provides the cells with structural 

support and protection, and also acts as a molecular sieve. The cell wall is a very 

important structural characteristic and is essential for the survival of many bacteria. 

It is made up of peptidoglycan (PPG) (Fig.1) which is a polysaccharide chain layer 

connected by amino acid bridges (de Pedro, 2009).

teichoic
acid

peptidoglycan
sheet

cytoplasm

cytoplasmic membrane
membrane protein

Figure 1.1. Gram positive bacteria cell wall showing several strands of PPG 

above the cytoplasmic membrane (Todar, 2009).
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Figure 1.2. Gram negative bacteria cell wall showing a single strand of PPG 

sandwiched between two layers of inner and outer membrane (Todar, 2009)

The structures of both the Gram-positive and Gram-negative bacteria cell walls are 

depicted above (Figs. 1, 2). The Gram positive wall has more peptidoglycan strands 

(many layers) than the Gram-negative wall (fewer layers). The Gram-negative cell 

has two layers of cell membranes while the Gram positive cell has only one layer. 

The peptidoglycan layer comprises the major part of the Gram-positive cell wall and 

its rigidity is necessary for protecting the more flexible cytoplasmic membrane 

underneath. It counters the osmotic effect from extracellular space and serves as 

the platform for surface structures (Korsak et al., 2005). Therefore anything that can 

disrupt the synthesis of peptidoglycan will have a detrimental effect on the viability of 

cells.

There are three main stages involved in peptidoglycan synthesis (Fig. 3). Stage one 

takes place in the cytoplasm, stage two in the cell membrane and stage three on the 

cell wall. There are many other sub-stages or steps within these three main steps.
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Inhibition of any of the steps in the synthetic pathway can potentially result in cell 

death. The p-lactam antibiotics attack the last step (step e, Fig. 3) to prevent 

transpeptidation (Presslitz, 1978). This can lead to fragility of the cell wall at the 

growth point and cell lysis due to osmotic pressure. The glycopeptide antibiotics 

such as avoparcin act on step d (Fig. 3). They inhibit crosslinking of adjacent 

peptidoglycan resulting in cell lysis in the presence of osmotic effect. This is also 

referred to as inhibition of mucopeptide synthesis (Hancock and Fitz-James, 1964).
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Figure 1.3. The Effects of Antibiotics on Bacterial Cell Wall Synthesis showing points 

antibiotics attack (Chan et al., 2008)
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1.4.2. Inhibition of protein synthesis

Another mechanism of antimicrobial action is the inhibition of protein synthesis 

which occurs in the ribosome, a site in which protein synthesis takes place. A 

ribosome is made of ribonucleic acid (RNA) and protein complexes and is divided 

into two subunits: the 508 subunit binds to transfer RNA (tRNA) and the 308 subunit 

binds to messenger RNA (mRNA) (Laursen et al., 2005). Different antimicrobial 

agents can target either of these subunits. Drugs that target the 308 subunit either 

prevent the attachment of tRNA e.g. tetracyclines (Connell et a!., 2003; Oliva et a!., 

1992) or cause misreading of mRNA thereby blocking the initiation of translation e.g. 

aminoglycosides (Hahn and Sarre, 1969; Lando et al. 1973; Mehta and Champney,

2002) . Other drugs that target the 508 subunit can inhibit protein synthesis by 

preventing ribosomal translocation (e.g. erythromycin) (Auerbach et al., 2002) or 

blocking peptide bond formation (e.g. chloramphenicol) (Wisseman, et al, 1954; 

Allison et al., 1962; Hahn et al., 1954). The other drug classes that bind to 50s 

ribosomal subunits include the recently discovered oxazolidinones (Linezolid) which 

interfere with the formation of the initiation complex in protein synthesis (Livermore,

2003) .

1.4.3. Membrane depolarizers

Some antibiotics can exert their antimicrobial activity by causing depolarisation of 

the bacterial cell membrane (Silverman et al., 2003). It has been hypothesised that 

these compounds undergo oligomerization to form oligomers that bind to the cell 

membrane without accessing the cytoplasm by a process which is found to be 

calcium ion dependent. The consequence of the attachment is potassium efflux 

which leads to depolarisation of the cell membrane. The depletion of the 

cytoplasmic potassium store subsequently results in the stifling of any process that 

is potassium dependent and eventually leading to cell death (Silverman et al., 2003).



Cyclic lipopeptide antibiotics (e.g daptomycin) have been found to have this mode of 

action (Hair and Keam, 2007; Strauss and Hancock, 2006). However, recently a 

tentative and different mechanism has been proposed for daptomycin. It was 

suggested that daptomycin might induce the up regulation of autolysin expression 

which is very harmful to the integrity of peptidoglycan and inimical to the bacteria’s 

existence (Peifu et al., 2009)

1.4.4. Inhibition of Nucleic acid Synthesis

Another established mechanism of antimicrobial action is the inhibition of nucleic 

acid synthesis. For instance, the sulphonamides inhibit the enzyme dihydropteroate 

synthetase necessary for the first step in folic acid synthesis (Qvarnstrom and 

Swedberg, 2002). Another drug trimethoprim inhibits dihydrofolate reductase in the 

same pathway (Bermingham and Derrick, 2002). Folic acid is necessary for the 

one-carbon transfer step in the synthesis of purines and pyrimidines. Purines and 

pyrimidines are necessary for deoxyribonucleic acid (DNA) synthesis. Other drugs 

that inhibit the synthesis of DNA are the quinolone antibiotics (Goss et al., 1964). 

These compounds inhibit the DNA gyrase (topisomerase type II) enzyme in Gram

negative organisms and DNA topoisomerase IV enzyme in Gram-positive bacteria. 

These enzymes are necessary for DNA replication and the growth of the 

microorganism. In an adenosine triphosphate (ATP)-dependent process, the gyrase 

enzyme breaks the positive coil to form a negative supercoil. This process results in 

the reduction of torsional strain during replication (Kumar et al., 2000; Gore et al., 

2006). Inhibition of this enzyme leaves DNA in the positive coil state, a situation 

which is detrimental to growth and multiplication.
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1.5. The use of antibiotics in veterinary medicine

1.5.1. Treatment of diseases

The primary use of antimicrobial agents in food animals is for the treatment and 

prevention of diseases (Waldroup et al., 2003). Penicillin had been used to treat 

bacterial infections in animals shortly after its introduction in human medicine 

(Edqvist and Pedersen, 2002). In the early 1940s, infusion of aqueous penicillin 

was used in the treatment of mastitis due to both Staphylococcal and Streptococcal 

infections in dairy cows (Soulsbyl, 2008). However, the discovery of Moore and co

workers in 1946 suggested that the addition of sub-therapeutic doses of 

antimicrobials in the feed ration of chicks improved feed efficiency (Moore et al, 

1946), thus leading to the commencement of antibiotic growth promotion (AGPs) in 

the modern farming system. This practice involves the addition of sub-therapeutic 

concentrations of antibiotics to feedstuffs to prevent diseases, enhance growth and 

promote animal well being (Conly, 2002).

1.5.2. Prevention of diseases and growth promotion

The use of antibiotics as growth promoters was introduced a year after the Second 

World War ended when the demand for food was extremely high worldwide. After a 

decade of food shortages, any method(s) that could increase food production would 

be welcomed by societies and new food policy was also introduced by governments 

to promote and increase agri-food production. The Common Agricultural Policy 

(CAP) was introduced in 1962 to subsidise production of basic foodstuffs to promote 

self-sufficiency and food security within the European Union (EU). The use of 

antibiotics as growth promoters without prescriptions was approved in the United 

States (US) in 1950 (Gersema and Helling, 1986). Presently, such practices have 

become widespread worldwide due to their significant impacts on high-performance
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and low-morbidity in livestock management within the current intensive farming 

environment.

Many of the antimicrobials used for growth promotion in food animals are similar to 

antibiotics used in human medicine. According to Ricke and Jones, up to 32 

antimicrobials were approved for use in broilers in the US. Among them were seven 

major antibiotics bacitracin, tetracycline (chlortetracycline, oxytetracycline), 

penicillin, novobiocin and the macrolides-erythromycin, lyncomycin which are used 

in human clinical medicine. Eleven out of the 32 were designated as growth 

promoters whilst 15 were used for coccidiosis treatment (Ricke and Jones, 2003). 

Swann’s report of 1969 had resulted in the restriction of antibiotics used as growth 

promoters to those not used or rarely used in human medicine. However, while 

vancomycin, a glycopeptide antibiotic was introduced for use in humans, there was 

continued use of tylosin and spiramycin, which are also glycopeptides, in food 

animals, a practice which flouted the restriction order (Edqvist and Pedersen, 2002).

1.5.3. Advantages of antibiotic growth promoters:

1.5.3.1. Improved performance

A series of experiments carried out between mid to late 1940s showed that there 

was significant difference in the growth rates between two groups of chicks fed with 

and without AGPs. One of the experiments demonstrated the effect of AGPs on 

chicks dosed with streptomycin while another demonstrated the growth promoting 

effect of tetracycline on chicks. Both results showed that the groups fed with in-feed 

antibiotic supplement had better feed conversion efficiency and higher growth rates 

than the control group with no supplements (Moore et al., 1946; Stockstad et al., 

1949, Gaskins et al., 2002).
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Improved feed conversion efficiency may be the main attraction in the use of AGPs. 

The rate of body weight gain is increased (Opalinski et al., 2007; Markovic et al., 

2009) and the quantity of feed required for each unit of gain is lower (Markovic et al., 

2009). According to the WHO up to 5% of weight gain can be achieved by just 

adding antibiotics to animal feeds as growth promoters without increasing the 

amount of feed consumed (WHO, 1997). The carcase yield is also increased. 

Bartov reported that avoparicin increased the yield of defeathered, eviscerated male 

broiler chicks (Bartov, 1992). Increased milk production, improvement in the rate at 

which piglets and chicks survive and grow and enhancement in sow performance 

are other benefits of AGPs (Guilloteau et al., 2009).

1.5.3.2. Better quality of meat, less fat and more protein

Meat quality is assessed based on appearance, flavour, juiciness, tenderness. All of 

these qualities are somehow dependent on the protein and fat content of the meat 

(Kerry and Ledward, 2009; Pearson et al., 1973; Wasserman and Talley, 1968, Gill 

et al., 2010). Juiciness is a quality of meat which is derived from the amount of 

water retained after cooking. The more water that is retained, the juicier the meat 

will be. Juiciness has an impact on the flavour of meat (Ledward et al., 1992) and 

also its tenderness (Pearson and Dutson, 1995). Juiciness has a correlation with 

the lipid composition of the meat (Lonergan et al., 2001) though some researchers 

have reported no correlation of these traits in pork meat (Huff-Lonergan et al, 2002; 

Lonergan et al., 2007).

It has been reported that when there is an increase in carcase weight which results 

from an increased growth rate, there is also an increase in inter-muscular and 

subcutaneous fat which make up the total side fat (Timon et al., 2001). On the other 

hand, there is a decline in the intramuscular fat thereby reducing excessive marbling
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and increasing acceptability (Johnson et al., 1972, Fernandez et al., 1999). The 

side fat and marbling improves water retention therefore giving rise to juiciness, 

improved flavour and tenderness. Marbling improves the appearance of the meat 

when it is cut (Huff-Lonergan et al, 2002). The growth promoting effect of antibiotics 

improves meat quality by its influence on fat content and distribution (Demeyer, 

1997). It can also result in more tenderness of meat due to the rapid growth that it 

induces. Dransfield reported that fast growing broilers have larger muscle diameters 

than slow growing ones, which results in loose packing of the muscle fibres that 

translates to tenderness (Dransfield and Sosnicki, 1999). Furthermore by reducing 

intramuscular fat, AGPs improve the protein content of the meat and reduce 

undesirable fat content. Flughes and Heritage reported that AGPs result in up to 

10% increase in growth rate while a similar finding of 11% increase was reported by 

Costa. This significant increase in growth rate gives rise to meats of improved 

quality with increased protein and less fat content (Hughes and Heritage, 2004, 

Costa et al, 2007)

1.5.3.3. Effect of AGPs on disease control and prevention

AGPs have been shown to be able to control subclinical diseases which can reduce 

growth and meat production (Weneger et al, 1999). Such diseases include 

Clostridia induced necrotic enteritis in poultry and swine, porcine proliferative 

enteropathy, coccidiosis in calves and sheep and colibacillosis in post weaning pigs 

(Jacobson et al., 2009; Cooper and Songer, 2009b; Mundt et al., 2004; Miller et al., 

2009). Necrotic enteritis is caused by Clostridium perfrigens and in most cases it 

goes undetected and therefore quietly erodes performance of poultry. The 

economic cost of this disease worldwide was estimated at 2 billion dollars per year 

(McReynolds et al., 2004). Prior to the EU ban on AGPs, antibiotics had been used 

to control subclinical infections and prevent clinical infections (Cooper and Songer,
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2009a). The EU authorised the use of antibiotics as growth promoters in a 1970 

regulation (Council Directive 70/524/EEC). It has been reported that the introduction 

of the AGP ban in Jan 2006 (Council Regulation (EC) No 1831/2003) has since 

resulted in the resurgence of these diseases in several EU Member states 

(Castanon, 2007; Jensen 2006; Cooper and Songer, 2009b).

As at 2003, Sweden and Denmark had imposed a total ban while a selective ban on 

the use of AGPs was introduced by the European Commission (Council Regulation 

(EC) No 2821/98). According to a review by Caswell et al., the withdrawal of AGPs 

has resulted in increased depreciation in animal health conditions that would have 

been prevented by the prophylactic effect of AGPs. The review reported significant 

increases in the incidence of diarrhoea, weight loss and morbidity due to E.coli and 

L. intracellularis infections in early weaning pigs and the increase in necrotic enteritis 

in poultry (Casewell et al, 2003). Other reports also indicated an increase in the 

incidence of post-weaning pig diarrhoea upon withdrawal of AGPs in Sweden 

(Hayes et al., 2002). All these have decreased profit and led to increased cost of 

production and use of therapeutic antibiotics (Casewell et al., 2003; Castanon, 2007, 

Jensen, 2006). The trend depicted below (Fig. 4) shows the use of AGPs and 

therapeutic antibiotics before and after the ban in Denmark over the period of 1990- 

2002.
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Figure 1.4: The effect of AGP use on the usage of therapeutic antibiotics between 

1990 and 2002 in Denmark (Burch, 2006).

Bengtsson argued that there was no significant adverse effect on profitability due to 

AGP withdrawal in the Scandinavian countries except for approximately one euro 

increase in pig production, and that broiler production was not affected at all 

(Bengtsson, 2006). The Danish government also reported no negative effect as a 

result of the withdrawal even after 8 years (Danish ministry of Agric., 2009). 

However, in the same period in Scandinavian countries, Grave and co-workers 

reported that the use of therapeutic antibiotics doubled immediately after the ban 

and only decreased significantly in 2003 in all of broiler, pigs and cattle (Pradella, 

2006; Phillips, 2007; Grave et al., 2006) and the controversy of views continue 

(Arestrup and Pires, 2009; Phillips, 2008). It has been suggested that the reduction 

in consumption of therapeutic antibiotics in absence of AGPs could have been 

achieved by improved hygiene and farm management as it has been shown that the 

effects of AGPs are more significant in cramped and untidy environments (Prescott 

and Baggot, 2000). For instance, wet litter predispose chicken to foot pad infection 

(Wang et al., 1998). The cost of improving the hygiene conditions was however not 

factored into the calculation and the losses incurred over those years were not
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reported. Evidences of an upsurge in disease conditions due to the withdrawal of 

AGPs which were not experienced before the ban have highlighted the urgent need 

for a safer alternative to replace the AGPs for control and prevention of diseases in 

food animal production. The ban on AGPs has not yet been found to have reduced 

the level of antibiotic resistance in humans (Philips, 2007, Philips et al., 2004), 

though it may be too early to draw such conclusion.

1.5.3.4. More profit for the farmer

The farmer needs to make a profit in order to remain in business and the benefits of 

using antibiotics as growth promoters have been demonstrated (Cervantes, 2006). 

Reduction in the incidence of subclinical and clinical diseases leads to increased 

performance of farm animals across the board which subsequently translates to 

economic profit. A study in 2001 on the performance of broiler flock suffering from 

Clostridium perfrigens induced hepatitis in Norway observed a high reduction in 

profitability of up to 43% in flocks with high incidence rates of the disease 

(Cervantes, 2006). The number of days required to rear a bird to a specific weight 

was shorter when AGPs were used (Chapman and Johnson, 2002).

With the withdrawal of AGPs in Sweden in 1986, there was increased variability in 

weight which meant that more overweight and underweight animals were graded 

(Hayes et al. 2001). This resulted in great loss to the producers.

Intensive animal farming requires less space to rear animals, resulting in decreased 

labour demands (Edqvist and Pedersen, 2002, Lassen et al., 2006). There is also 

reduction in rent which together with lower labour cost, lead to lower production 

cost. This is one of the major argument points of the US agricultural industry on the 

use of AGPs as they insist that the use of AGPs can provide animal food to the 

consumer at an affordable price which is also profitable to the producer (Hayes et 

al., 1999). It was estimated that the pork industry in the US would lose a cumulative
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amount of $1,039 billion over 10 years resulting to annual spike of $748 million that 

cumulates to $7.5billion for the customers over the same period leading to 

cumulative additional cost of $8.5bn due to AGP withdrawal (Hayes et. al., 1999).

1.5.3.5. Impact on environment regarding waste production

Antibiotics used as feed supplements have an impact on the environmental quality 

with regards to animal waste (Suthar et al., 2009). There is greater efficiency of 

feed conversion and less water consumption and these lead to less manure 

production (Edqvist and Pederson, 2002). Production of drier litter means that 

microbial fermentation will be slower resulting in less green-house gas production, 

fresher air around farms and decreased survival of flies on litters. The latter effect 

invariably controls and reduces the activities of disease spreading flies that live on 

animal faeces.

Manure is a good source of nutrients for plants as it is a rich source of nitrogen and 

phosphorus, but when these nutrients are in excess in agricultural lands, they can 

contaminate ground water and surface water which is potentially hazardous to the 

environment and human health (Suthar et al., 2009; Melse and Timmerman, 2009). 

Eutrophication is a consequence of phosphorus and nitrogen contamination (Nyenje 

et al., 2010; Smith, 2009). Addition of AGPs to the EU pig herds ration alone led to 

the production of 7 million cubic metres less of manure per year (NAOH, 2004). In 

other words, in the absence of AGPs, 7 million cubic metres of manure will be added 

to the EU environment. Ruminants as well as non-ruminants can also produce 

nitrogen and phosphorus. It is estimated that an additional 78 000 tonnes of 

nitrogen and more than 15 000 tonnes of phosphorus are emitted into the 

environment in the absence of AGPs (NAOH, 2004). The impact of AGPs in 

reducing environmental pollution has also been corroborated by the report of
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Makkar and co-workers. They referred to AGPs as being ‘effective’ in reducing 

environmental pollution (Makkar et al., 2007).

Another impact of AGPs is the reduction in methane and ammonia production from 

ruminants’ digestive systems. According to research on sustainable agriculture, 

about 20% of global methane emission comes from ruminants and about 750 000 

tonnes of ammonia are produced in Germany per year (Hartung, 2000). Methane 

and ammonia are greenhouse gases that contribute substantially to global warming 

which has been a serious environmental issue in recent times (Sherlock et al., 

2002). Addition of AGPs reduces the excretion of methane by 15% and ammonia 

production by 33%. This translates to 1.2 trillion cubic metres less methane 

emission per day (NAOH, 2004).

1.6. Mechanism of action of AGPs

The mechanism of growth promotion by antibiotics has not been fully understood, 

but several postulations have been suggested.

Some researchers hypothesised that the immune mediators such as the cytokines 

released during immune response to infections may result in muscle catabolism by 

releasing catabolic hormones which leads to reduction in muscle mass (Thomke and 

Elwinger, 1998). In a study to assess the effect of AGPs in preventing 

immunological stress by measuring the levels of interleukin-1, Roura et al. 

concluded that the prevention of immunologic stress resulting from the effect of 

AGPs is a growth promoting mechanism (Roura et al., 1992). In another review, 

Niewold suggested that the growth permitting effect of antibiotics could be due to its 

accumulation into inflammatory cells such as the phagocytes. The accumulated 

concentration inhibits part of the inert immune response which results in the release
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of lower amounts of cytokines and reduction in the release of catabolic hormones 

(Niewold, 2007). These lead to the reduction in muscle catabolism and the 

permitting of growth.

Other hypothesised mechanisms hinge on the reduction of total gut microflora since 

it has been reported that AGPs have little or no effect on germ-free animals 

(Guilloteau et al., 2009; Coates and Porter, 1955). Coates also reported that AGPs 

reduce the thickness of the intestinal wall leading to improved nutrient absorption 

and utilization. Hill et al. suggested that the reduction in the thickness of the gut wall 

enhances the digestion of feed which leads to greater feed utilisation (Hill et al., 

1956; Agudelo et al., 2007). Frankel commented that the reduction of thickness 

could be due to the absence of mucosal cell proliferation as result of the reduction in 

or loss of fermentation derived short chain fatty acids. This postulation is based on 

the assumption that AGPs inhibit microbial fermentation in the gut (Frankel, 1994). 

Inhibition of microbial fermentation in pigs is thought to be able to save up to 6% of 

energy lost due to fermentation for animal utilisation (Jensen, 1998).

Others have been of the opinion that nutrients are spared because competition 

between animal and microorganism is minimised. Reduction in the production of 

toxins and metabolites by potentially harmful bacteria in the gut that could reduce 

growth of animals has also been proposed. This is believed to be a result of the 

growth and colonisation limiting effect of antibiotics on non-pathogenic gut microflora 

such as bacteriodes and the lactobacilli (Ferket et al., 2002, Miles et al., 2006)

Prevention of clinical and subclinical infections by prophylactic elimination of 

pathogens is one the most proposed mechanism of the growth promotion effect of 

AGPs (Dibner and Richards, 2005). It is believed that some subclinical infections 

such as necrotic enteritis in poultry can go undetected within flocks depressing their
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performance. AGPs suppress or prevent the influence of these conditions on the 

growth of the animals. This proposed mechanism of action has been criticised by 

some scholars who pointed out some interesting points. Niewold contended that it 

is not logical to assume the mechanism of action of AGPs is due to their inhibitory 

effect on intestinal micro flora as the concentration employed as growth promoters 

are sub-minimum inhibitory concentration (MIC) (Niewold, 2007). However, some 

researchers argued that the concentration used as growth promoters are sub- 

therapeutic and not necessarily sub-MIC (Shryock, 2000). Tanigawa reported that 

sub-MIC concentrations of amoxicillin were able to protect one of two groups of pigs 

exposed to Actinobacillus pleuropneumoniae from infection while the other group 

died from infection within three days (Tanigawa and Sawada, 2002). Another 

contradiction is the claim that one of the mechanisms of action is due to limiting of 

colonisation of Lactobacilli which at present is used as probiotics for the purpose of 

growth promotion (Ferket et al., 2002, Miles et al., 2006).

1.7. Antimicrobial resistance

1.7.1. Epidemiology of resistance

The efficiency of antibiotics in combating microbial infections was very promising 

shortly after their introduction. It was even thought that the microbial war was as 

good as over as declared by the Surgeon General of the United States (Overbye 

and Barret, 2005).

However, in his 1945 Nobel Prize speech, Fleming warned that the misuse of 

antibiotics would result in resistance. He stated “there may be danger, though, in 

under dosage. It is not difficult to make microbes resistant to penicillin in the 

laboratory by exposing them to concentrations not sufficient to kill them and the 

same thing has occasionally happened in the body” (Fleming, 1945).
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A few decades after his speech, the issue of antimicrobial resistance became 

widespread and a major issue in medicine. The first case of antimicrobial resistance 

was published in 1947. Barber reported the isolation of penicillin resistant 

Staphylococcus pyogenes in 38 out of 100 patients with Staphylococcal infections 

(Barber, 1947). In 1959, it was reported that over 40% of S. aureus isolates in a 

given hospital were resistant to at least four antibiotics (Bulger and Sherris, 1968).

The many reports of cases of resistance led to the search for new antibiotics. In 

1957, the j3-lactam ring, 6-aminopenicillanic acid was purified paving the way for 

semisynthetic penicillin. The synthesis of methicillin and ampicillin in 1960 and 1961 

respectively marked the introduction of the semisynthetic penicillin sub-group 

(Rolinson and Geddes, 2007; Waldvogel, 1999). There were reports on some 

reduction in the incidence of resistance as result of the introduction of the new 

antibiotics (Lyon, 1987; Waldvogel, 1999). Methicillin and other semisynthetic 

penicillins resistant to a strain of S. aureus were however isolated soon afterwards 

in 1961 (Jevons, 1961). By 1984, it was estimated that the susceptibility of S.aureus 

to penicillin has reduced from 85% before 1946 to between 20% and 30% (Atkinson 

and Lorian, 1984). Furthermore, a surveillance report from the Italian Epidemiology 

Observatory on the resistance of community acquired pneumococcal infection to 21 

antibiotics documented a total resistance of 14.3% to penicillins. The percentage 

was less by 3% in children between 0-5 years compared to adults suggesting a link 

between usage and development of resistance (Marchese et al., 2001). Within the 

same period in Taiwan (1998-2001), the resistance level was estimated to be about 

76% in isolates from invasive Pneumococcal infection patients (Siu et al., 2002). 

Taiwan is a country where the control of antibiotic usage may be less than it is in 

Italy and antibiotic policy is more liberal in Asia (South east especially) than in 

Western Europe (SMAC, 1998). To further examine the link between the level of
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resistance and usage, a survey carried out in Iceland found a correlation between 

the consumption of antibiotics with epidemiology of resistance. The use of 

antibiotics declined over a period of time with the percentage of resistant strains in a 

pool of isolates. On the other hand, according to the report, while resistance to 

penicillin declined with decrease in penicillin usage, resistance to macrolides 

increased due to increased usage (Arason et al., 2006). As of 2003, it was reported 

that resistance to penicillin of methicillin resistant Staphylococcus aureus (MRSA) 

from nasal swabs of healthy subjects in Korea was 91% (Jeong et al., 2007) and 

82.1% in Germany (Fluegge, et al., 2006). The high incidence in healthy subjects 

may again be connected with excessive usage of antibiotics. A recent report from 

Canada estimated that the MRSA resistance to fluoroquinolones was about 92% 

and 90% to clarythromycin (Zhanel et al., 2008).

In a separate publication, Jacobs and co-workers reported that the susceptibility of 

Streptocuccus pnemouniae to penicillins and clindamycin was less than 49 % of all 

the isolates tested in the US in 2004 (Jacobs et al., 2008). Similarly, the proportion 

of MRSA in all isolates of S. aureus in England and Wales increased steadily 

(Figure 6) between 1989 and 1997 (SMAC, 1998).

1989 and 1997 (SMAC, 1998)
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However a report from the Health Protection Agency (HPA) in the UK indicated that 

the continuous rise of MRSA incidence peaked and plateaued at 42% between 2000 

and 2002 after which a steady decline was experienced bringing the incidence to 

about 38% in 2006 (LHPA, 2007). The decline may be due to greater awareness, 

stricter enforcement of antibiotic policy and stringent infection control programmes in 

the UK (Patel and Madan, 2000).

The trend of decline has not been found across the EU. While France experienced 

a steady decline within the review period, Hungary saw a sharp increase from 19% 

in 2005 to 25% in 2006. There seemed to be a greater prevalence in southern 

countries including the UK with incidence > 25%. In contrast, countries in Central 

Europe recorded less than 22% prevalence. The northern countries still recorded 

below 4% at the time of the report (EARSS, 2006). Therefore the epidemiology of 

antibiotic resistance varies from region to region and from country to country. While 

some countries are recording a decline, others are experiencing an increase. 

However one thing was clear that whether there was increase or decrease it has a 

direct linkage to the clinical use of antibiotics (Gerding et al., 1991; Tacconelli et al., 

2009). The exact influence of the veterinary use of antibiotics on the prevalence of 

resistance in humans is still being debated (Norby, 2009; Philips, 2007)

1.7.2. Mechanism of bacterial resistance

Bacterial resistance to antibacterial agents can be intrinsic or acquired. Intrinsic 

resistance are due to natural characteristics that are genetically encoded in the 

chromosomal DMA of bacteria which enables them to survive adverse conditions 

(Leclercq et al., 1991; Strateva and Yordanov, 2009). Examples include the waxy 

cell wall of the Mycobacterium sp and the outer membrane permeability barrier in 

Gram-negative bacteria that reduces access to especially hydrophilic antibiotics
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compounds (Weiss et al., 1980, Poole, 2001, Nikaido, 1989; Ruiz et al., 2006). 

Such intrinsic characteristic is exhibited by all members of a strain and is vertically 

transferred from parent to offspring (Tenover, 2006).

On the other hand, acquired resistance results from mutation in the host DNA or 

through the acquisition of resistance encoded extra-chromosomal materials in a 

horizontal transfer process. Plasmids and transposons are frequently involved in 

horizontal transfer of resistance (McManus, 1997). Whether intrinsic or acquired, 

bacterial resistance to antibiotics is achieved by one or more of the following 

mechanisms which include direct inactivation of the antibiotic molecule, modification 

of the antibiotic target, changes in the permeability of the outer membrane to the 

drug, deploying of efflux pumps within the cells and bypassing of drug targets 

(Dzidic, 2008; Poole, 2002; McManus, 1997; Wang etal., 2003)

1.7.2.1. Inactivation of antibiotic molecule

Inactivation of antibiotic molecules can occur through one of three known chemical 

processes namely hydrolysis, group transfer and the redox process (Wright, 2005).

1.7.2.1.1. Hydrolysis.

Some antibiotic molecules have hydrolysable bonds which when broken will lead to 

loss of activity. The amide bond in penicillins and the cephalosporins is an example 

of such a feature. These bonds are targeted by some amidases produced mostly by 

Gram-negative bacteria such as Escherichia coli (Korsak et al., 2005). In p-lactam 

antibiotics such as penicillins, studies of the structure activity relationship have 

revealed that the integrity of the p-lactam ring is necessary for bactericidal activity 

against susceptible organisms (Coene et al., 1984). Therefore the cleaving of the
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amide bond, as outlined in Figure 6, will render the molecule inactive, p-lactamase 

enzymes are divided into different groups primarily based on molecular structure, 

functional characteristics and preferred substrates.

Penicillin

Amide Bond
+ H20

P-lactamase

Figure 1.6. Equation showing the chemical process involved in the inactivation of p- 

lactam antibiotics by p-lactamase enzymes.
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Molecular classification of p-lactamase enzymes results in 4 groups of enzymes 

labelled A to D (Marciano et al., 2007; Bush, 1995). Group 1 has cephalosporin as 

the preferred substrate, group 2 inactivates penicillins, cephalosporins and 

monobactams, group 3 inactivates most p-lactam antibiotics including carbapenems 

while group 4 attacks only penicillins (Grant et al., 2000; 1995, Dzidic et al., 2008). 

Although group 3 enzymes, the metallo-p-lactamases, are not effectively inhibited by 

most inhibitors, group 1 enzymes are not very susceptible to clavulanic acid and 

group 2 enzymes are inhibited by active-site-directed inhibitors (Bush et al., 1995). 

One of the two main molecular strategies of the p-lactamase enzyme is a 

nucleophilic attack on the active site by a serine based nucleophile (groups 1, 2 and 

4) which forms an intermediate that is then hydrolytically cleaved by a water 

molecule (Fig. 6). The second is an attack on the ring resulting from active water 

molecule activated by the zinc centre of the metallo-enzymes (group 3) (Wright, 

2005). There is also an extended spectrum-p-lactamases (ESBL) which can confer 

resistance to all penicillins, third generation cephalosporins, carbapenems and 

aztreonams (Shu et al., 2010).

P-lactamase enzymes can be coded on the chromosomes and transferred vertically 

or horizontally through plasmids and transposons. The group 1 enzymes that 

rapidly degrade cephalosporins are chromosomally encoded (Grant, 2005) while the 

extended spectrum p-lactamases can be plasmid and transposon born (Garza- 

Ramos, 2007). The horizontal method of gene transfer has been viewed as being 

responsible for resistance transfer from animal born pathogens to human intestinal 

pathogens (Lester et al., 2006; Bates et al., 1993).

Other hydrolytic enzymes such as esterases and epoxidases have also been linked 

with resistance of bacteria to some antibiotics. For instance macrolide esterases
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found in E.coli BM2195 has been linked with resistance to erythromycin (Barthelemy 

et al., 1984). Epoxidases also hydrolyse the epoxide ring in epoxide antibiotics such 

fosfomycin (Fillgrove et al., 2003; McGrath et al., 1998).

1.7.2.1.2. Group Transfer

Resistance by group transfer is facilitated by a diverse group of enzymes that 

operate solely in the cytosol. These enzymes induce resistance by chemically 

modifying the molecules through covalent processes requiring ATP, acetyl CoA, 

UDP-glucose as co-substrates (Dzidic, 2008; Wright, 2005). This process leads to 

alteration in structure of the target site resulting in impaired antibiotic-bacteria 

interaction. The enzymes achieve the chemical modification by O- and N-acylation 

(Vetting et al., 2004; Allignet et al., 1995) O-phosporylation (Yazawa, 1994; 

Matsuoka and Sasaki, 2004), O-glycosylation, O-ribosylation (Houang et al., 2003), 

O-nucleotidylation (Pedersen et al., 1995) and thiol transfer (Etienne et al., 1991). 

Antibiotics can be inactivated by one or more of these chemical modifications. An 

example is chloramphenicol which is inactivated by chloramphenicol 

acetyltransferases (Schwarz et al., 2004; Dang-Van et al., 1978). Some of these 

enzymes have been determined from Pseudomonas aeuroginosa (Beaman et 

al.1998). Virginiamycin a drug used as a growth promoter in animal husbandry is 

also susceptible to inactivation by this group of enzymes which are plasmid encoded 

from S. aureaus a Gram positive coccus (Allignet et al., 1993). The 

aminoglycosides, a class of antibiotics are susceptible to inactivation by 

phosphorylation at specific hydroxyl residues, N-acylation or Nucleotidyltransferases 

(Dyda et al. 2000; McKay and Wright, 1995; Boehret al., 2001).
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1.7.2.1.3. Redox Process

Higher mammals such as humans metabolise drugs and other xenobiotics via 

oxidation and reduction mechanisms, resulting in detoxification and excretion of 

drugs (Tricker, 2003; Kollock et al., 2008). Some bacteria also use the same 

mechanisms to some extent to detoxify and resist antibiotic effects. TetX is an 

oxidative enzyme that degrades tetracycline through the redox process. The TetX 

gene is harboured in a transposon in Bacteriodes fragilis transposons. The enzyme 

catalyses the hydroxylation of tetracycline, leading to changes at the magnesium ion 

binding site and subsequent loss of activity (Yang et al.2004; Whittle et al., 2001). 

Another enzyme, an NADPH -dependent reductase thought to be produced by 

Streptomyces virginiae catalyses the inactivation of virginiamycin IW by a reduction 

process (Lee et al., 1996).

1.7.2.2. Modification of antibiotic targets

Bacteria have developed resistance to antibiotics by simply altering the structure of 

the antibiotic targets which serves as a pedestal for antimicrobials to elicit their 

inhibitory effect (Walsh, 2003b). For a drug to elicit a desired effect, it must bind to a 

target. For it to bind to the target, it must have an affinity for the target (Hollenberg, 

2000). The level of affinity a drug has for a target is dependent on the 

complimentarity of the drug and the target (Silverman, 2004). If there is any 

modification on the structural mortise of the target molecule without a complimentary 

change on the antibiotic structure, the affinity will reduce or disappear.

Modification of the target molecules may be achieved through mutation (Walsh, 

2003b). Mutation in DNA gyrase and topoisomerase IV enzymes which are the 

targeted molecules of fluoroquinolones has been reported as being responsible for 

resistance to this group of antibiotics. Reports suggested that mutations in gyrA and
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gyrB genes of DNA gyrase and in the parC and parE genes of the topoisomerase 

enzyme confer resistance to susceptible bacteria against the quinolones (Tavio et 

al., 1999; Rafii et al., 2005; Friedman et al., 2001; Moon et al., 2010). It has also 

been reported that the affinity of p-lactam antibiotics to penicillin binding protein 

(PBP) reduces upon mutation of the PBP genes. Resistance to macrolide- 

lincosamide-streptogramin like antibiotics due to target alteration has been reported 

(Ackermann et al., 2003). In this case, the target is modified by post-transcriptional 

methylation of the 23S ribosomal RNA which is catalysed by erythromycin 

resistance methylase (erm) N-transferase enzyme encoded by erm gene. These 

enzymes have been characterised from several organisms such as Gram-positive 

cocci and Bacillus spp (Arthur et al., 1987; Weisblum, 1995).

1.7.2.3. Efflux pump mediated resistance

Some antibiotics that act in the cytosol need (Vila et al. 2007) to be transported 

across the cell membrane before they reach their target (Tenevor, 2006). They also 

have to achieve an effective concentration in the cytosol to exert inhibitory effects on 

microorganisms. Antibiotics that work as protein synthesis inhibitors including 

macrolides and tetracyclines and as gyrase enzyme inhibitors such as 

fluoroquinolones will fall within this group.

Efflux pumps are membrane proteins that function by transporting antibiotic 

molecules from the cytoplasm of the bacteria to the extracellular space. With this 

action, they effectively reduce the concentration of the antibiotic in the cytoplasm to 

a sub-effective concentration (Webber and Piddock, 2003). This prevents 

accumulation and confers resistance to a wide variety of antimicrobials. Some efflux 

pumps can be specific while others mainly confer multidrug resistance (Vila et al. 

2007).
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Multidrug resistance conferring efflux pumps can export a variety of related and non- 

related xenobiotics from bacterial cells. Several classes of multidrug efflux pumps 

have been identified (Dzidic et al., 2008). These include the drug/metabolite 

transporter (DMT) superfamily under which are subfamilies comprising the small 

multidrug resistance (SMR) family; the multidrug and toxic compound extrusion 

(MATE) family and the ATP binding cassette (ABC) family. The other families 

include major facilitator superfamily (MFS) and the resistance-nodulation-division 

(RND) family (Pao et al., 1998; Dzidic et al., 2008; vah Veen and Konings, 1998; 

Hirakata et al., 2002; De Kievit et al., 2001; Poole, 2001; Nargotra et al., 2009; 

Kohler et al., 1999). In Gram-negative organisms, efflux pumps are mostly 

associated with the multidrug exporter families. The RND family has been found to 

contribute mostly to clinical resistance especially in Gram negative organisms. They 

combine with periplasmic membrane proteins, which are also called outer 

membrane factor that alters permeability to antimicrobials to confer resistance 

(Saier.Jr., 2000; Zgurskaya and Nikaido, 2000). In Gram negative organisms these 

transporters mediate the intrinsic resistances. For instance, Pseudomonas 

aeruginosa which is known to possess high intrinsic resistance to many antibiotics is 

reported to have upward regulation of efflux transporters that is chromosomally 

encoded in the presence of xenobiotics (Gotoh et al., 1995, Poole, 2001). Intrinsic 

multidrug resistance due to the multidrug efflux pumps have also been 

demonstrated in other Gram negative organisms e.g. E. coli (Viveiros et al., 2008). 

This suggests that efflux transporters can play an important role in multidrug intrinsic 

resistance in Gram-negative organisms.

Inhibition of efflux pump transporters has been considered an avenue for combating 

antibiotic resistance. Some inhibitors have been reported and optimisation of
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activity has been an ongoing research activity (Ambrus et al., 2008; Nargotra et al., 

2009; Sangwan et al., 2008; Thota et al., 2008)

1.7.2.4. Outer membrane impermeability

Gram negative bacterial cells are surrounded by outer membranes which are 

impervious to many drug compounds (Ambrus et al., 2008; Nargotra et al., 2009; 

Sangwan et al., 2008; Thota et al., 2008). Some hydrophilic antibacterial 

compounds access the cytoplasm via water filled channels created by porins which 

are membrane proteins that cross the cellular membrane (Fig 2) and act as a pore 

through which molecules can diffuse into the cytosol (Vila et al., 2007; Bolla, 2003).

In the case of quinolones, in addition to diffusing through the porin pathway, they 

can also diffuse through the bilayer by disorganisation of the bilayer. The 

disorganisation of the bilayer occurs as a result of the chelation of divalent cations 

such as magnesium by the quinolones. Also, the aminoglycosides may cause 

perturbation of the bilayer by the displacement of divalent cations enabling them to 

diffuse though the bilayer in addition to going through the porin pores (Bryan and 

Bedard, 1991). There is a correlation between the hydrophobicity of the antibiotic 

and resistance due to outer membrane impermeability. This implies that hydrophilic 

molecules which are not small enough to diffuse through the porin channels of 

Gram-negative microorganisms may not be able to pass through to the cytoplasm 

except if it has a mechanism of disorganising the lipid bilayer like the quinolones 

(Chapman and Georgopapadakou, 1988; Martin and Beveridge, 1986).

However, the resistance to antibiotics conferred on bacteria by outer membrane 

impermeability alone does not pose a serious problem when it is not combined with 

other mechanisms of resistance. In combination with either efflux transporters and 

or p-lactamase enzymes, outer membrane impermeability enhances the resistance
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of bacteria to an antibiotic (Nikaido, 1989; Zgurskaya and Nikaido, 2000; Weiss, 

1980; Saier, 2000; Nikaido, 1998). The influx of antibiotics through the outer 

membrane varies depending on hydrophobicity and size. The faster the influx, the 

quicker the accumulation of the drug in the periplasmic space so that the minimum 

effective concentration (MEC) required for the activity of the antibiotic will be 

achieved. It has been mentioned previously that the efflux pump in P. aeruginosa is 

up-regulated in the presence of antibiotics and coupled with its unique outer 

membrane barrier it confers the intrinsic multidrug resistance character to the 

organism that is clinically significant (Nikaido, 1998; Gotoh et al., 1995; Wang et al., 

2003; Ruiz et al., 2005).

1.7.3. Acquired resistance

Apart from the resistance an organism has due to its inherent characteristics such 

as the outer membrane barrier discussed above, resistance to antibiotics could be 

acquired (Sundheim et al., 1995, Sorek et al., 2008). In this case organisms which 

were susceptible to an antibiotic become resistant leading to therapeutic failure in 

most cases. Acquired resistance could arise from mutational adaptation or due to 

horizontal transfer facilitated by conjugational mobile genetic elements such as 

plasmids and transposons (Roberts, 2003).

1.7.3.1. Mutational Adaptation

1.7.3.1.1. Vertical transfer.

Although an organism can undergo mutation spontaneously in the absence of an 

antibiotic (growth dependent mutation) (Krasovec and Jerman, 2003), adaptive 

mutation can be triggered by the continued presence of a non-conducive 

environment e.g. an antibiotic used in a sub-lethal concentration. It has been shown
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that if an organism is exposed to a concentration below the minimal inhibitory 

concentration of an antibiotic, the organism tends to mutate in order to adapt to the 

drug environment (Grassi, 1979).

Fleming warned that administration of inadequate dose antibiotics would teach the 

microorganisms to resist them (Fleming, 1945). The result of the mutation is the 

production of another strain of the organism that is resistant to the activities of the 

antimicrobial to which it was once susceptible. The survival of this resistant strain 

however depends on the continued presence of the antibiotic especially if the 

therapeutic concentration that wipes out the susceptible strain is administered 

(Flawkey, 1998). If the environment is appropriate, the resistant strain can multiply 

and transfer the resistance encoded genes to its new generations. This is known as 

vertical transfer of resistance (Mascaretti, 2003, Krasovec and Jerman, 2003; 

Baquero, 2001).

1.7.3.1.2. Horizontal transfer

Horizontal transfer is another method through which bacteria can acquire resistance. 

In this mechanism, a resistance gene is acquired from mobile genetic elements such 

as plasmids, transposons and integrons (Spigaglia et al., 2005). Phage viruses can 

also serve as a conduit for resistance transfer when it invades susceptible bacteria 

(Marraffini and Sontheimer, 2008; Brabban et al., 2005). Horizontal gene transfer 

has been suggested as the route for the resistance transfer between different 

species of microorganism especially in hospitals and between food animal and man 

(Zhang and LeJeune, 2008).

Mobile genetic elements involved in horizontal transfer include plasmids, 

transposons and integrons. Plasmids are extra-chromosomal DNA found in some 

bacteria with various types of genes that encode for varying functions which are not
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normally found in bacterial chromosomes (Frost et al, 2005). They contain genes 

that code for such functions as multidrug resistance and enzymes that digest food 

and pollutants (Hardy, 1986; Bryan, 1982). The loss or gain of a plasmid does not 

affect growth and replication of bacteria. The R-plasmid (R= resistance) has been 

found in Gram negative bacteria. Plasmids are capable of independent replication 

(Kaiser, 2007; Alekshun and Levy, 2007) unlike transposons.

Transposons are DNA elements which in addition to coding for resistance genes 

also codes for an enzyme called transposase that catalyses transposition (Bryan, 

1982). They are gene sequences that can move from one location to another in a 

chromosome, as a result they are also called ‘jumping genes’. Transposons can be 

carried by plasmids or exist as part of bacterial nucleoids in which case they are 

called conjugative transposons. Transposons cannot replicate independently 

(Kaiser, 2007; Sorum and L’Abee-Lund, 2002; Simjee and Gill, 1997). Since they 

can transfer resistance genes from plasmid to plasmid or from plasmid to 

chromosomes, they make it easier for susceptible organisms to acquire resistance 

(Ouellette and Kundig, 1997).

An integron is another genetic element involved in resistance transfer. It has a 

provision or site in its structure for the incorporation or integration of extra DNA 

which could be attached as gene cassette and also encodes for an enzyme that 

facilitates the site-specific recombination event. Integrons were first described by 

Hall and Stokes (Hall and Stokes, 1989). The Inti site-specific recombinase is called 

an integrase and has a promoter region for the expression of the integrated cassette 

(Bennett, 1999; Hall and Stokes, 2004; Ouellette and Kundig, 1997; Depardieu, 

2007). Multidrug resistance facilitated by integrons has been a cause of concern in 

clinical practice (Havlickova et al., 2009).
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Any of the described mobile elements can be transmitted through one or more of the 

following mechanisms: transformation, phage transduction and conjugation 

(Bennett, 1999). Resistance transfer by transformation involves the acquisition of 

resistance genes from the growth medium. This gene may have been released by 

dead bacteria (Jeon et al, 2008; Chen et al., 2005). Phage transduction occurs 

when a bacteria DNA is packed into the phage genome on phage inversion. The 

bacteria DNA could be transferred to another bacteria following inversion. 

Recombination could take place and if the segment transferred is resistance 

encoded, resistance characteristic is thus transferred from one cell to another 

(Summers, 2006).

Conjugation is another mechanism by which bacteria transfer genetic materials. It is 

a sexual process which requires a contact between two bacterial cells in which one 

designated F+ is the donor and the F" the receiver. The donor has the fertility factor 

F (Frost et al., 2005). The plasmid in Gram-negative bacteria carries the gene that 

encodes for sex pilus. During conjugation, the donor extends its pilus, a hollow 

protein tube until it touches and fuses with the recipient cell (Frost et al., 2005).

The genetic material is transferred as a single stranded DNA when the bacterial 

cells are drawn together to create a conjugational junction.

In Gram positive bacteria, conjugation does not involve sex pilus. It is believed to be 

initiated by special peptides called pheromones (Frost et al, 2005). In this case, it is 

the recipient that secrets the pheromones that stimulates the donor to secrete a cell 

surface component that enables mating and the transfer of plasmid. This has been 

demonstrated in Enterococcus and Streptococcus species (Singleton, 2004; 

Chandler et al., 2005).
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As the single stranded DNA enters the recipient, it is copied to form double stranded 

DNA. The classical recombination mechanism that requires considerable homology 

between the recombining DNA molecules has been blamed for the penicillin 

resistance in Streptococcus pneumonia and Neisseria ghonorrhea that involves PBP 

gene mosaic (Bennett, 1999; Alekshun and Levy, 2007). Another recombination 

mechanism that involves transposable elements requires no homology between the 

recombining DNA molecules. A third mechanism that involves the integrons and 

gene cassettes is a site-specific recombination mechanism in which a recombinase 

enzyme facilitates the recombination of short homologues (Bennett, 1999; Alekshun 

and Levy, 2007).

1.8. Resistance and antibiotic growth promoters.

In 1951, Starr and co-workers reported resistance to streptomycin used as a growth 

promoter in turkey (Starr et al., 1951). Subsequently, Barnes and Elliot’s report in 

1959 associated resistance to chlortetracycline to its use as growth promoter in 

chicks (Elliot and Barnes, 1959). Recently, reports have suggested that resistant 

pathogens selected in food animals and resistance genes are transferable to human 

biota through the food chain (Endtz et al., 1991, Greko, 2001).

Lester demonstrated the possibility of transferring a resistance gene, vanA which 

encodes for vancomycin resistance from animal isolates to human intestinal 

isolates. He carried out an in vitro conjugation experiment as well as an in vivo 

experiment which showed that the transposon-born vanA can be transferred from 

animal isolate to human Enterococcus faecium isolate through conjugation (Lester 

et al., 2006).
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1.9. The Ban of AGPs in the EU

Sweden was the first country to ban the use of conventional antibiotics as growth 

promoters in animals in 1986 (Aarestrup, 2003). Denmark banned the use of 

avoparicin as an AGP in 1995 after a survey suggested that its use is linked to 

selection of glycopeptide-resistant Enterococci. That was followed by voluntary 

withdrawal from AGP use by different farmers’ unions and legislated bans that 

culminated in a total withdrawal in Denmark in January 2000 (Dibner and Richard., 

2005; WHO, 1997; Burch, 2006). The EU, in 1997 banned the use of avoparicin 

(Commission Directive 97/6/EC) based on a precautionary principle. In 1998, 

bacitracin zinc, spiramycin, virginiamycin and tylosin which belong to the macrolide- 

lincosamide-streptogramin class of antibiotic were banned. The ban was based on 

the report that demonstrated the possibility of transferring erythromycin resistance 

methylase (erm) gene that confers resistance to macrolide from a resistant bacteria 

to other intestinal flora in a rat (Council Regulation (EC) No 2821/98), followed by a 

total EU-wide ban that was effective from January, 2006 (Council Regulation (EC) 

No 1831/2003)

1.10. Opinions on AGPs in other parts of the world

The ban on the use of AGPs in the EU had generated some debates on whether to 

ban or not to ban AGPs in other continents of the world. In the US for instance, the 

use of antibiotic promoters has continued though the pressure for a ban is 

increasing (HSUS, 2009). .

In Australia, following the report of a Joint Expert Technical Advisory Committee on 

Antibiotic Resistance, the use of AGPs was reviewed. This led to the withdrawal of 

avoparcin, carbadox, fluoroquinolones and gentamicin (Sarmah et al., 2006; 

Collignon, 2006). Some clamour for a ban has started in Canada based on the 

reported positive EU experience (Holtz, 2009). New Zealand still utilises AGPs in
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poultry and swine, whilst little information is available from Africa where there is little 

or no control on the use of growth promoters in animal husbandry (Sarmah et al., 

2006).

1.11. Suggested alternatives

The importance of growth promotion in food animal production has necessitated that 

safe alternatives should be sought. Many alternatives have been suggested. Such 

as probiotics, antibodies, in feed enzymes, prebiotics and organic acids (Biernasiak 

and Slizewska, 2009; Gunal et al., 2003; Esteve-Garcia et al., 1997; Markovic et al, 

2009; Dahiya et al., 2006 Utiyama et al. 2006). Four of the above suggestions, 

prebiotics, probiotics, organic acid and plant extracts are discussed.

1.11.1. Prebiotics

Prebiotics are non-digestible food ingredients designed to selectively enhance or 

stimulate the colonisation of beneficial organisms such as Bifidobacteria in the 

intestine (Modesto et al., 2009; Martinez-Villaluega et al., 2008). Oligosaccharide 

derivatives are often used as prebiotics (Mussatto and Mancilha, 2007). The 

stimulatory growth effect of functional oligosaccharides on strains of Bifidobacteria 

and Lactobacilli has been demonstrated (Lee et al, 2002; Qiang et al, 2009). The 

possible use of prebiotics as growth promoters in animals has been investigated 

(Bozkurt et al., 2009; Belle et al., 2009) and its effectiveness in stimulating the 

growth of Bifidobacteria in animals reported (Muora et al., 2008).
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1.11.2. Probiotics

Probiotics are living microbial feed supplements. Similar to prebiotics, they can 

improve the health of their host by maintaining intestinal microbial balance (Taras et 

al., 2007). Bifidobacteria and Lactobacilli are among the organisms used for this 

purpose (Del Piano et al., 2006). They have been reported to reduce diarrhoea in 

post weaning pigs (Taras et al., 2007). The mechanism by which these organisms 

suppress the growth of pathogenic bacteria is not known but it has been suggested 

that they produce specific metabolites such as bacteriocins and defensins which are 

bactericidal to pathogens (Ross et al., 2010). It has however been feared that 

exogenously administered live bacteria could be a source of systemic infections and 

could also be harmful due to undesirable metabolic activities (Del Piano et al., 

2006). The use of probiotics as an alternative to AGPs is possible but there are still 

stringent safety requirements which has to be met before an organism is used as a 

probiotic growth promoter in the ED (Anadon et al., 2006)

1.11.3. Organic acids

The use of organic acid as a feed additive has been reported (Dahiya et al., 2006). 

A mechanism of action of organic acid against bacterial cells has been suggested 

(Lambert and Stratford, 1999). The undissociated acid penetrates through the cell 

wall of the bacteria and then dissociates due to the pH of the bacterial cytoplasm. 

The released hydrogen ion causes a change in pH of the bacteria cell which the 

bacteria cell expends energy in order to restore to the normal range. The anionic 

part of the dissociated acid gets trapped in the cell leading to toxicity and cell death 

(Lambert and Stratford, 1999).
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1.11.4. Plant extracts

Some other publications have favoured the use of plant extracts for growth 

promotion (Oviedo-Rondon et a!., 2005; Sads et al 2003; Bozkurt, 2009; Castillejos, 

et al., 2008). Addition of crushed Nigella sativa seeds to broiler ration was reported 

to improve performance in terms of live body weight, body weight gain and feed 

conversion ratio (Al-Beitawi et al., 2009). The supplementation of broiler feed with 

plant extract was found to have a similar growth promoting effect as avilamycin 

(Hernandez et al. 2004). In another report, allicin from garlic was found to protect 

pigs’ intestinal epithelium from damage from enterotoxigenic Escherichia coli 

(Roselli et al., 2007). It has also been demonstrated that blends of essential oils 

could reduce the intestinal colonisation by Clostridium perfrigens in broiler chicks 

(Mitsch et al., 2004). Being a natural alternative, plant extracts hold much potential 

as a viable and safe alternative to AGPs and as a source of antibiotics.

1.12. Development of antibiotics

There are two broad routes to drug discovery: the natural product and the synthetic 

route (Singh and Barrett, 2006).

1.12.1. Natural route

The advent of the natural route of antibiotic discovery came with the discovery of 

penicillin from a mould by Alexander Flemings in 1928 (Singh and Barret, 2006). 

Natural drug discovery involves the exploration of natural sources such as soil, 

bacteria, mould and trees for new chemical entities (NCE) which could be further 

developed and licensed for clinical use. The majority of the antibiotics used 

worldwide are of natural origins (Cragg et al, 1997, Newman et al., 2003; Singh and 

Barrett, 2006). In this method, natural products or extracts from the herbs, bacteria
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and so forth are first tested for antibacterial activity, followed by purification and 

characterisation of promising candidates (Li and vederas, 2009).

1.12.2. Semi-Synthetic route

The semi-synthetic route was ventured into due to bacterial resistance to natural 

antibiotics and instability to acidic medium (Clardy et al, 2006). Following the 

purification and identification of the pharmacophore of penicillin (Rolinson and 

Geddes, 2007) and the understanding of the mechanism of resistance by p- 

lactamase enzymes (Kirby, 1944; Majiduddin et al., 2002), the pharmaceutical 

companies began to modify the antibiotic molecules in such a way as to retain 

activity while resisting inactivation by microbial enzymes. This method became 

possible when the structure of the beta-lactam ring which is the pharmacophore of 

penicillin was determined. After it was discovered that the beta lactamase enzymes 

hydrolyse the p-lactam bond to render the pharmacophore inactive (Majiduddin et 

al., 2002), attempts were made to introduce a moiety that would stabilize the 

pharmacophore against the attack of the enzymes. Aminopenicillins and methicillin 

are also examples of derivatives produced by the synthetic route (Rolinson and 

Geddes, 2007). The modification affected the properties of the compounds as it 

pertains to acid and alkaline stability and stability to degradation by bacterial 

enzymes. Aminopenicillin is stable to stomach acid and can be administered orally 

while methicillin is stable against the beta-lactamase enzyme. Thus methicillin 

(carboxypenicillin) and ticarcillin were fashioned from penicillin for the treatment of 

infections due to resistant Staphylococcus and Pseudomonas spp respectively 

(Singh and Barret, 2006).

The synthesis of other semi-synthetic antibiotics was also reported. Minocycline and

doxycycline are both tetracycline analogues (Gilbertson-Beadling et al., 1995).
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Second and third generation cephalosporins were possible through semi-synthesis 

(Guarav et al., 2007; Bryskier et al., 1990). Semi-synthesis was not, however, very 

effective in combating the dynamic resistance posed by the microbial world. Cross 

resistance between different antibiotics is a major problem. It was thought that the 

ease with which bacteria develop resistance to natural compounds could be due to 

co-evolution between the organism and the antibacterial. The companies thought of 

introducing xenobiotics which are compounds that are not known to nature (Cassell 

and Mekalanos, 2001). However, co-evolution was also proffered as the reason 

why it is more likely to get an antibacterial lead from nature than by synthesis (Stone 

and William, 1992). Recently, it was reported that 14 out of 19 antibacterial 

compounds undergoing clinical trials were derivatives of natural antibiotics (Butler 

and Buss, 2006).

1.12.3. Synthetic route

The sulphonamides were the first set of antibiotics that were synthesized. Prontosil, 

a component of a dye which was prepared for use in the textile industry was 

accidentally found to be active against microorganisms by a German chemist (Otten, 

1986). The next product of pure synthesis did not arrive until 1962 when the 

quinolones were synthesised. It took about 40 years for another synthesized 

compound Linezolid (oxazolidinone) to be approved for clinical use (Walsh, 2003). 

The rapid development and promises of the synthetic route was thought to pull the 

pharmaceutical industry away from the natural drug discovery route.

Combinatorial chemistry has played a large role in the search for drug leads but it 

was not until 2005 when the first product of combinatorial chemistry as mode of drug 

discovery was approved for clinical use. Sorafenib (Nexavar®) was approved by the 

FDA for the treatment of advanced renal cancer (PR newswire, 2005) and it
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received its marketing licence in Europe in 2006 (Medical news Today, 2007). 

Otherwise combinatorial chemistry is regarded as a failure (Li and Vederas, 2009), 

when comparing the number of new drugs from natural or synthetic route. It may 

underpin the reason why the interest in natural product lead discovery are being 

renewed recently (Ji et al., 2009, 2006, Koehn and Carter, 2005; Clardy et al, 2006).

1.13. Recent approaches

Scientists have not given up on finding long lasting remedies for antimicrobial 

infection. Bacterial virulence factors include toxins and cytolysin (Clathworthy et al., 

2007) and drug development by inhibition of toxin function has been explored 

(Shoop et al., 2005). In addition, disruption of toxin delivery and targeting 

expression of regulation are becoming popular approaches (Nordfelth, et al., 2005).

The other strategy involves the prevention of bacterial adhesion to the host cell 

membrane (Pinkner et al, 2006). In order to attack a cell, a bacterial cell will have to 

adhere to the cell by means of pili. Filicides are antibiotics that are capable of 

inhibiting the formation of pilus in an invading bacterial cell (Cegelski et al., 2009).

1.13.1. Recent approaches in natural product research

It has been reported that out of 22 antibiotics approved by the FDA, more than half 

were derived from natural antibiotics while all the remaining less one were derived 

from quinolones (Butler and Buss 2006). The failure of the synthetic routes to 

deliver more leads and the recognition that natural products have drug-like 

properties (Clardy et al, 2006; Sadowski and Kubinyi, 1998) has resulted in renewed 

interest in the natural product discovery which has been known to have delivered 

most of the antibiotics in use today.
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Increasing efforts have been found in exploring different natural sources for new 

drug discovery. Some focus on marine diatoms while others are in the search of 

antimicrobial peptides from insects (Tang et al., 2009; Fogaca et al., 2004) and 

amphibians (Wang et al., 2008; Che et al., 2008). Antimicrobial peptides are 

collectively called defensins and can also be found in plants (Marcos et al, 2008; 

Thevissen et al., 2007). The traditional search for antibiotic compounds from soil 

bacteria and fungi has also received renewed interest. In 2006, plantensimycin was 

isolated from Streptomyces plantensis a soil organism from South African soil 

(Wang et al, 2006). Also some focus has been shifted to the marine actinomycetes 

as the possible source of NCE especially after the success of the isolation of 

salinsporamide A, an inhibitor of the proteasome from the Salinospra genus. New 

classes of terpenoids and amino acid derived compounds have also been isolated 

(Jensen et al., 2005; Jensen and Fenical, 2006).

1.13.2. Genomic technology and natural product discovery

Before the successful sequencing of the DNA genome of Haemophilus influenzae in 

1995 (Karudapuram et al., 1995, Fleischmann et al., 1995), antimicrobial sensitivity 

testing involved solely the testing of compounds against whole organisms. 

Presently antimicrobial discovery involves high throughput screening of low 

molecular weight molecules against a genomic target (Mills, 2006; Jaroch and 

Weinmann, 2005). This means that the target of an antimicrobial compound could 

be known before the screening. This process enables the screening of a large 

number of molecules within a shorter time. However, the complex nature of natural 

extracts in the crude preparation state may mean it will be difficult to design robust 

high throughput screening methods unless they are purified as single compounds.
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Also considering the fact that natural products are viewed as a privileged group of 

structures which have evolved to interact with a wide variety of protein targets for 

specific purposes (Koehn and Carter, 2005) and that the same protein structure with 

little or no variation serve different purposes in different organisms (Anantharaman 

et al., 2003), it is anticipated that the search for antimicrobial leads from natural 

sources will yield better results than from combinatorial chemistry and other 

synthetic procedures.

1.14. Analytical procedures involved in natural product 
discovery from plant

The discovery of a natural lead compound involves separation of a compound from 

a complex matrix. This means that a protocol which will eliminate the unwanted 

component of the matrix and concentrate the desired compound is normally 

employed. Such methods are usually multi-stepped and time consuming (Li and 

Vederas, 2009). However, they have proven to be effective in the isolation of 

natural products.

Isolating natural product from plant matrices is often more challenging because of 

the existence of numerous secondary metabolites that are naturally synthesized in 

plants for different purposes such as defence against bacterial and fungal infection 

(Darvil and Albersheim, 1984; Abdel-Farid et al, 2009). Being secondary 

metabolites, they come in vast ranges of polarities ranging from polar to non-polar 

compounds (Ong, 2004). Many antimicrobial compounds isolated from plants 

belong to one of these chemical groups of compounds. They are terpenoids, 

essential oils, alkaloids, lecithins, polypeptides, quinines, phenolics, tannins, 

flavonoids and the like (Cowan, 1999). Most of these compounds are moderately 

polar (Moco et al., 2006). Compounds targeted at bacteria are synthesized in such
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a way that they could be soluble in the aqueous sap and are able to cross the 

hydrophobic cell membranes of the invading bacteria. All these considerations must 

be taken into account when choosing the methods and the solvent for the extraction 

of antimicrobial compounds from plant matrix. The analytical procedures involve 

sample preparation, extraction, separation, isolation, purification and identification 

(Ebada et al., 2008; Nyiredy, 2004).

1.14.1. Sample preparation

Sample collection or harvesting is the first step in sample preparation. This step 

could be critical due to seasonal and diurnal variation in the concentration of some 

constituents (Urbanczyk-Wochniak et al., 2005; Altamirano-Hernandez, et al., 2004; 

Utsumi et al., 2009). Plant specimens after collection normally undergo initial 

sample preparation procedures such as prewashing, drying and grinding and are 

extracted through different procedures.

The specimens could be air dried in the sun, hot air dried, oven-dried, freeze-dried 

or dried at room temperature (Cook et al., 2000; Asekun et al., 2007). The drying 

technique chosen depends at times on the knowledge of the heat stability of the 

analyte of interest. Where this is unknown, it is often advisable to expose the 

specimen to minimum or no heat where possible in which case freeze-drying would 

be preferred (Kim and Verpoorte, 2010). The dried specimen is then ground to 

uniform consistency (van de Venter et al., 2008). The grinding enhances the 

kinetics of extraction from the matrix as more surface area is exposed to come in 

contact with the extraction liquid enabling dissolution and diffusion (Nyiredy, 2004).

49



1.14.1.1. Extraction

Extraction procedures that could be employed in phytochemical research include 

traditional solvent extraction (maceration), soxhlet extraction, microwave assisted 

extraction (MAE), pressurized liquid extraction (RLE) (aka accelerated solvent 

extraction), pressurised hot water extraction (PHWE) and supercritical fluid 

extraction. These are solid-liquid extraction procedures. The maceration method 

has the advantage of simplicity and easy adaptability as it does not require complex 

and specific instrumentation as other methods. However, the prolonged extraction 

time as is sometimes the case may lead to analyte degradation (Sae-Yun et al., 

2006). Soxhlet extraction which makes use of heat to reflux the extraction solvent 

is another method. This method is good for exhaustive extraction. It is, however, 

reported as time consuming and solvent wasting and may not be suitable for heat 

labile analytes. Analytes may also be liable to degradation due to prolonged 

extraction time (Luque de Castro and Garcia-Ayuso, 1998; Zhang et al., 2008).

More modern extraction methods have been developed to eliminate the time and 

solvent wasting properties of the previous methods. MAE, RLE and PHWE all make 

use of heat from different sources to facilitate diffusion kinetics making extraction 

more efficient. RLE, MAE and PHWE apply pressure to keep the solvents in liquid 

state due to the high temperatures involved. RLE has been used to extract 

berberine, an antimicrobial alkaloid from Coptidis rhizoma. The method extracts 

analytes from a solid at high pressure and temperature which will be above the 

boiling point of the extraction solvent. (Lee et al., 2002; Mroczek and Mazurek, 

2009). Although extraction by these new methods is efficient, their use is still 

restricted to analytical applications (Martino et al., 2008). Hence, they have limited 

use in natural product discovery where large quantities of specimen may need to be 

extracted.
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1.14.2. Separation and Isolation of bioactive components

Two broad methods are used in the separation and isolation of active constituents 

from plant matrices after extraction. These methods are solvent partitioning and 

chromatography (Sarker, 2005; Deyl, 1984). In solvent partitioning, the extract is 

dissolved or suspended in a solvent such as water and another immiscible solvent. 

The solutes will partition in the two immiscible solvents according to the polarities of 

the solutes. Each layer is separated and further shaken with a different immiscible 

solvent as much as it is possible. This method has been used extensively by natural 

product researchers (Abreu and Noronha, 1997; Ladisch and Gillard, 1985, Sarker, 

2006).

Chromatography is a term used to describe various technical procedures that are 

used in the separation of a wide range of mixtures based on their interaction with 

two phases, one of which is stationary while the other is mobile (Millar, 2009). 

Generally, in chromatography, the underlying principle which enables the separation 

of the components of a mixture is that the force of interaction between each 

component of the mixture and the stationary phase vary (Scott, 2003d). The looser 

the force of the interaction, the faster it passes (elutes) from the column. The 

strongly bound solutes come out last (Scott, 2003d). Also it is expected that the 

spreading (dispersion) of the solute will be limited so that each solute can form a 

discrete unit (Meyer, 1998). For each of the solutes, concentration equilibrium is 

established between the mobile phase and the stationary phase. According to 

Scott, the concentration of the solute in the mobile phase tends to be more at the 

front of the solute band. This concentration imbalance results in the solute re

entering the stationary phase at the front of the band to maintain the equilibrium. On 

the other hand, the solute concentration at the rear of the band is more in the 

stationary phase so that the solute transfers to the mobile phase at the rear as well
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to maintain the equilibrium. With this dynamic equilibrium process, a solute is eluted 

from the column with a net transfer of solute from the stationary phase to the mobile 

phase in the rear half of the solute band and from mobile to the stationary phase in 

the front half (Scott, 2003a ). It has been defined as ‘a separation process that is 

achieved by distributing the components of a mixture between two phases, a 

stationary phase and a mobile phase. Those components held preferentially in the 

stationary phase are retained longer in the system than those that are distributed 

selectively in the mobile phase. As a consequence, solutes are eluted from the 

system as local concentrations in the mobile phase in the order of their increasing 

distribution coefficients with respect to the stationary phase resulting in a separation 

(Scott, 2003b).

In 1941, Martin and Synges described a liquid-liquid chromatographic process which 

used silica as a support for one liquid which was water. They claimed the method 

was different from the liquid solid procedure that had been described previously. 

The two suggestions they made have evolved to different types of chromatography 

in use today. Firstly, they suggested that a gas phase should be used to replace the 

liquid mobile phase to facilitate faster transfer. Secondly, they also suggested that a 

smaller particle size packing should be used in their own setting and high pressure 

could be introduced to aid elution (Martin and Synge, 1941). The former led to the 

development of gas chromatography while the later led to the development of high 

performance/pressure liquid chromatography respectively.

In Gas Chromatography, the mobile phase is gas. The stationary phase is solid in 

gas-solid chromatography and liquid in gas-liquid chromatography. Gas-solid 

chromatography is not popular because the column is packed with adsorbents that
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can cause tailing of peaks and is not efficient (Scott 2003e). It is mainly used for the 

separation of gases (Gant and Yang, 1959; Strzelczyk et. al., 1998).

Gas-Liquid chromatography was developed by Martin and co-worker in 1952 

(Braithwaite and Smith, 1996) after an improvement on the gas-solid column. Two 

modes determined by two types of columns are used. Packed column uses the 

liquid stationary phase which is coated on an inert packing inside a column 

(Baerheim-Svendsen and Verpoorte, 1984). In capillary/open column gas liquid 

chromatography, the liquid is impregnated on the wall of narrow tubing which could 

be as long as 100m and separation efficiency is high (Grab and Barry, 2004). 

Recently the initial injection problems have been resolved with the introduction of 

headspace autosamplers (Yang et. al., 2000; Morris-Kukoski et. al., 2007).

Apart from the column differences, the basic make up of a gas chromatograph is the 

same. It is composed of the gas source which supplies the carrier gas such as 

nitrogen, helium or hydrogen. There are different types of injectors which are 

fashioned to suit different types of column. Split injectors are suitable for capillary 

columns. Another part of a gas chromatograph is the column oven which is 

connected to a programmer for temperature regulation and the detector which is 

located at the end of the column (Smith, 1988).

Gas chromatography is primarily used for analytical purposes and for quantifying 

samples that are thermally stable, gaseous or vaporisable (Scott, 2003e). Samples 

which cannot be vaporised probably due to high molecular weight (>20 carbon 

atoms) can be derivatised first by chemical reaction to make it vaporisable. 

Derivatisation can also be used to make a compound thermally stable, detectable 

and separable in case of tailing compounds. It involves the attachment of a
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chemical moiety such as trimethylsilyl to the compound. Derivatisation processes 

which include silylation, acylation, esterification and alkylation are commonly used 

(Smith, 1988; Sun et. al., 2009). This process however introduces an extra step and 

extra time to the analytical procedures. In natural product research, gas 

chromatography has been mainly applied in the analysis of essential oils. It is also 

used in the analysis of fragrances and flavours from plants (Wang et. al., 2009; 

Zhao et. al. 2009; Won et. al, 2009; Hnawia et. al., 2008).

Liquid chromatography is an analytical method which is very widely used in natural 

product research (Colegate and Molyneux, 2008; Barker et. al., 2006). The variants 

of liquid chromatography include glass column chromatography, thin layer 

chromatography and high performance liquid chromatography. Column 

chromatography can be subdivided into adsorption (displacement) chromatography, 

size exclusion chromatography and affinity chromatography based on the type of 

column packing (Hamilton and Sewell, 1982). In this kind of chromatography, a 

column of at least 1cm in diameter and with variable height determined by the 

diameter is packed with organic or inorganic materials.

In size exclusion chromatography which includes gel filtration and gel permeation 

chromatographic methods, the packing materials are organic polymers. Sephadex 

LH-20 is a very popular hydrophilic gel used in gel filtration. Separation is based on 

differences in molecular size (Shetty et al. 2006) and is mostly applied in the 

separation of high molecular weight compounds such as proteins and organic 

polymers (Colegate and Molyneux, 2008).

A second type of column chromatography is the affinity column chromatography. 

This kind of chromatography is applied to biochemical mixtures in which their
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specific or selective affinity to a given ligand is exploited in order to separate a 

component from a mixture. This method was first demonstrated in 1968 

(Cuatrecasas et. al. 1972). It uses antibodies to capture the desired analyte 

selectively from the mixture while other substances without affinity to the antibody 

pass through the column. The extracted analyte is then recovered by any of these 

steps: changes in pH, salt concentration or introduction of a competitive agonist or 

antagonist as the case may be (Cuatrecasas, 1972, Brudvig, 1983).

The column packing in adsorption chromatography is inorganic and in most cases 

either alumina or silica is used. In this method, the mixture to be analysed is 

dissolved in the least possible quantity of the initial eluting solvent. The less polar 

the solvent, the better. This is loaded evenly on the top of the column. A small 

quantity of the initial eluting solvent is used to wash the mixture to about half 

centimetre inside the column. Then the column is filled with about 2 column volumes 

and allowed to flow through and elute the solute under gravity. In some cases some 

pressure may be introduced to reduce the elution time and in this case the 

procedure is termed flash chromatography.

In flash chromatography, the particle size of the silica gel column packing is slightly 

smaller than in the conventional column chromatography which is eluted by gravity. 

As a result, solvent movement is restricted and extra pressure is applied to drive the 

solvent through the column of the stationary phase resulting in a fast elution and 

higher resolution of the analytes (Still et. al., 1978; Colegate and Molyneux, 2008; 

Fraser-Reid et. al., 2001).

The principle of separation in this case is adsorption. It is considered to be 

competitive adsorption as the solvent and the analytes compete to be adsorbed. 

The adsorption occurs via weak intermolecular forces such as hydrogen bond and
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Van dar Waal forces (Cannell, 1998). The competition between analyte and solvent 

exist for each of the analytes in the mixture. The relative movement of each analyte 

passing down the column is dependent on its strength of interaction with the 

adsorbent relative to that of the solvent. The more polar analytes get adsorbed at 

the top while the less polar analytes move faster down the column and are eluted. 

The polarity of the eluting solvent is gradually increased until the most polar analytes 

are displaced and eluted. This is achieved by gradient elution whereby the starting 

solvent is hydrophobic such as hexane. More polar solvents such as chloroform 

and may be ethanol or methanol are used to gradually increase the polarity as it 

may be required during the elution (Meloan, 2000). This method may not be 

accurate for quantification and is mostly used for preparative purposes (Cseke et. 

al., 2006; Scott, 2003a). In natural product discovery research, column 

chromatography is usually one of the steps employed in a series of purification and 

isolation procedures. Column chromatography has been employed in the isolation 

and purification of fatty acid steryl esters from soybean oil deodorizer distillate 

(Gunawan et. al., 2008). Affinity column chromatography has been applied in the 

purification of proteins (Chung et. al., 2009) and screening of natural products for 

bioactive compounds with activity on membrane-bound receptors (Maciuk et. al., 

2008). Column chromatography has also been employed in the isolation of 

antimicrobial compound from plant extracts (Sutor et.al., 2008; Shai et. al., 2008; 

Sawai et. al., 2008) and other bioactive plant constituents (Ha and Kim, 2009; Karioti 

et. al. 2009; Herrera-Ruiz et. al., 2008).

Thin layer Chromatography (TIC) is a type of liquid-solid chromatography (Scott, 

2003a). In this procedure, separation is achieved on an even 0.1 to 0.25mm open 

layer of a sorbent coated on a solid backing. The sorbent could be silica gel, 

alumina or cellulose. The backing used includes glass, plastic sheet or aluminium,
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the latter being the most popular because of ease of manipulation (Wall, 2005). The 

mobile phase moves up the backing mostly by capillary action. The mobile phase 

which could be single or a mixture can be polar or non-polar depending on the 

polarity of the analytes. More polar analytes require more polar solvents to displace 

from the stationary phase. A solution of the sample to be analysed in a volatile 

solvent is applied in a spot at the origin. The plate is then developed in a closed 

chamber. The rising mobile phase flows through the spot, carrying the components 

along depending on the strength of interaction with the stationary phase (Fried and 

Sherma, 1999). TLC in natural product discovery is mostly used to obtain an initial 

idea of the number and type of components in a mixture or to identify a particular 

component in a mixture using a reference standard (Grinberg, 1990). High 

performance liquid chromatography is more often used for both analytical and 

preparative purposes.

High Performance Liquid Chromatography (HPLC) is a versatile analytical technique 

that has found a broad-spectrum of applications in both qualitative and quantitative 

analysis, purification and isolation of pure compound from crude plant extract (Buss, 

2009). In drug discovery and especially in lead compound discovery from plant 

extract, HPLC is an integral analytical tool and plays a major role in the discovery of 

drug leads from the analytical stage to the production stage (Kazakevich and 

LoBrutto, 2007). Separation is achieved inside a column packed with slurry of 

bonded silica or other suitable material referred to as the stationary phase (Scott, 

1992). The mobile phase from two or more reservoirs is driven through the column 

which is externally made of stainless steel and can withstand high pressure up to 

6000psi generated by multiple pump system working simultaneously to achieve 

continuous controlled mixing and flow (Scott, 2003b; Meyer, 1998). The system is
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equipped with a detector at the end of the column where it is used to detect different 

compounds as they pass through the column in real time (Scott, 1977).

There are different types of detectors which can be used for various compounds. 

The UV detector is the most commonly used as it is able to detect any compound 

that has chromophore or that is conjugated (Smith, 1988). Other detectors used with 

HPLC can measure other properties such as optical rotation, light scattering and 

refractive indices of compounds (Scott, 2003b; Vickrey, 1983)

HPLC can be operated in 4 modes: normal phase mode, the reverse phase mode, 

ion exchange mode and size exclusion mode (Katz et al, 2002; Sarker et al, 2006). 

The ease with which the machine can be adapted to different analytical purposes by 

just changing the type of column and probably the detectors makes HPLC a 

versatile instrument for a wide range of analytical applications (Dong, 2006).

Normal phase and reverse phase modes are used in routine analysis of small 

molecules. The other two are specialised modes with applications in the analysis of 

a restricted group of analytes such as proteins and ionic species. The difference 

between the normal and reverse phase HPLC modes is the relative polarity of the 

stationary and mobile phases used. In the normal phase the stationary phase is 

more polar than the mobile phase. The nitrile, amino and cyano columns are used 

in normal phase separation (Miller 2009; Hamilton and Sewell, 1982). In reverse 

phase mode, the stationary phase is less polar than the mobile phase. The bonded 

silica columns such as the octadecyl silane (CDS) columns are used in reverse 

phase separation. They exist as C-18, C-8 and C-4 columns. The C- and the 

number indicates the number of carbon atoms in the alkyl chain moiety of the CDS 

column; the more the number of carbon atoms, the more the hydrophobicity of the 

column (Meyer, 1998). The retention capacity also increases with increased
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number of carbon atoms. C-18 columns are the most popularly used reverse phase 

column and reverse phase is the most common mode in analytical chemistry 

(Hamilton and Sewell, 1982; Hemstrom and Irgum, 2006). The study of the root of 

A. melegueta with column chromatography and high performance liquid 

chromatography is hereby described.

1.14.3. Chemical characterisation of purified compounds

After isolation and purification, a bioactive molecule has to be identified. 

Identification of a compound is carried out by the analysis of spectra obtained from 

nuclear magnetic resonance (NMR) and mass spectrometry (MS) of the compound. 

NMR spectroscopy has been described as the study of molecular structure through 

the measurement of an interaction of an oscillating radio-frequency electromagnetic 

field with a collection of nuclei immersed in a strong external magnetic field’ 

(Macomber, 1998). Structural studies with NMR are possible because the nuclei of 

the atoms of many elemental isotopes that make up the molecules in a compound 

have characteristic spins described as I. For some nuclei I is equal to zero while to 

others I =1/2, 3/2, 5/2 etc (Friebolin, 1998).

Some NMR experiments normally employed in structure elucidation include Proton 

NMR, COSY, Carbon NMR, HMBC, HMQC, DEPT135 and 90. Proton NMR (ID 1H) 

gives an idea of the number of hydrogen atoms and species and how they interact 

with each other. Carbon NMR (13C) gives the number of carbon atoms and species 

in a molecule (Walton and Brown, 1999). COSY- Two-dimensional (Correlation 

SpectroscopY) experiment allows one to determine the connectivity of a molecule by 

determining which protons are spin-spin coupled (Croasmun and Carlson, 1994)

59



HMQC -Heteronuclear Multiple Quantum Correlation experiment gives information 

about strong proton-carbon J-couplings. A strong proton-carbon J-coupling 

indicates that the proton is directly bonded to the carbon while DEPT- Distortionless 

Enhancement by Polarisation Transfer gives information about the number of 

hydrogen atoms attached to each carbon (Friebolin, 1998; Macomber, 1998).

HMBC - Heteronuclear Multiple Bond Correlation experiment gives information 

about weak proton-carbon J-couplings. A weak proton-carbon J-coupling indicates 

that the proton is two, three, or four bonds away from the carbon. This experiment 

gives information about which protons are near to (but not directly bonded to) 

different carbons. This experiment (in conjunction with the HMQC) can give an 

enormous amount of information about molecular structure, since the long range 

proton-carbon correlations can include quaternary carbons, in addition to protonated 

carbons (Friebolin, 1998; Macomber, 1998; Claridge, 2009)

MS, an equally important form of analysis, is used to measure the molecular mass 

of an isolated compound which helps to confirm the structure of the compound 

elucidated using NMR (Perkins et al., 1999; Roboz et al., 1988). The confirmation of 

the structure is important as there may be need for chemical modification to 

enhance activity.

1.15. Some pathogens of food, animal and human importance

1.15.1. Listeria monocytogenes

L. monocytogenes (LM) is a pathogen with high public health importance. Its 

infection could be fatal in some susceptible groups of humans which include 

pregnant women, newborns and adults with compromised immune system and the 

elderly (Garrido et al, 2009; Al Tawfiq, 2009) with overall fatality ranging from 20%-
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50% ( Vazquez-Boland et al., 2001). Recent reports suggest that listeriosis is in the 

increase in most European countries (Goulet et al., 2008). A survey carried out in 

Spain reported an average fatality of 52.5% of all infections (Garrido et al. 2008). It 

was estimated that about 28% of annual human deaths (500 deaths) traced to food 

borne pathogens in the United States are due to listeriosis (Mead et al. 1999). A 

recent outbreak in the US involved 54 cases of infections which resulted in 11 

deaths including 3 foetal deaths (Velusamy et al., 2009; Mead, 2006)

L monocytogenes is a facultative intracellular organism that causes listeriosis, a 

disease that is characterised by vomiting, nausea, stomach cramps, diarrhoea, 

severe headache, constipation, persistent fever, stiff neck, loss of balance 

septicaemia and convulsions (Posfay-Barbe and Wald, 2009; Marth, et al, 1988, 

Harakeh et al., 2009). This disease is mostly foodborne and attacks both man and 

animal (McLauchlin, 1991; Posfay-Barbe and Wald, 2009; Mclauchlin et al., 2004; 

Markino et al., 2005). While animals may get infected by consumption of 

contaminated feed which may lead to outbreak in farms, humans can get it from 

contaminated food or from contact with an infected animal (Posfay-Barbe and Wald, 

2009). It has been reported that most animals infected by Listeria do not survive, a 

situation which leads to considerable economic loss (Okwumabua, 2005; Liu, 2008). 

An analysis of the financial cost of listeriosis outbreak in a flock of 936 ewes 

reported that as much as $11 000 could be lost due to animal deaths and costs 

incurred in the management of the outbreak. This estimation did not factor in the 

increased stress involved in controlling the outbreak and the opportunity cost 

resulting from it (Nash et al., 1995).

Listeriosis in humans may result in meningitis and to lesser extent encephalitis and 

abortion in pregnant women. In animals, encephalitis is more prominent especially
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in sheep that are mostly affected. Abortion and septicaemia could also result in 

animals. Most of the animals at risk are immune compromised. Several outbreaks 

of human and animal listeriosis have been recorded (McLaughin et al., 1991; 

Velusamy et al., 2009; Mead, 2006).

L. monocytogenes grows at 4°C and can tolerate a broad range of pH and salty 

conditions (Posfay-Barbe and Wald, 2009). Low temperature, pH variation and 

salting are used for food preservation and storage. This explains why the outbreak 

of infection is still a problem and of high public health importance.

Treatment of listeriosis with ampicillin and gentamicin lasts for a period of 21 days 

(Posfay-Barbe and Wald, 2009). A more potent antimicrobial which could eliminate 

Listeria in a shorter time would be desirable.

1.15.2. Escherichia coli

Escherichia coli is a pathogen of high public health importance. It is a Gram

negative organism which has different strains responsible for various diseases in 

humans and animals. It is one of the 4 organisms mostly isolated from surgical site 

infection (Owens and Stoessel, 2008). It has also been reported to account for 20% 

of cases of bacteraemia (Livermore et al., 2008; Pitout et al., 2009). Some other 

strains also are implicated in 90% of uncomplicated cases of urinary tract infection 

(Billips et al., 2009). E. coli contamination has been responsible for different 

outbreaks of food poisoning in different parts of the world (Scavia et al., 2008; Foley 

et al., 2009; Pakalniskiene etal., 2009) and its presence in various food products has 

been reported (Nastasijevic et al., 2009; Rosengren et al, 2009). With the ban on 

the use of growth promoters, the amount of the organism shed into the environment 

is on the increase and poses a great risk to small animals (Kozak et al, 2009).
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1.15.3. Staphylococcus aureus

S. aureus is an organism of huge public health importance. Its occurrence is 

widespread ranging from the human skin (Kluytmans et al., 1997), food animals 

(Persoons et al., 2009), pet animals (Loeffler et al., 2009) to paper currency (Kumar 

et al., 2009). Its ability to cause a wide range of diseases starting from minor skin 

infections like folliculitis with only cosmetic consequences (Kaimal et al., 2009) to life 

threatening ailments such as endocarditis and toxic shock syndrome (Larkin et al., 

2009; Jang et al., 2008) are well known. The methicillin resistant strain of the 

organism has become a leading source of nosocomial infection (Klonoski et al., 

2010; Kumar et al., 2009; Ben-David et al., 2008) and a major cause of morbidity 

and mortality (Chomnawang et al., 2009). Its capability to resist almost all current 

antibiotic agents including vancomycin is a major concern to the antimicrobial war 

(de Oliveira et al., 2009) such that the discovery of new anti-MRSA antibiotics are of 

great importance if the war against microbial infection will be sustained.

Generally the economic impact of foodborne infections is detrimental to the human 

population because every disease has an economic cost (Buzby and Roberts, 

2009). It has been reported that about 70% of diarrheal diseases result from 

foodborne infection (Kaferstein, 2003). According to the WHO, 76 million cases of 

foodborne diseases resulting in about 325 000 hospitalisations and 5000 deaths are 

recorded in the US annually. Also 1.8 million people died of diarrheal diseases in 

2005 most of which are linked to food contamination (WHO, 2007). There is, 

therefore, a huge human cost associated with foodborne diseases. It was estimated 

that for each case of shiga toxin producing E. coli, about $ 6256 is spent (Buzby and 

Roberts, 2009). This is a significant cost which necessitates that appropriate 

measures for prevention should be implemented.

63



1.15. Aims and Objectives

The use of conventional antibiotics as growth promoters has been banned in 

EU because it was thought that its use resulted in the selection of antibiotic 

resistance strains of pathogens which could be transferred to humans via the 

food chain. The ban has led to increase in subclinical infections in animals 

and subsequent increase in production cost. There is therefore a need for 

safer alternatives. The aims of this research are to screen a wide range of 

indigenous medicinal plants for the purpose of isolation, characterisation and 

identification of antibacterial compounds that can be used to replace and 

reduce the need for conventional pharmaceuticals in food animal production. 

Medicinal plant specimens obtained from Cameroon by the recommendation 

of medicine men will be extracted, the best method of extraction of the 

bioactive components will be established, the extracts will be screened 

against animal, human and foodborne pathogens and chromatographic 

methods developed for the isolation of any bioactive component. The 

structure of isolated components will be elucidated using spectroscopic and 

spectrometric methods. Importantly, the toxicological properties as well as 

the mechanism of action of the isolated compounds will be investigated and 

their potential use as novel therapeutic agents assessed.
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2. Introduction:

Extracts from herbs have been used by humans for a wide range of purposes and 

among these are their ability to solve some health problems (Krishna et al., 2004), 

for example they have been used for their antimicrobial properties to treat infections 

and other diseases due to the activities of the secondary metabolites contained 

within them (Akhondzadeh et al., 2003; Rajbhandari et al., 2009). Purified 

secondary metabolites such as Vinca alkaloids are used for cancer chemotherapy 

(Sahenk et al., 2004) Another secondary metabolite digitoxin, from the digitalis leaf, 

is used for the treatment of heart failure (Hollman, 1996). Quinine, an alkaloid 

derived from the bark of the Cinchona tree, and its derivatives such as chloroquine 

have been used for the treatment of malaria (Bucher et al., 2009; Greenwood, 1992) 

as has artemisinin and its derivatives from the bark of qinghaosu (Haynes and 

Krishna, 2004). In fact, purified secondary metabolites have been the mainstay of 

malaria treatment (Wright, 2005).

In addition to their therapeutic uses, secondary metabolites possess various 

attributes which make them beneficial to mankind. Benefits include food 

preservation which exploits the antioxidant properties (Veerapur et al., 2009) of 

secondary metabolites such as phenolics (Bagetti et al., 2009; Kouakou-Siransy et 

al., 2010) as well as their antimicrobial properties (Amaral et al., 1998; De martino et 

al., 2009; Porto et al., 2009). The presence of both antioxidant and antimicrobial 

properties in a single molecule (Cowan, 1999) makes them more effective and 

better suited as food preservatives. Secondary metabolites from plants have also 

been used as flavours in food and as fragrances in cosmetics (Bohlmann and 

Keeling, 2008). Technological advances have influenced the use of herbal extracts 

for food preservation. For instance, the use of a technology that combines essential 

oils with electrolysed sodium chloride to effectively preserve fish has been reported 

(Mahmoud et. al, 2006). Also synergistic preservative effect resulting when plant
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principles were combined with metal chelators and organic acids has been 

documented (Zhou et al., 2007). The applications and the potential uses of 

secondary metabolites are as numerous as there are secondary metabolites in 

many species of plant on earth (Gurib-Fakim, 2006).

While some of these secondary metabolites may be by-products of plant metabolism 

with unknown function to the plants, others are synthesised for specific purposes. 

Hydroxylated coumarins have been reported to accumulate in carrots in response to 

fungal invasion (Darvil and Albersheim, 1984). Also the accumulation of 

glucosinolates known for their antimicrobial properties (AI.Gendy et al., 2010; Vig et. 

al., 2009) has been reported in Brassica rapa in response to fungal infection (Abdel- 

Farid et. al, 2009). It has also reported that there is geographical variation in 

constituents such as secondary metabolites from the same plant species (Filippini et 

al., 2010) and this has been attributed to the variation in the optimal conditions such 

as temperature, altitude, rainfall, light etc. required for the formation of an individual 

metabolite (Wijesekera, 1991). For instance, it was reported that the flavonoids 

composition of Pulicaria dysentrica specimens collected from seven different 

locations in Italy, UK and France varied such that they could be grouped into four 

chemical races. One of the four races contained 6-hydroxykaempferol 3,4'-dimethyl 

ether while another contained quercetagetin 3,7-dimethyl ether. The third race has 

a combination of quercetagetin 3,7,3'-trimethyl ether and 6-hydroxykaempferol 3,7- 

dimethyl ether while the fourth race in addition to the constituents of the third race 

also contained quercetagetin 3,7,3',4'-tetramethyl ether and 6-hydroxykaempferol 

3,7,4'-trimethyl ether (Williams et al., 2000). If such a variation could be recorded 

within a temperate climate, then a wider variation will be possible when moving from 

a temperate to a tropical climate. Plants accumulate antimicrobial compounds to 

defend themselves against invading microorganisms, the type of antimicrobial 

compounds synthesized by different plants and their spectrum of activity will also
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vary from region to region. This is determined by the bacterial and fungal flora 

predominant in the region that they will have to contend with and the bacterial and 

fungal flora is in turn determined by the climatic condition within the region (Staddon 

et al. 1998). It is reported that of ~500 000 plants species on earth only a few have 

been investigated for their medicinal properties (Melendez and Capriles, 2006). As 

this few has generated so many useful drug compounds, it is highly likely that the 

remaining will also produce secondary metabolites to defend themselves against 

microbial attack and potentially be used for antibacterial research.

In the present study, plant extracts from a range of African plant specimens were 

investigated for the presence of bactericidal activity against a selected range of 

pathogens.

Before testing for antibacterial properties, plant materials are prepared and 

extracted and different extraction protocols are used.

Sample preparation is an important step in natural product drug discovery but more 

important is the choice of extraction solvent (Kim and Verpoorte, 2009). This is 

important for many reasons. Secondary metabolites which are the target of 

analytical chemists come in a wide range of polarities (Corr, 2002, Sarker et al., 

2006). In preliminary extraction procedures where no particular compound is 

targeted, the aim is to obtain a representative profile of the plant chemical 

constituents. This is a major task that is achievable in two ways. The extraction 

could be performed with solvents of different polarities starting from hydrophobic 

hexane with polarity index of zero to water with polarity index of 9. This approach is 

seldom practicable as it is very time consuming, particularly a large amount of plant 

specimens are to be screened, as was the case in the present project. The other 

option is to select a single solvent which could obtain a representative profile of the 

plant constituents. The choice of solvent is then critical. A very polar solvent like 

water will extract only the hydrophilic constituents and leave hydrophobic
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constituents behind. This could be beneficial if certain types of compounds such as 

polysaccharides or antivirals, which most often contain hydrophilic sugars and 

polysaccharides, are targeted (Cowan, 1999). Choosing a hydrophobic solvent is 

also likely to leave many potentially useful moderately polar and highly polar 

compounds out. As a result, a solvent with moderate polarity and index of around 5 

appears to be the best compromise (Table 1). Such solvents will be able to extract 

from both sides of polarity curve. The alcohols, methanol and ethanol, have polarity 

indices of 5.1 and 5.2 respectively (Ricciutelli et al., 2006) and this may explain why 

they are most often used as extraction solvents. Acetone also has a polarity index 

of 5.1 (Ricciutelli et al., 2006) but is not used as often as the alcohols, possibly due 

to the seemingly higher yields obtained with the alcohols in comparison with 

acetone. In most cases these extra yields have come from inert sugar and polar 

lipids that could be considered as unwanted components of an extract. A study that 

compared the extraction efficiency of 2:1 chloroform-methanol, absolute methanol 

and 90% acetone reported that methanol was the least efficient extractant. It also 

reported that precision for methanol was very low with a coefficient of variation of 

17%. The lower precision appeared to account for the extra yield thus making the 

sample preparation cumbersome. The coefficient of variation of acetone in the 

study was the lowest at 5% (Llyod and Tucker, 2007).

The stability of secondary metabolites under various conditions also varies. 

Because secondary metabolites are chemicals, the possibility of chemical reactions 

between any chosen solvent and a potentially useful compound abound. Alcohols, 

especially methanol may react with target compounds to form a different product. 

The formation of hemiacetals from a target compound has been previously reported. 

A hemiacetal of leurosine was recovered when it was extracted with methanol but 

the natural form of the alkaloid was extracted with other solvents. Although in this 

case, it was beneficial as the natural leurosine was devoid of cytotoxic property
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while the hemiacetal demonstrated profound activity (Farnsworth, 1972). This could 

result in the loss of activity if the antibacterial property of the target compound 

depends on the integrity of the modified moiety or improved activity as was the case 

with leurosine.

Table 2.1. Polarity Indices of solvents

(Phenomenex http://www.catalvsis.uottawa.ca/htcf/MiscTable.pdf (11/10/2007)

Solvent Polarity Refracti UV Boilin Viscosit Solubility
Index ve

Index
(nm) 
Cut
off 
@1A
U

9
Point
(°C)

y
(cPoise
)

in water 
(%w/w)

Acetic acid 6.2 1.372 230 118 1.26 100
Acetone 5.1 1.359 330 56 0.32 100

Acetonitrile 5.8 1.344 190 82 0.37 100

Benzene 2.7 1.501 280 80 0.65 0.18

n-Butanol 4 1.394 254 125 0.73 0.43

Butyl acetate 3.9 1.399 215 118 2.98 7.81

Carbon
tetrachloride

1.6 1.466 263 77 0.97 0.08

Chloroform 4.1 1.446 245 61 0.57 0.815

Cyclohexane 0.2 1.426 200 81 1.00 0.01

1,2-Dichloroethane 3.5 1.444 225 84 0.79 0.81

Dichloromethane 3.1 1.424 235 41 0.44 1.6

Dimethylformamide 6.4 1.431 268 155 0.92 100

Dimethylsulfoxide 7.2 1.478 268 189 2.0 100

Dioxane 4.8 1.422 215 101 1.54 100

Ethanol 5.2 1.360 210 78 1.2 100
Ethylacetate 4.4 1.372 260 77 0.45 8.7

Di-Ethyl Ether 2.8 1.353 220 35 0.32 6.89
Heptane 0.0 1.387 200 98 0.39 0.0003

Hexane 0.0 1.375 200 69 0.33 0.001

Methanol 5.1 1.329 205 65 0.60 100



Methyl-t-Butyl
Ether

2.5 1.369 210 55 0.27 4.8

Methyl Ethyl
Ketone

4.7 1.379 329 80 0.45 24

Pentane 0.0 1.358 200 36 0.23 0.004
n-Propanol 4.0 1.384 210 97 2.27 100
Iso-Propanol 3.9 1.377 210 82 2.30 100
Di-lso-propyl Ether 2.2 1.368 220 68 0.37
Tetrahydrofuran 4.0 1.407 215 65 0.55 100
Toluene 2.4 1.496 285 111 0.59 0.051

Tricholorethylene 1.0 1.477 273 87 057 0.11

Water 9.0 1.333 200 100 1.0 100

Xylene 2.5 1.500 290 139 0.61 0.018

Extraction methods used in natural product research are varied but all have their 

advantages and disadvantages. Soxhlet extraction is a popular method that is 

frequently used. The advantage of having a fresh solvent, not saturated with solute, 

in contact with the solid matrix is the major principle behind soxhlet extraction 

(Luque-Garcia and Luque de Castro, 2004). In this method, the solvent from a flask 

is heated to reflux collecting on a thick filter paper thimble containing the solid 

powder of the specimen to be extracted. When the chamber containing the thimble 

is filled up, it empties back into the evaporation flask which is heated again to 

release fresh solvent devoid of the solute that again condenses and extracts the 

solid. The cycle is repeated as many times as possible. This method is good for 

exhaustive extraction for analytical purposes. This method has been described as 

time consuming and could lead to degradation of metabolites and formation of 

artefacts (Luque de Castro and Garcia-Ayuso, 1998;_Bautz et al., 1998, Zhang et. 

al., 2008; Kim and Verpoorte, 2010)

Stir bar assisted maceration is another extraction method which has been widely 

used. This is because it is simple, straightforward and does not require complex 

equipment. It involves the mixing of the ground plant part with an appropriate 

volume of a selected solvent which could vary from highly polar water to non-polar
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hexane. The mixture is allowed to stand for prolonged periods, i.e. up to 48 or even 

72hrs before the solution is filtered and dried. The length of time also depends on 

the targeted analyte and the possibility of degradation in the extraction solvent (Sae- 

Yun et al., 2006). The longer the time, the more likely degradation will occur. The 

yield of phenolic compounds has been reported to reduce with increasing time of 

extraction (Thoo et al., 2010). This method also wastes solvent. In some cases the 

solution is removed at intervals when the solvent is likely to have been saturated 

with analytes and fresh solvent introduced. Sometimes, some heat may be applied 

to the mixture to facilitate extraction because diffusion of analytes increases with 

temperature. The forces of interaction such as van der Waals and hydrogen 

bonding that exist between the analyte and the plant matrix are weakened and 

eventually broken with increasing temperature to make diffusibility more efficient. 

The analytes are also more soluble in the solvent at higher temperatures. (Gfrerer 

and Lankmayr, 2005; Thoo et al., 2010). This principle of greater solubility at higher 

temperature and pressure has been exploited in more recent extraction methods 

such as pressurized heated water extraction (PHWE), microwave assisted 

extraction (MAE) and pressurized liquid extraction (PIE) (Mroczek and Mazurek, 

2009).

Modern extraction methods were developed in a move to eliminate the time and 

solvent wasting properties of the previous methods. MAE, PLE and PHWE all make 

use of heat from different sources to facilitate diffusion kinetics making extraction 

more efficient. PLE and PHWE apply pressure to keep the solvents in liquid state 

due to the high temperatures involved. PLE has been used to extract berberine, an 

antimicrobial alkaloid from Coptidis rhizoma. The method extracts analytes from 

solids at high pressure and temperature which will be above the boiling point of the 

extraction solvent. (Lee et al., 2002; Mroczek and Mazurek, 2009).
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PHWE is one of the new extraction methods developed to make extraction 

procedure more efficient. The technique makes use of sub-critical water at 

temperatures between 100 °C and 180 °C for the extraction of analytes from plants 

(Ong and Len, 2003). In supercritical extraction procedure, fresh supercritical fluid 

is forced to flow continuously through the sample. The solvation power of the fluid 

which determines its ability to dissolve and extract analytes from a matrix can be 

manipulated to suit a particular analyte by varying the operational parameters- 

temperature or pressure or both. Addition of small amounts of polar compounds 

could also be used to achieve selectivity (Hawthorne et al., 2000).

MAE is another improved method of extraction. This uses microwave energy at 

2.45GHz as a heating source. The temperature and pressure it generates are 

localized and causes selective diffusion of analytes from a plant matrix. This makes 

for faster and efficient extractions from varied matrices (Zhang et al, 2008; Martino 

et. al., 2008). MAE has been used to extract rutin and quercetin from the stalks of 

Euonymus alatus (Zhang et al., 2009). These modern extraction methods have the 

advantage of shortening the extraction time and reducing solvent usage. However, 

Martino and co-workers compared the extraction efficiency of soxhlet, maceration 

and MAE. It was clear from Martino’s comparison that it was not possible to apply 

modern methods to preparative extraction procedures. While he could macerate 5g 

and use 2.5g in soxhlet extraction, only 0.2g of the material was used in MAE which 

is supposed to be a limitation at present meaning that MAE has no use in 

preparative extraction experiments (Martino et al., 2008). Modern extraction 

procedures, with all their advantages, may still be limited to analytical usage and not 

preparative as is required in the present study.

Various screening methods have been used by groups of researchers to detect and 

estimate the antibacterial properties of compounds contained in plant extracts. The 

purpose of screening is to determine the potency of an extract against a test
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organism. The potency can be described as minimum inhibitory concentration (MIC) 

or minimum bactericidal concentration (MBC). MICs are defined as the lowest 

concentration of an antimicrobial that will inhibit the visible growth of a 

microorganism after overnight incubation and MBCs as the lowest concentration of 

antimicrobial that will prevent the growth of an organism after subculture on to 

antibiotic-free media (Andrews, 2001). The most widely used methods to determine 

MICs and MBCs include agar diffusion, disk diffusion, broth dilution, E-test and agar 

dilution (Sultanbawa et al., 2009; Lestari et al., 2008).

In the agar diffusion method, the potency of the test compound is estimated on solid 

agar and can take the form of various sub-methods that are determined by the 

technique by which the extract is applied to the solid media. The disk diffusion 

method employs a paper disk impregnated with the extract which is placed on the 

surface of the agar seeded with the test organism. In the well diffusion method, the 

extract is applied directly to a micro well bored on top of the agar or in a porous cup 

inserted into the well. The E-test is also one of the diffusion methods and is similar 

to the disk diffusion method but the test sample is impregnated on a strip in such a 

way as to produce a determined concentration gradient (Bonev et al., 2008). The 

compound is expected to diffuse freely through the agar to inhibit the growth of the 

test organism no matter which way it is applied to the agar. The potency is 

determined by measuring the diameter of the zone of inhibition after an appropriate 

incubation time. The accuracy of this method is based on the assumption that the 

test compound diffuses freely through the solid media. This assumption is not 

always true (Housewright et. al., 1948) and the result can be misleading and 

inaccurate (Behera et al., 2010; Sultanbawa et al., 2009) with significant errors and 

discrepancies being reported (Liao et al., 2008) such as the overestimation of the 

MICs of test compounds (Bonev et al. 2008) which is not desirable. Furthermore, 

the preparation of the antibiotic disk of plant extracts with correct amount of extract
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as it has in solution and the total release of such extract may not be guaranteed. 

Also, the application of the sample to a paper disk is another step in an already 

laborious natural product discovery process. Disk diffusion, though widely used, is 

considered not the best method for antimicrobial sensitivity testing of herbal extracts 

which come in different hydrophobic and varying physical characteristics (Scorzoni 

et al„ 2007)

Broth dilution is the recommended method for the determination of MICs (Sims et 

al., 2006; Macias et al., 1994). Both micro and macro broth dilution follow the same 

principle. Equal volumes of a given concentration of the test compound and the test 

organism are mixed and incubated at the appropriate temperature for between 18- 

20 hours. The lowest concentration without visible bacterial growth is termed the 

MIC. This method measures turbidity as the growth indicator. If the solution of test 

compound is colourless (UV transparent), there will be no problem with this method. 

However, the solutions of plant extracts are, in most cases, coloured and this 

automatically adds to the turbidity of the medium. The precipitation of water 

insoluble components also adds to the turbidity of the medium which combine with 

the colour of the extract to make objective measurement difficult (Liu et al., 2007). 

Some researchers have suggested a microplate assay that could overcome the 

problem of turbidity and objective measurement (Sultanabawa et al., 2009) but the 

procedure is, at best, tedious.

Bactericidal assays do not rely on turbidity measurement; hence the influence of 

precipitates and extract colours on the result is eliminated. It is also not affected by 

the diffusion characteristics of the sample as results are determined by colony 

counts. Bactericidal assays provide definite and objective results that are 

reproducible and this makes it suitable as a method for the antibacterial sensitivity 

testing of plant extract. Microplate bactericidal assays, as designed by Friedman, 

will be used in this study (Friedman, 2002).
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Aims and Objective:

The aim of this study is to screen and identify extracts with potent antibacterial 

properties that can be analysed for the active principle which could serve as 

antibacterial lead compound.

The plant specimens will be extracted with different solvent combinations and in 

order to determine which solvent is best situated for the extraction of bioactive 

principles in the specimens, the extracts of different solvents will be tested against 

selected organisms to determine their efficacy. The most potent extract with broad 

spectrum of activity will be selected for further analysis.

2.1. Materials and methods

2.1.1. Strains

Escherichia coli K-12 NCTC 10538, Listeria monocytogenes NCTC 11994 were 

obtained from Health Protection Agency (London, United Kingdom). The reasons 

for the selection of these organisms were discussed in chapter one.

2.1.2. Chemicals

The extracting solvents methanol, diethyl ether, ethylacetate and ethanol were 

obtained from Sigma-Aldrich (Steinheim, Germany) and acetone from TE 

Laboratories (Tullow, Ireland). Sodium chloride, disodium hydrogen phosphate & 

sodium dihydrogen phosphate used for the preparation of 50mM PBS were sourced 

from VWR international limited ( Poole, England) (50mM PBS formula: Na2HP04, 

14.196g NaH2P04, 5.999g; Nad, 8.766 g and water to 1L).
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2.1.3. Culture Media

Nutrient agar, nutrient broth, tryptone soya broth, tryptone soya agar and yeast 

extract were purchased from Oxoid Limited (Basingstoke, Hampshire, England).

2.1.4. Plant materials

Plant specimens leaves, roots stems and stem barks were collected from Cameroon 

following the recommendation of traditional medicine practitioners in the Kumbo 

region.

2.1.5. Equipment

Mixing was carried out on an AGB1000 (Jenway Ltd, Felsted, Essex, England). A 

laboratory Blender (Christison Particles Technologies, Gateshead, UK) was used for 

grinding and particle size reduction. Ninety-six-well microtitre plate (Sarstedt AG & 

co.,NQmbrecht, Germany) was used for antimicrobial sensitivity testing. Elga 

deionizer (Elga Process Water, Marlow Bucks, United Kingdom) was used for 

obtaining purified water. Concentration of the extracts was carried out on a Stuart 

rotary evaporator (Stuart Scientific, Staffordshire, United Kingdom) and TurboVAP 

concentrator (Calipers Life Sciences, Hopkinton, Massachusetts, USA).

2.1.6. Extraction method.

The dried plant specimens were milled and extracted with protic and aprotic polar 

solvents and non polar solvent in a stir-bar assisted maceration for 24 h at room 

temperature. In this procedure, 2g of each specimen was extracted with 20ml of 

acetone, and then with one of 50:50 mixtures of acetone/ethanol, acetone/methanol,
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acetone/ethylacetate, acetone/diethylether and methanol alone. The solutions were 

removed at 12 h and 24 h, pooled together, centrifuged, filtered, and concentrated 

using a rotary evaporator.

The extracts were then subjected to initial screening for antibacterial activity.

2.1.7. Growth and preparation of bacteria cells.

Two cryobeads each of Escherichia coli and Listeria monocytogenes strains stored 

in vials at -70°C were transferred with sterile loops into 5mL of nutrient broth (NB) 

and tryptone soya broth (TSB) in 25ml_ sterile tubes respectively. These tubes were 

incubated at 37°C for E.coli and 30°C for L monocytogenes for 24 h. A loop full of 

each broth culture was then streaked on agar- Nutrient agar (E. coli) and tryptone 

soya agar (L.monocytogenes). After 18-24 h incubation, a single isolated colony 

from each plate was harvested with a sterile loop and re-suspended in 5 ml of broth 

as mentioned above in a sterile tube. The tube was capped tightly and incubated 

with gentle shaking at the same temperatures as mentioned earlier for 19 h. To 

prepare the bacterial cells for the test, one millilitre of the culture was centrifuged 

and resuspended in PBS. The optical density at 600nm was adjusted to 0.8 and 

1:100 dilution was carried out to get suspension A. Forty microlitres of A was made 

up to 10,000 pi to get suspension B which was used for the antimicrobial testing. 

Suspension B has approximately 2000 colony forming units (CFU) per 50 pi of cell 

suspension.

2.1.8. Microbiological method.

The microbiological procedure was carried out as described by Friedman and co

workers with slight modifications (Friedman et. al., 2002). Briefly, a serial dilution of 

each sample in PBS was prepared from 1 mg/ml stock solution, ranging from 0.97
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|jg/mL to 250 Mg/mL To a 96-well microtiter plate, a mixture of 100 pL of extract 

dilutions and 50 pL of bacteria suspension were added, mixed and incubated for 1 h 

at 30°C for L. monocytogenes and 37°C for E.coli. The negative control was 

prepared using 20 pL of methanol in 1000 pi PBS and 50 pL of cell suspension. 

Twenty microlitres of the reaction mixture was then plated on agar and incubated for 

13 h {E.coli) and 21 h (L monocytogenes). All experiments were carried out in 

duplicates. A plate count was carried out and 50% bactericidal concentration (BA5o) 

was determined BA5o was defined as the concentration of the extract in the assay 

mixture that results in a 50% decrease in CPU relative to a negative control and 

calculated with this equation:

{(No. of CPU in negative -No. of CPU in test)/No. CPU in negative} x100

The plates were further incubated for 48 h to confirm the bactericidal activity of the 

extracts. The positive controls were the clinically used antibiotics for the treatment 

of infections caused by the organism. Ampicillin was used for L. monocytogenes 

and gentamicin for E.coli.

Statistical Analysis

Paired t-test used for the comparison of two methods was applied to the different 

extraction solvents (Miller and Miller, 2005). Both one-tailed and two-tailed tests 

were carried out on the samples. The analysis were carried out using Microsoft 

excel.

2.2. Results and Discussion

The extraction procedures compared the yield of plant components from different 

solvents and the potency of the extracts from different solvents against the selected 

microorganisms. It was found that acetone extracts were more potent than the 

extracts of other solvents. The comparative effectiveness of acetone as an 

extraction solvent for antimicrobial principles against those of ethanol and methanol,
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which are most frequently used for this purpose, is presented. Methanol and 

ethanol showed numerically higher yields as compared to acetone extracts (Tables 

2, 3&4).

Table 2.2. Table showing yield per solvent and the BA5o after acetone and 50:50 

acetone/ethanol were used to extract various plant specimen and the extracts tested 

against E.coli.

Acetone Vs 50:50 Acetone/Ethanol

Specimen Acetone BA5o(pg/mL) AC/ETOH BA5o (pg/mL)

yield(mg) (E.coli) yield(mg) (E.coli)

Kifun 93.9 264 134.1 NA

Kinsasi 132.1 124.5 275.1 148.5

March 49.4 NA 163 168

Kindzeng 40.6 132 119 106

Ntov 47.3 NA 197.4 165

Tseng 58.9 210 91.4 NA
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Table 2.3. Table showing yield per solvent and the BA5o after acetone and 50:50 

acetone/methanol were used to extract various plant specimen and the extracts 

tested against E.coli.

Acetone Vs 50:50 Acetone/Methanol

Specimen Acetone BA50(pg/mi_) AC/MEOH BA5o(pg/mL)

yield(mg)
(E.coli)

yield(mg)
(E.coli)

Mbaiti 64.3 138 548 195

Ndang 92.7 37.5 813.3 240

Verla 65.5 82.5 165.5 NA

Fovta 135.5 106.5 350.7 235.5

Kishog 62 19.5 129.6 NA

Yobun 33 106.5 232.5 NA

142



Table 2.4. Table showing yield per solvent and the BA5o after acetone and methanol 

were used to extract various plant specimen and the extracts tested against E.coli.

Acetone Vs Methanol

Specimen AC BA5o(pg/mL) MEOH BASo(pg/mL)

yield(mg)
(E.coli)

yield(mg)
E.coli

Naijal 25 NA 187.3 NA

Naija2 47.6 NA 172.1 NA

Lumeni 52.6 NA 401.9 NA

Ngwan 17 124.5 150.2 NA

Kitsey 70.32 168 416.9 NA

Kishosh 44.6 126 149.2 NA

Statistical analysis (two-tailed paired t-test) showed a significant difference (p<0.05) 

between the yield obtained from the acetone extractions when compared to 

acetone/ethanol and methanol extracts. The yields of the latter were observed to be 

higher than that of acetone. A two-tailed paired t-test to the BA50s of the extracts 

showed that the difference between their potencies against E-coli K12 was not 

significant (p<0.05). However, a significant difference was observed between the 

potency of acetone only extracts against E-coli K12 compared to methanol-only 

extract (p<0.05, one-tailed test). It is important to mention that in a test of 

significance, there is a chance to return a null hypothesis as false depending on the 

value of P (Miller and Miller, 2005). Therefore even though the two-tailed test 

returned the null hypothesis as false, the observed numerical difference could be 

significant in practice especially as this is a biological system which does not follow 

a perfect normal distribution (Motulsky and Christopoulos, 2004).
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Based on the results obtained, acetone seemed to be a better extractant than the

alcohols, which are most frequently used for extraction of antimicrobial compounds, 

especially when further analysis includes isolation and identification. Extraction of 

unwanted plant components such as sugars, amino acids and polar lipids (Sikorski 

et al., 2002) as is the case with methanol may add to the cumbersomeness of 

sample preparation. Some published studies have also preferred acetone to the 

alcohols (Eloff, 1998), while others would use both (Ausra et al., 2005; Bedgood et 

al., 2005). Alcohols, especially methanol may react with target compounds to form a 

different product. The formation of hemiacetals from a target compound has been 

previously reported. A hemiacetal of leurosine was recovered when it was extracted 

with methanol but the natural form of the alkaloid was extracted with other solvents 

(Farnsworth, 1972). This could result in the loss of activity if the antibacterial 

property of the target compound depends on the integrity of the modified moiety or 

increase in activity. The combination of ethylacetate with methanol appeared to be 

better if the BA5o above 100 is desirable but a BA5o above 100 pg/mL was 

considered as resistant considering the BA5o of 21 pg/mL recorded for gentamicin 

the positive control (Table 2.5). Also, the environmental and toxicity properties of 

ethylacetate make acetone more desirable for extraction purposes.

Antimicrobial activity for each of 55 specimen extracts was estimated by measuring 

the concentration of extract that would kill 50% (BA5o) of the bacteria used in the 

assay. The evaluation was carried out on both the acetone-only extract and another 

solvent-type extract for each of the specimens. The BA5o values of the extracts 

against all the organisms were calculated using BiaEvaluation software (from 

Biacore) by plotting the percentage kill against concentration. The BA5o values of 

the crude extracts against E-coli K-12 NCTC10538 ranged from as low as 20 pg/ml 

to more than 500pg/ml which is the highest concentration used in the assay. Some
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of the extracts were observed to be more potent when compared with the positive 

control gentamicin which recorded a BA5o of 21,ug/ ml (Table 5).

Table 2.5: Table showing the BA5oOf crude extracts of different specimens extracted 

with different solvents against E. coli

Specimen Extract BA5o(pg/ml) E. coli K12
Acetone-only (50:50) Acetone:X

X=Diethylether
Lantana NA NA
Mborfen NA NA
Ngeverjiy NA NA
Kilun NA NA
Ntamir 164 NA
Kirum 102 NA

X=Ethanol
Kidzeng 132 107
Tseng 210 NA
Ntov NA 165
March NA 168
Kifun 264 NA
Kinsasi 125 149
Calendula 149 NA
Confery 123 NA

X=ethylacetate
Ndang leaf NA NA
Nstang Ntsang 285 186
Kighavir NA 191
Nsaidzeka NA 218
Dzevela NA 224
Horsetail Stem 158 NA
Horsetail Leaf 111 NA
Kira 152 NA
Kongonge 212 173

X=Methanol
Naija 1 NA NA
Naija 2 NA NA
B.lumeni NA NA
Bauhenia reticulata 141 NA
Saankarm 126 NA
Kishos 174 NA
Kinja 140 NA
Fuleri 159 NA

Methanol (100%)
Kishog 20 236
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Fovta 107 240
Verla 83 NA
Yobun 107 NA
Mbaiti 138 NA
Ndang(Bark) 38 NA

K.fulani 20 NA
LGBL 47 NA
Yuug 56 NA
Leeyuv NA NA
Pawpaw 306 NA
Kitseiy 187 NA
Kijam 29 NA
Nsalai 135 NA
Lui Lui 83 NA
Motherworth 251 NA
DGBL 165 NA
Ngwan 137 NA
2007F 382 NA
Artemisia frigid NA NA
A.serversianna N A NA
T. foetid urn NA NA
A.macrocephali 329 NA

Table 2.6. Table showing the BA5o of acetone-only crude extracts of specimens 

against E-coli K12 and Listeria monocytogenes NCTC 11994.

Extract BA5o( pg/ml)
E-coli K12 Listeria monocytogenes

Lantana NA 143
Mborfen NA NA
Ngeverjiy NA 139
Kilun NA NA
Ntamir 164 NA
Kirum 102 4
Kidzeng 132 5.83
Tseng 210 102
Ntov NA 5.13
March NA 134
Kifun 264 NA
Kinsasi 125 24
Calendula 149 NA
Confery 123 NA
Ndang leaf NA NA
Nstang Ntsang 285 10
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Kighavir NA 166
Nsaidzeka NA 205
Dzevela NA 190
Horsetail Stem 158 NA
Horsetail Leaf 111 9
Kira 152 8
Kongonge 212 30
Naija 1 NA 60
Naija 2 NA NA
B.lumeni NA 141
Bauhenia reticulata 141 8
Saankam 126 NA
Kishos 174 64
Kinja 140 NA
Fuleri 159 NA
Kishog 20 4
Fovta 107 162
Verla 83 NA
Yobun 107 9
Mbaiti 138 5
Ndang(Bark) 38 10
K.fulani 20 NA
LGBL 47 NA
Yuug 56 NA
Leeyuv NA NA
Pawpaw 306 NA
Kitseiy 187 NA
Kijam 29 2
Nsalai 135 2
Lui Lui 83 NA
Motherworth 251 NA
DGBL 165 NA
Ngwan 137 NA
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Table 2.7. Table showing extracts selected for further analysis based on their 
observed ability to inhibit the test organisms.

Specimen (BA 50) pg/ ml

Escherichia coli K-

12

Listeria monocytogenes

NCTC 11994

Gentamicin 21

Ampicillin 29

Croton

macrostachyus

(Kijam)

29 2.43

Bridelia speciosa

(Kirum)

102 4.29

Aframomum

melegueta

(Kishog)

20 4.32

Entada abysinnia

(Kidzeng)

123 5.83

Nsalai 135 2.15

Marattia fraxinea

(Yobun)

107 9.14

Considering that Gram negative organisms have intrinsic resistance against most 

antibacterial compounds (Wang et. al., 2010; Poole, 2001; McGowan, Jnr, 2006), 

which makes the treatment of diseases caused by them difficult (Nam et. al., 2008),
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a BA5o as low as 20ng/ml for an extract is significant and encouraging for A. 

melegueta. Fifty five acetone-only extracts were also tested against L. 

Monocytogenes. The bactericidal activities of some of the extracts on L. 

monocytogenes NCTC 11994 were observed to be 3-13 times greater than that of 

ampicillin which was used as the positive control in all the tests (Table 6). For 

instance, Nsalai and Aframomum melegueta extracts were 13 and 12 times more 

active than ampicillin respectively against Listeria. Ampicillin is a drug of choice for 

listeriosis treatment (Korsak et al., 2005). The superiority of the observed activity 

compared to some clinically used antibiotics is an indication of a potential clinical 

application for these extracts. Six of the more active extracts were selected for 

further investigation (Table 7).

Among the extracts detailed in Table 6, the activities of Croton macrostachyus and 

Aframomum melegueta were considered most interesting. Croton macrostachyus 

has been used for various medicinal purposes in traditional Africa such as the 

treatment of malaria by the Zay people of Ethiopia (Giday et al., 2007) and the sap 

is used by the Kikuyus of central Kenya for wound healing and ringworm treatment 

(Njoroge and Bussmann, 2007). The latter use would have been possible due its 

possible antifungal and antibacterial properties. However, Matu and Johannes 

(2003) reported no antibacterial activity of the methanol, water and hexane extracts 

of the specimen, but they reported a high level of anti-inflammatory activity on the 

root extract (Matu and Johannes, 2003).

Bridelia speciosa, Marattia fraxinea and Entada abysinnia were the other extracts 

with good activities against the Gram positive L. monocytogenes but their activities 

against Gram negative E. coli were also not exceptional but were better than those 

of many other extracts used in the study. Bridelia speciosa is used in Cameroon for 

the treatment of malaria, urinary track and gastrointestinal bacterial infection and 

Marattia fraxinea stem cutting is used in Cameroon for the treatment of infections
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whilst the leaf stalk is also used for the treatment of infection in Tanzania (de Boer et 

al., 2005). Entada abysinnia (abyssinica) is used for the treatment of coughs, 

alleviation of arthritic pain and for the treatment of bronchitis in east Africa (Olajide 

and Alada, 2001). Kolavenol, an anti-trypanosomal compound was isolated from 

the bark of E. abysinnia (Freiburghaus et al., 1998). The observed in vitro activity of 

the selected extract indicates that the traditional application is in order.

Furthermore the most potent extracts came from root and stem barks. This could be 

explained by the geographical location of the plants from which the specimens were 

collected. Cameroon is a tropical country and the plants were collected from the 

tropical rainforests. A plant located in a tropical rainforest with heavy rain fall will 

have to deal with invading soil bacteria and fungus that thrive in damp and warm 

soil. Splashes from rain drops will possibly help to spread the soil bacteria high up 

the trunk of the tree. It will be therefore expected that the root and the stem of such 

plants would contain antimicrobial metabolites that will enable them to fight 

infections. This could be the reason why the extracts from root and stem barks have 

the most antibacterial activity. It is also possible that they will be active against 

fungus as the damp climate will also encourage fungal growth and infection 

(Triagiano et al., 2004).

The antibacterial activity observed with the extract can be utilised in two ways. 

Firstly, the extract could be characterised as a whole to determine its safety and 

then used as a whole as an antimicrobial extract. Many examples of this kind of 

application are found in the food and cosmetic industries. For instance the extract of 

the eucalyptus leaf is used as antioxidant in Japan (Amakura et al., 2002) and 

essential oils from basil, cumin and coriander are used as spices in food and for 

preservation (Brul and Coote, 1999). The advantage of the application of whole 

extracts lies in the fact that some components in the extract may be acting 

synergistically (components potentiating the activity of other components) or
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additively (observed activity being the summation individual activity of components) 

to bring about the observed effect. There could also be antagonism (when the 

activity of one component cancels out or opposes the activity of another) between 

some components (Chicca et al, 2009; Yang and Liu, 2009). Secondly, the extract 

can be fractionated and components isolated and purified in which case the 

synergistic and additive effect could be lost. However, if there is antagonism within 

the whole extract it will also be lost after purification which is an obvious advantage 

of purification. Another very important advantage of fractionation and isolation is 

that it gives the opportunity to exclude components of the plant extracts which 

instead of contributing to the desired activity, lead to unwanted toxicity. Such toxic 

components in this case aristocholic acid (AA) was the reason why the use of Radix 

aristolochiae fangchi (Guangfangji), Caulis aristolochiae manshuriensis 

(Guanmutong) and Radix aristolochiae (Qingmuxiang) in the treatment of arthritic 

pain was prohibited in 2004 due to nephrotoxicity while the use of Asarum 

heterotropoides Fr. Schmidt var. mandshurcum (maxim.) Kitag. A. sieboldii Miq. var. 

seoulense Nakai or A. seiboldii Miq was restricted to the root and rhizome because 

they contain less of AA than other parts of the plant (Li et al., 2008). Fractionation 

targeted at the isolation of the offending component which does not contribute to the 

desired effect would have eliminated the toxicity of this herbal remedy and thereby 

rendering it usable. Alternatively, the extracts can be analysed and the active 

compounds isolated. The isolation of these may lead to considerable loss of activity 

if more than one compound combine to produce the observed effect. However, this 

disadvantage can be overcome as the purified compounds can later be recombined 

in a purer form. The extraction and isolation option also has the advantage of 

concentrating the active compound and enhancing its potency especially if it is the 

only compound responsible for the observed activity. This is because all other inert 

substances such as sugar and polar lipid extracted along with the compound would
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have been eliminated. This is achieved by bioassay -guided fractionation of the 

extract which helps to eliminate the inactive fractions and concentrate the active 

fraction.

2.3. Conclusion

In conclusion, the screened plant compounds showed a wide range of activities 

against the test organisms and some of the extracts were significantly better than 

the positive controls which are clinically used antibiotics. The result shows that plant 

constituents can be a viable source of antibacterial compounds.

Six extracts had outstanding activities and those were selected for further studies. 

The selected extracts will be subjected to bioassay-guided fractionation for the 

purpose of isolation and identification of the active component(s). The toxicity 

profile of the compound(s) will also be investigated on mammalian cell lines.
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Chapter 3: Bioassay guided fractionation of 
Aframomum melegueta root
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3. Introduction

The continuous emergence of new resistant genes has posed the greatest 

challenge to the efficacy of the current battery of antimicrobial compounds and new 

antibacterial agents are urgently required. Exploring the bio-discovery route from 

natural products has created new leads for pharmaceutical drug discovery and drug 

design (Taniguchi and Kubo, 1993). Natural product derived antibiotics, for example 

penicillins, cephalosporins and erythromycin, have been extensively used in the past 

and at present but due to development of resistances, new core structures are 

required for generating new antibiotic candidates (Robards, 2003). Plant-based 

materials are important sources and have been used for centuries in traditional 

human medicine. Prior to the antibiotic era, herbal remedies were often the only 

form of medication used in the treatment and prevention of various human diseases. 

This ‘ancient treasure’ has been inherent to date in different regions of the world. 

Their applications as antimalarial (Chung et. al., 2008), anticancer (Robinson et. al., 

2008), antimicrobial agents (Sutour et. al., 2008) are amongst many other uses by 

millions of people worldwide.

With advances in medicinal chemistry, most search for antibiotics are now synthetic 

with modifications made to the original compounds found in nature resulting in their 

antimicrobial effect being significantly enhanced. Having understood the nature of 

antimicrobial targets and the structure of antimicrobial compounds, and with the help 

of recent advances in technology, attempts have been made and focused on total 

synthesis of bioactive antimicrobial agents. Various synthesis approaches have 

been employed including combinatorial chemistry (Overbye and Barrett, 2005). 

However, despite much effort being put in by many, only one novel compound 

Linezolid, has recently been able to make its way through from the chemistry bench 

to clinical medicine 40 years after the approval of quinolones in 1962 (Moellering, 

jnr., 2003). Every other compound synthesised to date was a modification of an
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already known drug structure. Combinatorial chemistry in particular has yet to 

deliver any antibacterial lead compounds (Walsh, 2003; O’shea and Moser, 2008) 

and no antibacterial agent synthesised by this process known to us has been 

licensed.

As a result of the slow pace at which synthetic chemistry has yielded antibacterial 

lead compounds, many researchers have reverted to exploring nature’s reservoirs. 

Higher plant products have been targeted recently (Ozbay and Alim, 2009) whilst 

lower plants such as marine flora were also explored with soil flora and fungal 

species (Cowan, 1999; Fenical and Jensen, 2006). It has been reported that 14- 

28% of higher plant species are used medicinally and 74% of pharmacologically 

active plant-derived components have been discovered after ethnomedical 

evaluation. Many medicinal plants also produce phytochemicals that are active 

against a wide range of microorganisms such as Gram-positive and Gram-negative 

bacteria (Baker et. al., 2007; Cowan, 1999; Friedman et.al., 2002; Ousallah et. al., 

2007; Wright and Sutherland, 2007).

The large quantity of emerging scientific evidence on natural antibiotics and the 

renewed expression of resistance by microorganisms may have triggered the recent 

resurgence in the search and use of herbal remedies even in developed countries 

(Astin, 1998; Devito et. al., 2005). Statistics from the report of the US Centre for 

Complementary and Alternative Medicine indicated that in 2007, the use of 

alternative remedies constituted 11.2 % of out-of-pocket health expenditure which 

translates to $33.9 billion in the US (NCCAM, 2009). In China, Traditional Chinese 

Medicine is a major part of the nation’s healthcare system contributing about 40% of 

its healthcare delivery (Hesketh et. al., 1995). In Africa however, the use of herbal 

remedies is not an option as the practice of traditional medicine in most parts of 

Africa are used to supplement the unaffordable and sometimes unavailable orthodox 

healthcare products, especially in rural areas (Reomero-Daza, 2002). The vast
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knowledge of the medicinal plants held by traditional practitioners promises much to 

the world of antimicrobial research. Identification of medicinal plants based on the 

recommendation of the traditional healers has led to the discovery of many potent 

plant extracts and principles for modern pharmaceutical applications (Taniguchi and 

Kubo, 1993).

In this study, the extracts of indigenous plants collected from Cameroon were 

screened to evaluate their antimicrobial activity and characterise the active 

ingredients. This chapter reports the study of one of these plants, Aframomum 

melegueta (Chapter 2). Three microorganisms Escherichia coli K12 NCTC 10538, 

Listeria monocytogenes NCTC 11994 and Staphylococcus aureus (a clinical isolate 

of mastitis) implicated in agricultural food safety and food borne diseases, and 

animal health were chosen for the purpose of antimicrobial testing. E. coli K12 was 

used as a surrogate for E. coli 0157:H7 which is a major food and animal pathogen. 

L. monocytogenes, a Gram-positive pathogen and one of the most virulent 

foodborne pathogens, was selected due to its pathogenicity in both animals and 

humans. S. aureus is a known human and animal pathogen with numerous 

diseases associated with different strains of the organism.

Aframomum melegueta seed is used as a spice (Ajaiyeoba and Ekundayo, 1999) 

and has been used in the treatment of constipation, rheumatic pain, fever and as a 

component of traditional herbal remedies in Nigeria (Dukeh et. al., 2009; Fernandez 

et. al., 2006). Several studies on A. melegueta have concentrated on the seeds and 

various properties of the seed have been reported. These include repellent (Ukeh 

et. al., 2009; antidiabetic (llic et. al., 2010) and anti-nociceptive properties (Umukoro 

and Ashorobi, 2007). The root however is used by traditional practitioners in 

Cameroon for the treatment of infections and the properties of the root to the best of 

our knowledge have received minimal scientific attention.
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Analysis of the root extracts required isolation of the active ingredient from the plant. 

There are two methods used in the separation and isolation of active constituents 

from plant matrices after a preliminary extraction, namely solvent partitioning and 

chromatography (Deyl, 1984). In solvent partitioning, the extract is dissolved or 

suspended in a solvent such as water. Another organic solvent e.g. ethylacetate, 

hexane which is immiscible with the first solvent is then added to the solution. The 

solutes partition into the two immiscible solvents according to the polarities of the 

solvents and the logP which is also referred to as the partition coefficient of the 

solutes. The partition coefficients determine their preferential solubility in either of 

the solvents. The partition coefficient of a solute X in Solvent A and B is expressed 

as Kd = Concentration of X in A/concentration of X in B. This method has been 

used extensively in natural product research (Abreu and Noronha, 1997; Ladisch 

and Gillard, 1985, Sarker et. al., 2006). The process is however effective only if the 

compound(s) of interest has a unique polarity character significantly different from 

each other. Otherwise, it often requires further separation procedure using 

chromatography in order to obtain pure compounds. It is also necessary to choose 

solvents with KD value being either very large or very small to enable preferential 

partitioning (Millar and Haynes, 1998).

Chromatography is a word used to describe various technical procedures that are 

employed in the separation of a wide range of mixtures based on their interaction 

with two phases one of which is stationary while the other is mobile (Miller, 2009). 

This interaction is thermodynamic and results in partitioning producing concentration 

equilibration which is continuous and repetitive between the two phases (Heftmann, 

2004). The chromatographic process allows a mobile phase which may be liquid or 

gas to pass through a stationary phase which may be solid or liquid carrying along 

with it the components of a mixture depending on how it can dislodge the 

components from the stationary phase. Solutes can only move while they are in the
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mobile phase. This process is called elution (Kazakevich and LoBrutto, 2007; Katz, 

2002). Generally, in chromatography, the underlying principle which enables the 

separation of the components of a mixture is that the force of interaction between 

each components of the mixture and the stationary phase vary (Dorsey and Cooper, 

1994). The looser the force of the interaction, the faster it is carried out (elutes) from 

the column. The strongly bound solutes come out last. Also it is expected that the 

spreading (dispersion) of the solute will be limited so that each solute can form a 

discrete unit (Meyer, 1998).

Bioassay-guided fractionation and study of the root of A. melegueta with column 

chromatography and high performance liquid chromatography is hereby described.

Aims and Objectives:

The aims of this study are to isolate and purify the bioactive compounds in the 

extracts selected in Chapter one and to determine there efficacy as in individual 

compounds or in combination if the potency observed in the extract is higher than 

the individual potencies.

HPLC methods will be developed that will be able to separate efficiently the 

constituents in the extract yielding a chromatogram which will represent the 

constituent profile of the extract. A column chromatographic method which will be 

used to fractionate the extract will also be developed. Each stage of the 

fractionation process will be guided by microbiological testing to determine which 

fraction has the desired bioactivity until the compound(s) responsible for the activity 

observed in the extract is purified.
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3.1. Materials and Methods

3.1.1 Strains

Escherichia coli K12 (NCTC 10538) and Listeria monocytogenes (NCTC 11994) 

were obtained from the National Collection of Type Cultures (Colindale, London, 

United Kingdom). A Clinical isolate of Staphylococcus aureus was obtained from 

the Agri-Food and Bioscience Institute, Newforge lane, Belfast, United Kingdom.

3.1.2. Chemicals

Methanol, chloroform, hexane and HPLC grade acetonitrile were obtained from 

Sigma-Aldrich (Steinheim, Germany). Sodium chloride, disodium hydrogen 

phosphate and sodium dihydrogen phosphate (formula of 50mM PBS: Na2HP04: 

14.196g NaH2P04: 5.999g; Nad: 8.766 g and water to 1L, pH7) were sourced from 

VWR international limited (Poole, England). Acetone was obtained from the TE 

Laboratories (Tullow, Ireland).

3.1.3. Culture Media

Mueller Hinton agar and broth, nutrient agar, nutrient broth, tryptone soya broth 

(TSB), tryptone soya agar (TSA) and yeast extract were purchased from the Oxoid 

ltd. (Basingstoke, Hampshire, England).

3.1.4. Plant materials

Aframomum melegueta (family: Zingiberaceae) known colloquially as Ghang Kishog 

was collected from the Kumbo region of north western Cameroon. The plant has 

been used locally for the treatment of various infections in humans.
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3.1.5. Equipment.

Mixing was carried out on AGB1000 (Jenway Ltd, Felsted, Essex, England). 

Laboratory Blender (Christison particles technologies, Gateshead, UK) was used for 

grinding and particle size reduction. Ninety-six-well microtitre plates (Sarstedt AG 

and co. Numbrecht Germany) were used for antimicrobial testing. Alliance 2695 

HPLC equipped with 1525 Binary HPLC pump, 2996 Photodiode Array (PDA) 

detector and EMPOWER Pro software (Waters Milford Massachusetts, USA) was 

used for both analytical and semi-preparative separations. Elga deionizer (Elga 

process water, Marlow Bucks, United Kingdom) was the source of water. 

Concentration of the extracts and fractions was carried out on a Stuart rotary 

evaporator (Stuart Scientific, Staffordshire, United Kingdom) and TurboVAP 

concentrator (Calipers Life Sciences, Hopkinton, Massachusetts, USA). HPLC 

columns- 150mn x 4.6mm ID with 5p.m particle size and 250mm xIOmm ID, 5pm 

particle size were of supelcosil™ brand (Sigma-Aldrich, Steinheim, Germany). Mass 

spectrometry was carried out on UPLC-MS-MS from Waters Division (Waters 

Milford Massachusetts, USA).

3.1.6. Extraction method.

The dried rhizome was extracted with protic and aprotic polar solvents in a stir-bar 

assisted maceration for at least 12 h at room temperature. The solutions were 

removed at 12 h and 24 h, pooled, centrifuged, filtered, and concentrated using a 

rotary evaporator.

Protocol 1: Two grams of the sun-dried specimen were ground to coarse powder 

and extracted with 20 ml of acetone and a mixture of acetone/methanol (1:1, vol/vol) 

respectively. The extract was subjected to initial screening for antibacterial activity. 

Protocol 2: One-hundred and fifty grams of sample was extracted with 500mL of

acetone and subsequently 3 times with 500 ml of 2:1 chloroform-methanol solution.
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This procedure was to extract more hydrophobic constituents that may have been 

left behind after acetone extraction as well as to obtain enough quantity of the 

purified compound for NMR analysis.

Protocol 3: Two-hundred grams of the same specimen was extracted with 2 L of 

acetone, followed by 2 L of 50% methanol then 2 L of water only. By using a 

gradient of solvents (from non-polar to polar), this step was incorporated to recover 

all the polar components in the sample specimen in contrast to the 2:1 Chloroform 

methanol that targeted less polar constituents.

3.1.7. Growth of bacteria and microbiological method.

Two cryobeads each of E. coli, S. aureus and L.monocytogenes strains stored in 

vials at -70°C were transferred with sterile loops into 5mL of nutrient broth (NB), 

muellar hinton broth and tryptone soya broth (TSB) in 25ml sterile tubes 

respectively. These tubes were incubated at 37°C for E.coli and S. aureus and 30°C 

for L. monocytogenes for 24 h. A loopful of each broth culture was then streaked on 

agar- Nutrient agar (E. coli), Mueller Hinton agar (S. aureus) and tryptone soya agar 

(L.monocytogenes). After 18-24 h incubation, a single isolated colony from each 

plate was harvested with a sterile loop and re-suspended in 5 ml of broth as 

mentioned above in a sterile tube. The tube was capped tightly and incubated with 

gentle shaking at the same temperatures as mentioned earlier for 19 h. To prepare 

the bacterial cells for the test, one millilitre of the culture was centrifuged and 

resuspended in PBS. The optical density at 600nm was adjusted to 0.8 and 1:100 

dilution was carried out to get suspension A. Forty microlitres of A was made up to 

10 000 |il to get suspension B which was used for the antimicrobial testing. 

Suspension B has approximately 2 000 colony forming units (CFU) per 50 pi of cell 

suspension.

171



3.1.8. Microbiological method

The microbiological procedure was carried out as described by Friedman and co

workers with slight modifications (Friedman et. al., 2002). Briefly, a serial dilution of 

each sample in PBS was prepared from 1 mg/ml stock solution, ranging from 0.97 

pg/mL to 250 pg/ml. To a 96-well microtiter plate wells, a mixture of 100 pi of 

extract dilutions and 50 pi of bacteria suspension were added, mixed and incubated 

for 1 h at 30°C for L. monocytogenes and 37°C for E.coli and S. aureus. The 

negative control was prepared using 20 pi of methanol in 1000 pi PBS and 50 pi of 

cell suspension. Twenty microlitres of the reaction mixture was then plated on agar 

and incubated for 13 h (E.coli) and 21 h (L monocytogenes and S. aureus). All 

experiments were carried out in duplicates. A plate count was carried out and 50% 

bactericidal concentration (BA5o) was determined. BA5o was defined as the 

concentration of the extract in the assay mixture that results in a 50% decrease in 

CFU relative to a negative control and calculated with this equation:

{(No. of CFU in negative -No. of CFU in test)/No. CFU in negative} x100 

The plates were further incubated for 48 h to confirm the bactericidal activity of the 

extracts. The positive controls were the clinically used antibiotics for the treatment 

of infections caused by the organism. Ampicillin was used for L monocytogenes 

and gentamicin for E.coli and S. aureus.

3.1.9. HPLC procedures

The crude extract was fractionated using a semi-preparative reverse phase HPLC 

procedure. The mobile phase was made up of 0.05% aqueous trifluoroacetic acid 

(A) and acetonitrile (B). A gradient programme was set up for 60 minutes thus in a 

semi prep column: 0 min (0% B); 10 min (60% B); 30 min (70% B); 45 min (70% B); 

50 min (80% B); 55 min (0% B), 60 min (0% B). The semi-prep column was a C18 

(CDS) supelcosil 5 pm, 250 mm x 10 mm ID from Sigma. Analytical separations
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were carried out in an analytical column (Supelcosil 150 mm x 4.6 mm ID). 

Conditions: acetonitrile (B), 0.05% aqueous TFA (A); 0 min (0% B), 10 min (60% B), 

30 min (70% B), 40 min (70% B), 43 min (80% B), 45 min (0% B), 50 min (0% B). 

Column temperature was set at 25°C throughout the experiments. The wavelength 

of the PDA was set between 200 nm and 500 nm in order to accommodate 

compounds with varying degrees of conjugation and those without a chromophore. 

This restricted fraction collection to observable peaks only. The injection volume 

was 100pl of 350 mg/ml extract giving a column load of 35 mg and the injection 

solvent was chloroform. Purities were determined with empower software.

3.1.10. Column chromatography:

A glass column (1m x 5cm) was used to isolate pure compounds (G3 & G5) that 

would be sufficient for structural elucidation. Forty grams of silica was used as the 

column stationary phase. This was suspended in hexane and poured as slurry into 

the column. The silica bed was tapped to enable compact packing while the hexane 

was allowed to run off the column. Seven hundred milligrams of sample extract was 

dissolved in a mixture of hexane and chloroform (80:20, vol/vol) and loaded on top 

of the column. The extracts were separated by a serial elution with different 

mixtures of hexane, chloroform and methanol in 200 ml aliquots, starting with 100% 

hexane and then 50% chloroform in hexane. The percentage of chloroform in the 

hexane -chloroform mixture was increased by 10% at a time to achieve a gradient. 

After reaching 100% of chloroform, methanol was introduced to increase polarity as 

up to 5% methanol in chloroform was required to completely elute all the extract 

from the column. Addition of methanol was from 0.5% (v/v) to 5% in chloroform with 

an increment of 0.5% at a time. The fractions were collected in 100 ml aliquots.
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3.2. Results and Discussion

3.2.1. Effects of solvents on the extraction yields and bioactivity of 
extracts

The extraction procedure using different solvents were compared for the extraction 

yields as well as the antibacterial potency of the extracts. Acetone is an aprotic and 

moderately polar solvent and methanol is a more polar and protic solvent. The 

yields of crude extracts from the 2 g of specimen extracted with acetone and 50:50 

acetone/methanol were 62 mg and 129 mg respectively.

With regard to the second process which involved sequential extraction with acetone 

then 2:1 chloroform/methanol, there was no significant difference between the yields 

from both solvents. Approximately ten grams of each extract were obtained from 

both procedures. However, the HPLC analysis of each extract showed that the 2:1 

chloroform/methanol extract had little or no G5 fraction recovered while the acetone 

extract had all components with G5 being the major constituent (Fig. 1 a-b). G1 and 

G2 and G4 were also significantly reduced in Chloroform/methanol extraction.

The yields of the third extraction were 7 g from acetone-only, 8 g from water only 

and 11.9 g from 50% methanol in water (v/v). The HPLC profile showed that the 

peaks of bioactive substances only appeared from the first acetone only extracts but 

not in the subsequent 50% aqueous methanol or water extracts which may suggest 

that the use of acetone was able to recover all the bioactive constituents fig 2. a-c). 

An extra peak could be observed in the chromatogram in fig. 3.2a when compared 

to the chromatogram in fig. 3.1a. The first chromatogram (3.1a) was acquired using 

a semi-prep column which was 10 cm (25 cm) longer than the analytical column 

used to acquire the second chromatogram (3.2a) which was 15 cm long. Therefore 

the extra peak would have been left behind in the semi-prep column which was why 

it was not observed in the first chromatogram.
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Figure 3.1. Chromatogram showing the effectiveness of acetone as extractant for 

G5 when compared to 2:1 mixture of chloroform and methanol
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Figure 3.2. Chromatogram showing the effectiveness of acetone(a) as an extractant 

for bioactive principles in A. melegueta when compared to water (c) and 50% 

aqueous methanol (b).
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The crude extracts obtained from protocol 1 were tested for antimicrobial properties 

against both E. coli and L. monocytogenes. The acetone only extract showed 

antibacterial activity with E. coli with a BA5o value of 20 pg/mL. This was similar to 

the positive control of gentamicin (BA5o = 21 pg/mL (Table 1). No significant 

antibacterial activity was observed with the acetone/methanol (50:50, v/v) extract on 

both organisms. Nevertheless, a potent antimicrobial effect of the crude extract on 

L. monocytogenes was noted with a BA50 value of 4.3 pg/mL compared to 29.5 

pg/mL of the control, ampicillin. A dose-response curve of the antimicrobial activity 

of the crude extracts is shown for E. coli (Figure 3) and L monocytogenes (Figure 

4). Bioassay-guided fractionation was carried out using reverse phase FIPLC and 

column chromatography. Five major peaks G1-G5 observed at 18 min, 29 min, 33 

min, 40 min and 42 min respectively (Figure 1, a) were subsequently isolated as 

pure compounds (G2-G5) (Figure 5, a-d). The antimicrobial activity of the fractions 

and purified compounds against Listeria monocytogenes, E-coli and S. aureus were 

investigated and their BA50were determined (Table 1 & 2).
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Figure 3.3. Showing the comparison between antibacterial activities of gentamicin 

(positive control), crude acetone/methanol extract and acetone-only extract against 

E. coli
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Figure 3.4. Showing the comparison between antibacterial activities of ampicillin 

(positive control) and acetone-only extract against L. monocytogenes
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Figure 3.5 Chromatographic profiles showing the compounds isolated from A. 

melegueia (a) G5 (b) G4 (c) G3 (d) G2 (e) G1. Chloroform was the injection solvent.
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Results of the present study show that the G3 and G5 extracted from the indigenous 

African medicinal plant Aframomum melegueta both have potent in vitro 

antimicrobial activity against Gram-positive pathogens such as L monocytogenes 

and S. aureus (Table 3.1). The results of this study also suggest that acetone 

maybe the appropriate choice of solvent for the extraction of antimicrobial 

components from the Aframomum melegueta as well as other medicinal plants from 

the same region (data not shown). Several other research groups have also 

advocated acetone as a better solvent for the extraction of plant antimicrobial 

principles (Bedgood et.al., 2005; Eloff, 1998).

Extraction using protocol 1 resulted in a higher yield (2-fold) of extracts when using 

a mixture of acetone/methanol (50%, v/v) but no antimicrobial activity was observed 

against both E. coli (Gram-negative) and L. monocytogenes (Gram-positive) tested. 

It is possible that methanol may extract other phytochemicals with less antimicrobial 

activity.

Results from this study also suggest that the combination of acetone and methanol 

or methanol alone may not be sufficient if it is intended to extract the antibacterial 

components from plant-based materials. The reduction or absence of G5 and other 

active constituent in chloroform/methanol (protocol 2) extract indicated that the use 

of acetone was prerequisite for removal of all the bioactive compositions from 

Aframomum melegueta. Moreover, with respect to G5 which appeared to be the 

most abundant constituent of the plant, it could also mean that neither chloroform 

nor methanol would be a solvent fit for purpose.

Results of the third extraction (Protocol 3) also indicated acetone was a suitable 

solvent. The HPLC profiles of the third extraction procedure showed distinguishing 

features of the acetone only, methanol/water and water extractions (Figure 2 a-c). 

All of the bioactive fractions were invisible in the water and methanol/water extracts 

though the yield of acetone was the lowest amongst the three even though it was
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applied first to the specimen. The chloroform/methanol combination (2:1, v/v) was 

able to recover some fractions of G1, G3 and G4 after acetone extraction though in 

lower quantities while methanol/water had none of those (Fig 1b). This may also 

suggest that chloroform could have contributed entirely to bioactive ingredient 

extraction, especially towards the more hydrophobic constituents since none of G1, 

G3 or G5 were present in methanol-water extract. Hydrophobic constituents 

seemed to be the major bioactive components. Therefore it was not surprising that 

none of the active compounds were found in the water extraction. The choice of 

extraction solvent may therefore be critical for extraction of antimicrobial 

phytochemicals from plant source. Another factor that should be considered when 

selecting a solvent for the extraction of antibacterial principles from plants is the 

polarity indices of the solvent which may determine the octanol-water co-efficient 

(logP) of the isolated compounds. It is important that the chosen solvent such as 

acetone is not extremely polar or non-polar. A moderately polar solvent will extract 

the major antimicrobial constituents in the sample even if the extraction is not 

exhaustive. This is important for the initial screening of antimicrobial medicinal 

plants. Acetone seems to fit the description especially as it regards the extraction of 

antibacterial compounds from Aframomum melegueta. The extraction yield was not 

high compared to other solvents used but it extracted all of the most abundant 

constituent (Fig. 1&2). This is desirable because it would make sample preparation 

less rigorous. The separation observed in of figures la and figures 2a were simple 

to perform, while it would take a very flat gradient and a longer run to separate the 

constituents in figures 2b and 2c. A prolonged reverse phase HPLC run with flat 

gradient could lead to column collapse as a result of high percentage of aqueous 

eluent which compromises the separation experiment (Gazes, 2005). The intensity 

of the peaks in the hydrophilic region (retention time (RT) before 10 minutes) of the 

HPLC profile of acetone only extract (Fig. 1a) was very low in comparison with the
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peaks from the more hydrophobic region (RT> 10, the % of organic phase is above 

60%).

The same trend was observed from protocol 2 with the profile shown in Fig. 2a 

where a representative profile of the plant constituents is seen but the profile from 

protocol 2 figures 2b and 2c were different. The water extract and the aqueous 

methanol extract were made up of extra hydrophilic constituents which would have 

bulked up the entire extract to give the extra yield observed with methanol. 

Assuming either of the later solvents was able to extract the bioactive compounds, 

the yield would have doubled with resultant reduction or disappearance of 

antibacterial activity that would have occurred as a result of dilution from inert 

compounds such as sugar and hydrophilic lipids. The antimicrobial property of the 

crude extract when juxtaposed with that of gentamicin, a drug of choice for the 

treatment of E.coli infection in clinical medicine (BNF., 2009) were found to be very 

similar with respect to the BA5o values though the effect of gentamicin appeared to 

be superior at higher concentration (Fig.3). The crude extract was more active at 

lower concentration which is more desirable (Table 2). The antibacterial effect of 

the extract was several times better than that of ampicillin against L. 

monocytogenes. Ampicillin is a drug of choice in the treatment of Listeria meningitis 

(BNF, 2009; Korsak et. al., 2005). This may suggest that the extract of Aframomum 

melegueta is more potent against Gram-positive organism. Furthermore, this result 

supports the appropriate use of Aframomum melegueta for the treatment of human 

infections by traditional healers in Cameroon.

Two chromatographic methods were used for the isolation and purification of the 

compounds, i.e. glass column chromatography and high performance liquid 

chromatography. Initially, fractionation was carried out with semi-prep columns 

using reverse phase FIPLC which yielded highly pure compounds at once and all the 

fractions were tested for antibacterial activity. However this procedure was very
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time consuming as it required at least 5 days, 60 minutes per run and a total of 66 

runs in order to obtain sufficient quantity of compound for microbiological tests and 

NMR analysis. To reduce the analysis time, column chromatography was applied 

for the isolation of G3 and G5 which had shown potent activity and followed by 

HPLC to confirm the identity and the purity of column fractions. G3 eluted with 80% 

chloroform in hexane while G5 eluted with 1% methanol in chloroform. This enabled 

the fractionation of larger sample loads which may be up to 2 g at a time and which 

is superior to the limited sample load for a good separation in HPLC. In some cases 

however, repeated column chromatography was required to obtain the pure 

compounds. As much as 90 mg and 30 mg of G5 and G3 respectively were 

recovered per gram of the acetone extract. With regards to G1, 80 mg were 

recovered from 5 g of acetone extract.

3.3.2. Bactericidal activities of pure compounds

The antibacterial activity of all the compounds (G1-G5) was investigated against 

three selected organisms (Table 1).
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BA5o (concentration at 50% kill) of specimen against different 

bacterial organisms (pg/ml)

Antibiotics or

specimen
E. coli L. monocytogenes S. aureus

Gentamicin 21 N/A 14

Ampicillin N/A 29.49 N/A

G1 - 15.76 -

G2 - - -

G3 15.6 6.36 7.8

G4 - 73.46 -

G5 44 1.83 5.16

Table 3.1. Comparison of BA5o values of isolated and purified compounds of 

Aframomum meleguata and clinical antibiotics against E. coli, Listeria 

monocytogenes and Staphylococcus aureus.
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Escherichia coli Listeria monocytogenes

% Kill Ampicillin Crude extract

Cone Gentamicin Crude Cone % Kill Cone % kill

(pg/ml) extract (lig/ml) (pg/ml)

330 100 99 100 91 10 100

100 100 85 50 88 7.5 100

49.5 98 70 25 36 5.6 69

24 55 65 12.5 17 4.2 58

12 4 25 6.3 21 3.2 16

6 -10 6 3.1 8 2.4 28

Table 3.2. Comparison in concentration and percentages of kills of the crude extract 

and positive controls against E. coli and L. monocytogenes.
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The antibacterial potencies of the compounds were estimated and compared at BA5o 

values To ensure the antimicrobial effects were bactericidal and not transient, the 

plates were incubated for a further 48 hours after which no further bacterial growth 

were observed after the initial colony counts.

When tested against E.coli, G3 (BA5o 15.6 pg/mL) was found to be slightly more 

active than gentamicin (21 pg/mL) (Table 1) and may be largely responsible for the 

observed bioactivity of the crude extract against E.coli (NCTC 10538). G1, G2 and 

G4 had no observed activity against this organism, while G5 needed twice the 

concentration of gentamicin to achieve the same effect. However G5 (1.83 pg/ml) 

was more active against Listeria monocytogenes (NCTC 11994) than G3 (6.36 

pg/mL), G1 (15.76 pg/mL) and ampicillin (29.49 pg/ml). G4 had minor activity 

against Listeria (BA5o = 73.46). The in vitro activity of G3 against Listeria was 

approximately nine times higher than the activity of ampicillin, while G5 was about 

16 times better. Also, significant antibacterial activities were also observed for G3 

and G5 against clinical isolate of S. aureus. G3 with a BA5o value of 7.8 pg/ml was 

less active than G5 (5.16 pg/ml), compared to 14 pg/ml observed for gentamicin. 

Once again, no activity against £. coli or S. aureus was observed for G1 and G4. 

G2 had no activity against all three tested organisms. The significant activities of 

compound G3 and G5 may have potential application in clinical medicine.

3.3. Conclusion

In conclusion, column chromatography and HPLC procedures were developed for 

efficient separation and bioassay-guided fractionation of Aframomum melegueta 

extract. The isolation and purification of 4 bioactive compounds namely G1, G3, G4 

and G5 were also reported. The activities of G3 and G5 against Gram positive 

microorganism were remarkable. Their activities were significantly better than that of 

ampicillin and gentamicin against Lmonocytogenes and S. aureus respectively. 

Identification of these compounds would pave way for the synthesis of the

187



compounds and also enable structure activity relationship studies which are 

necessary for lead optimisation. The toxicity profile of these compounds against 

mammalian cell lines would be investigated.
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Chapter 4: Identification and structural 
elucidation of isolated bioactive compounds 

(G1, G3, G4, G5) and evaluation of antibacterial 
activities of G3 and G5 against methicillin 
resistant Staphylococcus aureus (MRSA)
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4. Introduction

Structural elucidation by spectral analysis is the final step in a series of processes 

that leads to the identification of isolated and purified compounds of interest (Bobzin 

et al., 2000). Methods used in spectral analysis include Nuclear Magnetic 

Resonance (NMR) spectroscopy and Mass Spectrometry (MS). NMR is an 

indispensable tool required for structural elucidation of new chemical entities both 

from natural and synthetic origins (Liu et al., 2005).

Detailed information about the molecular structure and dynamics of a compound can 

be obtained from an NMR spectrum (Macomber, 1998). NMR spectroscopy has 

been described as ‘the study of molecular structure through the measurement of 

interaction of an oscillating radio-frequency electromagnetic field with a collection of 

nuclei immersed in a strong electromagnetic field' (Macomber, 1998). Structural 

studies with NMR are based on the principle that the nuclei of the atoms of many 

elemental isotopes that make up the molecules in a compound have characteristic 

spins described as /. For some nuclei / is equal to zero while to others / =1/2, 3/2, 

5/2 etc (Friebolin, 1998). When a charged nucleus spins, it generates a magnetic 

field around it. In the presence of an external magnetic field, two spin states exist 

(±1/2); the +1/2 spin state (lower energy state) aligns with the external field while the 

-1/2 spin state opposes the external field. The energy difference between the two 

states is proportional to the external field strength (Macomber, 1998).

Various types of NMR experiments can be used to gather information regarding a 

given compound, these include; the species of atoms and their spatial orientation, 

the chemical environment surrounding each atom, the type of bonds and the 

functional groups in the compound. This information is obtained by analysing the 

chemical shifts of different atoms, the intensities of signals, indirect spin-spin 

coupling constants, dipolar and scalar couplings between neighbouring nuclei and 

line shapes of individual atomic signals (Friebolin, 1998). No one experiment can
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provide all this information. Several NMR experiments (described later) must 

therefore be carried out to obtain the necessary information for structural 

elucidation. There are two types of NMR experiment that are commonly used: one

dimensional (1D) and multi-dimensional NMR (Hayes, 2007). The spectrum of a 1D 

NMR is simply a plot of resonance frequency (chemical shift expressed in ppm vs. 

intensity). It is generally accepted that most atoms that have nuclear spin (odd 

proton and/or neutron number) can be studied with one-dimensional NMR 

(Macomber, 1998).

Basically, a spectrum is generated by irradiating a sample with a radio frequency (rf) 

of appropriate energy from a transmitter coil with the same precession frequency as 

the nuclei whilst varying the magnetic field over a small range. A resonance signal 

is emitted as a result of the interaction between the rf and the precessing nuclei. 

This is transmitted to a receiver coil connected to a computer and expressed as a 

spectrum for each individual compound (Bruch, 1996). The position of a given 

nucleus (i.e. 1H) in a spectrum is determined by its chemical environment and this is 

in turn determined by the number of electrons within the vicinity of the nucleus. The 

charged electron particles generate a secondary field which aligns with the magnetic 

moment of the -1/2 spin opposing the external field. The greater the number of 

electrons, the stronger the secondary magnetic field strength and the stronger the 

external field strength required to reach a resonance frequency with such a nucleus 

before a signal can be observed. The stronger the secondary field (due to electron 

cloud) the higher the nucleus resonates (Bloch, 2006). Fig. 1 represents a 

schematic diagram of typical NMR instrument. NMR experiments commonly 

employed for structure elucidation include Proton NMR, COSY, Carbon, HMBC, 

HMQC, DEPT 135° and 90° (Table 1).
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Figure 4.1. A schematic diagram of a typical Nuclear Magnetic resonance 

Instrument (http://www.cem.msu.edu/~reuschA/irtualText/Spectrpy/nmr/nmr1.htm).

Table 4.1. List of commonly used NMR techniques and their descriptions

NMR

Technique

Description Reference

Proton (1D Proton NMR technique gives an idea of Walton and Brown,

:H) and the number of hydrogen atoms and 1999

Carbon (13C species and how they interact with each

1 D)NMR other while Carbon NMR (13C) relays the

number of carbon atoms and enables

differentiation between species in a

molecule

COSY Two-dimensional (Correlation Spectro-

scopY) experiment allows one to

determine the connectivity in a molecule

by determining which protons are spin-

Croasmun and

Carlson, 1994
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spin coupled

DEPT Distortionless Enhancement by

Polarisation Transfer gives information

about the number of hydrogen atoms

attached to each carbon. In this

experiment, quaternary carbons are not

observed. CH, CH2 and CH3 carbons can

be differentiated by changing the value of

0 in the pulse sequence formula shown

below. Theta (0 )is the tip angle that

controls the relative intensities of carbon

signals depending on the number of

hydrogen atoms attached directly to them

90°X' - x - 180°X'- x - 0y -1 - BB decoupling.

Where x’ and y’ are co-ordinates of

rotation while 0 is phase difference and

BB=broadband.

When 0= 90 both CH2 and CH3 are

suppressed. CH carbons are observed.

When 0= 135, CH2 form negative signals

while CH3and CH signals are positive

Friebolin,1998;

Macomber, 1998
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HMQC Heteronuclear Multiple Quantum

Correlation experiment gives information

about strong proton-carbon J-couplings. A

strong proton-carbon J-coupling indicates

that the proton is directly bonded to the

carbon.

Friebolin, 1998;

Macomber, 1998

HMBC Heteronuclear Multiple Bond Correlation

experiment gives information about weak

proton-carbon J-couplings. J-coupling is

indirect coupling between atoms that

occurs through bonds as opposed to direct

coupling that occurs through space. A

weak proton-carbon J-coupling indicates

that the proton is two, three or four bonds

away from the carbon of interest. This

experiment gives information about which

protons are near to (but not directly

bonded to) different carbons. HMBC

experiment (in conjunction with the

HMQC) can give an enormous amount of

information about molecular structure,

since the long range proton-carbon

correlations can include quaternary

carbons, in addition to protonated carbons.

Friebolin, 1998;

Macomber, 1998;

Claridge, 2009.
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Mass spectroscopy is used to measure the molecular mass of an isolated 

compound which helps to confirm the structure of the compound elucidated using 

NMR (Perkins et al., 1999; Roboz et al., 1988). The mass spectrometer comprises 

of an ion source, a mass analyser and a detector (Matthiesen, 2007). The 

operational principle of MS involves the production of an ion of a compound in a 

gaseous phase. M + e" —>• M'+ + 2e‘

The ion can be positively or negatively charged depending on the mode of 

ionisation. Ionisation can be induced by thermal or chemical means, electron 

impact, electric field, or laser desorption. Electrospray ionisation has found a wide 

range of applications in both large and small molecule analysis and is an 

indispensable tool in pharmaceutical research (Qian et al., 2004), while other types 

of ionisation is used for more specific applications. Matrix assisted laser desorption 

ionisation (MALDI) for instance is used mostly in protein analysis due to its less 

destructive nature and capability of analysing a compound as an intact molecule 

which is required in protein and peptide analysis (Meyers., 2000). In a mass 

spectrometric experiment, the molecular ions generated by these ionisation methods 

are accelerated through a path in an ion free chamber where they are separated 

based on their mass-to-charge ratio. The mass signals are detected, amplified and 

recorded by a detector at the end of the path (Gross, 2004; de Hoffmann and 

Stroobant, 2007).

Methicillin resistant Staphylococcus aureus (MRSA) is implicated in both nosocomial 

and community acquired infections and has greatly impacted on public health 

worldwide in recent time (Wagenaar, 2009). The morbidity and the mortality 

associated with this microorganism remain very challenging due to its resistance to 

antibiotics (Mahamat et al., 2007). Various methodologies for controlling MRSA 

infections have been suggested, these include: the use of obligately lytic phage 

virus (infects and lyses the bacterial cells) (Mann, 2008) and maggot therapy
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(introduced in 1930 for wound healing although it had become obsolete after the 

discovery of penicillin) have come to the fore once again (Cazender et al, 2009). On 

the other hand, on-going research in developing antibiotics for targeting MRSA 

strains has continually been undertaken worldwide. Telavancin is a semi-synthetic 

form of vancomycin (Higgins et. al., 2005) which has recently been approved for use 

in the treatment of MRSA infections in the US under the trade name of Vibativ 

(Boeser, 2009). The synthesis of entirely new anti-MRSA lead structures 

(Maruyama et. al., 2007) or semi-synthesis of anti-MRSA compounds (Higgins et. 

al., 2005; D’Andrea et. al., 2000) have been reported recently, but the detection of 

anti-MRSA activities in plant extracts has gathered more evidence and attracted 

increasing attention from medical and pharmaceutical professionals (Tohidpour et. 

al., 2010; Pesewu et. al., 2008). However most of the efforts seemed to be focused 

on the anti-MRSA effect of the extracts without further investigation on isolation and 

identification of the active components.

Many labdane diterpenoids have been isolated from the Zingiberaceae family to 

which A. melegueta belongs (Hanson, 2007) and from other families which include 

Labiateae, Apocyanaceae and Euphorbiaceae (Chinou, 2005). Moreover, biological 

properties such as antibacterial (Shen et al., 2006; Tatsimo et. al, 2006) and 

neuroprotective properties (Tani et al., 2006) have been attributed to the labdanes. 

It has been suggested that biological activity of diterpenes may be derived from the 

fact that they share the same biosynthetic pathways as in other higher plants, 

bacteria and humans (Chinou, 2005). Biosynthesis of diterpenes takes place 

through the Mevalonic acid (MVA) pathway in plants cell saps. A MVA-independent 

pathway has been described in the plastids of plants (Rhomer et al, 1993; Liu et. al., 

2005). In humans, MVA pathways have important roles within cells regarding the 

synthesis of sterols and subsequently cholesterol which is an important component 

of cell and body (Knight et al., 2009). The MVA pathway has been suggested as an
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important target for cancer chemotherapy (Swanson and Hohl, 2006) and cytotoxic 

activities have been reported in diterpenes isolated from plants (Jung et al., 1998; 

Prabhaker et al., 2009). The isoprenoid pathways which could be MVA dependent 

or MVA-independent in plants and bacteria are also similar at the early stages of 

synthesis (Liu et. al, 2005) and many antibacterial diterpenes have been isolated 

(Shen, et al., 2006; Tatsimo et al, 2006; Stavri et al., 2009; Chakraborty et al., 

2010). Therefore the similarity in these pathways shared in plants, humans and 

microorganisms may account for the widespread biological activities inherent in 

diterpenoids. It has been suggested that the same protein binding target in different 

organisms can perform different functions in different organisms and therefore 

natural products by way of molecular evolution have conserved the ability to 

preferentially bind this targets (Koehn and carter, 2005). The recent understanding 

and knowledge of this could be the reason for the current interest in natural product 

discovery.

Aims and objectives:

The aim of this research is to elucidate the structure of the isolated compounds (G1, 

G3, G4 and G5) and investigate their efficacy against MRSA.

The structure of the bioactive compounds isolated in chapter three will be elucidated 

using NMR spectroscopy and mass spectrometry. The compounds will be subjected 

to simple chemical reactions such as reduction and oxidation to investigate the 

effects of chemical modification on the antibacterial properties of the compounds. 

The identified compounds will be tested against methicillin resistant Staphylococcus 

aureus.
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4.1. Materials and methods

Methicillin resistant Staphylococcus aureus NCTC 12493 was obtained from the 

Health Protection Agency (Wiltshire, United Kingdom). Mueller Hinton agar and 

broth were purchased from Oxoid limited (Basingstoke, Hampshire, England, UK). 

Deuterated chloroform (CDCI3) was obtained from Apollo scientific limited 

(Bradbury, UK). NMR 5mm sample tubes and microprobe NMR sample tube 520-1A 

were obtained from Wilmad-Labglass (Vineland, New Jersey, US).

4.1.2. NMR spectroscopy

NMR experiments were carried out on a Bruker Avance DRX500 spectrometer 

Bruker AXS Inc. (Madison, Wl, USA). Sample temperature was set at 303 K. G1, 

G4 and G5 (21 mg) were dissolved in CDCI3 (0.6 ml) and transferred into 5 mm NMR 

tubes. G3 (12mg) was dissolved in CDCI3 and transferred into microprobe NMR 

tube. The 1H and 13C chemical shifts were referenced to CDCI3 at 5 7.24 ppm for 

the proton spectrum and at 6 77.23 for the carbon. The ID 1H, broadband 

decoupled 13C NMR and DEPT spectra were acquired under standard conditions (5 

mm DUAL - 1H/13C direct detection).

The Fourier transform NMR spectrometer was equipped with an XWin NMR 

Workstation. COSY spectra were obtained using Bruker’s standard pulse 

sequences for analysis. Two-dimensional inverse detected HMQC and HMBC 

spectra were also recorded using Bruker’s standard pulse program.
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4.1.2. Mass spectrometry experiment

Mass spectrometry was carried out on UPLC-MS-MS from Waters Division (Milford 

Massachusetts, USA). A total scan of each compound dissolved in acetone was 

carried out in positive electrospray mode in quadruple MS-MS. Therefore the 

collision cell was switched off and the collision energy set at zero. The other 

parameters set include: cone voltage (19v), capillary voltage (350kv), source 

temperature (100 °C) and desolvation temperature (350 °C).

4.1.3. Growth of bacteria and microbiological method.

Two cryobeads of S. aureus methicillin resistant strain stored in vials at -70°C were 

transferred with sterile loops into 5 ml of muellar hinton broth in 25mL sterile tube. 

These tubes were incubated at 37°C for 24 h. A loop full of the broth culture was 

then streaked on agar. After 18-24 h incubation, a single isolated colony from the 

agar plate was harvested with a sterile loop and re-suspended in 5 ml of broth as 

mentioned above in a sterile tube. The tube was capped tightly and incubated with 

gentle shaking at the same temperatures as mentioned earlier for 19 h. To prepare 

the bacterial cells for the test, one millilitre of the culture was centrifuged and 

resuspended in PBS. The optical density at 600 nm was adjusted to 0.8 and 1:100 

dilution was carried out to get suspension A. Forty microlitres of A was made up to 

10 000 pi to get suspension B which was used for the antimicrobial testing. 

Suspension B has approximately 2000 colony forming units (CFU) per 50 pi of cell 

suspension.
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4.1.4. Microbiological method.

The microbiological procedure was carried out as described by Friedman and co

workers with slight modifications (Friedman et. al., 2002). Briefly, a serial dilution of 

the sample in PBS was prepared from 1 mg/ml stock solution, ranging from 0.97 

pg/mL to 250 pg/mL To a 96-well microtiter plate, a mixture of 100 pL of extract 

dilutions and 50 pL of bacteria suspension were added, mixed and incubated for 1 h 

at 37°C. The negative control was prepared using 20 pi of methanol in 1000 pi 

PBS and 50 pi of cell suspension. Twenty microlitres of the reaction mixture was 

then plated on agar and incubated for 21 h. The experiment was carried out in 

duplicates. A plate count was carried out and 50% bactericidal concentration (BA5o) 

was determined. BA50 was defined as the concentration of the extract in the assay 

mixture that results in a 50% decrease in CFU relative to a negative control and 

calculated with this equation:

{(No. of CFU in negative -No. of CFU in test)/No. CFU in negative} x100

The plates were further incubated for 48 h to confirm the bactericidal activity of the 

extracts. The positive controls were the clinically used antibiotics for the treatment 

of infections caused by the organism. Vancomycin was the positive control.
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4.2. Results and discussion

From the analysis of the four antibacterial compounds G1 was identified to be Di (2- 

ethylhexyl) phthalate while G3, G4 and G5 were identified to be known diterpenoids. 

Several experiments were carried out in order to elucidate the structures of G1, G3, 

G4 and G5. The 1H NMR (Appendix-!) and 13C NMR of the compounds were 

identical with that of published data corresponding to Di (2-ethylhexyl) phthalate for 

(G1) (Uyeda et. al., 1990), Zerumin A (G3) (Hong-Xi, 1996), Zerumin (G4) (Hong- 

XI, 1995) and G5 (Abreu et. al., 1997) Tables 2 & 3.

Although these compounds are known, they were however not isolated from A. 

melegueta as reported in the present study. The mass to charge ratios (m/z) for G3, 

G4 and G5 were found to be 318, 316 and 302 which corresponds to published data 

(Hong-Xi, 1996; Hong-Xi, 1995; Abreu and Noronha, 1997). The structures of the 

identified compounds are shown in Fig 2.
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Table 4.2. 13C NMR signals of G1 and G3 compared with published data.

Test 13CNMR

(ppm )(G1)

Published

13CNMR (ppm)

(Uyeda et. al.,

1990)

Test 13C NMR

(ppm ) (G3)

Published

13CNMR (ppm)

(Hong-Xi, 1996))

11 11 39.3 39.2
23 23 19.3 19.3
23.8 23.8 42.0 42.0
29 29 33.7 33.6
39 38.8 33.7 33.6
68.2 68.2 55.5 55.4
167.9 167.8 56.6 56.4
14.1 14.1 38.0 37.9
30.5 30.4 148.3 148
132.5 132.5 39.6 39.6
130.9 130.9 24.7 24.6
129 128.8 159.4 159.4

136.1 135.7
28.8 29.6
174.8 175.3
194.0 196.3
108 107.9
21.7 21.7
14.4 14.4
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Table 4.3. 13CNMR signal of G4 and G5 compared with published data.

Test NMR

(ppm) (G4 )

Published

13C NMR

(ppm)

(Hong-Xi,

1995)

Test ^

NMR ppm

(G5)

Published

13C NMR

ppm

(Abreu and

Noronha.,

1997)

41.3 40.9 14.5 14.4
19.4 19.1 19.4 19.2
42.5 42.2 21.8 21.7
33.9 33.5 24.1 24.2
55.0 54.6 24.8 24.6
23.6 23.3 33.7 33.5
37 36.7 33.7 33.5
149.7 149.3 38.0 37.8
62.3 61.9 38.0 37.8
39.7 39.4 39.3 39.2
135.6 135 39.4 39.3
121 120.9 39.7 41.9
128.3 128.2 42.1 42.0
136 136 55.5 55.3
68.2 68.2 56.6 56.4
171.6 171.6 108.0 107.8
1.08.5 108.3 135.0 134.9
33.9 33.5 148.2 148.1
15.5 15.1 160.1 159.9
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Figure 4.2. Structure of compounds isolated and identified from the rhizomes of 

Aframomum melegueta

Di (2-ethylhexyl) phthalate (G1) Labdane nucleus
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The 13C NMR (Table 2) of G1 matched with that of published data (Uyeda et al., 

1990). Its electrospray mass spectroscopy analysis returned a mass peak at m/z = 

391 which also corresponds with the published data (Uyeda et al., 1990). The 

structure of the G1 was identified as bis (2-ethylhexyl)phthalate (DEHR) which is a 

plasticizer used extensively in Europe. Upon discovering that G1 was a plasticizer, 

all the processes that led to the identification starting from the extraction of the 

compound were re-examined to ensure the compound was not a result of 

contamination of plastic consumables or other reagents used during the extraction 

and purification procedures. Every item used for the isolation was glassware except 

the eppendoff 5ml tip and Sarstedt 1.5ml microcentrifuge tube. The latter was used 

to dissolve the compound in deuterated solvent before NMR experiments. The 

manufacturing companies were contacted and they confirmed they do not use 

DEHP in any of the items.

Extensive literature search has been performed and it has been found that DEHP 

has been isolated from various sources in nature. It has been isolated from Aloe 

vera (Lee et al., 2000) and gourd fruits collected from China (Du et al., 2006); 

however in the latter case it was reported as a contaminant. It has also been 

isolated from micro-organisms (Uyeda et al., 1990) and from marine algae (Chen, 

2004), whether these organisms synthesise DEHP remains unknown (Namikoshi, 

2006). Schmitzer et al., has reported a low uptake of DEHP by plants in different 

soil conditions (Schmitzer et al. 1988). It is therefore possible that the compound 

was not synthesized but was rather assimilated by the plant from soil. However the 

site from which the plants were collected was distant from any source of industrial 

contamination. It could be concluded that some living organisms including plants 

such as A. melegueta do synthesise DEHP although the function of it in plants 

remains to be determined. However, the specimens were transported in plastic 

bags which could be a source of contamination. It may be necessary to repeat
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every process excluding any possible source of contamination from the start to finish 

before concluding that DEHP was naturally occurring.

Biological properties reported to date for DEHP include cytotoxicity to leukaemia 

cells (Lee et al., 2000) and anti-androgenic activity that reduces the size of male 

genitalia in infants (Ge et al. 2007). Ge and co-workers suggested that the latter 

effect is only significant if the level of DEHP is high in utero. Although they argued 

that environmental exposure is insufficient to induce an anti-androgenic effect, it 

may be necessary to control the intake of herbs such as A. melegueta which has a 

relatively high concentration of DEHP. This would require the standardization of 

whole herbal remedies in the developing world where health care system heavily 

relies on ethnomedicine. DEHP is no longer classified as a carcinogen although is 

classified as toxic to reproduction and development. Isolating such a chemical in 

such a high concentration from African medicinal plants therefore should be of 

concern as many people depend on herbal medicine in Africa than orthodox medical 

treatments.

The NMR experiments identified G3, G4 and G5 as diterpenoids by comparison with 

published data. All have the signals for exo-methylene carbon at 108 ppm and a 

mass peak at m/z 137 which are characteristic of bicyclic labdane skeleton of 

diterpenes (Hong-Xi, 1995; Hong-Xi, 1996). The differences between the three 

compounds lie on the side chain which may account for varying in their antibacterial 

potency against organisms tested in this study. G3 has one aldehyde group; G5 

has two while G4 has none. G4 which coincidentally had the lowest activity 

(chapter, 3) has no aldehyde group. These may suggest that the pharmacophore of 

the compounds reside either wholly or partially in the aldehyde moiety. A structural 

activity relationship experiment will have to be carried out to confirm this hypothesis. 

The presence of these aldehyde moieties could have been responsible for the
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inactivity of the methanol extracts of A. melegueta as reported in chapters 2 and 3. 

It has been found that alcohols, especially methanol can convert aldehydes to 

hemiacetals which may result in the alteration of activity if the aldehyde groups are 

responsible for pharmacophore property of the compounds (Fisher and Arnold, 

2004). Tatsimo and coworkers reported the use of methanol and dichloromethane 

for extraction and isolation of four compounds from the seeds of Aframomum 

longifolius including two known diterpenes, aframodial and G5 (Tatsimo et al., 

2006). The difference between aframodial and G5 is the replacement of the exo

methylene unit with an epoxide unit. The other identified compounds were the 

hemiacetal of G5 and the acetal form of aframodial (Fig.3). Only aframodial was 

reported to have antibacterial activity while the other compounds were found to have 

no activity. It may suggest that the hemiacetal and the acetal were not naturally 

occurring in the plant material but were by-products of an in-process reaction 

between methanol and the compound being extracted. It could be that the reason 

the other compounds lost their activity was because of the conversion of the 

functional groups to the inactive acetal methanol used in extraction. The methoxy 

groups could also introduce a steric hindrance to the molecule which may inhibit 

rotation of the molecule and/or result in the creation of a compound 

uncomplimentary to the initial targets on bacterial cells. Also, it has been found that 

the extraction of hemiacetal form of a dialdehydic compound resulted when 

extracting with methanol instead of the original compound which was extracted with 

other solvents (Farnsworth, 1972). It has become evident that the formation of 

hemiacetal and the acetals of G5 and G3 was one of the reasons why the methanol 

extract of A. melegueta was inactive against the tested organisms whilst the acetone 

extract was found to be active (Chapter 2 and 3). Acetone has also been reported 

to react with plant constituents to form artifacts (Maltese et al., 2009)
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Figure 4.3. Example of artefacts formed by the reaction of methanol used in 

extraction with target compounds that have aldehyde moiety in this case G5 and 

aframodial.

Aframodial

— 0

hemiacetal of G5 Aframodial acetal
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The selective potency of the extract towards Gram-positive organisms reported in 

chapter 3 can be explained by the presence of G3 and G5 which are diterpenoids 

with at least one aldehyde group. Diterpenoids have been reported to have more 

potent antibacterial activity against Gram-positive than Gram-negative organisms 

(Chinou, 2005, Stavri et al., 2009).

To investigate the effects of modificaiton of the chemical structure on antibacterial 

properties, G3 and G5 were dissolved in methanol and subjected to reduction by 

sodium borohydride at room temperature (Fig. 4a). The aldehyde groups were 

completely reduced as was confirmed by the disappearance of the aldedyde protons 

in the NMR spectrum (Fig. 4b). In G5 the aldehyde signals at 9.3 and 9.6 ppm 

disappeared and methylene signals appeared at 3.72 ppm and 3.99 ppm 

respectively. An oxidation product of G5 was also identified using the NMR 

spectrum (Fig. 4.4c).
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Figure 4.4a. Reduction reaction carried out on G3 and G5 using sodium borohydride

Reduction of G5.

NaBH4 RT
MeOH

Reduction of G3

NaBH.

MeOH
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Figure 4.4b. Spectrums of normal G5 with aldehyde signals and G5 without 

aldehyde signals after reduction.

Chemical Shift

Chemical Shift
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Figure 4.4c. Showing the presence of oxidation product in G5 carbon spectra. A 

carboxylic acid signal was detected after oxidation which was not in the original 

compound

Chemical shift

Chemical Shift
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Furthermore, a modified G5 (oxidized) in a small quantity was found during an NMR 

experiment that signatures as selective oxidation of one of the aldehyde signals in 

13C NMR at 197 ppm resulted in the structure with a carboxylic group (-COOH) 

detected at 178.7 ppm and a carboxylic acid proton at 9.2 ppm (Fig 5). Aldehydes 

are easily oxidized by atmospheric oxygen in the presence of visible light (Tada et 

al., 2009). There is also a possibility that the oxidized G5 co-exists with G5 in the 

extract but was not present in the first batch of plant materials. If this is the case, it 

may mean that the collection of the material at different times of the year can result 

in different composition of active constituents. Also it is not known whether the 

second batch of material was collected from exactly the same location as the first. 

As discussed in chapter 2, the time of collection and geographical location of the 

plants can influence the chemical constituents of plants. So the data from the 

collection survey would need to be known to fully understand the variation in the 

active consitituents. The structure of the oxidation product is shown. Fig. 5.

Oxidized G5

Figure 4.5. Reaction showing the suspected oxidation pathway for G5 under storage 

condition.
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G5 brown, a mixture of G5 and oxidised G5, was tested for its activity against MRSA 

(Fig. 6). The mixture was brown while the pure G5 was yellow and oily. G5 and 

reduced G5 were tested on L. monocytogenes which served as a model organsim in 

this study. G3 and its reduction product were also tested against MRSA. G3 and G5 

mixture were highly active against previous tested organisms and G5 was 

moderately active (Table 4).

Table 4.4 Summary of the antibacterial activities of the bioactive compounds of 

Aframomum meleguata.

50% Kill concentration (pg/mL)

E. coli S. aureus Listeria

monocytogenes

MRSA

Gentamicin 21 14 ~ -

Ampicillin - - 29.5

Vancomycin - - - 27

Crude extract 20.0 - 4.3 "

G3 15.6 7.8 6.4 10

G4 - 73.5 - -

G5 44 40 22.7 "

G5 brown 5.2 1.8 2.5

-: not tested.
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MRSA is known to be resistant to most antibacterial agents, therefore, only the 

compounds with profound activity were tested against MRSA. The result showed 

that both G3 and G5 brown were more active than vancomycin which is the drug of 

last resort in the treatment of MRSA infections. Vancomycin had no activity at 25 

pg/mL while G5 brown had a 50% bactericidal activity at 1.9 pg/ml (Fig 6). The 

BA5o of G3 (10 pg/ml) was also significantly lower than that of vancomycin (27 

pg/ml) but about four-fold higher than that of G5 mixture (G5 brown). The increased 

activity of G5 brown could be attributed to the presence of its oxidative form 

because pure G5 had a BA5o above 40 pg/mL against normal Staphylococcus 

aureus. Increase in activity of reduced G5 (BA5o=5.1 pg/ml) was observed 

compared to G5 (BA50=22.7 pg/ml) when tested on L. monocytogenes (Fig 8) while 

reduced G3 showed decreased activity against MRSA (Fig 7). The oxidized G5 was 

not seperated from G5 before testing against MRSA. This was because of the low 

abundance of the compound in the mixture. Passing the mixture through a 

chromatographic column may result in the loss of the the entire mixture. Further 

efforts will be focused on producing oxidised G5 either through purification from 

plant material or chemical synthesis for future study.
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Figure 4.6. Graphical representation of the bactericidal activities of Vancomycin, G3 

and G5 brown represented as percentage kills against concentrations
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Figure 4.7. Graphical representation showing the effect of reduction of aldehyde 

group of G3 on the bactericidal activities of G3 and reduced G3 against MRSA

Reduced G3 on MRSA
140

100 -

-100 -20

Cone (ug/ml)

G3

Reduced G3
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Figure 4.8. Graphical representation showing the effect of reduction of aldehyde 

groups of G5 on the antibacterial activity of G5 and the activity of reduced G5 

against L. monocytogenes

G5 and reduced G5 on L 
monocytogenes

120 -

100 -
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Reduced "G5" 
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4.3. Conclusion

In conclusion, the structures of four compounds isolated from Aframomum 

melegueta were identified using NMR spectroscopy and confirmed with mass 

spectrometry. G1 was identified to be a plasticizer while G3, G4 and G5 were 

identified to be bicyclic diterpenoids. The presence of relative high concentration of 

plasticizer from herbs used for traditional healing needs to be better managed in 

terms of regulation of alternative medicine and standardisation of herbal remedies. 

On the other hand, superior anti-MRSA activity superior to the clinical use antibiotic 

vancomycin was observed in isolated compounds G3 and G5. Results suggest the 

potential of these bioactive compounds for pharmaceutical drug development. 

Future work will involve screening for a wide range of bacteria (both G-positive and 

G-negative) and toxicological studies on mammalian cell lines.
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Chapter 5: Evaluation of cytotoxicity and study 
of mode of action of bioactive compounds-G3

and G5
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5. Introduction

Drugs are chemicals that can be potentially toxic to all living cells of both plant and 

animal origins (Liebler and Guengerich, 2005). It is of utmost importance to conduct 

rigorous safety assessments on each individual pharmaceutical drug candidate prior 

to its approval for marketing. Therefore, after the identification of a new chemical 

entity (NCE), the next stage in the drug development process is the investigation of 

its safety aspects, which could induce huge economic costs (Houck and Kavlock,

2008) . It has been reported that only about 10% of NCE are approved by the FDA 

and approximately 70% of these would make their way to the market while the other 

30% are withdrawn due to toxicity issues (Nadanaciva et. al., 2007). Considering 

the large amount of time (up to 2 decades) and money ($800m -$1b) involved (Kola 

and Landis, 2004), it is always advisable to identify any potential toxicity issues at 

the early stages of new drug development in order to avoid huge loss of both time 

and resources as such loss will be inevitable if the toxicity is discovered in the later 

stages during clinical trials.

Drugs elicit their biological action by interacting with biochemical processes and the 

result of which may be the enhancement or disruption of the targeted process 

(Schwartz and Nacher, 2009). Regardless of the effects on the process, it will 

induce a cascade of events that lead to either desirable (e.g. anaesthesia) or 

undesirable consequences (e g. hepatotoxicity) or may be both (Lock and Smith,

2009) . For instance, angiotensin converting enzyme inhibitors (ACEI) are used to 

treat hypertension (Strippoli et al., 2006), however the accumulation of bradykinin 

and substance P in the lung which are degraded by the inhibited enzyme can result 

in dry and persistent coughs which is a major side effect of this drug (Dicpinigaitis, 

2006). Itraconazole, an antifungal agent, exerts its activities by inhibiting fungal 

sterol synthesis (Ghannoum and Rice, 1999) and at the same time, can cause 

reproductive problems and hepatic toxicity resulting in inhibition of sterol metabolism
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in humans (Goetz and Dix, 2009). The toxic effects of a drug can result directly from 

its primary mode of action or indirectly from the distant events its primary mode of 

action has triggered. Primary responses that lead to drug toxicity include 

exaggeration of reactions to a drug at its targets which may occur as a result of over 

dosage or due to impaired metabolism that results in the accumulation of a high 

dose of the drug compound at the targets (Liebler and Guengerich, 2005; 

Guengerich, 2006). However, mode of action induced toxicity may also occur at the 

normal therapeutic dose level without impaired metabolism or overdosage. This 

type of toxicity is typified by non-steroidal anti-inflammatory drugs (NSAIDs), e.g. 

Ibuprofen. This class of drugs inhibit the two isoforms of cyclooxygenase (COX) 

enzyme leading to mucosal ulceration as an undesired effect (by inhibition of COX 1 

that produces prostaglandins (PG) which maintains mucosal integrity) while 

controlling pain and inflammation are the main function of the drugs (by inhibition of 

COX 2 that produces leucotrienes and cytokines that mediate pain and 

inflammation) (Silverstein et. al., 2000).

Metabolic activation has been the reason for withdrawal of drugs such as Vioxx from 

the market due to adverse effects (Liebler and Guengerich, 2005, Williams et al., 

2006). The relationship between metabolic activation and drug toxicity has been 

discussed (Li, 2009, Guengerich, 2006) and covalent binding of the reactive 

intermediates has been reported to be the molecular mechanism of the observed 

toxicities (Gram, 1995, Liebler and Guengerich, 2005).

Most of the preclinical toxicity studies have been carried out on monoclonal cell lines 

(Puerto et al., 2009; Beckers et al., 2010). These type of studies can only provide 

information on toxicity of the intact new compound on the organ of interest and 

precludes the effect of metabolic activation. To include the effect of metabolic 

activation, live animals (e.g. rodents) are used. However, the metabolic systems of 

non-human subjects such as rodents differ significantly from that of humans whom
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the drug is intended hence may not truly reflect the extact response in humans (Xu 

et al., 2004). For instance the isoforms of cytochrome P450 especially 3A isoform 

responsible for drug metabolism in humans significantly differ from other animals. In 

fact 3A4 is absent in rats while it is mainly involved in the disposal of most 

xenobiotics in humans (Li, 2009). Concerns on the relevance of toxicity tests carried 

out on animals for drug evaluations for human medicine and animal welfare issues 

have resulted in the search for in vitro models that could be used for acute toxicity 

studies in drug development (Ukelis et a!., 2008). Models used in in vitro preclinical 

toxicological studies include isolated cells, sliced organs and perfused organs 

(Ulrich et al., 1995). In vitro models are organ specific and the liver is the most 

common target organ for toxicology studies as it is the major organ involved in drug 

metabolism and elimination (Noor et al., 2009). Both primary cells and cancerous 

cell lines are used for in vitro toxicity testing (Noor et al., 2009). Generally a single 

endpoint such as the depletion of glutathione or calcein uptake is measured in this 

type of assay as an indicator of toxicity (Schoonen et al., 2005; Morgan, 1998). 

Other endpoints measured include activation of apoptosis, oxidative stress (Jaescke 

et al., 2002; Xu et al., 2004) and inhibition of mitochondrial function (e.g. MTT test). 

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide dimethyl sulfoxide 

(MTT) is a yellow water soluble dye which can be converted to purple water 

insoluble formazan crystals (Fig 1) by mitochondrial dehydrogenase after 

assimilation by viable cells (Molinari et al., 2005). The MTT assay is a colorimetric 

procedure in which the measure of the absorbance of the formazan formed from the 

tetrazolium dye by the cells after incubation with the test compound is an indication 

of viability of the cell or toxicity of tested compounds (Morgan, 1998). The 

measured absorbance is equivalent to the amount of coloured formazan formed 

which in turn is equivalent to the number of viable cells as a nonviable cell is not 

able to reduce the dye to formazan (Cory et. al., 1991). This assay has been used
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to measure the toxicity of a test compound on a particular cell line, the Caco-2 cells, 

which are used as a model for intestinal epithelium (Guell et al., 2009), and hep G2 

cells, which are used as a model of the human liver (Du et al., 2010). Caco-2 

develop intestinal epithelial characteristics such as tight junctions (Grasset et al., 

1984) while the hep G2 cell line possesses hepatocellular characteristics (Du et al., 

2010), therefore they are suitable to serve as models for the organs they represent. 

Drugs intended for oral administration must not be toxic to the epithelium of the 

gastrointestinal tract as well as the liver where metabolism takes place.

The use of perfused organs isolated from animals has also been used for toxicity 

testing and the advantage is that the organ structure is preserved as well as the cell- 

to-cell interaction (Groneberg et al., 2002). However, because the functional 

integrity of the cells does not last, and because of ethical concerns for animal 

welfare, the use of perfused organs may not be widely adoptable (Groneberg et. al., 

2002).

Other methods used to assess toxicity of drug compounds include the use of neutral 

lipid stains such as nile red that are used to predict the possible accumulation of 

fatty acids in the liver in cultured hepatocytes. This condition known as ‘fatty liver’ or 

hepatosteatosis results from the inhibition of p-oxidation of long chain fatty acids by 

the offending drug such as alcohol (MacMillan et al., 2001). Also phospholipidosis 

which is the accumulation of phospholipids, a condition inducible by drugs can be 

demonstrated by staining isolated cells with fluorescent phospholipid analogs (Gum 

et al., 2001). These in vitro methods are gaining widespread applications and are 

continuously improved by advances in technology.

Currently, various methods are employed in the investigation of the mechanisms of 

antibacterial action of NCEs. Most methods involve isotopic labelling of a precursor 

whose fate in a synthetic process can be monitored with a coulter counter via 

measurement of radioactivity. Precursor labelling has been used in the past to
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study the influence of antibacterial compounds on protein synthesis (Shinabarger et 

al., 1997). Another method involves the labelling of the NCE which is then incubated 

with the intended target. Detection of radioactivity in the target organelle such as 

the DNA after incubation with NCE indicates the binding of the compound to the 

target organelle. This has been used to determine the mechanism of action of the 

quinolones which inhibits DNA synthesis (Shen et al., 1989). Because of radiation 

hazard concerns, isotopic labelling is limited in its applications.

Other methods used in antibacterial mechanism studies include differential 

calorimetry and the use of membrane models such as large unilamellar vesicles 

(LUV) or multilamellar vesicles (MLV) (Galanth et al., 2009). The measurement of 

leakage of calcein dye from the LUV has been used to investigate the influence of 

antibacterial peptides on the cell membrane permeability and the change in 

fluorescence emission of tryptophan has been used to investigate the binding of the 

peptide on the LUVs (Galanth et al., 2009). Differential calorimetry has also been 

used to study the thermotropic behaviour of cell membrane as a result of peptide 

binding on membrane models (Abassi et al., 2008).

In this study, the mode of action of G3 and G5 and the toxicity of G3 on an intestinal 

epithelial cell line were investigated using MTT assay and peptidoglycan 

measurement.
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Figure 5.1. Equation showing the conversion (reduction) of tetrazolium yellow dye to 

insoluble and purple formazan crystal.

Aims and Objectives:

The aims of this study are to determine the safety profile of G3 against mammalian 

cell lines (Caco-2) and to investigate the possible mechanism of antibacterial activity 

against Gram positive bacteria (Z_. monocytogenes, S. aureus, MRSA) of G3 and 

G5.
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The effect of G3 on the viability of Caco-2 cell lines will be investigated using MTT 

assay procedure. Also, studies on the mechanism of action of the compounds will 

be carried out. This will target the effect of the compounds on peptidoglycan 

synthesis of Gram positive organisms and furthermore investigate the effect of G3 

on the leakage of intracellular materials.
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5.1. Materials and methods

5.1.1. Cell culture

BD falcon 96-well tissue culture plates and BD falcon tissue culture flasks were 

obtained from the Becton Dickinson Labware (Franklin Lakes New Jersey, USA). 

Sapphire2 ELISA Plate reader, Tecan (Austria GmbH, Untersbergstrasse, Austria) 

was used for optical density (OD) measurements. Minimum essential medium 

eagle, sodium pyruvate (Sigma- Aldrich Company Ltd, Ayrshire, UK) and foetal 

bovine serum, GIBCO (Auckland, New Zealand) were used for cell culture. Caco-2 

cells (ATCC, passage number 19) were obtained from American Type Culture 

Collection (Manassas, Virginia, USA).

5.1.2. MTT Assay

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide dimethyl sulfoxide 

(MTT) reagent m2128-1G was purchased from Sigma-Aldrich (St Louis MO, USA). 

CaCo-2 cells (ATCC, passage no. 19) were seeded into a tissue culture flask and 

incubated at 37°C in Minimum Essential Medium Eagle (MEME) supplemented with 

1% (v/v) L-glutamine (2 mM), 1%(v/v) sodium pyruvate (1 mM), and 10% (v/v) foetal 

bovine serum. The cells were then transferred into a 96-well microtitre plate at a 

density of 8 x 103 cells/well and incubated for 72 hours, followed by the addition of 

different concentrations of G3 in a maintenance media, the cells were further 

incubated for 72 hours at 37°C under an atmosphere of 8% C02. G3 was tested in 

ten concentrations that were prepared by serial 2-fold dilutions of 1 mg/ml 

suspension in MEME. After removal of the media, fifty microlitres of 40% MTT in 

maintenance media was added to each well and incubated for 4 hours. The excess 

MTT was removed and 200 pi of dimethyl sulfoxide (DMSO) was added to each well 

followed by subsequent mixing for 15 minutes in a microplate shaker to dissolve the
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formazan crystals. The absorbance (OD) was measured using an ELISA plate 

reader at a wavelength of 570 nm with reference at 630 nm. The toxicity was 

calculated using the following formula:

{(Absorbance of Control- Absorbance of test)/ Absorbance of control} x 100.

The LD5o (median lethal dose) values of the compound were calculated using the 

GraphRad Prism 5 software. Toxicities of G3 on partially differentiated cells and 

fully differentiated cells were also carried. Caco-2 cells were incubated for 12 days 

for partial differentiation test and 21 days for full differentiation toxicity tests

5.1.2. Mechanism of action study.

5.1.2.1. Inhibition of Peptidoglycan synthesis

This was carried out using a protocol (Pfizer) for peptidoglycan extraction and HPLC 

assay procedure (Mott et. al., 2008) with some modifications. Listeria 

monocytogenes NCTC11994 obtained from Health protection Agency (London, UK) 

was grown in tryptone soya broth (TSB), Oxoid limited (Basingstoke, Hampshire, 

England, UK) at 30°C for 13 hours. The culture was diluted in TBS to give an OD60o 

value of 0.1 and re-incubated in the same condition until it reached OD6oo of 0.54. 

Then 20]jL of the test compounds or ampicillin (at a concentration of 8 x BA5o) was 

added to 980|a,L of cell suspension (1:500). The final concentration of the 

compounds in the mixture was 0.64 pg/mL for G3 and 4.8 ug/mL for ampicillin. The 

mixture was incubated for a further 1h at 30°C and then centrifuged for 5 min at 13 

OOOx g. The cells were re-suspended in 250 pL of ice-cold formic acid (1 M) and 

incubated for 30 min on ice and then centrifuged again. Peptidoglycan precursors in 

the acid extract (supernatant) were analysed by HPLC immediately.

5.1.2.2. Leakage of Intracellular contents (DNA and proteins).
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L. monocytogenes culture was prepared by inoculating a 10 ml of TSB and 

incubated for 19 hrs at 30 °C. The culture was spun down and resuspended in the 

same volume of phosphate buffered saline (PBS). G3 was then added to the 

suspension to a final concentration equal to the 50% bactericidal concentration of 

G3. A negative control (without the addition of G3) was also prepared in the same 

way to be included in the test. Both were incubated at 30°C and samples were 

taken and spun down every 10 minutes for up to 60 minutes. The absorbance of the 

supernatants were measured at 260nm and 280nm and plotted against time. DNA 

was detected at 260nm while protein was detected at 260nm and 280nm. A drug 

control containing only G3 in PBS at the same concentration was also incubated 

with the negative control and the test. The drug control was included so that it would 

be used to subtract the effect of absorbances due to the compound alone.
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5.3. Results and discussion

The toxicological study of G3 was performed on Caco-2 cells (ATCC). For 

undifferentiated cancer cells, the LD5o was found to be +52.2 pg/ml, +89.1 jig/mL 

for partially differentiated cells and +195 i+g/mL for fully differentiated cells (Fig. 2a- 

c).

G3 on undiff. Caco-2 cells:Log cone Vs Toxicity ^ «... _ .
G3 on partially diff. Caco-2 cells: Logconc vs Toxicity

Log Cone. Log Cone.

a. b

G3 on fully diff. Caco-2 cells: Logconc vs Toxicity

Log Cone.

Figure 5.2. Dose response curve of the toxic effect of G3 on Caco-2 cell line as 

measured by MTT assay (a) Undifferentiated cells b) Partially differentiated cells; c) 

fully differentiated cells.
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Mode of action of G3

The HPLC profiles of the peptidoglycan precursors of L monocytogenes after 

treatment with G3 or ampicillin as compared to the untreated bacterial cells are 

shown (Fig 2 a i-ii).

Negati

a i

Ampicillin

control)

Negative
Control

Minutes

a n
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Fig 5.3. Mode action: inhibition of peptidoglycan synthesis HPLC profile of extracted 

soluble supernatants (a i) comparison of G3 and Negative control (a ii) comparison 

of ampicillin and negative control (b i) comparison of Ampicillin and negative control 

(b ii) comparison of G5 and negative control.
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Figure 5.4. Absorbances of bacterial supernatants and drug control at (a) 260nm 

(b) 280nm

280nm

Bact Control

Drug Control

Time(mins)

b
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The cytotoxicity evaluation of G3 on intestinal epithelial cells was performed using 

Caco-2 cells as a model. The result showed that the LD5o of G3 on undifferentiated 

cancer cells was 52.2 ug/ml which was approximately 13 times the BA5o value when 

it was tested against Gram-positive organisms and about 3 times its BA5ofor E.coli. 

The LD5o value increased to 89.1 ug/mL when the cells were partially differentiated 

and further increased to 195 ug/ml on fully differentiated cells which are considered 

to be normal epithelial intestinal cells. This indicates that G3 was more toxic to the 

cancer cells than the normal intestinal epithelial cells, suggesting the compound 

may have the potential to be developed as an anti-cancer agent. A similar finding 

was also reported by Shappell for the evaluation of Ergovaline toxicity on Caco-2 

cells (Shapell, 2003). Although the exact reason for this is not yet known, it was 

thought that the continuously varying composition of gangliosides and the 

corresponding sialidase activity as the cells progress from undifferentiated, partially 

differentiated to differentiated cells may be responsible for this phenomenon. 

Gangliosides are glycosphyngolipids and are necessary for cell differentiation, 

proliferation, growth, signalling and apoptosis (Schnabl et. al., 2009). Inhibition of 

ganglioside metabolism, leading to accumulation, cell injury and cell death may be 

the mechanism of toxicity of diterpenes (Shapell, 2003) and may account for 

variation in the toxicity of G3 on differentiated and undifferentiated Caco-2 cells.

A possible mechanism of action of G3 against Listeria monocytogenes was also 

investigated and G3 was found to possess a penicillin-like activity. Ampicillin is 

known to inhibit peptidoglycan (PG) synthesis (Katayama et. al., 2003) which results 

in the accumulation of PG precursors (Ellis, 1971). The precursors can be extracted 

and the extraction method has been documented (Motts et. al., 2008). In this study, 

HPLC analysis of the soluble extracts in the supernatants showed different profiles 

for G3 treated and non-treated (negative control). The G3 profile was very similar 

(almost identical) to the profile that resulted from ampicillin treatment (Fig. 2ai-ii).

247



One of the mass peaks of a preliminary UPLC-MS/MS analysis in the positive mode 

of the supernatant which appeared at m/z at 597 is a sodium adduct of m/z 574, a 

fragment of m/z 1148. 7. The latter corresponds with the mass of UDP-MurNAc 

pentapeptide with alanine at the C terminal (David et. al., 2004). It has been 

reported that aldehydes of the plant derived antimicrobials are highly active because 

they can form Schiff bases with membrane proteins which can lead to the disruption 

of cell wall biosynthesis (Friedman, 1996). However the membrane proteins 

associated with this reaction are yet to be discovered. On the other hand, penicillin 

binding proteins in the membrane are known to play an important role in its 

mechanism of action (Kawai et al., 2010). Whether G3 also binds to penicillin 

binding protein is a subject matter for further investigation. The similarity of the 

HPLC profiles could suggest that G3 may have a similar mode of action to the 

penicillins. However, considering the potency of G3 which is significantly higher 

than that of ampicillin, it is possible that G3 may have other mechanisms of action 

apart from possible disruption of cell wall synthesis. It has also been suggested that 

aldehydes can induce protein-DNA crosslinking resulting in replication failures in 

viruses (Permana and Snapka, 1994). This mechanism might also be possible in 

bacterial cells but this needs to be proved.

When G5 was subjected to the same test as G3, results of the HPLC profile (Fig.3b/- 

ii) were obtained. The ampicillin profile and the negative control profile obtained in 

the G5 test were identical to those profiles obtained from G3 test but the difference 

between the G5 profile and that of the negative control was not significant as could 

be seen from the profile (Fig 2b ii). This may suggest that G5 does not have 

penicillin-like action i.e. inhibition of cell wall synthesis. The only difference between 

the structures of G3 and G5 is one aldehyde group in G5 which was replaced by a 

carboxylic acid group in G3. This may suggest that the penicillin-like action of G3 

may be resident in the carboxylic acid moiety. However, on reduction of the single
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aldehyde group in G3 (results shown in chapter 4) there was a 6 fold reduction in 

the efficacy of G3 as indicated by the increase in the BA5oOf G3 from 10.2 pg/mL to 

64.7 pg/mL. The latter value is more than double of the BA5o observed for 

ampicillin. This may suggest that the ampicillin-like activity of G3 is not a major 

contributor to its total antibacterial activity and that a mechanism which may be 

dependent on the aldehyde moiety may be largely responsible for the activity of G3 

against MRSA and other organisms.

A test was also carried out to investigate if G3 could cause the leakage of 

intracellular contents. It has been reported that natural products facilitate the 

release of and depletion of intracellular materials such as potassium and protein 

which could lead to interruption of processes that are dependent on these 

molecules, resulting in eventual cell death (Lambert et al., 2001; Helander et al., 

1998). The result depicted in Figures 4 a-c shows that there was an initial and 

gradual increase in the absorbance of the G3 treated bacteria within the first 20 

minutes after which the absorbance decreased gradually over another 20 minutes 

and then became constant over the last 10 minutes. The absorbance of the drug 

control was similar to that of the bacterial control in the first 30 minutes (Fig 4a), 

which suggests that the spikes observed in the bacterial control profile may not be 

due to any compound leakage from the bacterial cells. As a result, the second peak 

in absorbance of the bacterial control 20 minutes later was not attributed to the 

leakage of any material from the bacterial cells. The spikes could then be attributed 

to machine error or due to the bulk effect of buffering chemicals. However, the fact 

that the drug control experienced spikes without having any bacterial cells in it 

makes the result observed in the test unreliable and as such it cannot be concluded 

that the compounds cause the leakage of intracellular material from the bacterial 

cells.
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5.4. Conclusion

In conclusion, G3 and G5 are promising compounds and have potentials as 

antimicrobial agents in both human and veterinary medicine. Further toxicological 

tests involving more cell lines should be carried out before proceeding to in vivo 

animal testing. Attempts to synthesise these compounds in larger quantities are in 

progress. This will enable studies on structural-activity relationship and also 

structural-toxicity relationship which has been limited by the availability of starting 

material and purity of final product.
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Bacterial infection has been a major challenge to both human and animal wellbeing. 

The discovery of penicillin as a major milestone marked the advent of antibiotic era 

in both human and veterinary medicine. However the emergence of bacterial 

resistance to antibiotics has necessitated the continuous search for new antibiotics. 

Moreover, the emergence of resistance has been linked to the widespread use of 

antimicrobial growth promoters (AGPs) in animal husbandry. The increasing 

concern on possible transmission of bacteria resistances from animals to humans 

has led to a total ban on AGPs in food animal production in the EU since 2006 

based on a precautionary principle. However, the AGP ban has created a gap 

which requires urgent efforts in searching new and safe alternatives to replace 

AGPs and to reduce the need for therapeutics in animal production.

Natural reservoirs such as bacteria and fungus have been the primary sources of 

the antibiotic pipeline but exploration of alternate pools of compounds stemming 

from plant and animal origins has recently been resurgent. This project focused on 

the search of antibacterial compounds from plant materials.

Chapter 2 described the extraction of fifty-five indigenous African plant specimens 

with different solvents procedures and also reported the screening of the extracts 

against both G-positive (Listeria monocytogenes) and G-negative (E. coli) 

microorganisms. The results showed that acetone was a suitable extractant for 

antimicrobial principles from these medicinal plants. The results also supported the 

claims of potent antibacterial activity of these plants from traditional healers of 

Cameroon. Six of the fifty extracts showed significant antibacterial potency which 

was higher than or equal to the current used clinical antibiotics, i.e. ampicillin and 

gentamicin.

Chapter 3 outlines the development of both column chromatography and HPLC 

procedures for separation and bioassay-guided fractionation of Aframomum 

melegueta extract, one of the six promising plant extracts. The isolation and
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purification of four bioactive compounds namely G1, G3, G4 and G5 were also 

reported. The activities of G3 and G5 against Gram-positive microorganism were 

better than ampicillin and gentamicin when tested against L.monocytogenes and S. 

aureus respectively. A two-tailed paired t-test to the BA5oS of the compounds and 

the clinical antibiotics showed that the activities of the compounds against the 

organisms were significantly better than that of the antibiotics (p<0.05). {G3 (Listeria 

: t stat 11.71, t critical 3.182; S.aureus t stat 43 t critical 3.182)] G5 (Listeria : t stat 

13.06, t critical 3.182; S.aureus t stat 39.53 t critical 3.182)}

The structures of the bioactive compounds isolated from Aframomum melegueta 

have been elucidated using NMR spectroscopy and confirmed with mass 

spectrometry (Chapter 4). G1 was found to be a plasticizer DEHP, while others are 

diterpenoids: G3 (Zerumin A), G4 (Zerumin), and G5 (labda-8(17),12-diene-15,16- 

dial). Antifungal property has been reported for G5 and anticancer activities for G3 

and G5. The isolation of a plasticizer from herbs used for traditional healing raises a 

concern and request for better regulation on alternative medical practice and 

standardisation of herbal remedies worldwide. Furthermore, anti-MRSA activity 

superior to that of vancomycin, a clinically used antibiotic for treatment of both 

community and hospital acquired MRSA infections was observed in G3 and G5. The 

reduction of the aldehyde moieties in G3 and G5 resulted in a reduction of 

antibacterial activity in G3 but a significant increase in G5.

The mode of action of G3 has been found to be similar in part to that of penicillin 

while G5 did not exhibit any penicillin-like action. G3 has also been found to be 

selectively toxic to intestinal epithelial cancerous cells model (Caco 2) in comparison 

with normal intestinal cell. This suggests that the compound may be safe for oral 

administration if pharmacokinetic characteristics of the compound are also 

favourable for oral administration. This will be desirable because antibiotic growth
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promoters are administered orally and are expected to act locally within the 

intestine.

Overall, the results have shown, that potential antibiotics from plant sources can aid 

in novel drug or lead compound discovery. Isolation of plant principles can be 

facilitated by proper selection of extraction solvent and procedures which could 

eliminate or reduce unnecessary steps and increase the extraction efficiency. The 

isolated and identified bioactive compounds G3 & G5 may have great potentials for 

further development into pharmaceutical drugs for human medicine and as 

antimicrobial agents in veterinary applications, as well as in agricultural food 

production.

Future Work

■ Toxicological characterisation of G3 and G5 on hepatic cell, kidney cell lines, 

and other mammalian cells.

■ Further study on the structure activity relationship of G3 and G5.

■ Investigations of modification and synthesis aspects of the compounds and 

their derivatives.

■ In vivo study, probably in poultry models, after establishment of safety issues 

for performance evaluation of the compounds with respect to antimicrobial 

and growth promotion.
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Appendix 1: Spectrums of NMR experiments on G5

Chemical shift

1.1.1H NMR spectrum of G5 obtained in deuterated chloroform at room 

with Bruker 500 HZ NMR instrument

2&0

Chemical shift

1.2.13C NMR spectrum of G5 obtained in deuterated chloroform at room

with Bruker 500 HZ NMR instrument
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1.3. DEPT 135 spectrum of G5 obtained in deuterated chloroform at 

room with Bruker 500 HZ NMR instrument
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1.4. HMQC spectrum of G5 obtained in deuterated chloroform at room

with Bruker 500 HZ NMR instrument
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1.5. HMBC spectrum of G5 obtained in deuterated chloroform at room 

with Bruker 500 HZ NMR instrument
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Appendix 2: Spectrums of NMR experiments on G4

Chemiosl shift

2.1. 1H NMR spectrum of G4 obtained in deuterated chloroform at room 

with Bruker 500 HZ NMR instrument

120

Chemical shift

2.2.13C NMR spectrum of G4 obtained in deuterated chloroform at room 

with Bruker 500 HZ NMR instrument
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2.3. DEPT 135 spectrum of G4 obtained in deuterated chloroform at 

room with Bruker 500 HZ NMR instrument

2.4. HMQC spectrum of G4 obtained in deuterated chloroform at room 

with Bruker 500 HZ NMR instrument
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2.5. HMBC spectrum of G4 obtained in deuterated chloroform at room 

with Bruker 500 HZ NMR instrument
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Appendix 3: Spectrums of NMR experiments on G3

Chemical ;hrft

3.1 1H NMR spectrum of G3 obtained in deuterated chloroform at room 

with Bruker 500 HZ NMR instrument

3.2. 13C spectrum of G3 obtained in deuterated chloroform at room with

Bruker 500 HZ NMR instrument
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3.3. DEPT135 NMR spectrum of G3 obtained in deuterated chloroform at 

room with Bruker 500 HZ NMR instrument
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3.4. HMQC NMR spectrum of G3 obtained in deuterated chloroform at 

room with Bruker 500 HZ NMR instrument
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3.5. HMBC spectrum of G3 obtained in deuterated chloroform at room 

with Bruker 500 HZ NMR instrument
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Appendix 4: Spectrums of NMR experiments on G1

Chemical shift

4.1.1H NMR spectrum of G1 obtained in deuterated chloroform at room 

with Bruker 500 HZ NMR instrument
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Chemical shift

4.2.13C NMR spectrum of G1 obtained in deuterated chloroform at room 

with Bruker 500 HZ NMR instrument
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