CHEMICAL CONSTITUENTS AND PHYTOREMEDIATION
POTENTIAL OF OCIMUM LABIATUM

by

KHULISO MAPHAKELA

Submitted in partial fulfilment of the requirements for the degree

MAGISTER TECHNOLOGIAE: CHEMISTRY

in the
Department of Chemistry
FACULTY OF SCIENCE

TSHWANE UNIVERSITY OF TECHNOLOGY

Supervisor:

Prof Thierry Regnier

Co-Supervisor:

Prof Sandra Combrinck

October 2015

i

DECLARATION
“I hereby declare that the dissertation submitted for the degree Magister
Technologiae: Chemistry, at Tshwane University of Technology, is my own
original work and has not previously been submitted to any other institution of
higher education. I further declare that all sources cited or quoted are indicated
and acknowledged by means of a comprehensive list of references.”

K Maphakela

Copyright©Tshwane University of Technology 2015

ii

DEDICATION
This study is dedicated to my father Joseph Rashaka Maphakela; your baby girl
has done it Daddy, and to my amazing mother Nyamuki Tryphina Maphakela I
strive to be a superwoman like you. God bless you more….

Yeso ndi khosi, To God be the Glory.

iii

ACKNOWLEDGEMENTS
To God who created the heavens and earth, all praise to you my Lord for the great work
you are doing in me and through me.

I would love to express my sincere gratitude and appreciation to the following people and
organisations who contributed to the success of my study:

My supervisor Prof T Regnier, thank you sir for all the guidance, laughs, knowledge
shared and encouragement. My co-supervisor, Prof S. Combrinck, words alone cannot
express how much I appreciate and value you in my life. It’s been a blessing to learn
from you.

Prof R. McCrindle, thank you for sending me to Prof Combrinck for my B.Tech project
and for the jokes we shared and for your support. Prof N.S Mokgalaka, for all the help
and input with the metal analysis and transportation to conferences.

Tshwane University of Technology, for providing opportunities for research and the
National Research Foundation for financial support.

A special thank you to Katlego Phala, Busi Ncongwane, Mathapelo Seopela and Dipuo
Mokoena for the stolen, regrouping moments. Dr Wilma Du Plooy for help with the
microscopy work and input. Dr Guy Kamatou and Dr Weiyang Chen for assistance with
GC-MS and LC-MS. Salmon Adebayo for helping with the anti-inflammatory studies and
Edward Bassey for guiding me with isolation and identification, you are a Godsend.

To my friends in the Department of Biotechnology, Thato Manyaapelo and Ethel Mogale,
I thank you for all the assistance; I appreciate the roles you played.

To my siblings Tshinanne, Mpfariseni, Konanani and Edzani; thank you for your endless
support and love, you always had my back. God bless you. Prof C.M Maumela and
Joshua Maumela, thank you for always being there and taking an interest in my studies,
you are appreciated.

iv

ABSTRACT
Several members of the genus Ocimum are known for their medicinal properties,
particularly for the treatment of inflammatory disorders. Ocimum labiatum, an aromatic
species indigenous to South Africa, is used in traditional medicine to treat gout, headache,
gastritis, bladder and kidney disorders, and malaria. This study was aimed at investigating
the secondary metabolites produced by the plant and their biological properties.

The composition of the essential oil was reported here for the first time. A low yield of
fragrant oil comprising mainly sesquiterpenes was obtained from the plant leaves.
A combination of gas chromatography with mass spectrometry and gas chromatographyflame ionisation detection was used to identify and quantify the oil constituents,
respectively. β-caryophyllene (12.61%), α-copaene (7.00%), bicyclosesquiphellandrene
(6.86%), allo-aromadendra-4(15),10(14)-diene (5.79%), epi-cubebol (4.93%), spathulenol
(3.18%), α-cadinene (3.07%) and α-caryophyllene (2.26%) were also present as major
constituents.

Non-polar (dichloromethane) and polar (aqueous methanol) extracts were prepared from
the leaves. Both extracts were tested to assess their antimicrobial, antiquorum sensing,
antiinflammatory and anticancer activities. The antimicrobial activities of the extracts were
determined against three pathogens (Escherichia coli, Staphylococcus aureus and
Candida albicans) using both bioautography and micro-dilution methods. The non-polar
extract demonstrated good inhibition of all three pathogens, particularly E. coli and C.
albicans with an MIC value of 20 μg/mL for both pathogens. A compound with strong
antibacterial activity, with an MIC value of 80 μg/mL against E. coli, was isolated from the
dichloromethane extract and subsequently identified as 1,2-benzenedicarboxylic acid,
diisooctyl ester by gas chromatography-mass spectrometry. This compound was
previously reported from Ocimum basilicum. Thin layer chromatography, using
p-anisaldehyde as visualisation reagent, indicated that the non-polar extract contained
mostly terpenoids. The polar extracts displayed good antioxidant activity with an IC50 of
0.80 μg/mL, indicating that the extract had greater antioxidant potential than ascorbic acid
(IC50 0.94 μg/mL). The same extract demonstrated good antiinflammatory activity against
cycloogenase-2, with a percentage inhibition of 59.0%, and strongly inhibited
15-lipoxygenase, with an inhibition of 72.6%, compared to quercetin (66.5%). Anticancer
activity was tested against the DU-145 human prostate cancer cell line. The non-polar
extract demonstrated good activity (LC50 = 20.5 μg/mL) and specific compounds
responsible for the activity should be identified.

v

A phenolic compound was isolated from the polar extract using bioassay-guided
fractionation. One- and two-dimensional nuclear magnetic resonance spectroscopy data,
in combination with high resolution mass spectrometry data, was used to elucidate the
structure. The compound, named 3β-O-flavano-urs-5,12-dien-28-oic acid, consists of a
flavanol and ursolic moieties. Although several studies have been done on the chemistry
of this species, the presence of this compound in O. labiatum, or any other plant, has not
been reported thus far and it is presumed that it is a novel compound.
The distribution, morphology and histochemistry of glandular and non-glandular leaf
structures of leaves of the plant were studied using a combination of scanning electron
microscope, light- and fluorescence microscopy. All types of glandular structures were
noticeably more abundant on the abaxial (upper) surface of the leaf than on the adaxial
surface. Large (50 μm diameter) and medium (20 μm diameter) peltate glands, most
containing terpenes, and small capitate glands (10 μm diameter), containing phenolic
compounds, were identified, although staining reagents indicated that a small minority of
the large glands also contained phenolic compounds. Two types of hair-like, unbranched
trichomes could be discerned, but these were non-glandular in nature.
The phytoremediation potential of O. labiatum for copper was investigated by using the
artificial contamination method over the range 0 to 2500 mg/L Cu(II). Analysis indicated
that O. labiatum accumulates large quantities of copper, confining most of it in the roots
with some translocated into the leaves. This was confirmed by the calculated
bioaccumulation factor >1 and translocation factor <1 for all concentrations excluding
plants treated with 200 mg/L. Evaluation of the effect of accumulated copper on the
phenolic production by O. labiatum using the Folin-Ciocalteu assay suggested that the
presence of copper stimulates phenolic compound production. The increase upon
exposure in total soluble phenolic compound production in the roots exceeded the
increase in the leaves, as the copper concentration increased, while the inverse was
observed with regard to the insoluble phenolic compounds detected in high concentrations
in the leaves. The low insoluble phenolic compound concentrations in the roots suggest
that the plant was not strongly influenced by any stress that might result from exposure to
copper at these concentrations.

Knowledge of the chemical constituents of O. labiatum will contribute to the sustainable
commercialisation of the plant and will assist with the protection of the species. This plant
is suitable for intercropping in orchards for reducing the levels of copper in the soils. In this
way it could contribute to improving soil quality, whilst yielding an essential oil of value.
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CHAPTER 1
INTRODUCTION

1.1

BACKGROUND AND MOTIVATION

1.1.1

The species Ocimum labiatum

Ocimum labiatum (N.E.Brown) A.J. Paton (Lamiaceae), previously known as
Orthosiphon labiatus, is a fast-growing aromatic shrub (Germishuizen et al., 2006).
This species is widely distributed throughout southern Africa, occurring in Limpopo,
Kwazulu Natal, Mpumalanga and the North West provinces of South Africa, as well
as in Swaziland and Zimbabwe (Foden and Potter, 2005; Germishuizen et al.,
2006). Many genera (Plectranthus, Basilicum, Salvia, Thymus, Mentha, Hemizigia
and Scullaria) in this family represent well-known medicinal plants that produce
secondary metabolites with diverse biological properties (Dorman et al., 2004;
Johnson, 2011). A survey conducted by Joudi, Bibalani and Shadkami (2011) in
Iran revealed that eighteen plant species, representing eight genera of the
Lamiaceae family, produce compounds with promising medicinal activities.
Phenolic compounds and terpenoids are abundant in this family (Charami et al.,
2008). Many of these compounds display bactericidal, insecticidal, antioxidant,
antiinflammatory and other activities.

According to Zulu folklore, Ocimum labiatum is used for the treatment of gout,
headache, gastritis, bladder and kidney disorders, and malaria. Several members
of the genus Ocimum are used as traditional medicines to treat various
inflammatory disorders. Aqueous and ethanolic crude extracts of O. lamiifolium
were found to exhibit significant antiinflammatory activities, but low toxicity in
mice (Mequanint, Makonnen and Urg, 2011). Reduced chronic and acute
inflammation induced in an in vivo rat model indicated that polar extracts of
Ocimum sanctum were effective inflammation inhibitors (Godhwani, Godhwani
and Vyas, 1987).
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Enzyme assays utilising the lipoxygenases (5- and 15-LOX) or cyclooxygenases
(COX-1 and -2), are often conducted as a first step to establish the
antiinflammatory activities of plant extracts and pure compounds (Albano and
Miquel, 2011). These in vitro assays provide information concerning the mode of
action of the antiinflammatory substance. Compounds with promising activity are
then further tested in in vivo assays using mice. A few sparse reports concerning
the chemical constituents and pharmacological properties of O. labiatum are
available in the literature (Paton et al., 2004; Hussein et al., 2007; Kapewongolo,
2013). A screening of members of the Lamiaceae family by Paton et al. (2004)
revealed that O. labiatum produces 5-hydroxy-6,7-dimethoxyflavones and
8-oxygenated flavones, but their identities, levels and biological properties were
not established. Two new labdane diterpenoids and a known (+) -trans-ozic acid
were later isolated by Hussein et al. (2007) from an ethanol extract of
O. labiatum. One of these diterpenoids displayed activity against Mycobacterium
tuberculosis, while the other demonstrated anticancer activity against a breast
cancer cell line. A chlorophyll derivative (pheophytin-a), amyrin (triterpene
isomers) and a labdane diterpenoid were recently isolated from O. labiatum
(Kapewongolo, 2013). Pheophytin-a was found to have anti-HIV activity, while the
triterpene displayed the ability to activate dormant HIV-1, thereby eliminating a
serious obstacle in the diagnosis of the virus. The labdane ditepernoid reduced
the production of pro-inflammatory cytokines, indicating the potential role of
O. labiatum metabolites in reducing inflammation (Kapewangolo et al., 2015).

Most of the members of the Lamiaceae family (such as mint) have diverse
trichomes that contain a variety of metabolites. A combination of microscope
methods, including scanning electron microscopy (SEM), transmission electron
microscopy (TEM), light microscopy and fluorescence microscopy, has been
used to elucidate the morphology of secretory glands of leaves and calyces of
plants (Combrinck et al., 2007). Light and scanning electron microscopy was
applied by Bhatt, Naidoo and Nicholas (2010) to study the distribution and
morphology of O. labiatum trichomes. Three different types of trichomes, two
glandular and one non-glandular, were observed.

2

1.1.2

Significance of new antibacterial and antipathogenic compounds
from plants

Plants have served as source of medicine to mankind for centuries, thereby
playing a role in the discovery and synthesis of antibiotics and antibacterial
drugs. Most antibacterial drugs inhibit bacterial reproduction and/or growth.
However, an increase in the number of outbreaks of infectious microbial
diseases worldwide proves that microbes are becoming resistant to the currently
registered synthetic preservatives and bacteriocides (Eckert, Sievert and
Ratnayake, 1994).

Natural compounds provide a source of compounds that display their mode of
action via alternative pathways (Damte et al., 2013). Inhibition of quorum sensing
(QS) is one of the ways in which the microbial pathogenicity and virulence of
multidrug resistance can be reduced. Quorum sensing can be defined as a cell
to cell communication process in which pathogens produce molecular
autoinducers (AIs) that serve as signals to other pathogens in their immediate
vicinity, to alert them to their presence (Rutherford and Bassler, 2012).
Receptors on bacteria bind these signal molecules, which allow them to estimate
the density of the bacterial population. This process provides information to each
individual that critical mass is reached before infection of the host is initiated,
thereby ensuring vulnerability of the host. Quorum sensing inhibitors interfere
with the binding of signal molecules to receptors to disable the detection
mechanism for AIs (Hentzer et al., 2012). Interest in plant secondary metabolites,
many which are highly active antiquorum sensing (AQS) agents, has been
revived in recent years.

1.1.3

The role of plants in phytoremediation

Metal contamination of agricultural soils, mainly resulting from the application of
metal-based fungicides, has become a global problem (Zheljazkov et al., 2008).
Copper, lead and cadmium are some of the major pollutants that may negatively
impact on soil quality, ground water and vegetation in the vicinity of the pollution.
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Although Cu is an essential micronutrient needed for vital plant processes, such as
photosynthesis, the element becomes toxic if present at high concentrations. The
use of Cu-based fungicides in orchards has led to increased Cu levels in orchard
soils, thereby jeopardizing soil quality. Copper concentrations ranging from
100-1500 mg/kg have been reported in some European orchards (Pietrzak and
McPhail, 2004; Fernández-Calvino et al., 2009). It was predicted (Zheljazkov et al.,
2008) that within the next 30 to 40 years, agricultural soils will be so heavily
contaminated that environmental stress and limited land use will be evident. Soil
clean-up techniques that are environmentally friendly and cost-effective must
therefore be applied to ensure the sustainability of land. It is important to
remediate contaminated orchards, particularly considering that Cu can remain in
the soil for up to 10 years (Pietrzak and McPhail, 2004). Phytoremediation is an in
situ

technique

that

is

commonly

employed

to

remediate

contaminated

environments (Chaudhry et al., 1998). In many cases, plants are able to remove,
stabilise, transfer and/or degrade pollutants and accumulate them in various plant
parts.

1.2

PROBLEM STATEMENT

Although O. labiatum is used as a traditional remedy, the phytochemistry of this
plant has by no means been fully investigated. The plant is aromatic, yet the
chemical composition of the essential oil has not been described. The traditional
use of O. labiatum suggests that the plant may have good antimicrobial and
antiinflammatory activities. Although a limited amount of work has been focussed
on the antiinflammatory properties of O. labiatum, no investigations have been
conducted on the antimicrobial and antiquorum sensing (AQS) properties of
O. labiatum metabolites. Some microscope studies have been conducted on
O. labiatum, however fluorescence microscopy, following the application of
specific chemical stains, was not done. This technique provides valuable
information as to the sites of secondary metabolite production within the plant.
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Soil contamination is considered a major global problem that threatens food
production. The use of plants for remediation is gaining popularity. Despite
several members of the Lamiaceae family being identified as good candidates
for phytoremediation (Sarma, 2011; Bhargava et al., 2012), the potential role of
O. labiatum in phytoremediation has not been investigated.

1.3

HYPOTHESES

Ocimum labiatum produces a range of volatile and non-volatile secondary
metabolites with useful biological properties. The plant is a suitable candidate for
phytoremediation of agricultural soils due to its ability to accumulate copper.

1.4

OBJECTIVES

The objectives of this study were to:
 characterise the essential oil of O. labiatum using gas chromatographic
techniques;
 determine the antimicrobial activities of extracts of O. labiatum;
 establish two antiinflammatory assays (15-lipoxygenase and cyclooxygenase),
and subsequently determine the anti-inflammatory activities of extracts of the
plant;
 determine the antioxidant activities of the plant extracts using DPPH;
 use a combination of bioassay-guided fractionation to isolate metabolites
found to have antimicrobial and antiinflammatory activities;
 elucidate the structure(s) of such compound(s) using gas
chromatography-mass spectrometry (GC-MS) and/or nuclear magnetic
resonance spectroscopy (NMR);
 use a combination of microscopy techniques to study the secondary
metabolite-producing structures on leaves;
 determine the ability of O. labiatum to accumulate copper; and
 establish the effects of copper on the secondary metabolite production of
O. labiatum.
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CHAPTER 2
LITERATURE REVIEW

2.1

INTRODUCTION

For centuries, medicinal plants have been used traditionally for healing purposes.
In the African culture, traditional medicine is regarded as an important
socio-cultural heritage. More than 80% of the African population still rely
predominantly on the use of indigenous plants for the treatment of physical,
mental and social diseases (Okigbo and Mmeka, 2006). The reason for the
popularity of herbal remedies is that these products are affordable and are
perceived to be safe (Chan, 2003). Herbal drugs generally have fewer
side-effects than synthetic drugs (Tyler, 1997) and are, in some cases, more
effective than their synthetic counterparts (Joudi and Bibalani, 2010). The past
two decades have witnessed a huge revival of interest in plant secondary
metabolites (Bindlish and Shubrook, 2014) with the expectation that these
compounds can have long-term health promoting or even medicinal qualities. The
classical approach for studying medicinal plants involves the characterization of
bioactive compounds using a bioassay-guided approach (Brusotti et al., 2013).
This is often followed by the identification of the potential mode and target sites of
action. Of the vast number of medicinal plants indigenous to Africa, only a
relatively small number has been extensively investigated or documented
(Mahomoodally, 2013). South Africa hosts more than 30 000 flowering plant
species, of which only relatively few have been studied for their phytochemistry
and medicinal properties (Louw, Regnier and Korsten, 2002).

In this chapter, a brief overview of secondary plant metabolites and their
biological activities are presented. Some aspects of the genus Ocimum and the
species O. labiatum, in particular, are discussed in detail.
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2.2

SECONDARY METABOLITES OF PLANTS

2.2.1

Chemical structures and determination of metabolites

2.2.1.1 Roles and classification of some secondary metabolites
Plants produce a range of metabolites that are produced for growth and
reproduction functions and include amino acids, polysaccharides, polyols,
vitamins and carotenoids.

However, plants also biosynthesize other diverse

organic compounds, referred to as secondary metabolites, which do not appear
to contribute directly to growth and development of the plant. These compounds
are produced to perform a variety of functions, including defence against fungal
and insect predation and to attract insect pollinators (Bennett and Wallsgrove,
1994; Leite et al., 2007). Secondary metabolites are responsible for the beneficial
properties of medicinal plants (Dias, Urban and Roessner, 2012), including their
antimicrobial and antiinflammatory properties.

Secondary metabolites are classified according to their chemical structures,
which determine their solubilities and volatilities. Although more than 50 000 of
these diverse mostly low molecular weight compounds have been elucidated,
there are probably hundreds of thousands of compounds still to be discovered
(Pichersky and Gang, 2000). Plants produce mixtures of secondary metabolites
from different chemical classes. Species from the same family or genus may
produce the same or chemically related compounds, which can often be used as
biomarkers (Ferrat, Pergent-Martini and Roméo, 2003). However, the chemical
profiles between, and within species, may be highly variable depending on factors
such as genetic traits, climate, geographical location and other environmental
parameters (Özcan and Chalchat, 2002). The main chemical groups include
phenolic compounds, terpenes and alkaloids (Achakzai et al., 2009).
2.2.1.2 Phenolic compounds
Phenolic compounds, characterised by one or more aromatic rings bonded to at
least one hydroxyl moeity, are produced by plants as protection against
excessive UV irradiation, wounding, infections and to act as visual attractants
(Pietta, 2000).
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Studies

have

demonstrated

possess antioxidant, antimutagenic,

that

many

anticarcinogenic,

phenolic

compounds

antiinflammatory

and

antimicrobial activities (Hendra et al., 2011). These compounds are widely
distributed throughout the plant. This group has been subdivided into simple
phenols, benzoquinones, phenolic acids and aldehydes, acetophenones,
polyphenols (including tannins) and flavonoids (Chapuis-Lardy, Contour-Ansel
and Bernhard-Reversat, 2002; Cai et al., 2004; Khoddami, Wilkes and Roberts,
2013). The biosynthesis of phenolic compounds is well described and occurs via
the Shikimate or Acetate pathways (Bravo, 1998). Each reaction is regulated by
specific enzymes. Several members of the Lamiaceae family, to which the genus
Ocimum belongs, produce phenolic compounds with strong antibacterial and
antioxidant activities (Hakkim, Arivazhagan and Boopathy, 2008).

The flavonoids are an important group as far as the medicinal properties of plants
are concerned. More than 8000 flavonoids occur as monomers, dimers and as
higher oligomers. Flavonoids are derived from the amino acids phenylalanine,
tyrosine and malonate, with a basic flavan forming the core of the structures. The
flavan skeleton comprises fifteen carbon atoms arranged as two aromatic rings,
joined one on each side, through a linear three-carbon chain (Pietta, 2000). The
flavan skeleton is rearranged to form a central non-aromatic ring representing the
basic flavonoid core. Flavonoids can be classified into six major groups
(flavonols, flavones, flavonones, flavanols, anthocyanidins and asoflavones),
depending on the presence of hydroxyl, methoxy or glycosidic groups and the
conjugation between the aromatic and heterocyclic rings (Kumar and Pandey,
2013). Figure 2.1 depics the basic structure of flavonoid compounds.

Phenolic compounds are extracted, analysed, identified and quantified using
reliable modern techniques. Typically, polar solvents such as methanol, ethanol,
acetone, or any of these solvents mixed with water in different ratios, are used to
extract phenolic compounds from plant materials (Fatiha et al., 2012). Phenolic
compounds are primarily determined by high performance liquid chromatography
(HPLC) or ultra performance liquid chromatography (UPLC).
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a

b

Figure 2.1:Types of flavonoid compounds with basic structure of a) a flavanone-based
on the backbone of 2-phenylchromen-4-one (2-phenyl-1-benzopyran-4-one). b) a
flavonol with a 3-hydroxyflavone backbone (3-hydroxy-2-phenylchromen-one) (Murti

and Mishra, 2014).

Although both techniques are based on the same principles, the latter operates
under higher pressure, using shorter columns with smaller particles, thereby
obtaining higher resolution of compounds within a shorter time. Reversed phase
packing materials, comprising non-polar octadecylsilanol (C18) groups bonded to
silica gel, are widely used. Gradient elution is necessary for the determination of
phenolic compounds (Sasidharan et al., 2011). Mobile phases used for HPLC
separation of phenolic compounds must be acidified (pH 2.0 – 6.0) to prevent
peak tailing. Retention on the reversed phase column is enhanced due to the
suppression of ionization of acidic groups present on these compounds. Acids,
including acetic acid, formic acid and phosphate buffers can be used to adjust the
acidity of the mobile phase. However, the use of phosphate is not recommended
when using HPLC coupled to mass spectrometry (MS).

The most popular detectors for the determination of phenolic compounds in plant
extracts are ultraviolet (UV) detectors, including multiple wavelength and photo
diode array (PDA), and MS detectors. Most natural compounds absorb in the UV
range (Sasidharan et al., 2011). Since PDA detectors repeatedly scan over the
entire UV-visible spectrum, they allow for the simultaneous detection of
compounds that absorb at different wavelengths. The optimum absorption
wavelength is characteristic for each class of phenolic compounds.
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Combination of HPLC or UPLC with an MS detector allows unequivocal
identification of phenolic compounds in plant extracts (Crooks and Byrd, 1999;
Del Rio et al., 2004). The time-of-flight (ToF) mass spectrometer detector
measures the time that it takes for ions to reach the detector over a known
distance. This allows the mass of the ion to be determined with high accuracy,
which can be used for identification of the compound.

2.2.1.3 Terpenes
Terpenes are a large group of diverse organic compounds, produced mainly by
plants, microorganisms and insects. The name terpene is derived from
turpentine, since some of the first terpenes were isolated from turpentine1. The
combination of five-carbon isoprene units forms the backbone of terpenes
(Harborne, 1984); these can be cyclised and oxygenated to form a myriad of
different metabolites (Dewick, 2002). Terpenes are named according to the
number of isoprene units present in the molecule. One isoprene unit gives rise to
a hemiterpene, two units to a monoterpene, three to a sesquiterpene, four to a
diterpene, six to a triterpene and eight isoprene units to a tetraterpene, Figure 2.2
gives an examples of terpenes comprised of different number of isoprene units.
The smaller monoterpenes and sesquiterpenes form part of the volatile fraction of
plant extracts (Dorman and Deans, 2000).

a

b

Figure 2.2: Types of volatile terpenes a) acyclic monoterpene (α-phellandrene) and b) a
sesquiterpene (bicyclogermacrene) (McMurry and Bosch, 1987; White, 1988)

1

http://www.chem.uzh.ch/robinson/lectures/OC_V/OC-V.p2.2013.pd, Accessed: 14 May 2015
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Essential oils are obtained by the distillation of plant material. They are complex
mixtures of hundreds of components, mainly volatile terpenes and hydrocarbons.
Some oils are characterized by two or three major compounds, while others
contain a number of compounds at lower concentrations (Bakkali et al., 2008).
These oils are commercially produced by steam distillation. There are roughly
3000 known essential oils, of which only about 300 are of commercial importance
(Bakkali et al., 2008). These odiferous oils have found widespread application in
the perfume, cosmetic, pharmaceutical, food and agricultural industries (Deferera
et al., 2000; Imelouane et al., 2009). The medicinal and therapeutic qualities of
essential oils are seldom due to the activity of only one compound, but rather
reflect the result of additive, synergistic or antagonistic interaction between
various constituents (Briskin, 2000).

Studies have been done to demonstrate the antidiabetic, antiviral, antioxidant and
cancer suppressive properties of specific oils. Many oils have substantial
antimicrobial activities against fungi, gram-positive and/or gram-negative bacteria
resulting in their use for embalming in ancient Egypt (Lang and Buchbauer,
2011). Essential oils are often used as ingredients of remedies for inflammation
and insomnia and are used as sedatives and analgesics.

2.2.1.4 Alkaloids
Alkaloids are defined by Pelletier (1983:25) as heterocyclic nitrogen-containing
organic compounds, where the nitrogen is assigned a negative oxidation number.
They are very abundant in nature, occurring in 15 to 20% of vascular plants.
There are a large number of known alkaloids (> 20 000) (Schrittwieser and
Resch, 2013). True alkaloids, such as atropine (Figure 2.3a), contain nitrogen
within the carbon ring and are derived from amino acids (El-Sakka, 2010).
Although pseudoalkaloids contain a nitrogen atom in their rings, they are not
derived from amino acids. Caffeine (Figure 2.3b) is the best example of a
pseudoalkaloid.

Protoalkaloids are derived from amino acids, but have no

nitrogen in their ring, for example ephedrine.
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a

b

Figure 2.3: Molecular structures of some well-known alkaloids a) atropine (El-Sakka,
2010) and b) caffeine2

Some alkaloids based on terpenoid skeletons have been characterised
(Harborne,

1984). These

compounds

have

been

found

to

be

highly

heterogeneous; their chemical structures may range from simple (coniine; Figure
2.4a) to complex pentacyclic structures (as in strychninee; Figure 2.4b).

a

b

Figure 2.4: Examples of alkaloids that differ substantially in structure a) coniine and
b) strychnine

3

Plants are a key source of alkaloids, but they are also present in animals, insects
and microorganisms (Schrittwieser and Resch, 2013). Three Ocimum species
(O. basilicum, O. sanctum and O. gratissimum) have been reported to contain
alkaloids in their leaves, stem and roots, however the identities were not
confirmed using reliable methods; i.e. gas chromatography coupled to a mass
spectrometer detector (GC-MS), (Pachkore and Dhale, 2012).

2
3

www.chemspider.com/Chemical-Structure.2424.html Accessed: 14 May 2015
www.chemspider.com/Chemical-Structure.389878.html Accessed: 14 May 2015;
www.chemspider.com/Chemical-Structure.389877.html Accessed :14 May 2015
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2.2.2

Biological activities of secondary metabolites

2.2.2.1 Antioxidant activity
For centuries, secondary metabolites isolated from plant leaves, stems, roots or
fruits through boiling or direct ingestion, have been used to treat various ailments.
Studies have revealed that compounds that display antioxidant activities are also
likely to have antiinflammatory, antibacterial, anticarcinogenic, antiviral and
antitumor activities (Cai et al., 2006). The use of anticancer compounds isolated
from medicinal plants has gained widespread interest. The US National Cancer
Institute has for many years been involved in the screening of plants, to identify
those with antitumor activity. In China, cancer prevention and treatment methods
embrace the use of Chinese medicinal herbs (Cai et al., 2004).

Many plants naturally possess antioxidant activity due to the presence of
numerous free radical scavenging molecules (Djeridane et al., 2006) that prevent
the oxidation of other molecules by inhibiting the initial or propagation stages of
the oxidation chain reaction. These compounds are derived from either natural or
synthetic sources. Butylated hydroxyanisole (BHA), butylated hydroxytoluene
(BHT), propyl gallate (PG) and tertiary butyl hydroquinone (TBHQ) are examples
of synthetic antioxidants used for food preservation (Shahidi and Zhong, 2005).
Globally, restrictions have been imposed on some synthetic antioxidants, due to
their carcinogenic properties. These concerns have revived an interest in natural
antioxidants (Velioglu et al., 1998) to replace their synthetic counterparts in food
products (Trevisan et al., 2006). Natural antioxidants are most often phenolic
compounds

and

include

flavonoids,

phenolic

acids,

nitrogen-containing

compounds (alkaloids, amino acids), or vitamins (carotenoids, ascorbic acid).
Although controlled amounts of reactive oxygen species (ROS) are part of the
normal metabolism of cells, increased levels of ROS, due to various factors, may
result in oxidative stress (Sharma et al., 2012). The most common ROS and
reactive nitrogen species (RNS) in vivo are superoxides, hydroxyl radicals,
peroxyl radicals, nitric oxide, peroxy-nitrite and the nitrogen dioxide radical
(Aprioku, 2013).
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Oxidation inhibition occurs when antioxidants inhibit ROS or RNS. Many chronic
and degenerative diseases, such as vascular diseases, diabetes, cancer and
aging, are associated with high levels of these reactive oxygen species (Schaus
et al., 2006). Phenolic compounds have been reported to possess antioxidant
activities; due to their ability to absorb and neutralise free radicals. These
phenolic compounds are mainly phenolic acids and flavonoids (Pietta, 2000).
Several mechanisms exist whereby antioxidants scavenge free radicals. An
antioxidant may suppress the formation of ROS by inhibiting enzymes involved in
the production of hydrogen peroxide within the metabolic pathway (Reaction 1).
Antioxidants such as the flavonoid, quercetin, also function by chelating trace
elements, such as free iron or copper, which serve as catalysts in the FentonHaber-Weiss reaction. By chelating these catalysts, the formation of ROS by the
reduction of hydrogen peroxide, is inhibited, thereby preventing the formation of
toxic hydroxyl radicals (Reaction 2).
Xanthine + O2 + H2O→ uric acid + H2O2
2+

H2O2 + Fe /Cu

2+

•

-

3+

→ OH + OH + Fe /Cu

Reaction 1
3+

Reaction 2

Antioxidants can also play a role in the formation of less reactive radicals by
deactivation of highly oxidizing free radicals, thereby preventing lipid peroxidation.
In this process, the hydroxyl group in the flavonoid ring of the antioxidant cleaves
to form the more stable flavonoid radical (Reaction 3).
Flavonoid (OH) +R• → Flavonoid (O•) + RH

Reaction 3

According to literature, phenolic compounds are mainly responsible for the
antioxidant activities of plant extracts. Hakkim, Arivazhagan and Boopathy,
(2008) evaluated the antioxidant activities of several plant extracts from the
genus Ocimum. Their study revealed that the eight selected species all displayed
antioxidant activities, with the O. gratissimum extract being the most effective free
radical scavenger and O. selloi being the least effective. Ocimum labiatum was
not included in their study.
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The antioxidant properties of essential oils of some well-known species including
O. basilicum (Sweet basil), O. gratissimum, O. americanum (Hoary basil) and
O. sanctum (Tulsi or Holy basil) have been investigated and found to possess
satisfactory activity against DPPH(2,2-diphenyl-1-picrylhydrazyl) radicals, a stable
free radical which has an unpaired valence electron at one atom of nitrogen
bridge, resulting in this species referred to as a possible source of natural food
antioxidant (Sishu et al., 2010; Khelifa et al., 2012; Joshi, 2013).

Although

several techniques are used to determine the antioxidant activity of a product, the
radical scavenging activity of DPPH is one of the most widely used, since it is
relatively easy, quick and convenient (Uyoh et al., 2013). This method can be
used both chromatographically, by applying DPPH as visualisation reagent to a
developed thin layer chromatography (TLC) plate, or with the aid of a
spectrophotometer. In the spectrophotometric assay, serial dilutions of the test
substances are prepared in a microplate and exposed to the DPPH radical. The
purple-coloured radical, which is relatively stable, is reduced by the antioxidant
agent (phenolic compound) and undergoes a colour change. The antioxidant
activity of the test substances can be quantitatively determined by measuring the
absorbance of the solutions at 590 nm (Frum and Viljoen, 2006). This method
has been used for the evaluation of the antioxidant activities of several plant
extracts prepared from Ocimum species (Uyoh et al., 2013; Parida et al., 2014;
Salim et al., 2014).

2.2.2.2 Antimicrobial activity
Infectious diseases are a leading cause of deaths and disabilities across the
globe (Morens, Folkers and Fauci, 2004). Reports indicate that annually as many
as 75 million cases of foodborne illness and about 5 000 deaths resulting from
these illnesses occur in the United States (Mead et al., 1999).

Although most of these cases are not fatal, they could be life threatening to
individuals with compromised immune systems. The use of conventional
therapies to inhibit bacterial infections is no longer effective, because bacterial
resistance towards the few antibiotics at our disposal has increased.
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The following organisms are closely associated with illness in humans:
 Candida albicans
Candida albicans is reported to be the most infectious of the Candida
species, (Ozkan et al., 2005). It is a polymorphic fungus that grows within
the mucosal lining of oral and vaginal cavities and also in the digestive tract
of the host. However, the organs of patients with weakened immune
systems, resulting from other infections, may be invaded by Candida
species, giving rise to a condition known as candidiasis (Ozkan et al., 2005).
Although this condition is rare in healthy people, it is regarded as a
significant clinical problem as it often leads to death in immuno-deficient
hosts (Molero et al., 1998; Hung et al., 2005). Under specific conditions,
C. albicans forms chlamydospores of unknown biological function, which is
evident from morphological changes ranging from a white colour to opaque.
Morphological changes are essential for matting and biofilm formation
(Jacobsen et al., 2012).
 Escherichia coli
Escherichia coli is a gram-negative bacterium, which is housed in the
intestinal system of humans and animals. Most faecal E. coli isolates are not
harmful towards their host, but a few are pathogenic and cause intestinal or
extra-intestinal diseases. Pathogenicity factors including adherence factor,
toxins, invasions and iron uptake systems are used to characterize
pathogenic E. coli strains (Muhldorfer et al., 1996). Pathogenic E. coli
infections may result in urinary or gastrointestinal tract infections or
bacteraemia infections (Singh, Surendra and Pandeya, 2011). More than
2300 people were taken ill in the small farming community of Walkerton,
Ontario; with symptoms including diarrhoea, vomiting, severe stomach
cramps and fever; after consuming water contaminated with a deadly E. coli
strain originating from cattle manure (Ali, 2004).
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The presence of antibiotic-resistant bacteria in the environment; soil,
sewage, surface water and drinking water is a mounting concern that
impacts negatively on human health (McKeon et al., 1995). The emergence
of multidrug-resistant E. coli, particularly in humans and animals, is a major
health hazard (Reinthaler et al., 2003; Me, Ne and Me, 2012; Tadesse et al.,
2012; Wagner, Gally and Argyle, 2014), since there are few, or even no
effective control agents, against these bacterial infections.
 Staphylococcus aureus
This organism is a gram-positive bacterium that normally inhabits the
epithelial surface of humans (Mahady et al., 2008). The effectiveness of
S. aureus is due to the multiple strategies used by the bacterium to invade
the immune system of the host. Numerous diseases, ranging from minor
skin infections (pimples, boils) to complex life threatening diseases
(pneumonia, meningitis) are reportedly initiated by infections caused by
S. aureus (Lina et al., 1999). Its survival can be attributed to its ability to
become resistant to antibacterial drugs, by changing its phenotype. In
addition, the bacterium has the ability to produce slime and adhere to
surfaces, which may be prompted by environmental changes (Sadowska
et al., 2002). As early as 1987, Lyon and Skurray reported on the resistance
of several S. aureus strains to 20 antimicrobial compounds, including
commonly used antiseptics and disinfectants. Many strains have been found
to exhibit resistance to a large number of available antibiotics, including
penicillin (Gupta, Mahajan and Sharma, 2015).

Screening assays for antimicrobial activities of plant extracts are usually directed
towards serious human pathogens. The first step towards identifying new
antimicrobial agents and establishing the concentrations at which they should be
applied encompasses in vitro assays involving a range of bacteria. Once the
activity of a plant extract has been proven against a particular pathogen, the
technique of bioautography can be used to identify specific compounds
responsible for the activity.
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Bioautography involves the separation of a mixture into its individual components
by applying the extract to a TLC plate and subsequently developing the plate in
an appropriate solvent combination (Choma and Grzelak, 2010). The developed
plate is then sprayed with the test pathogen suspended in growth medium and
incubated. Growth inhibition caused by a specific compound is indicated by the
absence of pink coloration after applying a tetrazolium salt to the plate. Plant
metabolites, such as the volatile organic compounds (terpenes), have
demonstrated good antibacterial properties. Metabolites from plants reportedly
exhibit better inhibition against gram-positive than gram-negative bacteria (Lang
and Buchbauer, 2011).

Although the bioautography technique is a useful tool for general screening, it
does not provide a quantitative measure of the antibacterial activity of the sample
or encompass synergistic activities of individual components. Consequently,
micro-dilution using 96-well microplates and serial dilution in test tubes are
employed for quantitative analysis. The micro-dilution methods enable the
determination of minimal inhibitory concentrations (MICs) of the test extracts
against a specific microorganism. The micro-dilution method yields reproducible
results within a short time and is often preferred over agar diffusion and serial
dilution methods (Eloff, 1998). These two methods (micro-dilution and serial
dilution) have been widely applied to screen Ocimum species for their
antimicrobial properties (Nakamura et al., 1999; Holetz et al., 2002; Sartoratto et
al., 2004). Several studies have been conducted to evaluate the ability of
phytochemicals to inhibit gram positive bacteria (Leite et al., 2007; Biswas et al.,
2013; Ngoci, Evalyne and Ng’ang’a, 2013).

2.2.2.3 Antiquorum sensing activity
Quorum sensing is a bacterial cell-to-cell communication course of action that
encompasses production, detection and response to extra-cellular signalling
molecules (Rutherford and Bassler, 2012). Miller and Bassler (2001) previously
defined such communication as the regulation of gene expression in response to
fluctuations in cell-population density.
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In this phenomenon, bacteria excrete low concentrations of AIs (autoinducer),
which are signaling molecules that are produced in response to changes in cellpopulation density and adhere to the receptors of other bacteria of the same
species. In this way, a bacterial community are able to sense whether critical
numbers have been reached before invasion of the host (De Kievit and Iglewski,
2000). Microorganisms produce very specific AIs, depending on whether they are
gram-positive

or

gram-negative

(Rutherford

and

Bassler,

2012).

While

gram-positive bacteria produce autoinducing peptides (AIPs) as signaling
molecules, their gram-negative counterparts produce either acylhomoserine
lactones (AHLs) or other molecules synthesized from S-adenosylmethionine
(SAM) (Wei et al., 2011).

The formation of biofims by bacteria is regulated by QS. Biofilm formation
increases the ability of the bacterial community to resist antibiotics (Salini et al.,
2015). Quorum sensing promotes bacterial survival; therefore inhibition of QS is a
potential target for inhibiting pathogens, without the test substance necessarily
displaying antibacterial activity. This mechanism of inhibition will not invoke
resistance to antibacterial agents, but instead, provides an alternative route of
bacterial control (Damte et al., 2013).

As many plant secondary metabolites are known to inhibit bacterial pathogens,
the AQS potential of plant extracts is now regarded as an important assay
(Huerta et al., 2008; Zahin et al., 2010). Vattem et al. (2007) investigated the
AQS activities of members of the Lamiaceae family. In this study, involving
extracts of basil, rosemary, thyme and oregano as representatives of the family,
these researchers found that they displayed the ability to reduce purple-coloured
violecein production by Chromobacterium violaceum by up to 78%, reflecting
excellent AQS properties. Alymanesh, Taheri and Tarighi (2013) reported that
essential oil from Ocimum ciliatum fully inhibited the QS responses of
C. violaceum, without any influence on cell viability, indicating that the oil is a
good QS inhibitor.
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2.2.2.4 Antiinflammatory activity
Inflammation is a natural reaction of the body to irritation, injury and infection.
Clinically, inflammation is defined as a pathophysiological process characterized
by redness, oedema, fever, pain and loss of function (Kim et al., 2004). It is
accompanied by cellular changes, including the infiltration and release of
mediators into blood vessels and the surrounding tissues. A steady increase in
the incidence of chronic inflammatory diseases has been reported over the past
50 years4. Untreated inflammation leads to chronic acute phase reactions, which
may result in loss of appetite and an increased rate of protein depletion in
muscles and tissues, in addition to atherosclerosis and other detrimental effects
on health (Kalantar-Zadeh et al., 2003). The currently available steroidal and
non-steroidal antiinflammatory drugs can only be used for treatment of acute
inflammatory disorders. Lack of antiinflammatory agents suitable to treat chronic
acute inflammation has led to on-going research (Kim et al., 2004).

According to Matu and van Staden (2003), most inflammation-related diseases
are linked to the production of prostaglandins, which are responsible for the
sensation of pain. The release of excessive amounts of arachidonic acid
(a precursor for prostaglandins and leukotrienes) has also been implicated in the
development of inflammation (Nijveldt et al., 2001). Oxygenation of arachidonic
acid via the cyclooxygenase (a membrane-associated enzyme which exists in its
two isoforms named COX-1 and COX-2) pathway, leads to production of the
prostaglandins (Figure 2.5), thromboxanes and prostacyclin. Alternatively,
inflammation can occur via the lipoxygenase (LOX) pathway in leukocytes,
whereby arachidonic acid is converted into polyunsaturated hydroxy fatty acids
and leukotrienes (Figure 2.5) (Vanderhoek and Bailey, 1984).

4

http://mpkb.org. Accessed: 9 August 2014
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5

en.wikipedia.org/wiki/Prostaglandin Accessed: 21 October 2014

Currently, non-steroidal products (i.e. aspirin and ibuprofen) are recommended by
health care practitioners as antiinflammatory drugs. These medications inhibit the
production of prostaglandins, mediated by cyclooxygenase enzymes, or
leukotrienes, catalysed by lipoxygenase. Physiologically important prostaglandins
that are present in normal organ tissues, stomach and colon linings are produced
via COX-1, while those produced via COX-2 result in inflammation (Seibert et al.,
1994). It is therefore essential to identify antiinflammatory compounds that are
selective COX-2 inhibitors (DeWitt, 1999). However, the long term use of such
non-steroidal products that inhibit both COX-1 and COX-2 often result in negative
side effects, including stomach ulcers and other gastrointestinal complications
(Bjorkman, 1996; Raskin, 1999).

For centuries, inflammatory conditions have been treated with medicinal plants
from a large number of families that have been proven to produce
antiinflammatory

metabolites.

One

of

the

best

known

examples

is

Harpagophytum procumbens, known as Devil’s claw. It is widely used to treat
rheumatic conditions and has been found to reduce the sensation of pain (Brien,
Lewit and McGregor, 2006).

2.2.2.5 Anticancer activity
Cancers, also known as malignant tumours or neoplasms, are a common term for
a large group of diseases that can affect any part of the body (Martin et al., 2000).
Cancer is usually regarded as the unlimited growth, invasion and metastasis of
cells leading to death. According to the World Cancer Report (2014), cancer is
the leading cause of death worldwide, accounting for more than 8.2 million deaths
in 2012. It is also estimated that the number of new cases will rise by about 70%
over the next 2 decades. Although lung cancer is by far the most prevalent
cancer in men (16.7% of all new cases in 2012), prostate cancer is also regarded
as one of the most common cancer in men.
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In 2011, prostrate cancer was the most prevalent cancer diagnosed in the UK,
(Prostate cancer statistics, September 2014)6 while the American Cancer Society
estimated that about 220 000 new cases of prostate cancer would be recorded in
the United States for 2015. In South Africa, a recent study published by Babb et
al. (2014) reported that prostate cancer is the second leading cause of cancer
death, accounting for 13% male deaths from cancer. This finding puts South
Africa in fiftieth place in the world rankings of the World Cancer Research Fund of
the highest cancer occurrence rates. Depending on the stage of tumour
formation, different treatments including radiation, cryotherapy, hormone therapy,
chemotherapy and even vaccines are applied. Many synthetic drugs are available
for cancer chemotherapy (Chu 2008; Ma and Wang, 2009), but most also
eradicate normal cells and often have strong side effects (Cragg, Grothaus and
Newman, 2009). There is, therefore, an urgent need for new treatment options
with better properties and limited side effects. In the last decade, phytochemicals
with antimicrobial or antiinflammatory properties have been widely explored to
identify components for potential medical applications.

According to Zu et al. (2010), natural products (extracts or essential oils) from
medicinal plants are a promising source of novel anticancer agents and a safe
choice in terms of reducing the high systemic toxicity and drug resistance
reported in chemotherapy. Several studies report on the anticancer properties of
plant extracts. For example, the potential reduction of benign prostate hyperplasia
by extracts of Serenoa repens, Pygeum africanum, Urtica dioica, Secale cereale,
Hypoxis rooperi and Cucurbita pepo has been reported (Oelke et al., 2009; Farag
et al., 2013). In addition, inhibiting effects on prostate cancer cells were displayed
by several phytocompounds such as genistein, lycopin, cucurmin, resveratrol,
and epigallocatechin gallate (Bobach et al., 2014).

Although South Africa has a rich history of ethnopharmacology, little is known on
the potential use of indigenous plants as a treatment for cancer (Fouchè et al.,
2006; Steenkamp and Gouws, 2006).

6

http://publications.cancerresearchuk.org/downloads/producks/CS_KF_PROSTATE.pdf.
Accessed: 8 July 2015
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According to Le Roux, Lall and McGraw (2009), the scarcity of literature of
traditionally used plants in South Africa for the treatment of cancer might be due
to the complexity of cancer, where symptoms are treated instead of the disease
itself. These researchers reported on the good anti-cervical cancer activity of
flower and leaf ethanol extracts of Crotalaria agatifolia. Steenkamp and Gouws
(2006) reported that the aqueous extracts of six plants, traditionally used in South
Africa, exhibited cytotoxic activities.

The genus Ocimum is recognised as an important component of medicine
systems worldwide. A variety of therapeutic properties of Ocimum oils have been
reported (Pandey, Singh and Tripathi, 2014). Only O. basilicum and O. sanctum
(essential oils) were reported to have promising anticancer activities (Manosroi,
Dhumtanom and Manosroi, 2006; Kathirvel and Ravi, 2012). More recently,
Bayala et al. (2014) investigated the anti-proliferative activity of O. basilicum and
O. americanum essential oil against prostate cancer cell lines (LNCaP and PC-3)
and the glioblastomastate cancer cell line (SF-767 and SF-763). Although
O. basilicum demonstrated good activity against these cancer cell lines,
O. americanum exhibited poor activity, in spite of similarities in the oil
compositions.

2.3

THE GENUS OCIMUM

2.3.1

General aspects of the genus

The genus Ocimum belongs to the Lamiaceae family, which is one of the largest
plant families, encompassing 236 genera and almost 7200 species. The genus
Salvia predominates with 900 species, followed by Scutellaria, comprising 360
(Raja, 2012). However, this family is still under revision, stemming from the
morphological similarities within the Lamiaceae and Verbenaceae families
(Harley et al., 2004). As early as 1990, Cantino et al. (1992) concluded from their
phylogenic studies that many of the genera listed under Verbenaceae should be
reclassified as members of Lamiaceae. Also known as the mint family, the
Lamiaceae includes many well-known aromatic species such as basil, mint,
rosemary, origanum and thyme, which are commonly used as culinary herbs.
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Ocimum species occur naturally in tropical America, Africa and Asia (Singh,
2012). A wide range of biological and pharmacological properties have been
attributed to species from this family (Bozin et al., 2007). Several species have a
high antioxidant potential, due to the presence of phenolic acids (Ziakova and
Brandsteterova, 2011). The ability of rosemary (Rosmarinus officinalis) to inhibit
oxidation reactions in food has been proven. A study by Bozin et al. (2007), to
investigate the antibacterial and antifungal activities of several essential oils
(basil, thyme and origanum), confirmed their antimicrobial properties.

Ocimum species phytochemicals (i.e. alkaloids, terpenoids, essential oils,
flavonoids and phenolic compounds) produce defined physiological actions in the
body and are therefore responsible for the medicinal and culinary importance of
the

species (Vimali et al., 2014). The

genus

Ocimum encompasses

approximately 65 species, which differ significantly in morphology (Darrah, 1980)
and are collectively referred to as basil (Simon et al., 1999). Most of the Ocimum
species are aromatic and many of the oils isolated from these species have
economic value (Grayer et al., 2001). They are mainly used as natural flavours
(Vani, Cheng and Chuah, 2009) and for their insecticidal activities (Grayer et al.,
2001).

2.3.2

Essential oils produced by Ocimum

Essential oils consist of volatile aromatic compounds and are found in aerial parts
of plants and stored in the secretory structures (glands, hairs, ducts) of the plant.
Approximately 10% of the Plant Kingdom consists of aromatic plants (Djilani and
Dicko, 2012). Essential oil isolated from Ocimum species constitute mostly
monoterpenes with compounds such as linalool, α-, β-pinene, eugenol,
1,8-cineole, germacrene D and β-caryophylene often identified (Imeri et al., 2014;
Okoye et al., 2014; Pandey, Pooja and Tripathi, 2014). Essential oils in which
α- and β-pinene are major constituents contribute to the antiinflammatory and
analgesic efficacy of the oils. According to Mercier, Prost and Prost (2009), the
antibacterial activities of both α- and β-pinene are based on their potential to
impair the integrity of the membrane structure of the pathogen. α-Pinene has also
been reported to display antioxidant activity (Singh et al., 2006).
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Although environmental and geographical (origin) factors have an effect on the
secondary metabolite production of plants, essential oils with similar profiles, but
are quantitatively different, are obtained from different Ocimum species (Table
2.1). Essential oils have a long history of use and were used by the Egyptians for
embalming of mummies. These oils are currently exploited by the perfume and
culinary industries (Edris, 2007). Ocimum species, including O. gratissimum,
O. minimum and O. americanum have been reported to be used for traditional
healing (Martins et al., 1999) whereas O. basillicum essential oil is used as an
aroma additive in food, pharmaceuticals and cosmetics (Lee et al., 2005). The
application of these essential oils is due to their medicinal qualities.

Table 2.1: Chemical constituents of essential oils from various Ocimum species
O. basilicum

O. gratissimum

O. sanctum

%

%

%

α-pinene

2.31

0.70

0.61

ß-pinene

1.02

2.60

0.06

α-cebenene

2.68

-

2.54

α-terpinolene

2.03

0.95

0.07

ß-caryophyllene

4.37

5.30

11.89

ß-selinene

1.29

5.50

1.34

eugenol

4.89

54.0

61.30

methyl eugenol

42.18

-

-

thymol

-

-

0.82

sabinene

-

-

0.54

germacrene-D

1.31

-

9.14

carvacrol

1.39

1.43

2.04

p-cymene

3.35

-

0.83

1,8-cineole

4.88

21.61

0.61

α-selinene

-

2.60

-

Kumar et al., 2011

Kumar et al., 2010

Kumar et al.,

Oil composition

Reference

2010
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Ocimum oils have been reported to possess insecticidal, nematicidal, fungistatic,
antioxidant, repellent, insecticidal, larvicidal, nematicidal, antiinflammatory,
antinociceptive, anticarcinogenic antipyretic, antiulcer and analgesic properties
(Politeo, Jukic and Milos, 2007; Pandey, Singh and Tripathi, 2014). The volatile
organic compounds, eugenol, β-pinene and α-pinene, present in the essential oils
of some Ocimum species, were reported to possess antimicrobial properties
against S. aureus, with eugenol having the lowest MIC value of the three (Leite et
al., 2007). Ocimum basilicum, O. sanctum and O. gratissimum have been
reported to suppress inflammation by acting as inhibitors of LOX and COX (Setty
and Sigal, 2005). Quantitative analyses of essential oils are achieved by gas
chromatography (GC) coupled to a flame ionisation detector (FID). Mass
spectrometers are required for the unequivocal identification of essential oil
components (Bicchi et al., 2008; Marriott, Shellie and Cornwell, 2001). Several
mass spectral libraries, such as NIST (National Institute of Standards and
Technology), Flavor and Fragrance and Massfinder are used to identify
compounds present in essential oils. Matasyoh et al. (2008) used GC-MS to
determine the composition of essential oil from O. gratissimum and reported that
eugenol (68.8%) was the main component. Quereshi et al. (2011) reported on the
oil compositions of several Ocimum species.

2.3.3

Medicinal value of Ocimum species

Ocimum species, including O. sanctum, O. gratissimum, O. basilicum, O. canum
and O. camphora, which are cultivated in most parts of the world, are used for
their therapeutic properties (Prakash and Gupta, 2005).
 Ocimum americanum
The species Ocimum americanum, also known as O. canum, is often
referred to as “limehairy” or "hoary basil". Despite the ambiguous name, it is
an original African native Ocimum species, which is abundant in the Indian
Subcontinent, China and South East Asia. This aromatic plant grows to a
height of 15-60 cm and has a distinctive mint flavour. Various extracts are
used to benefit from their antioxidant, antiinflammatory, anthelmintic,
antidiabetic and antimicrobial activities.
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According to Viera et al. (2001) and Viera, Grayer and Paton (2003)
nineteen flavones, including luteolin, cirsiliol, apigenin, pilosin, cirsimaritin,
cirsilineol, ladanein, 5-desmethylsinensitin, xanthomicrol and 8-hydroxysalvigenin, were identified in the diethyl ether extract of O. americanum.
From the identified flavones, six flavone (nevadensin / salvigenin, salvigenin
/cirsimaritin, cirsimaritin / cirsilineol, xanthomicrol / 5-desmethyl nobiletin, in
addition to xanthomicrol / cirsimaritin), were reported to be specific to the
O. gratissimum

specimen

chemotype.

Being

an

aromatic

plant,

O. americanum is also rich in terpenoids.

The essential oil composition of this species has been reported by
Ntezurubanza, Scheffer and Looman (1985) and later by Mondello et al.
(2002). The oil of this plant was found to inhibit tubercular bacilli (Pattnaik
and Chand, 1996; Sarma and Babu, 2011). According to these authors,
three chemotypes of the plant can be distinguished depending on the major
constituent of the oil; i.e. camphor type (consisting of about 65% camphor),
methyl cannamate type (55-85% methyl cannamate) and citral type
(50-75%). However a fourth chemotype exists, since the presence of
a linolool-rich oil (89-90% linolool) was reported for essential oil from India
(Mondello et al., 2002). Singh et al. (2013) characterized the essential oils of
ten wild O. americanum specimens collected from different locations in
Uttarakhand, India. The oil composition was found to be affected by
variation in soil properties and microclimatic conditions. On the basis of
chemical composition and cluster analysis, these researchers classified
O. americanum into six groups. The first group being rich in methyl chavicol,
1,8-cineole, (E)-γ-bisabolene, β-bisabolene and eugenol, the second group
was rich in (E)-γ-bisabolene, aliphatic hydrocarbons, eugenol, β-bisabolene
and methyl chavicol. The third group was characterized as rich in eugenol
and (E)-caryophyllene, whereas the fourth contained high levels of linalool
with methyl chavicol. Aliphatic hydrocarbons, eugenol, camphor and
1,8-cineole were found in the fifth group. Finally, group six was
characterized by an abundance of camphor and aliphatic hydrocarbons.
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 Ocimum basilicum
Also known as sweet basil, Ocimum basilicum is a leafy, fragrant annual
plant that is widely used for the treatment of a wide range of ailments
including headaches, diarrhoea, constipation, warts, internal parasites,
coughs and kidney disorders. It is also applied externally to relieve insect
bites (Javanmardi et al., 2002), while the essential oil reduces acne. In most
parts of the world, but predominantly in the United States of America and
the Mediterranean regions, O. basilicum is cultivated and sold as a fresh or
dried herb (Trevisan et al., 2006).
 Ocimum gratissimum
The native origin of Ocimum gratissimum is unknown, but the plant is widely
distributed throughout the tropical and subtropical regions of Africa and
India. It is grown as a garden crop in many parts of the world, but is
cultivated on a commercial scale in Vietnam (Nweze and Eze, 2009). The
plant is also used as a culinary herb in salads, soups and vinegars and
forms an integral part of the ingredients used in Thai foods. Leaf extracts
are used in Nigeria to treat diarrhoea, while leaf infusions are used to
reduce haemorrhoids and settle an upset stomach (Prabhu et al., 2009).
 Ocimum sanctum
Ocimum sanctum, known as “Tulsi” in Hindi or “Holy basil” in English, is a
small, hairy, aromatic herb occurring throughout India. Two cultivars,
‘Sri Tulsi’, with green leaves, and ‘Krishna Tulsi’ with purple leaves, are
cultivated (Prakash and Gupta, 2005). According to Vani, Cheng and Chuah
(2009), this species forms part of the Ayurvedic System of medicine.
Ocimum sanctum is of major importance to the Hindu community and is
used daily as a general remedy for various ailments (Amber et al., 2010).
The leaf decoction is taken to treat gastric and hepatic disorders.

The medicinal properties of some Ocimum species are summarised in Table 2.2.
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Table 2.2: Biological activities reported for Ocimum species
Species
Ocimum
gratissimum

Ocimum basilicum

Essential oil

Non-volatile





-





-



-

Antimicrobial

Antioxidant




S. aureus
E. coli




Kumar et al., 2011


Ocimum ciliatum






Hakkim, et al., 2008

Trevisan et al., 2006

A. flavus



Reference

Prabhu et al., 2009



Ocimum sanctum

Antiinflammatory

Khelifa et al., 2012
Trevisan et al., 2006



C.
albicans

Amber et al., 2010



C.
violaceum

Alymanesh and
2013

S. aureus = Staphylococcus aureus, E. coli = Escherichia coli, A. flavus = Aspergillus flavus, C. albicans = Candida albicans,
C. violaceum = Chromobacterium violeceum

Tarighi,
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Herbal extracts containing O. sanctum have been reported to alleviate
infections and clinical symptoms in patients affected by viral hepatitis
(Geetha, Kedleya and Vasudenvan, 2004). Leaf juice, combined with
“Triphala”, is used in Ayurvedic eye drop preparations for the treatment of
eye diseases, including glaucoma, cataract and chronic conjunctiva.The
antimicrobial potential of Ocimum sanctum is reflected by its ability to inhibit
some gram positive and negative pathogens, mainly due to the presence of
eugenol in its chemical composition (Gupta et al., 2002). A paste prepared
from O. sanctum leaf extract is an effective treatment for ringworm (a
fungus) and other skin infections. In addition, aqueous extracts of the plant
display anti-ulcerogenic and ulcer-healing properties and therefore could be
a beneficial therapeutic agent against peptic ulcer disease (Dharmani et al.,
2004). Extracts of Tulsi leaves and seeds have been reported to reduce
blood and urinary uric acid levels in Albino rabbits and display diuretic
properties (Prakash and Gupta, 2005).

2.4

OCIMUM LABIATUM

According to the official checklist of South African plants, O. labiatum was
previously classified as Orthosiphon labiatus (Germishuizen et al., 2006: 528).
The plant, a fast growing semi-deciduous shrub, is known as pink sage or shell
bush, and as ‘pienk salie’ in Afrikaans7. This plant is characterised by heartshaped aromatic leaves and pink blossoms that appear in summer and spring
(Figure 2.6).

Ocimum labiatum grows throughout the year, even in extreme conditions, to a
height of about 1.5 m (Hankey, 2001). It occurs mainly in Swaziland, Zimbabwe
and the Kwazulu Natal and Limpopo provinces of South Africa8. Traditionally
O. labiatum was used by Zulu people as an antimicrobial concoction to relieve
stomach conditions (Van Wyk, Van Oudtshoorn and Gericke, 2009). There are no
reports describing how the concoctions are prepared.
7
8

witkoppenwildflower.co.za/alphabetical-list-of-plants/.. Accessed: 19 January 2015
plantzafrica.com/plantnop/orthosiphonlab.htm Accessed: 19 January 2015
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Figure 2.6: A typical example of Ocimum labiatum in flower

The essential oil composition of O. labiatum has not been reported. Only a few
documented studies on compounds present in extracts of the plant are available.
According to Paton et al. (2004), O. labiatum constituents include flavones
(5-hydroxy-6,7-dimethoxy- and 8-oxygenated flavones) in the polar leaf extract.
However, the biological activities of these flavones were not investigated. Later,
Hussein et al. (2007) isolated two labdane diterpenes (Figure 2.7a) and (+)-transozic acid from the ethanol leaf extract of the plant. They reported that one of the
diterpenes exhibits weak activity against Mycobacterium tuberculosis, while the
other displayed moderate activity against a breast cancer line.

Kapewongolo (2013) isolated several additional compounds from leaves of the
plant. Using NMR spectroscopy, the compounds were identified as pheophytin-a (a
chlorophyll derivative; Figure 2.7b), triterpene isomers (3-hydroxy 4,6a, 6b,11,1,14
b hexamethyl 1,2,3,4,6,6b,7,8a,9,10,11,12a,14,14a,14b-octadecahydropicicene-4-8
a-dicarboxylic acid), amyrin and a labdane diterpenoid (labda -8(17)-12,14-triene 2
R,18-diol). Although the antiinflammatory activity of O. labiatum was attributed to
the diterpenoid, it did not have good antioxidant activity. In the current study, the
secondary metabolites and their biological activities will be further investigated.
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a

b

Figure 2.7: Chemical structures of compounds isolated from leaf extracts of
Ocimum labiatum: a) labdane diterpenoid (labda-8(17),12E,14-triene-2R,18-diol) and
b) chlorophyll derivative pheophytin-a

2.5

SECRETORY STRUCTURES OF PLANTS

External secretory structures of plants consist of either trichomes or simple
subcutaneous glands. Trichomes are found on the surfaces of most aerial parts
of plants. They are diverse in shape and size and serve various functions,
depending on their location within the plant (Marine et al., 2008). Glandular
trichomes are secretory and are the primary sites where various secondary
metabolites, with beneficial application in the pharmaceutical, cosmetics and
pesticide industries, are synthesized, housed and secreted (Peter and Shinower,
1998). These secretions are used to deter insects and microorganisms, as well
as to attract beneficial insects for pollination purposes (Aharoni et al., 2006).
Phenolic compounds produced in trichomes may shield that particular organ from
UV-B radiation when exposed to sunlight (Liakoura et al., 1997). In contrast,
non-glandular trichomes merely act as covering hairs, which form an important
physical barrier to impede the access of insects and microbes to the plant surface
where they feed and lay eggs and cause infection, respectively. Glandular
trichomes consist of both capitate and peltate trichomes that can be differentiated
by their head size and stalk length (Maffei and Codignola, 1990). Capitate
trichomes are characterised by stalk lengths that exceed half of the diameter of
the head. In contrast, peltate trichomes are shorter with a single bicellular stalk
and a large head, consisting of 4-8 cells (Ascensão and Pais, 1998).
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In the Lamiaceae family, glandular hair occurs on all aerial plant organs (Werker,
1993). Many species from this family are well known for their essential oils.
Structural, ultrastructural and chemical aspects of trichomes of Lamiaceae have
been investigated in depth (Ascensão et al., 1995; Ascensão and Pais, 1998;
Ascensão et al., 1999; Gersbach, 2002; Giuliani et al., 2008). For example, five
morphological types of surface appendages were identified on the leaf surfaces
of Plectranthus ornatus (Ascensão et al., 1999). According to Serrato-Valent et al.
(1997) secretory hairs of Salvia aurea (Lamiaceae) contain both peltate and
capitate glandular trichomes of different classification types.

Plectranthus laxiflorus (Lamiaceae) was found to have different types of peltate
and capitate glandular trichomes distributed on both adaxial and abaxial leaf
surfaces and their maturity was dependent on the leaf maturity (Bhatt, Naidoo
and Nicholas, 2010). Microscope techniques (light and scanning electron
microscopy) were applied by Bhatt, Naidoo and Nicholas (2010) to study the
morphological structures and the distribution of trichomes on the leaf surfaces of
O. labiatum (Orthosiphon labiatus). Both glandular (peltate and capitate) and
non-glandular structures were observed. The non-glandular structures were
found to be more abundant on the abaxial surfaces, especially on the veins, of
young leaves. However, no histochemical staining was done to determine the
contents of the glandular trichomes.

Histochemical staining techniques have been widely used to study the nature of
secreted secondary metabolites in glandular trichomes. In this study, the
trichomes on the leaf surfaces of O. labiatum will be investigated using a
combination of SEM, light microscopy and histochemical staining techniques.

2.6

PHYTOREMEDIATION

Phytoremediation, also referred to as green-remediation, botanical-remediation,
agro-remediation or vegetative remediation, is a popular treatment for
remediation of polluted and naturally contaminated environments (Moosavi and
Seghatoleslami, 2013).
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It relies on the ability of plants to accumulate elements, including heavy metals, in
amounts exceeding the nutritional requirements of the plant (Porębska and
Ostrowska, 1999; Pivertz, 2001).

This process can be used to remediate contaminated soils, sludges, sediments
and ground-, surface and waste water by benefiting from a variety of biological
processes within, and physical characteristics of the plant. Phytoremediation can
be defined as the in situ use of actively growing plants for the extraction,
decomposition and containment of pollutants present in a variety of matrices
(Porębska and Ostrowska, 1999). It is a cost effective and environmentally
friendly technique, and has found widespread application for the removal of
potentially toxic elements including metals, polycyclic aromatic hydrocarbons
(PAHs), petroleum hydrocarbons, chlorinated solvents, pentachlorophenols
(PCP) and radionuclides from soils and water (Pivertz, 2001; Sarma, 2011).
Phytoremediation has been divided into categories, depending on how the
phenomenon of pollutant uptake occurs. The properties of some plants allow
them to overlap into two or more of these categories (De Mello-Farias, Chaves
and Lencina, 2011). In phytoextraction, plants remove pollutants from soils and
these subsequently accumulate in the aerial plant parts. These pollutants can
then be disposed of in a contained area or processed for recovery. Phytofiltration
is a method used to remove pollutants from aqueous waste, with the aid of plants
that grow in water. Phytostabilization involves the absorption of pollutants from
soils and retention of these in the rhizosphere of plants, while phytovolatization is
the transfer of volatile pollutants from the foliage. Phytodegradation is the
decomposition of organic pollutants by a combination of plants and suitable
microorganisms (Lone et al., 2008).

In general, plants selected for remediation must be strong growers, able to
produce a large biomass within a short time and be well adapted to the prevailing
environmental conditions such as rainfall, temperatures, UV radiation, soil type
and pH. A good phytoremediation programme must not be discriminatory to soil
type variations that include physical (soil texture and structure) and chemical
(nutrients and organic matter) properties.
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Plants play an important role in phytoremediation due to their ability to extract and
accumulate metals into their plant parts. Tolerant plants survive by either
accumulating or excluding pollutants to which they are exposed. Depending on
their plant-pollutant relationship, metal-tolerant plants are categorised as metal
excluders, accumulators or indicators (Baker, 1981). Ghaderian and Ravandi
(2012) defined excluders as plants that prevent or limit the transportation of
metals to shoots, so as to maintain a relatively low metal concentration in the
shoots over a wide range of pollutant concentrations in the soil. These plants may
accumulate large quantities of pollutants in their roots. On the other hand,
accumulators have the ability to translocate high levels of pollutants to the aerial
parts and accumulate them. Some plants are able to transfer large amounts of
pollutants to their above-ground parts without any visible detrimental effects on
the plant and are classified as hyperaccumulators (Rascio and Navari-Izzo,
2011). Indicators are that plants that translocate pollutants to the above ground
parts and reflect the pollutant concentrations in the soil. Prolonged accumulation
of the metal(s) is usually fatal to the plant (Mganga, Manoko and Rulangaranga,
2011).

Figure 2.8: Illustration depicting the concepts of hypertolerance, non -hyperaccumulator
and hypertolerant hyperaccumulators in phytoremediation (1) heavy metal binding to the
cell walls and/or cell exudates, (2) root uptake,(3) chelation in the cytosol and/or
sequestration in vacuoles, (4) root-to-shoot translocation (Rascio and Navari-Izzo, 2011)
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Hyperaccumulators are ideal plants for phytoremediation since they are tolerant
and can accumulate large quantities of potentially toxic metals. Over 500 plant
species and 0.2% of angiosperms have been identified as hyperaccumulators
(Sarma, 2011). Some plant species may be hyperaccumulators in relation to one
type of pollutant, while others are able to hyperaccumulate multiple pollutants
simultaneously

(Mganga,

Manoko

and

Rulangaranga,

2011). A good

hyperaccumulator should have a high accumulation rate, even when growing on
sites with low concentrations of pollutants, be able to grow fast, have the ability to
accumulate several pollutants at high levels, produce a high biomass and be
resistant towards diseases and pests (Watanabe, 1997). The ability of Ocimum
species to accumulate potentially toxic metal pollutants has not been reported.
However, the phytoremediation potential of several Lamiaceae species, such as
Lavandula dentata, Rosmarinus officinalis and Thymus vulgaris, are reported as
these species met regular conditions required for phytostabilisation, aided by the
application of amendments (Parra et al., 2014).

2.7

COPPER AS AN ENVIRONMENTAL POLLUTANT

2.7.1

Properties and toxicity of copper

Copper is an important redox-active transition metal occurring as Cu(I) and Cu(II).
It is widely distributed in nature and occurs in the form of sulfides, carbonates and
chlorides. Of the two oxidation states, Cu(II) is considered to be the best indicator
of the bioavailability of the metal in soil (Romić et al., 2014). The adsorption of
Cu(II) to soil components is dependent on the soil pH and is associated with a
decrease in adsorption as the soil pH increases (Deef, 2007). The metal tends to
accumulate close to the soil surface, because it has a high affinity for organic
matter and from which it is not easily leached. However, Cu(II) remains active in
the soil for many years and can leach into the deeper layers of the soil, before
ultimately being carried into rivers or lakes (Rusjan et al., 2007). Several factors
including climate, microbial population and the oxidation state of the Cu influence
its bioavailability (Pietrzak and McPhail, 2004).
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Both the Cu concentration and its mobility must therefore be considered when
assessing the potential effects of the metal in the soil.

The solubility of the metal is determined by the pH of the environment. In acidic
media, Cu phytotoxicity is at a peak in soils with a low cation exchange capacity
(Komárek et al., 2010). The presence or intake of low concentrations of Cu(II) is
essential for soil quality, human health and for normal plant growth and
metabolism (Ghaderian and Ravandi, 2012). The metal is therefore considered to
be a micronutrient. However, high concentrations of Cu are toxic and detrimental
to the environment. Human health is particularly at risk, due to the
bioaccumulation of the metal in the food chain (Gaetke and Chow, 2003). Upon
intake, Cu is adsorbed mainly in the gastrointestinal tract and is moderately
excreted within the faeces, while non-excreted forms are transported to the liver
and stored as hepatocytes, on storage it binds to metallothionein (WHO, 19989;
Gaetke and Chow, 2003). In humans, the liver is the key organ of Cu-induced
toxicity. Copper homeostasis by the liver and the metal’s ability to bind to proteins
and

peptides

play

a

significant

role

in

the

bio-inorganic

chemistry

mechanism. This mechanism contributes to the development of neurodegenerativ
e diseases, including Alzheimer's, Parkinson's, Creutzfeldt–Jakob's (“Mad cow”)
diseases or amyotrophic lateral sclerosis (Komárek et al., 2010). Exposure to Cu
is known to induce gastric diseases. Reaction of copper with nutrients such as
iron, results in deficiencies of which anaemia is an example. Abdominal pain,
headache, nausea, dizziness, vomiting and diarrhoea, tachycardia, respiratory
difficulty, haemolytic anaemia, hematuria, massive gastrointestinal bleeding, liver
and kidney failure, and even death are some of the outcomes of Cu toxicity (Stern
et al., 2007).

2.7.2

Sources of copper pollution

Mining and smelting, the use of agrochemicals (insecticides/pesticides), disposal
of industrial and municipal waste in agricultural land and use of agrochemicals
have been identified as major sources of Cu pollution (Lone et al. 2008).
9

http://www.who.int/water_sanitation_health/dwq/chemicals/copper.pdf. Accessed: 15 September
2014
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Fungal decay of agricultural crops is controlled by the application of plant
protection agents. Since the 1800s, when Cu-based fungicides became popular
in vineyards, fungicides have been used to ensure food security (Helling et al.,
2000). However, the build-up of resistance of pathogens to synthetic organic
fungicides and the increasing awareness of consumers concerning residues of
these products in foodstuffs, have increased reliance on Cu-based fungicides
(Komárek et al., 2010). These fungicides are widely used, even in European
organic orchards, following the banning of certain synthetic organic fungicides. In
Europe, Cu-based fungicides are initially applied at a maximum concentration of
8 kg Cu per hectare, but this must be reduced to 6 kg Cu per hectare after four
years of vine cultivation. Copper solutions containing sulfates and lime (Bordeaux
mixture) were initially introduced in agriculture as fungicides (Besnard, Chenu
and Robert, 1999).

Although still in use, the trend is to apply less soluble Cu-based solutions of
Cu2O, Cu(OH)2 and CuCl2.3Cu(OH)2 (copper oxychloride) (Pietrzaka and
McPhail, 2004). Regardless of their low solubilities, these solutions still provide
sufficient protection against pathogens with fewer undesirable effects on the host.
Solutions of Cu2O have found application in banana, tea, coffee, hop fields, apple
and avocado plantations to combat fungal diseases including blight, downy
mildew and rust (Komárek et al., 2010; Kiaune and Singhasemanon, 2011).

2.7.3

Effects of copper on soil quality

Soil quality is defined by Shukla, Lal and Ebinger (2006), as the capacity of soil to
function, depending on its intended use. The continuous use of Cu-based
fungicides in vineyards and orchards has led to a buildup of Cu in the soil.
Concentrations of up to 1280 mg/kg and 3216 mg/kg were measured in European
and Brazilian vineyards, respectively (Wightwick et al., 2008). According to
studies done in Australia, there is a direct link between earthworm density and
soil productivity and efficiency of the vineyards (Wyszkowska, Kucharski and
Lajszner, 2006). Eijsackers et al. (2005) reported on the negative effects of Cu
contamination on soil quality.
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Since earthworms are regarded as biomarkers for soil quality, they investigated
earthworm populations in vineyards and concluded that the decrease in
earthworm growth and survival was associated with the high concentrations of Cu
in the vineyard soil. In addition, the presence of Cu as a pollutant in the soil
reduces microbial diversity and activities that contribute to the compromising of
soil quality (Lenart-Boroń and Boroń, 2014).
Table 2.3: Copper concentrations determined in the upper layers of some vineyard soils
as published in literature (Komárek et al., 2010)

Australia

Depth
(cm)
0–1

Australia

0–10

6–223

Brazil

0–5

37–3216

Brazil

0–5

433–517

France

0–10

248–378

France

-

32–184

Italy

n.a.

215–372

Spain

0–20

179–549

Switzerland

n.a.

58–489

Thailand

0–10

115–238

Country

Cu (mg/kg)
9–249

Microbes are essential to soil quality, since they contribute towards recycling of
plant nutrients, maintenance of soil structure, detoxification of noxious chemicals,
and the control of plant pests and plant growth. Reduction of the Cu
concentrations in orchards and vineyards by intercropping with plant species able
to accumulate the metal is an innovative approach to restoring soil quality.

2.7.4

Analysis of environmental samples to determine copper

Sample pretreatment is an important step in the analysis of solid samples to
determine their elemental compositions. In solid samples, it is a requirement for
samples to be homogenized and dissolved in liquid phase, either by extraction or
digestion of the target analyte (Carrilho et al., 2002).
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Microwave-assisted acid digestion (MAD) had been used to successfully extract
potentially toxic metals of interest from a wide range of samples including plant
material, meat, marine organisms, soils and sediments (Feng et al., 1999;
Carrilho et al., 2002; Enamorado-Báez et al., 2013; Eća et al. 2014). Recoveries
can

be

determined

using

appropriate

certified

reference

materials.

Microwave-assisted digestion (MAD) is a technique based on the fundamentals of
acid immersed digestion, but involves the use of microwave energy with a
frequency ranging between 300 MHz and 30 GHz to increase the efficiency of the
process (Dai, 2006:7). Besides being faster, the microwave digestion system is
equipped with closed vessels, thereby reducing contamination and sample loss
due to the evaporation of volatile analytes (Enamorado-Báez et al., 2013).
Environmental samples such as soils can be more rapidly digested using
hydrofluoric acid with MAD than when using traditional digestion methods such as
wet ashing (Sastre et al., 2002). Plant tissues and grains can be digested by
MAD. Nitric acid alone or a combination of acids (e.g. HNO3:HF:H3BO4) can be
used, depending on the analyte of interest (Feng et al., 1999).

The in situ use of a field portable X-ray fluorescence (FP-XRF) spectrometer to
measure the levels of potentially toxic metals is time and cost effective compared
to other techniques used in the laboratory. This is mainly because sample
preparation steps including sieving and acid digestion is eliminated; which is time
consuming. Many portable XRF instruments can determine simultaneously as
many as 25 elements in samples, such as solid soil, dust particles collected on
filters, metals and rocks. These instruments can perform fast, non-destructive
analysis of environmental samples (Radu and Diamond, 2009).

According to Palmer et al. (2009), portable XRF analyzers display comparable
performance characteristics to those of expensive laboratory-based XRF
analysers. Portable XRF instruments have found widespread application in the
geographical mapping of metal-contaminated sites (Carr et al., 2008) and in
screening and identifying of metal contaminants such as Pb, As, Cu and Zn in
situ (Bernick et al., 1995).
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Inductively coupled plasma-optical emission spectroscopy (ICP-OES) is one of
the most widely used analytical techniques to analyse trace elements. In this
technique, photons are emitted from atoms that have been excited using a RF
discharge. The instrument can be used to analyse samples in both liquid and
gaseous phases, but samples in solid phase must be acid digested to obtain the
element of interest in the liquid phase (Hou and Jones, 2000). The use of
ICP-OES, instead of atomic absorption spectrometry (AAS) for the determination
of Cu accumulation in different plant species (Ghaderian and Ravandi, 2012), is
mainly due to the ability of ICP-OES to minimize the effects of chemical
interferences (Tyler, 1991). Minimization of chemical interferences is often
attributed to the high Ar plasma temperature of approximately 10 000 K. This also
accounts for the high sensitivity of the instrument towards refractory element
containing (V, Zr, Mo, etc) samples that require high temperatures to break down
bonds.

2.7.5

Effects of copper on plant secondary metabolite production

Even though Cu plays an important nutritional role in plant growth and cell
development, excessive concentrations of Cu can result in phytotoxicity. Toxic
effects inhibit plant growth and weaken essential cellular processes. These
processes include photosynthetic electron transport in chloroplasts by inactivating
enzymes, the blocking of functional groups of metabolically important molecules
and ROS production by auto-oxidation and the Fenton reaction (Yruela, 2005;
Michalak, 2006). According to Rascio and Navari-Izzo (2011) production of ROS,
H2O2, ·OH and ·O2- exposes plant cells to oxidative stress, resulting in
peroxidation, biological macromolecule deterioration, membrane dismantling, ion
leakage and DNA-strand cleavage. In small quantities, ROS are beneficial to
plants in relation to pathogenic defense mechanisms, play a role in some
developmental stages (lignification) and also cross-link molecular entities in the
plant cell wall (Schtüzendübel and Polle, 2002). According to Dietz, Baier and
Krämer (1999) and Shaw, Sahu and Mishra (2004), metal stress promotes the
ROS production in plant cells and tissues in four different ways. Firstly, ROS is
induced through electron transfer in a single electron transfer reaction.
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This results from the presence of unpaired electrons in the orbitals of transition
metals (Cu) that can easily accept or donate single electrons. Monoelectron
transfer to O2 takes place, followed by ROS interconversion and oxidoreduction
phenomena. Secondly, metals promote ROS and free radical production by
altering the metabolic pathway, particularly in the thylakoid membrane. Thirdly,
deactivation of antioxidant enzymes such as peroxidases (may be activated by
metal-induced stress), catalases, superoxide and dismutases responsible for
detoxification and lastly metal buildup weakens low molecular weight antioxidants
(glutathione) used for phytochelate formation. To reduce ROS production
resulting from metal-induced stress; plants produce enzymatic and nonenzymatic antioxidants to decontaminate the plant (Singh and Agrawal, 2011).

These secondary metabolites are low molecular weight organic molecules that
are known as phytoalexins. These are not required for the normal physiological
processes in the plant, but act as antidote against the stress inducer, mainly
metal ions (Mithöfer, Schulze and Boland, 2004). Phytoalexins comprise a wide
range of plant secondary metabolites including alkaloids, terpenes and phenolic
compounds. Kovacik et al. (2010) reported that plants produces phenolic
compounds to scavenge ROS produced from biotic or abiotic-induced stress,
thereby reducing the oxidative free radical.In the case of Cu accumulation in
plants, an increase in enzyme activity in the plant is used as a biomarker for
stress (Mocquot et al., 1996). Plant metabolite production is affected by Cu
accumulation in plant cells, thereby affecting plant growth, root morphology and
lignin production. The accumulation of Cu often leads to a reduction in their
biomass depending on their Cu toxicity tolerance (Ali et al., 2006). Plants ideally
extract Cu from the soil into their roots then distribute it accordingly into their
aerial parts depending on the plant species. According to Jiang, Liu and Liu
(2001), Cu toxicity contributes to inhibition of root elongation, as well as
epidermal cell and cell membrane damage.

In this study, the possibility of using O. labiatum to remediate Cu in contaminated
orchards will be investigated. The effects of Cu on the production of secondary
metabolites will also be established.
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CHAPTER 3
METHODOLOGY

3.1

INTRODUCTION

Chemical constituents of O. labiatum were sequentially extracted using non-polar
and polar solvents. These extracts were tested for their biological activities to
identify target molecules for isolation. The antimicrobial activity of each extract was
evaluated against Candida albicans (fungus), Escherichia coli (gram negative),
and Staphylococcus aureus (gram positive). To establish the antioxidant activity,
the 1,1-diphenyl-2-picrylhydrazyl (DPPH) assay was implemented. In addition,
plant extracts were tested against 15-LOX, COX-1 and COX-2 enzymes to
determine their antiinflammatory properties. Column chromatography was used to
purify and isolate active metabolites. Thin layer chromatography (TLC) was used
throughout to monitor purity and to visualise active compounds. The structure of a
compound from an extract with good antiinflammatory activity was elucidated
using nuclear magnetic resonance (NMR) spectroscopy. Compounds in the
non-polar extracts were identified by GC-MS. The phytoremediation potential of
O. labiatum was also investigated, using the pot trial method. This property was
explored with the aim of using the species to remediate Cu-contaminated orchard
soils through intercropping.

3.2

PLANT MATERIAL AND CHEMICALS

A total of ninety-five O. labiatum plants, planted in individual 2.5 L black bags,
were purchased from Random Harvest Nursery (Johannesburg, Honeydew. South
Africa) in March 2012. The plants were housed in a greenhouse (± 28 °C) for six
weeks

before

harvesting.

Ninety

plants

were

used

to

investigate

the

phytoremediation potential of O. labiatum, while the remaining five plants were
used for chemical constituent determination, isolation and biological activity
analysis.
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After harvesting, leaves and roots were removed with clean secateurs. The plant
parts were washed with deionised water and then spread out and left to air-dry in
the shade for 24 h. Once dry, the leaves were pulverised separately into
homogenous powders using a ball mill (MM200, Retsch Gmbh, Solutions in Milling
& Sieving, Haan, Germany). As the twigs could not be pulverised into fine powder,
they were omitted from the experiment.

Organic solvents (methanol, ethanol, toluene, formic acid, acetic acid, diethyl
ether, ethyl acetate, chloroform, dichloromethane, hexane and dimethyl sulfoxide)
were purchased from Sigma Aldrich (Aston Manor, Johannesburg, South Africa)
and

were

analytical reagent

(AR) grade.

For high

performance

liquid

chromatography, HPLC grade solvents were used. For the isolation of bioactive
principles by column chromatography, silica gel (Kieselgel 60, 0.063-0.2 mm,
70-230 mesh; Macherey-Nagel, Düren, Germany) was used. Thin layer
chromatography (TLC) plates (AlugramTM Sil G/UV 254 aluminium-backed plates;
2 mm layer; 20 x 20 cm) were also obtained from Macherey-Nagel (Germany).
Visualisation

reagents,

such

as

vanillin,

1%

methanolic

diphenylboric

acid-β-aminoester and 5% ethanolic polyethyleneglycol 4000, as well as
glutaraldehyde, formaldehyde, osmium tetroxide and caffeic acid) were purchased
from Sigma-Aldrich (Pty) Ltd. (Johannesburg, South Africa), and anhydrous
sodium sulfate from Merck (Johannesburg, South Africa).

The COX assay kit used for determining antiinflammatory activity was purchased
as a COX inhibition screening assay kit (Cayman Chemicals, Canada), while the
15-LOX enzyme (soybean lipoxidase), gallic acid, ascorbic acid, Folin-Ciocalteau
reagent

and

quercetin

were

purchased

from

Sigma-Aldrich

(Pty)

Ltd.

(Johannesburg, South Africa). For the antimicrobial activity assay, yeast extract,
tryptone, Luria-Bertani (L-B) and bacteriological agar were also purchased from
Sigma-Aldrich. Cells were cultured in minimum essential medium (RPMI, Gibco,
invitrogen, Carlsbad, Ca, USA) amended with amphotericin B (0.25 μg/mL),
NaHCO3 (1.5 g/L), penicillin (100U/mL), streptomycin (100 μg/mL) (all purchased
from Sigma-Aldrich, St. Louis, MO, USA),
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Inorganic salts (aluminium

chloride,

ammonium

acetate, copper sulfate,

hydroxylamine chloride, sodium hydroxide, anhydrous sodium sulfate, sodium
carbonate), were purchased from Sigma-Aldrich, while acids (hydrochloric acid,
suprapure nitric acid, hydrofluoric acid, orthophosphoric acid and boric acid) were
purchased from Merck (Johannesburg, South Africa). Copper reference standards
were purchased from Fluka A.G. (Switzerland). Leaves and soil certified reference
material (NSD DC73319; NSD DC73319) was obtained from China National
Analysis Centre for Iron and Steel.

3.3

INVESTIGATION OF CHEMICAL CONSTITUENTS OF
OCIMUM LABIATUM

3.3.1

Characterisation of O. labiatum essential oil

Plant material was harvested 1 h prior to hydrodistillation. After the addition of
distilled water, leaves (150 g) were distilled in a Clevenger-type apparatus for 4 h.
The oil obtained was diluted with hexane to prepare a 20% oil solution, which was
analysed using an Agilent 6890N gas chromatograph coupled to a mass
spectrometer (Agilent 5973). Separation was achieved using a HP-Innowax
polyethylene glycol column (60 m X 250 µm i.d X 0.25 µm film thickness, Agilent
Technologies Illinois, USA). Helium was used as the carrier gas at a flow rate of
1.20 mL min-1. A volume of 1.0 μL was introduced with an autosampler, while
employing a split ratio of 200:1 and maintaining an inlet temperature of 250 °C.
The GC oven temperature was initially set at 60 °C, increasing to 220 °C at a rate
of 4 °C/min over a period of 10 min. The temperature was then increased to
240 °C at 1 °C/min. After separation, the peaks were identified by comparing the
retention times and retention indices from the total ion chromatogram with an
in-house reference library and the obtained mass spectral data with the NIST®,
MassFinder® and Flavor and Fragrance® spectral libraries.

3.3.2

Solvent extraction of compounds

Powdered leaves (50 g) were placed in a Schott bottle and extracted with
dichloromethane (500 mL) by shaking for 60 min at 200 rpm, using a Labcon
platform

shaker (Laboratory Marketing Services

CC,

Maraisburg,

RSA).
46

Thereafter, the mixture was filtered through Whatman No 4 filter paper. The
residue was returned to the bottle, a fresh portion of dichloromethane (500 mL)
was added and the procedure repeated twice. All three filtrates were combined,
while the remaining residue was mixed with 500 mL 80% aqueous methanol to
extract polar compounds. The same extraction procedure was followed as for the
extraction of the non-polar compounds.

A small volume of each extract was applied to a prepared TLC plate. A mobile
phase consisting of methanol:dichloromethane (5:95; v:v) was used to develop
and separate compounds from the non-polar extract, while a mixture of a
toluene:ethyl acetate:formic acid (3:5:0.5; v:v:v) was used for the polar extract.
After development, the plates were observed under UV light (254 and 366 nm;
Camag, Switzerland). Thereafter 1% methanolic diphenylboric acid-β-aminoester,
referred to as Natural Product (NP) Reagent, was applied to the plate, followed by
5% ethanolic polyethylene glycol 4000 (PEG) to visualise phenolic and flavonoid
compounds. The plates were also sprayed with p-anisaldehyde solution, prepared
by mixing 0.5 mL p-anisaldehyde, 85 mL methanol, 10 mL of acetic acid and 5 mL
of sulfuric acid. The plate was carefully heated to about 100 °C by placing it on a
hotplate to allow colour development to take place.

The biological activities of both non-polar and polar extracts were initially
evaluated using bioautography to establish their antimicrobial and antioxidant
activities, while microdilution assays were used to study their antiinflammatory
activities.

3.3.3

Isolation and identification of Compound A1

Non-polar compounds were extracted using dichloromethane as described in
Section 3.3.2. The solvent was evaporated from the extract under reduced
pressure using rotary evaporation at 40 °C to yield a dry mass of 40.40 g.
A 2.50 g mass of the extract was partially purified using column chromatography.
To prepare the column, a slurry of 100 g silica gel was prepared in 200 mL
dichloromethane. The slurry was poured into the column and compacted;
whereafter a 6 mm layer of anhydrous sodium sulfate was placed above the
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column packing to remove any moisture present in the sample. The sample was
dissolved in hexane and applied to the column. Stepwise elution of compounds
was then done, initially using hexane, and then using increasing concentrations of
ethyl acetate in hexane to a final concentration of 80% ethyl acetate. The
composition and purity of each 15 mL fraction collected was determined by TLC
analysis. A total of 310 fractions were collected of which five fractions contained a
pure compound (Compound A1) making up 75 mL solution. Compound A1 has a
retardation factor (Rt) of 0.63 when the plate is developed in 5% methanol in
dichloromethane. Bioautography and a microdilution assay were used to
determine the antimicrobial activity of Compound A1 against three pathogens
(Section 3.4.1).

The fraction containing Compound A1 was evaporated to dryness and a 5.0 mg
mass was dissolved in 1.0 mL dichloromethane. The solution was analysed using
an Agilent 5975 gas chromatograph, fitted with an Agilent 7693 autosampler and
coupled to a mass spectrometer. Separation was achieved using a DB-5 (5%
phenyl-methylpolysiloxane) capillary column (30 m x 0.25 mm) with a 0.25 µm
thickness cross-linked stationary phase (Agilent Technologies Illinois, USA).
Helium was used as the carrier gas at a constant flow rate of 1.74 mL/min.
A 1.0 μL volume was injected using an autosampler (splitless injection) with inlet
temperature of 100 °C. The GC oven temperature programme was set at an initial
temperature of 60 °C for 2 min, then raised to 160 °C at 15 °C/min and held for
9 min. Thereafter, the temperature was raised to 260 °C at 6 °C/min (held 3 min),
before increasing to 300 °C at a rate of 6 °C/min. After separation, peaks were
identified using the mass spectra from the total ion chromatogram and retention
indices. The NIST®, MassFinder® and Flavor® spectral libraries were used for
comparison of spectra.

3.3.4

Isolation and identification of Compound A2

The crude 80% aqueous methanol extract was concentrated using a rotavapor
(Bϋchi, Switzerland supplied by Labotec, Midrand, South Africa). The concentrate
was transferred to a 100 mL volumetric flask and diluted to the mark with
methanol. To calculate the dry mass of the extract, a subsample (1.00 mL) was
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transferred to a clean, pre-weighed Eppendorf tube (Eppendorf, Hamburg,
Germany). The aliquot was evaporated to dryness under nitrogen with the aid of
Reacti-vap evaporator (Pierce, Rockford, Illinois). The mass, obtained by
difference, was then extrapolated to the entire extract. A series of columns was
used to purify the extract.

Column 1: A volume, representing a 2.5 g mass of the dry extract, was removed
and adsorbed onto 100 g of silica gel for column chromatography. The extract was
fractionated using vacuum liquid chromatography (VLC). A column (100 g silica
gel) was prepared in the same way as that used for the non-polar extracts (Section
3.3.3). The sample, adsorbed onto silica gel, was applied above the layer of
sodium sulfate. Thereafter, batch elution was achieved by consecutively passing
dichloromethane (1000 mL), ethyl acetate (500 mL) and methanol (1000 mL)
through the column with the aid of vacuum suction (Vacuubrand, supplied by
Lasec, Cape Town, South Africa). Small aliquots of each solvent fraction were
spotted on the TLC plate to determine their compositions. Biological activity
investigations (Section 3.4) suggested that polar extracts possess antioxidant and
antiinflammatory activities, therefore the individual solvent fractions were tested in
these assays. The methanol fraction contained compounds of a phenolic nature as
became evident after spraying with NP reagent. Those fractions with
antiinflammatory and antioxidant activities were further purified using a second
silica gel column. To obtain a suitable mobile phase to isolate compounds in the
methanol fraction, a procedure described by Salituro and Dufresne (1998) was
followed. Aliquots of the extract were applied to strips of a TLC plate, which were
then developed in different mobile phases. A mobile phase was regarded as
suitable if some of the compounds of interest had Rf values of between 0.2 and
0.3, while the other compounds remained on the baseline.

Column 2: The selected combined fractions eluted with methanol by VLC were
further purified using a second column, which was eluted using gravity. A mass of
2.17 g, obtained from the methanol fraction was mixed with a small amount of
silica gel and loaded onto the column, packed with 50 g silica. The samples were
eluted with a mobile phase consisting of chloroform:methanol:water (6:4:0.5; v:v:v)
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and 15 mL fractions were collected. Fractions contained two, three or more
compounds. Those of similar compositions were pooled after analysis by TLC, and
the antiinflammatory activity of each fraction was determined. Two fractions with
one common compound had good activities. This compound became the
compound of interest (Compound A2).

Column 3: The fraction with the best activity (128.6 mg) was purified on a third
column using 20% methanol in chloroform as mobile phase. The methanol
concentration was gradually increased and 10 mL fractions were collected.
Fractions with similar chemical compositions, as determined by TLC, were again
pooled and concentrated. Ten fractions (30 mL) were found to contain only
Compound A2 with an Rf value of 0.32.
These combined fractions were diluted to prepare 5.00 mg/mL solutions in HPLC
grade methanol. The solution was filtered using a 0.22 μm filter (Agilent
Technologies Illinois, USA) and analysed by UPLC. The instrument used was a
Waters Acquity UPLC system with a PDA detector (Waters, Milford, MA, USA).
Separation was achieved on an Acquity UPLC BEH C18 column (150 mm × 2.1
mm, i.d., 1.7 μm particle size, Waters) maintained at 30 °C. The mobile phase
consisted of 0.1% formic acid in water (Solvent A) and acetonitrile (Solvent B) at a
flow rate of 0.3 mL/min. Gradient elution was applied as follows: the initial
concentration of 5% B was increased to 20% B in 3 min. The concentration was
then adjusted to 60% B in 7 min. Thereafter, the gradient was taken to 40% B in 2
min, 20% B in 2 min and finally, back to the initial concentration in 1 min. The total
running time was 16 min.
An injection volume of 4.0 μL (full-loop injection) was used. The mass
spectrometer was operated in the positive ion electrospray mode. Nitrogen was
used as the desolvation gas. The desolvation temperature was set to 350 °C, at a
flow rate of 500 L/h, and the source temperature was 100 °C. The capillary and
cone voltages were set to 3500 and 40 V, respectively. Data were collected
between m/z 100 and 1500.
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The optical rotation of the purified compound was measured using a Perkin Elmer
341 Polarimeter (PerkinElmer Technologies, Midrand, South Africa) at a
wavelength of 546 nm. A 0.10 M solution was prepared in methanol.

3.3.4.1 Structure elucidation using nuclear magnetic resonance
spectroscopy
For structure elucidation, the isolated polar compound (18 mg) was dissolved in
deuterated methanol and transferred to an NMR tube. Spectra were recorded at
Stellenbosch University using a Bruker 600 Avance II NMR (Bruker, Bellerica, MA,
USA) at 600 MHz for 1H NMR and 150 MHz for

13

C NMR. Two dimensional (2D)

NMR experiments were performed using standard Bruker microprograms.
The solvent signals were used for calibration. The one dimensional spectroscopy
involved 1H and

13

C, as well as distortionless enhancement through polarization

transfer (DEPT) analysis. Two dimensional techniques used were correlated
spectroscopy (COSY), heteronuclear multiple quantum coherence (HMQC) and
heteronuclear multiple bond connectivity (HMBC) analyses. An ultra performance
liquid chromatographic system, equipped with a quadrupole time of flight mass
spectrometer (Waters, Acquity UPLC-qTOF-MS, Milford, MA, USA) was used to
obtain the accurate mass of Compound A2.

3.3.5

Acid-base extraction of alkaloids

For the extraction of possible alkaloids from O. labiatum, the typical acid-base
extraction method for alkaloids was followed as described by Shikanga et al.
(2012). Powdered leaves (20 g) were extracted three times with 60 mL of 0.25 M
aqueous H2SO4 by shaking for 10 min. The combined filtrates were subsequently
basified with 75 mL of 25% aqueous NH3. The basic solution was then partitioned
into 3 x 90 mL of dichloromethane. The combined organic layers were evaporated
to dryness using a rotary evaporator and then redissolved in dichloromethane to
prepare a 5 mg/mL solution.

After extraction, the sample was analysed using a two-dimensional GC (Agilent
5975), equipped with a quadrupole mass spectrometer. The instrument was fitted
with an Agilent 7693 autosampler. Separation was achieved using a DB-5 (5%
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phenyl-methylpolysiloxane) capillary column (30 m x 0.25 mm) with a 0.25 µm
thickness cross-linked stationary phase (Agilent Technologies Illinois, USA).
Helium was used as a carrier gas at a constant flow rate of 1.74 mL/min. A volume
of 1.0 μL was injected, while maintaining an inlet temperature of 310 °C. The GC
oven temperature programme was set at an initial temperature of 60 °C for 2 min,
then raised to 160 °C at 15 °C/min (held for 9 min), after which it was raised to
260 °C at 6 °C/min. After 3 min, the temperature was raised to 300 °C at a rate of
6 °C/min. Following separation, peaks were identified using mass spectra from the
total ion chromatogram and retention indices using the NIST® spectral library.

The sample was further analysed using an Agilent 7890 2D GCxGC-ToF-MS
instrument (Agilent, Palo Alto, CA, USA), equipped with a cryogenic modulator.
An Rxi-5 SilMS column (28 m x 25 μm x 0.25 μm) was used as the first
dimensional column, while a Stabilwax column (0.79 m x 150 μm x 0.15 μm) was
used as the second column. Ultra high purity helium in constant flow mode at a
flow rate of 1.50 mL/min was used as the carrier gas. The sample was introduced
by the autosampler using a split ratio of 1:200, while maintaining an inlet
temperature of 260 °C. The first column oven was held at 200 °C for 2.0 min, then
ramped at 10 °C/min to 245 °C (held for 7.0 min). The second column was
maintained at a constant temperature set at 5 °C higher than the first column oven
temperature. Chromatographic runs were 13.5 min long. No mass spectra were
collected for the first 1.60 min of each run (solvent delay), but spectra were then
recorded over the range m/z 60 to 450 at 100 spectras. A modulation period of
1.50 s was observed and transfer line and ion source temperatures of 235 °C and
250 °C were maintained, respectively. The detector voltage was 1600 V and the
filament bias was −70eV. The results obtained using the two different techniques
were compared to assist with compound identification.

3.4

DETERMINATION OF THE BIOLOGICAL ACTIVITIES OF
OCIMUM LABIATUM

The biological activities of crude extracts and column fractions from O. labiatum
were evaluated to allow bioassay-guided purification of active metabolites. Each
test solution (both non-polar and polar extracts) were prepared at a concentration
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of 10.0 mg/mL using 10% dimethyl sulfoxide in water as solvent. Due to the lack of
a sufficient quantity of the isolated essential oil, the biological activity of the
essential oil could not be explored.

3.4.1

Antimicrobial activity

Bioautography was used to determine the antifungal and antibacterial properties of
polar and non-polar extracts of O. labiatum and column fractions prepared from
these extracts. These were tested against three pathogens: Candida albicans
(ATCC 443491, Ref: 0443P), Staphylococcus aureus (ATCC 484601, Ref: 0485P)
and Escherichia coli (ATCC 483874, Ref: 0483P). Pathogens were obtained from
the Department of Biotechnology at the Tshwane University of Technology. Each
pathogen were inoculated into 50 mL Muller-Hinton broth and incubated at 37 °C
for 12-18 h, depending on the growth rate of each.

Thin layer chromatography plates were prepared and developed, as described in
Section 3.3.2, a day before being sprayed with broth containing pathogen.
The mobile phase used to elute the plates was completely evaporated from the
plates before spraying. p-Iodonitrotetrazolium violet (INT) indicator was prepared
by diluting 0.20 g of the salt to 100.00 mL with deionized water. The solution was
stored in the refrigerator in a dark bottle. After incubation of the broth containing
the pathogen, the plates were sprayed evenly with broth. It was ensured that the
broth fully covered the plate. The sprayed plates were then placed in a container
containing a few millilitres of water and incubated at 36 °C for 18 h. Plates were
then removed and sprayed with 0.20 mg/mL of INT. After the indicator was applied
to the plate, they were returned to the containers and incubated for a further 18 h
at 36 °C. The colour change of INT was observed. Non-polar fractions were found
to contain compounds with antibacterial and antifungal activities and these
samples were therefore further analysed using the microplate dilution assay.

The microplate dilution method as described by Eloff (1998) was followed, with a
change in volumes, to determine the minimum inhibition concentrations (MIC) of
the samples against the selected bacteria and fungus. Chloramphenicol 250
(Rolab, Johannesburg, South Africa) served as the positive control at an initial
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concentration of 10.0 mg/mL, while DMSO served as negative control. The
reagents in the absence of plant extract served as the control. Broth (100 µL) was
dispensed into each of the wells of a 96-well Elisa plate, followed by the addition of
20 µL of each test substance (10.0 mg/mL) into the first set of wells. Serial dilution
in subsequent wells resulted in a concentration range of 2.0–0.016 mg/mL for
each test substance. Thereafter, 5 µL of a solution containing approximately
108 colony forming units (CFU) of the pathogen was added into each well and the
entire plate was incubated at 36 °C for 18 h. Following incubation, 20 µL of
0.20 mg/mL INT was added into each well, and the plate was incubated for
30 min. The MIC, defined as the sample concentration of an antimicrobial that will
inhibit the visible growth of a microorganism after overnight incubation (Andrews,
2001), was established for each test substance and compared to that of the
positive control. Pathogen growth in wells in is indicated by INT turning pink.

3.4.2

Qualitative determination of antiquorum sensing

Inhibition of QS was investigated qualitatively using Chromobacterium violaceum,
which grows readily on nutrient broth, and produces a dark violet compound,
violecein. The organism was grown in nutrient agar and incubated at 30 °C for
24 h. Once grown, the pathogen was transferred to an Eppendorf tube in 1 mL
deionised water. Broth was prepared by mixing 10 g sodium chloride, 5 g yeast
extract and 10 g tryptone, before dissolving the mixture in 1000 mL deionised
water. Soft agar was prepared from a mixture of 2 g tryptone, 1 g sodium chloride
and 1.3 g bacteriological agar, dissolved in 200 mL deionised water. The L.-B agar
was prepared with 10 g sodium chloride, 5 g yeast extract, 10 tryptone and 15 g
bacteriological agar, dissolved in 1000 mL water. All media were autoclaved
before use. The L-B agar was poured into Petri dishes, followed by the addition of
the pathogen from the Eppendorf tube, and left to solidify. Once solid, four holes
were punched into the soft agar and the resulting reservoir was filled with plant
extract. The Petri dishes were incubated at 30 °C for 24 h.

Bioautography was also carried out to investigate inhibition of QS by the non-polar
O. labiatum extracts. Prepared TLC plates were developed as described in
Section 3.3.2. The developed plates were then placed face-up in a Petri dish
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containing L-B agar and an inoculum of C. violaceum containing 106 CFU/mL in
L-B agar was evenly distributed over the plates. After solidification of the medium,
the Petri dishes containing the TLC plates were incubated at 37 ˚C for 24 h.
Compounds with AQS activity were detected by the presence of colourless,
opaque zones on the TLC plate.

3.4.3

Antioxidant activity

The antioxidant properties of O. labiatum extracts and column fractions were
evaluated using DPPH as a free radical, which changes colour from purple to
yellow upon exposure to antioxidants with strong radical scavenging activity
(Prakash, s.a.). The first method was a qualitative assay based on bioautography.
Aliquots of both 80% aqueous methanol and dichloromethane extracts, as well as
the column fractions collected during column chromatography, were separated on
TLC plates. Methanolic DPPH (0.1% v/v) was applied to the plates by spraying
and left to dry at room temperature. The appearance of yellow zones against a
purple background indicated the presence of compounds with antioxidant
activities.

The microplate dilution method was used for quantitative determination of
antioxidant activity, according to the method described by Razwinani, Tshikalange
and Motaung (2014). Ascorbic acid (Vitamin C) was used as the positive control.
Deionised water (200 µL) was placed in each of the first twelve wells of a 96-well
microplate, while 110 µL of the water was added into each of the remaining wells.
Starting with a 10.0 mg/mL test solution, 20 µL was added into the each well that
contains 200 µL deionised water and mixed. After mixing, 110 µL of the contents
was transferred from the three wells into wells containing 110 µL of deionised
water. The same procedure was followed for the remaining wells and 110 µL from
the last well was discarded. Positive controls, negative controls (DPPH without
sample) and blanks were prepared in the same manner. A 90 µL volume of DPPH
was then added to each well, with the exception of the blanks, to which 90 µL of
water was added. Thereafter each plate was covered with aluminium foil and
incubated at room temperature for 30 min. The absorbance of each well was
determined at 515 nm using an Elisa plate reader (SpectraMaxTM190, Molecular
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Devices. Sunnyvale, CA USA). The antioxidant activity was subsequently
calculated using the following Equation 1:

% DPPH inhibition =

AC-AS
AC

where AC represents the absorbance of the negative control (DPPH) and
AS is the absorbance of sample with DPPH.

3.4.4

Antiinflammatory activity

The ability of O. labiatum plant extracts to inhibit the conversion of arachidonic
acid to prostaglandins was investigated using COX-1 and COX-2 screening
assays. In addition, the inhibition of 15-LOX, which is responsible for the
production of leukotrienes from arachidonic acid synthesised from linoleic acid,
was also determined.

3.4.4.1 COX-1 and COX-2 inhibition assay
Extracts of O. labiatum were tested for their antiinflammatory property against
ovine COX-1 and human recombinant COX-2 enzyme. To determine the inhibition
of prostaglandin production from cyclooxygenase, the instructions provided with
the kit were followed. The kit includes a 96-well microplate with pre-coated wells.

According to the procedure, each well contained heme, reaction buffer, enzyme
and the sample and/or positive control (Indomethacin). The final sample
concentration was 1.00 mg/mL. Deactivated enzyme in buffer solution served as
negative control. Calibration was achieved with postaglandins as standards with
concentration ranging from 15.6 - 2000 pg/mL prepared in buffer solution (from the
kit). After the reaction of the enzymes with the substrate, sample or positive
control, concentrated hydrochloric acid was used to terminate the reaction.
Thereafter, they were plated into the activated coated plate and incubated at room
temperature and for 18 h. The plate was gently swirled to mix the solution before
the absorption of each well was measured using the spectrophotometer
(SpectaMax 190, Molecular Devices, Sunnyvale, CA, USA) at 405 and 420 nm.
56

3.4.4.2 15-Lipoxygenase inhibition assay
To evaluate the antiinflammatory activity of O. labiatum extract against 15-LOX
(soybean), the ferrous oxidation-xylenol orange (FOX) assay method was used
(Dzoyem et al., 2014). This method determines lipid hydroperoxide based on the
acidic conditions of Fe2+, which is oxidised to Fe3+ which, in turn, oxidizes xylenol
orange to a product that absorbs light at 560 nm. Briefly, 50 µL of 300 ng
protein/mL of 15-LOX was added to each well, followed by the addition of 20 µL of
10 mg/mL test substance. The plate was then incubated at 25 °C for 5 min. After
incubation, 50 µL of 40 µM linoleic acid was added to each well and the plate was
incubated at 25 °C for 20 min in the dark. Thereafter, 100 µL of freshly prepared
FOX reagent was added to each well and the plate was incubated for 30 min at
25 °C. After incubation, the absorbance of the contents of each well was read at
560 nm using a spectrophotometer.

3.4.5

Anticancer activity

The cytotoxicity of both dried methanol (ME) and dichloromethane (DCM) Ocimum
extracts were tested against the DU-145 (ATCC HTB81) human prostate cancer
cell line. Cells were cultured in minimum essential medium amended with
amphotericin B (0.25 µg/mL), NaHCO3 (1.5g/L, penicillin (100U/mL), streptomycin
(100 µg/mL) and also with 10% foetal bovine serum (FBS; Gibco, invitrogen,
Carlsbad, Ca, USA) and maintained in an incubator with 5% CO 2 at 37 °C in
10 cm tissue culture plates.

Cell viability was assessed by using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2Htetrazolium bromide (MTT) solution purchased from Sigma-Aldrich (St. Louis, MO,
USA). Sub-confluent cells were detached, seeded into 96-well plates at a density
of 5 x103 cells/100 μL/well.

Cell adherence was obtained after 24 h incubation. Both dried extracts were
dissolved in dimethylsulfoxide (DMSO) and diluted in culture medium so that the
final concentration of DMSO was less than 0.5%. Cells were treated with
increasing concentrations of the extract at 0.1, 1, 3, 7, 10, 25, 50, 75, 100 μg/mL
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and were incubated for a further 72 h at 37 °C in a 5% CO 2 incubator. Untreated
control cells received only 0.5% DMSO. The inhibitory effects of both extracts
were evaluated by removing carefully the medium and by adding 25 μL of the MTT
solution (5 mg/mL) and further incubating the plates for 2 h at 37 °C in the dark.
Subsequently, the MTT solution was vigilantly removed and the violet crystal
formazan dissolved in isopropanol (100 μL) was added. Afterwards the optical
density (OD) was measured at 540 nm using a microplate reader Multiskan
(Thermo Fisher Scientific, Waltham, MA, USA). The cell viability was expressed as
a percentage by dividing the average OD of the test wells by the average OD of
the control. The concentration that inhibited 50% of cancer cell growth (lethal
concentration, LC50) was calculated. The results were generated from three
independent experiments and each concentration tested in five replicates.

For the morphological analysis, the sub-confluent cells were detached and seeded
into 96-well plates at a density of 5 x 104 cells/100 μL/well. Cell adherence was
obtained after 24 h incubation. Cells were treated with increasing concentrations of
the extract and subsequently incubated for 72 h at 37 °C in a 5% CO2 incubator.
Untreated control cells received only 0.5% DMSO. The morphology of the cells
was then evaluated using an Olympus 1X70 microscope (magnification X100).

3.5

MICROSCOPE TECHNIQUES

Various microscope techniques were applied to study the glandular and
non-glandular structures on the leaf surfaces of O. labiatum. Both abaxial and
adaxial surfaces of young and mature leaves were investigated.

3.5.1

Scanning electron microscopy

Fresh leaves were sectioned and fixed in a mixture (1:1) of 2.5% glutaraldehyde
and 2.5% formaldehyde in 0.15 M phosphate buffer (pH 7.4). The material was
washed in the phosphate buffer and post-fixed in 0.5% OsO4. Dehydration was
done in an ethanol dilution series (30, 50, 70, 90%, followed by 3 x 100%). After
critical drying (Biorad E3000, Polaron, West Sussex, United Kingdom), the
samples were mounted on stubs with double-sided carbon tape. They were then
plasma-coated with 10 μm gold and viewed with a JEOL840 SEM (JEOL, Tokyo,
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Japan). The distribution and density of distinct structures on the surfaces of at
least 30 leaves were observed and the surface morphology was found to be
consistent. A quantitative estimation of this distribution was obtained by averaging
counts of these structures on four 1 mm2 areas on the micrographs.

3.5.2

Light microscopy

Leaves of O. labiatum were immediately fixed in a 1:1 mixture of glutaraldehyde
(2.5%) and formaldehyde (2.5%) in 0.015 M phosphate buffer (pH=7.4), mixed
with 0.1% caffeic acid. Large leaves were cut from the centre to make cross
sections of 5-7 mm wide, but small leaves were left intact (less than 15 mm 2). The
material were divided into smaller pieces, then fixed for 12 h before being
dehydrated in the ethanol dilution series (30, 50, 70, 90, 3X 100%). After
dehydration, samples were embedded in L.R. white resin and polymerised at
60 °C for 36 h. Samples were sliced into thin section (500 µm) using a Ultracut E
Reichert microtome (Vienna, Austria) and mounted on a glass slide by heating
gently at 60 °C on a slide warmer. To visualise the trichome structure, samples on
the slides were stained with Toluidine Blue O (pH=5.6).

3.5.3

Fluorescence microscopy

Histochemical staining was done to elucidate the classes of compounds present in
the glandular trichomes. A solution of NP reagent was made consisting of 5%
aqueous AlCl3, 0.05% diphenylboric acid-β-ethylaminoester and 10% methanol in
water (Heinrich et al., 2002). Leaves were soaked in a solution of NP reagent for 5
min, without being cut, before rinsing with distilled water. After drying the material
on adsorbent paper, the leaves were cut in half and mounted on a glass slide.
Vanillin-HCl was prepared by dissolving 0.1 g of vanillin in 100 mL concentrated
HCl. Fresh leaves were soaked in this reagent for 2 min, before rinsing and drying
as before. The prepared material was then mounted with tape on glass slides with
either the adaxial or abaxial surface facing downwards.

Leaves were viewed directly under UV light at a wavelength of 365 nm (excitation)
and 397 nm (emission) respectively. A blue filter was used to observe
fluorescence at a wavelength of 490 nm (excitation) and 386 nm (emission).
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3.6

DETERMINATION OF COPPER IN ORCHARD SOIL

3.6.1

Screening of orchard soils in the field with FP-XRF

A field portable XRF (Thermo ScientificTM NitonTM XL3t GOLDD+ XRF) was used
to screen the soils from two mango orchards in Hoedspruit (Limpopo, South
Africa) to determine the levels of Cu. Measurements were taken after scraping
away the upper layer of the soil, between rows and also under the trees. Soils
with high readings for Cu were sampled (50 x 10 cm) using a stainless steel
auger. A total of 25 samples were collected, including three controls sampled a
few meters from the orchard. Each sample was mixed and sieved (<200 mm) to
form a homogenous sample. The soil was acid digested using the method as
described in Section 3.7.2.

3.6.2

Determining the mobility of copper through sequential extraction

Sequential extraction was carried out on the mango orchard soils using the
method proposed by Kabala and Singh (2001), with modifications. Different
solvents were used in order to determine the bioavailability and mobility of Cu in
orchard soil. A 2.00 g mass of each sample was weighed accurately into a 50 mL
centrifuge tube.

Table 3.1: Sequential extraction procedure used to assess the mobility of copper
Fraction
F1
F2
F3
F4

F5

F6

Description
Water soluble
Exchangeable
Specifically sorbed and
carbonate bound
Fraction bound to Fe
and Mn oxides and
hydroxides.
Strongly complexed by
organic matter

Residual

Procedure
20 mL deionised water for 1 h at 20 °C
20 mL 1 M NH4OAc, pH 7 for 2 h
20 mL 1 M NH4OAc, pH 5 for 2 h
20 mL 0.04 M NH2OH.HCl in 25%HOAc for 6 h
at 60 °C
15 mL of 30% H2O2, pH 2 adjusted with HNO3
for 5.5 h at 80 °C then cooled. Once cool, 5 mL
of 3.2 M NH4OAc in 20% HNO3 was added and
the mixture was shaken for 30 min, then diluted
to 30.00 mL with water.
1.00 g dried residue from F5 was acid digested
with HNO3, HF and H3BO4
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For effective extraction, samples were shaken (Labotec Incoshake; Labotec,
Midrand, South Africa). The filtrates and digests were analysed to determine their
Cu content using an ICP-OES (Spectro ARCOS® ICP-OES).

3.7

EVALUATION OF THE PHYTOREMEDIATION POTENTIAL
OF OCIMUM LABIATUM

3.7.1

Artificial contamination using pot trial method

From the ninety-five purchased O. labiatum plants, ninety were used for the Cu
uptake experiment. Before artificial contamination commenced, the water-holding
capacity (WHC) of the pots was determined. Plants were left unwatered for 24 h
and then weighed using a top loader balance. Each plant was then watered with
20 mL portions of tap water at 15 min intervals. The volume at which the water
started to leach from the pot was noted. The WHC was taken as half of the total
volume of water applied.

Once the WHC of the pots had been determined, the plants were divided into nine
groups, consisting of ten plants each. Eight of these groups were artificially
contaminated with 100 mL of Cu(II) (m/V) in the form of copper sulfate solution,
with concentrations ranging from 50.0, 100.0, 200.0, 500.0, 1000, 1500, 2000 and
2500 (m/V) mg/L. Plants were contaminated three days per week for a period of
four weeks. The ninth group was watered with tap water and served as the control.
Throughout the contamination period, the chlorophyll contents of the plants were
measured using a chlorophyll meter (Konica Minolta SPAD-502, Spectrum
Technologies Inc, Illinois, USA). Plant height was measured at the start, using a
tape measure, and then on a weekly basis.

At the end of the contamination period, the plants were harvested and separated
into leaves and roots. The soil from each pot was stored for analysis. Leaves and
roots were washed three times using deionised water, air-dried for 48 h, and milled
separately into fine powder using an oscillating mill (MM200, Retsch-Gmbh,
Germany). The soil from each pot was individually mixed to form a homogenous
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sample, sieved (<200 mm) and then a subsample was collected and stored in a
glass polytop at room temperature until required.

3.7.2

Microwave-assisted digestion

To determine the Cu concentrations of the leaves, a 0.25 g portion of each of the
milled leaf samples was weighed accurately into microwave sample vials
(OMNI/XP 1500; Mathews, NC, USA). Suprapure nitric acid (65% w/w) was added
(5.00 mL) to each sample. The samples were digested for 30 min using a MARS
CEM microwave system (Mathews, NC, USA). The cold samples were heated to
195 °C for 15 min at 1600 W. They were held for a further 15 min, while
maintaining a pressure of 500 psi. Digests were transferred to 25 mL volumetric
flasks, and the solutions were then diluted to the calibration mark with double
deionised water from a MilliQ Simplicity® UV water system fitted with a 0.22 µm
Millpark Gamma Gold filter dispenser (Millipore, Darmstadt, Germany). A blank,
consisting of 5.00 mL of suprapure nitric acid, was digested along with the sample
and diluted to 25.00 mL.
Digestion of roots and soil was carried out in a two-stage method so as to fully
digest the plant material. From each root and soil sample, 0.25 g was weighed into
the microwave vials. In the first stage of digestion, 4.00 mL of the nitric acid was
added to each vial, followed by 1.00 mL of hydrofluoric acid (45% w/w). The
samples were digested at 195 °C for 30 min, followed by an additional 15 min
holding time. After the first stage, the samples were cooled to room temperature
and 1.00 mL of 7% (m/V) freshly prepared boric acid was added. The root and soil
samples were again digested under the same conditions as used for the first
stage. After cooling, the digests were transferred to 25 mL volumetric flasks. The
contents were then diluted to the calibration mark with double deionised water. A
blank, consisting of only 5.00 mL nitric acid, 1.00 mL hydrofluoric acid and 1.00 mL
boric acid, was digested in two stages and diluted to 25.00 mL.
Certified reference material of leaves and soil was used to validate the digestion
and analysis method. The CRM was prepared following the same procedure
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followed for the leaf and soil samples. The digests were subsequently analysed to
determine Cu(II) using ICP-OES.

3.7.3

Copper analysis using inductively coupled plasma optical emission
spectrometry

The total Cu concentrations in digested samples were determined using a Spectro
ARCOS® ICP-OES, fitted with a cross flow nebuliser and a Scott double pass
spray chamber. Calibration standards were prepared by dilution of a 1000 mg/L
Cu(II) ICP grade standard stock solution. Calibration standards were prepared.
Thereafter, 3.00 mL nitric acid, 2.00 mL hydrofluoric acid, as well as 2.00 mL boric
acid, were added to the standards for matrix matching purposes.

The operating parameters of the ICP-OES were set as follows: plasma power
(1400 W), pump speed (30 rpm), coolant gas flow (12 L/min), auxiliary gas flow
(1 L/min) and nebulizer gas flow (1 L/min).

3.8

DETERMINATION OF PHENOLIC COMPOUNDS

3.8.1

Extraction of phenolic compounds from leaves and roots

Various types of phenolic compounds were extracted from plants following method
by De Ascensao and Dubery (2003), where plants exposed to Cu in the pot trials
were extracred by applying four different solvents to extract the total soluble
phenolic compounds, non-conjugated phenolic acids, glycosidically-bound and
ester-bound phenolic compounds, respectively.

To extract the total soluble phenolic compounds, powdered leaves and roots
(50.0 mg) were separately weighed into 2 mL Eppendorf tubes, in triplicate.
A 1.00 mL volume of 80% aqueous methanol was added to each tube. The
solutions were shaken for 60 min using a Labcon platform shaker (Laboratory
Marketing Services CC, Maraisburg, South Africa) and then centrifuged for 10 min
at 12 000 rpm in a microcentrifuge at 4 °C (Hemle LabortechniK GmbH,
Wehingen, Germany). The supernatants were transferred to a clean tube and the
solvent reduced using a Genevac EZ-2 Plus evaporator (SP Industries, New York,
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USA). The volume was adjusted to 0.25 mL with 80% aqueous methanol and the
samples were stored in the refrigerator (4 °C) until required.

To extract non-conjugated free acid, 25 µL of 1 M HCl was added to the
concentrated

80%

aqueous

methanol

extract

(0.25

mL).

Diethyl

ether

(3 x 1.00 mL) was then used to extract the compounds of interest. The combined
ether layers were dried and re-dissolved in 0.25 mL 80% aqueous methanol.

Concentrated HCl (40 µL) was added to 0.25 mL of the concentrated extract to
hydrolyse the glycosidically-bound phenolic compounds. The samples were
incubated at 96 °C for 60 min and then extracted three times with diethyl ether.
After evaporating the combined ether layers to dryness, the residue was
re-suspended in 0.25 mL of 80% aqueous methanol.

Ester-bound phenolics were determined by the addition of 0.10 mL of 2.00 M
NaOH to the concentrated extracts. The tubes were left to stand at room
temperature for 3 h, whereafter 40 µL of 1.00 M HCl was added to each tube.
Phenolic compounds were then extracted three times using 1.00 mL portions of
diethyl ether. After evaporating the combined ether layers to dryness, the residue
was re-suspended in 0.25 mL of 80% aqueous methanol.

The plant material remaining after extraction was air-dried to extract and
determine insoluble phenolic compounds. A portion (10.0 mg) was weighed into
tubes followed by the addition of 1.00 mL of 0.50 M NaOH. The tubes were heated
at 96 °C for 1 h. After heating, the samples were centrifuged at 12 000 rpm for
10 min. Phenolics were then extracted with 3 x 1.00 mL of diethyl ether. The ether
extract was dried under nitrogen and subsequently re-suspended in 0.25 mL of
80% aqueous methanol solution.

3.8.2

Total soluble and insoluble phenolic compound analysis

The concentrations of phenolic compounds present in the samples were estimated
using the Folin-Ciocalteau colorimetric method, developed by Singleton et al.
(1999), with small modifications. Briefly, a 5 µL portion of the sample extract was
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transferred into a 96-well microtitre plate. Into the same wells, 165 µL of distilled
water and 50 µL of 20% sodium carbonate were added, followed by the addition of
25 µL of Folin-Ciocalteau reagent to serve as a colorimetric indicator. Blank
solutions were prepared in the same manner by substituting sample with distilled
water. All the extracts were assayed in triplicate. The contents of each plate were
mixed and incubated for 30 min at 40 °C. The absorbance of the resulting
blue-coloured solutions was measured at 690 nm using a Spectramax 190
microplate reader (Molecular Devices, Sunnyvale, CA, USA).

Standards ranging from 0 to 0.20 mg/L were prepared in triplicate using gallic acid,
after which a calibration curve was constructed by plotting the absorbance value
as a function of the corresponding concentration. The concentrations of the
phenolic compounds from all extracts were calculated from the equation obtained
from the calibration curve and the results were expressed as gallic acid
equivalents (GAE) per gram of dry mass.

3.9

STATISTICAL ANALYSIS

Excel software (Microsoft Corporation, USA) was used to calculate means and
standard deviations. It was also used to perform single factor Analysis of Variance
(ANOVA) to evaluate differences in the concentrations of Cu and phenolic
compounds accumulated in different plant parts of O. labiatum. The antioxidant
activities (IC50 values) were graphically determined with Origin® Version 6.
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CHAPTER 4
RESULTS AND DISCUSSION

4.1

INTRODUCTION

At the time when this study was initiated, there were only sparse reports on the
chemical constituents of O. labiatum. However, recently there has been an
increase in interest in the chemistry, biological activities and morphology of the
plant as reflected by new reports emerging in the literature (Bhatt, Naidoo and
Nicholas, 2010; Kapewangolo, 2013; Kapewangolo et al., 2015). These
investigations have mainly focussed on the antiinflammatory and anti-HIV
activities, while one study investigated the morphology of the trichomes (Bhatt,
Naidoo and Nicholas, 2010). It emerged that the compounds isolated in the current
study, differ from those previously reported to have antiinflammatory and
antimicrobial activity. No histochemical staining was done during the morphology
study of Bhatt and co-workers and therefore the chemistry of the trichome contents
could not be elucidated. The modern approach to investigations of trichome
morphology includes linking trichome structure to function (Wagner, Wang and
Shepherd, 2004) and therefore it is important to carry out histochemical staining.

The use of chemicals to control fungal infections in orchards has taken its toll on
orchard soils and ground water in many countries (Van Zwieten et al. s.a.). South
Africa is a major producer of mango, citrus, avocado and grapes10. Copper sprays
are popular for fungus control since they are relatively low cost, effective and
mostly permitted on organic fruit. However, the metal can build up in the soil over
time, with detrimental effects on soil quality and ground water (Van Zwieten et al.,
2004; Mackie et al., 2013). There is no data available on the levels of Cu in South
African mango and citrus orchards and the effects of the metal are unknown.
Phytoremediation can benefit farmers, by removing Cu from the soil, while
simultaneously providing a second stream of income. Ocimum labiatum was
10

www.sajapan.org/export-products;
Accessed: 12 June 2015

www.dial-direct.co.za/10-south-african-products-exported
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selected as a potential candidate for orchard remediation, since it belongs to the
Lamiaceae family, which is relatively easy to grow and may have commercial
value.

4.2

CHEMICAL COMPOSITION OF ESSENTIAL OIL

Analysis of the essential oil obtained by hydrodistillation by GC-MS allowed the
identification of 36 compounds, representing 85.30% of the oil (Table 4.1).
Identification was achieved by comparing the retention times, retention indices and
spectra obtained with those of reference standards and spectral libraries (NIST,
MassFinder and Flavor and Fragrance).

The oil was found to be rich in sesquiterpenes. Bicyclogermacrene was found to be
the major constituent, making up 27.49% of the oil. Other sesquiterpenes,
β-caryophyllene

(12.61%),

α-copaene

(7.00%),

bicyclosesquiphellandrene

(6.86%), allo-aromadendra-4(15),10(14)-diene (5.79%), epi-cubebol (4.93%),
spathulenol (3.18%), α-cadinene (3.07%) and α -caryophyllene (2.26%) were also
identified as major compounds. This is the first time that the essential oil of
O. labiatum has been reported. The isolated oil contained many of the
sesquiterpenes reported in oils produced by other Ocimum species, including
O. basilicum, O. canum (O. americanum), O. gratissimum and O. sanctum (Sanda
et al., 1998; Jirovetz et al., 2003; Bunrathep, Palanuvej and Ruangrungsi, 2007).
However, the relative concentrations of these compounds in the oils were different.

Essential oils that are rich in sesquiterpenes have been reported to possess good
antimicrobial, antifungal and anticancer activities (Palazzo et al., 2009; Costa et al.,
2013). The antimicrobial activities of many oils have been attributed to the
presence of bicyclogermacrene, (+)-epi-bicyclogermacrene, germacrene D and
β-phellandrene. These compounds are also known to possess insecticidal
activities by acting as insect pheromones (Kothiyal et al., 2009). The antifungal
activities of essential oils isolated from Lantana camara were attributed to the
presence

of 1,8-cineole, β-caryophyllene, and bicyclogermacrene,

α-humulene

and sabinene (Boughalleb et al., 2005). High concentrations of bicyclogermacrene
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(27.49%) and β-caryophyllene (2.26%) in the essential oil of O. labiatum therefore
suggest that it may display good antimicrobial activity.
Table 4.1: Compounds identified
coupled to MS
Retention
Kovats index
time
12.918
1108
15.540
1164
17.084
1194
17.533
1207
20.367
1274
25.152
1382
27.673
1459
28.582
1486
28.940
1496
29.860
1511
30.181
1533
30.491
1542
30.674
1548
32.532
1603
33.987
1653
34.749
1681
35.221
1719
35.925
1723
36.689
1747
36.790
1750
37.197
1764
37.738
1783
37.955
1790
39.376
1844
40.816
1900
43.553
2006
44.956
2065
45.211
2076
45.385
2083
46.756
2141
47.275
2163
47.796
2185
48.174
2201
48.174
2211
48.423
2212
49.225
2246

in the essential oil of Ocimum labiatum using GC-FID
Compound
β-pinene
α-phellandrene
limonene
β-phellandrene
p-cymene
(Z)-3-hexen-1-ol
α-cubebene
cyclosativene
α-copaene
α-bourbonene
γ-guaene
cubebene
α-bisabolol
β-caryophyllene
allo-aromadendrene
α-caryophyllene
germacrene D
bicyclosesquiphellandrene
bicyclogermacrene
(E,E)-α-farnescene
δ-cadinene
aromadendra-1(10),4(15)-diene
cadina-1,4-diene
cis-calamenene
epi-cubebol
caryophyllene oxide
7bH,10bH-cadina-1(6)-4-diene
cubenol
1-epi-cubenol
spathulenol
allo-aromadendra-4(15),10(14)-diene
τ-cadinol
τ-muurolol
τ-cadinol (torreyol)
(+)epi-bicyclosesquiphellandrene
α-cadinol
Total percentage identified

Percentage
0.74
0.40
0.07
0.30
0.19
0.03
0.47
0.55
7.00
0.14
0.08
1.21
0.07
12.6
0.17
2.26
0.13
6.86
27.5
1.66
3.07
1.86
0.19
0.22
4.93
0.66
0.42
0.49
0.79
3.18
5.79
0.15
0.12
0.41
0.13
0.42
85.3

β-Caryophyllene, found to be non-cytotoxic, reportedly increases the anticancer
activities of α-humulene and isocaryophyllene against MCF-7, DLD-1 and L-929
human tumour cell lines (Legault and Pichette, 2007).

68

It also exhibits anticarcinogenic, antibiotic, antiinflammatory and antioxidant
properties and has been used as an anaesthetic. Although it is evident from
literature that essential oils abundant in sesquiterpenes have promising biological
activities, the low yield of oil obtained through hydrodistillation prevented an
evaluation of the antibacterial, antifungal and antiinflammatory activities of the
essential oil of O. labiatum. Several species from the genus Ocimum, including
O. basilicum, O. gratissimum and O. sanctum, produce oils that are valued for their
therapeutic and aroma properties (Jamshidi, Afzali and Afzali, 2009; Sharopov,
Sulaimonova and Setzer, 2012; Porte, Godoy and Maia-Porte, 2013).

4.3

SOLVENT EXTRACTION

The ability of solvents to extract secondary metabolites from plants is primarily
determined by their relative polarities. Alcoholic solutions are commonly used to
extract phytochemicals, because they are able to penetrate through the
membranes of the plant cell walls. Hussein et al. (2007) and Kapewangolo et al.
(2015) used ethanol to extract O. labiatum. However, in this study both polar (80%
aqueous methanol) and non-polar (dichloromethane) solvents were used for
extraction. Dichloromethane was expected to extract terpenes, while the
methanolic extracting solvent was used to remove phenolic compounds and their
derivatives from the plant material. Polar glycosylated terpenes would also be
expected in the aqueous methanol extract.

The non-polar compounds extracted with dichloromethane were well resolved on
the TLC plate (Figure 4.1) after development in 5% methanol: dichloromethane.
The plate, derivatized with p-anisaldehyde visualization reagent, indicated the
presence of at least nine prominent compounds. According to Wagner and Bladt
(1996:359), p-anisaldehyde reacts with terpenoids, phenyl propanoids and
saponins, which become visible in the form of various shades of purple, blue, pink
and yellow. Since a variety of terpenoids were identified in the essential oil of the
plant and these compounds are highly soluble in dichloromethane, the coloured
spots were mainly attributed to their presence. However, additional non-polar
compounds with low volatility were also expected in this extract.
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Figure 4.1: Thin layer chromatographic profile of the dichloromethane extract of Ocimum
labiatum sprayed with p-anisaldehyde, after developing with 5% methanol in
dichloromethane

Thin layer chromatography is a simple, quick and cost effective technique that can
be used for qualitative analysis of samples. Application of visualisation reagents,
measurements of the retardation factor (Rf) and the use of reference standards
assist in the identification of phytochemicals (Mohammad, Bhawani and Sharma,
2010; Biradar and Rachetti, 2013). TLC plates used in this study are coated with a
polar silica-based stationary phase. Separation occurs on this layer, based on the
polarity of the compound in relation to those of the mobile and stationary phases.

Dichloromethane extraction was followed by sequential extraction with 80%
aqueous methanol, a polar solvent that will extract most of the remaining
compounds,

ideally

targeting

phenolic

compounds

and

their

derivatives

(Zadernowski, Naczk and Nesterowics, 2005). Most of these compounds contain
chromophores

and

are

therefore

clearly

visible

at

254 nm.

Thin

layer

chromatography, with the aid of a UV lamp and application of NP reagent, followed
by PEG, revealed the presence of five major fluorescent zones at 254 nm (Figure
4.2) with Rf values of 0.05, 0.16, 0.29, 0.38 and 0.58. Some zones migrated until
just below the solvent front. These fluorescent spots are characteristic of phenolic
derivatives, such as flavones (Wagner and Bladt, 1996:362). At least five phenolic
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compounds were present in high concentrations as indicated by the intensely
fluorescent spots.

a

b

Figure 4.2: Thin layer chromatographic profile of the 80% aqueous methanol crude
extract. Plates were visualised under a) UV light at 254 nm. b) UV light (254 nm) after
spraying with Natural Product reagent, followed by polyethylene glycol

The extracted phenolic compounds were highly polar, with some retained on the
TLC origin after developing the plate in a solvent mixture containing a high
concentration of the more polar solvents (ethyl acetate and acetic acid) in relation
to the non-polar solvent (toluene). In many cases, phenolic compounds are linked
to sugars (Cartea et al., 2011), which imparts a highly polar nature to these
compounds.

4.4

BIOLOGICAL ACTIVITIES OF OCIMUM LABIATUM
EXTRACTS

4.4.1

Antimicrobial activity

Gram negative (Escherichia coli) and gram positive (Staphylococcus aureus)
bacteria, and a fungus (Candida albicans) were used to assess the antimicrobial
activities of O. labiatum extracts. These bacteria are antibiotic resistant and have
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detrimental effect on human health (Wagner, Gally and Argyle, 2014; Gupta,
Mahajan and Sharma, 2015). Both techniques used (bioautography and
microdilution) make use of p-iodonitrotetrazolium violet (INT) salt, which is reduced
to form the purple-pink compound, formazan, in the presence of living bacteria
(Silva, Simas and Batista, 2005). Reduction of INT results from electron transfer
from nicotinamide adenosine dinucleotide (NAD) in living cells to the tetrazolium
dye (Figure 4.3). Threonine dehydrogenase, a bacterial enzyme, catalyses NADdependent threonine oxidation to yield 2-amino-3-ketobutyrate and NADH as
products. Upon reaction of INT with bacterial enzymes (Figure 4.3), electrons are
transferred from NADH, producing a purple-pink coloured test solution. In INTbased antimicrobial assays purple-pink pigmentation (bioautography) or pink
solutions (microdilution method) indicate the presence of living microorganisms.
NO2

N

N
N

N

NO2

N
H

elecron donor (eg. NADH)

N+

N
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Figure 4.3: Reduction of p-iodonitrotetrazolium violet salt (colourless) to p-iodonitrotetrazolium violet red (purple-pink) when p-iodonotrotetrazolium salt (INT) reacts with
bacterial enzymes

Bioautography essentially makes use of the same colouring reaction, but the
bacterial/fungal culture is applied to the surface of a developed TLC plate.
Thereafter, the plate is sprayed with INT. The presence of white zones against a
pink background reveals the presence of antimicrobial metabolites. The non-polar
leaf extract of O. labiatum was found to inhibit all three pathogens (C. albicans,
E. coli and S. aureus) as illustrated in Figure 4.4. Three distinct white zones of
varying intensities were observed on all of the TLC plates to which the pathogens
had been applied, signalling the presence of at least three active metabolites at R f
values of 0.16, 0.36 and 0.57. Dark blue and purple colours on the reference plate
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sprayed with p-anisaldehyde suggest that terpenes may be responsible for the
observed activity. The polar extract displayed poor inhibition against the pathogens
of choice and further work to identify antimicrobial compounds was done using only
the DCM extract. Leaf concoctions of O. gratissimum are used in Nigeria to reduce
haemorrhoids and settle an upset stomach (Prabhu et al., 2009), suggesting
antibacterial activity, but the polar extracts of O. labiatum did not display any
activity towards the selected microorganisms.
C. albicans

E. coli

Reference

S. aureus

Figure 4.4: Bioautography indicating compounds in the non-polar Ocimum labiatum
extract with inhibition towards Candida albicans, Escherichia coli and Staphylococcus
aureus (plate developed with 5% methanol in dichloromethane)

It was important to determine the minimum inhibitory concentration (MIC) of the
crude DCM extract as compared to that of a positive control. The MIC value is
defined as the lowest concentration of an antimicrobial that will inhibit the visible
growth of a microorganism after overnight incubation (Andrews, 2001). This
quantitative technique is considered to be the “Gold standard” for determining the
susceptibility of organisms to antimicrobial agents. According to the microdilution
assay results (Table 4.2), non-polar O. labiatum extracts inhibited all three
pathogens, with a MIC value of 20 μg/mL for both C. albicans and E. coli, and
80 μg/mL for S. aureus. A negative control, consisting of 10% aqueous DMSO did
not inhibit any of the pathogens, indicating that the solvent used did not influence
the results obtained. According to Van Vuuren (2008), an MIC value of 2 mg/mL is
considered to be noteworthy antimicrobial activity. Therefore the non-polar leaf
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extract of O. labiatum can be considered to be a promising plant extract in terms of
microbial inhibition, considering the lowest MIC values of 0.02 and 0.08 mg/mL
towards the three pathogens. The results obtained for the antimicrobial activity of
the dichloromethane extract prompted us to further explore the compounds
responsible for the property.
Table 4.2: Minimum inhibitory concentrations (μg/mL) obtained against three pathogens
for the non-polar extract of Ocimum labiatum. Chloramphenicol was the positive control
Escherichia coli

Staphylococcus aureus

Candida albicans

20

80

20

80
NI

40
NI

80
NI

Crude extract
Chloramphenicol
DMSO
NI: No inhibition

4.4.2

Qualitative determination of antiquorum sensing

Pathogen inhibition obtained during AQS assays is demonstrated by clear zones of
inhibition, while actual AQS activity is represented by opaque zones on the agar,
resulting from the loss of the purple pigmentation of the bacteria when exposed to
the test substance (Chenia, 2013). This activity was investigated qualitatively using
both the well diffusion method and bioautography against the gram negative
bacterium, C. violaceum.

The non-polar O. labiatum extracts exhibited positive AQS potential with the
reduction of violecein, produced by the bacterium, represented by a decrease in
purple colour compared to the background (Figure 4.5c). Pathogenic inhibition was
measured to be 7.80 mm at the lowest plant extract concentration tested of
2 mg/mL (Table 4.3). Bioautography revealed inhibition of the production of
violecein by several non-polar compounds, with three clearly visible inhibition
zones, demonstrated by white zones on the TLC plate with Rf values of 0.36, 0.57
and 0.84 (Figure 4.5d). Two of these compounds (Rf of 0.36 and 0.57) also
demonstrated good antimicrobial activity (Section 4.4.1). There may therefore be a
relationship between the antimicrobial and the antiquorum sensing potential of this
compound. Gao et al. (2003) suggested that the antimicrobial efficiency of
compounds is mediated by their AQS. Although the pathogenic inhibition and the
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AQS demonstrated by O. labiatum DCM extract were not as high as those by
eugenol (Figure 4.5b) the activity exhibited was still positive.

2.0 mg/mL

10 mg/mL

5.0 mg/mL

7.0 mg/mL

a

c

2.0 mg/mL

10 mg/mL

5.0 mg/mL

7.0 mg/mL

b

2.0 mg/mL

10 mg/mL

5.0 mg/mL

7.0 mg/mL

Non-polarCompound A1
extract

d

Figure 4.5: Inhibition of violecein production and quorum sensing inhibition by a) 10%
DMSO (negative control), b) positive control (eugenol), c) Ocimum labiatum crude extract
and d) and bioautographic assay indicating inhibition of Chromobacterium violaceum by
the dichloromethane extract of Ocimum labiatum

The purple water-insoluble violecein produced by C. violaceum is regulated by the
mechanism of QS. Therefore C. violaceum is used as an indicator of AQS
compounds (McLean, Pierson and Fuqua, 2004).

To our knowledge the

antiquorum sensing activity of O. labiatum has not been explored. Available
literature on this property reveals poor results for O. sanctum (Zahin et al., 2010).
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Table 4.3: Inhibition zone (mm) obtained with different concentrations of the Ocimum
labiatum dichloromethane extract against Chromobacterium violaceum. Eugenol was used
as positive control

Concentration (mg/mL)

Crude Extract

Eugenol
(positive
control)
10% DMSO
(negative
control)

4.4.3

10.0
7.0
5.0
2.0
10.0
7.0
5.0
2.0
10.0
7.0
5.0
2.0

Crude extract
Inhibition zone
AQS (mm)
(mm)
3.50
5.00
5.60
10.20
5.00
8.50
7.80
11.10
16.10
25.10
14.50
22.50
15.00
20.40
14.20
19.00
-

Antioxidant activity

The abilities of compounds in the extracts of O. labiatum to scavenge free radicals
were investigated qualitatively using bioautography. The use of DPPH as a
spraying reagent revealed the zones representing the actual compounds with
antioxidant activity. Although DPPH free radicals are stable, they rapidly reduce
after reaction with an antioxidant, resulting in the decolourization from a purple
solution to a bleached colour (Dureja and Dhiman, 2012). This decolouration is
proportional to the number of electrons taken up by the DPPH radicals (Hristea et
al., 2002) as illustrated in Figure 4.6.

Figure 4.6: Reduction mechanism of DPPH radical (purple) and a test compound with
antioxidant activity (RH) to form a colourless product (Dureja and Dhiman, 2012)
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The non-polar extract did not demonstrate any antioxidant activity, since there
were no white zones of inhibition against the yellow background on the TLC plate.
However, the polar extract displayed several inhibition zones (Figure 4.7),
representing at least three compounds with strong antioxidant activities with R f
values of 0.09, 0.16 and 0.33. The potency of the compounds was reflected by the
rapid decolouration of DPPH without the need for incubation. The compounds that
demonstrated good antioxidant potential corresponded to those reported in Section
4.3 as intensely fluorescent spots when derivatised with NP reagent and PEG. This
colouration is typical for phenolic compounds, and phenolic compounds are known
to have good antioxidant activities.

Figure 4.7: Bioautographic thin layer chromatography plate illustrating the antioxidant
activity of Ocimum labiatum polar extract as indicated by the white inhibition zones against
the purple background

Accumulation of ROS in cells can lead to tissue and DNA damage through lipid
peroxidation, which can result in severe inflammation and mutations (Gülҫin, Alici
and Cesur, 2005). The presence of compounds with good antioxidant activity
contributes to the health promoting benefits of plants such as O. labiatum.

Screening of polar extract, revealed their antioxidant potential, therefore this
property was further investigated quantitatively by determining the IC 50 value of the
extract. This value (IC50) is defined as the concentration of antioxidant necessary
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to decrease the initial DPPH radical concentration by 50% (Gaikwad et al., 2011). It
was determined using the microdilution method with ascorbic acid (Vitamin C) as
the reference compound. The antioxidant activity of the O. labiatum polar extract
was not significantly different to that of Vitamin C at all concentrations tested, with
P>0.05, and Fcrit>Fcalc. Furthermore, the lowest percentage inhibition of DPPH was
49.05% at a concentration of 0.78 μg/mL. The MeOH extract of O. labiatum
displayed strong antioxidant activity as reflected by the IC50 value of 0.80 μg/mL
(Figure 4.8), which was better, though not significantly different, to that of ascorbic
acid (IC50 0.94 μg/mL).
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Concentration (µg/mL)

Concentration (μg/mL)
Figure 4.8: Antioxidant activity of Ocimum labiatum polar extract and ascorbic acid at
different concentrations against DPPH

4.4.4

Antiinflammatory activity

The ability of the polar extract to inhibit the pro-inflammation enzymes (COX-1,
COX-2 and 15-LOX) was evaluated. Figure 4.9 illustrates the percentage inhibition
of COX enzymes by the crude polar extract compared to that of indomethacin
(positive control). Indomethacin is well known to inhibit cyclooxygenase enzymes
(Girod et al., 2002).
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Figure 4.9: Antiinflammatory activity of the methanolic crude extract of Ocimum labiatum
against COX-1 and COX-2 enzymes using indomethacin as positive control and DMSO as
negative control

The COX-1 activity (63.7%) of the crude polar extract was significantly lower than
that of indomethacin and not significantly better than that of the negative control.
However, the COX-2 inhibition by the extract (59.0%) was higher than the activity
measured for the positive control (54.2%), although the difference was not
significant. Non-steroidal antiinflammatory drugs (NSAIDs) control inflammation by
inhibiting COX-1, which is expressed in the gastrointestinal tract. However, these
drugs have undesirable side effects, including ulcerations along the gastrointestinal
tract and mucosal damage (Hawkey, 2001). These negative effects have focussed
attention on COX-2 inhibitors to control inflammation (Masferrer et al., 1994). The
results obtained in this assay were regarded as indicative of good COX-2 inhibition
activity.
Subsequently, the antiinflammatory activity of O. labiatum against 15-LOX was
investigated to determine if the active compounds work through a single or multiple
modes of action. Quercetin was substituted as a positive control (Loke et al.,
2008), since it is known to be a better 15-LOX inhibitor than indomethacin. The
crude extract exhibited a higher percentage inhibition (72.6%) when compared to
quercetin (66.5%) as illustrated in Figure 4.10.
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Figure 4.10: Antiinflammatory activity of methanolic Ocimum labiatum against
15-lipoxygenase using quercetin as positive control and 10% aqueous DMSO as negative
control

4.4.5

Anticancer activity

Both crude extracts were subjected to an antiproliferative assay against the
DU-145 (ATCC HTB81) human prostate cancer cell line. After 72 h treatment with
different concentrations of the DCM extract, the MTT viability assay indicated that
viable numbers of DU-145 cells differed in a dose-dependent manner
(Figure 4.11).

Cell viability (%)

Concentration (µg/mL)
Figure 4.11: Viability assay indicating the dose-dependent effect (0 to 100 μg/mL) of the
dichloromethane leaf extract of Ocimum labiatum after 72 h on the cell viability of DU-145
cells. The mean value for the optical density (OD) measured in the control (0.5 mg/mL
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DMSO) was defined as 100% survival with other conditions reported as a percentage of
the control. Error bars indicate the standard errors of the mean

Higher concentrations (above 90 μg/mL) resulted in cell death, with no viable cells
present in the wells. The graph (Figure 4.11) indicates that the estimated LC50 is
20.5 ± 1.67 μg/mL.Moreover, microscope investigations (Figure 4.12) revealed that
after 72 h exposure to the DCM extract, no morphological changes could be
observed when the cells were exposed to 10 or 25 μg/mL (Figure 4.12, F and E).
However, a drastic decrease in the number of viable cells was observed after
exposure to concentrations of 50, 75 and 100 μg/mL (Figure 4.12, B, C and D).

a

b

c

d

e

f

Figure 4.12: Microscope observations of DU-145 cells after 72 h exposure to different
concentrations of dichloromethane leaf extract of Ocimum labiatum. (a) Control (0.5%
DMSO), (b) 100 μg/mL; (c) 75 μg/mL; (d) 50 μg/mL; (e) 25 μg/mL and (f) 10 μg/mL
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To evaluate the cytotoxicity of the polar extract, DU-145 cells were also exposed to
different concentration (up to 1000 μg/mL) of the MeOH extract. As expected, the
viable numbers of DU-145 cells differed in a dose-dependent manner
(Figure 4.13). However, only concentrations above 1000 μg/mL led to cell death,
with no viable cells present in the wells. From the graph it is evident that the
estimated LC50 is substantially higher (142.3 μg/mL) than the LC50 obtained for the
DCM extract.

Cell viability (%)

Concentration (µg/mL)
Figure 4.13: Viability assay indicating the dose-dependent effect (0 to 1000 μg/mL) of the
methanolic leaf extract of Ocimum. labiatum after 72 h on the cell viability of DU-145 cells.
The mean value for the optical density (OD) measured in the control (0.5 mg/mL DMSO)
was defined as 100% survival with other conditions reported as a percentage of the
control. Error bars show the standard errors of the mean

These findings were confirmed by microscope observation after similar treatments
(Figure 4.14). As previously observed for the DCM extract, no morphological
changes were evident after 72 h exposure to increasing concentrations (10 to
100 μg/mL) of the methanolic extract (Figure 4.14, C, D, E and F). However, a
sharp decrease in the number of viable cells was observed after exposure to
concentrations of 1000 μg/mL (Figure 4.14, B).
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Figure 4.14: Microscope observations of DU-145 cells after 72 h exposure to different
concentrations of methanolic leaf extract of Ocimum labiatum. (a) Control (0.5% DMSO),
(b) 1000 μg/mL; (c) 100 μg/mL; (d) 50 μg/mL; (e) 25 μg/mL and (f) 10 μg/mL

From the results obtained it is evident that the dichloromethane leaf extract
contains promising anticancer properties (LC50 is 20.5 μg/mL). Although the MeOH
extract did have activity, it was substantially lower (LC50 142.3 μg/mL). The
anticancer activity of the DCM extract was better than those regarded as promising
for other Ocimum species. An LC50 value of 187.5 μg/mL was obtained for the
ethanol extract of O. sanctum against human fibrosarcoma cells. Ocimum
basilicum demonstrated an LC50 value of 300 µg/mL against both human prostate
and glioblastomastate cancer cell lines (Karthikeyan et al., 1999; Bayala et al.,
2014). Although both polar and non-polar plant extracts have the potential to
exhibit good anticancer activities, literature suggests that non-polar extracts
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possess superior anticancer qualities. In most studies, the phytochemicals
investigated are either essential oils or a mixture of DCM/hexane extracts
(Manosroi, Dhumtanom and Manosroi, 2006; Fouchè et al., 2008; Bobach et al.,
2014).
The DCM extract should now, as a next step, be further evaluated against normal
human cells to ensure that the extract is not toxic towards all cells, but actually has
cytotoxic effects towards cancer cells.
4.4.6

Summary

Various biological assays conducted on the crude extracts of O. labiatum revealed
that the plant is biologically active and therefore supports, to some extent, the use
of the plant in traditional medicine. The DCM extract was found to have
antimicrobial activity against all three pathogens selected as well as cytotoxic
activity towards a human prostate cancer cell line. In contrast, the methanolic
extract was characterised by excellent antiinflammatory and antioxidant activities.

4.5

ISOLATION AND IDENTIFICATION OF COMPOUNDS FROM
THE NON-POLAR EXTRACT

4.5.1

Bioassay-guided isolation and identification of an antibacterial
compound

The DCM extract was purified by silica gel column chromatography (Section 3.3.3).
After the first column, the fractions were analysed by TLC and pooled according to
the similarity of their chemical constituents. Pooled fractions were then evaluated
by bioautography and the active fractions were further purified. Compound A1 was
isolated as a light brown liquid using 55% ethyl acetate in hexane as column
eluent. The purity of Compound A1 was determined by TLC and a single dark
purple spot (Rf = 0.36) was observed on the plate after spraying with
p-anisaldehyde reagent. This visualisation reagent was selected to detect any
impurities, since it a universal spray reagent (Wagner and Bladt, 1996). The colour
of the spot suggested that it may be terpenic in nature.

The purity of the

compound was further confirmed by GC-MS. The chromatogram (Figure 4.15)
revealed one major peak with a retention time of 43.357 min. Although a small
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peak at 10.875 min was also detected, the fraction was regarded as sufficiently
pure for the biological assay.

Compound A1

Figure 4.15 Gas chromatogram of Compound A1, isolated from the dichloromethane
extract of Ocimum labiatum indicating that the compound was sufficiently pure for
evaluation in the biological assay

Compound A1 was identified according to its GC-MS fragmentation pattern and by
comparison of the spectral data to that in the NIST spectral database (NIST MS
Search 2.0). The best fit to the database (91%) was that of the compound
1,2-benzenedicarboxylic acid, diisooctyl ester, also referred to as bis(6methylheptyl)benzene-1,2-dicarboxylate. The mass spectrum of Compound A1
(Figure 4.16) indicated a molecular ion at m/z 279, with the base peak at m/z 149.
The molecular ion was found to be 9.79% that of the base peak. The large base
peak intensity is due to McLafferty rearrangement (Sani and Pateh, 2009). Major
peaks were observed at m/z 57, 71, 149 and 167, resulting from the
rearrangement. Mass fragments at m/z 167 and 149 indicate fragmentation of the
phthalate [C8H5O3]+ and [C8H7O4]+ of Compound A1 and fragmemts at m/z 71 and
57 are from fragmentation of alkyl [C4H9]+ and [C5H11]+,respectively. The most
abundant ion (m/z 149) is probably formed through dealkylation.
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149

Figure 4.16: Mass spectrum of Compound A1, identified as 1,2-benzenedicarboxylic acid,
diisooctyl ester, isolated from the dichloromethane extract of Ocimum labiatum

Compounds based on the benzoic acid structure are well known to the Lameaceae
family and are mostly identified from the hexane, chloroform and ethyl acetate
extracts. Dev et al. (2011) reported that 1,2-benzene dicarboxylic acid represented
49.44% of the ethyl acetate extract and 1,2-benzene dicarboxylic acid, diisooctyl
ester constituted 3.49% of the chloroform leaf extract of O. basilicum. It therefore
seems that Compound A1 is known for the genus Ocimum, although it has not
been reported specifically as a consitiuent of O. labiatum.

1,2-Benzene dicarboxylic acid, diisooctyl ester occurs across many diverse plant
families. It was found to occur in large quantities in Ficus sycomorus (family
Moraceae) and was also extracted with DCM, amounting to 45.06% of the extract
(Romeh,

2013).

According to Maruthupandian and

Mohan

(2011),

1,2-benzenedicarboxylic acid, diisooctyl ester is present in the bark of Pterocarpus
marsupium Roxb. from the family Fabaceae. Plumbago zeylanica (family
Plumbaginaceae) has also been reported to produce the compound (Rahman and
Anwar, 2006).
86

4.5.2

Antimicrobial activity of Compound A1

4.5.2.1 Anti-pathogenic activity
The antimicrobial activity of the isolated compound (Compound A1) was confirmed
using bioautography (Figure 4.4). As before, a white inhibition zone was evident on
the plate after spraying with each of the selected pathogens. However, only one of
the active compounds in the crude extract (Figure 4.17) was isolated.

E. coli C. albicans S. aureus

Reference

Figure 4.17: Bioautography illustrating the antimicrobial activity of Compound A1 (1,2benzene carboxylic acid, diisooctyl ester) isolated from Ocimum labiatum against
Escherichia coli, Staphylococcus aureus and Candida albicans

Minimum inhibitory concentrations yielded a quantitative measure of the
antimicrobial activity of Compound A1 (Table 4.4). It displayed the strongest
inhibition against E. coli with a corresponding MIC value of 80.0 μg/mL. A
substantially lower MIC value (400 μg/mL) was obtained for both C. albicans and
S. aureus (Table 4.4).
The MIC value obtained for 1,2-benzenedicarboxylic acid, diisooctyl ester
(Compound A1) was four to twenty-fold higher than that of the crude fraction,
indicating a much lower activity. This may be attributed to the isolation of only one
of the three antimicrobial compounds originally observed by bioautography. It is
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probable that the other compounds possess stronger activities, and that the
additive effect is greater than that of a single compound.
Table 4.4: Minimum inhibitory concentrations (μg/mL) obtained against three pathogens
for the non-polar extract of Compound A1. Chloramphenicol was the positive control
Escherichia coli

Staphylococcus
aureus

Candida albicans

Compound A1

80

400

400

Chloramphenicol
DMSO
NI: No inhibition

80
NI

40
NI

80
NI

Alternatively, it is possible that two or more of the antimicrobial compounds (or
even other compounds in the extract) could function synergistically. This
phenomenon is quite common amongst natural products that work together to
combat microorganisms, so that the antimicrobial activity of the combined
compounds is greater than that of the sum of the individual components tested at
the same concentrations (Van Vuuren, 2008).

Rajeswari, Murugan and Mohan (2012) reported that 1,2-benzenedicarboxylic acid,
diisooctyl ester displays antimicrobial and antifouling activities. It has also been
used

as

a

plasticizer

in

antifouling

products

(Sermakkani

and

Thangapandian, 2012). The compound, isolated from Plumbago zeylanica, was
able to inhibit the growth of six phytopathogenic fungi (Alternaria alternata,
Botryodiplodia theobromae, Curvularia lunata, Fusarium equiseti, Macrophomina
phaseolina

and

Colletotrichum

corchori).

The

lowest

minimal

inhibitory

concentration (10 pg/mL) and minimal fungicidal concentration (20 pg/mL) was
established against M. phaseolina and B. theobromae (Rahman and Anwar, 2006).

4.5.2.2 Antiquorum sensing activity
Compound A1 demonstrated AQS activity against C. violaceum with inhibition
diameters ranging from 1.00–6.14 mm,

representing pathogenic inhibition by

Compound A1 at concentrations of 2-10 mg/mL (Figure 4.18). Although
bioautography indicated no inhibition zones at an Rf of 0.36, this might result from
the low concentration spotted on the TLC plate. Looking at pathogenic inhibition
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and the AQS results obtained, this plant has moderate AQs activity which could be
investigated further quantitatively.

2.0 mg/mL

5.0 mg/mL
a

10 mg/mL
2.0 mg/mL

10 mg/mL

5.0 mg/mL

7.0 mg/mL

7.0 mg/mL
b

Figure 4.18: Well-diffusion assay to determine the antiquorum sensing activity of
a) Compound A1 at different concentrations and b) eugenol (positive control) against
Chromobacterium violaceum

To our knowledge, this is the first report on the AQS activity of 1,2-benzene
carboxylic acid, diisooctyl ester (Compound A1). Previously a crude extract of
Capparis spinosa containing 1,2-benzenedicarboxylic acid was found to inhibit
violeceun production (Abraham et al., 2011). According to a review by Kalia (2013)
compounds such as furocoumarins, limonoids and flavanoids are reported to
exhibit strong AQS activities. Compound A1 was found to demonstrate promising
pathogenic and QS inhibition potential with zones of 1.00 and 4.00 mm obtained at
a concentration of 2.0 mg/L respectively. These zones are smaller than those
obtained from the crude extract (Section 4.4.2).

The ability of phytochemicals to inhibit quorum sensing stems from their structural
similarities to AIs which allows them to degrade receptors and to interfere with
bacterial signaling (Vattem et al., 2007; Teplitski, Mathesius and Ramaugh, 2011).
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Table 4.5: Inhibition and antiquorum sensing zones of Compound A1 (1,2-benzene
carboxylic acid, diisooctyl ester) against Chromobacterium violeceum , with
eugenol as positive control

Compound A1

Eugenol
(positive
control)

4.6

Concentration
(mg/mL)
10.0
7.0
5.0
2.0
10.0
7.0
5.0
2.0

Isolated compound
Inhibition (mm)
AQS (mm)
6.14
9.10
6.00
8.80
2.30
5.10
1.00
4.00
16.10
25.10
14.50
22.50
15.00
20.40
14.20
19.00

ISOLATION AND IDENTIFICATION OF COMPOUND A2
FROM THE POLAR EXTRACT

Column fractions from the second column were tested in the COX-1, COX-2 and
15- LOX assays to evaluate their antiinflammatory activities and to use the results
as a guide to the isolation of the active compounds. The column fractions were
substantially more active than the crude 80% aqueous methanol leaf extract
(Figure 4.19a) against the COX enzymes. Although Fraction 4 displayed the
highest inhibition of both COX-1 and COX-2, Fractions 5 and 6 were of greater
interest, since they displayed the best inhibition against COX-2, with limited
inhibition of COX-1. The antiinflammatory activities of compounds present in
Fractions 4 to 6 were higher than that of indomethacin, the positive control.

Upon discovering the antiinflammatory activity of O. labiatum against the COX
enzymes, the antiinflammatory potential of the plant extracts was investigated
against 15-LOX using the FOX reagent method and quercetin as positive control. A
similar pattern was obtained with the 15-LOX (Figure 4.19b) as in the COX assays,
with Fractions 5 and 6 displaying the highest activities, comparable to that of the
positive control. The crude extract displayed a higher inhibitory activity against
15-LOX than against the COX enzymes. Fraction 4 exhibited poor activity. It was
therefore decided to further purify Fractions 5 and 6.
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120

COX Inhibition

100
80
60

COX-1
COX-2

40
20
0

a

b
Figure 4.19: Antiinflammatory activities of column fractions from the aqueous methanol
extract of Ocimum labiatum against enzymes A) COX-1 and COX-2 and B) 15-LOX of
column fractions obtained during the purification of antiinflammatory compounds from a
crude methanolic extract of Ocimum labiatum. [ Indomethacin and quercitin were used as
positive controls and DMSO as the negative control]

Both Fractions 5 and 6 contained compounds with an Rf of 0.16 and 0.38, however
Fraction 5 contained a higher concentration of the Rf 0.38 compound, together with
two other compounds (Rf 0.09 and 0.58) not present in Fraction 6 (Figures 4.20a
and 4.20b).
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a

F1

F2

F3

F4

F5

F6

b

F1

F2

F3

F4

F5

F6

Figure 4.20: Thin layer chromatography plates depicting the fractions (Fraction 1-6)
prepared using column chromatography observed at a) 254 nm light b) 254 nm after
derivatisation with NP/PEG
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Figure 4.21: UPLC-TOF-MS in positive mode chromatogram of Compound A2, confirming
the purity

Compound A2 (Figure 4.21) was isolated (chapter 3 section….) from the purified
methanol extract of O. labiatum as a cream fluffy solid using column
chromatography. UVMeOHλmax 225, 270 and 309 nm. IR (KBr) ʋ 3525(-OH), 3100
(C=OOH), 1678 (C=C), and 3012 cm-1(Ph-H). Data obtained from 1H NMR (600
MHz, Methanol-d4) and

13

C NMR (151 MHz, Methanol-d4) are reported in Table

4.5. An Rf value of 0.38 was obtained by TLC (Figure 4.22) in CHCl 3:MeOH:H2O
(70:30:2).

Figure 4.22: TLC plate after derivatization with NP/PEG reagents indicating a single zone
for Compound A2

93

Table 4.6: 1H and 13C NMR assignments for Compound A2. The chemical shifts (ppm) and
coupling constants (Hz) are provided
Position
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
1'
2'
3'
4'
5'
6'
7'
8'
1'’
2''
3''
4''
5''
6''

δ1H
(ppm)
1.4, 2H
1.6, 2H
3.70, H
5.26, H
2.02, 2H
1.54, H
2.15, 2H
5.25, H
1.35, 2H
1.64, 2H
2.25, H
1.71, H
1.67, H
1.58, 2H
1.98, 2H
1.18, 3H
1.18, 3H
1.14, 3H
093, 3H
1.00, 3H
0.80, 3H
0.87, 3H
4.12
2.61 - 2.38
4.22
7.27
6.85
7.16
6.85
6.86
7.64
7.73
6.88

multiplicity
(J/Hz)
m
m
m
m
m
m
m
m
-

-

s
s
s
-

d (J = 4.30Hz)
m
s
m
m
m
m
m
m
m
m

δ13C
(ppm)
31.40
24.20
90.30
38.90
157.50
121.90
38.20
43.70
47.60
30.70
25.10
121.90
144.20
43.70
29.20
27.40
46.40
52.80
39.00
38.80
28.70
32.50
22.30
22.30
24.20
42.60
22.40
180.30
16.70
18.60
73.00
38.10
64.90
128.80
120.50
126.70
114.50
130.20
128.20
114.50
154.80
114.50
128.80
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Figure 4.23 indicates the high resolution electrospray mass spectroscopy
(HRESIMS) (negative ion mode) assignment of m/z 679.51 (Calculated for
C45H58O5). The HRESIMS fragmentation pattern revealed 679 [M + 1], 425 [MC15H13O], 227 [M-C30H45O3-H], and 149 [M-C30H45O3-C6H5]. Optical rotation [αD200.017° (0.10 M, MeOH)].

Figure 4.23: High resolution electrospray mass spectrum of Compound A2

Chemical shifts obtained from the 1H NMR spectrum of Compound A2 indicated
the presence of an ursolic acid moiety as evident from an acidic proton at δ8.41.
Other diagnostic protons that also indicated ursolic acid as part of Compound A2
resonated at δ5.24 and 5.25 for the two olefinic protons, H-5 and H-12, of the
ursolic acid. Furthermore, a signal for the H-3 of the ursolic acid that is β-O-linked
to the second moiety of Compound A2 was observed in the 1H NMR at δ3.70 ppm.
Presence of the ursolic acid moetry was further indicated by the H-H COSY
experiment at H-9 and H-2’ at δ1.58-4.11ppm and H-3 and H-9 at δ3.88-1.55ppm.
The high resolution electrospray ionization mass spectrometry (HRESIMS)
fragmentation of the pentacyclic triterpene ursolic acid appeared as a daughter ion
at 453. This fragmentation confirmed the cleavage of the H-3-O-bond between the
ursolic acid and O-substituent daughter fragment at 225 (Figure 4.24).
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Figure 4.24: Proposed structure of Compound A2 showing HMBC correlations (black
arrows), UPLC-MSHRESIMS (negative ion mode) m/z 679.51 (Calculated for C45H58O5)
and HRESIMS fragmentation pattern of 679 [M + 1], 425 [M-C15H13O], 227 [M-C30H45O3H], and 149 [M-C30H45O3-C6H5]

The other signals for the ursolic acid moiety were comparable to those reported by
Silva et al. (2008). Furthermore, the 1H and 13C spectral data of Compound A2 was
in agreement with that reported by Silva and co-workers, but differ only in the
aromatic region that revealed signals for a flavanol moiety in Compound A2, as
well as the C5-C6 olefinic bond on the ursolic acid. Whereas Compound A2
contains eight aromatic protons at 6.85-6.88 (3H, m), 7.16-7.27 (3H, m), 7.62-7.64
(H, t), 7.71-7.73 (H, t), ursolic acid (Silva et al., 2008) produced no signal in the
aromatic region (Figure 4.25).

3H
H

H

3H

Figure 4.25: Expanded 1H NMR spectrum indicating eight aromatic protons in
Compound A2
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The two most downfield aromatic protons at δ7.62-7.64 (H, t), 7.71-7.73 (H, t),
were attributed to the H-5'' and -H-3'' of the ring A system. These two protons were
assigned to these signals because their chemical environment is adjacent to C-4'',
a carbon that is attached to an O-substituted moiety. The electronegativity of the
oxygen attached to C-4'', deshielded H-5'' and -H-3'' most downfield. The H-6'' of
ring A was found to be chemically equivalent to H-7' and H-5' of ring C and thus
signaled as a three-proton multiplet at δ 7.15-2.27. However, H-2'' was in a
chemically similar environment to H-8' and H-6', thus suggesting that Compound
A2 consists of aromatic ring systems. Two proton signals at δ 4.12, and 4.22
(Figure 4.26), pointed to the fact that A2 were assignable to H-4' and H-2' of the
ring C system. These protons could not be attributed to the presence of a sugar
moiety due to the absence of an anomeric carbon. At this point Compound A2 was
thought to be a compound comprising a substituted flavanol moiety that has been
previously reported from O. labiatum by Grayer et al., 2004).

Figure 4.26: Portions of the 1H NMR spectrum of Compound A2 indicating signals for the
H-C-O unit of the flavanol moiety

The HMBC correlation experiment revealed the linkage between H-4' and C-2'
(Figure 4.24) to further provide evidence of the possibility of a flavanol moiety in
Compound A2. The 1H and

13

C NMR spectra, in addition to the HRESIMS

fragmentation indicating a daughter ion at m/z 149, suggested a flavanol moiety
(Figure 4.27) as a major component of Compound A2.
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Figure 4.27: Structure of the flavanol moiety for Compound A2 as deduced from the 1H
NMR signals. R = ursolic acid derivative

Further correlation between the olefinic bonds of the pentacyclic triterpenoid ursolic
acid and the flavanol was established using the heteronuclear multiple bonds
correlation (HMBC) experiment. The HMBC revealed hydrogen-carbon correlations
at δ1.50-144.91 (H7-C5) and at 1.50-144.9 (H18-C12). These signals highlighted
the linkages in the ursolic acid moiety, connected to the flavanol through the
correlation between H23-C4'' at δ1.50-146.40 and that between H4' and C2'.

It is worth mentioning that the HSQC signal that indicates single J-coupling for a
hydrogen directly attached to its carbon was used to prove the attachment of
aromatic protons at δ6.85-6.88 (3H, m), 7.16-7.27 (3H, m), 7.62-7.64 (H, t), 7.717.73 (H, t) to their respective carbons at 115.93, 116.50, 129.68, 129.55, 129.65,
130.77, 133.96, 133.33. The acidic proton signalled with a low intensity peak on
the 1H NMR spectrum at 8.41 ppm (Figure 4.28, black arrow). The presence of the
substituted flavanol moiety of Compound A2 was confirmed by HRESIMS
fragmentation pattern with a daughter ion at m/z 149, which is peculiar with a
flavanol skeleton from its m/z of 697 (Figure 4.24). Having fully assigned the
hydrogens and carbons of Compound A2 and after comparing the data with
literature (Silva et al., 2008; Kapewangolo, 2013), Compound A2 was elucidated as
consisting of pentacyclic triterpene, a flavanol and acid moieties (Figure 4.29). The
name of the compound was determined to be 3β-O-flavano-urs-5,12-dien-28oic acid.
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Figure 4.28: Proposed structure for Compound A2, elucidated by using NMR and UPLC-MS spectral data
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Figure 4.29: Final chemical structure proposed for Compound A2 (3β-O-flavano-urs-5,12dien-28-oic acid)

4.7

QUALITATIVE ANALYSIS OF COMPOUNDS IN A
TYPICAL ACID-BASE ALKALOID EXTRACT

A typical acid-base extraction method was used to target any alkaloids present in
O. labiatum. The extract was initially analysed by gas chromatograph coupled to a
quadrupole mass spectrometer followed by analysis by an Agilent 7890 LECO 2D
GCxGC-ToF-MS instrument. Three compounds, i.e. diethyl-bis(2-cyanoethyl)
malonate (C13H18N2O4), dibutylphthalate (C16H22O4) and 1,2-benzenedicarboxylic
acid, diisooctyl ester were identified after both instruments indicated their
presence. The alkaloid extraction yielded the same compound isolated from the
non-polar fraction as described in Section 4.5.1 and served to confirm the identity.
The remaining four (Table 4.7) were identified using the accurate masses obtained
by the time-of-flight detector of the two-dimensional GC system.

Alkaloids are complex compounds that have been described as biologically active
and heterocyclic chemical compounds that contain nitrogen and display
pharmacological activity and, in many cases, have medicinal or ecological uses
(Aniszewski, 1994).
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Of the compounds identified, only one was nitrogen-containing (diethyl
bis(2-cyanoethyl)malonate). This compound is a diethyl ester, which is produced
naturally

in

fruits

(grapes

and

strawberries).

Dibutylphthalate

and

1,2-

benzenedicarboxylic acid, diisooctyl ester are used as plasticizers11, additives and
adhesives12.

The presence of alkaloids in members of the Lamiaceae family has been
investigated

by

several

researchers

applying

specific

staining

reagents

(Dragendorff, Mayer, Dittmar, Wagner and Hager reagents) (Daniel, Daniang and
Nimyel, 2011; Naidoo et al., 2013; Ulhe and Narkhede, 2013; Jing et al., 2014).
A few Ocimum species (O. obovatum, O. basilicum, O.

sanctum and

O. gratissimum) are reported to contain alkaloids in their plant parts (Khair-ulBariyah, Ahmed and Ikram, 2012; Mbata and Saikia 2007; Naidoo et al., 2013).
The presence of alkaloids was investigated by Daniel, Daniang and Nimyel (2011)
in leaves of O. basilicum using “standard methods”, but they reported that no
alkaloids were present. This finding contradicts those by Vimali et al. (2014)
reported that O. basillicum contains higher concentrations of 50.67 mg/g alkaloids
than those detected in O. canum by Aluko, Oloyede and Afolayan, (2012) and
slightly higher than those quantified in O. sanctum leaves (50.00 mg/g). It was
reported that some of these species produce alkaloids in low concentrations that
are not detected using staining reagent methods (Joshi et al., 2011; Khurram,
Khaliqurrehman and Khan, 2013). To our knowledge there are no specific
alkaloids that have been reported to be identified in Ocimum species. A number of
these studies use standard methods (reagent staining), which has a high
possibility of false positive results, to determine the presence of these
phytochemicals. Therefore the data published do not validate each other. The
current study has confirmed using reliable methods that O. labiatum does not
produce any alkaloids.

11
12

www.greenfacts.org/en/dbp-dibutyl-phthalate. Accessed: 6 March 2015
www.thegoodscentscompany.com/data/rw1238651.htm. Accessed: 9 August 2015
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Table 4.7: Non-polar chemical constituents extracted from Ocimum labiatum leaves using typical acid-base alkaloid extraction as
identified by two-dimensional gas chromatography with time-of-flight detection
Retention time
(s)
1st
2nd
20.5
0.810

Peak
number

Accurate
mass

Compound name

Similarity

Reverse
fit

1

238.1933

Oplopanone (C15H26O2)

824

827

4

266.1267

Diethyl bis(2-cyanoethyl)malonate (C13H18N2O4)

919

922

68.5

0.280

7

260.2504

Benzene,(1-methyldodecyl) (C19H32)

843

851

83.5

0.550

8

270.2559

Hexadecanoic acid (C16H32O2)

906

924

85.0

0.570

9

278.1518

Dibutylphthalate (C16H22O4)

915

918

303.0

0.800

10

298.2872

Methyl octadecanoate (C19H38O2)

919

925

384

0.590

14

39.2770

1,2-Benzenedicarboxylic acid, diisooctyl ester

945

963

678

1.10

(C24H38O4)
st

1 : First column
2nd: Second column
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4.8

MICROSCOPY INVESTIGATIONS

4.8.1

Distribution of trichomes

An assortment of glandular structures- small and large glandular trichomes and
glandular hairs were found to be present. The size and distribution of trichomes
were investigated using SEM (Figure 4.30).

a

b

c

d

e

f

g

h

Figure 4.30 (a) SEM view of the adaxial surface of an Ocimum labiatum leaf, with various trichome
structures. The orange arrow points to a hair-like trichome, the blue to a large peltate trichome and
the green to a small capitate trichome (b) SEM view of the abaxial surface of an Ocimum labiatum
leaf, with pink arrows pointing to the medium peltate trichome. (c) The stem and two head cells of
a small capitate trichome. (d) Medium peltate (pink arrow) and large peltate trichomes (blue
arrow) situated in slight indentations. (e) Large peltate trichome with the membrane of the head
capsule ruptured, and solid content remnants of oil spilling out (green arrow). (f) Laminar trichome
with the rostrum (yellow arrow), clear indented annulae of adjoining cell walls (crimson arrow), and
micropapillae (white arrow). (g) Long, filamentous hair associated with the vascular bundle
structures. (h) Fluorescence micrograph to indicate the non-glandular nature of the hair-like
trichomes
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All types of glandular structures are noticeably sparser on the adaxial (upper)
surface of the leaf than on the abaxial (lower) surface (Figure 4.30a). Glandular
hairs are present on the adaxial surfaces in numbers between 3.0 and
5.5 per mm2. Large glandular structures vary in number between 3.2 and 4.8 per
mm2. The small glandular trichomes are mainly associated with indentations due
to the vascular bundle architecture. These small glands are far more abundant
than the other two types with a density that varies between 5.4 and 9.2 per mm 2.
A fourth type of trichome, medium in size, not seen on the upper surface, was
observed on the lower leaf surfaces (Figure 4.30b). The densities of the three
types occurring on the upper surface are very consistent; however, the medium
trichomes are rare and randomly distributed with density varying between 0.6 and
1.5 per mm2. The smaller glandular hairs have an average distribution of 6.0 per
mm2, while the large ones have a density of 8.6 per mm 2. A particular abundance
of the small glands (13.1 per mm2) occurs on the lower surface (Figure 4.30c). In
contrast to the upper surface, these glands occur on both the vascular bundles
and the planar abaxial surface. The large glandular structures are situated in
slight basal depressions in the underlying plant tissue beneath each gland,
displaying similar attachment on both surfaces (Figure 4.30e).

The non-glandular hair on the abaxial surface is confined to the vascular bundles.
Dominant veins are adorned with longer, more filamentous hair, which reach a
length of 500 μm when measured from the base, whereas the hairs occurring on
branched veins appear more stunted (about 160 μm). The latter hairs dominate
the appearance of hairs on the upper surface and the filamentous hairs are
somewhat shorter (350 μm) on the upper surface.

4.8.2

Trichome morphology

Large peltate (approximately 50 μm in diameter), medium peltate (approximately
20 μm) and small capitate glands (approximately 10 μm) were randomly
distributed, with the peltate trichomes only occurring on the laminar area, while
the capitate trichomes were found predominantly on the veins, as well as in the
interveinal laminar area. The medium trichomes are characterised by prominent
indentations formed by a quadrant of head cells (Figure 4.30d). Similar to the
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medium trichomes, the large trichomes are situated in slight individual
indentations on the laminar surfaces and the head also consists of four cells.
Apart from the size a further important distinguishing characteristic of the large
trichomes is that the secretion is enveloped between the head cells and the
cuticular membrane Figure 4.30e). Small capitate trichomes comprise only two
head cells forming a rounded head and a prominent stalk. They appear to be
implanted on a single basal cell (Figure 4.30c).

Two types of hair-like, unbranched, non-glandular trichomes could be discerned
by SEM. Both types are implanted on a bulbous multicellular rostellum clearly
distinguishable from the adjacent epidermal cells. Both types are adorned with
micropapillae that are arranged in a staggered configuration. Cell divisions are
clearly visible as indented annulae along the length of the hair (Figure 4.30f).
Bhatt et al. (2010) described only a single type of non-glandular trichome. It is
unclear whether this disparity is due to temporal or geographical influences.
Fluorescence microscopy clearly elucidated the non-glandular nature of the
cellular content of the hair-like structures (Figure 4.30h). Close to the apex,
fluorescent inclusions were observed, but these deposits were not attributed to
compounds of interest. Light microscopy confirmed that the hair-like trichomes
consist of a single row of stacked cells forming the hair, originating from a
rostellum comprising markedly enlarged epidermal and mesophyll cells.

Autofluorescence was observed (Figure 4.31a) for some of the large peltate
glands, while some did not fluoresce. Colour variations amongst the fluorescent
ones clearly indicate differences in chemical content composition, with some
glands appearing blue and a minority displaying a yellow colour. However, when
stained with vanillin-HCl (Nikolakaki and Christodoulakis, 2004) most of the large
and medium peltate trichomes could not be distinguished and the black-blue and
non-fluorescent content indicated the presence of terpenoids. Differences in
colour intensity suggest some chemical differences exist in the content of the
secretions. The complex essential oil is isolated from these glands that are
ruptured during distillation. Scarcely distributed, a small number of large and
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medium glandular structures appeared yellowish-green, reflecting a completely
different chemical content, possibly phenolic in nature.

a

b

c

d

e

f

g

h

Figure 4.31 (a) Auto-fluorescence of abaxial surface structures. Large peltate (yellow arrow) and
medium peltate (green arrow) trichomes. (b and c) Trichomes of abaxial surface stained with NP
reagent, and yellow arrow indicating the medium peltate trichome and the yellow arrow the large
peltate trichome. Purple and orange arrows indicating small capitate trichomes with differentiated
content. (d) NADI reagent also highlighting the content differences of the capitate trichomes.
(e) Light micrograph of the cross section through a non-glandular trichome. (f) Light micrograph
of a small capitate trichome, with the two head cells (a) and stem (b) visible. (g) Large peltate
trichome with the accumulated oil (a), one of the secretory cells (b), and stem seated stem (c).
(h) Indentation with large peltate trichome
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This was confirmed by intense blue fluorescence following treatment with NP
reagent (Figure 4.31b and c). Based on the histochemical results, size appears to
be the only feature distinguishing large and medium peltate trichomes. Bhatt et
al. (2010) stated that peltate trichomes in O. labiatum (previously Orthosiphon
labiatus) are initiated during leaf formation. It would therefore be reasonable to
expect uniformly sized trichomes. The observation of large and medium
trichomes may therefore be attributed to slower enlargement of these glands,
resulting in some appearing as medium-sized on the mature leaf. This argument
concurs with findings of Gonçalves et al. (2010), who observed that trichomes of
Ocimum selloi at different developmental stages were present in close proximity
of each other on primordial leaves, thereby indicating that development was not
synchronized.

The small capitate trichomes appeared intensely fluorescent when using the blue
filter without any chemical treatment, with blue and yellow fluorescence indicating
the presence of phenolic compounds. Wagner and Bladt (1996:362) consider
autofluorescence as characteristic for phenolic compounds, depending on the
structural type. Subsequently, NP reagent (Naturstoffreagenz) was used to
enhance the natural autofluorescence of phenolic compounds within these
capitate trichomes (Andary et al., 1984). Two colour variations could be
discerned i.e. greenish blue and light blue. Blue fluorescence is associated with
phenol carboxylic acids and coumarins (Wagner and Bladt, 1996:362).

Abundant stomata with large substomal space are present on the abaxial
surface, as was confirmed with all three microscopy techniques used. Light
microscopy studies of large peltate glands indicated a large subcuticular space.
Four equally-sized head cells contribute to the accumulated content in this space,
in agreement with Bhatt et al. (2010). However, fluorescence microscopy using
intact, mildly treated material presented no evidence of degenerated glands. This
finding confirmed that any degenerated glands observed with SEM and light
microscopy are simply artefacts emanating from sample preparation. This is in
contrast to statements made by Bhatt et al. (2010) who described large
degenerated peltate glands as a major feature of O. labiatum. Although this
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feature has been described in Lippia (Combrinck et al., 2007), this seems to be
an unlikely occurrence in the current species. It was not possible to distinguish
between large and medium peltate glands using light microscopy (Figure 4.31h),
despite the discernible size differences observed using SEM. These glands are
seated within slight indentations on both surfaces, with a basal cell resembling a
very short stalk cell implanted on the epidermis.

Capitate structures consist of two head cells and a single stalk cell carried above
the epidermal plane (Figure 4.31f and g). A cuticular membrane envelope both
head cells without a subcuticular space. The length of the stalk cell is
approximately equal to that of the trichome head. Large vacuoles and oil bodies
are visible within the head cells. These oils bodies do probably not contribute to
the phenolic content of the capitate glands.

Although the description of the

capitate glands presented by Bhatt et al. (2010) was largely consistent with our
observations, their micrographs do not elucidate any structural features of these
glands.

The histochemical observations correspond to the chemistry of the species. The
terpenoids present in most of the large and medium peltate glands are released
during hydro-distillation to form the aromatic essential oil. Compound A1 (1,2benzene dicarboxylic acid, diisooctyl ester) may also be stored in these trichomes.
Some of the medium and large peltate trichomes and all of the small capitate
trichomes contained compounds of a phenolic nature. The colour differences
during autofluoresence and after staining reflect differences in the types of phenolic
compounds present. The isolated Compound A2 (3β-O-flavano-urs-5,12-dien-28oic acid) is probably located in some of these glands. Other phenolic compounds
as observed on the TLC plates may also be produced and stored within these
structures. Microscopy observations of the localities of chemical compound within
a plant brings the chemist closer to nature and allows him/her to better understand
that compounds are not produced haphazardly by plants, but for a specific
purpose. This purpose(s) can be re-directed to other uses beneficial to man.
Although initial histochemical investigations may provide leads as to the classes of
compounds produced by a specific plant, caution must be used when these results
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are interpreted. False positives may result from qualitative staining, particularly in
the case of alkaloids.

4.9

EVALUATION OF COPPER POLLUTION IN ORCHARD
SOILS

4.9.1

Introduction

Copper(II) is an essential micronutrient for plants and other living organisms
(Marschner, 1999). However, beyond certain concentrations the metal becomes
toxic, causing damage to the metabolic pathway of the plant. Exposure of plants to
high levels of Cu(II) may result in chlorosis and death. The application of Cu-based
fungicides dates back more than 100 years (Merry, Tiller and Alston, 1983). These
Cu-based fungicides are used to inhibit the growth of pathogens, including
Colletotrichum gloeosporioides, Botryospheria parva, Plasmopora species and
Phomopsis vilicola. These pathogens reduce fruit production and quality by
causing decay. Repeated application of fungicides results in the build-up of Cu in
the soil. High concentrations of the metal affect soil organisms, such as
earthworms and microorganisms, thereby reducing soil quality. In addition, the
metal can migrate through the soil as a result of rainfall or irrigation, ultimately
making its way to the ground water, where it poses a threat to the health of
humans and animals (Xiaorong et al., 2007). It is therefore important that the
levels of Cu be monitored to determine whether the pollution warrants the
implementation of mitigating action.
4.9.2

Validation of ICP-OES method for soil and plant analysis

Certified reference materials (CRM) of leaves and soil were used to validate the
ICP-OES methods used to determine the Cu concentrations in the samples. These
reference materials were selected to mimic the sample matrices. A Cu
concentration of 22.3 µg/g was detected in the soil CRM, which is 6.2% higher
than the certified value (Table 4.8). However, the Cu in the leaf CRM was
significantly lower than the certified value, indicating poor accuracy for the method.
Since the trends in concentration were important in this study it was decided to
continue, the method was regarded as sufficiently accurate for soil.
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Table 4.8: ICP-OES method validation using certified reference materials of soil (NSD
DC73319) and leaves (NCS DC73348)

Cu soil (DC73319)

Certified value
(µg/g)
21.0 ± 2.0

Cu leaves (DC73348)

5.20 ± 0.5

Obtained value
(µg/g)
22.3 ± 2.41
4.03 ± 0.04

LOD
(µg/g)
0.351

LOQ
(µg/g)
1.22

0.110

0.350

4.9.3 Copper concentrations of orchard soils
The orchards used in this study have been exposed to Cu though application of
Cu-based fungicides (Chronos 45 EC) for a number of years. Mango orchards are
treated throughout their lifetime during the fruit season, while citrus orchards are
only treated when the trees are young.

Copper accumulation in the soil is affected by numerous factors, including soil
type, soil composition and soil pH. Therefore the soil type and pH were examined
from each orchard (Table 4.9). The mango orchards were found to have clay soil
that has the ability to retain high metal concentrations, while the sandy soil in citrus
orchards, has a low metal retention.

Copper is more mobile in an acidic

environment (Elbana and Selim, 2011), thereby posing a greater risk by
accumulating in ground water and vegetation. However, the soil pH was found to
range between 6.17 and 6.72, which is slightly acidic to neutral. It was therefore
expected that the Cu in the soils investigated in this study would not be very
mobile.
Table 4.9: Orchard sites in Hoedspruit, Limpopo Province, South Africa, used for
sampling soil to determine the copper concentrations
Mango A

Mango B

Citrus

Mature

Mature

Young

S 24.50205°

S 24.39808°

S 24.40751°

E 30.83277°

E 30.84014°

E 30.82968°

Soil type

Clay

Clay

Sandy

Soil pH

6.17-6.72

6.17-6.72

6.48-6.51

Age of orchards
Coordinates

The Cu concentrations of soils in mango and citrus orchards (Table 4.10) were
determined using FP-XRF spectrometry, which measures multiple elements in just
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180 seconds in situ, and later by ICP-OES. Numerous readings were taken in the
orchards and soil from sites with high concentrations of Cu(II) was sampled and
further analysed in the laboratory using ICP-OES, to confirm the accuracy of the
FP-XRF results. Generally, the concentrations obtained by FP-XRF were higher
than those obtained using ICP-OES (Table 4.10), the lack of sample preparation
could have resulted in the high concentration. However, the trend in the
concentrations was the same. Orchard A was found to be more polluted than
Orchard B, while the citrus orchard was characterised by low concentrations of the
metal. According to farmers in the area (Personal communication Mr Kobus
Redelinghuis), Cu is only applied to very young citrus trees and not to mature
trees. This information is consistent with the low concentrations measured during
the study.

Concentrations of Cu ranging from 63 to 870 mg/kg soil were determined in soils
from Orchard A. These concentrations are beyond acceptable trace levels,
indicating that the Cu present could pose a threat to soil quality, the health of the
mango trees, the environment and human health. It is noteworthy that the Cu
concentrations varied considerably within the same orchard. The ICP-OES results
confirmed that these readings are accurate and the reason for this variation could
not be adequately explained. It is possible that the tractor and sprayer stop at
specific points, such as the beginning of individual rows, thereby releasing larger
volumes of the solutions to those spots. In addition, some of the samples were
taken between the rows and others directly under the trees where run-off can
occur, thereby resulting in accumulation of the metal beneath the trees.

The Cu concentrations determined in Control A2 (orchard A) and Control C (citrus
orchard) were higher than expected (32.1 and 83.0 mg/kg by ICP-OES,
respectively). This Cu may have resulted from mist arising from spraying with Cucontaining fungicides in the nearby orchards. To our knowledge, the acceptable
Cu concentrations in South African soil are not known, however a range of 2-100
ppm and averaging at about 30 mg/kg has been reported13. The other two controls
13
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contained levels reflecting the natural Cu content of the soil. The highest
concentration measured in Orchard B (350 mg/kg) was lower than the highest
concentration in soil from Orchard A (870 mg/kg). However, the levels are still high
enough to be of concern and to warrant remedial action. The citrus orchard, being
the youngest of the three orchards, contained the least Cu. The concentrations in
this orchard were very low at most points. In the few samples taken to the
laboratory, the concentrations of Cu ranged from 59 to 240 mg/kg.
Table 4.10: Copper concentrations (mg/kg) in citrus and mango orchard soils as
determined using both FP-XRF and ICP-OES (n=3)
Sample
name

Location

Cu concentration (mg/kg)
XRF
ICP-OES
(mg/kg)

CONT A1
CONT A2
C3-R1-3
C3-R1-63
C3-R17-23
C3-R5-13
D11-R1-23
D11-R1-53
D7-R1-158
D7-R1-33
D7-R7-78
CONT B
R11-3
R1-3
R13-13
R13-15
R5-45
R7-45
R9-45

Mango A
< LOD
< LOD
Mango A
33 ± 0.7
32.1 ± 0.1
Mango A
71 ± 3.0
77.5 ± 0.1
Mango A
870 ± 4.0
391 ± 1.0
Mango A
820 ± 22
510 ± 1.0
Mango A
63 ± 25
71.0 ± 0.1
Mango A
160 ± 27
91.3 ± 1.0
Mango A
73 ± 16
55.6 ± 0.1
Mango A
490 ± 22
253 ± 1.0
Mango A
65 ± 19
61.9 ± 0.2
Mango A
460 ± 15
262 ± 1.0
Mango B
32 ± 10
14.1 ± 0.1
Mango B
290 ± 19
235 ± 1.0
Mango B
350 ± 15
112 ± 1.0
Mango B
150 ± 22
310 ± 1.0
Mango B
260 ± 24
133 ± 1.0
Mango B
76 ± 19
131 ± 1.0
Mango B
174 ± 13
87.0 ± 0.1
Mango B
105 ± 21
130 ± 1.0
Citrus
59 ± 11
CONT C
83.0 ± 0.1
R1-17
Citrus
240 ± 21
112 ± 1.0
R6-3
Citrus
166 ± 17
185 ± 1.0
A and B distinguishes the orchards from which the soil samples were collected
CONT = Control samples indicating baseline values for copper

Although higher readings were obtained when using FP-XRF spectrometry, it
remains a reliable and rapid technique for screening in the field, since samples
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containing high concentrations of Cu were consistently indicated. It is well known
that particle size distribution and the moisture content of the sample affects the
measurement when using XRF (Lin, 2009). For more accurate measurements,
samples may be dried and compressed into a pellet prior to measuring. However,
these sample preparation steps are not necessary to determine the extent of
pollution in orchards. From the data obtained it was evident that the soil quality in
these orchards is compromised and will still be further compromised with the
continuous application of these Cu-based fungicides.

According to literature, agriculture soil exposed to Cu-based fungicides have been
found to retain high Cu(II) concentrations, even resulting in the closure of some
orchards. Vineyard soils in some European countries, including Spain, France,
Greece and Slovenia, that make use of Cu-based fungicides, have been reported
to contain Cu concentrations greater than 100 mg/kg and 3200 mg/kg reported in
South Brazil (Vitanovic, 2012). However, the metal occurs in a variety of forms and
can interact differently with soil components, resulting in more, or less mobile ions.
The more mobile ions pose a greater threat to ground water contamination, since
the metal migrates faster into the environment (Xiaorong et al., 2007; Sherene,
2010). Since high Cu concentrations were detected in the soil, it is important to
determine the mobility of the Cu.

4.9.4

Determination of copper mobility orchard soils

The method used in this study selectively extracts Cu, depending on how strongly
it is bound to the soil. The fractions can be distinguished (in order of decreasing
mobility) as a water-soluble fraction (F1); exchangeable fraction (F2); specifically
sorbed and carbonate-bound fraction (F3); specifically bound to manganese and
iron oxides fraction (F4); Cu strongly complexed by organic matter fraction (F5)
and a residual Cu fraction (F6). From the data obtained using ICP-OES after
sequential extraction, it became evident (Figure 4.32) that the Cu in the orchard
soils investigated is strongly bound to the organic and inorganic soil components,
regardless of the soil type. The Cu in F1 and F2 was undetectable in all samples.
High Cu concentrations were detected in F5>F6>F4>F3≥F2≥F1, indicating that the
Cu is not freely mobile. The highest Cu of 391 mg/kg using ICP (870 mg/kg
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FP-XRF) was detected in orchard Mango A (C3-R1-63). After sequential
extraction, highest Cu concentration (270.44 mg/kg) in this sample was extracted
in F5, followed by F4 containing 58.93 mg/kg Cu and F6 containing 51.56 mg/kg.
In mango Orchard B (R1-3), the highest Cu concentration was found to be
133.75 mg/kg in F5, followed by F6 (13.41 mg/kg), followed by F4 (20.27 mg/kg),
F3 contained hardly any Cu (3.79 mg/kg). The citrus orchard soil sample R6-3
yielded 99.97 ±0.5 mg/kg of Cu in F6, 16.82 mg/kg in F5 and only 0.90 mg/kg in
F3. Soils from mango Orchard B were characterised by a high content of organic
bound Cu (F5), with an average of 59.88 mg/kg, followed by mango Orchard A
with an average of 47.64 mg/kg. The citrus orchard contained the least organically
bound Cu averaging at 14.62 mg/kg. However from this orchard, a high
concentration of residual Cu was detected with an average of 56.19 mg/kg. The
residual Cu in both mango orchards were similar, with average readings of 17.11
and 14.51 mg/kg detected in Orchards A and B, respectively.

The first fractions (F1 and F2) were expected to contain large amounts of Cu,
since the extractants used to prepare these fractions target readily available Cu.
However, the orchard soil was found to retain most of the Cu, which could result
from soil-metal interactions and the presence of organic matter and nutrients
(Ashworth and Alloway, 2004).

Artificially added Cu immediately adheres to organic matter, carbonates and other
metals such as manganese and their oxides that are available in the soil (Ma et
al., 2006; Arias-Estévez et al., 2007; Sayen, Mallet and Guillon, 2009). It was
expected that the Cu in the orchard soils would be quite mobile, since it is applied
in the form of soluble Cu salts (CuOCl in most cases). The Cu would therefore be
expected to occur in high concentrations in the freely exchangeable fraction. In
addition, some Cu would also be expected to be organic matter bound, since the
orchard soil in continually replenished with orchard litter that contributes to its
organic content.
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Figure 4.32: Fractionation pattern for Copper in soil samples from two mango and one
citrus orchard. F1= water-soluble fraction; F=2 exchangeable fraction; F3= specifically
sorbed and carbonate-bound fraction; F4= specifically bound to manganese and iron
oxides fraction; F5= Cu strongly complexed by organic matter fraction and F6= residual
Cu fraction
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The damage caused by high Cu concentrations in the environment is dependent to
a certain extent on the amount of mobile Cu, while the mobility, in turn, is
dependent on the soil type, amongst other factors. Since most of the Cu was
found to be not readily mobile, it implies that the threat posed to groundwater and
vegetation resulting from Cu contamination is minimal. However, the high Cu that
is retained in the soil (F6) can have a negative effect on soil quality. Copper, at
concentrations as high as 51.56 mg/kg, remained strongly bound to the orchard
soil and was determined in the residual Cu fraction (F6). These concentrations can
further increase with continuous use of these fungicides posing a risk to microbes
and other organisms, such as earthworms (Wightwick et al., 2008; Komarek et al.,
2010). Most of the extracted Cu was in the fraction containing the organic-bound
Cu, followed by the fraction reflecting Cu bound to manganese and iron oxides.
According to Tisdale et al. (1993), Cu ions strongly bind specifically to organic
matter, silicate clays, iron and aluminium or manganese oxide. This pattern was
observed from the study on the orchard soil. These types of Cu, along with the
carbonate bound are considered to be very active (Sposito et al., 1982; Shuman,
1985; Xiaorong et al., 2007). Metal bioavailability is dependent on pH and
increases with a decrease in pH (McBride et al., 1997). With the orchard soil pH
reading range of 6.17-6.72, none of the detected Cu was water-soluble or
exchangeable, therefore the Cu seems not to be readily available or mobile.
However, any increase in soil acidity could mobilise the Cu (Sauve, Hendershot
and Allen, 2000).

4.10

PHYTOREMEDIATION POTENTIAL OF OCIMUM LABIATUM

4.10.1

Copper determination in aerial parts

Data obtained for the analysis of leaves and roots by ICP-OES are presented in
Table 4.11. In addition, the results of analysis of the soil sampled from the pots at
the end of the contamination period are also included. Stems were not analysed
since they were difficult to powder and did not yield representative samples.
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The concentrations of Cu were the highest in the roots, irrespective of the
concentration applied to the plants (Table 4.11). The uptake to the roots increased
as the contamination levels increased and ranged from 264.2 to 3396 mg/kg dw
(dry weight). The root controls contained a surprisingly large amount of Cu
(96.16 mg/kg dw), which was inherent to the soil used. The average Cu
concentration for each treatment group differed significantly from that of the
others, as revealed by the small standard deviations. The same trend was
observed for the leaves, with the concentrations steadily increasing as the
contamination levels increased. These values ranged from 25.68 to 192.10 mg/kg
dw. Although the plants stems could not be analysed for any Cu accumulation, it is
possible that some of the extracted Cu was translocated there from the roots.
Table 4.11: Copper accumulation by Ocimum labiatum and copper concentrations in the
soil from pot plants at the end of the contamination period

Treatment mg/L
Control
50
100
200
500
1000
1500
2000
2500
CRM (21mg/kg)
SD = standard deviation

Copper accumulation ± SD (mg/kg) dry weight
Leaves
Roots
Soil
23.49 ±0.1
96.16 ±0.1
39.04 ±1.0
25.68 ±0.1
264.2 ±0.4
59.00 ±0.2
38.62 ±0.1
371.8 ±0.4
143.8 ±0.6
49.60 ±0.2
763.8 ±2.0
473.4 ±0.5
75.40 ±0.1
1886 ±4.3
510.2 ±0.3
96.73 ±0.1
2321 ±3.2
1717 ±2.0
136.2 ±0.2
2608 ±5.5
2472 ±2.0
167.6 ±0.1
2824 ±3.7
3259 ±3.5
192.1 ±0.2
3396 ±6.0
3587 ±2.5
22.31 ± 2.4

Studies state that 12 mg/L is the global value for Cu concentrations in plant
biomass. However higher concentrations were detected in the plant parts of
controls; this could result from the high Cu levels in the soil. Several
phytoremediation studies have indicated that some species store most of the
accumulated metals in their aboveground plant tissues, which include stems
(Raskin et al., 1997; Mganga et al., 2011). Data obtained revealed that the plant
under investigation has the ability to extract Cu from the soil and translocate some
of the accumulated Cu to the leaves, while storing large quantities in the roots.
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From the high Cu accumulation, with no visible physical evidence of Cu toxicity in
the plant, it is evident that this plant species has phytoremediation potential to a
certain extent. However the bioconcentration factor (BCF) and tolerance factor
(TF) of this plant had to be determined. The BCF factor is the ratio of the metal
concentration in the plant parts to that in the soil. A value ranging from 1-10
indicates that the plant of interest is a hyperaccumulator and suitable for soil
remediation (Netty et al., 2012). A TF value greater than 1 indicates effective
metal translocation from the roots to the shoots by the plant (Kumar et al., 2012),
where the TF is the ratio of the metal concentration in the aerial parts to those in
the roots. In this study the TF values are a rough estimate, since the stems were
not included. The BCF and TF were calculated using the Cu results obtained using
ICP-OES for each group after the contamination period. Data tabulated in
Table 4.12 indicates a BCF>1 in all cases, except one (2000 mg/kg), with a
TF<<1. The BCF values declined at the higher concentrations. Plants with a
BCF>1 and TF<1 are said to have phytostabilisation potential (Yoon et al., 2006).
The high BCF indicates the good phytoremediation potential of O. labiatum,
whereas the low TF indicates that the plant is a poor metal distributor. This was
evident in the high Cu concentrations accumulated in the roots. Ocimum labiatum
is a good candidate for phytoremediation, since the BCF of the control was found
to be 3.06 with a TF of 0.24.
Table 4.12: Average bioconcentration factors (BCF) and translocation factors (TF)
calculated from ICP results of ten replicates for each group after the contamination period
Treatment (mg/L)
Control

BCF

TF

3.06

0.24

50

4.91

0.09

100

2.86

0.10

200

1.72

0.06

500

4.19

0.04

1000

1.43

0.04

1500

1.11

0.05

2000

0.92

0.06

2500

1.00

0.06
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Although Cu concentrations in the stems were omitted from the calculation, it is
probable that only small amounts accumulate in the stems since members of the
Lamiaceae previously investigated contained only very low levels in their stems
(Zheljazkov et al., 2008). Therefore these concentrations would have only a slight
impact on the BCF and TF values. The group treated with 2000 mg/L Cu was the
only group with a BCF slightly lower than 1 (0.92). As the concentrations of the Cu
increased, the ability of the plant to cope with the high concentrations was
compromised as reflected by the decreasing BCF values, perhaps due to
metabolomic changes in the plant.

Plants can be categorized as excluders, accumulators or indicators, according to
their coping mechanism. Our results indicate that O. labiatum can be classified as
an excluder - plants that effectively limit the levels of metal translocation within
them and are able to maintain relatively low levels in their shoots over a wide
range of soil levels; however, they can still contain large amounts of metals in their
roots (Baker and Walker, 1990),

There has been an interest in the use of medicinal plants to remediate agricultural
soil, with the advantage that the pollutants are present in traces or not detected in
their essential oils. Zheljazkov et al. (2008) investigated the possibility of using
some medicinal Lameaceae species (Leonurus cardiac, Marrubium vulgare,
Melissa officinalis and Origanum heracleoticum) for phytoextraction of heavy
metals in polluted soil, without compromising their commercially valuable produce.
It was found that all four species accumulate Cu in different ratios and stored it in
mostly in the roots, followed by the leaves, then the flowers, with hardly any in the
stems. None of the metals were detected in the essential oils. Although they can
accumulate metals in higher concentration than the tolerance limit, many of the
Lamiaceae plant species are reported not to be hyperaccumulators. Teucrium
species studied by Pavlova and Karadjova (2012) was reported to be a Cu
excluder.
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4.10.2 Tolerance of O. labiatum towards copper
There were no visual differences between the control and the treated plants
(Figure 4.33). All of them appeared healthy and displayed more or less the same
density of foliage. The roots were also similar in appearance to those of the
controls, suggesting that the plants are tolerant, even when exposed to Cu
concentrations as high as 2500 mg/L.

a

b

c

d

Figure 4.33: Healthy Ocimum labiatum plant parts after four weeks of exposure to copper
a) and c) represent the uncontaminated control plants and roots, respectively, while b)
and d) represent plants and roots exposed to 2500 mg/L
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Copper plays a crucial role in physiological processes and it is a cofactor in many
metalloproteins. However its toxicity can have a negative effect on the plant
growth (by affecting the roots, shoots and reduces production of new leaves) and
by jeopardising important cellular processes (Yruela, 2005). It is reported that
biomass can be affected by metals, with an increase of high levels of Cu reported
to contribute to a reduction of plant dry weight (Arun et al., 2005; Dey, Mazumder
and Paul, 2014).

The plant heights of treated and untreated (control) groups are presented in
Table 4.13. These results were obtained weekly throughout the contamination
period. There were no significant differences in the growth pattern of all groups,
considering the high Cu concentrations some groups were exposed to. The high
standard deviations reflect the variability of the height increase of individual plants.
The largest average height increase was observed in plants treated with
1500 mg/L Cu solution. There was a slight decrease in the average height of the
control group in Week 3, however this could be due to leaf loss from the plant.
Although there was an increase in the heights of the treated groups in Week 3, the
increase was small compared to the increase observed in other weeks. From the
data, it is evident that Cu accumulation in the plant had no negative effect on plant
height, since the plants continued to grow throughout the contamination period.
The average plant height increased 6-12 cm, with the largest increase measured
in the group treated with 1000 mg/mL Cu.
Table 4.13: Plant height (cm) of Ocimum labiatum measured at weekly intervals
throughout the contamination period, while the plants were exposed to different
concentrations of copper (0-2500 mg/kg) n=10
Week

Treatment
(mg/L)
CONT
50
100
200
500
1000
1500
2000
2500

0

1

2

49.1 ±7.2
54.6 ±5.1
52.5 ±3.3
51.6 ±4.1
50.6 ±8.8
49.8 ±11
48.5 ±9.7
58.7 ±14
63.8 ±6.8

53.0 ±8.8
59.9±8.9
51.1 ±11
53.2 ±10
50.1 ±14
52.5 ±8.1
53.1 ±10
58.9 ±7.8
64.0 ±6.1

54.1 ±8.0
60.7 ±8.7
53.4 ±11
56.0 ±10
52.8 ±15
55.8 ±7.3
54.3 ±10
62.3 ±9.4
65.5 ±5.9

3
53.9 ±10
60.1 ±11
55.7 ±11
57.4 ±8.2
53.8 ±15
56.6 ±6.7
54.7 ±10
63.9 ±10
67.7 ±11

4
56.8 ±9.3
62.0 ±11
58.7 ±11
59.3 ±8.1
58.4 ±14
61.7 ±7.7
57.9 ±9.8
65.8 ±5.7
70.0 ±6.8
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The presence of excess Cu may induce plant senescence with a variety of
symptoms including leaf fall, interveinal chlorosis and alteration of leaf
pigmentation (Wisniewski and Dickinson, 2003). Plants growing in a Cucontaminated environment are vulnerable to a reduction in biomass and overall
growth, yet no signs of these symptoms were observed for exposed O. labiatum
(Yruela, 2005). In this study, the chlorophyll production fluctuated as the
contamination progressed (Table 4.14). There were no significant differences in
the chlorophyll production in contaminated plants compared to that of the controls.
Table 4.14: Chlorophyll content of Ocimum labiatum leaves measured throughout the
four-week contamination period
Treatment
(mg/L)
CONT
50
100
200
500
1000
1500
2000
2500

Week
0
28.4 ±1.5
26.6 ±1.7
24.9 ±2.0
27.5 ±1.2
27.9 ±3.3
30.2 ±2.1
28.7 ±4.3
29.6 ±1.4
31.8 ±2.9

1
28.7 ±2.4
28.6 ±2.5
25.1 ±3.1
27.7 ±2.7
28.2 ±2.6
31.2 ±4.5
32.5 ±2.4
31.1 ±3.9
32.6 ±4.6

2
28.3 ±2.1
29.3 ±1.8
25.2 ±2.2
27.9 ±1.6
28.3 ±2.4
29.8 ±5.2
29.8 ±1.9
30.5 ±1.6
30.9 ±2.8

3
25.1 ±3.0
25.5 ±3.2
26.6 ±1.5
25.8 ±2.9
25.7 ±1.1
25.1 ±2.2
28.8 ±2.9
27.1 ±2.9
25.3 ±2.3

4
28.6 ±2.8
23.3 ±1.6
27.5 ±3.2
27.4 ±3.6
24.9 ±3.2
28.9 ±2.3
26.1 ±2.2
27.6 ±1.8
29.1 ±2.1

A study by Gallego, Benavides and Tomaro (1996), reported a 40% decrease in
leaf chlorophyll content of plants exposed to Cu(II). Copper concentrations above
300 µM were found to cause a reduction in chlorophyll production in Camellia
sinensis (Dey, Mazumder and Paul, 2014). Although O. labiatum was able to
accumulate large amounts of Cu (Section 4.10.1), there were no effects of metal
toxicity on the physical appearance, plant growth and chlorophyll content. This
was in spite of the fact that the Cu concentrations to which the plant was exposed
exceeded those applied by Fernandes and Henriques (1991). Their study stated
that 8-13, 3-10 and 5-20 mg/L has been reported to be the normal range of Cu
content in plant leaves, twigs and roots, respectively.
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4.10.3 Effects of copper on plant phenolic compounds
In this study, the phenolic compound contents of both leaf and root extracts of
treated and control plants were determined using the Folin-Ciocalteu assay. Gallic
acid was used as the reference standard for which a calibration curve with a line
formula of y = 1.7591x + 0.0467 was obtained (R2= 0.9983), with y the absorbance
at 690 nm and x the phenolic content (Figure 4.34). The phenolic compound
concentrations of the various plant parts are expressed as gallic acid equivalents
per gram dry weight.

Calibration curve for gallic acid

Figure 4.34: Standard calibration curve for gallic acid used to quantify phenolic
compounds present in contaminated leaves and roots of Ocimum labiatum

The concentrations of total soluble phenolic compounds (TSPC) detected in
extracts of the plant parts after artificial contamination are presented in
Figure 4.35. From these data it is evident that TSPC production increased with an
increase in the Cu treatment concentrations up to 1500 mg/kg contamination,
whereafter there was a decline. For the lower concentrations of Cu, O. labiatum
roots contained higher concentrations of TSPC than the leaves, although the
differences were in most cases not significant. For the 2000 and 2500 mg/mL
treatments, the leaves contained higher levels than the roots and the differences
were significant. The highest TSPC content in the roots and leaves were 12.15 mg
and 9.79 mg GAE/g DW, respectively, for plants contaminated with 1000 mg/L.
For 2000 mg/L and higher treatments, the TSPC concentrations in the roots were
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significantly lower than in the leaves as confirmed using ANOVA, where F crit ˂ Fcalc
with P˂0.005.
Phenolic content (mgGAE/gDW)
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Roots
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0
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50

100
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500

1000 1500 2000 2500

Copper concentration (mg/L)

Figure 4.35: Total soluble phenolic content (gallic acid equivalent per gram dry weight) of
Ocimum labiatum leaves and roots, following artificial contamination with Coppper
(0-2500 mg/L), n=10

Ocimum labiatum plant roots contained higher Cu(II) concentrations compared to
the leaves, which may have resulted in the higher levels of TSPC in the roots.
These soluble phenolic compounds comprise different classes i.e. non-conjugated
phenolic (free), glycoside-bound and ester-bound phenolic compounds, which
were determined using the same assay (Table 4.15). The glycosidically-bound
phenolic compounds were the most prevalent in both the leaves and roots and
their concentrations were significantly higher than those of the other types. In
leaves, the average concentrations in all the treatment groups differed significantly
from the average of the control, but for roots this was only true for the higher
concentrations.

The

highest

concentration

of

these

compounds

(9.79 mg GAE/g Dw) was determined in the leaves of plants exposed to soil
contaminated with 1500 mg/L of Cu. The ester-bound phenolic compounds and
non-conjugated phenolic compounds were present in lower concentrations in
some groups. With a few exceptions, the content of these soluble phenolic
compounds in the leaves increased with an increase in the Cu concentrations to
which they were exposed. However the observed pattern was different for
glycosidic compounds, where a decrease in their production was observed in both
leaves and roots of plants treated with Cu concentrations greater than 1500 mg/L.
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Table 4.15: Different classes of soluble phenolic compounds present in Ocimum labiatum leaves and roots of plants exposed to copper,
n=10

Copper
concentration
(mg/L)

Control
50
100
200
500
1000
1500
2000
2500

Soluble phenolic compound class (mg GAE/g DW)
Non-conjugated
Leaves
0.19 ± 0.1
0.24 ± 0.13
0.29 ± 0.25
0.40 ± 0.11
0.55 ± 0.19
0.66 ± 0.30
1.12 ± 0.53
1.18 ± 0.51
1.50 ± 0.30

Roots
0.94 ± 0.17
1.16 ± 0.15
1.53 ± 0.11
1.54 ± 0.20
1.63 ± 0.16
1.64 ± 0.20
1.93 ± 0.18
2.17 ± 0.17
2.29 ± 0.16

Glycosidically-bound
Leaves
2.78 ± 0.18
4.06 ± 0.20
4.23 ± 0.43
4.89 ± 0.41
8.09 ± 0.17
8.77 ± 0.14
9.79 ± 0.10
8.12 ± 0.19
6.87 ± 0.24

Root
1.05 ± 0.12
1.05 ± 0.12
1.06 ± 0.14
1.19 ± 0.11
2.58 ± 0.20
5.39 ± 0.23
6.05 ± 0.15
4.86 ± 0.15
4.40 ± 0.20

Ester-bound
Leaves
0.25 ± 0.12
0.24 ± 0.21
0.28 ± 0.14
0.35 ± 0.17
0.50 ± 0.13
0.85 ± 0.10
0.89 ± 0.11
0.92 ± 0.15
1.27 ± 0.18

Roots
0.95 ± 0.10
0.98 ± 0.10
1.24 ± 0.24
2.63 ± 0.21
4.26 ± 0.16
6.37 ± 0.18
5.50 ± 0.19
3.95 ± 0.14
2.89 ± 0.16
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Dixon and Paiva (1995) reported that plants rarely produce non-conjugated acids
(free acids) in high concentrations, but rather produce phenolics that are bound to
either sugars (i.e. salicylate-glucose conjugate), cell wall carbohydrates (i.e.
ferulate esters) or organic acids (i.e. chlorogenic acid). This pattern was observed
for the production of phenolic compounds by O. labiatum, with non-conjugated
acids being produced in the lowest quantity in comparison to other soluble
phenolic compound. The glycosidically-bound phenolic compounds comprises of
flavonoids

such as

anthocyanins,

proanthocyanins,

flavonols,

and

catechins (Heldt, 1997). Compounds of this nature have been reported to possess
good antioxidant activity and therefore plants under stress would produce them in
large quantity in order to counteract the oxidative stress. Opon exposure to the
high Cu concentrations, O. labiatum produced higher concentration of the
glycosidically-bound phenolic compounds

Plants not only produce soluble phenolic compounds, but also produce insoluble
phenolic compounds that are referred to as cell wall-bound (CWB) phenolic
compounds. These phenolic compounds usually consist of p-coumaric acid,
p-hydroxybenzoic acid, ferulic acid and sinapic acids. In palm trees, these CWB
phenolics are thought to protect the plant from cell wall degradation caused by
Fusarium oxysporum (El Modafar and El Boustari, 2001). Accumulation of CWB
phenolic compounds (total insoluble phenolic compounds) was determined using
the Folin-Ciocalteu assay. Results obtained (Figure 4.36) revealed their presence
in both Cu-contaminated and non-contaminated plant parts. The concentrations of
CWB phenolic compounds were found to be statistically higher in the leaves than
in the roots (P < 0.05 and Fcrit < Fcalc). However, there was no definite pattern that
could be correlated to the Cu concentrations to which the plants had been
exposed. In contrast, the CWB phenolics in the roots increased with an increase
in the amounts of Cu(II) accummulated in the roots.
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Figure 4.36: Concentrations of cell wall-bound phenolic compounds (gallic acid equivalent
per gram dry weight) in Ocimum labiatum leaves and roots, n=10

Plants have developed a range of morphological, physiological and biochemical
mechanisms that enable them survive and tolerate any form of abiotically- or
biotically-induced stress. As a defence mechanism, plants produce antioxidant
enzymes and compounds (superoxide dismutase, catalase, phenolic compounds)
that counteract the oxidation resulting from presence of stress induced ROS
(Muragan and Harish, 2007). Plants respond to metal-induced stress by
homeostasis (osmotic and ionic) and cell detoxification involving the plant’s
antioxidant mechanism (Zhang et al., 2007). It has been reported in several
studies that metal-induced or pathogenic stress can result in the production and
build-up of phenolic metabolites, such as flavones, coumarins and anthocyanins,
as a defence mechanism (Dixon and Paiva, 1995), since these are good
antioxidant agents. According to Muragan and Harish (2007), Cu toxicity in plants
(algae) is a product of the Haber-Weiss reaction in which hydroxyl radicals are
produced from hydrogen peroxide through Cu acting as a catalyst. Copper toxicity
can stimulate the production of antioxidant phenolic compounds in response to this
form of stress.

A study conducted on the effect of Cu on the phenolic compound production of
rosemary (Rosmarinus officinalis, Lamiaceae) under salinity stress reported that
the phenolic compound production increased by 19% in plants exposed to 50 mM
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NaCl and subsequently treated with 1.0 μM Cu as compared to the controls,
exposed to NaCl only (Mehrizi et al., 2012). Production of phenolic compounds
increased in Ocimum labiatum leaves and roots compared to the controls as the
Cu concentration increased. This increase in production is perhaps a defence
mechanism to inhibit ROS formed within the plant after Cu accumulation. This type
of detoxification would render the plant more tolerant towards metal-induced
stress, explaining why the plant showed no physical evidence of metal toxicity.
The presence of Cu has been found to affect the concentrations of CWB phenolic
compounds. However, the response of plants to this effect differs depending on
the plant species, the genotype, plant age, season and the intensity of stress (Le
Gall et al., 2015). This increased incorporation of free phenolic compounds into the
cell wall is aimed at thickening of the cell wall so that they are less permeable to
restrict metal uptake. With the high Cu accumulation in the O. labiatum roots, it
was expected that the CWB phenolic concentrations would be higher than those in
the leaves, but the opposite was found. This finding indicates that the plant was
perhaps not under as much stress as was expected following exposure of the
plant to Cu. It can therefore be concluded that O. labiatum has potential for the
phytoremediation of orchard soils contaminated with levels of Cu up to
3396 mg/kg, although the uptake of Cu was optimal at 2608 mg/kg in plants
contaminated with 1500 mg/L Cu.
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CHAPTER 5
CONCLUSIONS

5.1

ACHIEVEMENT OF OBJECTIVES

The present study followed a multi-faceted approach to investigate the active
secondary metabolites produced by O. labiatum. In addition, the phytoremediation
potential of the plant for copper-polluted soils was investigated. All objectives set
out in Section 1.4 were achieved, using standard methods with the necessary
modifications.

The study involved an in depth study of the secondary metabolites, encompassing
the volatile constituents, as well as those extracted by polar and non-polar solvent
extraction. A fragrant essential oil yield was obtained from the aerial parts of
O. labiatum by hydro-distillation. The presence of high concentrations of
sesquiterpenes suggests that the oil may have good antimicrobial activity.
Thirty-six compounds were identified. Most of these compounds are familiar to the
Lamiaceae family and some have been reported to be of medicinal value (Kothiyal
et al., 2009; Costa et al., 2013). The non-polar compounds present in the
dichloromethane extract, which was rich in terpenoids, demonstrated good
antimicrobial activity against three human pathogens i.e. E. coli (MIC = 20 μg/mL),
S. aureus (MIC = 80 μg/mL) and C. albicans (MIC = 20 μg/mL). These activities
can be considered very promising when compared to the value of 2 mg/mL
specified by literature as noteworthy activity (Van Vuuren, 2008). A compound was
purified from this extract and identified as 1,2-benzenedicarboxylic acid, diisooctyl
ester, that was previously reported to constitute about 3.5% of the chloroform leaf
extract of O. basilicum (basil), known to have good antimicrobial activity
(Maruthupandian and Mohan, 2011). Although the antimicrobial activity of the
purified extract against the bacterial pathogens could still be considered good
(80.0 to 400 μg/mL), the activity was substantially lower than that of the crude
extract. This reduction in activity was ascribed to additive or synergistic activity of
two or more metabolites present in the crude extract.
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The non-polar extract only exhibited moderate AQS activity against C. violaceum,
since the activity was much lower than that of the positive control, eugenol. The
AQS activity of the isolated compound was moderate regardless of the negative
inhibition of the pathogen indicated by bioautography.
A promising finding is the antiproliferative activity (LC50 = 20.5 μg/mL) of the
non-polar extract against the DU-145 human prostate cancer cell line. This activity
is substantially better than the activity reported for O. basilicum against human
prostate cell lines (LC50 = 300 µg/mL) (Karthikeyan et al., 1999; Bayala et al.,
2014). Hussein et al. (2007) isolated a labdane diterpene from the ethanol leaf
extract of O. labiatum that displayed moderate activity against a breast cancer line.
This anticancer activity of the non-polar extract is worth investigating further.

The polar extract contained at least five phenolic compounds, judging from the
fluorescent spots on the TLC plate following derivatisation with NP-PEG reagent.
This extract displayed a strong antioxidant activity, better than that of ascorbic
acid. Furthermore, the extract strongly inhibited COX-2 compared to indomethacin
and displayed better inhibition of 15-LOX than quercetin. Bioassay-guided
fractionation led to the isolation of a phenolic compound. Structure elucidation
using NMR spectroscopy revealed that the compound consists of a pentacyclic
triterpene, a flavanol and acid moieties. It was named 3β-O-flavano-urs-5,12-dien28-oic acid and, following literature investigations, is believed to be a novel
compound. The anti-inflammatory activity of the compound could not be
confirmed, due to the small yield obtained.

The morphology of mature O. labiatum leaves was studied. A similar study was
conducted by Bhatt, Naidoo and Nicholas (2010). However, the current study
included histochemical investigations involving the application of specific reagents
to the leaf surfaces to allow the contents of the glandular trichomes to be
elucidated.
where

This method provides information regarding the specific localities

these

compounds

are

produced

and

stored

within

the

plant.
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Any contribution to botanical knowledge helps to focus attention on a species,
thereby contributing to its survival.

For centuries Cu-based fungicides have found application in orchards, including
the mango and citrus orchards in Hoedspruit (South Africa). The second part of
this study was aimed at investigating the ability of O. labiatum to remediate Cu
pollution in soils. The first step was to prove that the soils contained high levels of
the metal, by applying a mobile technique in the form of FP-XRF. The
concentrations determined in the mango orchards were high enough to be of
concern. Even though most of the copper was found to be strongly bound to the
organic matter in the soil, high concentrations have negative effects on the soil
organisms, ultimately compromising soil quality.

Although several members of the Lamiaceae family have been reported to be
good candidates for phytoremediation (Parra et al., 2014), the potential role of
O. labiatum in phytoremediation has not been investigated. The current study
investigated the phytoremediation potential of O. labiatum using the pot trial
method. Plants remained healthy (tolerant) after exposure to different Cu(II)
concentrations (0-2500 mg/L) over a period of four weeks. Data obtained from
ICP-OES revealed that the Cu was restricted mainly to the roots. Bioaccumulation
factors greater than 1 and translocation factors below 1 were calculated, indicating
that O. labiatum could be considered a good candidate for phytoremediation.
Since it is a poor metal distributor, the plant can be classified as an excluder.

Metal-induced stress is known to affect plant secondary metabolite production
(Schützendübel and Polle, 2002). This study also demonstrated that the
production of phenolic compounds is stimulated when O. labiatum is exposed to
high concentrations of Cu in the soil. Contrary to expectations, the highest
concentrations of soluble phenolic compounds were determined in the roots,
indicating a lack of Cu-induced stress. It could be concluded that the plant is a
suitable species for remediation of orchards contaminated with Cu.
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5.2

CONTRIBUTION OF THE STUDY

To our knowledge this is the first report of the essential oil composition of
O. labiatum. The oil has a pleasant odour and contains several compounds with
antimicrobial activities. This study has indicated that the plant could be used for
intercropping in mango orchards, thereby contributing to attracting pollinators,
while taking up harmful Cu to restore soil quality. In addition, the essential oil could
be isolated as a commercial product.

The non-polar extract was highly active against human pathogens. An increase in
bacterial resistance has resulted in the search for novel antimicrobials being
undertaken with renewed vigour. It appears that additive or synergistic effects may
contribute to the activity of the non-polar extract. This aspect should be further
investigated to identify all role-playing compounds. The ability of the polar extract
to inhibit COX-2 and 15-LOX was superior to that of known anti-inflammatory
agents. Both isolated compounds displayed important medicinal activities that
should be further explored. The elucidation of their structures has contributed to a
better understanding of the chemistry of this plant.

The study undertaken to investigate the morphology of the glandular and
non-glandular trichomes, and to determine the localisation of chemical
constituents within secretory structures, not only contributed to knowledge on the
plant, but also exposed the researcher to new techniques. The ability to work in a
multidisciplinary environment is crucial to the modern scientist, since new ideas
require a wider knowledge base.

The presence of high concentrations of Cu in orchard soils, originating from the
application of Cu-based fungicides, was confirmed in this study. Results obtained
through pot trials clearly indicate that the O. labiatum is tolerant to Cu and is able
to extract the metal from the soil and confine the metal to its roots, making it a
good candidate for phytoremediation.
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5.3

SHORTCOMINGS OF THE STUDY

Isolation of O. labiatum polar compounds was the biggest challenge resulting from
the compounds having similar polarity. Attempts to purify most of the compounds
were not achieved due to time constraints. The low essential oil yield prevented an
in-depth study of the biological activities of the oil. It was disappointing that the
anti-inflammatory activity of the isolated compound, 3β-O-flavano-urs-5,12-dien28-oic acid, could not be confirmed due a shortage of pure material.

RECOMMENDATIONS AND FUTURE WORK
At the conclusion of this study, the following recommendations can be made for
further research.


The biological activities of the essential oil should be established, since it
contains compounds known to possess good medicinal qualities;



Re-isolation of 3β-O-flavano-urs-5,12-dien-28-oic acid from the plant should
be undertaken to obtain sufficient material to confirm the anti-inflammatory
activity of the compound.



More compounds should be isolated from both the non-polar and polar
extracts to evaluate synergistic and additive action of these compounds.



The AQS activity should be investigated using bioautography to identify
specific compounds with good activity.



It should be determined whether chemotypes with different biological
efficacies exist within the species.



The ability of the plant to extract Cu from orchard soils in a natural
environment should be investigated by cultivating O. labiatum in a mango
orchard.



Should determine the maximum period at which the plant (O. labiatum) will
be tolerant to Cu
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APPENDICES
Appendix 1: Chromatogram of Ocimum labiatum essential oil analysed with GC-FID
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Appendix 2: Chromatograms (GC-MS) of Compound Afollowed by a mass spectrum
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Appendix 3: NMR spectra of Comound A2
13

C NMR spectrum of Compound A2

168

1

H NMR spectrum

169

1

H COSY spectrum

170

HMBC

171

HSQC

172

