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ABSTRACT
The excessive use of Cu-based fungicides in orchards and vineyards all over the
world is concerning. In South Africa, copper accumulation in orchard soils and the
effects of Cu on the environment have not been extensively investigated. This study
was partly aimed at establishing the levels of Cu in citrus and mango orchards. Field
portable X-ray fluorescence spectrometry (FP-XRF) was applied directly to the soil
and revealed high concentrations of Cu (32 - 874 mg/kg Cu). These results were
verified using an inductively coupled plasma-optical emission spectrometry method.
Although the concentrations obtained by FP-XRF were mostly higher than those
measured by ICP-OES, the technique proved to be valuable for the identification of
Cu “hotspots” in citrus and mango orchards. Mobility studies revealed that a large
proportion of Cu found in the orchards was bound to organic material, thereby
reducing the mobility of the metal. Although this finding indicates a lowered risk to
the environment, binding to the substrate does not eliminate the potential threat of
toxicity to soil organisms and pollution of ground water.

The second part of the study was aimed at identifying aromatic plant species with
potential to remediate Cu-contaminated soils. Aromatic plant species were screened
in pot trials to determine their ability to accumulate the metal. Tolerance was
measured in terms of plant growth and chlorophyll levels. The pot trial results were
used to identify four potential plant species, which were used for further artificial
contamination trials. Upon termination of the trial, digestion of the plant parts
followed by ICP-OES analysis of the digests indicated that Cu accumulated mainly in
the roots. A study of the secondary metabolites provided some insight into possible
mechanisms used by the plant species to cope with the excess Cu in the soil. The
compositions of essential oils isolated from plants grown in Cu-contaminated soil
were compared to the untreated controls and found to be similar. Pelargonium
graveolens, Plectrantrus fruticosus, Plectranthus madagascariensis and Rosmarinus
officinalis were identified as the best candidates for orchard remediation since they
accumulate high concentrations of Cu in their roots and aerial parts without
displaying visible symptoms of Cu toxicity. These plant species also produce a
substantial amount of secondary metabolites and they can serve as a source of
commercially viable essential oils.
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CHAPTER 1

INTRODUCTION

1.1

BACKGROUND AND MOTIVATION

Contamination of the environment by potentially toxic metals has become a serious
concern for the world at large (Pang et al., 2003). Mining, in particular, has a
devastating effect on soils, because this activity results in toxic waste and tailings
storage facilities (Wong, 2003). Although mining is of great benefit to the economy, it
cannot be carried out without polluting the surroundings to a greater or lesser extent.
There is therefore an urgent need for effective methods to remove potentially toxic
metals from contaminated soils.

Copper (Cu) is one of the essential micronutrients needed for normal plant growth
and development. In plants, Cu plays an important role in both photosynthetic and
respiratory electron transport and also acts as a co-factor for a variety of enzymes,
such as superoxide dismutase, cytochrome C, oxidase and plastocyanin (Ke et al.,
2007). However, at high concentrations, Cu becomes toxic to plants and animals.
Organisms that are higher up in the food chain are particularly vulnerable (Weng et
al., 2005). In humans, excessive exposure to Cu can result in liver and kidney
damage, anaemia and immunotoxicity. 1Copper can bind to the sulfhydryl groups of
several enzymes, thus resulting in oxidative damage to membranes by interfering
with the protection of cells against free radicals.

Toxic levels of Cu may occur naturally in some soils, but occur mostly as a result of
anthropogenic release into the environment through mining, smelting, manufacturing
and waste disposal (Manivasagaperumal et al., 2011). Environmental contamination
of soils in vineyards and orchards is caused by the use of Cu as an antifungal agent
to combat decay pathogens. Copper oxy-chloride is the most widely used fungicide
in South African vineyards (Helling et al., 2000). It is also liberally applied in avocado,
mango and citrus orchards to prevent pre- and postharvest decay of fruits (Kiaune &
Singhasemon, 2011). Repeated application of the fungicide may be harmful to
beneficial soil organisms, ultimately affecting the quality of the topsoil. Earthworms
1
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are one of the affected organisms (Helling et al., 2000). Striet (1984) reported that
earthworm mortalities occur when the concentration of Cu within their bodies
exceeds 100 mg/L. The mobility of Cu in soil affects its bioavailability and toxicity to
plants and animals (Kiaune & Singhasemon, 2011; Tomáš et al., 2012).

Excessive levels of Cu are known to have harmful effects on plant growth (Cambrolle
et al., 2013). At high concentrations, the metal may alter membrane permeability and
affect protein synthesis, chlorophyll formation, as well as photosynthetic and
respiratory processes. High levels of Cu may decrease metabolic enzyme activities
in plants and can ultimately even lead to plant death (Lou et al., 2004). It has also
been found that the production of volatile and non-volatile secondary metabolites is
affected when plants are exposed to metal-induced stress. A study by Elzaawely et
al. (2007) indicated that the yields of essential oils extracted from plants exposed to
Cu, were lower than those of the corresponding untreated plants. However, the
presence of excessive amounts of Cu in the environment may result in the increased
production of secondary metabolites such as phenolic compounds (Kováčik et al.,
2008). High concentrations of these secondary metabolites may increase the
resistance of plant species towards metal-induced stress and can be used as an
indicator of abiotic stress.

Phytoremediation is an in-situ technique that makes use of plants to reduce pollution
in the environment (Ghosh & Singh, 2005). It can have the benefits of being cost
effective, energy efficient and environmentally friendly (Roongtanakiat, 2009). An
aspect that is crucial to the success of implementation of phytoremediation practices
is the selection of plant species that are able to cope with the climate and the
environmental conditions. This environment, particularly in areas surrounding tailings
storage facilities, is often extremely harsh and may be characterized by high
temperatures in summer, frost in winter, high salt concentrations, low pH conditions,
limited availability of water and the presence on metal ions at toxic levels (Renault et
al., 2004). Literature reports indicate that many plant species are able to tolerate
such environments and accumulate significant amounts of metals in their tissues
(Cunningham & Ow, 1996; Lasat, 2000).

Many plant species can tolerate Cu-contaminated soils. These plants species have
potential for remediation of sites polluted with Cu (Kupper et al., 2009; Cambrolle et
2

al., 2013). A report by Lou et al. (2004) indicates that Elsholtzia haichowensis is able
to accumulate large amounts of Cu in the aerial parts, whereas some plant species
evaluated were found to restrict the metal to their roots. Sekara et al. (2005)
investigated the possibility of using vegetable and grain crops to remove metals from
soil. They found that the roots of barley plants contained 6.5 times more Cu than the
tissues of aerial parts. Alfalfa sprouts also accumulated three times more copper in
the roots, than in the shoots. Based on the results obtained, the authors concluded
that the efficiency of the species as remediants is depended on the chemical
properties of the elements, as well as on biomass production and the ability of the
plants species to accumulate and translocate the contaminant to their harvestable
organs (Sekara et al., 2005).
1.2

PROBLEM STATEMENT

The extent of Cu contamination in vineyards and orchards is not known and can be
determined. Many plant species are able to accumulate Cu from soils, without
affecting the health of the plant (Kupper et al., 2009; Cambrolle et al., 2013). A
variety of species must be screened to identify those that are good copper
accumulators. These species must then be matched with the climate and the levels
of contamination of the site where phytoremediation is to be conducted. The
identification of Cu-tolerant species that could be cultivated in orchards and
contaminated lands using alley-cropping techniques, may offer the benefit of
remediation, while yielding a product of value. Aromatic plants are a good option for
phytoremediation, since they produce volatile compounds that can be isolated in the
form of essential oils. Steam distillation is generally used for essential oil production
and during this process; the metal contaminants remain in the plant material, leaving
the oil free of contaminants. The essential oil products can be used commercially as
food flavours and in the medicine and cosmetic industries. The effects of metal
contamination of the soil on the essential oil yields and compositions, and thus on
the oil quality, must be established. In addition, the effects of copper-rich soil on
plant growth and the production of other secondary metabolites must also be
determined, since changes in the secondary metabolite production mirror the levels
of stress experienced by the plants and ultimately reflect their long term sustainability
as remediators.
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1.3

HYPOTHESIS

Although high levels of Cu, applied as fungicides, have accumulated in orchard soils,
aromatic plants can be used for Cu remediation, while yielding essential oils with
potential commercial value.

1.4

RESEARCH AIMS

The main aim of this study was to identify aromatic plant species that are able to
accumulate Cu from the soil. The effects of Cu-polluted soil on plant growth and the
production of secondary metabolites were also investigated.
The specific objectives of this investigation were to:


establish the concentrations and bioavailability of Cu in citrus and mango
orchards using field portable-X-ray fluorescence (FP-XRF) - and inductively
coupled plasma–optical emission (ICP-OES) spectrometry;



determine the mobility of Cu in the soil through sequential extraction
techniques;



screen several selected aromatic plant species in pot trials to determine their
tolerance to high levels of Cu(II);



determine the accumulation of Cu in various plant parts using ICP-OES;



evaluate the effects of Cu on micro- and macro-nutrients produced in roots,
twigs and leaves of the plant species using ICP-OES;



determine the effects of Cu on the production of total phenolic compounds
and cell-wall bound (CWB) phenolics;



isolate essential oils where possible from air-dried aerial parts of the plants by
hydrodistillation and determine the yields; and to



determine the essential oil compositions by gas chromatography using both
mass spectrometric (MS) and flame ionization detection (FID).
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CHAPTER 2

LITERATURE REVIEW

2.1

INTRODUCTION

In spite of the many benefits of mining and smelting to the economy of a country,
these activities have a devastating effect on the environment, because they produce
a large amount of toxic waste and unsightly tailings (Grobler, 1999; Wong, 2003;
Freitas et al, 2004). The land surrounding mine tailings is, in many cases, left
unsuitable for agriculture. In addition, surface- and ground water may be
contaminated as a result of direct or indirect contact with metal-contaminated soils,
sludges and mine wastes (Wong, 2003). Application of pesticides, municipal wastes
and industrial waste deposits may also contribute significantly to the contamination
of soils with metals (Khan et al., 2000; Freitas et al., 2004; Gosh & Singh, 2005;
Lone et al., 2008). Unlike many organic contaminants, metals are not destroyed by
chemical or biological transformations, but are merely changed from one oxidation
state to another or from one organic complex to another (Prasad & Freitas, 2003;
Lone et al., 2008).

There are a limited number of methods available for the removal of heavy metals
and inorganic contaminants from polluted soils (Khan et al., 2000). One of the most
common techniques for the management of polluted soils is to exhume the
contaminated soil, transport it off-site and bury it in a hazardous waste containment
site. Clearly this method is cost intensive and does not solve the problem, but simply
transfers it from one place to another. In the USA, the clean-up costs associated with
relocation and confinement of soils from sites contaminated with radioactive and
toxic metals were estimated at approximately $300 billion (Barcelo & Poschenrieder,
2011). Other methods of soil remediation include diluting the contaminant to safe
levels, complexing the contaminant to render it immobile, leaching of pollutants and
electrokinetic treatment. However, most of these methods are limited to the
rehabilitation of small areas. They are also relatively expensive and have the
disadvantage of reducing the numbers of micro- and macroorganisms present in the
soil, rendering it unsuitable for effective plant growth (Marques et al., 2009).
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The concept of phytoremediation emerged when the ability of plants to adapt to soils
contaminated with potentially toxic metals was recognised. Since the last century,
this technique has gained momentum worldwide (Truong, 2010). The use of plants to
treat soil and water is a cost effective and practical method of decontaminating soils
and therefore more suited to developing countries than chemical or mechanical
methods of clean-up (Pang et al., 2003). This chapter provides an overview of
various factors that influence the bioavailability, toxicity of Cu(II) and the fate of Cu
fungicides. Furthermore, a brief description of plants from the Lamiaceae family, their
various secondary metabolites, the extraction methods for these metabolites and
their uses in different industries is given.

2.2

PHYTOREMEDIATION

2.2.1 Outline on phytoremediation
Phytoremediation is an energy efficient and environmentally friendly on-site method
of remediation using plants (Khan et al., 2000; Sarma, 2011). It can be applied for
the removal of both organic and inorganic contaminants (Ghosh & Singh, 2005). The
toughest challenge in phytoremediation is to identify plants that have the ability to
survive, produce high biomass and accumulate metals (Prasad & Freitas, 2004).
Plants that survive the toxicity of the metal-contaminated soil do so by either
avoiding the potentially toxic metals, or by hyper-accumulation (Barcelo &
Poschenrieder, 2011). Only a small number of plants have been identified as hyperaccumulators. These plants are able to accumulate and tolerate high concentrations
of metals and translocate these into their above-ground parts without visible
symptoms. To be effective phytoremediators, hyper-accumulating species need to
be fast growing; however most hyper-accumulators are slow growing and
consequently produce a small biomass (Khan et al., 2000; Jiang et al., 2004). Upon
harvest, valuable metal contaminants can be recovered from the plants and reconcentrated, thereby progressively removing toxins from the polluted soil. In most
cases, a more cost effective method is followed (Barcelo & Poscherieder, 2011).
This can involve burning the dry plant matter or disposing of it under conditions
where the pollutants are contained or significantly diluted. In many cases,
phytoremediation serves not only to remove contaminants from soils, but also
6

stabilises disturbed areas to prevent erosion, while improving soil structure, fertility
and bio-diversity (Lone et al., 2008).

Phytoremediation can be divided into five categories (Figure 2.1), depending on the
mechanism of remediation. These categories, each discussed separately, are
phytoextraction, phytostabilisation, phytovolatisation, phytofiltration and rhizofiltration
(Lone et al., 2008; Barcelo & Poshenrieder, 2011).

Figure 2.1: Schematic diagram indicating different forms of phytoremediation 2

2.2.2 Phytoextraction
Phytoextraction, the most commonly used of all phytoremediation techniques, is the
use of plants to remove contaminants from soil. The plants do this by absorbing the

2

http://www.teamanalysis.com/models/phytoremediation/ Accessed: 2013/10/26
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ions into their roots, where they are in some cases confined and restricted, or they
are translocated to the shoots were they accumulate (Wong et al., 2003). After
maximum plant growth and metal accumulation, the plant material can be harvested,
thereby removing the contaminants from the soil (Ismail, 2012). The combination of
high metal accumulation and high biomass production results in optimal removal of
metal contaminants.

Phytoextraction is considered the best approach to removing primary soil
contaminants, because the technique enhances soil fertility and is beneficial to soil
microbes and overall soil structure (Prasad & Freitas, 2004; Ghosh & Singh, 2005).
Since plant growth cannot be sustained in highly contaminated soils, phytoextraction
is suitable for remediation of large tracts of land that are moderately contaminated at
shallow depths (Kumar et al., 1995). However, the targeted metals must be
bioavailable or subject to absorption by the plant roots. Preferably the land should be
free of obstacles, such as boulders and fallen trees, and have an acceptable
topography to allow normal cultivation processes, employing the use of agricultural
equipment, to commence (Prasad & Freitas, 2004). A succession of cropping cycles
is required to reduce the metal concentration to an acceptable level. Phytoextraction
should therefore be viewed as a long-term remediation process. The required time
for remediation is dependent on a number of factors, such as the efficiency of plants
in removing metal contaminants, the type and extent of the contamination and the
length of the growing season. The remediation time can range from as little as one
year to as long as 20 years (Kumar et al., 1995; Blaylock & Huang, 2000).

The ability of plants to accumulate metal pollutants is dependent on the interactions
between the soil, metal and plant (Ismail, 2012). Selected species must be tolerant
of the targeted metals and must be able to cope in harsh climatic and soil conditions.
The production of a prolific root system and efficient translocation of the metals to
aerial parts are other characteristics to consider (Prasad & Freitas, 2004). Plants are
very selective in their uptake of metals. Thlaspi caerulenscens, the best known
angiosperm hyper-accumulator, is able to accumulate large amounts of Zn and Cd,
without any apparent signs of stress or damage (Khan et al., 2000; Lone et al., 2008;
Bharggava et al., 2012). However, the “ideal” plant species that demonstrates a wide
spectrum of hyper-accumulation is yet to be discovered.
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Although metals are usually distributed unevenly throughout the various plant parts,
plants are only classified as hyper-accumulators of a particular metal if the leaf
content exceeds that of other plant parts (Brooks, 1998). Brassica juncea, commonly
known as Indian mustard, has the ability to effectively transport Pb from its roots to
the shoots. The species was found to be tolerant to Pb concentrations as high as
500 mg/L (Ghosh & Singh, 2005). For successful phytoextraction to occur, the use of
plants that produce high biomass is imperative. In a comparative study of the metal
accumulators, B. juncea and T. caerulenscens, the superiority of B. juncea as a Zn
accumulator was ascribed to the fact that it produces ten times more biomass than
T. caerulenscens (Bharggava et al., 2012).

The disposal of contaminated material following phytoextraction is of concern. A
similar problem is faced after excavation and relocation of soils from contaminated
sites (Comis, 1996; Cunningham & Ow, 1996). Incineration of the harvested plant
material to reduce the volume of the material requiring disposal is a proposed
mechanism. However, in rare instances, valuable material may be extracted from the
metal-rich ash, serving as revenue and thus offsetting the remediation expense.
Composting is an option for metals that are essential nutrients at low concentrations.
The compost is used away from the site of pollution and relies on dilution of the
pollutant by spreading it over a large area of unpolluted soil.

2.2.3 Phytostabilisation
Phytostabilisation, also referred to as phytorestoration, is a technique that employs
plants to stabilise and immobilise contaminants in the soil, thus diminishing the risk
of toxicity towards the environment and to human and animal health (Wong et al.,
2003). This technique limits entry of the contaminants into the food chain by reducing
the mobility of the metal contaminants. The immobilization of elemental contaminants
is achieved by adsorption of the elements onto the roots of plants or by precipitation
within the rhizophere. A dense vegetative cover on the slopes of tailings storage
facilities and metal-contaminated sites mechanically stabilises the soil through root
growth (Madejόn et al., 2012). Prolific root growth reduces water flux through the
various soil layers and prevents erosion, thereby limiting the movement of the
associated contaminants.

9

The establishment of plant stands is the most useful method of stabilising
contaminants. Plant species chosen for phytostabilisation must preferably not be
good translocators of contaminants to the aerial parts, but must readily establish,
grow rapidly and have dense root systems. They must be tolerant to the metal
contaminants and to climatic and site stresses, which could lead to growth defects
(Ismail, 2012). The need for harvesting the plant species is eliminated, since most of
the metals are restricted to the roots (Chaudbry et al., 1998). Deeply rooted plants
can effectively reduce Cr(IV), which poses an environmental risk, to Cr(III), a water
insoluble and less toxic species (Chaney et al., 1997). It was found that the roots of
Agrostis capillaries, growing in mine waste highly contaminated with Pb/Zn, caused
the formation of pyromorphite, a highly insoluble and therefore non-bioavailable form.
Smith and Bradshaw (1992) developed two new cultivars, Agrostis tenuis Sibth. and
Festuca rubra L. specifically for the phytostabilisation of soils contaminated with Pb,
Zn and Cu.
Phytostabilisation is suitable for contaminated waste sites, where the best option is
to hold the contaminants in place, for example, vast tracts of contaminated land
where large-scale remediation is not feasible, or areas with contamination levels
below the risk threshold (Schnoor, 1997). The advantage of this technique is that the
disposal of metal-contaminated biomass is not necessary, since translocation of the
metal contaminant is minimal. Furthermore, the technique is cheaper and easier to
implement than other forms of soil remediation and is an aesthetically appealing
strategy, while benefiting the environment (Prasad & Freitas, 2004; Jadia & Fulekar,
2009).

2.2.4 Phytovolatilization
Phytovolatilization makes use of plants that are able to absorb toxic elements from
the soil and subsequently biologically convert thems into less toxic gaseous species,
which are then volatilized into the environment (Prasad & Freitas, 2004). These
plants occur naturally or are derived through genetic modification of suitable species.
This is the most controversial of all the phytoremediation techniques, because there
are safety issues associated with the release of many volatile elements into the
environment (Prasad & Freitas, 2004; Ismail, 2012).
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Potentially toxic elements, including As, Hg and Se, can be bio-methylated to a
volatile form (Raskin et al., 1997). The phytovolatilization of Se has attracted the
most attention, since it is regarded as a serious problem in parts of the world that are
abundant in Se-rich soils. For the volatilization of Se to occur, inorganic Se is
assimilated

into

the

organic

selenoaminoacids,

selenocysteine

and

selenomethionine. The latter can be further bio-methylated into dimethlyselenide,
which is volatile and re-enters the environment. Plants from the Brassica juncea are
capable of realeasing up to 40 g of Se/Ha/day, in the form of various gaseous
compounds, was reported by Terry et al. (1992). Aquatic plants such as Typha
latifolia L. are also reported to be good Se phytoremediators (Azaizeh et al., 2006).

Attempts have been made to genetically modify existing plant species by inserting
organomercurial lyase (MerB) and mercuric reductase (MerA) genes, derived from
bacteria, into the plants to achieve Hg phytovolatilization (Jadia & Fulekar, 2009).
Genetically modified species include Arabidopsis thaliana L. and Nicotiana
tabacum L. Elemental Hg(II) and methyl mercury (MeHg) are absorbed from the soil
by the plants and converted into volatile Hg(0), which is released into the
atmosphere by the leaves. An advantage of phytovolatilization of both Hg and Se is
that the inorganic forms of these elements are permanently removed from the soil. In
addition, there is little likelihood of the re-deposition of the gaseous species (Prasad
& Freitas, 2004). This technology does not require significant management after
original planting, there is minimal site disturbance, no erosion and no need to
dispose of contaminated material (Prasad & Freitas, 2004; Marques et al., 2009;
Ismail, 2012).

To date, there are no reports of successful efforts to genetically engineer plants able
to volatilize As, but it is likely that researchers will pursue this in future (Raskin et al.,
1997; Prasad & Freitas, 2004, Marques et al., 2009).

2.2.5 Rhizofiltration
Rhizofiltration is a method of phytoremediation where contaminants are removed
from aquatic environments by accumulation into a plant biomass (Wong, 2003; Lone
et al., 2008).The plant itself removes pollutants by absorption into the roots or aerial
parts; or alternatively, microorganisms associated with the rhizosphere are
11

responsible for the removal. Changes in rhizosphere, water pH and root exudates
may cause metals to precipitate onto the root surfaces. The roots or the entire plant
is harvested once the plant species are saturated with the metal contaminants
(Prasad & Freitas, 2004; Lone et al., 2008). This technique is primarily used for the
remediation of extracted ground water, surface water and waste water (Jadia &
Fulekar, 2009).

Plant species selected for rhizofiltration should be able to tolerate and accumulate
large amounts of the targeted metals, they should be easy to handle, require little
maintenance, produce substantial root biomass and not be invasive by nature
(Prasad & Freitas, 2004). Aquatic plants have limited potential for removing heavy
metals from water, because their roots are small and slow growing. Terrestrial plants
species are preferred, because they have longer root systems with large surface
areas. Brassica juncea (Indian mustard) can effectively remove Cd, Cr, Cu, Ni, Pb
and Zn from hydroponic solutions. This makes it the most promising terrestrial
candidate for rhizofiltration. The potential of duck weed (Lemna minor L.) for the
removal of Cd, Cr, Cu, Ni, Pb and Se was also investigated and the results indicated
that the species is a good accumulator of Cd, Se and Cu. Helianthus annus L.
(sunflower) is also a promising candidate for this technique, since it is able to absorb
Pb, U,

137

Cs and

90

Sr. The species was successfully implemented for the removal of

U from contaminated sites in Chernobyl by rhizofiltration. This technique remains a
cost-competitive technology for the treatment of surface- or ground water containing
low to significant concentrations of potentially toxic and heavy metals (Prasad &
Freitas, 2004).

2.3

COPPER AS SOIL POLLUTANT

2.3.1 An overview of Cu
Copper is a reddish-brown nonferrous mineral with a density of 8.9 g/mL 3 .
Archaeological evidence indicates that people have been using Cu for at least
11 000 years. The metal, rarely found pure in its natural state, is relatively easy to
mine, refine and has an infinite number of uses (Ayres et al., 2002). The high
reactivity of the element makes it valuable for a myriad of industrial processes
3

sc.org/periodic-tablehttp://www.r/element/29/copper Accessed 2013/11/15
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(Sharma et al., 2009). It is primarily obtained from the ores of cuprite, tenorite,
malachite, chalcocite, covellite and bornite.

Copper is a micronutrient that is essential for plant growth and metabolism. However,
elevated levels of the element at sites of absorption can induce metabolic disorders,
making Cu toxic to plants and animals (Hodges et al., 2010). Elevated levels of Cu in
soils originate from various sources, including mining activities, smelting of ores and
the application of fertilizers and insecticides (Ghaderian & Ravandi, 2012).

2.3.2 Factors affecting the availability of copper in soils
Copper is not readily or easily accessible to plants in its elemental form. According to
Reichman (2002), the bioavailable fraction is represented by free metal ions in the
soil. The bioavailability of Cu to plants is highly dependent on the total Cu
concentration present (Wong, 2003). However, there are additional factors that
influence the concentration of the bioavailable Cu in soils (Reichman, 2002). Primary
factors are the pH and the organic matter content of the soil (Sheldon & Menzies,
2005; Alva et al., 1999). Other factors include the presence of organic clays and
redox conditions.

2.3.2.1 Influence of pH
Several studies have indicated that soil pH significantly influences the bioavailability
of metals and thus affects their phytotoxicities (McBride et al., 1997; Alva et al.,
1999). The uptake of metals by plants is said to be inversely proportional to the pH of
the soil. This is probably because most of the Cu is in a precipitate form in the soil at
high pH, due to a reduction in the Cu solubility. This reduction in Cu solubility results
in its limited availability to plants (Alva et al., 1999). Soils that exhibit a low cation
exchange capacity enhance the toxicity of Cu at a pH of less than 6 (Brun et al.,
2001). The bioavailability of Cu increases as the soil pH decreases (Sheldon &
Menzies, 2005).

According to Harris (1999), Cu(II) is least toxic at pH 6.5 and the availability of the
nutrient to plants is at its maximum. The pH of mine wastelands can be as low as 2.5;
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at this pH, the mobility and availability of Cu in the soil is high (Limpitlaw et al., 1997).
Rapid changes in mine soil pH can occur as rock fragments weather or oxidise.
Carbonate-bearing minerals and rocks increase the soil pH as they weather, while
pyrite-containing minerals oxidise to form sulfuric acid, which lowers the soil pH
(Sheoron et al., 2010). The desirable pH for orchard and vineyard soils ranges
between 5.5 and 6.5. At this pH, nutrient disorders do not occur. Adjustments should
therefore be made to orchard and vineyard soils to reach optimal pH levels. Little
information is available concerning the pH levels of South African orchard and
vineyard soils. A study done by Pietrzak and McPhail (2004) to determine Cu
accumulation in vineyard soils in Victoria, Australia found that, although the soil
characteristics of the different vineyards were different, all the vineyard soils
contained large amounts of organic matter and were characterised by high pH levels.
In contrast, a study by Nachtigall et al. (2007) indicated that variations in the Cu
concentrations of vineyard soils in Brazil were linked to differences in soil pH, which
varied from moderately to extremely acidic.

2.3.2.2 Presence of organic matter
Copper ions form strong coordination complexes with organic matter. Biological
waste materials applied to soils increase the amount of dissolved organic carbons
(DOC) (Bolan et al., 2003). These DOCs form soluble metal-DOC complexes with
metal contaminants in soils; this facilitates the transportation of the metals
(Antoniadis & Alloway, 2002). These metal-DOC complexes are very mobile in soils,
but not readily available to plants. Formation of these complexes therefore
diminishes the phytotoxic effects of metal contaminants in soils (Ashwortha &
Allowayay, 2004).

Bolan et al. (2003) reported that the application of organic manure increased
adsorption and complexation of Cu in the soil, thereby reducing the phytotoxic
effects of Cu on Brassica juncea (Indian mustard). A later study by Indaba and
Takenaka (2005) established that dissolved organic matter, such as humic acid, has
the ability to reduce detoxify Cu present within plant tissues of Lactuca sativa L. The
concentration of ionic Cu(II), which is highly available in soils, is inversely
proportional to the amount of organic matter present in soil.
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2.3.2.3 Plant response to copper toxicity
Copper is one of the micronutrients needed by plants for normal physiological
functions. However, high concentrations (150-250 mg/kg) of the metal significantly
decrease the content of Mn, Fe and Zn, which are also essential to plants
(Manivasagaperumal et al., 2011). The decrease in Mn can be attributed to
competition with Cu for transportation sites in the plasmalemma. In the presence of
high Cu concentrations, the levels of Na, Ca, K and N, as well as that of P, decrease,
thus suppressing the metabolism of P. This suggests that copper toxicity induces a
general micronutrient deficiency in plants.

Many studies have reported symptoms of Cu toxicity in plants. Accumulation of Cu
may cause decay and growth defects in the roots. In fact, a decrease in root mass is
a common indicator of Cu toxicity (Maksymiek, 1997; Sheldon & Menzies, 2005; Zhu
& Alva, 1993). An early symptom of Cu toxicity is the presence of interveinal foliar
chlorosis, which often takes the form of spots or lesions on leaves. Upon increased
exposure, leaves or leaf tips wither and eventually become wilted (Reichman, 2002).
Copper inhibits respiration and negatively affects nitrogen and protein metabolism in
plants, which in turn, induces oxidative stress and a subsequent disturbance of
normal plant metabolism (Demirevska-Kepova et al., 2004).

Brun et al. (2001) determined the effects of elevated Cu concentrations on the
growth, reproduction and phenology of five plant species commonly found in
vineyards: Poa annua L., Dactylis glomerata L., Senecio vulgaris L., Hypochaeris
radicata L. and Andryala integrifolia L. Signs of chlorosis were evident in the leaves
of three of the five species exposed to Cu (38-251 mg/kg). Flowering was delayed by
one to ten weeks in plants exposed to high concentrations of Cu in the soil as
compared to the controls and to plants growing in soils with lower Cu concentrations.
Four of the species displayed a decrease in biomass compared to the controls, as
the Cu concentration was increased.

The effects of Cu-toxicity on Phaseolus vulgaris L. (bean) were investigated by
Pätsikka et al. (1998). They found that the growth of both the roots and shoots of the
bean decreased with increasing Cu concentrations. Chlorosis could be observed in
the leaves, along with browning of the roots.
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2.3.2.4 Fate of pesticides and their effect on earthworms
Pesticides, including insecticides, fungicides and herbicides,

are

chemical

substances that are used to selectively eliminate unwanted organisms (Galhano et
al., 2011, Aktar et al., 2013). Copper and S-containing pesticides were amongst the
first pesticides to be used and, as a result of their effectiveness, are still in use today.
Copper compounds are excellent fungicides, with CuSO 4 being effective against a
wide range of fungal pathogens.

Copper-oxychloride (Cu2(OH)3Cl) is widely used as a fungicide in vineyards all over
the world (Eijsackers et al., 2005). Although the fungicide is reasonably safe, its long
term application leads to Cu accumulation in the soil (Helling et al., 2000; Mirlean et
al., 2007). Vineyards were established in South Africa more than 300 years ago.
Copper was applied extensively through spraying over a long period as a
preventative measure to combat flowery and downy mildews4.

A study of contamination of ground water by pesticides was carried out in Portugal in
the early nineties (Cerejeira et al., 2003) and vineyard pesticides were also
investigated as sources of the contamination. Simazi, alachlor and metolachlor,
which are pesticides used in vineyards, orchards and agricultural areas, were
detected in the ground water. The movement of soil pollutants through the hydrologic
cycle is illustrated in Figure 2.2.

4

http://www.eco-consult.net/Downy%20mildew%20controlU%20Hofmann.pdf Accessed on:
2014/02/15
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Figure 2.2 : Diagram illustrating the possible movement of copper in a hydrologic
cycle, as well as the movement of the metal to and from sediment and aquatic biota
within a stream5

The use of chemical pesticides allows for the control of fungi, other microbial
organisms and pests and makes high yields of crops possible (Aktar et al., 2009).
However, their toxic effects are not confined to their target species and they may
seriously affect organisms that benefit the ecosystem (Aikpokodion et al., 2013).
Australia has restricted the use of Cu-containing pesticides in organic farming. Since
2002, the International Federation of Organic Agriculture Movements (IFOAM) has
regulated the use of Cu pesticides to 8 kg/Ha/year for all organic farming, to ensure
that high concentrations of Cu do not accumulate in the top soil (Van-Zwieten et al.,
2004).

Earthworms are used extensively to study the movement and fate of potentially toxic
metals, because they are the most important biotic components in soil (Helling et al.,
5

http://water.usgs.gov/nawqa/pnsp/pubs/fs09200/ Accessed on: 2014/02/15
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2000). These organisms are regarded as an indication of soil fertility and they
contribute largely to soil being of good quality. The deterioration of South African
soils in vineyards is evident in that earthworm populations are small when compared
to those of neighbouring grasslands. Eijsackers et al. (2005) studied the effect of Cu
fungicides used in vineyards on earthworms and the overall soil quality. Soil samples
were collected from vineyards around Stellenbosch, South Africa. Mortalities were
observed in earthworms that were exposed to the vineyard soil. The biomass of the
worms from the vineyard decreased from the first week up to the third week,
however the value did not differ significantly from the initial biomass of the
earthworms. The Cu concentrations in the body tissues of earthworms exposed to
the contaminated soil, was three times the average value of the control group.
Phytoremediation of Cu-contaminated vineyards and orchards is necessary, in order
to immobilise or detoxify the soil. This technique is suitable for remediation of
vineyards and orchards, which are large areas of land which are moderately
contaminated at shallow depths. Furthermore, conventional cultivation practices that
make use of agricultural equipment that is readily available can be used (Prasad &
Freitas, 2004).

2.4 SECONDARY METABOLITE PRODUCTION IN RESPONSE TO COPPERINDUCED TOXICITY
Elevated soil Cu levels have been reported to induce the production of reactive
oxygenated species (ROS) and free radicals in plants (Gao et al., 2008). The toxicity
of Cu is due to the production of these ROS in plant cells, which have the potential to
damage lipids, nucleic acid and proteins, thereby eventually leading to cell death.
Plants have developed defence mechanisms against the damage caused by ROS.
Exclusion and binding of the metal to the cell walls, amino acids, organic acids,
glutathione or phytochelatins are the primary defence mechanisms that render ROS
harmless.
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2.4.1 Effect of Cu on phenolic compounds in the plant
When plants are exposed to heavy metals they tend to increase their production of
secondary metabolites (Sakihama et al., 2002). Phenolic compounds are secondary
metabolites that are produced by plants for growth, pigmentation, reproduction,
resistance against pathogens, protection against insects and defence against
herbivores and microbes (Wink, 2004; Lattanzio et al., 2006). They are the largest
group of secondary metabolites in plants. These compounds are mainly
characterised by at least one aromatic ring. The bioactivities of polyphenols are very
broad; these activities are dependent on the kind of substituent that is bound to the
phenolic-hydroxyl group (Grassmann et al., 2002, Michalak, 2006). Phenolics are
able to bind to Cu through their carbonyl and hydroxyl functional groups. The
production and accumulation of phenolic compounds is believed to be induced in
plants growing in soils heavily contaminated with metals, hence their extracts often
have an anti-oxidative effect (Sima et al., 2012).

Due to its redox properties, Cu generates ROS such as superoxide and hydroxyl
oxide (Hartley-Whitaker et al., 2001). Although these reactive species play an
important role in the defence against pathogens, maintaining low levels of ROS is
important (Ali et al., 2006). Phenolic compounds are redox active, presenting
antioxidant activity can be ascribed to that property. Polyphenols containing more
than one phenolic hydroxyl group are electron-donating agents that act as
antioxidants by means of free radical scavengers. These phenolic compounds also
act as chelating agents by binding to Cu, thereby alleviating metal toxicity and
restricting metal uptake by plants (Jung et al., 2003). A study by Cervantes-Garcia et
al. (2011) on Euglena gracilis exposed to Cu, indicated a correlation between the
total phenolic content and the antioxidant activity of the plant. An increase in the total
phenolic content and antioxidant capacity was observed for plants treated with Cu.
Peroxidation of lipids, induced by free radicals, is an important process used by
plants undergoing Cu-induced stress. The metal has been reported to be a strong
modifier of quantitative and qualitative fatty acid composition of cell membranes in
tomatoes. Proline production is one of mechanisms used by plants to detoxify
themselves against heavy metals (Hossain et al., 2012). This amino acid plays an
important role in osmoregulation, protection of enzymes, and stabilization of protein
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synthesis, scavenging of free radicals and as an effective singlet oxygen quencher
(Cervantes-Gracia et al., 2011).
2.4.2

Effect of Cu on essential oils isolated from plants

Essential oils are natural products, isolated by distillation, that are made up of
complex mixtures of volatile compounds (Schulz et al., 2004, Guimarães et al., 2010,
Chamorro et al., 2012). These mixtures consist of an array of substances, but
contain mainly terpenoids, some bearing aldehyde, alcohol, ester or ketone moieties,
and hydrocarbons. These oils are stored in secretory glands (trichomes), cavities,
canals and epidermic cells. The concentrated volatile oils are hydrophobic and can
be isolated from the leaves, seeds, buds twigs, roots and flowers of aromatic plant
species by various methods (Koul et al., 2008). Essential oils are often characterised
by two or three major components, while the remaining components are available in
trace amounts (Chamorro et al., 2012). They are widely used as fragrances in the
perfume and cosmetic industry. Essential oils are also used as flavourings and
preservatives for foods and confectionary, and as spices (Hyldgaard et al., 2012).

Terpenes are the largest group of natural hydrocarbon secondary metabolites
produced by plants, comprising about 30 000 compounds. This class of
hydrocarbons play an important role as fragrances in perfumery, flavours for spicing
food, as traps for insects and are used for treating various ailments. They also
exhibit a range of specific pharmacological activities. Terpenes consist of five-carbon
isoprene (C5) units linked together in a head-to-tail arrangement. The classification of
terpenes is done according to the number of isoprene units present, giving rise to
enormous structural diversity within the class (Breitmaier, 2006, Aquil et al., 2007).
Monoterpenes (C10), sequiterpenes (C15), diterpenes (C20), sesterterpenes (C25),
triterpenes (C30) and polyterpenes (many units) are amongst the most well-known
classes of terpenes. The major components of most essential oils are usually the
monoterpenes and sequiterpenes. These terpenes are produced by approximately
2 000 plant species belonging to about 60 families. Biologically active compounds
are present in each terpenoid class (Wink, 2004).
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The most popular methods for isolation of volatile organic compounds are hydro- and
steam-distillation (Masango, 2006). In hydro-distillation, a Clevenger type apparatus
is used for the distillation. In this process, the plant material is immersed in water in
the apparatus and the mixture is heated under moderate temperature conditions.
Under these conditions, the volatile molecules in the plant evaporate with the steam.
The vapour is then passed through a cooling system, where condensation takes
place. Since the volatile oil and water are immiscible liquids, the condensed essential
oil is easily recovered from the water. Temperature conditions should be carefully
controlled. The temperature should be high enough to release the volatile molecules,
yet sufficiently low to prevent burning of the plant material. Steam distillation is
similar to hydro-distillation, but instead of immersing the plant material in water,
steam is passed through the material (Rashid, 2006). Even though hydro- or steamdistillation are widely used methods of essential oil extraction, they have some
disadvantages, which include the loss of highly volatile and water-soluble
compounds.

Richter & Schellenberg, (2007) compared the compositions of the volatile organic
profiles obtained by hydro-distillation, thermal desorption and conventional
headspace techniques. More than 99% of the oil constituents, representing 39
components, were identified from the oil obtained through hydro-distillation. The
thermal desorber, operated at temperatures of 100, 150 and 200°C, followed by
direct analysis of the effluent by gas chromatography-mass spectrometry (GC-MS)
revealed the presence of only 24, 29 and 30 compounds, respectively. With
headspace analysis, only 10 compounds were identified in the chromatogram.
However, the main components identified in the chromatograms were the same for
all three techniques.

To-date, approximately 3 000 essential oils are known, of which about 200 are of
commercial importance (Peng et al., 2012). Brazil, China, Egypt, India, the United
States of America (USA), Mexico, Indonesia, Morocco and Guatemala are the major
producers of essential oils. With the exception of the USA, all of the countries
mentioned are developing countries. Approximately 65% of the world’s essential oils
originate from developing countries. The main consumers of essential oils are the
USA (40%), Western Europe (30%) and Japan (7%). South Africa dedicated
approximately 2000 Ha of land to essential oil crops in 2010 (Department of
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Agriculture and Forestry, 2010). Rosemary, geranium and lavender were amongst
the essential oil crops planted.

Aromatic plants have the ability to accumulate metals, making them good candidates
for phytoremediation. Most agricultural soils are, to some extent, contaminated with
Cu, Pb, Cd and other metals that are toxic at high concentrations. The effects of
these metals on essential oil crops are not well known. Zheljazkar et al. (2006)
studied the effects of Cu, Pb and Cd on the essential oil production of dill,
peppermint and basil. The essential oils constituents of basil and dill, growing in the
metal-contaminated media, were altered. Although a significant difference in the
peppermint oil compositions was observed between that of exposed and control
plants, the identified constituents were still within the normal values for peppermint
oil. Application of Cu reduced the essential oil yield of dill when compared to the
control. The researchers concluded that the essential oils from dill, peppermint and
basil, obtained from crops growing in soil contaminated with Cu, Pb and Cd, are
marketable. Although the presence of elevated levels of heavy metals affected the
essential oil yields of some crops, many crops were not affected (Zheljazkar et al.,
2005).

2.5

LAMIACEAE SPECIES

2.5.1 Overview of the family
The Lamiaceae or Labiate family, also known as the mint family, consists of 236
genera that comprise about 7200 species of herbs and shrubs (Raja, 2012). Plants
from the Lamiaceae family are mostly aromatic and are flowering plants (Gairola et
al., 2009). This family has metal hyperaccumulating plants (Ghosh & Singh, 2005).
Typically, the stems are quadrangular and carry leaves on opposite ends. The
flowers are zygomorphic and occur mostly in heads, spikes and cymes or in panicles.
Plants of this family occur almost everywhere in the world, except in extremely cold
regions (Venkateshappa & Sreenath, 2013), and are widely used as culinary herbs,
fragrances and flavourants (Zamfirache et al., 2010). Plants belonging to this family
have been used as folk remedies for centuries (Guimaraes et al., 2010), due to their
antiseptic, anti-inflammatory, antioxidant and antimicrobial activities (Roldan et al.,
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2010; Hussain et al., 2011). Some of the genera belonging to the Lamiaceae family
are described in the following sections.

2.5.2

Plectranthus

2.5.2.1 General overview
Plectranthus is the largest genus in the Lamiaceae family and is classified in the
subfamily Nepetoideae. About 300 species of shrubs and herbs belong to the genus
and are mainly distributed in the Old World tropics (Grayer et al., 2010).
Approximately 50 Plectranthus species are indigenous to southern Africa (Viljoen et
al., 2006). Several members of the genus are used as medicines to treat a range of
conditions, including digestive, skin and respiratory problems, infections, fevers,
genito-urinary conditions, pain and muscular-skeletal ailments. Plectranthus species
have attracted attention, due to their aromatic nature and their ability to produce a
range of secondary metabolites (Grayer et al., 2010).

Many Plectranthus species are edible (Lukhoba et al., 2006). Plectranthus
esculentus is eaten in most parts of Africa as a substitute for sweet potato. It
contains large amounts of carbohydrates, minerals and Vitamin A. Other
Plectranthus species, such as P. punctatus, P. rotundifolius, P. mollis, P. amboinicus
and P. barbatus, are popular foods in Africa. Research is currently in progress to
establish if P. rotundifolius, which is a popular food in South Africa, can be cultivated
as a domestic crop. Plectranthus madagascariensis, P. ecklonii, P. fruticosus and P.
verticillatus originate either from South Africa or from surrounding southern African
countries.

2.5.2.2 Secondary metabolites of the Plectranthus species
Numerous Plectranthus species produce an array of secondary metabolites.
According to Grayer et al. (2010), they produce diterpenoids, abietanes, clerodanes,
phyllocladanes, beyeranes, pimaranes and labdanes, which are stored in grandular
hairs. Diterpenoids are the most common secondary metabolites present in
Plectranthus, with about 140 identified from the coloured leaf-glands of the species
(Abdel-Mogib et al., 2002). The production of diterpenoids in the plant may be a
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resistance mechanism against insects and micro-organisms. Nuclear magnetic
resonance (NMR) spectroscopy was used to determine the chemical structures of
flavonoids isolated from Plectranthus species (Grayer et al., 2010). Fourteen
flavones and nine flavonols were identified in the study.

Plectranthus is essentially an oil-rich genus, with volatile oil yields of above 0.5% on
a dry weight basis (Abdel-Mogib et al., 2002). Essential oils from the species consist
mainly of mono- and sesquiterpenes. Oils isolated from P. rugosus and
P. amboinicus were found to contain α-pinene, camphene, β-pinene, limonene and
linalool. These compounds have recognized therapeutic effects. For example, αpinene can relieve muscular pain. Linalool, a sedative and anti-infectious compound,
is one of the compounds found in the essential oil of P. fructicosus. Other
constituents of the oil include sabinly acetate, ϒ-terpinene, α-thuyene and terpinen4-ol (Abdel-Mogib et al., 2002).

Ngassoum et al. (2001) used steam distillation to isolate essential oils from dried
leaves of P. grandulosus. A high percentage of monoterpenes and oxygenated
monoterpenes were identified from the oil using GC-FID and GC-MS. A total of 60
compounds were identified and limonene and terpinolene were found to be the main
monoterpene hydrocarbons present.

2.5.3

Rosmarinus officinalis

2.5.3.1 General overview
Rosmarinus officinalis (rosemary) is an evergreen shrub with a strong aroma
originating from the Mediterranean basin and Portugal. Currently, the plant is
cultivated from Spain, Italy, South Africa, France India and Morocco (Roa et al., 1999,
Blumenthal et al., 2000). The herb has been used as a medicinal plant, flavouring
agent and a spice since the early days (Kuhlmann & Rohl, 2006). According to
Blumenthal et al. (2000), rosemary was used by the ancient Greeks to strengthen
memory and improve concentration. The Europeans in ancient times also used the
herb to treat dyspepsia. Rosemary is used all over the world to treat a variety of
symptoms, including stomach cramps, migraine headaches, as an ingredient of
ointments and to combat circulatory problems. The plant has attracted much
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attention, due to its antimicrobial, anti-inflammatory and antioxidative constituents.
The herb has been identified as one of the species with the highest antioxidant
activity.
2.5.3.2 Secondary metabolites of Rosmarinus officinalis
Rosmarinus officinalis produces an essential oil that is rich in volatile terpenoids. It is
obtained in high yields and the major components of the oil are usually 1.8-cineole,
camphor, borneol, α-terpineol, bornyl acetate, β-caryophyllene and δ-cadinene
(Boutekedjiret et al., 2003). A study by Jamshidi et al. (2009) revealed that rosemary
essential oils from different geographic areas differed in their compositions. Oils from
Lalehzar and Kerman (Iran) were isolated from the leaves by hydrodistillation,
followed by identification using GC-MS. A total of 49 components were identified in
Lalehzar oil and 31 components in Kerman oil, with respective oil yields of 2.6 and
2.1%. Small variations in the two oil compositions were reported (Jamshidi et al.,
2009). Limonene and 3-octanone were found in the Lalehzar oil, but not in the oil
from Kerman. This could be attributed to the difference in climatic conditions and
growing environments. The major components of the two oils were found to be
similar to that reported by Boutekedjiret et al. (2003).

Roldán et al. (2010) investigated the composition and antimicrobial properties of
rosemary oil. The major components of the oil were found to be the oxygenated
monoterpenes camphor and 1.8-cineole; overall, 22 compounds were identified in
the oil. The antibacterial activity of the oil was evaluated against Escherichia coli,
Salmonella enteritidis, Salmonella typhimurium, Lactobacillus acidophilus and
Bifidobacterium breve. Although the results indicated that the oil was active against
all the bacteria, it was most active against E. coli. Mangena and Muyima (1999)
reported that the essential oil of R. officinalis displayed good antimicrobial properties
towards organisms of importance in the medical field and food industry. This makes
the oil a good candidate for application in the food and cosmetic industry as a natural
preservative and as an active ingredient in pharmaceutical preparations.
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2.6

PELARGONIUM GRAVEOLENS

2.6.1 General overview
The genus Pelargonium consists of about 220 species of which 80% occur in
southern Africa (Van der Walt, 1977). It belongs to the Geraniaceae family and is
prevalent in the moist mountain areas of Limpopo and Western Cape provinces.
Pelargonium comprises a group of annual or perennial herbs and shrubs, with woody
stems. They have petiolate leaves with stipules and the flowers have five petals and
are zygomorphic. Several species have been recorded in Zimbabwe and
Mozambique. In South Africa, many Pelargonium species are used by different
cultural groups as traditional medicines to treat ailments such as wounds, fever, colic,
colds, sore throats, haemorrhoids, gonorrhoea, for stimulating milk production,
suppression of urine and as an anthelmintic and insecticide. Pelargonium graveolens
is a rose-scented plant that is widely used in the fragrance and aromatherapy
industries. The aerial parts of the plants are used in folk medicine for relieving
gastrointestinal and cardiovascular disorders (Lalli et al., 2008).

India annually produces approximately 20 tons of P. graveolens essential oil for
export purposes (Saxena et al., 2008). Egypt, Morocco and China are other major
producers of the oil (El-lethy et al., 2011). However the demand for this essential oil
far exceeds the production, thus leaving a gap in the market.

2.6.2 Secondary metabolites of Pelargonium graveolens
The essential oil composition and total phenolic composition, flavonoids and
antimicrobial activity of various extracts from P. graveolens were determined by
Hsouna and Hanndi (2012). The yellow-brown essential oil obtained from the leaves
of P. graveolens by steam distillation was analysed using GC-MS and a total of 42
compounds were identified. Linalool, citronellol, geraniol, 6-octen-1-ol, 3,7-dimethylformate and selinene were identified as the major components of the oil. The
concentrations of soluble phenolic compounds extracted from the plant were found
to range from 141 to 145 mg gallic acid equivalents/g, while the total flavonoid
concentrations ranged from 11 to 22 mg quercetin equivalent/g (QE/g). Some of the
extracts were active against both Gram-positive and Gram-negative bacteria. The
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essential oil also displayed promising potential for antimicrobial activity against a
range of microorganisms.

According to Ghannadi et al. (2012), an essential oil of P. graveolens, with major
compounds β-citronellol and citronelyl formate, was found to inhibit a number of
bacterial stains. Staphyllococcus aureus was the most susceptible to the oil, but
Listeria monocytogenes and E. coli were not affected. Based on the observed
antibacterial properties, P. graveolens essential oil appears to be a good candidate
for use as an antimicrobial agent and a natural preservative.
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CHAPTER 3

MATERIALS AND METHODS

3.1 SAMPLING OF ORCHARD SOILS
To determine the levels of Cu contamination in orchard soil, samples were collected
from citrus and mango orchards in Hoedspruit in November 2013. The Cu
concentrations of the soils were determined directly in the field using a portable Xray fluorescence (XRF) spectrometer (Thermo Scientific Niton XL3T GOLDD+)
during the wet season. Measurements (reading time 180 s) and samples were taken
three times from rows bordering the orchard, as well as from rows throughout the
orchard, some directly beneath trees, while other sampling points were situated
between parallel rows. Control samples were collected 20 m from the orchards from
soil that had not been exposed to spraying with Cu-containing persticides. The
samples were taken using a stainless steel soil auger with a length of 50 cm and a
diameter of 10 cm. Soil was removed at a depth of 50 cm and stored in Ziploc plastic
bags before being transported to the laboratory for metal analysis, pH measurement
and sequential extraction.
Table 3.1: GPS sampling locations of Cu-contaminated soils
Orchard
Mango 1

Mango control 1

Mango 2

Mango control 2

Citrus

Citrus control

Co-ordinates starting point

Co-ordinates end point

S 24.50205°

S 24.50586°

E 30.83277°

E 30.83468°

S 24.50019°
E 30.83296°

-

S 24.39800°

S 24.39730°

E 30.84017°

E 30.84111°

S 24.39624°
E 30.84065°

-

S 24.40751°

S 24.40688°

E 30.82968°

E 30.83012°

S 24.40685°
E 30.83022°
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3.2

METAL ANALYSIS

3.2.1 Digestion of soil
To determine the metal content of the orchard soil samples, 0.2500 g of each well
mixed sample was accurately weighed in triplicate into microwave vessel liners
(OMNI/XP 1500; Mathews, NC, USA) to which 3.00 mL suprapur nitric acid 65%
(Merck, Darmstadt, Germany) and 2.00 mL HF had been added. The vessel liners
and their contents were placed in the carousel of a MARS CEM microwave system
(Mathews, NC, USA). For the digestion of the soil samples, a two stage digestion
was used. In the first stage, the following microwave digestion programme was used:
the temperature was ramped to 195°C over 15 min and then held at 195°C for 15
min at a pressure of 500 psi.

After leaving the vessels to cool down to room temperature, 2.00 mL of freshly
prepared 7% (m/v) aqueous boric acid was added to the contents of each vessel,
before they were returned to the microwave system for the second stage digestion.
The second stage programme was set at 1600 W microwave power and ramped to
180°C over 10 min. The temperature was maintained for 10 min at a pressure of
500 psi. After completion of the second digestion, the samples were allowed to cool
to room temperature. The digests were transferred to 25 mL volumetric flasks and
diluted to the graduation mark using double deionized (DDI) water, which was
obtained by passing deionised water through a MilliQ Simplicity® UV water system
fitted with a 0.22 µm Millipark Gamma Gold filter (Millipore, Darmstadt, Germany). A
blank consisting of nitric, hydrofluoric and boric acids, was prepared.

3.2.2 Sequential extraction of orchard soils
Sequential extraction was employed to determine the bioavailability and mobility of
the Cu present in the orchard soils. This method characterises the occurrence of the
Cu in the soil. Copper extractions were collected in duplicate according to the
procedures described in Table 3.2.
All the extracted supernatant fractions were filtered accordingly and analysed using
inductively coupled plasma optical emission spectrometry (ICP-OES).
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Table 3.2: The sequential extraction method for the quantification of the different
copper fractions of in orchard soils.
Water soluble (F1)

20.00 mL deionized water was added to approximately
2.00 g of soil samples, the content was shaken for 1 h
at 20°C, the supernatant were filtered and stored
accordingly

Exchangeable (F2)

20.00 mL 1 M NH4OAc (pH 7) was added to the
precipitate from Fraction 1, the content was shaken for
2h

Specifically sorbed and

20.00 mL of 1 M NH4OAc was added to the precipitate

carbonate bound (F3)

from Fraction 2, the content was adjusted to pH 5 and
shaken for 2 h

Metals associated

20.00 mL of 0.04 M NH2OH.HCl in 25% HOAc was

sorbed (F4)

added to the precipite of Fraction 3, the content was
shaken for 6 h at 60°C

Strongly complexed by

15.00 mL of 30% H2O2 was added to the precipitate

organic matter (F5)

from Fraction 4, pH 2 adjusted with HNO3, incubated
for 5.5 h at 80°C, then cooled.
Once the solution was cool, 5.00 mL of 3.2 M NH4OAc
in 20% HNO3 was added and shaken for 30 min then
diluted to 30.00 mL with water.

Residual (F6)

1.00 g of the dried residue from Fraction 5 was acid
digested with HNO3, HF and H3BO4

3.2.3

ICP-OES analysis

Analysis of all the digested samples for total Cu content was achieved by 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 (Fluka A.G., Switzerland). Calibration
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standards were prepared, whereafter 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).

3.2.4 Analysis of certified reference material (CRM)
To validate the ICP method, certified reference material of soil (NSD DC73319)
obtained from the China National Analysis Centre for Iron and Steel was analysed
following the same procedure as the soil samples. The samples were digested in
triplicate as described in Section 3.2.1 and analysed using ICP-OES.

3.3

INITIAL SCREENING FOR COPPER TOLERANCE

The screening of aromatic plants to identify copper-tolerant species that can be
propagated in contaminated orchards and Cu contaminated soils is described in this
section. These plant species will serve a dual purpose: decontamination of soil, as
well as the production of essential oils with commercial value, which may provide
farmers and small business enterprises with sustainable business opportunities.

Ten aromatic plant species (Artemisia afra, Mentha longifolia, Pelargonium
graveolens,

Plectranthus

ecklonii,

Plectranthus

fruticosus,

Plectranthus

madagascariensis, Plectranthus saccatus, Plectranthus verticillatus, Rosmarinus
officinalis and Sutera floribunda) were purchased from Random Harvest Nursery
(Honeydew, Randburg). The plants were all mature and of approximately the same
age. Each plant species was represented by 12 specimens planted in 1 L
(Rosmarinus officinalis) or 2.5 L (for all the other plant species) bags. The plants
were placed under a net to create shade for the plants and a roof for protection
against rainfall. Plants were watered on alternative days with tap water for a period
of one week. All plant specimens were colour coded according to the treatment
being applied and a randomized experimental design was used for all the plants.
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They were grown under natural light with day time temperatures and humidity
ranging from 25-30°C and 40-60%, respectively. Temperatures and the humidity at
night ranged from 16-25°C and 40-60%, respectively.

The pH of the soils was determined prior to artificial contamination of the soil. Two
potted plants were allowed to dry over two days in order to determine the waterholding capacity (WHC) of the soil. Several 20 mL aliquots of tap water were
sequentially added to both pot plants at 30 min intervals. This was done until the soil
was fully saturated with water. The average volume was used as the WHC of the soil
to avoid any leaching of Cu during watering.

A pot trial was conducted to evaluate the tolerance of the 10 aromatic plant species
to Cu over a six week period. For the first trial, soils were artificially contaminated
with 100 mL or 50 mLof 1000 mg/L Cu(II) (prepared as CuSO4) in tap water for a
period of four weeks. The plant species were artificially contaminated every Monday,
Wednesday and Friday of each week, and on the alternative day the plant species
were watered with the same volume of water. Chlorophyll and height measurements
were taken every two weeks to determine the growth and productivity of the plant
species. Plant elongation (cm) was measured from the stem-leaf junction to the apex,
using a measuring tape. A handheld chlorophyll meter (Konica Minolta SPAD-502,
Spectrum Technologies Inc, Illinois, USA) was used to determine the chlorophyll
index of leaves once a week. The chlorophyll content of ten leaves per plant, from all
aspects of the plant, was measured and then averaged.

To determine the reproducibility of the artificial contamination, the individual plants
from each treatment group were taken as separate samples. At harvest, the
individual plants were washed three times with tap water, followed by deionised
water to remove soil attached to the plant surface. Thereafter they were air dried for
a week. Dried plant material was manually divided into three portions: roots, stems
and leaves. Each portion was ground into fine powder using a ball mill (MM200,
Retsch, Germany) and stored in polytop vials until further analysis. The soil was
mixed thoroughly, air dried, sieved (<250 μm; stainless steel) and stored accordingly.
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The Cu content in all parts of the plants and in the soils was determined using ICPOES to establish the ability of each species to accumulate Cu. The most tolerant
plant species were identified and used for the second trial. Soils were contaminated
with different Cu concentrations to determine the tolerance levels of the plants.
Before and after Cu exposure, the most tolerant species were by hydrodistilled to
isolate their respective essential oils (Section 3.7.1). The oils were analysed using
GC-MS and GC-FID. The effects of Cu-induced stress on the plants were evaluated
through an investigation of the production of secondary metabolites (see Section 3.6).

3.4

EXTENSIVE FOLLOW-UP POT EXPERIMENT

Overall plant growth and survival of the plants during and after the contamination
period were the parameters used to identify the most tolerant plant species in the
initial screening process. Since plants useful for phytoremediation purposes were
sought, the overall ability of each plant species to accumulate Cu was also taken into
account. After the initial screening, a second, more detailed investigation was
conducted

using

Pelargonium

graveolens,

Plectranthus

madagascariensis,

Rosmarinus officinalis and Plectranthus fruticosus. The plants were purchased from
Random Harvest Nursery and Witkoppen Nursery (North Riding, Johannesburg).
The pH and WHC of the soils were determined prior to contamination with Cu.
Specimens representing each plant species were divided into four treatment groups
and a control group. Plants in the treatment group were exposed to 0.0, 50, 100, 500
and 1000 mg/L of Cu(II) (as CuSO4), respectively three times a week. The solutions
were applied at half (100 mL) of the WHC. Rosmarinus officinalis was exposed to 50,
100 and 500 mg/L Cu(II). The same contamination and harvesting procedures as
described in Section 3.3 were followed.

3.5

METAL ANALYSIS

3.5.1 Digestion of twigs and leaves
For the quantification of the total Cu content of the leaves and stems, 0.2500 g of the
dried samples were accurately weighed in triplicate into a microwave vessel liner
(OMNI/XP 1500; Mathews, NC, USA). Precisely 5 mL of suprapur grade nitric acid
65% (Merck, Darmstadt, Germany) was transferred into the vessel. The charged
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vessels were placed in the carousel of a MARS CEM microwave system (Mathews,
NC, USA). A blank, consisting of only nitric acid, was also prepared. The following
microwave digestion programme was used: the temperature was ramped to 195°C
over 15 min and then held at 195°C for 15 min at a pressure of 500 psi. After the
digestion process, the vessels were allowed to cool down to room temperature. The
vessel contents were then quantitatively transferred to 25 mL volumetric flasks and
diluted to the mark with DDI water.

3.5.2 Digestion of soil and root samples
Dried root and soil samples were digested in triplicate as described in Section 3.2.1.

3.5.3 Quantification of Cu and other plant nutrients
The total Cu concentration as well as micro and macronutrients (B, Ca, Fe, K, Mg,
Mo, Mn, P, and S) in plants were quantified using the ICP-OES. Two sets of
calibration standards were prepared for matrix matching purposes. For the leaf and
twig samples, a 5.00 mL aliquot of concentrated suprapur nitric acid was added to
each solution comprising the first set of mixed standards. The second set of
standards for the soil samples were prepared by adding 3.00 mL nitric acid, 2.00 mL
hydrofluoric acid, as well as 2.00 mL boric acid, to the mixed standard metal
solutions. The operating parameters were identical to those described in Section
3.2.3.

3.5.4 Analysis of certified reference materials (CRM)
To validate the ICP method, certified reference material of bush branches and leaves
(NCS DC73348), as well as soil (NSD DC73319), obtained from the China National
Analysis Centre for Iron and Steel were digested as described in Sections 3.5.1 and
3.2.1, respectively and analysed using the ICP-OES.
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3.6

SECONDARY METABOLITES

3.6.1 Extraction of total soluble phenolic compounds
Five

solvents

(a)

methanol:

acetone:

water

(7:7:1

v/v/v),

b)

methanol:

dichloromethane (1:1 v/v), c) 65% aqueous methanol, d) 80% aqueous ethanol and
e) 70% aqueous acetone) were screened to determine the most suitable solvent for
the extraction of soluble phenolic compounds. The highest yields of phenolic
compounds were extracted from powdered leaves, roots and twigs using 80%
aqueous ethanol, which was found to yield the highest concentrations of phenolic
compounds. Approximately 50 mg of each sample were accurately weighed in
triplicate into Eppendorf tubes. A 1.00 mL aliquot of the 80% aqueous ethanol was
added to the tubes, which were vortexed for 1 min and then shaken on a Labcon
platform shaker (Laboratory Marketing Services CC, Maraisburg, RSA) for 1 h at 150
rpm. To remove plant debris, the suspension was centrifuged at 6000 rpm for 10 min
in a microcentrifuge (Hemle Labortechnic GmbH, Weingen, Germany) at 4°C. The
extract was transferred into a clean Eppendorf tube, which was labelled accordingly.
Two extractions were performed with the remaining precipitate as indicated above.
Thereafter, all the extracts were pooled and the volume was reduced to less than 1
mL under vacuum using a Genvac EZ-2 Plus evaporator (SP Industries, New York,
USA). The amount of total soluble phenolic compounds was determined using the
Folin-Ciocalteau assay (Section 3.6.3). The remaining pellet was processed further
to determine the cell wall-bound phenolic compounds.

3.6.2 Extraction of cell wall-bound phenolics
For isolation of cell wall-bound phenolic compounds that are incorporated in the cell
wall, 10 mg of the dry pellet remaining after extraction of the soluble phenolics was
weighed in triplicate into Eppendorf tubes. The solid was suspended in 1.00 mL of
0.5 M of NaOH and placed in a heating bath for 1 h at 96°C. Concentrated
hydrochloric acid was subsequently added to acidify the supernatant to pH 2. The
mixture was centrifuged in a microcentrifuge at 4°C and 6000 rpm for 10 min.
Anhydrous diethyl ether (1.00 mL) was added to the supernatant to extract the cell
wall-bound phenolics, the mixture was vortexed for 1 min and allowed to stand briefly
to allow separation of the layers. This process was repeated twice and the upper
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phase layers were combined. The diethyl ether extract was reduced to dryness
under vacuum using the Genevac evaporator. The resulting precipitate was
resuspended in 0.25 mL of 50% aqueous ethanol. This solution was used to
determine cell wall-bound phenolics content using the Folin-Ciocalteau assay.

3.6.3 Estimation of total soluble and cell wall-bound phenolics
The amount of phenolic compounds present in the samples was estimated using the
Folin-Ciocalteau colorimetric method, developed by Singleton et al., (1999) with
small modifications. Gallic acid (Sigma Aldrich, Steinheim, Germany) was used as a
reference compound. A 5 µL aliquot of the sample extract was transferred into a 96well microtitre plate, to which 165 µL of distilled water, 50 µL of 20% sodium
carbonate and 25 µL of Folin-Ciocalteau (Sigma Aldrich, Steinheim, Germany)
reagent was added as a colorimetric indicator. Blank solutions, with the same
composition, but containing distilled water in the place of the sample, were prepared.
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 Spectramax190 microplate reader
(Molecular Devices, Sunnyvale, CA, USA). Standards ranging from 0 to 0.20 mg/L
were prepared in triplicate using gallic acid (Sigma Aldrich, Johannesburg, South
Africa). A calibration curve was constructed by plotting each absorbance value as a
function of the corresponding concentration. The concentrations of the phenolic
compounds from all extracts were calculated from the line formula of the standard
curve and the results were expressed as gallic acid equivalents (GAE) per gram of
dry mass.

3.6.4 Antioxidant activity
Antioxidant activities of the aqueous ethanol leaf extracts were determined using the
2,2-diphenyl-1-picryly-hydraxyl (DPPH; Fluka, Hannover, Germany) free radical
scavenging assay (Chan et al., 2007), with slight modifications. The assay was
conducted in a 96-well Elisa plate. Exactly 20 µL (2 mg/mL) of aqueous ethanol leaf
extracts of P. fruticosus, P. graveolens, P. madagascariensis and R. officinalis was
added to the first row of the 96-well plate containing 200 µL of deionised water. The
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remaining wells were filled with 110 µL of deionised water. The contents of wells
containing the plant extracts were serially diluted by transferring to the remaining
wells (which each contained 110 µL of deionised water). Following the serial dilution,
90 µL (0.04 mg/mL) of DPPH (Fluka, Hannover, Germany) was added to each well.
Deionised water and ascorbic acid (2 mg/mL; Sigma Aldrich, Steinheim, Germany,
AR grade) were used as the negative and positive control respectively. Plant extracts,
in the absence of DPPH were used as references; 90 µL of deionised water was
added to the blanks instead of DPPH. The assay was performed in triplicate. The
plate was covered with aluminium foil and incubated at room temperature for 30 min.
The

absorbance

of

each

solution

was

measured

at

515 nm

using

the

Spectramax190 microplate reader. The radical scavenging capacity was expressed
as the concentration of the extract that can reduce the initial absorbance of DPPH by
50%, this is known as the IC50. The absorbance readings were used to calculate the
percentage inhibition of the extract as follows:
% inhibition of the sample =

Absorbance of the sample−Absorbance of nagative control
Absorbance of negative control

× 100

Equation 3.1
Absorbance of the sample = Absorbance of the sample − Absorbance of the blank
Equation 3.2
The percentage inhibition used to determine the IC50 value of each sample was
determined using the Graph Pad Prism® version 6.01 software.

3.7

ISOLATION AND ANALYSIS OF ESSENTIAL OILS

3.7.1 Hydrodistillation
To obtain the essential oils of the four selected plant species (Pelargonium
graveolens, Plectranthus madagascariensis, Rosmarinus officinalis and Plectranthus
fruticosus), a Clevenger-type hydrodistillation apparatus was used. The control and
plants treated with 1000 mg/L Cu were harvested, washed and allowed to air dry.
After weighing the dried plant material consisting of roots, leaves and twigs, it was
transferred to a 5 L round bottom flask. Approximately 500 mL deionised water was
added to the round bottom flask, whereafter it was heated using an electrical heating
mantle (LabHeat®, Boeco, Germany) for about 3 h. Hexane was added to the
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condensed essential oil for collection purposes. The collected oils were dried by
filtering through anhydrous sodium sulfate, placed in a glass Pasteur pipette plugged
with a small piece of cotton wool. The essential oils were stored in amber vials after
allowing the hexane to evaporate for an hour. All oils were stored in the refrigerator
prior to analysis.

3.7.2 Essential oil analysis
The identification and quantification of the essential oil components was conducted
by using a gas chromatograph. Effluent from the column was split to pass through a
mass spectrometer (MS) and a flame ionization detector (FID). The essential oil
samples were prepared in a vial which had a sleeve; a 20 µL aliquot of each sample
was diluted with 80 µL hexane. An Agilent 6890 N GC (Agilent Technologies, Illinois,
USA), equipped with an autosampler and coupled directly to a 5973 mass
spectrometer (Agilent Technologies, Illinois, USA), was used. A 1.0 µL sample
aliquot was injected at 24.79 psi using a split ratio of 200:1 and an inlet temperature
of 250°C. The GC system was equipped with a HP-Innowax polyethylene glycol
column with dimensions 60 m x 250 μm internal diameter x 0.25 μm film thickness.
The oven temperature was initially held at 60°C for 10 min, thereafter raised to
220°C at a rate of 4°C/min (held for 10 min), and then increased to 240°C at a rate of
1°C/min. Helium was used as a carrier gas at a constant flow rate of 1.2 mL/min.
Spectra were obtained over the range m/z 35 to 550 in electron impact mode by
applying an ionization potential of 70 eV. The relative percentage areas of individual
components were obtained from integrated electronic measurements using the FID,
which was maintained at 250°C. Identification of the sample components was
confirmed by comparing their mass spectra to spectra in the NIST®, Mass Finder®
and Flavor® spectral libraries. The retention times and spectra were also compared
to those of authentic standards analysed under the same conditions. The RRI values
obtained were compared to those obtained for the authentic standards on the same
stationary phase.
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3.8

STATISTICAL DATA ANALYSIS

Statistical analysis was used to assess whether there was a significant difference
observed within the data collected. Means and standard deviations of all the data
collected were calculated using Microsoft Excel 2007. To test for significance,
datasets were subjected to a single factor analysis of variance (ANOVA). Differences
were regarded as significant when p<0.05. Graph Pad (Prism version 6.01) was used
to calculate and plot the EC50 values of all plant extracts for the antioxidant activity
assay. Data obtained from ICP-OES analyses were exported to SIMCA-P 13.0
chemometrics software (Umetrics AB, Malmo, Sweden) and principal component
analysis (PCA) models were used to construct correlation plots for Cu.
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CHAPTER 4
RESULTS AND DISCUSSION

4.1

DETERMINATION OF THE LEVELS OF COPPER CONTAMINATION IN
CITRUS AND MANGO ORCHARDS

Soil is a non-renewable resource that supports all land-based life forms (Kapp et al.,
2013). The regular application of Cu-containing fungicides to combat diseases in
orchards may have detrimental effects on the soil. Concentrations of Cu in South
African orchards have not been extensively determined. In the long term, the buildup of Cu will deplete the quality of the soil, thereby influencing agricultural produce
(Loland & Singh, 2004). To determine if Cu contamination is a problem in South
African orchards, a field portable (FP)-XRF spectrometer was used to identify “hot
spots” of Cu in citrus and mango orchards. Selected soil samples were subsequently
analysed by ICP-OES to verify the results obtained in the field. Sequential extraction
was utilized to assess the bioavailability and mobility of Cu in the orchard soils.

4.1.1 Field portable-X ray fluorescence spectroscopy
After calibration of the FP-XRF, according to the supplier’s recommendations, the
instrument was used to determine the levels of Cu in citrus and mango orchards.
Since no sample preparation needs to be done when using the instrument, more
than 300 measurements were taken in one citrus and two mango orchards in the
vicinity of Hoedspruit. The area was selected because it is well known for the export
of mango, oranges and grapefruit. Of the 300 measurements taken, approximately
50% of them were higher than 200 mg Cu/kg soil. Sixty percent of those soils with
Cu concentrations above 200 mg/kg, contained more than 400 mg/kg, according to
the FP-XRF measurements. The Cu concentrations of those samples containing the
highest concentrations are indicated in Table 4.1. In addition, the results from soils
adjacent to the orchards that were not exposed to direct Cu-spraying are also
included.
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Table 4.1: Copper concentrations (mg/kg) in citrus and mango orchard soils
analysed using both FP-XRF and ICP-OES (N=3). Boldface indicates ICP-OES
values of concern
Location
Citrus baseline

Cu concentration (mg/kg)
XRF
ICP-OES
59 ± 11
83.0 ± 0.1

Sample name
CIT-CONT

Citrus

R1-17

240 ± 21

112 ± 1

Citrus

R6-3

166 ± 17

185 ± 1

Mango A baseline

CONT A

< LOD

< LOD

Mango A baseline

CONT B

33 ± 7

32.1 ± 0.1

Mango A

C3-R1-3

71 ± 28

77.5 ± 0.1

Mango A

C3-R1-63

874 ± 40

391 ± 1

Mango A

C3-R17-23

818 ± 22

510 ± 1

Mango A

C3-R5-13

63 ± 25

71.0 ± 0.1

Mango A

D11-R1-23

163 ± 27

91.3 ± 1.0

Mango A

D11-R1-53

73 ± 16

55.6 ± 0.1

Mango A

D7-R1-158

485 ± 22

253 ± 1

Mango A

D7-R1-33

65 ± 19

61.9 ± 0.2

Mango A

D7-R7-78

462 ± 15

262 ± 1

Mango B baseline

CONT C

32 ± 10

14.1 ± 0.1

Mango B

R11-3

294 ± 19

235 ± 1

Mango B

R1-3

347 ± 15

310 ± 1

Mango B

R13-13

151 ± 22

133 ± 1

Mango B

R13-15

264 ± 24

131 ± 1

Mango B

R5-45

76 ± 19

87.0 ± 0.1

Mango B

R7-45

174 ± 13

130 ± 1

Mango B

R9-45

105 ± 21

79.7 ± 0.1

A and B distinguishes the orchards from which the soil samples were collected
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The concentrations of Cu as measured by XRF in the citrus orchard soils ranged
from 54 to 314 mg/kg soil (not all the results indicated). A control sample (CITCONT), taken 20 m away from the orchard, was found to contain 59 mg/kg, which
was higher than some of the measured soil samples taken from the orchard (Table
4.1). These high concentrations of Cu in the “background” sample might be due to
the long term applications of Cu-based fungicides in the adjacent, long established
orchard. The levels of Cu measured by XRF in the mango orchards were between
27 and 874 mg/kg soil (all results are not indicated). Background samples collected
adjacent to the two mango orchards contained very little Cu (<LOD to 33 mg/kg;
Table 4.1). The Cu concentrations determined for both citrus and mango orchard
soils varied substantially between sampling points. The mango orchard soils
generally contained higher concentrations of Cu than soil in the citrus orchards. It
was established through communication with the farmer that the citrus orchard were
more recently established, thereby accounting for the lower levels obtained.
4.1.2 Inductively coupled plasma optical emission spectroscopy
4.1.2.1 Validation of the method
To validate the ICP-OES method, certified reference materials (CRM) of soil, bush
branches and leaves were used. The CRM matrices are similar to those of the
samples analysed in this study. The results of the analysis of the CRMs are
presented in Table 4.2.
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Table 4.2: Validation of ICP-OES method using certified reference material of soil
(NSD DC73319) and leaves (NCS DC73348)
Element

Cu
Mn

Certified
value(µg/g)

Obtained value
(µg/g)

% Error

Certified reference material DC73319
21.0 ± 2.0
22.3 ± 2.41
5.83

LOD
(µg/g)

LOQ
(µg/g)

0.351

1.22

1760 ± 98.0

1654 ± 78.0

-6.41

4.95

17.3

S

310 ± 50

324.7 ± 44.8

4.53

33.9

210

Zn

680 ± 39

624 ± 39.4

-8.97

3.68

9.83

7.10

66.3

128

Certified reference material DC73348
Ca

22200 ± 13.1

23896 ± 59.7

Cu

5.20 ± 0.5

<LOD

Fe

1020 ± 67

1315 ± 35.0

22.43

31.3

93.5

K

8500 ± 50.2

7694 ± 36.2

-10.48

95.3

330

Mg

2870 ± 1.80

2814 ± 32.1

-1.99

132

341

Mn

58.0 ±6.0

69.58 ± 4.33

16.64

4.95

17.3

P

830 ± 0.1

910.4 ± 8.83

8.83

9.23

25.1

S

3200 ± 3.01

3497 ± 10.6

8.49

33.9

210

Zn

20.6 ±2.2

16.7 ± 1.34

-23.35

3.68

9.83

Relative errors of below 10% were obtained for all the elements, except for Fe, B,
Mn and Zn, for which the relative errors were between 10 and 25% (Bush branches
and leaves CRM). The Cu concentration in the bush branches and leaves CRM was
lower than the detection limit of the instrument, however no significant difference was
found between the certified Cu content and the ones obtained in this study using the
soil CRM (DC73319). Thus Cu concentrations determined in this study can be
trusted and were validated. Because of the large variations between the certified
values of Fe, B, Mn and Zn and the obtained values, the concentrations of these
elements obtained in the study were not reliable.

4.1.2.2 Determination of Cu in orchard soils
The Cu measurements obtained using the FP-XRF gave an indication of the
concentrations of Cu in the orchard soils. However, these measurements were done
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in the field without any form of sample preparation. It is well known that moisture
content and particle size and distribution can affect spectroscopic measurements
(Kalnicky & Singhvi, 2001). For this reason, baseline samples and those with high
Cu concentrations as determined by XRF were analysed by ICP-OES to obtain more
accurate values. The concentrations of Cu determined by ICP-OES were generally
much lower than those measured by FP-XRF and ranged from 55.6 – 510 mg/kg soil
(Table 4.1). The use of ICP-OES indicated that three of the samples contained
between 300 and 500 mg/kg of the metal and are a cause for concern. These
samples originated from the two mango orchards. The ICP-OES values indicated
that the Cu concentrations of background samples were higher than for normal
uncontaminated soils. Uncontaminated soils usually contain less than 20 mg/kg Cu 6

South Africa is the leading producer of citrus fruits globally and also exports other
fruits such as mangos and avocados7. Although the agricultural sector contributes a
relatively small share of the country’s GDP, a substantial number of people are
directly employed in this sector. To ensure the sustainability of South Africa’s crop
production, fungicides must be applied judiciously. Excessive amounts of Cu in soil
have a negative effect on earthworms, which in turn, affects the overall soil quality
(Eijlsackers et al., 2005). Helling et al. (2000) reported that the earthworm species,
Eisenia fetida, is able to tolerate 9 to 16 mg/kg Cu, above which growth and
reproductive defects were observed. The concentrations of Cu detected in this study
are significantly higher than the concentration range that supports normal growth and
development of Eisenia fetida. Even if other earthworm species are less sensitive to
Cu, one would reasonably assume that earthworms and other organisms would be
affected negatively by the high concentrations found. Deterioration of soil quality
directly impacts the quality of fruits produced in orchards.

The variations between the results obtained by FP-XRF and ICP-OES were
expected. In some instances, large differences were obtained between the Cu
concentrations of adjacent sampling points when using the FP-XRF. This could be
attributed to the differences in the soil compositions between sampling points. In the
field, readings were taken directly on the surface of the soil and no sample
6

http://www.ncagr.gov/agronomi/pdffiles/essnutr.pdf Accessed: 2014/07/11
http://awsassets.wwf.org.za/downloads/facts_brochure_mockup_04_b.pdf Accessed:
2014/10/24
7
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preparation was done to improve sample homogeneity. Errors of up to 50% have
been reported for the concentrations of some elements due to large or inconsistent
particle sizes (Maruyama et al., 2008). Moisture may also affect the accuracy of
results even though the error may not always be substantial (Kalnicky & Singhui,
2001). To improve the accuracy of the XRF, samples taken to the laboratory could
have been dried, homogenised and pelleted before being measured. However, XRF
was only used as an indicator of “hot spots” in this study and the actual Cu
concentrations were determined accurately by ICP-OES for selected samples. The
FP-XRF was found to be a valuable instrument for screening soils even though the
results can be considered semi-accurate. Other researchers identified four “hot spots”
from 52 screening locations using a FP-XRF8. These sites were highly contaminated
with As, Cr, Cu, Cd, Pb and Zn. The instrument was also successfully used by
Gianotto and Anderson, (1995) to determine Pb contamination and also to evaluate
the vertical migration of the element. This method of analysis can be employed to
monitor the concentrations of Cu in orchards to establish the levels of accumulation.

4.1.3 Mobility of copper in orchard soils
To determine the potential toxicity and mobility of Cu in the orchard soils, chemical
fractions of Cu must be evaluated (Reddy et al., 1998). Figures 4.1 and 4.2 depict
the concentrations of Cu found in the different fractions extracted using sequential
extractions techniques as described by Kabala & Singh (2001).

The following designation were used to represent the different extracted fractions
throughout the discussion, as well as in Figures 4.4 and 4.5

8



F1 water-soluble Cu fraction;



F2 exchangeable Cu fraction;



F3 specifically sorbed and carbonate bound Cu fraction;



F4 Cu specifically bound to manganese and iron oxides fraction;



F5 Cu strongly complexed by organic matter fraction;



F6 residual Cu fraction.

http://info.ngwa.org/gwol/pdf/900152829.PDF Accessed : 2014/11/30
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Figure 4.1: Mobility and bioavailability of copper in orchard soil samples as indicated
by the different fractions extracted and determined using ICP-OES
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Figure 4.2: Mobility and bioavailability of copper in orchard soil samples as indicated
by the different fractions extracted and determined using ICP-OES

Figures 4.1 and 4.2 indicate that large proportions of Cu in most of the samples are
strongly complexed to organic matter (F5), while only a small concentration is
present in F1, F2 and F3 (less than 5% of the total Cu), which are the most readily
mobile and bioavailable fractions. Four of the samples analysed; one from the citrus
orchard and three from the mango orchards, contained Cu in fraction 3, which is one
of the more mobile fractions of Cu. However these amounts were not as substantial
as those found in F4, F5 and the residual fraction. Fractions 5 and 6 accounted for
the largest concentrations of Cu in most of the samples.
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The total amount of Cu established from the sequential extraction method was not
equal to that obtained from the ICP-OES, this could have resulted from errors that
arose from the extraction process. Even though Cu in these soils was found to be
not readily mobile, therefore reducing the risk of migration to ground water, a change
in the soil pH could alter the mobility of the metal. Furthermore, the presence of the
metal directly affects soil earthworm populations and biomass (Udovic & Lestan,
2010). Earthworms increase the mineral availability in soils, as well as assist in the
decomposition of organic matter in the soil, thus a decrease in the earthworm
population can lead to a decrease in the soil quality. According to Brun et al. (2001)
the soluble fraction of Cu and the slightly complexed Cu fraction represent a liable
pool which can be taken up by plant roots. Dissolved organic matter in the soil bind
strongly to Cu, reducing the metals bioavailability to plants (Antoniadis & Alloway,
2002). Pruning of the fruit trees results in large amounts of organic material in the
orchards, we can thus suggest that the presence of the organic matter in the soil,
contribute to the immobility of the metal. In order to prevent the build-up of Cu in the
soil, effective methods of remediation need to be implemented. Phytoremediation
using aromatic plant species is a viable method that can be used to stabilize,
immobilise and extract Cu in these orchard soils.

4.2

SELECTION OF PLANT SPECIES FOR REMEDIATION OF COPPER
CONTAMINATED SOILS

Aromatic plants, Artemisia afra, Mentha longifolia, Pelargonium graveolens,
Plectranthus ecklonii, Plectranthus fruticosus, Plectranthus madagascariensis,
Plectranthus saccatus, Plectranthus verticillatus, Rosmarinus officinalis and Sutera
floribunda, were selected for this study, since they yield essential oil products with
possible commercial value. In addition, most of these plants are indigenous to
southern Africa and are possibly better adapted to the subtropical climate in mango
and citrus production regions. Some of the selected plant species, including A. afra
(Burits et al., 2001) and M. longifolia (Shah et al., 2010), are well known for their
medicinalproperties.
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Figure 4.3: Images of the ten selected plant species for phytoremediation; where A: Artemisia afra B: Mentha longifolia C: Pelargonium
graveolens D: Plectranthus ecklonii E: Plectranthus fruticosus F: Plectranthus madagascariensis G: Plectranthus saccatus H:
Plectranthus verticillatus I: Rosmarinus officinalis and J: Sutera floribunda

The selected plants are non-invasive and easy to cultivate. Plants need not be
tolerant to drought, since orchards are irrigated on a regular basis. 7They should
therefore be able to survive, and possibly flourish, in most regions in South Africa
where phytoremediation of orchards is required. Aromatic plants are good
candidates for phytoremediation since they produce volatile compounds that can be
isolated as essential oils. These oils, prepared by steam- or hydrodistillation methods,
are known to be free of potentially toxic metals (Gupta et al., 2013). The use of
aromatic plants, rather than edible non-aromatic plants, for the rehabilitation of
metal-polluted soils reduces the risk of contaminating the food chain. Aromatic plants
can be grown on a large scale. The compositions of essential oils produced by M.
longifolia, P. graveolens and R. officinalis are well known and have a variety of uses
in aromatherapy and in the pharmaceutical industry. Cultivation of these plants could
provide additional business opportunities to farmers and/or local communities. The
selection of suitable plants that are able to accumulate metals is a key factor for
successful phytoremediation (Fischerová et al., 2006). Identification of plant species
that are suitable can be a major stumbling block for this technology.

4.3

INITIAL SCREENING FOR TOLERANCE

4.3.1 Initial screening
It was decided to use 1000 mg/L Cu(II) for contamination in the initial pot trials to
screen for tolerance. This concentration was selected because the ICP-OES results
indicated levels of up to about 500 mg/kg in the soils of orchards evaluated. It is
envisaged that concentrations in orchard soils will increase over time with continued
application of Cu and therefore 1000 mg/L was deemed appropriate for screening.
For artificial contamination of pot plants it is essential to determine the WHC. It
provides an indication of the amount of water needed to completely saturate the soil,
without leaching occurring from the pot. The Cu solution was applied at
approximately half (100 mL) of the water holding capacity (200 mL). This was done
to ensure that no leaching of Cu occurred. Feeding with a concentration of
1000 mg/L Cu(II) over a four week period at a dose of 100 mL every second day
during the working week corresponds to a total of approximately 1200 mg Cu per
plant. The WHC value for R. officinalis was very small (100 mL), due to its small pot
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size. These specimens were therefore contaminated with only 50 mL of 1000 mg/L
Cu(II), corresponding to 600 mg Cu per plant.

The pH of the soil plays an important role in the retention and mobility of Cu (Kiaune
& Singhasemanon, 2011). The pH of the orchard soil sampled in Hoedspruit ranged
between 6.34 and 6.98, the toxicity of Cu is at its least at these pH. This pH range
corresponds to the pH levels of the soils from our pot trials, suggesting similar
mobility patterns. To determine the tolerance of the selected plant species to high
concentrations of Cu, the following parameters were evaluated: plant growth,
chlorophyll index and total Cu concentration accumulated in plant tissues.

4.3.2 Effect of copper on plant height
The heights of the plants growing in contaminated pot soil, as well as those of the
untreated controls, are presented in Table 4.3. No significant differences were
evident in the growth of plants exposed to Cu(II), when compared to the controls,
with the exception of P. graveolens. For this species, the control plants were
significantly shorter than the treated plants after the first two weeks of the trial. This
trend persisted throughout the contamination period. The reason for the reduction in
height is the fact that measurements were made of stems containing leaves. In
cases where leaves dropped, shorter heights were recorded. Although most of the
plants increased in height over the four-week contamination period, these increases
were not statistically significant, due to the large variations in growth as reflected by
the high standard deviations calculated for each treatment group. Although the
positions of plants were changed regularly during the pot trials to prevent the
placement of plants from affecting their growth, large differences were still observed
in the heights of individuals within a group.
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Table 4.3: Plant height (cm) of the controls and the copper contaminated plant species measured at weekly intervals over a four
week contamination period. Average values (N=10) are provided with the respective standard deviation
Week
Species

Treatment

Artemisia afra

Control
1000 mg/L
Control
1000 mg/L
Control
1000 mg/L
Control
1000 mg/L
Control
1000 mg/L

Mentha longifolia
Pelargonium graveolens
Plectranthus ecklonii
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Plectranthus fruticosus
Plectranthus madagascariensis
Plectranthus saccatus
Plectranthus verticillatus
Rosmarinus officinalis
Sutera floribunda

Control
1000 mg/L
Control
1000 mg/L
Control
1000 mg/L
Control
1000 mg/L
Control
1000 mg/L

0

1

2

3

4

90.8 ± 13
99.4 ± 24

85.7 ±15
100 ± 23

85.8 ± 15
101 ± 23

85.1 ± 14
101 ± 24

85.5 ± 14
101 ± 23

41.0 ± 15
34.5 ± 19

41.3 ± 16
33.9 ± 17

42.2 ± 15
34.8 ± 18

42.9 ±16
35.3 ± 18

44.7 ± 17
37.0 ± 18

46.9 ± 5.3
43.6 ± 2.6

43.3 ± 7.5
44.0 ± 3.9

46.2 ± 8.0
46.0 ± 3.6

47.2 ± 11
48.4 ± 2.1

47.9 ± 9.2
50.0 ± 2.9

48.6 ± 6.7
44.4 ± 8.2

46.1 ± 6.0
46.7 ± 6.7

47.3 ± 8.7
47.5 ± 7.1

47.3 ± 8.4
47.1 ± 6.9

47.8 ± 8.0
47.6 ± 6.4

39.0 ± 6.1
44.0 ± 6.6

38.4 ± 6.8
48.9 ± 6.6

42.7 ± 6.8
54.6 ± 8.0

43.0 ± 7.9
53.4 ± 8.3

46.0 ± 7.5
53.3 ± 7.4

31.7 ± 14.4
38.3 ± 13.4

32.2 ± 14
39.2 ± 13

35.2 ± 15
39.8 ± 13

34.5 ± 15
34.6 ± 12

36.5 ± 17
39.1 ± 10.5

49.0 ± 13
38.9 ± 5.9

50.0 ± 13
40.8 ± 7.0

48.7 ± 11
42.3 ± 7.0

50.3 ± 11
43.8 ± 6.5

51.8 ± 9.5
45.6 ± 6.6

35.1 ± 9.7
37.1 ± 6.9

39.0 ± 8.8
36.2 ± 4.3

40.9 ± 12
39.0 ± 5.1

40.6 ± 11
38.5 ± 5.1

43.3 ± 13
43.1 ± 5.5

23.0 ± 2.6
25.8 ± 3.4

25.9 ± 13
25.6 ± 4.0

26.1 ± 13
25.5 ± 4.4

26.7 ± 13
25.3 ± 4.7

27.0 ± 13
25.6 ± 4.6

46.4 ± 6.6
48.6 ± 3.1

49.2 ± 7.4
47.8 ± 3.6

49.9 ± 7.3
48.9 ± 3.1

51.0 ± 7.3
47.1 ± 4.2

50.8 ± 6.7
49.7 ± 2.6

Although a decrease in height was observed for the untreated controls of
R. officinalis plants after the first week of contamination, the decrease was not
significant when compared to the height of the Cu-treated plants. Control plants of
P. ecklonii decreased in height, but an increase in height was observed for the Cu
contaminated plants, indicating that Cu had no ill effect on the plant. An increase in
plant growth was observed for the control and treated plants of P. fruticosus until
Week 3 of the contamination period. Individuals of M. longifolia increased in height
for both the control and the contaminated plants. Although the controls of
P. madagascariensis increased in height on average, there was no significant
difference between the controls and the contaminated plants. Control plants of
P. verticillatus decreased in height during Week 4, while an increase in growth was
observed for the contaminated plants. No significant differences between the growth
of the control and treated individuals of P. saccatus were observed.

Inspection of the plants revealed a total lack of growth defects for some species, or
in some cases, small defects on the treated plants. Mentha longifolia and S.
floribunda displayed slight discolouration in the leaves. All of the treated plants
appeared healthy and green and the leaves did not show any signs of chlorosis.
High Cu(II) concentrations may elicit symptoms such as chlorosis, leaf discoloration
and inhibition of root growth in susceptible species (Yruela, 2005). It can be
concluded that exposure to high soil concentrations of Cu does not inhibit the growth
of the species tested. Jiang et al. (2004) studied the effects of Cu on the growth of
Elsholtzia splendens. The results revealed an increase in shoot and root growth as
the Cu concentration in the soil was increased. The experiment revealed that
E. splendens has a high tolerance towards Cu and that the species actually prefers
Cu contaminated soils to those with normal Cu levels. Lombardi and Sebastiani
(2005) found that Prunus cerasifera did not exhibit any signs of Cu toxicity, even
when exposed to a high Cu concentration (100 µM CuSO 4). The use of plant mass,
as opposed to plant height, should yield more accurate results. However, in the
current study plant height was used, since this technique avoided sacrificing of
individual specimens throughout the trial.
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4.3.3 Effect of Cu on chlorophyll production
For the determination of chlorophyll, a chlorophyll meter was used. The meter
measures chlorophyll index which is related to the leaf greenness. The chlorophyll
index is positively related to the chlorophyll content of the leaves (Murdock et al.,
2004). This method of analysis is relatively fast when compared to the spectroscopic
method

of

chlorophyll

measurement

and

is

non-destructive.

However,

a

disadvantage of the meter is that it is dependent on ambient sunlight, thus the
measurements were taken at the same time of day throughout the experimental
period. The results varied vastly from leaf to leaf, preventing trends from being
observed for both the Cu-treated and untreated plant species. Week one chlorophyll
results were not taken due to excessive amounts of rain which inhibited sunlight.
Inhibition of photosynthesis by Cu toxicity, which causes a reduction in chlorophyll
levels and plant growth, is dependent on the stage at which the plant is exposed to
Cu (Vinit-Dunand et al., 2002). An increase in the chlorophyll index was observed for
the Cu-treated A. afra, M. longifolia, P. graveolens, P.

ecklonii, P. fruticosus,

P. madagascariensis, R. officinalis and S. floribunda, however the increases were
not significant (p>0.05) when compared to the respective controls (Table 4.4). The
chlorophyll levels of uncontaminated plant specimens of the different plant species
seemed to depend on the particular plant species.
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Table 4.4: Chlorophyll indices for the control plants and copper contaminated plant species over the four week contamination
period. Average values (N=10) are provided with the respective standard deviation
Species

Treatment

Artemisia afra

Control
1000 mg/L
Control
1000 mg/L
Control
1000 mg/L
Control
1000 mg/L
Control
1000 mg/L
Control
1000 mg/L
Control
1000 mg/L
Control
1000 mg/L
Control
1000 mg/L
Control
1000 mg/L

Mentha longifolia
Pelargonium graveolens
Plectranthus ecklonii
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Plectranthus fruticosus
Plectranthus madagascariensis
Plectranthus saccatus
Plectranthus verticillatus
Rosmarinus officinalis
Sutera floribunda

2
7.50 ± 4.0
11.5 ± 1.5
19.9 ± 11
20.0 ± 6.2
29.2 ± 9.1
28.8 ± 6.5
35.4 ± 3.4
32.8 ± 4.8
34.9 ± 3.6
32.6 ± 3.8
26.3 ± 6.8
28.2 ± 6.2
38.3 ± 6.5
37.3 ± 6.4
45.7 ± 7.0
46.3 ± 3.4
33.9 ± 6.2
19.0 ± 6.2
24.9 ± 4.0
26.6 ± 5.9

Week
3
9.90 ± 3.3
8.78 ± 3.5
17.9 ± 9.4
21.9 ± 8.0
25.2 ± 3.0
25.5 ± 5.0
31.2 ± 6.0
28.7 ± 4.4
30.6 ± 1.6
30.6 ± 1.8
26.8 ± 4.2
24.2 ± 2.8
36.9 ± 1.9
36.7 ± 6.2
43.0 ± 4.0
42.5 ± 4.1
30.4 ± 9.9
23.3 ± 10
14.0 ± 1.6
26.6 ± 5.0

4
12.9 ± 4.5
13.3 ± 2.7
17.2 ± 8.9
20.7 ± 8.8
26.1 ± 2.3
29.5 ± 4.9
33.8 ± 5.2
29.7 ± 3.0
32.9 ± 4.5
31.4 ± 3.7
25.7 ± 3.2
29.3 ± 6.0
38.9 ± 5.8
36.7 ± 4.8
45.9 ± 3.0
40.7 ± 8.7
31.2 ± 8.1
21.0 ± 9.4
23.0 ± 15
27.7 ± 9.2

Excessive amounts of toxic metals in plants interfere with the synthesis of chlorophyll.
The mechanism of toxicity is either by direct inhibition of an enzymatic step or by
inducing a deficiency of nutrients that are involved in chlorophyll synthesis (Zengin &
Munzuroglu, 2005). Toxic metals induce changes in the pigment content of plant
species, which in turn, are linked to the photosynthetic productivity of the plants. The
chlorophyll content therefore reflects the response of plant species towards a certain
environment or toxic metal, and thus provides a measure for assessing their
tolerance.
Fargošová (2001) reported that the levels of chlorophyll a and b in Sinapis alba were
reduced by the application of several toxic metals to the soil. It was found that Cu
had a strong influence on the levels of the photosynthetic pigments. In contrast, the
application of Cu had no significant effect on four of the seven algae investigated by
Baumann et al. (2008). It was speculated by the authors that some of the algae
underwent a reduction in chlorophyll, because they are poor accumulators of Cu and
the chlorophyll reduction is linked to the mechanism of exclusion. No significant
difference was found in the chlorophyll levels of leaves of Typha latifolia following
exposure to soils containing different Cu concentrations (Manios et al., 2003). These
results are in agreement with those obtained in this study (Table 4.4). The large
standard deviations obtained for the chlorophyll measurements can be ascribed to
large variations in the chlorophyll contents of individual plants and even individual
leaves, since the measurements reflect the average of 10 separate plants.

4.3.4 Copper uptake by plants
The Cu concentrations of the soil and all of the selected plant species were
determined in dried roots, twigs and leaves using ICP-OES. The uptake of Cu by the
plant species is highly dependent on the amount of the metal available in the soil and
the availability of the metal to the plants (Reichman, 2002). All the treated plant
species were artificially contaminated with 1000 mg/L of Cu over a four week period,
making the metal consistently available to the plants.
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All of the selected plant species were able to accumulate Cu and translocate the
metal to their aerial parts (Table 4.5). The extent of accumulation of Cu varied,
depending on the plant species and plant part analysed. Of the selected plant
species, R. officinalis was found to take up the most Cu, accumulating 3876 mg/kg
dw in the roots only, which was more than the residual Cu remaining in the soil
(1828 mg/kg) after the contamination period. There was, however, little assimilation
to the twigs and leaves (30.59 and 39.39 mg/kg in the twigs and leaves, respectively).
Pelargonium

graveolens,

P.

ecklonii,

P.

fruticosus,

P.

madagascariensis,

P. verticillatus, R. officinalis and S. floribunda accumulated more than 1000 mg/kg of
Cu in their roots, making them good candidates for phytoextraction. The remainder
of the plant species accumulated less than 1000 mg/kg of Cu in their roots
throughout the four week contamination period (Table 4.5). The plants were still in
very good condition and could potentially have been left for a longer period to
remove more Cu from the soil. Most of the selected plants species localised the
target metal in the roots, with the exception of M. longifolia.
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Table 4.5: Copper concentration (mg/kg dry weight) assimilated by the selected plant species and the residual copper in the soil at
the end of the four week contamination period, as determined by ICP-OES. Average values (N=10) are provided with the respective
standard deviation
Plant name
Artemisia afra
Mentha longifolia
Pelargonium graveolens
Plectranthus ecklonii
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Plectranthus fruticosus

Treatment
Control
1000 mg/L
Control
1000 mg/L
Control
1000 mg/L
Control
1000 mg/L
Control
1000 mg/L

Soil

Roots

Twigs

Leaves

52.09 ± 1.75
2298 ± 259

35.03 ± 6.83
748.0 ± 158

5.776 ± 1.37
27.15 ± 14.4

34.19 ± 6.13
65.17 ± 31.2

52.89 ± 1 2.0
3190 ± 695

31.50 ± 1.29
716.1 ± 292

11.42 ± 3.65
504.7 ± 275

27.55 ± 7.02
294.8 ± 110

51.77 ± 3.28
2686 ± 162

33.57 ± 6.00
1580 ± 523

8.152 ± 0.40
36.76 ± 26.5

10.54 ± 0.06
84.40 ± 52.0

45.87 ± 1.00
2371 ± 414

52.11 ± 2.93
1022 ± 306

10.35 ± 29.1
41.39 ± 13.5

13.63 ± 2.55
56.41 ± 44.2

42.32 ± 2.00
2819 ± 378

60.35 ± 12.8
1946 ± 550

25.85 ± 5.97
123.0 ± 84.5

39.83 ±18.0
43.86 ± 9.45

Plectranthus madagascariensis

Control
1000 mg/L

69.95 ± 10.2
2730 ± 110

34.93 ± 13.4
1517 ± 540

19.82 ± 9.18
76.97 ± 35.9

24.83 ± 3.26
59.06 ± 24.7

Plectranthus saccatus

Control
1000 mg/L
Control
1000 mg/L

61.07 ± 5.09
2751 ± 296

40.59 ± 13.5
562 ± 167

11.75 ± 12.9
16.81 ± 2.47

13.44 ± 3.34
23.45 ± 13.5

46.21 ± 7.64
2246 ± 441

52.17 ± 1.91
1987 ± 523

65.75 ± 44.9
134.1 ± 3.38

16.71 ± 5.23
87.44 ± 29.3

Rosmarinus officinalis

Control

48.40 ± 7.85
3876 ± 990

4.829 ± 0.77
30.53 ± 25.8

16.72 ± 17.1
39.39 ±18.8

Sutera floribunda

1000 mg/L
Control
1000 mg/L

130.7 ± 16.3
1828 ± 381
58.86 ± 8.88
2589 ± 486

182.1 ± 74.4
2195 ± 506

27.53 ± 9.70
609.4 ± 44.4

46.12 ± 34.3
53.45 ± 41.4

Plectranthus verticillatus

The total Cu content in the twigs varied significantly amongst the different plant
species. The lowest Cu content was found in the twigs of P. saccatus (16.71 mg/kg),
while the maximum Cu content was found in M. longifolia (504.7 mg/kg). The
distribution of Cu between the roots, twigs and leaves of each of the species
evaluated is illustrated using a pie chart (Figure 4.3). All the selected species confine
Cu to their roots. Mentha longifolia is the only species that translocated significant
amounts of Cu to the upper parts.

Figure 4.3 is a collection of pie charts indicating the concentrations of Cu in the
residual soil and plant parts after four weeks of soil contamination. Although the soil
content cannot be directly compared with those of the twigs, roots and leaves, the
individual pie charts do give an indication of how well the plant is able to take up Cu.
The efficiency of R. officinalis to accumulate Cu is clearly illustrated in Figure 4.3A
and 4.3B, while the poor performance of P. saccatus is also indicated by the charts.
It was decided to continue with the follow-up trials using only the best species. Those
that

accumulated

the

most

Cu

in

total

were

selected

(P.

graveolens,

P. madagascariensis, R. officinalis and P. fruticosus). The plants that were selected
for further analysis accumulated a substantial amount of Cu and translocated
reasonable amounts to their aerial parts. It is recommended that plants selected for
phytoremediation must produce high biomass for optimum effect (Chaney et al.,
1997).
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Figure 4.4: (A): Distribution of copper (mg/kg dry weight) in roots (yellow), twigs (red) and leaves (green) B: Distribution of
copper (mg/kg dry weight) assimilated by the roots (yellow), twigs (red), leaves (green) and residual copper in the soil (blue) at the
end of the four week contamination period

Although S. floribunda accumulated more Cu than P. graveolens, it is a highly
sensitive plant that produces leaves only in winter and does not produce a high
biomass. This species was therefore not considered suitable for orchard cultivation
with the aim of remediation and isolation of essential oils. Mentha species in general
are dependent on large amounts of water. The presence of water-dependent species
in an orchard may provide undesirable competition between the fruit trees and the
crop. For this reason, M. longifolia was not further investigated, since water
resources are scarce in South Africa.

4.3.5 Bioconcentration and translocation factors
To determine the phytoextraction and hyperaccumulation potential of the selected
plant species, their bioconcentration (BCF) and translocation (TF) factors were
determined and are reported in Table 4.6. The BCF indicates the ability of the plant
species to accumulate a metal and is the ratio of the concentration of the metal in the
plant to that in the soil (Phetsombat et al., 2006, Zacchini et al., 2009, Lorestani et al.,
2011). The BCF values for Cu were calculated from the average ICP results.

A high BCF indicates that the plant is suitable for phytoremediation. Plant species
with BCF values of 1 to 10 are regarded as hyperaccumulators and are valuable for
soil remediation (Netty et al., 2012). The highest BCF value (2.2) of all the plant
species was calculated for R. officinalis, suggesting that this plant is a
hyperaccumulator of Cu under the conditions tested. Bioconcentration factors above
one were obtained for only two of the ten plant species evaluated in this study.
Lorestani et al. (2011) evaluated the phytoremediation potential of several plants
species and found that only one of the seventeen species was characterised by a
BCF of above one. Furthermore, metal translocation from the roots to the shoots was
restricted in most of the plant species.

60

Table 4.6: Average bioconcentration factor (BCF) and translocation factor (TF)
calculated from the ICP results of ten replicates for each of the selected plant
species
Plant name

BCF

TF

Artemisia afra

0.37

0.12

Mentha longifolia

0.47

1.12

Pelargonium graveolens

0.63

0.08

Plectranthus ecklonii

0.47

0.10

Plectranthus fruticosus

0.75

0.09

Plectranthus madagascariensis

0.61

0.09

Plectranthus saccatus

0.22

0.07

Plectranthus verticillatus

0.98

0.11

Rosmarinus officinalis

2.16

0.02

Sutera floribunda

1.10

0.30

The TF is the ratio of the metal concentration in the aboveground parts to those in
the roots, and reflects the ability of the plant to transport a metal to its aerial parts. A
TF > 1 indicates that the plant translocates metals effectively from the roots to the
shoots (Kumar et al., 2012), a desirable attribute for plants to be used for
phytoextraction. Mentha longifolia was the only plant species for which a TF larger
than one (1.12) was obtained. This indicates the existence of tolerance mechanisms
used by M. longifolia to cope with large concentrations of Cu. The lowest TF was
calculated for R. officinalis (0.02), signifying that most of the accumulated Cu is
stored and restricted to the roots of the plant.

Although the BCF calculated for Brachiaria decumbens, grown on Cu mine waste
and vineyards, was above 2, the species exhibited TFs of only 0.12 and 0.05,
respectively (Andreazza et al., 2013). These results indicate the limited
transportation of the metal within the plant. The largest amount of Cu was confined
to the roots of the plants. The same results were obtained for R. officinalis in this
study. Although the species was found to be a hyperaccumulator of Cu (BCF = 2.16),
the TF was only 0.02, suggesting that R. officinalis is more suitable for
phytostabilisation, rather than phytoextraction (Lorestani et al., 2011).
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For orchard soil remediation, storage of Cu in the roots is sufficient to improve
orchard soils. Low TF values are actually preferred, since the above-ground parts
can then be utilised for a commercial purpose. With essential oil production, the
location of the metals in the plant is not a factor, since the oil is free of metals,
irrespective of whether the metal is translocated or not. It must be kept in mind that
plants that store large amounts of Cu in their roots will have to be periodically
removed from the soil and be replaced with young plants. The contaminated plant
material can be used for compost to be distributed at sites where Cu is not applied,
since a small amount of the metal is required by plants for normal growth.

4.4

FOLLOW-UP TRIAL USING THE SELECTED TOLERANT PLANT SPECIES

4.4.1 Rationale for follow-up study
Based on the initial pot trials, P. graveolens, P. madagascariensis, R. officinalis and
P. fruticosus were found to be the most tolerant plant species to Cu contamination
and were used as model plants in subsequent experiments. The growth and Cu
uptake by the plants was studied in the initial trial, while the responses of the plants
to different concentrations of Cu, in terms of growth and metal uptake, were studied
in subsequent experiments. To determine the coping mechanisms utilised by the
tolerant plant species to Cu-induced stress, the production of some secondary
metabolites were studied. The purpose of this study was two-fold i.e. to identify
plants suitable for mitigation of Cu pollution of soils and to identify products with
potential commercial value. Therefore an analysis of the effects of Cu on the
essential oil production of the tolerant plant species was performed to establish the
feasibility of isolating essential oils, once the remediation has been implemented.
Chemometric analysis was also done to determine the impact of Cu on the uptake of
macro- and micronutrients by the plants.
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4.4.2

Pelargonium graveolens

4.4.2.1 Plant growth and copper uptake
Individual P. graveolens plants treated with different Cu concentrations revealed no
visible signs of Cu toxicity. These results were expected, since the plant specimens
revealed their tolerance to Cu contamination in the initial screening trial. Throughout
the contamination period, the P. graveolens plants of all treatment groups increased
in height, as indicated in Figure 4.4. The largest increase in plant height was
observed for plants treated with 100 mg/kg and 1 000 mg/kg Cu, which increased in
height by averages of 4.7 and 4.3 cm, respectively. All the treated plants displayed
increased growth, however these increases were not significantly different from each
other or the controls (p>0.05) in any of the cases. Most plants are sensitive to Cu,
and the metal is known to suppress growth at high concentrations (Fernandes &
Henriques, 1991; Hajiboland & Hasani, 2007). The chlorophyll contents of control
and treated plants also did not differ significantly (p>0.05) and large variations were
observed (Appendix 1). The maturity of the P. graveolens plants used in this study
may have contributed to the absence of growth defects observed.
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Figure 4.5: The average height (cm) of copper-treated (50 to 1000 mg/L) and
untreated Pelargonium graveolens plant specimens as measured weekly throughout
the contamination period (N= 7)
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The uptake of Cu by all parts of P. graveolens increased as the Cu concentrations in
the soil increased. Following exposure to 1000 mg/L Cu over four weeks, almost
2500 mg/kg of Cu was accumulated in the roots of the plants (Figure 4.5). The Cu
concentrations in the roots were significantly higher than in all the other plant parts
(p<0.05). The highest levels of Cu were localized and stored in the roots for all the
Cu treatments, corresponding to the results from the initial screening trial.
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Figure 4.6: Copper concentration (mg/kg) assimilated by Pelargonium graveolens
and the residual copper in the soil as determined by ICP-OES, after applying
different concentrations of copper (0 to 1000 mg/L) and upon termination of the pot
trial

The BCFs were found to be higher than TFs for the Cu-treated P. graveolens plants
and the value increased with increasing concentrations of Cu, whereas the TF
decreased with increasing Cu in the soil. This decrease in translocation of Cu as the
concentration of Cu is increased, suggests that a coping mechanism may have been
triggered within the plant to avoid metal-induced stress in the aerial parts. The high
BCF (>2) demonstrates the high potential of P. graveolens for Cu bioaccumulation.
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Table 4.7: Bioconcentration factor (BCF) and translocation factor (TF) for
P. graveolens as calculated from ICP-OES results, following exposure of the plants
to increasing concentrations of copper in a four-week pot trial
Cu treatment (mg/L)

BCF

TF

50

1.9

0.4

100

2.8

0.2

500

2.2

0.2

1000

2.5

0.2

4.4.2.2 Effects of copper on production of phenolic compounds
The Folin-Ciocalteau assay was used to quantify the total soluble - and CWB
phenolics of all the root, twig and leaf samples of plants growing on Cu treated and
untreated soil. The gallic acid calibration curve obtained using this assay is illustrated
in Figure 4.6.
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Figure 4.7: Gallic acid standard curve used to estimate the total soluble and cell-wall
bound phenolic compounds of all the extracts as mg gallic acid equivalent per g of
dry plant material

Plants have developed mechanisms that serve to control the uptake, accumulation
and detoxification of metals (Yang & Chu, 2011). Excess of Cu is known to catalyse
the formation of ROS in plants. Under normal growing conditions these reactive
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species are regulated within the cell membrane (Drazkiewicz et al., 2004, Posmyk et
al., 2009). However, high concentrations of ROS result in an unbalanced cellular
redox status in the plant, thereby inducing oxidative stress. One of the mechanisms
used by plants to combat oxidative stress caused by various factors is to increase
the production of phenolic compounds (Ali et al., 2006).

Results obtained from the Folin-Ciocalteau assay indicate that exposure to Cuinduced the production of soluble phenolic compounds by P. graveolens (Figure 4.7).
The amount of total soluble phenolics in all the plant parts of P. graveolens
increased with a corresponding increase in Cu concentration to which the plant was
exposed (p<0.05). However, the phenolic content of the roots of all the treatment
groups was found to be lower than that of the aerial parts of the plant, with leaves
containing the most. Our results were in accordance to the data reported by Gavena
& Zozikova (2007). A significant increase (p<0.05) was observed in the phenolic
content of the roots following 500 and 1000 mg/L Cu treatment when compared to
the control. There were no significant differences (p>0.05) between the amounts of
soluble phenolics in the leaves after exposure of the plant to 500 and 1000 mg/L Cu,
as well as in the twigs after exposure to 50 and 100 mg/L Cu. Furthermore, all the
Cu-treated plants had significantly (p<0.05) higher amounts of phenolics compared
to the control plants. These results indicate that phenolic compounds play a role in
the defence of P. graveolens against Cu-induced stress. An increase in the
production of phenolic compounds allows the plant to immobilise Cu by
phytochelation, thereby enabling it to neutralise the toxic effects of the metal (RiceEvans et al., 1997).
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Figure 4.8: Total soluble phenolic compounds (expressed as mg gallic acid
equivalent per g of dry mass of the plant) in various plant parts of Pelargonium
graveolens after a four week exposure to different copper concentrations (50 to 1000
mg/L)

When compared to the total soluble phenolic compounds, their cell wall-bound (CWB)
counterparts were more prevalent in all the different plant parts. The highest
concentrations of CWB phenolics were measured in the leaves of P. graveolens,
following treatment with high Cu concentrations, as indicated in Figure 4.8.
Concentrations of the CWB phenolics increased with a corresponding increase in the
Cu concentration to which the plant was exposed and their concentrations were
higher in the roots and twigs of the Cu-treated plants, as compared to the control
(p<0.05). The 1000 mg/L Cu-treated plant species contained the most CWB
phenolics in the roots and twigs, but not in the leaves.
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Figure 4.9: Cell-wall bound phenolic compounds (expressed as mg gallic acid
equivalent per g of dry mass of the plant) in various parts of Pelargonium graveolens
following the four week exposure to different concentrations of copper

Phenolic compounds bound to the cell wall restrict the migration of toxic metals into
the more sensitive parts of the cell (Krzeslowska, 2011). The cell walls of plants are
primary targets for the accumulation of potentially toxic metals (Manara, 2012).
Polymerisation of simple phenolic compounds leads to lignin formation. In the
presence of excess Cu, lignin accumulates in the plant’s cell wall (Moura et al.,
2010). The analysis of specific fractions of phenolic compounds; such as CWB
phenolics, is not often performed or mentioned in literature. However, an increased
production of CWB phenolics is said to correlate with a high lignin deposition in the
cell wall (de Ascensao & Dubery, 2003). Enhanced lignin formation in plants under
abiotic stress serves as a physical barrier that restricts migration of the
metal/pathogen into the plant tissue (Kováčick & Klejdus, 2008). Ali et al. (2006)
reported that Cu-induced lignin accumulation in the roots of Panax ginseng.
Increased concentrations of CWB phenolics in the roots, twigs and leaves of
P. graveolens indicate that the plant stimulates lignification, which can be observed
as thickening of the cell wall, as part of its detoxification strategy to restrict the
movement of Cu in the plant. This detoxification mechanism inhibits the metal from
being accumulated in the sensitive parts of the plant cell, thus preventing the
damaging effects of Cu. Hence no chlorosis or other toxic effects of excessive
amounts of Cu were observed in P. graveolens.
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4.4.2.3 The effects of copper on the antioxidant activity of Pelargonium graveolens
The DPPH scavenging method was used to determine the antioxidant activities of
leaf extracts of the plant after four weeks of exposure to different Cu concentrations
(Figure 4.9). Ascorbic acid, a well-known antioxidant, served as the reference
compound. The ability of compounds in an extract to scavenge 50% of the DPPH
radical is expressed by means of an IC50 value (Asghar & Masood, 2008). Since the
leaves contained the highest concentrations of phenolic compounds, and phenolic
acids are known to be active antioxidants, only the leaf extracts were assayed. All of
the extracts displayed moderate antioxidant activities as compared to the ascorbic
acid, with IC50 values ranging from 20.9 to 32.2 µg/mL, as indicated in Table 4.8
Extracts of all the plants treated with Cu exhibited higher antioxidant activity than
those of the control plants except the extracts of the plants treated with 50 mg/L Cu.
The leaf extracts of plants exposed to 500 mg/L Cu displayed the highest antioxidant
activity amongst the treated plants. Because phenolic compounds are well-known
antioxidants and the Cu-treated plants contained higher amounts of phenolics, the
antioxidant activity of plant extracts allows us to determine the medicinal value of the
plant. Compounds that display antioxidant properties typically also have antimicrobial
and anticancer activities, thus providing alternative uses for the selected plant
species subsequent to the remediation (Abdel-Hameed et al., 2012).
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Figure 4.10: Determination of IC50 values for the antioxidant activities of leaf extracts
of Pelargonium graveolens plants growing in uncontaminated and copper
contaminated soils. Ascorbic acid was used as the reference compound
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Table 4.8: Antioxidant capacities for leaf extracts prepared from Pelargonium
graveolens specimens treated with copper as compared to the controls. The
activities are reflected by the average IC50 values for the leaf extracts
Copper treatment (mg/L)

IC50 (µg/mL)

0

25.2 ± 1.8

50

20.9 ± 2.5

100

32.2 ± 2.8

500

25.5 ± 2.0

1000

28.1 ± 1.2

Ascorbic acid

1.71 ± 0.3

IC50: Concentration required to inhibit 50% of the radicals (N=7)
Hydrosol samples of distilled P. graveolens leaves and stems were reported to
possess excellent antioxidant activities, with IC50 values of 0.19 and 0.38,
respectively (Ćavar & Maksimović, 2012). The researches attributed the good activity
to the presence of volatile phenolic compounds in the hydrosol samples. Zheng &
Wang (2010), found a correlation between the presence of phenolic compounds and
the antioxidant activity of 27 culinary herbs and 17 medicinal plants. They concluded
that there is a linear correlation between the phenolic contents and the antioxidant
activities of herbs.

In this study, slight similarities were observed between the phenolic contents and the
antioxidant activity P. graveolens leaf extracts, indicating some contribution of the
phenolic compounds to the antioxidant activity of the plant. However, the antioxidant
activity of P. graveolens leaf extract was regarded as moderate when compared to
that of ascorbic acid, which is known for its good antioxidant activity. Ethanol extracts
of Withania somnifera had the lowest activity when compared to extracts prepared
with other organic solvents (Shahriar et al., 2013). Aqueous ethanol was used to
prepare the leaf extracts of P. graveolens and may not have been the optimum
solvent for removal of phenolic compounds with high antioxidant activities. It was
reported that the activities of antioxidant enzymes of Allium sativum increased in the
presence of Cu (Meng et al. 2007). However, when treated with high concentrations
(1000 mg/mL) of the metal, the antioxidant activities of the leaf extracts were low.
This was attributed to a limitation to the defence mechanism by synthesis of
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antioxidant enzymes.

The phenolic

contents of

plants treated with

high

concentrations were far higher than that of the corresponding control.

4.4.2.4

The effects of copper the on essential oil composition of Pelargonium

graveolens
Essential oils were isolated from Cu-treated and untreated (control) plants, but
unfortunately the yields from the controls were very low and analysis could not be
carried out. The essential oil composition of P. graveolens (Table 4.9), treated with
1000 mg/L Cu, was compared to the essential oil compositions reported for
P. graveolens in literature.

Twenty five compounds, representing more than 85% of the oil, were identified in the
essential oil of P. graveolens, treated with 1000 mg/L Cu. Since all the replicates for
the treatment were pooled together to obtain enough oil, no statistics could be done
on these results. The major constituents of the essential oil were citronellol and
citronelly formate, which contributed 50.21% of the total essential composition. The
composition of the oil differs from those reported in literature (Verma et al., 2010,
Dzamic et al., 2014). These differences may not be due to the application of Cu, but
may be due to the genetic traits of the plants (Wang et al., 2014). We were unable to
ascertain whether the Cu content in the soil altered the composition of the essential
oil, since no oil was obtained from the control plants.
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Table 4.9: Percentage composition and retention times of compounds identified in
the essential oil of Pelargonium graveolens treated with 1000 mg/L Cu over four
weeks
Compound name

Retention time
(min)
24.16

% Composition

Copaene

29.32

0.33

Isomethane

29.46

4.20

β-Bourbonene

30.27

0.47

β-Caryophyllene

32.90

1.23

Guaia-6,9-diene

33.12

5.64

Citronelly formate

33.48

13.89

Menthol

33.65

0.42

[+]-Aromadendrene

34.41

0.34

δ-Cadinene

34.77

0.16

α-Caryophyllene

35.15

0.51

[+]-Ledene

35.86

0.99

Neryl formate

36.02

0.87

Germacrene

36.32

2.95

Citral

36.91

0.31

Citronellol

37.62

36.32

trans-Sesquisabinene hydrate

39.15

1.02

Geraniol

39.84

2.43

Geranyl butyrate

41.15

1.48

Citronellyl butyrate

42.45

0.60-

Caryophyllene oxide

43.93

0.52

Citronelly proponate

44.16

3.54

Cubenol

45.59

0.73

Geranyl tilgate

46.66

3.54

Phenyl ethyl tilgate

48.78

2.74

Roseoxide

Total percentage identified

0.30

85.53
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It is well established that environmental and genetic factors, as well as exposure of
the plant to metals, can alter the essential oil compositions of aromatic plants
(Zheljazkov et al., 2006, Abdelmajeed et al., 2013). The essential oil constituents of
basil, dill and peppermint were altered by the presence of toxic metals in the soil
(Zheljazkov et al., 2006). However, these essential oils still retained compositions
typical of basil, dill and peppermint essential oils, respectively, even though they
were slightly altered. The alteration of essential oil constituents due to the presence
of Cu is dependent on the plant species concerned. Changes in the essential oil
constituents of P. graveolens have been attributed to irrigation frequency and water
stress (Eiasu et al. 2012). An increase in the levels of citronellol and citronelly
formate corresponded to a decrease in the concentrations of geraniol and geranyl
formate in the essential oil. Similarly, in this study, the essential oil composition of
the Cu-treated plants favoured the production of citronellol and citronelly formate.
This increases the value of the essential oil in the food industry, since citronelly
formate is used as a food additive. Metals are not removed from the plant tissue
during steam distillation, implying that the isolated essential oils are metal-free
(Zheljazkov & Warman, 2003, Zheljazkov et al., 2006). Essential oils produced from
P. graveolens used for remediating orchards can therefore be used for commercial
purposes, particularly since the Cu is mainly restricted to the roots.

4.4.2.5 Chemometric modelling to determine the effect of Cu on nutrient uptake
Chemometric analysis was used as a tool to determine the effects of different Cu
concentrations on the uptake of macro- and micronutrients in various plant parts of
P graveolens. A principal component analysis (PCA) model was constructed using
the concentrations of nine elements as determined by ICP-OES in the various plant
parts as x-variables. The model was characterised by two principal components and
R2 and Q2 values of 0.776 and 0.624, respectively. These values indicate that 77.6%
of the data is explained by the model and that it has moderately good predictive
ability. A correlation table, constructed from the model (Table 4.10), revealed that Cu
is not correlated with any of the other nutrients and therefore did not affect their
uptake by any of the plant parts.
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Table 4.10: Correlation table for macro- and micro-nutrient uptake in various plant
parts of Pelargonium graveolens as determined by ICP-OES

4.4.3

Plectranthus fruticosus

4.4.3.1 Plant growth and copper uptake
No significant changes (p > 0.05) occurred in the heights of plants exposed to all the
concentrations of Cu applied throughout the contamination period (Figure 4.10). The
huge standard deviations obtained indicate highly variable results. The biggest
average increase was observed following treatment with 500 mg/L Cu, with the
average plant height increasing by 5.5 cm. Similarly, no clear trend was observed for
the chlorophyll results (Appendix 1). Increases and decreases in the chlorophyll
indices for all treatment groups throughout the contamination period appear to be
completely random. High concentrations of Cu degrade enzymes involved in
photosynthesis, which results in the reduction of chlorophyll. However, a reduction in
chlorophyll was not observed for P. fruticosus treated with Cu.
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Figure 4.11: The average height (cm) of copper-treated and untreated Plectranthus
fruticosus plant specimens measured weekly throughout the contamination period
(N= 5)

The uptake of Cu by P. fruticosus increased with a corresponding increase in the
amounts of Cu in the soil. Similar to the first trial, most of the copper was localised in
the roots of the plant. The plants treated with 50, 100 and 500 mg/L Cu assimilated
more Cu in their roots than the residual Cu in the soil (Figure 4.11). However the
plants treated with 1000 mg/L Cu contained less Cu in the roots than in the soil. This
could indicate a threshold that P. fruticosus plants have to high concentrations of Cu.
The presence of Cu in the roots and aerial parts of the plant indicate the movement
of the metal from the roots to the leaves.
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Figure 4.12: Copper concentration (mg/kg) assimilated by Plectranthus fruticosus
and the residual copper in the soil as determined by ICP-OES, after applying
different concentrations of copper (0 to 1000 mg/L) and upon termination of the pot
trial
The BCFs and TFs for Cu in the plant decreased as the Cu concentration increased
in the soil (Table 4.11). A low TF indicates that the acquisition and storage of Cu in
the plant is mainly in the roots. Furthermore, the translocation of the metal to the
aerial parts was found to decrease with an increase in Cu concentrations in the soil.

Table 4.11: Bioconcentration factor (BCF) and translocation factor (TF) for
Plectranthus fruticosus calculated from ICP-OES results, following exposure to
increasing concentrations of copper in a four week pot trial
Cu treatment (mg/L)

BCF

TF

50

2.07

0.40

100

1.81

0.28

500

1.48

0.22

1000

0.98

0.20
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4.4.3.2 Effects of Cu on the production of phenolic compounds
The total soluble phenolic compounds in all the plant parts of P. fruticosus
significantly increased (p<0.05) as the concentrations of Cu to which the plants were
exposed increased as compared to the control (Figure 4.12). Leaves contained the
most soluble phenolics and the concentrations increased as the Cu concentrations in
the soil increased (p<0.05). This increase suggests that the phenolic compounds are
involved in ROS-associated metal resistance and defence. Hydroxyl and carboxyl
groups attached to by phenolics enable them to bind Cu, thereby rendering the metal
inactive (Michalak, 2006). Several researchers have reported an increase in
oxidative enzymes, such as glutathione, in order to combat Cu-induced ROS
production (Drazkiewicz et al., 2004, Ali et al., 2006, Thounaojam et al., 2012).
Therefore the increase in the production of phenolic compounds is a defence
mechanism utilized by the plant in the presence of high levels of Cu. Similar to this
study, other researchers have found that there is an increase in phenolic compounds
in the presence of high concentrations of the metal (Sgherri et al., 2003; CervantesGarcia et al., 2013).

The concentration of phenolics in the twigs of P. fruticosus was the lowest when
compared to the other parts of the plant. After exposure to 500 mg/L Cu, the
concentrations of soluble phenolics decreased in the roots as compared to the
100 mg/L Cu-treated plants (p<0.05). This reduction may be an indication of excess
amounts of ROS produced by the plants. However, the concentration of soluble
phenolics for the 500 mg/L Cu treatment was significantly higher than that of the
control (p<0.05), indicating the tolerance of the plant towards Cu at that
concentration.
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Figure 4.13: Total soluble phenolic compounds (expressed as mg gallic acid
equivalent per g of dry mass of the plant) in different plant parts of Plectranthus
fruticosus after exposure to 50 to 1000 mg/L Cu

It has been established that excess Cu in the plant induces the production of ROS
(Gavena & Zozikova, 2007). The production of high concentrations of phenolic
compounds is a detoxification mechanism that the plant uses to reduce the toxic
effects of metals (Sgherri et al., 2003). Even though a reduction in the concentration
of phenolics was observed in 500 mg/L Cu-treated plants, the concentration of
soluble phenolic compounds was still higher than that of the controls. Researchers
have reported that exposure to copper sulphate induced the production of phenolic
compounds in the leaves of Phylllanthus tenellus, Capsicum annuum and Raphanus
sativus (Santiago et al., 2000; Diaz et al., 2001). These findings, along with the
results from our study, indicate that exposure of the plant to Cu induces the
production of phenolic compounds, particularly in the leaves of P. fruticosus.

Figure 4.13 indicates a significant increase (p < 0.05) in the CWB phenolic content in
the roots of P. fruticosus as the Cu concentration was increased in the soil, when
compared to the control. When 100 mg/L Cu was added to the soil, the CWB
phenolic content in the twigs was found to be lower (not significant) than in the
control plants. In the leaves of P. fruticosus, the average concentrations of CWB
phenolics did not differ significantly (p > 0.05) from that of the controls.
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Figure 4.14: Cell-wall bound phenolic compounds (expressed as mg gallic acid
equivalent per g of dry mass of the plant) in the different plant parts of Plectranthus
fruticosus following exposure to different concentrations of copper

Immobilization of metals in the cell wall is a strategy used by plant species to inhibit
the toxic effects of the metal (Michalak, 2006). Therefore the ability of the plants to
immobilize metals in cell walls is essential for tolerant plant species. Red cabbage
plants treated with Al displayed an increase in CWB phenolics in the roots and
shoots. In addition, the plants also displayed an increase in lignin in both the shoots
and the roots (Saghian & Ghanati, 2012). Thus, similar to P. graveolens, the
detoxification of P. fruticosus seems to take place through lignification as reflected by
the observed increase in the CWB phenolics.

4.4.3.3 Effects of copper on the antioxidant activity of Plectranthus fruticosus
Leaf extracts obtained from P. fruticosus plants growing in Cu contaminated soils, as
well as the control plants, did not exhibit good antioxidant activity as compared to
ascorbic acid . Only the specimens contaminated with 100 mg/L had the ability to
inhibit more than 50% of the DPPH free radicals; for these specimens an IC50 value
of 190.7 µg/mL was measured (Figure 4.14). This high IC50 is an indication of the
poor antioxidant activity of the extract. At the highest concentration of the plant
extract (200 µg/mL), the IC50 values ranged from 26.0 to 56.2 µg/mL for all the
treatment groups. Although the plant has poor antioxidant activity, the concentrations
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of the total soluble phenolic compounds were high. No correlation was evident
between the total phenolics and the antioxidant activity of P. fruticosus. Similar to our
study, Orostachys japonicas was reported to contain high levels of phenolic
compounds, but also displayed poor levels of antioxidant activity (Cho et al., 2003).
Gengaihi et al. (2014) proposed that there are many factors that can affect the
scavenging properties of plants. This includes the presence of different active
compounds, which are able to alter the activity. Furthermore, the nature of the
phenolic compounds, in terms of their structures, can also affect the free radical
scavenging property of the plant.

C o n tro l

% In h ib itio n

100

5 0 m g /L
1 0 0 m g /L
5 0 0 m g /L
1 0 0 0 m g /L

50

A s c o r b ic a c id

0
0 .0

0 .5

1 .0

1 .5

2 .0

2 .5

L o g [ s a m p le c o n c e n t r a t io n (  g /m L ) ]

Figure 4.15: Determination of IC50 values for leaf extracts of Plectranthus fruticosus
plants growing in uncontaminated and copper contaminated soils (0 to 1000 mg/mL
copper). Ascorbic acid was used as the reference compound

4.4.3.4 The effects of Cu on the essential oil composition of Plectranthus fruticosus
The compositions of the essential oils isolated from 1000 mg/L Cu-treated and
untreated P. fruticosus plants were compared, to determine if Cu influenced the oil
composition in any way. From the essential oil of the control, 25 compounds were
identified and these compounds contributed 82.04% of the total composition as
indicated in Table 4.12. A total of 26 compounds were identified from the essential oil
isolated from the 1000 mg/L Cu-treated plants and these compounds constituted
82.14% of the total essential oil composition. Cedrol was found to be the major
component of both the control and Cu-treated essential oils. However, considerably
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less cedrol (43.60%) was present in the control oil than in the Cu-treated plants
(63.37%).
Furthermore, compounds including α-pinene, camphene, β-pinene and limonene
were present in higher percentages in the essential oil isolated from the control
plants. It appears that the presence of Cu affected essential oil production within
P. fruticosus, inducing the production of cedrol with an associated reduction in the
percentages of all other components present in the oil. Sabinly acetate has been
identified as the major component of P. fruticosus essential oils, contributing up to
60.70% of the total oil composition (Fournier et al., 1986). However, this compound
was not identified in the oils that were isolated in this study, indicating a different
chemotype. The commercial value of the oil may be compromised because of the
compositional differences. Similar to P. graveolens, the essential oil of P. fruticosus
is safe to use commercially, since Cu is not volatile and will not participate in the
distillation process.
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Table 4.12: Percentage composition and retention times of compounds identified in
the essential oils of Plectranthus fruticosus treated with 1000 mg/L copper and the
control over a four week period

Compound name
α-pinene
Camphene
β-pinene
Sabinene
Limonene
Z-β-Ocimene
cis-Ocimene
1-Octen-3-ol
α-Cubenene
Ylangene
Copaene
β-Bourbonene
β-Cubenene
α-Cedrene
Bornylacetate
α-Guaiene
β-Caryophyllene
[+] Sativen
Aromadenonene
α-Caryophyllene
Ledene
Germanene D
λ-Elemene
δ-Cadinene
β-Sequiphellandrene
Methylsalicylate
β-Caryophyllene oxide
Globulol
α-Copaen-11-ol
Cedrol
Epicedrol

Retention time
(min)
Control 1000 mg/L
9.78
9.77
11.54
11.54
13.33
13.33
13.95
13.94
17.60
17.51
19.16
19.14
19.9
27.66
28.54
28.07
29.00
29.00
29.32
29.32
30.27
30.27
30.89
30.88
31.97
31.97
32.33
32.6
32.95
32.93
34.28
34.41
35.16
35.87
36.35
36.35
37.04
37.04
37.6
37.6
37.91
38.38
43.68
43.94
44.95
44.95
45.3
47.26
47.34
48.1
48.13
Total%
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% Composition
Control 1000 mg/L
1.41
0.19
2.20
0.33
1.54
0.24
2.53
0.86
0.38
0.07
1.81
0.26
0.09
0.05
0.03
0.10
0.30
0.32
0.52
0.18
0.27
0.12
0.56
0.19
0.39
0.43
0.59
0.28
9.2
3.45
0.4
1.21
0.47
0.43
4.88
2.83
2.03
1.17
0.79
0.43
0.24
0.08
0.28
1.03
2.8
1.25
2.01
43.6
63.37
2.35
3.66
82.04
82.14

4.4.3.5 Chemometric modelling to determine the effect of Cu on nutrient uptake
A principal component analysis (PCA) model was constructed using the
concentrations of nine macro- and micronutrients present in P. fruticosus as
determined by ICP-OES in the various plant parts. This was done to determine
whether high concentrations of Cu in the soil affect the uptake of these nutrients from
the soil. The model was characterised by two principal components, a R2 value of
0.627 and a Q2 value of 0.138. The poor Q2 value indicates that the model has no
predictive ability. Nevertheless, a correlation table was constructed from the model
(Table 4.13). Once again, the table indicates that Cu was not correlated with any of
the other nutrients and therefore did not affect their uptake by any of the plant parts.

Table 4.13: Correlation table for macro- and micro-nutrient uptake in various plant
parts of Plectranthus fruticosus as determined by ICP-OES

4.4.4

Plectranthus madagascariensis

4.4.4.1 Plant growth and copper uptake
The height of control plants and Cu-treated plants gradually increased during the
four week contamination period. An average increase of 9.10 cm was observed for
the 500 mg/L Cu contamination group when compared to the height at Week 1 of the
contamination period (Figure 4.15). A slight decrease was observed for the plants
contaminated with 50 mg/L of Cu at Week 4 of the contamination period (p>0.05).
The chlorophyll index of the treated plants species varied inversely to that of the
control. Where there was an increase in the chlorophyll levels of the Cu-treated
plants, a decrease in the chlorophyll levels of the controls was observed. However
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these values were inconsistent throughout the contamination period. Researchers
have established that excess Cu may reduce the growth and chlorophyll levels in
plants (Gallego et al., 1996, Vinit-Dunand et al., 2002, Sheldon & Menzies, 2005,
Karimi et al., 2012, Dey et al., 2014). However, in this study the growth of P.
madagascariensis was not affected by the Cu in the soil.
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Figure 4.16: The average height (cm) of copper-treated and untreated Plectranthus
madagascariensis plant specimens as measured weekly throughout the
contamination period (N=6)

Copper is said to be localized and stored in the roots of plants (Sheldon & Menzies,
2005).

The

highest

concentration

of

Cu

was

found

in

the

roots

of

P. madagascariensis as indicated in Figure 4.16. The Cu concentration in the roots
and aerial parts of the plant increased as the Cu concentration was increased in the
soil. P. madagascariensis assimilated Cu in a similar fashion to P. fruticosus in that a
threshold was reached at 1000 mg/L Cu, causing the plant to assimilate less Cu in
the roots than the available Cu in the soil.
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Figure 4.17: Copper concentration (mg/kg) assimilated by Plectranthus
madagascariensis and the residual copper in the soil as determined by ICP-OES,
after applying different concentrations of copper (0 to 1000 mg/L) and upon
termination of the pot trial

The ability of P. madagascariensis to accumulate Cu is indicted by the BCF, the
highest BCF was observed for the 50 and 100 mg/L Cu-treated plants. Although the
higher treatment groups had a low BCF, it was still greater than one. The ability of
P. madagascariensis plants to accumulate Cu is reduced at higher concentrations of
the metal. The TF of P. madagascariensis decreased with increasing Cu
concentrations in the soil, as indicted in Table 4.14. This signifies that as the Cu
increases in the soil the plants restrict and localise most of the metal in the roots with
little translocation to the aerial plant parts. The same trend was observed for
P. fruticosus, which is from the same genus as P. madagascariensis. It is therefore
possible that these species have the same Cu accumulation pattern.
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Table 4.14: Bioconcentration factors (BCF) and translocation factors (TF) for
Plectranthus madagascariensis calculated from ICP-OES results, following exposure
of the plants to increasing concentrations of copper in a four week pot trial
Cu treatment (mg/L)

BCF

TF

50

11.4

0.75

100

8.04

0.80

500

1.88

0.59

1000

1.31

0.53

4.4.4.2 Effects of copper on production of phenolic compounds
The increase in Cu concentration in the soil induced a significant increase (p<0.05)
in the amount of phenolics in the roots, twigs and leaves of P. madagascariensis for
all treatment groups as compared to the controls (Figure 4.17). At 1000 mg/L Cu
contamination, a significant increase in the phenolic concentration was observed in
the leaves, while a significant decrease was observed in the roots (p<0.05), however
the phenolic content was still higher than that of the control plants. The highest
phenolic concentrations were observed for the twigs, though at 1000 mg/L Cu the
leaves had a higher content of phenolic compounds than the twigs.
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Figure 4.18: Total soluble phenolic compounds (expressed as mg gallic acid
equivalent per g of dry mass of the plant) in the different plant parts of Plectranthus
madagascariensis at different copper concentrations
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A steady increase in the CWB phenolics produced in the leaves of P.
madagascariensis plants was observed as the Cu concentration increased; the same
trend was evident for the leaves (Figure 4.18). For the 500 mg/L Cu treatment, the
CWB phenolics in the twigs were found to be higher than that of the control (p>0.05).
Thickening of the cell wall through lignin formation could be one of the pathways
used by P. madagascariensis to ameliorate the effects of Cu on the sensitive parts of
the plant cells.
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Figure 4.19: Cell wall bound phenolic compounds (expressed as mg gallic acid
equivalent per g of dry mass of the plant) in the different plant parts of Plectranthus
madagascariensis following exposure to different copper concentrations

4.4.4.3 Effects of copper on the antioxidant activity of Plectranthus
madagascariensis
The antioxidant activities of P. madagascariensis leaf extracts were very poor as
indicated in Figure 4.19. The extracts for both the control and the Cu-treated plants
were unable to inhibit 50% of the DPPH radical even at the highest concentration of
the extracts, thus no IC50 values could be determined. It has been established that
the amount of phenolic compounds present have a major influence on the
antioxidant activity of plants, however the antioxidant activity of P. madagascariensis
did not correlate with the phenolic content. Similar results were observed for
P. fruticosus leaf extracts. Ascenšo et al. (1998) also reported that the essential oil of
P. madagascariensis had poor antioxidant activity.
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Figure 4.20: Determination of IC50 values for copper-treated and untreated leaf
extracts of Plectranthus madagascariensis. Ascorbic acid was used as the reference
compound

4.4.4.4 The effect s of copper on the essential oil composition of Plectranthus
madagascariensis
Unfortunately we were unable to isolate essential oil from the control and the Cutreated plants, because P. madagascariensis yielded very little oil.

4.4.4.5 Chemometric modelling to determine the effect of Cu on nutrient uptake
A principal component analysis (PCA) model, constructed using the concentrations
of nine nutrient elements as determined by ICP-OES, was characterised by two
principal components with R2 and Q2 values of 0.776 and 0.624, respectively. These
values indicate that 77.6% of the data is explained by the model and that it has
moderately good predictive ability. Similar to the other plant species, the correlation
table (Table 4.15) revealed that Cu is not correlated with any of the other nutrients
and therefore did not affect their uptake by any of the plant parts.
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Table 4.15: Correlation table for macro- and micro-nutrient uptake in various plant
parts of Plectranthus madagascariensis as determined by ICP-OES

4.4.5

Rosmarinus officinalis

4.4.5.1 Plant growth and copper uptake
The growth of R. officinalis was not affected by the Cu content in the soil. An
increase in plant height was observed for all the different treatment groups, as
indicated in Figure 4.20. The highest concentration of Cu used for the contamination
of the R. officinalis plants was 500 mg/L Cu(II), the plant species which were
selected for contamination with 1000 mg/L Cu were attacked by ants thus no data
could be collected from that treatment group. However this does not eliminate the
potential use of the plant for remediation of orchards. An investigation done by Deef
(2007) on the effect of Cu on the growth and essential oils of R. officinalis revealed
that low concentrations of Cu are beneficial to biomass production. However, their
investigation also revealed a gradual decrease in biomass when plants were treated
with Cu at high concentrations (>800 mg/L).
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Figure 4.21: Average height (cm) of copper-treated and untreated Rosmarinus
officinalis plant specimensas measured throughout the four week contamination
period (N=5)
Similarly, the results from this study indicated that there was no reduction in growth
of R. officinalis due to different concentrations of Cu in the soil and the chlorophyll
levels varied indiscriminately, with no trend evident. These results correspond to
those of Gaida et al. (2013), who reported no visible phytotoxic effects in
R. officinalis plants growing in Zn and Pb contaminated mine sites.

Rosmarinus officinalis was found to be the highest accumulator of Cu amongst the
selected plant species in the first trial. However the plant specimen was not the
highest accumulator of Cu in the second trail as compared to the other three plant
species. Similar to the first trial, the plant localised most of the target metal in the
roots, with little translocation to the aerial parts (Figure 4.21). Corresponding to all
the other plant species, the Cu concentrations in the roots and the aerial parts of the
plant increases steadily as the Cu concentration in the soil increased. The highest
BCF of 3.41 was observed for R. officinalis plants growing in 100 mg/L Cu (Table
4.16) whereas the highest TF was observed for the lowest Cu-treatment of 50 mg/L.
Similar to R. officinalis, Phragmites australis and Zea mays accumulated Cu mainly
in the roots, with little translocation of the metal to the shoots (Ali et al., 2002).
Rosmarinus officinalis plants extracted a substantial amount of Cu for all treatment
groups, resulting in BCF of more than one for all the treatment groups.
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Figure 4.22: Copper concentration (mg/kg) assimilated by Rosmarinus officinalis
and the residual copper in the soil as determined by ICP-OES, after applying
different concentrations of copper (0 to 500 mg/L) and upon termination of the pot
trial

Table 4.16: Bioconcentration factors (BCF) and translocation factors (TF) for
Rosmarinus officinalis calculated from ICP-OES results, following exposure of the
plants to increasing concentrations of copper in a four week pot trial
Cu treatment (mg/L)

BCF

TF

50

1.90

0.88

100

3.41

0.37

500

2.17

0.46

4.4.5.2 Effects of copper on production of phenolic compounds
The concentration of the total phenolic compounds in the leaves of R. officinalis
significantly increased with the increase in Cu concentrations in the soil (p<0.05).
However, at 50 mg/L, the phenolics were lower than that of the control (Figure 4.22).
The roots and twigs of all treatment groups were found to have lower phenolic
concentrations than the control. A decrease in the phenolic content of the roots and
twigs was observed with the increase in Cu concentrations in the soil (p<0.05). The
decrease in the phenolic content in the roots and twigs might be an indication of the
increased production of Cu-induced ROS which exceeds the antioxidant defence of
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the plants system. Similarly, the soluble phenolic contents of Cleome gynandra roots
decreased as the Cu concentration was increased in the soil (Haribabu & Sudha,
2011).
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Figure 4.23: Total soluble phenolic compounds (expressed as mg gallic acid
equivalent per g of dry mass of the plant) in the different plant parts of Rosmarinus
officinalis at different copper concentrations

A decrease in root CWB phenolic compounds was observed with increasing Cu
concentrations in the soil (Figure 4.23). There was no significant difference between
the CWB phenolics in the twigs, when compared to the controls. The CWB phenolics
in the leaves of R. officinalis increased with a corresponding increase in Cu
concentration in the soil, but a significant decrease occurred at 100 mg/L Cu.
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Figure 4.24: Cell-wall bound phenolic compounds (expressed as mg gallic acid
equivalent per g of dry mass of the plant) in the different plant parts of Rosmarinus
officinalis at different copper concentrations

4.4.5.3 Effects of copper on the antioxidant activity of Rosmarinus officinalis
The antioxidant activities of leaf extracts of R. officinalis were found to be poor
(Figure 4.24; Table 4.17). The highest antioxidant activity was exhibited by the
control (29.96 µg/mL), while the lowest activity was displayed by extracts from the
50 mg/L Cu contaminated leaf extracts (40.76 µg/mL). As expected, ascorbic acid
had the highest activity, with the lowest corresponding IC50 value (1.713 µg/mL). The
results partially agree with those obtained for the total phenolic content of the plant.
At 50 mg/L Cu treatment, the total soluble phenolics were the lowest in all of the
treatment groups. Similarly, the leaf extracts of the 50 mg/L treatment group
displayed the lowest antioxidant activity. An increase in the antioxidant activity was
observed as the Cu concentrationto which the plants had been exposed increased.
The phenolics content of leaves of R. officinalis plants showed a similar trend (Figure
4.22).
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Figure 4.25: Determination of IC50 values for Cu-treated and untreated leaf extracts
of Rosmarinus officinalis. Ascorbic acid was used as the reference compound

Table 4.17: Antioxidant capacity of Rosmarinus officinalis leaf extracts of coppertreated and untreated plant species as depicted by the average IC50 values of the
leaf extracts
Cu treatment (mg/L)

IC50 (µg/mL)

0

29.96 ± 7.43

50

40.76 ± 5.09

100

38.80 ± 0.33

500

32.33 ± 4.61

Ascorbic acid

1.713 ± 0.29

Erkan et al. (2008) also studied the antioxidant activity of R. officinalis leaf extracts
and reported an IC50 value of 54.0 µg/mL for aqueous methanol extracts. Their
results confirm that leaf extracts of R. officinalis only possess moderate antioxidant
activity. Kasparavičiene et al. (2013) did not find any correlation between the
phenolic content and the antioxidant activity of R. officinalis leaf extracts. From the
results in this study it is evident that Cu does have an effect on the antioxidant
activity of the plants. However there may be additional factors that affect the
antioxidant activity of the plant.
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4.4.5.4 The effects of copper on the essential oil composition of Rosmarinus
officinalis
Table 4.18 is a list of the components identified in the essential oils of R. officinalis
isolated from Cu-treated and untreated plants. No major differences were observed
between the essential oil composition of the Cu-treated and untreated plant
specimens. The major components of the oils were not altered by the presence of
Cu. However, some compounds, including α-phellandrene, 3,7-dimethyl-1,3,7octactriene and 2(10)-pinen-3-one, were identified in the essential oil of the controls,
but not in the oils from the Cu-treated plants. p-Cymene was present in the essential
oils from the Cu-treated plants, but not in the essential oil from the control. However,
these compounds all contributed less than 1% of the total oil composition for both the
controls and the Cu-treated plant species. Thus for Rosmarinus officinalis the
presence of Cu did not drastically impact on the composition of the essential oil.

A reduction in α-pinene and an increase in 1,8-cineole content was observed in the
essential oil of the Cu-treated plants as compared to the control. The same trend
was observed by Deef (2007). He established that the presence of Cu affected the
yield and composition of R. officinalis essential oils. The slight alterations in the
essential oil of the Cu-treated plant could serve as an advantage in the perfumery
industry because the increase in the production of 1,8-cineole makes the essential
oil more valuable. Even though R. officinalis accumulates substantial amounts of Cu,
the plant species is a poor translocator of the metal. It will be commercially viable to
extract essential oils from R. officinalis plant species used for phytoremediation.
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Table 4.18: Percentage composition and retention times of compounds identified in
the essential oil of Rosmarinus officinalis treated with 500 (mg/L) copper and the
control over four weeks
Compound name
α-Pinene
7,7-Dimethyl-2-methylene
heptane
Camphene
β-Pinene
Myrcene
α-Phellandrene
Limonene
1.8-Cineole
Z-β-Ocimene
Terpinene
3,7-Dimethyl-1,3,7-octactriene
3-Octanone
p-Cymene
Terpinolene
1-Octen-3-ol
Copaene
Camphor
Linalool
Isopinocamphone
2(10)-Pinen-3-one
Bornyl acetate
β-Caryophyllene
p-Menth-1-en-8-ol
α-Caryophyllene
α-Terpinoel
Borneol
Verbenone
Valencene
Caryophyllene oxide

Retention time (min)
Control
500 mg/L
9.85
9.85
11.18
11.57
13.34
15.89
15.96
17.53
17.99
19.15
19.63
19.90
20.07
21.26
27.67
29.00
30.37
31.01
31.37
31.65
32.37
32.93
35.06
35.17
35.82
36.02
36.45
37.13
43.94
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11.19
11.57
13.35
15.90
17.54
17.99
19.16
19.64
20.08
20.79
21.27
27.67
29.00
30.37
31.01
31.37
32.36
32.92
35.06
35.16
35.81
36.02
36.44
37.12
43.94
Total%

% Composition
Control
500 mg/L
22.18
21.65
0.08
5.75
2.93
1.26
0.53
3.70
11.64
1.01
0.91
0.19
0.24
0.62
1.22
0.07
1.04
2.99
2.18
0.19
6.13
3.21
0.15
0.56
1.48
11.23
3.36
2.16
0.39
87.39

0.08
5.70
3.05
1.41
4.19
12.92
1.18
1.02
0.29
0.86
0.71
1.33
0.07
1.11
3.1
2.19
6.02
2.3
0.18
0.51
1.47
11.13
2.57
1.58
0.33
86.93

4.4.5.5 Chemometric modelling to determine the effect of Cu on nutrient uptake
A correlation table (Table 4.19) was obtained from a PCA model constructed using
the concentrations of nine nutrient elements in R. officinalis plants. Similar to the
other plant species, the plot indicates that Cu was not correlated with any of the
other nutrients and therefore did not affect their uptake by any of the plant parts.

Table 4.19: Correlation table of macro- and micro-nutrient uptake in various plant
parts of Rosmarinus officinalis as determined by ICP-OES
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CHAPTER 5

CONCLUSIONS

5.1

ACHIEVEMENT OF OBJECTIVES

The international community has expressed concern regarding the excessive use
and consequent build-up of Cu in orchards (Morgan & Johnston, 1991). Some
countries have placed restrictions on the amount of Cu that may be applied to crops
to prevent high concentrations of the metal accumulating in orchard and vineyard
soils (Dagostin et al., 2011). However, Cu(II) is permitted for application to some
organic crops, due to increasing pressure by consumers for producers to avoid the
use of synthetic organic chemicals. In addition, the metal remains highly effective at
controlling fungal pathogens that cause serious damage to fruit crops (Vitanovic,
2012). These pathogens do not build-up resistance against Cu-containing pesticides,
but in contrast, gradually adapt genetically to organic molecules, thereby rendering
these fungicides less effective. A high concentration of Cu in soil is detrimental to
organisms, such as earthworms, which contribute extensively to soil quality (Stirling
et al., 1999). In addition, ground water may become contaminated by Cu, thereby
posing a health risk to humans and animals. The first objective of this study was
therefore to screen orchard soils to determine the levels of Cu present in the soils.
This was initially done by FP-XRF spectrometry to identify Cu “hotspots” directly in
the field and followed up by ICP-OES analysis in the laboratory to confirm the results.
Mango orchards that were screened for Cu contamination were found to have
alarming levels of Cu in the soils, with Cu concentrations ranging from 52 to 510
mg/kg Cu. Since the toxicity of a metal is largely determined by its ability to migrate
to points where vulnerable organisms may be exposed, the mobility of the Cu was
determined through sequential extraction from the soil. This investigation indicated
that the largest proportion of the Cu is not easily mobilised, possibly due to binding to
organic matter originating from the orchard. However, gradual or sudden changes in
soil conditions, such as pH, may induce mobilisation. The presence of high
concentrations of Cu in the soil therefore still poses a threat to the environment.
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The study successfully identified Cu-tolerant plants which could be suitable for the
remediation of Cu-contaminated soils, and which have the potential to yield a
secondary commercial crop. Many factors must be considered when selecting plants
that are to be used for phytoremediation. Ten aromatic plant species, some
indigenous to South Africa, were selected and screened in a pot trial to determine
their tolerance towards high levels of Cu in the soil. Plant growth and chlorophyll
levels were used as indicators of tolerance. No abnormalities in growth or significant
changes in chlorophyll levels were evident in the plant species growing on Cu
contaminated soils, when they were compared to the untreated controls. These
plants were treated with 1000 mg/mL Cu(II), corresponding to an amount of 1200 mg
fed per plant over the four week period, with the exception of R. officinalis, which
was fed 600 mg of Cu per plant species. All of the ten plant species that were
screened were able to accumulate and tolerate high levels of Cu, with the plants
showed little or no symptoms of Cu toxicity. According to the parameters studied, all
the plants were found to be Cu tolerant and can potentially be used to reduce the
concentration of Cu in contaminated soils. Most of the plants localized the metal in
the roots, with the exception of M. longifolia, which translocated a substantial amount
of Cu to the aerial parts of the plant. More than 50% of the plant species were able to
accumulate more than 1000 mg.kg Cu in their roots alone. High BCFs were
calculated for most plants. Rosmarinus officinalis and S. floribunda accumulated
3876 and 2195 mg/kg Cu, respectively, in their roots only. Artemisia afra, M.
longifolia and P. saccutus retained the lowest concentration of Cu in their roots
compared to all the other plant species, as reflected by the BCFs of below 0.5
measured for these species.

Of the ten species tested, P. graveolens, P. fruticosus, P. madagascariensis and
R. officinalis were found to be the most suitable plant specimens for Cu remediation.
These plant species accumulated the most Cu and grew at a fast rate (by visual
obsevertion) and were therefore selected for follow-up trials. Plants were
contaminated with different concentrations of Cu to determine their response to
increasing concentrations of the metal. All four of the selected plants species
accumulated Cu and localised the metal in their roots. An increase in Cu uptake was
observed for all the plant species as the Cu content in the soil was increased. A BCF
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of more than one was calculated for all the Cu exposed groups of all the species.
Secondary metabolites such as phenolic compounds assist the plants to mitigate the
effects of metal-induced stress. The total soluble and CWB phenolic compounds of
all the selected plant species were found to increase in the presence of high levels of
Cu in the soil, indicating that a coping mechanism was being utilised by the plant
species for Cu detoxification. Understanding some of the stress-tolerance
mechanisms utilised by plants will enable us to ascertain the plants’ ability to endure
the presence of excessive amounts of Cu in the soil. None of the plant species
studied displayed good antioxidant activity; however this was not attributed to Cuinduced stress. A correlation between the phenolic compounds and the antioxidant
activities of the plants was not established for most of the selected plant species.

Essential oils were isolated from three of the four selected plant species. There were
no major differences between the main components of P. graveolens and R.
officinalis essential oils obtained from plants growing in Cu-contaminated soils
compared to those from the untreated controls. Copper does not seem to induce
significant changes to the essential oil compositions of these plant species. However,
variations were observed in the composition of the essential oil isolated from P.
fructicosus plants specimens grown on Cu-contaminated soils and the control plant
specimens.

Translocation factors revealed that most of the Cu is stored in the roots, thus limiting
the amounts of Cu in the aerial parts of these plants. Even though the plants are not
hyperaccumulators of Cu, they are suited for phytostabilization, another form of
phytoremediation where metals are localised in the roots thus limiting movement of
metals to the ground water. To enhance the phytoremediation potential, plants would
have to be periodically removed and composted to maximise Cu removal from the
soil. If translocation to the aerial parts had taken place, harvesting of the leaves for
distillation to isolate oils would have assisted the removal of Cu. In contrast, the sale
of essential oils isolated from plants containing little Cu in the parts used for
distillation is more acceptable to the consumer. Chemometric analysis revealed that
there was no effect of Cu on the uptake of macro- and micro-nutrients. Thus the
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plants can flourish in the Cu-contaminated soils without suffering any nutritional
deficiencies.

5.2

CONTRIBUTION OF THE STUDY

This study presents the first evaluation of Cu concentrations in South African orchard
soils. Through this work it was revealed that some of the orchards were
contaminated with substantial concentrations of Cu. This finding is a cause for
concern. The availability of this information will enable farmers to start implementing
steps to mitigate the problem before it becomes serious, with detrimental effects on
fruit production in the country.

The use of FP-XRF spectroscopy for screening of the orchard soils proved to be a
feasible technique for semi-quantitative determination of the levels of contamination.
Although the concentrations measured were substantially higher than those
determined accurately by ICP-OES, the general trend of the values was the same. It
was found that the instrument can be handled with ease and is a useful tool to
identify heavily polluted areas in the orchard. Sequential extraction provided vital
information concerning the bioavailability of Cu in the orchard soil. This information is
important since the toxicity of Cu is dependent on the form in which it exists. The
mobility study indicated that Cu is tightly bound to the soil matrix. However, this
provides little reassurance, because a slight change in the soil conditions might
increase the availability and therefore the risk to animals and humans. In addition,
earthworms are exposed to the Cu, irrespective of the form in which it occurs.

Identification of plant species which are tolerant to high concentrations of Cu and
have the potential for commercial value were identified in this study. These species
can be used for phytoremediation of Cu-contaminated soils. Although the study was
directed at the clean-up of orchard soils, they may also be suitable for remediation of
mine-polluted soils. Copper-free essential oils can be isolated from the aerial parts of
these plants, because Cu is not volatilised during the distillation process to obtain the
oils. The application of these plants for orchard soil remediation will allow farmers to
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sustainably apply Cu-containing fungicides, while providing them with alterative
business opportunities.

5.3

SHORTCOMINGS OF THE STUDY

The determination of plant growth in terms of plant height gave results with large
standard deviations. A better method for evaluating plant growth, such as biomass
formation, could have been explored. The use of the chlorophyll meter gave results
with large variations. Instead, the spectrophotometric assay could have been used.
This method is very labour intensive. It would have been interesting to analyse the
leaves and roots of mango trees growing in the contaminated orchards to establish
whether these trees take up Cu.

5.4

RECOMMENDATIONS AND FUTURE WORK

Enzymatic - and non-enzymatic antioxidants that are produced in the selected plants
species growing on Cu-contaminated soils need to be analysed to elucidate
additional mechanisms used by the plant species to cope with the high Cu
concentrations in the soil. Knowledge and understanding of these mechanisms may
enable the identification of other Cu-tolerant plant species.

A large number of individuals representing each of the four identified species should
be planted in a Cu-contaminated orchard. This would enable an evaluation of the
abilities of the plants to cope under these conditions. After a growing season, the
degree of accumulation of Cu could be determined in the various plant parts to
evaluate their contribution to remediation. A comparison of the results obtained from
the pot trials and the field study will give an indication of the viable use of the
selected plants for the removal of Cu from soils. The essential oils obtained from the
orchard-grown plants could be properly assessed to determine their potential as
commercial

products.

The

antimicrobial,

anti-inflammatory and

antibacterial

properties of the essential oils and other useful secondary metabolites produced by
the plant species growing on Cu-contaminated soils must be investigated. This will
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enhance the value of the plants and provide alternative uses for the plant species
after the remediation process.
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APPENDICES
Appendix 1: The average chlorophyll indices for Cu-treated and untreated
Pelargonium graveolens (A) and Plectranthus fruticosus (B) plant specimens as
measured weekly throughout the contamination period
A:
37

Chlorohyll index

35
33

Control

31

50 mg/L
100 mg/L

29

500 mg/L
27

1000 mg/L

25
Week 1

Week 2

Week 3

Week 4

Treatment Period

B:

Chlorophyll index

40
Control
50 mgL

35

100 mg/L
500 mg/L
30

1000 mg/L

25
Week 1

Week 3

Week 5

Week 6

Treatment Period
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Appendix 2: The average chlorophyll indices for Cu-treated and untreated
Plectranthus madagascariensis (A) and Rosmarinus officinalis (B) plant specimens
as measured weekly throughout the contamination period
A:

35

Chlorophyll index

34
33

Control

32

50 mgL

31

100 mg/L

30

500 mg/L

29

1000 mg/L

28
27
26
25
Week 1

Week 3

Week 5

Week 6

Treatment Period

Chlorophyll index

B:

40
38
36
34
32
30
28
26
24
22
20

Control
50 mgL
100 mg/L
500 mg/L

Week 1

Week 3

Week 5

Treatment period
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Week 6

Appendix 3: Chromatogram of essential oil isolated from Pelargonium graveolens
species grown on 1 000 mg/L Cu-contaminated soil as determine by GC-MS
A bundanc e
T IC : A V 2 5 7 .D \ d a ta .m s
1 .2 e + 0 7
1 .1 e + 0 7
1e+07
9000000
8000000
7000000
6000000
5000000
4000000
3000000
2000000
1000000

1 0 . 0 01 5 . 0 02 0 . 0 02 5 . 0 03 0 . 0 03 5 . 0 04 0 . 0 04 5 . 0 05 0 . 0 05 5 . 0 0
T im e -->
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Appendix 4: Chromatograms of essential oil isolated from Plectranthus fruticosus
plant species grown on 1 000 mg/L Cu-contaminated soil (A) and the control plant (B)
species as determine by GC-MS
A:
Ab u n d a n c e
T IC: AV2 5 3 .D \ d a ta .ms
5 .5 e +0 7
5 e +0 7
4 .5 e +0 7
4 e +0 7
3 .5 e +0 7
3 e +0 7
2 .5 e +0 7
2 e +0 7
1 .5 e +0 7
1 e +0 7
5000000
1 0 .0 0 1 5 .0 0 2 0 .0 0 2 5 .0 0 3 0 .0 0 3 5 .0 0 4 0 .0 0 4 5 .0 0 5 0 .0 0 5 5 .0 0
T ime -->

B:
Abundanc e
T IC : A V 2 5 2 .D \ d a ta .m s
5000000
4500000
4000000
3500000
3000000
2500000
2000000
1500000
1000000
500000

1 0 .0 01 5 .0 02 0 .0 02 5 .0 03 0 .0 03 5 .0 04 0 .0 04 5 .0 05 0 .0 05 5 .0 0
T im e -->
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Appendix 5: Chromatograms of essential oil isolated from Rosmarinus officinalis
species grown on 500 mg/L Cu-contaminated soil (A) and the control plant (B)
species as determined by GC-MS
A:
Abundanc e

1 .6 e + 0 7

T IC: A V 2 4 9 .D \ d a ta .ms

1 .4 e + 0 7
1 .2 e + 0 7
1 e +0 7
8000000
6000000
4000000
2000000

1 0 .0 0 1 5 .0 0 2 0 .0 0 2 5 .0 0 3 0 .0 0 3 5 .0 0 4 0 .0 0 4 5 .0 0 5 0 .0 0 5 5 .0 0
T ime -->

B:
Abundanc e
T IC: A V 2 4 8 .D \ d a ta .ms
1 .6 e + 0 7
1 .4 e + 0 7
1 .2 e + 0 7
1 e +0 7
8000000
6000000
4000000
2000000

1 0 .0 0 1 5 .0 0 2 0 .0 0 2 5 .0 0 3 0 .0 0 3 5 .0 0 4 0 .0 0 4 5 .0 0 5 0 .0 0 5 5 .0 0
T ime -->
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Appendix 6: Average concentrations of micro- (A) and macro-nutrients (B) of Cutreated and untreated Pelargonium graveolens specimens as determined by ICPOES
A:
Cu treatment

Fe

STDEV

Mn

STDEV

Zn

STDEV

Control roots

1629.63

48.34

52.41

2.94 132.06

11.43

Control twigs

578.16

92.41

53.89

7.47 227.01

14.82

Control leaves

372.03

46.12

80.68

11.64

96.58

17.38

50 mg/L roots

1182.09

232.83

46.81

32.67

4.21

3.99

50 mg/L twigs

284.06

114.09

55.30

8.57 179.17

7.55

50 mg/L leaves

538.59

155.63

97.84

12.55

77.78

5.38

100 mg/L roots

1030.70

298.00

58.51

23.00 151.95

31.43

100 mg/L twigs

250.63

49.86

49.81

7.37 186.84

14.57

100 mg/L leaves

386.68

30.79 104.42

10.48

76.19

6.18

500 mg/L roots

1212.21

494.78

79.91

19.60 168.22

22.86

500 mg/L twigs

305.64

30.91

69.77

1.42 197.15

24.84

500 mg/L leaves

369.66

76.39 143.03

1000 mg/L roots

1249.58

215.39

1000 mg/L twigs

240.79

58.98

1000 mg/L leaves

565.17

80.11 161.83

84.27

6.61

76.20

3.68 185.35

10.72

65.12

8.30 198.62

4.00
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43.23

15.74

91.89

12.31

B:
Cu treatment

K

STDEV

P

STDEV

Ca

STDEV

Mg

STDEV

S

STDEV
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Control roots

7113.13

755.61

3479.74

421.48

5513.05

348.96

953.77

161.55

2343.55

191.83

Control twigs

39129.77

1143.92

4639.98

79.49

19751.74

1991.76

3864.63

184.04

4111.31

120.90

Control leaves

40974.31

3763.91

2429.94

443.17

15841.38

1594.15

3188.81

769.85

1461.41

188.40

50 mg/L roots

3723.03

5935.79

1310.90

1997.98

4056.93

1444.76

1596.06

660.09

2856.51

468.76

50 mg/L twigs

33420.78

4856.60

4477.06

897.02

16194.23

4164.06

2915.91

615.83

3801.71

595.02

50 mg/L leaves

33545.36

2744.24

1786.85

164.90

16828.99

514.32

3114.50

420.97

1457.17

79.80

100 mg/L roots

6997.30

1022.38

4052.74

1152.96

5768.15

1429.97

1523.34

372.39

3276.07

531.25

100 mg/L twigs

35389.55

783.89

4266.30

242.77

17109.67

1888.15

2961.74

557.81

3800.40

553.65

100 mg/L leaves

36211.82

3013.38

2218.66

221.91

17016.54

1364.97

3305.08

260.36

1471.62

109.86

500 mg/L roots

9680.56

4553.63

4316.12

1943.86

5498.94

2336.13

1462.03

940.04

3576.64

1373.15

500 mg/L twigs

36854.37

4745.85

4434.09

440.55

18365.13

1742.75

3128.52

126.47

5119.72

469.01

500 mg/L leaves

38451.93

4036.78

2271.39

167.74

19906.26

2734.24

3468.70

597.08

1634.35

129.53

1000 mg/L roots

7455.11

722.42

3288.59

594.99

4297.37

1014.67

1246.95

328.21

2972.80

477.06

1000 mg/L twigs

34765.73

2586.07

4793.08

369.58

16897.34

1836.43

3455.23

235.02

4788.42

292.26

1000 mg/L leaves

34487.43

7291.66

2232.34

513.27

20569.07

3871.18

3548.24

623.95

1572.26

405.39

Appendix 7: Average concentrations of micro- (A) and macro-nutrients (B) of Cutreated and untreated Plectranthus fruticosus specimens as determined by ICP-OES
A:
Cu treatment

Fe

STDEV

Mn

STDEV

Zn

STDEV

Control roots

1128.80

752.46

62.22

18.52

169.93

185.42

Control twigs

246.30

63.12

42.43

9.01

173.87

43.59

Control leaves

610.96

48.07

52.42

8.31

150.35

55.64

50 mg/L roots

1032.23

286.10

73.31

10.72

104.33

23.63

50 mg/L twigs

238.48

32.03

41.93

9.89

134.76

27.86

50 mg/L leaves

624.92

104.86

60.25

5.42

118.37

46.63

100 mg/L roots

760.96

314.06

702.86

53.20

911.20

87.14

100 mg/L twigs

168.26

45.43

29.88

5.28

115.09

15.65

100 mg/L leaves

507.77

70.93

46.60

2.94

104.44

10.88

500 mg/L roots

1277.70

869.24

75.04

11.59

99.23

16.31

500 mg/L twigs

256.83

52.78

50.72

7.44

148.88

11.07

500 mg/L leaves

571.60

112.59

47.76

1.76

111.81

31.06

1000 mg/L roots

553.60

442.71

88.42

12.44

114.80

21.87

1000 mg/L twigs

248.59

68.92

48.02

10.01

129.66

25.81

1000 mg/L leaves

631.13

88.89

60.23

8.11

88.72

18.85
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B:
Cu treatment

137

K

STDEV

P

STDEV

Ca

STDEV

Mg

STDEV

S

STDEV

Control roots

13412.36

1674.11

2898.81

507.85

3144.72

753.59

2841.86

756.02

1329.14

180.89

Control twigs

29983.32

2264.98

6248.11

1110.91

8301.46

1650.34

9121.57

853.47

972.92

86.55

Control leaves

33909.91

2975.09

3937.65

765.86

16425.44

4090.04

7220.72

1537.51

3658.65

787.85

50 mg/L roots

14945.35

928.07

3104.85

619.42

3020.00

351.26

2748.61

948.04

1432.34

186.39

50 mg/L twigs

30337.61

2141.68

5824.96

712.87

7099.91

530.17

8162.28

723.44

948.44

70.30

50 mg/L leaves

36057.42

5802.83

3730.24

312.39

18217.54

2111.58

7725.43

589.18

3393.27

874.55

100 mg/L roots

14435.74

2773.55

3173.44

675.92

2931.71

766.63

3475.13

1834.24

1391.83

264.30

100 mg/L twigs

28208.34

3239.91

5879.10

811.03

6364.91

1129.74

8027.11

827.22

986.70

132.14

100 mg/L leaves

32635.54

2495.36

3520.33

158.39

17077.91

2184.34

7040.26

876.26

4303.24

576.99

500 mg/L roots

13407.44

1183.77

3194.36

311.14

2798.61

482.54

3493.94

593.90

1522.85

350.97

500 mg/L twigs

32488.04

2489.50

6400.54

1379.07

6909.81

997.82

8417.73

708.18

906.14

146.80

500 mg/L leaves

36181.89

3966.07

3602.15

472.18

14864.18

1003.03

6878.23

1059.68

4824.10

1468.15

1000 mg/L roots

8154.35

1549.46

2302.91

387.55

1753.19

162.99

3351.74

325.00

1282.73

191.02

1000 mg/L twigs

30098.59

2880.07

6058.30

1090.84

7261.82

874.45

8255.97

869.49

921.74

142.26

1000 mg/L leaves

29522.82

5607.29

3053.37

327.50

17735.08

1633.19

7884.93

664.14

6659.31

1158.84

Appendix 8: Average concentrations of micro- (A) and macro-nutrients (B) of Cutreated and untreated Plectranthus madagascariensis specimens as determined by
ICP-OES
A:
Cu treatment

Fe

STDEV

Mn

STDEV

Zn

STDEV

Control roots

1002.51

394.84

854.72

136.07

172.89

99.59

Control twigs

248.28

57.93

599.13

275.03

190.42

67.48

Control leaves

589.69

89.88

631.70

222.78

144.16

14.11

50 mg/L roots

972.15

329.35

944.72

96.61

200.70

52.57

50 mg/L twigs

274.76

41.49

694.78

209.67

259.13

90.31

50 mg/L leaves

719.92

75.47

457.03

114.13

144.07

21.06

100 mg/L roots

603.22

385.34

736.58

418.04

155.05

97.07

100 mg/L twigs

307.45

35.96

836.53

585.59

196.16

58.59

100 mg/L leaves

885.02

329.42

758.03

180.40

109.91

60.20

500 mg/L roots

1030.51

245.67

850.85

182.81

204.08

80.06

500 mg/L twigs

488.85

160.78

643.63

155.49

245.98

142.01

500 mg/L leaves

764.27

143.50

742.43

190.73

169.48

64.79

Roots

1059.12

887.65

955.33

269.49

260.81

96.38

1000 mg/L twigs

437.73

50.94

606.16

263.50

236.10

36.56

1000 mg/L leaves

347.20

101.09

749.50

272.35

122.27

42.21

1000 mg/L
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B:

139

Cu treatment

K

STDEV

P

STDEV

Ca

Control roots

27748.25

2279.30

1326.44

160.75

4963.42

486.88

1890.79

240.94

1743.97

514.41

Control twigs

37290.46

5767.13

3592.79

657.51

9495.14

2005.66

3585.51

517.59

1258.84

377.26

Control leaves

75460.37

8196.96

7809.59

2187.57

27773.29

3834.03

10287.63

1573.62

5255.61

951.72

50 mg/L roots

26880.04

6899.55

1466.16

79.56

3972.66

573.19

768.32

543.74

2003.15

631.37

50 mg/L twigs

36247.94

3108.90

4308.73

469.98

11643.35

1413.68

3974.44

660.90

1010.65

160.61

50 mg/L leaves

68513.87

9158.33

7575.41

2418.64

24300.45

2841.18

8881.87

1144.67

4393.81

1512.69

100 mg/L roots

22228.83

12597.35

1036.42

579.75

3001.23

1686.21

445.38

304.53

1555.46

1026.89

100 mg/L twigs

37469.93

5271.26

3872.40

1095.54

11397.29

1616.91

3635.07

999.77

1014.73

162.07

100 mg/L leaves

80916.95

5497.26

9597.42

3306.63

28902.68

3994.28

10641.33

1132.07

5935.86

1746.61

500 mg/L roots

24626.34

3702.27

1328.51

128.66

4015.79

524.68

841.71

383.65

2964.57

763.59

500 mg/L twigs

41861.48

4424.93

4008.80

951.82

10873.10

1814.72

3483.09

506.16

1454.91

339.17

500 mg/L leaves

81832.20

7786.01

6074.27

2281.17

27944.76

3975.34

8924.84

2203.90

7227.67

1809.93

1 000 mg/L root

29161.31

5316.90

1758.97

590.47

4423.13

1205.36

937.88

576.13

2976.75

867.53

1 000 mg/L twigs

35102.50

4970.55

3621.76

466.77

10894.21

3109.75

3918.53

811.77

1213.30

69.43

1000 mg/L leaves

78963.51

25096.78

5203.04

1615.25

20791.02

6285.23

5728.26

3776.96

5562.80

2695.50
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STDEV

Mg

STDEV

S

STDEV

Appendix 9: Average concentrations of micro- (A) and macro-nutrients (B) of Cutreated and untreated Rosmarinus officinalis specimens as determined by ICP-OES
A:
Cu treatment

Fe

STDEV

Mn

STDEV

Zn

STDEV

Control roots

2240.62

252.87

57.83

9.63

62.89

13.44

Control twigs

1075.09

84.40

23.95

5.40

9.88

6.89

Control leaves

1292.38

67.37

112.48

117.15

69.28

38.12

50 mg/L roots

2382.05

411.35

60.96

17.60

62.75

11.66

50 mg/L twigs

1069.71

130.32

21.17

8.31

6.93

2.81

50 mg/L leaves

1337.30

20.13

48.85

3.94

33.28

4.99

100 mg/L roots

2115.23

122.13

60.29

14.84

49.99

3.01

100 mg/L twigs

1098.09

53.92

23.37

1.73

6.17

3.75

100 mg/L leaves

1341.22

106.49

46.77

2.93

23.76

1.63

500 mg/L roots

2221.30

385.91

53.49

11.29

59.39

14.56

500 mg/L twigs

1188.33

78.07

28.67

5.18

17.76

4.04

500 mg/L leaves

1289.61

105.71

43.03

2.78

34.40

15.10
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B:
Cu treatment

K

STDEV

P

STDEV

Ca

STDEV

Mg

STDEV

S

STDEV

141

Control roots

17994.48

1658.14

8448.21

1038.30

8949.26

1128.87

6358.03

484.79

842.24

66.22

Control twigs

11640.59

1323.78

2887.69

250.13

3807.29

628.73

1571.62

283.48

298.09

21.86

Control leaves

25363.08

2031.47

4151.91

373.88

8840.71

461.97

5958.09

276.11

984.54

39.64

50 mg/L roots

19058.30

1057.61

9280.11

536.25

9945.05

1480.25

6631.40

299.11

874.36

62.88

50 mg/L twigs

10515.15

1289.61

3100.74

256.38

3289.58

843.00

1426.35

402.02

292.63

38.48

50 mg/L leaves

28272.28

1450.60

5132.01

185.86

9758.43

301.36

6672.32

264.71

1107.38

72.15

100 mg/L roots

18972.40

1885.66

9156.53

1460.34

8330.87

429.73

5935.13

644.39

791.03

75.80

100 mg/L twigs

11107.86

968.82

3253.96

447.66

3693.66

328.01

1590.53

162.77

315.27

9.62

100 mg/L leaves

25738.70

352.66

4805.18

81.36

9323.06

503.70

6345.67

274.52

1056.30

14.43

500 mg/L roots

17793.21

826.44

8577.47

489.50

9523.39

1242.59

5652.62

539.06

932.91

134.17

500 mg/L twigs

12521.81

710.33

3507.88

207.93

4294.99

500.61

1903.44

217.64

360.61

26.83

500 mg/L leaves

25403.10

343.17

4517.53

231.74

9267.81

142.75

6308.43

183.18

1082.75

67.74

cxlii

