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ABSTRACT

The withdrawal of synthetic chemical nematicides from the agrochemical market has left
farmers with limited options to manage plant parasitic nematodes. Currently, the indigenous
plants Curcumis myriocupus and Cucurmis africunus fruits are utilized to develop Nemarioc-
AL and Nemafric-BL phytonematicides at the University of Limpopo, South Africa. These noble
products are effective on nematode suppression on different crops. The products are
environmentally friendly and cost effective compared to synthetic chemical nematicides which
cost a fortune. The two products are viewed as a future bionematicide. However, more
information is required on safety to non-target organisms which can be negatively affected by
the product during application. Although bionematicides are viewed as a potential product, to
manage nematodes, less than 1% are currently registered in the agrochemical market.
Registration authorities have not formulated the legislative framework for botanicals as
alternative agricultural remedies to the withdrawn synthetic chemicals. This study consists of
five objectives (i) investigate the bioavailability of Nemarioc-AL and Nemafric-BL
phytonematicides in plant tissues and chemical residues in different soil types. (ii) examine
whether exposure of earthworms to Nemafric-BL or Nemarioc-AL phytonematicides would
affect earthworm protein content. (iii) determine whether exposure of Raw 264.7 macrophage
cells to Nemarioc-AL and Nemafric-BL phytonematicides would have cytotoxic effects. (iv)
investigate whether short-term dermal and oral exposure to Nemarioc-AL and Nemafric-BL
phytonematicides would induce mortality or any structural deformities on earthworms. To
achieve these obijectives, reliability of measured variables was ensured by using statistical
levels of significance (P < 0.05) and coefficient of determination (R?), with validity ensured by
conducting three independent experiments over time. The bioavailability of cucurbitan A and
B was observed in tomato fruits, leaves, stems, roots and soil treated by Nemarioc-AL and
Nemafric-BL phytonematicides. At 150 days after application of Nemarioc-AL
phytonematicide, the accumulation of cucurbitacin A in tomato fruits was not detected, while

cucurbitacin B was detected. Sandy loam (+), had the highest concentration of cucurbitacin B

XVi



(0.034 mg/kg), followed by red soil with 0.027 mg/kg, then sandy soil with 0.022 mg/kg and
red soil with 0.20 mg/kg. No bioavailability of both cucurbitacin’s was detected in the untreated
controls. In contrast, the highest cucurbitacin B accumulation was detected in red soil, followed
by dark soil, then followed sandy soil and sandy loam (+) with an average mean of 0.034,
0.028, 0.025 and 0.026, respectively. Using the biological indices generated from Curve-fitting
Allelochemical Response Dose (CARD) computer- algorithm model a MCSP of Nemarioc-AL
phytonematicide on tomato plants inoculated by earthworms was successfully developed at
1.09%, with the overall sensitivity (2k) value of 1 unit. Nemafric-BL phytonematicide had a
computed MCSP of 1.35%, with the overall sensitivity (2k) value of 2 unit. Proteomics, using
one dimensional electrophoresis gel, lower concentrations of Nemarioc-AL phytonematicide 2
and 4% has shown shallow bands, while high concentrations (4, 8, 16, 32 and 64%) showed
intensified bands of proteins. The MTT assay was used to assess toxicity of Nemarioc-AL and
Nemafric-BL phytonematicides on murine Raw 264.7 macrophages. The increasing
concentration of Nemarioc-AL phytonematicide exhibited 50% cytotoxic effects to cell viability
of Raw 264,7 cell line at 5 and 10 mg/mL relative to untreated and curcumin treated control.
Similarly, Nemafric-BL phytonematicides, showed 50% cytotoxicity at 5 and 10 mg/mL. As the
concentrations of Nemarioc-AL and Nemafric-BL phytonematicides decreased from 1.25 to
0.078 mg/mL, the cell viability of Raw 264.7 cell lines were stimulated relative to positive
control. Lower concentrations of phytonematicides showed moderate to no cytotoxicity on
Raw 264.7 cell lines. While higher concentrations have shown higher degree of cytotoxicity.
Lower concentrations (2-8%) of both phytonematicides did not impact the earthworm's
viability, while at 16 to 64%, they were no viability observed. Less structural deformities were
observed at 2 to 8% concentration, while at higher concentrations have shown more structural
deformities indicating sings of toxicity. The major findings for this study were Nemarioc-AL and
Nemafric-BL phytonematicides have shown less toxicity at lower concentrations levels,
suggesting that it wont affect non-target species. These findings will help the University of

Limpopo to further register these products in the agrochemical market.

XVii



CHAPTER 1

1.GENERAL INTRODUCTION

1.1 Background

1.1.1. Description of the research problem

Globally, the use of synthetic chemical pesticides in tomato (Solanum lycopersicum
L.) plants to optimize yield and quality of fruits have raised controversies, including
high production costs, non-target organisms, human or animal health and
environmental concerns (Ali et al.,, 2021). The phase-out of synthetic chemical
pesticides from the agrochemical markets has left farmers with no options to manage
economic pests like root-knot nematodes (Meloidogyne spp.) (Sithole, 2021). In
response to this crisis, two noble products Nemarioc-AL and Nemafric-BL
phytonematicides from the fermented fruit of wild watermelon (Cucumis africanus L.)
and wild cucumber (Cucumis myriocarpus Naud.) were developed as alternatives to
manage plant-parasitic nematodes in context of climate-smart-Agriculture (Mashela et
al., 2017). The efficacy of the cucurbitacin phytonematicides in suppressing plant
nematodes was comparable to that of synthetic chemical nematicides such as
velum®, aldicarb® and fenamiphos® (Mashela et al., 2008; Pofu and Mashela, 2022;
Seshweni, 2016). Several plant extracts from wild plants used for plant protection
purposes, just like those used in traditional medicines, were selected and tested on
the basis that they were safe based on the duration they had previously been used by

man (Morobe et al., 2012; Ndhlala et al., 2013).

Fruits from the two Cucumis species have been utilized in the treatment of liver
damage, immune system weakening, lumps, gonorrhea, inflammation, and intestinal

1



roundworm infections (Mphahlele et al., 2012). Nonetheless, subsequent research has
indicated that plant extracts possess the ability to trigger malignant development
and/or cytotoxicity in healthy cells of diverse organisms. In certain cases, this has led
to human fatalities as well as deaths of non-target species such as earthworms

(Eisenia fetida) (Falya et al., 2020; Joubert and Sebata, 1982; Ntlhamu et al., 2021).

1.1.2 Impact of the research problem

The use of synthetic chemical pesticides for plant protection purposes to control
nematodes, insects, fungi, bacteria, weeds and to preserve quality and yield of
produce has been in practice since down of commercial agriculture (Anani et al., 2020;
Avyilara et al., 2023). Nevertheless, there are drawbacks to synthetic chemical
pesticides due to their negative effects on animals, aquatic life, humans and soill
biodiversity (Farooq et al., 2019).; Ayilara et al., 2023). Despite strict regulations on
the use of synthetic nematicides in tomato husbandry, approximately 2 million tons of
synthetic chemical pesticides are used worldwide for plant protection purposes to
preserve yield or quality of produce, with 45% utilized in Europe, 25% in the US, and

25% elsewhere per annum (Alavanja, 2009; Ali et al., 2021).

The use of indigenous plant extracts to manage pests, is viewed as a future solution
to alleviate harmful substances from synthetic chemical pesticides. However, the use
of plant extracts requires knowledge on Taxonomic classification of plants,
standardised doses to be administered for safety purposes while preserving the used
species to avoid extinction. Van Wyk and Prinsloo (2020), reported poisoning cases

from plant-based products due to ingestion of toxic traditional medicines resulting in



mortalities. Therefore, despite the long history of use, the potential of plants to cause

toxicity should not be ignored.

The plant-based products, Nemarioc-AL and Nemafric-BL phytonematicides, as was
demonstrated using the Curve-fitting Allelochemical Response Dose (CARD)
computer- algorithm model (Liu et al., 2003; Malebe, 2019; Mashela et al., 2017), have
density-dependent growth (DDG) patterns, which are characterised by stimulation
(cancerous) and inhibition (cytotoxicity) properties on healthy cells. A wide range of
studies had been conducted to study the inhibition properties of cucurbitacins on
cancerous cells (Sikander et al., 2016), however, with no success in developing anti-
cancer products. Generally, products from plant extracts used for plant protection
purposes are designed to inhibit growth of specific pests that pose a threat to
agricultural commodities. They exert their effect by targeting metabolic systems which
can be similar to humans and soil microorganisms (AL-Ahmadi, 2019). Such toxic
chemical compounds, when exposed to animals, can lead to life-threatening
complications such as cytotoxicity, mutagenic and carcinogenic active cases (Falya et
al., 2020, Morobe et al., 2012; Ndhlala et al., 2013). Accordingly, during pre-clinical
registration of lead chemical compounds such as cucurbitacins, the registration
authorities would want assurances that the chemicals would, when precautionary
measures are taken, not have cancerous, mutagenic or cytotoxic effects on non-target

organisms.



1.1.3 Possible causes of research problem

Cucurbitacins are allelochemicals that are produced by plants as secondary
metabolites for defense mechanism. Furthermore, as demonstrated using the CARD
model, these compounds have a potential to induce cancerous (stimulation)
cytotoxicity (inhibition) or mutagenic effects on healthy cells (Liu et al., 2003; Ndhlala
et al., 2010; Mashela et al., 2017). In agricultural products and plant protection, the
stimulation effects on plant growth are considered a non-issue, whereas inhibition of
growth is the main issue (Bango et al., 2019; Malebe, 2019; Sithole et al., 2016).
However, for nontarget organisms, the stimulation can be detrimental to health and
may result in fatalities. Therefore, it is important to identify cytotoxic and mutagenic
substances that can lead to cancer (Mortelmans and Zeiger, 2000; Yapici et al., 2021).
In products intended for sustainable development, it is imperative that such products
be assessed for their potential risks when non-target organisms are exposed in order
to have a certain degree of human health assurance (Ndhlala et al., 2010; Ferreira et

al., 2022).

1.1.4 Possible solution for research problem

Generally, the efficacy of cucurbitacin phytonematicides was shown to be organism-
specific, with smaller animals being highly sensitive to the products than their larger
counter parts (Mashela et al., 2020a). In the same token, earthworms were much
larger than nematodes, and might require much higher concentrations to suffer
damage from the test products. However, these beneficial organisms were highly
affected by anthropogenic sources which were toxic to them (Alengebawy et al., 2021).
In order to sustain the environment, substances used in agricultural or therapeutic
medicines need to be investigated, for any potential risk of toxicity caused by their
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active ingredients to non-target organisms and human health according to the South
African Act 36 of 1947. Also known as the Fertilizers, Farm Feeds, Agricultural
Remedies and Stock Remedies Act (FFFARSRA), regulates the sale, importation, and
use of various agricultural products. Therefore, in this study, an investigation of
chemical residues of cucurbitacin-containing phytonematicides was carried out in
tomato plants exposed to optimized concentrations of Nemarioc-AL and Nemafric-BL
phytonematicides. In the same study, the effects on the morphology, proteomics and
mortality of the same products on earthworms was investigated. Furthermore, the
toxicity of the products was tested using vero and macrosome cells to assess potential

toxicity.

1.2 PROBLEM STATEMENT

Fermented fruit extracts were utilized in the manufacture of Nemarioc-AL and
Nemafric-BL phytonematicides, respectively (Mashela et al., 2017). These products
act as antagonists to well-known plant-parasitic nematodes (Tseke and Mashela,
2018). The evidence for the above-mentioned products' effectiveness in reducing
nematode numbers, stimulating nutrient elements and managing toxicity in tomatoes
was documented (Bango et al., 2019; Dube, 2016; Shadung, 2016). However, these
products are not registered for nematodes management in the agrochemical market.
Improper testing of botanical products has limited chances for many biopesticide
registrations in the agrochemical market. Similarly, there is no data to explain the
bioavailability of these products in crops and if there are any residues translocated into
the plant from the exposed soil and what is the effects in terms of toxicity to humans

on consumption is any.



1.3 RATIONALE

Tomato plants are planted worldwide because of their fruits, economic value and
health benefits (Malherbe and Marais, 2015; Renna et al., 2018). However, most
cultivated tomato plants are susceptible to parasitic nematodes, drastically reducing
the produce quality and yield (Onkedi et al., 2014). The two noble products, Nemarioc-
AL and Nemafric-BL phytonematicides have been shown to suppress nematode
numbers on various crops (Mashela et al., 2017, Tseke and Mashela, 2018). Moreover,
the cucurbitacin-containing phytonematicides were low-cost products developed from
South African native plants that can be easily accessible to subsistence, small scale
and commercial farmers in tomato husbandry. However, assessing how cucurbitacin-
containing phytonematicides affect organisms that were not the intended targets was

important.

Earthworms were a good choice to test the potent toxic substance induced by
synthetic chemical pesticides in soil environments. As confirmed by Pelosi et al.,
(2014), earthworms were non-target creatures that were used as a benchmark for
anthropogenic examination of soil microorganisms to determine a substance's
potential toxicity. Additionally, according to Datta et al., (2016) and Jansirani et al.,
(2012), they were the most significant soil organisms in the formation and maintenance
of nutrient value by converting organic matter into nutrient-rich vermicomposting. This
would provide tomato plants with a significant amount of nutrients in the soil.
Therefore, because nematodes and earthworms coexist in the same habitat, it was
possible to determine how cucurbitacin-containing phytonematicides affect
earthworms while exposed. As stated, the cucurbitacin-containing phytonematicides

are allelochemicals or secondary metabolites that are lethal to nematodes, the



bioavailability of the products or chemical residues in produce would be evaluated to
avoid food poisoning to human beings (Dube, 2016; Shadung et al., 2017). The Vero
cell lines would be suitable for cytotoxicity, while the microsome cells would be used
for genotoxicity tests on cucurbitacin-containing phytonematicides (Ndhlala et al.,
2010). Results from Vero cell lines and microsome cells would help us understand
how human cells exposed to the residues of the products would react. Moreover,
Tetrazolium dye (MTT) assays would also be used to check how the human cells react
when subjected to different amounts of Nemafric-BL and Nemarioc-AL

phytonematicides.

To circumvent the issues of phytotoxicity, a computer-algorithm model called the
Curve-fitting Allelochemical Response Dose (CARD) would be utilized to
compartmentalize allelochemicals in living organisms (Liu et al., 2003; Mashela et al.,
2021). According to Mashela et al., (2017), allelochemicals affect the living entities
through density-dependent growth (DDG) patterns, which have three phases:
stimulation, neutral, and inhibition. The stimulant effect on plant growth was a non-
problem as an agricultural product in plant protection, however, inhibition was a major
concern and has been extensively examined in many crops (Bango et al., 2019;
Malebe, 2019; Sithole et al., 2016). As a result, during pre-clinical registration of lead
chemical compounds such as cucurbitacins, registration authorities would want
assurances that the chemicals would not have cancerous, mutagenic, or cytotoxic

effects on human cells and would not affect non-target organisms.



1.4 Purpose a study
1.4.1 Aim
Investigation of toxicity and bioavailability of cucurbitacin-containing phytonematicides

on earthworms, selected model cells, and tomato plants.

1.4.2 Objectives

The objectives of the study were to:

i. investigate the Dbioavailabilty of Nemarioc-AL and Nemafric-BL
phytonematicides in plant tissues and chemical residues in different soil types.

i examine whether exposure of earthworms to Nemafric-BL or Nemarioc-AL
phytonematicide would affect earthworm protein content.

iii. determine whether exposure to Raw 264.7 macrophage cells of Nemarioc-AL
and Nemafric-BL phytonematicides would have toxic effects.

iv. investigate whether short-term dermal and oral exposure to Nemarioc-AL and
Nemafric-BL phytonematicides would induce mortality or any structural

deformities on earthworms.

1.4.3 Null hypotheses

The null hypotheses of the study would:

i. Nemarioc-AL and Nemafric-BL phytonematicides would not be bioavailable to
the plant tissues and there would not be chemical residues in different soil types.
ii. exposure of earthworms to Nemarioc-AL and Nemafric-BL phytonematicides

would not affect earthworm protein content.



iii. exposure of Raw 264.7 macrophage cells to Nemarioc-AL and Nemafric-BL
phytonematicides would not have toxic effects.

iv. short-term dermal and oral exposure of earthworms to Nemarioc-AL and
Nemafric-BL phytonematicides would not result in mortality or any structural

deformities.

1.5 Reliability, validity and objectivity

The statistical analysis of data at the 5% probability level served as the reliability for
the current study. Validity was attained on time, whereas objectivity was attained by
making sure that the results were presented based on evidence to remove subjectivity

(Leedy and Ormrod, 2005).

1.6 Bias

By reducing the experimental error in every trial through replications, bias was kept to
a minimum. Within the chosen experimental design, the treatments were randomized
to ensure representative samples and increase precision of results (Leedy and

Ormrod, 2005).

1.7 Scientific significance of the study

The CARD-computer based model, MTT and proteomics tests would resolve the
problem of phytotoxicity on cucurbitacin-containing phytonematicides by providing the
suitable non-phytotoxic concentrations for cucurbitacin-containing phytonematicides.
The findings would make cucurbitacin-containing phytonematicides to be registered in

the agrochemical market according to South African Act 36 of 1947.



1.8 Structure of the thesis

In the subsequent research chapter, the study investigates the null hypothesis
formulated as :1. Nemarioc-AL and Nemafric-BL phytonematicides would not be
bioavailable to the plant tissues and there would not be chemical residues in different
soil types. 2. Exposure of earthworms to Nemarioc-AL and Nemafric-BL
phytonematicides would not affect earthworm protein content. 3. exposure of Raw
264.7 macrophage cells to Nemarioc-AL and Nemafric-BL phytonematicides would
not have cytotoxic effects. 4. Short-term dermal and oral exposure of earthworms to
Nemarioc-AL and Nemafric-BL phytonematicides would not result in mortality or any

structural deformities.

1.9 Ethical considerations

The usage of biopesticides, which were first introduced in Limpopo by the University
of Limpopo, is envisaged in this study. The researcher would make sure that any
prospective plaintiffs' legal or moral rights were upheld by the University. The ethical
issues, suitable legal framework, and university regulations described here will remain

in effect when the study is over.
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CHAPTER 2

2. LITERATURE REVIEW

2.1 Introduction

The Cucurbitacins, which are tetracyclic triterpenes, are classified into groups,
numbered A,B,C,D,E,F, G H, |, J,K, L, O, P,Q,Rand S, are mainly isolated from
the Cucurbitaceae family (Delgado-Tiburcio et al., 2022; Kaushik et al., 2015; Varela
et al.,, 2022). The plant family Cucurbitaceae, sometimes known as cucurbits,
cucurbitacins, or Cucumis, is renowned for its intensely bitter taste and possible health
advantages counting anti-cancer antimalarial and antimicrobial activities (Varela et al.,
2022). This family includes about 800 species, around 130 genera, and less than 21
genera are commercialised and few wild species still under investigations (Rolnik and
Olas, 2020.). As a result, Cucurbitaceae has been classified as a large family that
includes several significant wild crops, including wild melon (Cucumis africanus L.),
wild cucumber (Cucumis myriocarpus Naud.), and balsam apple (Momordica
balsamina L.) (Maleka et al., 2022). In South African rural communities, the fruits of
wild melon and wild cucurcmber are used to treat liver damage, weakening of immune
system, lumps, jaundice, inflammation and intestinal roundworm infection while the
tender leaves are utilized as green leafy vegetable (Mphahlele et al., 2012). Similar to
balsam apple numerous ailments, such as diabetes, malaria, digestive problems, high
blood pressure, and measles prevention, are treated with it (Thiaw et al., 2023). The
most common garden crops consumed from this family include but not limited to
pumpkin (Cucurbita moschata L.), melon (Cucumis melo L.), watermelon (Citrullus
lanatus Thunb.) and cucumber (Cucumis sativus L) (Rajasree et al., 2016). They are
consumed as roasted seeds, cooked vegetables and fruit salads (Rezig et al., 2019).

The bioactive compounds from cucurbitacins have been demonstrated to be
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concentrated on specific plant parts, such as the roots, leaves, and fruits (Kaushik et
al., 2015). A plethora of phytochemicals found in some wild Cucurbitaceae taxa may
be harmful to people, animals, and soil ecosystems, which may discourage their usage

for a variety of uses.

Figure 2.1 The chemical structures of cucurbitacin A (C32H4609) (A) and cucurbitacin

B (C32H460s) (B) (Chen et al., 2005, Shadung, 2016).

They have been shown to possess anticancer properties, anti-inflammatory,
antimicrobial, antidiabetic and antioxidant activity (Kaushik et al., 2015). Currently, the
world is facing high occurrence of chronic diseases such as; cancer, chronic
respiratory disease, diabetes and chronic cardiovascular diseases, just to mention a
few are the major cause of mortality contributing 71% of premature death per annum
(WHO, 2021). Of this 85% mortality happens globally, with the majority of cases falling
within the age group of 30 to 69. In South Africa, premature death caused by chronic
diseases is estimated at 51% annually, with about 26% belonging to the mentioned
age group (WHO, 2019). In order to elude the exacerbating challenge of chronic
diseases which results in premature death annually. Therefore, incorporation of

cucurbitacin’s in every day’s diet has some promising impacts to mitigate mortality

17



caused by chronic diseases. Conversely, synthetic insecticides, nematicides, and
fertilizers used in plant production are regarded as anthropogenic substances resulting
from agricultural activities. They are toxic to non-target organisms or human beings
with the possibility of causing cancer leading to premature mortality (Schmitt et al.,
2021). As a result, the crude extracts from cucurbitacin’s have been recognized as

alternative management strategy to synthetic nematicides (Mashela et al., 2021).

The Cucurbitacins are the secondary metabolites produced by plants and are used as
a defense mechanism against invasive pests or microorganisms (Rezig et al., 2019).
Moreover, cucurbitacin’s are used in traditional medicines to treat diseases (Mphahlele
et al., 2012), and in pharmacology for drug development for cancer and other chronic
ailments (Delgado-Tiburcio et al., 2022). These Cucurbitacin’s are the allelochemicals
with the ability to cause toxicity to other living entities (Chen et al., 2005; Mashela et
al., 2017). The bitter taste from Cucurbitaceae family is characterized as the
cucurbitacins. Generally, the amount of cucurbitacins in Cucurbitaceae family differs
from each other, based on their species types (Kaushik et al., 2015). Most species
that grow from the wild have a high amount of cucurbitacin in fruits such as wild melon,
wild cucumber and Momordica Balsamina (Kaushik et al., 2015). Although, wild melon
has been shown to possess a high amount of Cucubitacins throughout its organs. In
cultivated cucumis, high concentrations of Cucurbitacins were detected from the roots,
while low accumulations were found in fruits and varying based on variety or species
type (Chen et al., 2005). Therefore, the high concentrations of cucurbitacin’s either in
fruits, roots and leaves can induce toxicity to living entities as mentioned above.
Efficacy trials need to be conducted to assess possible toxicity to ensure the overall
safety on cucurbitacin’s consumption.
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Contrary, animal feed incorporated with wild cucurbitacin plant material has resulted
in mortality on chickens, sheep’s and goats while fed over a period (Gray, 2006). They
are also intoxicated of cucurbitacins reported on human beings by zucchini squash
(Gray, 2006). In addition, the withdrawal of synthetic chemical nematicides from the
agrochemical market has resulted in the use of plant-based products as an alternative
management strategy (Oka et al., 2012). The wild cucurbitacins fruits are used for
plant protection purposes to manage plant-parasitic nematodes (Mashela et al., 2017).
The efficacy of cucurbitacin-containing phytonematicides in nematodes suppression
is well documented (Mashela et al., 2008, Seshweni, 2016). Although, the
cucurbitacin-containg phytonematicides have the potent to induce phytotoxicity on
some protected cultigens. Phytotoxicity induced by cucurbitacins on cultigens was
determined by using Curve-fitting Allelochemical Response Data (CARD) computer-
based model (Sithole et al., 2016). The objective of this review is to assess toxicity
induced by cucurbitacins. Edible wild plants are used as a food source and a source

of nutraceuticals and functional foods in many parts of the world.

2.2 Work done on problem statement

2.2.1 Bioavailability in produce from botanical remedies

The demand for quality and safe produce is high, since the withdrawal of non-fumigant
nematicide increased, as shown by strict safety regulations on minimum chemical
residues on imports on agricultural produce (Kumar et al., 2019). Biopesticides were
originally viewed as being eco-friendly, with non-toxic modes of actions (Senthil-
Nathan, 2015) and at times, viewed as being safe without inducing chemical residues
in produce (Kumar et al., 2019; Senthil-Nathan, 2015). However, several studies as
reviewed by Marin-Saez et al. (2023) have reported the presence of persistent
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bioactive substances in produce from plants protected from pests and diseases using
biopesticides. The bioactive substances, technically known as secondary metabolites,
are produced by plants during their interactions with biopesticides during defense
(Rezig et al., 2019). Since biopesticides affect living entities in different ways, it is
important that the developed biopesticides be assessed for the accumulation of
potential bioactive products, although in technical terms these are not chemical

residues.

Three types of traditional methods commonly used to detect pesticide residues
through instrumental techniques, include gas chromatography (GC), high-
performance liquid chromatography (HPLC), and chromatographic methods coupled
with mass spectrometry (MS) detectors. These techniques have become the most
powerful analytical tools for determining polar organic compounds at ug/kg or even
ng/kg levels, offering the sensitivity, selectivity, and specificity required to comply with
regulations (Masia et al., 2016). On peach (Prunus persica) trees treated with neem
extracts, the accumulation of azadirachtin residues was not detected in both leaves
and fruits at lower concentration levels but was detected at higher concentrations
(Sarais et al. 2009). A study conducted on nightshade (Solanum retroflexum) plants
treated by increasing concentrations of Nemarioc-AL, Nemafric-BL, Nemarioc-AG and
Nemafric-BG phytonematicides, the cucurbitacin A and B were not detected on leaf
material (Malebe, 2019). Similarly, Shadung (2016) did not detect chemical residues
in tomato fruit after the plants were treated using the two test cucurbitacin-containing
prototypes. However, to promote the safe use of biopesticides, both the European
Union (EU) and the United States Environmental Protection Agency (USEPA) have
implemented regulatory frameworks designed to protect human health, animals, and
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the environment (Munjanja et al., 2015). Maximum residue limits (MRLs) have been
established globally, defining the highest amount of pesticide residue legally allowed
in food (Munjanja et al., 2015). Once the pesticide residues are shown to be present

in produce, MRLs are determined by independent properly accredited laboratories.

2.2.2 Cytotoxicity effects of botanical remedies on cells

Cytotoxicity is the ability of a product to disrupt cellular functions and ultimately cause
cell death (Funk et al., 2022). Cells that are exposed to cytotoxic compounds may
undergo necrosis (uncontrolled cell death) or apoptosis (programmed cell death) (Anil
et al., 2023). Various spectrophotometric methods are used to detect cytotoxicity, such
as 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), neutral red
uptake (NRU) and sulphorhodamine B (SRB) assay (Cordier and Steenkamp, 2015).
In the current study MTT assay was used to test cytotoxicity of Nemarioc-AL and

Nemafric-BL phytonematicides.

The MTT assay was first developed by R. T. Mosmann in 1983, and in terms of drug
screening and cytotoxicity analysis, it is currently regarded as the golden standard
method (Kus-Liskiewicz et al., 2021; Mosmann, 1983). This water-soluble yellow
tetrazolium dye is made up of three aromatic rings, comprising two phenyl moieties
and one thiazolyl ring, around a positively charged quaternary tetrazole ring core with
four nitrogen atoms (Ghasemi et al., 2021). In mitochondria of healthy cells,
tetrazolium dye (yellow) is reduced by NADPH-dependent oxidoreductase enzymes in
the cell cytosol and form purple formazan crystals (Boyraz et al., 2021; Stefanowicz-

Hajduk et al., 2020). Then results would be analysed spectrophotometrically with 1Cso
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value mostly calculated. In a screening of cucurbitacin D, cucurbitacin E, and
cucurbitacin | for toxicity using the MTT assay on two cancer cell lines, the observed
ICs0 values were 4.5, 6.8, and 3.8 uM in HT-29 cells, and 35, 19, 17, and 5 uyM in the
SW-480 cell line, respectively (Aftabi et al., 2019). Generally, cucurbitacin | was more
toxic against HT-29 cells and SW-480 cell lines than Cucurbitacin D and cucurbitacin
E, with ICs0 values of 3.8 and 17.5 uM, respectively (Aftabi et al., 2019). In another
study, the increasing concentrations of cucurbitacin-B against MDA-MB-231, SKBR3,
MCF-7, and 4T-1 breast cancer cells reduced its survival in a time- and a
concentration-dependent manner, with 1Cso values ranging from 18 to 50 nM after 48—
72 hours of treatment, with no effects on normal cells (Gupta and Srivastava, 2014).
Therefore, the cytotoxicity of cucurbitacin-containing phytonematicides on living

entities can be evaluated by using the MTT assays.

2.2.3 Responses of earthworms to botanical remedies

Earthworms are fondly referred to as the 'ecosystem civil engineers' due to their role
in altering the physical, chemical, and biological characteristics of the soil through their
activities (Astaykina et al., 2022; Jones et al., 1994). The earthworms directly or
indirectly influence the availability of macro- and micronutrient elements essential for
plants uptake and therefore, maintain soil productivity (Datta et al., 2016). These
organisms are believed to be the most important soil-enhancer in the soil ecosystem
(Datta et al., 2016). The abundance of earthworms on cultivated soil could result in a
25% vyield increase and at least 23% increase in aboveground biomass (Van
Groenigen et al., 2014; Wang et al., 2018). Earthworms are divided into three broad
categories, namely, epigeic, endogeic and anecic based on their feeding preferences,

burrowing abilities and size (Schelfhout, 2017). Epigeic earthwoms are small bodied
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and range from 1-7 cm in length, some are coloured bright red, although most have a
reddish-brown skin pigmentation, which turn darker on their back and lighter on their
tail and abdomen, for protection from ultra violet rays (Schelfhout, 2017). Endogeic
earthworms are shallow-burrowing earthworms and live in and feed on the soil, making
horizontal burrows through the soil to move around and to feed and would usually
reuse the burrows, but to a certain extent (Schelfhout, 2017). Such earthworms are
often exhibit colours that include grey, pale pink, green or blue. Finally, Anecic
earthworms are deep-burrowing earthworms that make permanent vertical burrows in
soil, feed on leaves in the soil surface that they drag into their burrows. Also, these
earthworms cast (defecate) on the surface, and their casts can often be seen in

grasslands (Schelfhout, 2017).

Intensification of plant protection practices to manage nematode population densities
often result in a loss of non-targeted organisms, particularly the earthworms, as
observed during the use of both fumigant and non-fumigant synthetic chemical
nematicides (Hole et al. 2005; Pelosi et al., 2014). Thus, the registration authorities

require stringent ecotoxicology tests on earthworms.

The increasing concentration of algal extracts of Spirulina platensis A. as a developed
biopesticide for plant protection were exposed to the earthworm, Eisenia fetida Sav.
for 14 days in artificial soil under laboratory conditions, with the product declared safe
since mortality on earthworms was not detected (Mohan et al., 2019). In contrast,

increasing concentration of neem (Azadirachta indica A. Jussieu.) leaf extract applied
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at0.50, 1.0, 2.0, 4.0 and 8.0 ppm against Pheretima posthuma (L. Vaillant) earthworms

induced mortality rate of 10, 20, 30, 40 and 60%, respectively (Hussain et al., 2017).

The test cucurbitacin-containing phytonematicides were shown to be highly toxic to r-
nematode strategists even at low concentrations (Madaure et al., 2017; Mashela et
al., 2016; Mashela et al., 2024). Generally, r-nematode strategists are small in size,
have high reproductive rates, shorter life cycles, and are very sensitive to
environmental disturbances (Semprucci et al., 2018). In contrast, the products were
not toxic to K- nematode strategists that are large in size, with low reproduction rates,
longer life cycles and quite tolerant to environmental disturbances. A good example of
K-nematode strategists is an entomopathogenic nematode Steinernema feltiae (str.
Mexican) which was shown to be tolerant to the test products (Madaure et al., 2017).
Additionally, Mashela et al., (2024) indicated that the cucurbitacin-containing

phytonematicides were not toxic to insects, fungi and bacteria.

Cucurbitacins constitute a group of diverse tetracyclic triterpenoid substances that are
highly oxygenated, containing a cucurbitane skeleton characterized as 93-methyl-19-
nor lanosta-5-ene (Diaz et al., 2020). The cucurbitacin-containing phytonematicides
are lipophilic and can disrupt the integrity of cell membrane of living entities if exposed
(Mashela et al., 2024). The effect of the products on nematodes is nematicidal as
opposed to being nematostatic. Generally, when Meloidogyne species were exposed
to cucurbitacin-containing phytonematicides, the products induced paralysis, which
was irreversible (Dube, 2016; Mashela et al., 2024). The mechanism was shown to

involve the destruction of the cuticle (Mashela et al., 2024). The cuticle of a nematode

24



is a complex structure that serves several functions, including protecting the organism
from its environment and acting as an exoskeleton to which muscles are attached,
thereby enabling movement and locomotion (Davies and Curtis, 2011). The cuticle is
covered by a thin lipid layer, followed by five protein layers, comprising the basal,
middle, and cortical layers (Page and Johnstone, 2007). The sorption of cucurbitacins
can be attributed to the presence of functional groups in cucurbitacins that interact
with lipids and subsequently hydrolyse the protein layer (Mashela et al., 2024).
Mashela et al. (2024) demonstrated that when M. incognita population densities was
exposed to increasing concentration of Nemafric-BL phytonematicide total proteins
versus the concentration exhibited negative quadratic relation, with breakdown of total
proteins to a point referred to as isoprenylation to a minimum point. However, after the

minimum point, synthesis of total proteins was observed.

In contrast to cuticles of nematodes, the body of earthworm is covered by a noncellular
layer, which is technically called the epidermis, which does not specifically repel
chemical substances but could play some important role to enhance tolerance of the
earthworms to harmful substances (Zhou et al., 2021). The epidermal mucus together
with coelomic fluid discharged from the dorsal pores of earthworm form a mucus layer
over their body surface, which has the potential to decrease the absorption of lethal
pesticides (Heredia et al, 2008; Zhou et al., 2021). Generally, the mucus aids in
maintaining the body moisture, preventing the drying up of the body which could be
caused by lethal substances. Gudeta et al. (2023) demonstrated that the earthworm
(Annelid Oligochaeta) had the ability to detoxify oxidative substances such as
phenanthrene, azoxystrobin, plant polyphenols, and other toxic substances.
Additionally, earthworms have the ability to mitigate the oxidative effects of
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polyphenols through several adaptive mechanisms, which include the presence of
unique metabolites, such as dialkylfuransulfonates (known as drilodefensins), which
neutralise the oxidative impact of polyphenolic compounds secreted by plant material
(Gudeta et al., 2023). However, the review could not yield any information on how
triterpenods like cucurbitacins affect earthworms, except for Azadirachta indica, which
has azadirachtin as main active ingredient and the others such as nimbolinin, nimbin,
nimbidin, nimbidol, sodium nimbinate, gedunin, salannin, and quercetin (Alzohairy,

2016).

2.2.4 Assessing toxicity on earthworms

The long-used synthetic chemical pesticides are still utilized in plant production to
control the challenge of pests and diseases that reduce yield and quality of agricultural
produce for human consumption (AL-Ahmadi, 2019). Commercial farmers relied on
this practice to maximize yield and to feed the growing population, with a lack of
information on the toxicity induced by those products on non-target organisms (AL-
Ahmadi, 2019). However, several studies reported that pesticides are harmful to the
environment and have a negative impact on non-target species such as earthworms
(Datta et al., 2016; Pelosi et al., 2021). In contrast, the use of synthetic chemical
pesticides in plant production has increased compared to biopesticides. Despite strict
regulations employed by the agrochemical market to reduce pesticide distribution to
the environment (Pelosi et al., 2021). Pesticides are distributed in to the environment
during pesticide application, spray drift, chemical residues in produce volatilization,
infiltration, and runoff from treated regions (Pelosi et al., 2021). Necessitating to look

further on how agricultural products affect non-target organisms when exposed.
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Earthworm populations in agro-ecosystems are often very sensitive to the physico-
chemical characteristics of the soil, which either directly or indirectly affect the nutrients
available for earthworm survival (Singh et al., 2020). Exposure of synthetic chemical
pesticides have a negative effect on mortality or structural deformation on earthworms
(Yuguda et al., 2015). During pest control, pesticides, fungicides, herbicides, or
nematicides applied to plants, bioaccumulate through their skin causing mortalities
and structural deformities (Miglani and Bisht, 2019). These pesticides used in plant
protection applied lead to morphological, behavioural, and physiological alterations in
the reproductive, nervous, respiratory, and osmoregulatory systems of many soil
organisms (Miglani and Bisht, 2019). These chemicals also contaminate the sail,
resulting in detrimental effects on various invertebrates. Exposure of pyrethroid,
neonicotinoids were highly toxic to earthworm (lumbricus terrestris) under In vitro
conditions inducing mortality and structural deformities (Yuguda et al., 2015).
Earthworm (Eudrilus eugeniae) treated by malathion pesticide structural deformities
was observed such as coiling, and curling (Jeyaprakasam et al., 2021). When 1,4-
naphthoquinone (1,4-NTQ), a natural product developed from natural-origin walnut
husk with nematocidal activities was tested against Eisenia andre, the product was
sensitive to a test species (Chelinho et al., 2017). However, they is a lack of
information on how earthworms would respond to Nemarioc-AL and Nemafric-BL

phytonematicide under In vitro conditions.

2.3 Work not done on research problem

The cucurbitacin-containing phytonemaicides are highly potent biopesticides for the
management of plant nematode population densities. However, information on
cytotoxicity to Vero cells and earthworms along with genotoxicity, bioavailability and
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earthworms is undocumented. Thus, the current study was intended to close these
perceived gaps in order to enable the UL research team to further consider the
registration of Nemarioc-AL and Nemafric-BL phytonematicides with the South African

registration authority as prescribed by Act 36 of 1947.
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CHARPTER 3
DETERMINING THE BIOAVAILABILITY OF CUCURBITACINS FROM
CUCURBITACIN-CONTAINING PHYTONEMATICIDES ON TOMATO PLANTS

UNDER DIFFERENT SOIL TYPES

Abstract

The economic importance, phytochemical composition, and health benefits of tomato plant
make it a significant fruit crop in our everyday lives. However, the plant is susceptible to many
pests and diseases, including plant parasitic nematodes. Therefore, for significant harvest,
synthetic pesticides must be used during the production process. Be that as it may, synthetic
nematicides are deemed toxic, negatively affecting non-target organisms. This has led to the
development of natural nematicides namely, Nemarioc-AL and nemafric-BL phytonematicides
to manage plant parasitic nematodes. The objective of the study was to determine the
accumulation of cucurbitacin residues in tomato plant parts on selected soil types after
inoculation to control nematodes. Seedlings were transplanted into 20 cm plastic pots filled
separately with different soil types (sandy loam, dark soil, red soil, silt soil, sandy soil and
sandy loam (+). Seven days after transplanting, the pots were divided into two groups. The
first group was treated with Nemarioc-AL phytonematicide, while the second group was
treated with Nemafric-BL phytonematicide at 3% each. After 150 days of applying
phytonematicides, fruits were collected and analyzed for the accumulation of cucurbitacin
residues in a Waters Acquity Classic ultra-performance liquid chromatograph connected to a
Waters Xevo TQ-MS mass spectrometer. As a result, a much lower concentration of
cucurbitacin accumulation was detected in produce. Both phytonematicides can be used for

the intended purpose.

Keywords: Phytonematicide, Pesticide, nematodes, environment, bioavailability
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3.1 Introduction

Around the world, plants are vital in human lives because they provide us with food,
medicine, and industrial materials. They are also important to many cultures, religions,
and medical practices (Schaal, 2019). Although, biotic stressors like pests and
diseases as well as abiotic stressors like temperature changes, have a negative
impact on plants (Azlay et al., 2023). This could limit the amount of resources plants
can provide to the world's rapidly growing population. Tomato (Solanum lycopersicum
L..) plants are regarded as a good source of phytochemicals and nutrients such as
iron, potassium and vitamin ¢ (Collins et al., 2022). Additionally, they are a source of
antioxidants like as beta-carotene and phenolic compounds such as flavonoids,
hydroxynnamic acid, chlorogenic, homovanillic acid and ferulic acid (Collins et al.,
2022). However, a variety of pests can affect tomato plants, such as root-knot
(Meloidogyne species) nematodes, which can lower yield both directly and indirectly
(Onkendi, 2014). As a result, in plant protection, there is rampant use of pesticides like

nematicides, insecticides, miticides, herbicides and fungicides to control pests.

The fate and transport of these compounds and their accumulation in plants is
necessary for safeguarding human safety. According to Yu et al., (2006), hydrophobic
organic molecules are transported and ultimately disposed of in soils through intricate
mechanisms that are subject to various processes such as volatilization,
leaching/desorption, adsorption, and chemical or biological degradation in the
environment. As a result, bioavailability is one of the important factors to consider after

application of pesticides.
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The percentage of a chemical present in the environment that may pass through cell
membranes and be absorbed by living entities is known as bioavailability (Hodson et
al., 2010). Adsorption is the process by which the surfaces of soil colloids use ion
exchange to retain solutes in the soil solution. Pesticide physical and chemical
qualities (carbon rings, ionic form, etc.) as well as soil variables (soil texture, mineral
composition, organic matter content, specific surface area, and soil solution chemistry)
all have an impact on bioavailability (Kanissery et al., 2019). Therefore, different soil
types may be used to assess bioavailability of pesticides in tomato roots, leaves, stem

and fruits.

Synthetic chemical pesticides like velum, aldicarb, nemacur, and fenamiphos were
utilized to control nematodes (Seshweni et al., 2016). Due to their environmental
unfriendliness, they were withdrawn from the agrochemical in 2005, exacerbating the
challenge of plant parasitic nematodes on crops (Mashela et al., 2015). Therefore,
natural pesticides like cucurbitacin-containing phytonematicides were developed as
an alternative to synthetic chemical nematicides (Mashela et al., 2017). Cucurbitacin-
containing phytonematicides were developed from fruit extracts of the indigenous
plants of South Africa, namely wild water melon (Cucurmis myriocupus) and wild
cucumber (Cucurmis africacunus) (Mashela et al., 2017). As products designed for
plant protection, they could be toxic and meant to control nematodes on a variety of
crops. However, information of toxicity on bioactive compounds from stated
phytonematicides in tomato fruits is required. Therefore, there is a need to assess the
bioavailability in produce to ensure safety for non-target organisms. The objective of
this study was to determine the bioavailability and chemical residues of Nemafric-BL

or Nemarioc-AL phytonematicides in plant tissues under different soil types.
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3.2 Materials and Methods

3. 2.1 Description of the study location

The research was conducted at the Green Biotechnologies Research Centre of
Excellence (GBRCE), University of Limpopo, South Africa (23°53"10'S, 29°44"15'E).
The temperature in a greenhouse was kept between 20 and 21°C during the day and
at night using thermostatically controlled fans on the north side and damp walls on the
south facing side. The greenhouse's heterogeneous conditions are a result of wet
walls and thermostatically activated fans creating wind-generated currents that
drastically chill the air as it passes through the growth area. while selecting a research
design inside a greenhouse because of the diverse conditions produced by the moist
wall and thermostatically activated fans. This research was carried out during the

spring of 2023 (March — August) and validated in 2024.

3.2.2 Treatments and Experimental Design

Two separate trials for Nemarioc-AL phytonematicide (3%) and Nemafric-BL
phytonematicide (3%) were conducted separately on sandy loam, dark soil, red saill,
silt soil, sandy soil, sandy loam (+) arranged in randomized complete block design
(RCBD) and replicated 6 times. Blocking was done with regard to the varied conditions

inside the greenhouse.
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3.2.3 Procedures and Cultural Practices

Nemarioc-AL phytonematicide and Nemafric-BL phytonematicide were firstly prepared
by using a locally developed method at the University of Limpopo, South Africa
(Mashela et al., 2017). In a nutshell, the Nemarioc-AL phytonematicide and Nemafric-
BL phytonematicide production involved adding 16 L of chlorine-free tap water to a 20
L hermetically sealed plastic container. Approximately, 80 g and 40 g of dried and
powdered C. myriocupus and C. africanus fruit were added to each container along
with 300 mL of concentrate effective microorganisms (EM) (EMRO, Japan), 300 mL
of molasses and 100 g of sugar. Then, the ingredients were added to the containers
and shaken to combine. To allow the generated CO2 from the containers to escape
during the fermentation process, the containers had an outlet. This outlet was an
airtight pipe with a 5-mm diameter and 50 cm length, with one end glued to a hole on
the lid of the 20 L containers and the other end dangling into a 2-liter bottle half-filled
with chlorine-free tap water. In order to allow the fermentation-induced pH to decrease
by roughly 3.7 units, the airtight system was left at room temperature for 14 days (Kyan

et al., 1999).

Seed of tomato plants, cv. 'Floradate', were sown in a 200-hole seedling tray filled with
Hygromix-T (Hygrotech, Pretoria North, South Africa), placed on a greenhouse bench
and irrigated regularly. At the 4-leaf stage, seedlings were hardened-off by withholding
irrigation under direct sunlight, with water supplied when 80% seedlings were showing
some degree of wilting. The process was repeated for 7 days prior to returning the
seedlings to the greenhouse for transplanting. Different soil types, sandy loam, dark
soil, red soil, silt soil, sandy soil and sandy loam soil (+) were separately steam-

pasteurised (300°C for 1 h) and kept overnight outside of the pasteurised pot to cool.
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Each soil component was filled in 20-cm-diameter plastic pots with a total volume of
2,700 mL of growing mix. After transplanting uniform seedlings, pots were arranged
on the greenhouse benches at a 0.6 x 0.6 m spacing and grouped into two sets for
Nemarioc-AL phytonematicide and Nemafric-BL phytonematicide treatments. At
transplanting, each plant was fertilized using 5 g of 2:3:2 (26) NPK and two weeks
after transplanting 2 g of 2:1:2 (43) Multifeed (Nulandies, Johannesburg, South Africa)
was applied. Irrigation was achieved by using 200 mL of chlorine-free water every
other day. Monitoring for insect pests and diseases inside the greenhouse were
carried out daily. Coragen and complete 350 pesticide were used to manage white
flies (Trialeurodes vaporariorum Westwood.) and Tuta absoluta (Phthorimaea
absoluta Meyrick.) as per label instructions. Basil (Ocimum basilicum L.) and
Momordica (Momordica balsamina L) were used as repellent plants inside the

greenhouse.

Soil pH and electrical conductivity (EC)

Soil pH and soil electrical conductivity (EC) were determined according to Okalebo et
al. (2002). The method involves weighing 20 g of each soil sample and adding 50 mL
of deionized water to a 100 mL tube. The mixture was stirred for 10 min using a shaker
(labcon, Laboratory Markerting service cc., South Africa) and allowed to settle for 30
min and pH was measured (Multiparameter EC Meter edge, Hanna Instruments South

Africa).
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3.2.4 Data Collection

At 150 days after application of Nemarioc-AL and Nemafric-BL phytonematicides,
shoots were cut off from the roots above the ground and weighed for fresh shoot and
root mass. After that, they were dried in an oven at 52 °C for 72 hours and then ground

in a Wiley mill.

3.2.5 Determination of residues and bioavailability in different plant parts

Approximately, 0.25 g each of dried and ground roots, stems, leaves and fruits were
separately weighed out into a 15 mL falcon tube. Then extracted with 10 mL methanol
with vortexing and standing overnight. Thereafter, each of the samples was diluted 5x
with methanol after centrifugation for 7 min and transferred to vials. Liquid
chromatographic separation of plasma samples (3 pL) was performed at 30 °C on a
BEH C18 column (2.1 x 50 mm, 1.7 ym; Waters, Milford, United States), using a
Waters Acquity Classic ultra-performance liquid chromatograph connected to a Waters
Xevo TQ-MS mass spectrometer (Waters, Milford, MA, USA). The mobile phase
consisted of 0.1% formic acid in water (A) and 0.1% formic acid in acetonitrile (B)

delivered at a flow rate of 0.4 mL/min in gradient mode.

3.2.5 Data Analysis
Data for concentration response curves were analysed by GraphPad Prism® version

5.2, GraphPad Software Inc., San Diego, CA, USA (Motulsky, 2007).
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3.3 Results and discussion

3.3.1 Assessing cucurbitacin residues in tomato fruits
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Fig 3.1. The effect of Nemarioc-AL phytonematicide on accumulation of cucurbitacin A
and B residues in tomato fruits under sandy loam, dark soil, red soil, sandy soil, and
sandy loam (+) (n=36). Cu A = cucubitacin A; Cu B = cucubitacin B.
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Fig 3.2. The effect of Nemafric-BL phytonematicide on accumulation of cucurbitacin
A and B residues in tomato fruits under sandy loam, dark soil, red soil, sandy soil,
and sandy loam (+) (n=36). Cu A = cucubitacin A; Cu B = cucubitacin B.
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Accumulation of cucurbitacin A and B was assessed in tomato fruits harvested from
sandy loam, dark soil, red soil, sandy soil, and sandy loam (+), while silt soil did not
produce matured fruits fit to be analyzed. At 150 days after application of Nemarioc-
AL phytonematicide, the accumulation of cucurbitacin A in tomato fruits was not
detected, while cucurbitacin B was detected. Sandy loam (+), had the highest
concentration of cucurbitacin B (0.034 mg/kg), followed by red soil with 0.027 mg/kg,
then sandy soil with 0.022 mg/kg and red soil with 0.20 mg/kg. No accumulation of
both cucurbitacin’s was detected in the untreated control. In Nemafric-BL treated soil,
accumulation of cucurbitacin A was not detected, while cucurbitacin B was detected.
The highest cucurbitacin B accumulation was detected in red soil, followed by dark
soil, then followed sandy soil and sandy loam (+) with an average mean of 0.034,
0.028, 0.025 and 0.026, respectively. Numerous enzymes found in plants are capable
of breaking down substances that are given to them. It is probable that cucurbitacin A
is being quickly transformed into cucurbitacin B in the tomato fruits. Plant enzymes
(such cytochrome P450 monooxygenases or other oxidative enzymes) turn
cucurbitacin A into cucurbitacin B in this biotransformation, which may be a natural
detoxification or modifying process. As a result, despite the initial application of

cucurbitacin A, only cucurbitacin B would accumulate and be detectable.

The stated results contradict findings by Shadung (2016), when Nemarioc-AL
phytonematicide was applied on tomato plants cv. 'Rodade’, cucurbitacin A and B were
not detected in fruits. While in the current study cucurbitacin B was detected. In
another study where Nemarioc-AL phytonematicide was applied on 'Floradade' they
were no accumulation of cucurbitacin Aand B residues in fruits (Bango, 2019). Malebe,
(2019) reported no accumulation of cucurbitacin residues on night shade (Solanum
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retroflexum Dun.) treated by Nemarioc-AL phytonematicide. But agree with the
findings where neem essential oil (Azadirachta indica Juss.) was used as a
bioinsecticide against sucking insect pests on eggplant (Solanum melongena L.)
production, azadirachtin the active ingredients in neem was detected in fruits (Takla et
al., 2021). Non accumulation of cucurbitacin A in fruits, support the idea that this

compound was partial polar molecule, meaning slightly soluble in water (Chen et al.,

2005).

3.3.2 Testing cucurbitacin residues in tomato leaves
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Fig 3.3. The effect of Nemafric-BL phytonematicide on accumulation of cucurbitacin A
and B residues in tomato fruits under sandy loam, dark soil, red soil, sandy soil, and
sandy loam (+) (n=36). Cu A = cucubitacin A; Cu B = cucubitacin B.
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Fig 3.4. The effect of Nemafric-BL phytonematicide on accumulation of cucurbitacin A
and B residues in tomato fruits under sandy loam, dark soil, red soil, sandy soil, and
sandy loam (+) (n=36). Cu A = cucubitacin A; Cu B = cucubitacin B.

Nemarioc-AL phytonematicide-treated dark soil, red soil, silt soil, sandy soil and sandy
loam (+), had an accumulation of cucurbitacin residues, while untreated sandy loam
did not exhibit any cucurbitacin residues (Figure 3.3). Cucurbitacin A and cucurbitacin
B were both detected in tomato leaves, with cucurbitacin B being the most prevalent
than cucurbitacin A. The highest concentrations of the bioactive compound
cucurbitacin A were detected in red, silt, and sandy loam soil (+), with 0.31, 0.28, and
0.31 mg/kg, respectively (Figure 3.3). Dark soil was next with an average of 0.31
mg/kg, and sandy soil had the lowest concentration, with an average of 0.08 mg/kg
(Figure 3.3). In contrast, the highest accumulation of cucurbitacin B was in red and
sandy loam soil (+), with an average mean of 0.57 mg/kg (Figure 3.3). Then secondly
came dark soil with an average mean of 0.34 mg/kg; lastly, silt and sandy soils were

the lowest with 0.16 mg/kg (Figure 3.3).
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Generally, Nemarioc-AL phytonematicide was known to possess only cucurbitacin A,
which is non polar molecule that partially dissolve in water and breaks down into
leptodermin and curcumin (Chen et al., 2003). In current study, more than one
cucurbitacin was isolated. The cucurbitacin B was also detected predominantly with
higher concentration level than cucurbitacin A. This shows the C. myriocapus fruits
besides containing cucurbitacin A it also contains abundance of cucurbitacin B which
was firstly detected in this study. This finding corroborates with findings by Shaik et al.
(2017), where in C. myriocupus fruits cucurbitacin A and C were isolated and in roots
and leaves cucurbitacin A and C were also detected (Grubben and Denton, 2004). The
presence of cucurbitacin Aand B in leaves in the current study contradicts with findings
on tomato plants (Shadung, 2016). That states that, since the two cucurbitacin’s are
non-polar molecules cannot be transported through the bipolar membranes of the
symplastic pathway of the endodermis in roots into the vascular bundle to various parts

of a plant (Campbell, 1990; Shadung, 2016).

3.3.3 Detecting cucurbitacin residues in tomato stems

The highest cucurbitacin A residues on different soil types treated by Nemarioc-AL
phytonematicide were detected from red and silt soil with the average mean of 0.33
mg/kg, then followed by sandy soil and sandy loam soil (+) with an average mean of
0.21 and 0.18 mg/kg, respectively (Figure 3.5). The least was dark soil with an average
mean of 0.05 mg/kg. In contrast, the highest cucurbitacin B detected in tomato stems
after application of Nemarioc-AL phytonematicide was dark soil and red soil with an
average mean of 0,39 mg/kg, then followed by sandy loam soil with 0.22 mg/kg and
lastly it was silt and sandy soil with an average mean of 0.18 mg/kg (Figure 3.5). The
Nemafric-BL treated soil in tomato stems had higher concentration of cucurbitacin B
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on sandy loam soil (+) with average mean of 3.44 mg/kg, followed by silt, sandy and
red soil with the average mean of 0.16, 1.14 and 0.13 mg/kg, respectively (Figure 3.6).
In contrast, Nemafric-BL phytonematicide treated soil had a smaller accumulation of
cucurbitacin A, with red soil slightly higher with 0.07 mg/kg (Figure 3.6). Sandy loam
soil (+) followed, and the least was sandy and silt soil with 0.029 and 0.024 mg/kg,

respectively. Lastly red soil had no accumulation of cucurbitacin A (Figure 3.6).
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Fig 3.5. The effect of Nemarioc-AL phytonematicide on accumulation of cucurbitacin A
and B residues in tomato stem under sandy loam, dark soil, red soil, sandy soil, and
sandy loam (+) (n=36). Cu A = cucubitacin A; Cu B = cucubitacin B.
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Fig 3.6. The effect of Nemarioc-AL phytonematicide on accumulation of cucurbitacin A
and B residues in tomato stem under sandy loam, dark soil, red soil, sandy soil, and
sandy loam (+) (n=36). Cu A = cucubitacin A; Cu B = cucubitacin B.

The accumulation of cucurbitacin residues on Nemarioc-AL phytonematicide treated
soil have shown the presence of cucurbitacin Awas comparable to that of cucurbitacin
B. This indicates that Nemarioc-AL phytonematicide contains high amounts
cucurbitacin A with smaller concentrations of cucurbitacin B. In contrast, Nemafric-BL
phytonematicide treated soil had higher accumulation of cucurbitacin B as compared
to cucurbitacin A. Nemarioc-AL phytonematicide is known to contain cucurbitacin A
which is a bioactive compound that has nematicide properties (Mashela et al., 2024).
However, this study has identified cucurbitacin B bioactive compounds in tomato plant
parts. At some other stages the cucurbitacin B was more dominant than cucurbitacin
A. Dark and red soil have accumulated the highest cucurbitacin accumulation
suggesting that heavy soil can retain moisture for a long time holding the

phytonematicide so long increasing chances for absorption.
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3.3.4 Cucurbitacin residues in tomato roots

The accumulation of cucurbitacin A residues in tomato plants roots treated by
Nemarioc-AL phytonematicide was detected at higher concentration level on sandy
soil at average mean of 0.16 mg/kg, followed by silt soil at 0.08 mg/kg (Figure 3.7).
While on untreated control, dark soil, red soil and sandy loam soil (+), no accumulation
of cucurbitacin A was detected (Figure 3.7). In contrast, the accumulation of
cucurbitacin B residues on tomato plants treated by Nemarioc-AL phytonematicide
was detected on dark, red, silt, sandy and sandy loam soil (+) with average mean of
0.023, 0.022, 0,023, 0.05 and 0.02 mg/kg, respectively. Nemafric-BL phytonematicide
treated roots had accumulation of cucurbitacin B, silt soil attained higher accumulation
of cucurbitacin B with an average mean of 0.05 mg/kg, followed by sandy soil and
sandy loam soil (+) with an average of 0.04 mg/kg (Figure 3.8). The next one was red
soil with 0.03 mg/kg, dark soil was the least on treated soil with 0.2 mg/kg (Figure 3.8).
No accumulation of cucurbitacin A was detected in roots of Nemafric-BL

phytonematicide treated soil (Figure 3.8).
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Fig 3.7. The effect of Nemarioc-AL phytonematicide on accumulation of cucurbitacin A
and B residues in tomato roots under sandy loam, dark soil, red soil, sandy soil, and
sandy loam (+) (n=36). Cu A = cucubitacin A; Cu B = cucubitacin B.
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Fig 3.8. The effect of Nemarioc-AL phytonematicide on accumulation of cucurbitacin A
and B residues in tomato roots under sandy loam, dark soil, red soil, sandy soil, and
sandy loam (+) (n=36). Cu A = cucubitacin A; Cu B = cucubitacin B.
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A high concentration of cucurbitacin A detected on Nemarioc-AL phytonematicide
treated soil (silt, sandy soil) indicates indicate abundance of cucurbitacin A in
Nemarioc-AL phytonematicide. The accumulation of cucurbitacin A in Nemarioc-AL
phytonematicide treated soil confirm that the fruits of C. myriocurpus possess a
bioactive compound cucurbitacin A (Chen et al., 2005), making it available in the
product. In contrast, dark, red and sandy loam soil (+) exhibited no traces of
cucurbitacin A in roots showing that cucurbitacin was translocated into plant parts. This
could be that the cucurbitacin A is easily translocated into plant parts in the ascending
sap with mineral and water. Because cucurbitacin A is partially non-polar and can
slightly dissolve in water for plant uptake. Therefore, this study reveals that there is a
small accumulation of cucurbitacin B in Nemarioc-AL phytonematicide. In contrast,
Nemafric-BL phytonematicide treated roots exhibited only the accumulation of
cucurbitacin B residues. The intensified accumulation of cucurbitacin B could be that
C. africanus fruits contains cucurbitacin B which is non-polar and cannot be easily

biodegraded.

3.3.5 Detecting cucurbitacin residues in soil

The accumulation of cucurbitacin A and B were not detected on sandy loam, dark soil,
red soil, silt soil, sandy soil, and sandy loam (+) treated by Nemarioc-AL
phytonematicide. The results corroborate with finding by Bango (2019) were the stated
phytonematicide did not leave residues in soil. This could be that Nemarioc-AL as the
biopesticide was easily biodegradable in the soil leaving no traces. Nemarioc-AL was
made by effective microorganisms, molasses and fruits extracts from C. myriocurpus
fruits (Mashela et al., 2017). Just like other biopesticides, if they are applied, they
easily become biodegradable leaving no traces as compared to many synthetic
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chemical nematicides with persistent chemical residues (Soyel et al., 2022). In
contrast, there were traces of cucurbitacin B on dark, red and sandy loam soil (+)
treated by Nemafric-BL phytonematicide with average mean of 0.03, 0.02 and 0.02,
respectively (Figure 3.10.). While silt soil and sandy loam showed non-accumulation
of cucurbitacin’s. Leaving no traces of cucurbitacin A on all stated soil types. As shown,
cucurbitacin B detected suggest that it biodegrades took place but slowly compared
to cucurbitacin A. As depicted by traces of cucurbitacin B on dark, red and sandy loam

soil (+), and non-traces of cucurbitacin B in silt and sandy soil.
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Fig 3.9. The effect of Nemarioc-AL phytonematicide on accumulation of cucurbitacin A
and B residues in sandy loam, dark soil, red soil, sandy soil, and sandy loam (+)
(n=36). Cu A = cucubitacin A; Cu B = cucubitacin B
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Fig 3.10. The effect of Nemarioc-AL phytonematicide on accumulation of cucurbitacin
A and B residues in sandy loam, dark soil, red soil, sandy soil, and sandy loam (+)
(n=36). Cu A = cucubitacin A; Cu B = cucubitacin B

Table. 3.1 Soil texture for sandy loam, dark soil, red soil, silt soil, sandy soil and Sandy
loam (+) at planting.

Soil Types Soil texture OM Reference
(%)

Sand Clay Silt

(%) (%) (%)
Sandy loam 65 30 5 1-6 Ramputla, 2019
Dark soil 22 40 38 5-12 Dube, 2016
Red soil 65 7 28 0.5-3 Jitendra Kumar et al.,
Silt soil 8 12 80 2-6 ?)(;(L:;’ebo et al., 2002.
Sandy soil 89 6 5 0.5-2 Dube, 2016
Sandy loam (+) 65 30 5 1-6 Ramputla, 2019
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Table 3.2 The pH and EC for sandy loam, dark soil, red soil, silt soil, sandy soil and
Sandy loam (+) at planting (IN) and after (FN) 150 days of application of Nemarioc-AL

phytonematicide.

Soil types pH (IN) pH (FN) EC dS/m EC dS/m
(IN) (FN)

Sandy loam 7,12 5,41 50,5 78,83
Dark soil 8,52 7,59 169,8 200,80
Red soil 7,93 5,82 77,3 128,20
Silt soil 7,66 5,32 32,8 76,13
Sandy soil 7,4 5,0 19,98 45,43
Sandy loam 7,01 4,71 7,05 86,93

(+)

Table 3.3 The pH and EC for sandy loam, dark soil, red soil, silt soil, sandy soil and
Sandy loam (+) at planting (IN) and after (FN) 150 days of application of Nemafric-BL

phytonematicide.

Soil types pH (IN) pH (FN) EC dS/m EC dS/m
(IN) (EN)
Sandy loam 7,06 5.55 54,50 47,90
Dark soil 8.51 7.26 225,00 207,60
Red soil 7.91 5.22 74,83 74,33
Silt sall 7.75 4.57 98,83 10,58
Sandy soill 7,37 4.65 69,47 85,70
Sandy loam 7.09 4.83 89,20 7,08

(+)

There were no significant difference on the influence of organic matter content and soil

texture on accumulations of cucurbitacin residues in the current study. The effects of

Nemarioc-AL and Nemafric-BL phytonematicides on sandy loam soil, dark soil, red

soil, silt soil, sandy soil and sandy loam soil (+) on pH and soil electrical conductivity

have displayed either a decrease or an increase of the respective variables (Table 3.2

and 3.3). Nemarioc-AL and Nemafric-BL phytonematicides reduced pH levels of all the

stated soil types as comparing a pH prior planting and after planting (Table 3.2 and

3.3). A reduction of pH in soil types could be equivalent to the actual pH of

phytonematicides which is 3.7 (Mashela et al., 2017). As a result, a long use of the

phytonematicides will drastically reduce the soil pH to acidic as observed in the current
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study. If a soil type becomes acidic, it will interrupt the normal chemical properties of
the soil, resulting in the dissolution of some chemical compounds for plant uptake. This
will increase the promote accumulation of residues in plant parts, which is a serious
constraint for crop production (Hue, 2011). Acidic soil resulting from phytonematicides
will negatively impact macro- and microorganisms and decrease the degradation of
toxic substances, leading to prolonged bioavailability in the soil (Getaneh and

Kidanemariam, 2021).

In the current study, Nemarioc-AL phytonematicide increased soil electrical
conductivity on the stated soil types. These results corroborate with findings by
Mashela, (2002), where Nemarioc-AG phytonematicide increased electrical
conductivity level. An increase of electrical conductivity is generally undesirable as it
depicts higher salinity and plant stress. Hence, increasing the chance for accumulation
of residues in produce. In contradict with findings on tomato planted under hydroponic
system, high concentrations of electrical conductivity increased growth and yield
(Rosadi et al., 2014). Similarly, Nemafric-BL phytonematicide in the current research
reduced soil electrical conductivity. A decrease of soil electrical conductivity is usually
ideal to avoid salinity. Soil electrical conductivity need to be maintained for each crop
as it influences residue accumulations. Despite of trends observed on soil
electrochemical conductivity before and after plant in the current study. The observed
electrical conductivity was too high. This could be that the soil has already had
accumulation of soluble salts like potassium, nitrogen and phosphate prior it was used.
Additionally, all the soil types were collected from agricultural areas where synthetic

chemical fertilisers are used on a daily basis.
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3.4 Conclusion

Nemarioc-AL and Nemafric-BL phytonematicides reduced the pH levels of selected
soil types. On the other side, Nemarioc-AL phytonematicide increased the soil
electrical conductivity leading some soil types to acidic environment which could
promote residues. The accumulation of both cucurbitacin A and B residues were
detected in tomato plant parts with small quantities that will not induce toxicity on
human beings. The given Nemarioc-AL and Nemafric-BL phytonematicides
concentration 3% appeared to be safe and should be used for intended purposes in

plant protection.
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CHAPTER 4
THE EFFECTS OF NEMARIOC-AL AND NEMAFRIC-BL PHYTONEMATICIDES ON
TOMATO PLANTS INOCULATED BY ESENIA FETIDA UNDER GREENHOUSE

ENVIRONMENT

Abstract

Earthworms play an important role in tomato production by decomposing organic matter and
improving the physical characteristics of the soil. They are regarded as an indicator of soil
pollution due to their high sensitivity to toxic substances. They coexist with plant-parasitic
nematodes in the soil. During nematode management, earthworms are also exposed to
Nemarioc-AL and Nemafric-BL phytonematicides. Therefore, it's crucial to develop non-toxic
concentrations of phytonematicides in earthworms and tomato plants. The objective of this
study was to assess the toxicity of Nemarioc-AL and Nemafric-BL phytonematicides on
earthworms and protein synthesis. Separate frials of Nemarioc-AL or Nemafric-BL
phytonematicide were conducted concurrently under a greenhouse environment. Treatment
constituted 0, 2, 4, 8, 16, 32 and 64% Nemarioc-AL or Nemafric-BL phytonematicide arranged
in RCBD. At harvest, plants, earthworms, and proteomics were analyzed. The MCSP
Nemarioc-AL and Nemafric-BL phytonematicides developed on tomato plants inoculated with
earthworms were 1.09 and 1.35%, respectively. Earthworms’ variables, number of earthworms
(NW), number of eggs (NE), final mass (FM) and final population (Pf) to Nemarioc-AL and
Nemafric-BL phytonematicides exhibited either positive or negative quadratic relations.
Therefore, the developed concentrations will assist farmers to avoid toxicity on non-target

organisms.

Keywords: earthworm, organic matter, inoculated, nematodes, toxicity
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4.1 Introduction

Nemarioc-AL and Nemafric-BL phytonematicides are newly developed biopesticide
products to manage plant parasitic nematodes on various crops. The efficacy of the
products on plant parasitic nematode suppression depends on the active ingredients
cucurbitacin A (C32H4609) and cucurbitacin B (C32H460s), respectively, which are toxic
to the stated species (Mashela et al., 2024). At higher concentrations,
phytonematicides also induced toxicity in tomato crops (Bango et al., 2019); Swiss
chard (Mashela et al., 2021) and Pelargonium sidoides (Sithole et al., 2016). However,
since plant parasitic nematodes interact with other beneficial organisms in the soil
ecosystem, they are a need to assess how phytonematicides affect earthworms using
proteomics. An earthworm is a soil -dwelling terrestrial invertebrate that belongs to the
phylum Annelida (Kamdem et al., 2019). They are divided into three categories namely
epigeic, endogeic and anecic (De Wandeler et al., 2016). Due to their burrowing
behaviour and the nutrients, they provide to the soil through their waste products,
earthworms are extremely essential soil invertebrates. They improve the physical
characteristics of the soil, the cycling of nutrients through the soil, and the activity of
other beneficial soil organisms. Given their high sensitivity to anthropogenic
contaminants, earthworms have been employed as indicator animals in soil pollution

assessments.

Globally, approximately 2 million tonnes of synthetic chemical pesticides, which cause
a fortune are used annually in plant protection to prevent crop loss due to pests and
diseases (Devi et al., 2017). However, these synthetic chemical pesticides have a
negative impact on the environment, soil organisms, animals and human beings
(Yatoo et al., 2022). Earthworms are negatively impacted by such chemical intrusion
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in soil at various phases of their life cycle (Yatoo et al., 2022). These effects include
mortality, behavioural changes, decreased growth, reproduction, and other
biochemical effects. Coiling, curling, extrusion of coelomic fluid, segmental
constriction, and swelling were among the typical symptoms (Yuguda et al., 2015).
The detrimental impacts of these synthetic chemical pesticides on soil ecosystems—
which are employed to protect plants—are well documented, but there is still
uncertainty regarding their toxicity and proteomics-related risks (Zhao et al., 2019).
Proteomics is an analytical method that uses a variety of analytical instruments and
procedures to identify and quantify the total amount of protein in a cell, tissue, or
organism (Thikekar et al., 2023). We can identify effects of Nemarioc-AL and
Nemafric-BL phytonematicides on earthworms at proteome level. The objective of this
study was to assess toxicity of Nemarioc-AL and Nemafric-BL phytonematicides on

earthworms and proteins synthesis.

4.2 Materials and Methods

4.2.1 Description of study site

The study was conducted at Green Biotechnologies Research Center of Excellence,
University of Limpopo, South Africa (23°53"10'S, 29°44"15'E). Separate trials for
Nemarioc-AL and Nemafric-BL phytonematicides were conducted concomitantly in the

greenhouse during autumn (March 2023) and validated in autumn (March 2024).
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Figure 4.1. Tomato plants treated by Nemarioc-AL (A) and Nemafric-BL (B)

phytonematicides under greenhouse conditions.

4.2.2 Treatments and Experimental Design

The treatments consisted of 0, 2, 4, 8, 32, 16, and 64% Nemarioc-AL and Nemafric-
BL phytonematicides both arranged in randomized complete block design, replicated
6 times. Due to obvious sources of variations created by fans cure was taken when

choosing this design.

4.2.3 Procedures and Cultural Practices

A locally created technique was used to prepare the Nemarioc-AL and Nemafric-BL
phytonematicides (Mashela et al., 2017). Tomato seeds were procured from vkb
Polokwane and stored until required. The seeds were directly sown into 200-hole
seedling trays that were filled with Hygromix-T (Hygrotech, Pretoria North) and allowed
to grow in the greenhouse. At four leave stage, tomato seedlings were hardened off
outside the greenhouse by withholding water and irrigating them when 80% are wilting
for a period of 5 days prior planting. Greenhouse benches were set with 20 cm

diameter plastic pots arranged at intra- and inter- row spacing of 0.3 m. Uniform tomato
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plants were transplanted directly into 20-cm diameter pots filled with 2700 mL compost
procured from Martindale nursery (Tzaneen). During the growing season, seedlings
were fertilized with sea weed organic fertilizer and irrigation was accomplished with
100 mL of chlorine-free water. Seven days after transplanting, seedlings were
inoculated with 12 earthworms per pod. Treatments were applied at seven days after
inoculation and thereafter once on weekly basis. Scouting and monitoring for insect
pests and diseases inside greenhouse were carried out on daily basis. Red spider
mites (Tetranychus urticae), white fly (Aleurodicus dispersus) and leaf minor (Tuta
absoluta) inside greenhouse were managed by using repellent plants basil (Ocimum

basilicum) and insect traps.

4. 2.4 Proteomics
4.2.4.1 Test animals and chemicals

The earthworms red Wigglers (Esenia fetida) were collected from earthworm breeder
Bio cast vermiculture South Africa Pretoria and ZZ2 Moeketsi Polokwane. The
earthworms Esenia fetida, weighing between 300 and 600 mg, were purchased. After
transported to a greenhouse without any physical and chemical stress, the worms
were bred at ambient temperature of 20 °C inside a green house, using the dark soil
mixed with kitchen waste. Every week, earthworms were fed by kitchen waste and soill
was irrigated every three days to maintain the soil's humidity at approximately 70%.
All trials were conducted using mature earthworms that weighed between 300 and 600

mg and had a fully developed clitellum.
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4.2.4.1 Protein extraction

Proteins from earthworms were extracted according to the trichloroacetic acid-acetone
(TCA-A) method through some modification (Wang et al., 2010). In short, earthworms
were collected from the pods and sorted according to treatments. Then 2 g from each
sample was pulverized to powder by liquid nitrogen using a pestle and mortar. The
protein was precipitated overnight using 8-10 times the amount of ice-cold TCA-A
solution containing 20% TCA (w/v) and 0.1% DTT (w/v) in a 50 mL centrifuge tube
holding the powdered homogenate. The precipitate was centrifuged for 40 minutes at
4 °C and 12[thin space (1/6-em)]000 x g. It was then rinsed twice with 30 mL of pre-
chilled acetone solution that contained 0.1% DTT (w/v) and once with the 80% washing
solution above. The resultant pellets were redissolved in lysis buffer [7 M urea, 2 M
thiourea, 4% CHAPS (w/v), 65 mM DTT, and 0.5% (w/v) Bio-lyte (pH 4—6 and pH 5-
7, Bio-rad, USA)] after being vacuum freeze dried until all of the remaining acetone
had been removed. The ultrasonic cell disruptor (JY92-Il Ultrasonic Crasher, Ningbo
Scientz Biotechnology Co., Ltd, China) was used to sonicate the undissolved protein
composition in the lysis buffer at 4 °C and 300 W for 40 apm (actions per minute). The
mixture was then centrifuged at 4 °C and 13[thin space (1/6-em)]500 x g for 40
minutes. After collecting the supernatant, the Bradford's method was used to
determine the protein content using Coomassie Brilliant Blue G-250 (Bio-Rad, USA)

and BSA as a standard.

4.2.5 Data analysis

To generate biological indices for developing MCSP (Dm, Rh), curves, quadratic
equations and the related biological indices (k), data for plant variables were subjected
to CARD model (Liu et al., 2003).
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MCSP = Dm + (Rn/2)
Before the CARD model, the geometric series of the phytonematicide concentration
was expressed as an exponential series (2°, 21, 22, 23, 24, 25 and 2°) and since (log22)
= X, the log-transformed series was equivalent to 0, 1, 2, 3, 4, 5 and 6% (Tseke and
Mashela, 2018). This was done to prevent overcrowded observations at lower
concentration and to ensure the correct equidistance’s between them. Plant variables
that showed positive quadratic relations were used to generate the MCSP values for
Nemarioc-AL and Nemafric-BL phytonematicides, with R? =2 0.25 (i.e. r = 0.5).

Earthworms were subjected to the line of best fit (Gomez and Gomez, 1984).

4.3 Results and Discussion
The data from the two seasons (experiment 1 and 2) were pooled (n = 84) and
reanalysed since seasonal interactions were not significant for all variables (Gomez

and Gomez, 1984).

4.3.1 Plant variables

The Curve-fitting Allelochemical Response Dose (CARD) algorithm model generated
biological indices (Table 4.1) and related curve responses were depicted by figures.
Response of dry shoot mass (DSM) (Figure 4.2), dry root mass (DRM) (Figure 4.3),
plant height (PH) (Figure 4.4), stem diameter (SD) (Figure 4.5), number of flowers (NF)
(4.6) to increasing concentrations of Nemarioc-AL phytonematicide exhibited positive
quadratic relations with a model for respective variables constituting 97, 95, 98, 96
and 96% coefficients of determination. Chlorophyll content was not significantly

affected by Nemarioc-AL phytonematicide. The response of plant variables to
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increasing concentration of Nemarioc-AL phytonematicide has followed a density-

dependent growth (DDG) pattern (Mashela et al., 2017).

Plant variables and increasing concentrations of phytonematicide exhibited positive
quadratic relations (Liu et al., 2003), which was further conceptualised as a density-
dependent growth (DDG) pattern (Mashela et al., 2017). The DDG generated through
CARD algorithm model was compartmentalized into three phases namely stimulation,
neutral and inhibition phase (Mashela et al., 2017). At lower concentration levels the
phytonematicide stimulated growth of DSM, DRM, PH, SD, and NF. Suggesting that
at lower concentrations they were no toxicity induced by the product on respective
variables (Lebea, 2017; Malebe, 2019). As the concentrations of the phytonematicide
increase, it reaches a point where stimulation stops technically known as neutral
phase. At neutral phase neither stimulation or inhibition of DSM, DRM, PH, SD, and
NF occurred at this stage. At this stage there were still no signs of toxicity observed
on plant variables. The end of neutral phase, starts an inhibition phase, which occurs
at higher concentration level. Inhibition phase was observed by a declining line
demonstrating that plant variables were drastically reduced showing a sign of toxicity
induced by the product. Toxicity was observed when the phytonematicide was used
as post emergence bio-nematicide, then product inhibited seed germination indices

(Mafeo and Mashela, 2010; Mafeo et al., 2011b). On tomato plants treaded by
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Nemarioc-AL phytonematicide at higher concentration levels, plant variables were also

reduced (Bango, 2019; Sithole et al., 2016).
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Fig 4.2 The effects of Nemarioc-AL and Nemafric-BL phytonematicides on dry shoot

mass (DSM) at 56 days after application of treatment (n=72).
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Fig 4.3 The effects of Nemarioc-AL phytonematicide on dry root mass (DRM) at 56

days after application of treatment (n=72).
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Fig 4.4 The effects of Nemarioc-AL phytonematicide on dry root mass (PH) at 56 days

after application of treatment (n=72).
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Fig 4.5 The effects of Nemarioc-AL phytonematicide on stem diameter (SD) at 56 days

after application of treatment (n=72).
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Fig 4.6 The effects of Nemarioc-AL phytonematicide on number of flowers (NF) at 56

days after application of treatment (n=72).
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Fig 4.7. The effects of Nemafric-BL phytonematicide on dry shoot mass (DSM) at 56
days after application of treatment (n=72).
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Fig 4.8 The effects of Nemafric-BL phytonematicide on dry root mass (DRM) at 56
days after application of treatment (n=72).
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Fig 4.9 The effects of Nemafric-BL phytonematicide on plant height (PH) at 56 days
after application of treatment (n=72).
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Fig 4.10 The effects of Nemafric-BL phytonematicide on stem diameter (SD) at 56
days after application of treatment (n=72).
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Fig 4.11 The effects of Nemafric-BL phytonematicide on number of flowers (NF) at 56
days after application of treatment (n=72).

Dry shoot mass (Figure 4.7), DRM (Figure 4.8), PH (Figure 4.9), SD (Figure 4.10) and
NF (Figure 4.11) to increasing Nemafric-BL phytonematicide exhibited a positive
quadratic equation with a model presented 97, 95, 96, 97 and 98%, coefficients of
determination association, respectively. Chlorophyll content was not significantly
affected by either Nemarioc-AL or Nemafric-BL phytonematicides. In all plant variables
treated by Nemafric-BL phytonematicide they were strong allelopathic interaction
between plant variables and the product as depicted by high coefficients of
determination. Phytonematicide contain bioactive compound cucurbitacin B with

allelopathic effects to other species (Mafeo and Mashela, 2010; Mafeo et al., 2011b).

At low concentration level, Nemafric-BL phytonematicide had stimulation effects on
DSM, DRM, PH, SD, and NF. Similar results were observed on tomato plants treated
by Nemafric-BL phytonematicide where growth was stimulated at lower concentrations

of phytonematicide (Mashela and Tseke, 2018; Pelinganga, 2013). While at higher
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concentration levels, plant growth was inhibited. Generally, allelopathy is a
phenomenon whereby secondary metabolites produced by living organisms influence

the growth and development of other species either positively or negatively (toxicity)

(Sithole, 2021). In the current study, as shown by CARD algorithm model generated
biological indices the allelopathy had a positive effects of plant variables as shown by
stimulation phase at lower concentrations of a product. However, at higher
concentration level, allelopathy reduced plant variables as demonstrated by CARD
algorithm model as indicated by inhibition phase. In such, negative effects of allopathy

can be avoided by using lower concentration levels of Nemafric-BL phytonematicide.

Biological indices which exhibited positive quadratic relations, were used to compute
the average MCSP values, since the former had a stimulation phase. The MCSP of
Nemarioc-AL phytonematicide on tomato plants was successfully developed at 1.09%.
The sensitivity (k) value for respective plant variables DSM, DRM, PH, SD and NF
were 0,1, 0, 0 and O, resulting in the overall sensitivity (Zk) value of 1 unit. The
developed MCSP of 1.09 % on tomato plants treated by Nemarioc-AL phytonematicide
was lower compared to the one developed on Swiss chard (Beta vulgaris L. cicla) of
3.03% (Mashela et al., 2021). It was also low when compared to the developed MCSP
previously developed on tomato plants treated by Nemarioc-AL phytonematicide of
2,64% (Pelinganga, 2013) and 4% (Tseke, 2013). The developed MCSP was close to
the one developed on the same crop of 1.13% (Bango, 2016). The MCSP of citrus
rootstock (Volkameriana citrus Pasq.) was high 8.6% compared to the one developed

on tomato plants. If the MCSP developed was higher, its adjusted to 2% in such that
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it will not induce toxicity to crops. The developed MCSP of 1.09% falls within the

recommended one of 1.00% to 3.00% (Mashela et al., 2021).

Using biological indices the overall sensitivity (2k) of Nemarioc-AL phytonematicide on
tomato had been 1 unit (Table 4.1). The Zk sensitivity of 1 indicates that this crop is
sensitive to Nemarioc-AL phytonematicide. As indicated by (Liu et al., 2003), the Zk
sensitivity value that are close to zero, the more sensitive is a plant to a tested product.
In contrast, sensitivity of a plant away from zero, is the more tolerant of a plant to a
tested product. The overall sensitivity value previously generated on tomato plants
treated by Nemarioc-AL phytonematicide was 3% (Pelinganga, 2013) and 60%
(Bango, 2019). This indicates that this plant is more tolerant to Nemarioc-AL

phytonematicide.
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Table 4.1 Biological indices for dry shoot mass (DSM), dry root mass (DRM), plant
height (PH), stem diameter (SD) and number of flowers (NF) of tomato plants to

increasing concentration of Nemarioc-AL phytonematicide under greenhouse

conditions.
DSM DRM PH SD NF Average

Biological index Nemaroc-AL phytonematicide
Threshold stimulation (Dm) 0.891 1.204 1.072 2403 0.546 0.982
Saturation point (Rn) 0.162 0.455 0.008 0.471 0.004 0.22
0% inhibition (Do) 1.782 3.858 2.144 4806 1.093 2.736
50% inhibition (Dso) 5.992 8.588 13.66 9.094 6.602 8.787
100% inhibition (D100) 8.1 14 .1 18.8 11.6 9.1 12.34
R2 97 095 0.98 0.96 96
Sensitivity (k) 0 1 0 0 0

Overall sensitivity (3 k) = 1

Nemarioc-AL phytonematicide: MCSP = Dm + (Rn/2) = 1.09%

A Curve-fitting Allelochemical Response Dose (CARD) algorithm model computed the
MCSP through generated biological with positive quadratic relations. The MCSP
established on tomato plants inoculated with earthworms treated by Nemafric-BL
phytonematicide was 1.35%. The established MCSP 1.35% in the current study fall
within the recommended range for 1.00 t0 3.00 previously established on tomato
plants 2.64% (Pelinganga, 2013) and 1.75% (Bango, 2019). In some crops, the MCSP
5.31% was higher as observed on 3.08% Nightshade (Solanum retroflexum Dun.)
(Malebe, 2019). On other phytonematicide developed from Tickberry (Lantana camara
L.) technically known as Nemalan, MCSP developed was 5.31% (Malatjie, 2017). The
higher MCSP values were further adjusted to 2%, based on MCSP is a concentration

that will not induce toxicity. The sensitivity (k) value for respective plant variables DSM,
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DRM, PH, SD and NF were 0,1, 0, 0 and 1, resulting in the overall sensitivity (2k) value

of 2 units. The 2k computed on tomato plants indicates plant tolerant to a product. In

contrast, the sensitivity observed from nightshade was 0 when a Nemafric-Bl

phytonematicide was applied (Malebe, 2019). Indicates that this plant was very

sensitive to a product. Additionally, overall sensitivity of tomato plants to Nemalan was

also shown to be e 0 (f, 2017). Showing that some biopesticides are sensitive

compared to Nemafric-BL phytonematicide.

Table 4.2 Biological indices for dry shoot mass (DSM), dry root mass (DRM), plant

height (PH), stem diameter (SD) and number of flowers (NF) of tomato plants to

increasing concentration of Nemafric-BL phytonematicide under greenhouse

conditions.
DSM DRM PH SD NF Average

Biological index Nemafric-BL phytonematicide
Threshold stimulation (Dm) 0.096 1.304 2.211 1.351 1.561 0.982
Saturation point (Rn) 0.001 0.252 0.027 0.061 0.094 0.22
0% inhibition (Do) 0.192 4308 4.422 2.703 5.556 2.736
50% inhibition (Dso) 7.623 11.714 16.188 11.19 17.288 8.787
100% inhibition (D100) 10.7 21.2 21.9 15.2 34.1 12.34
R2 97 95 96 97 98
Sensitivity (k) 0 1 0 0 1

Overall sensitivity (3 k) = 2

Nemafric-BL phytonematicide: MCSP = Dm + (Rn/2) = 1.35%

80



4.3.2. Earthworm variables

The response of number of earthworms (NW), number of eggs (NE), final mass of
earthworms (ME) and final population (Pf) to increasing concentrations of Nemarioc-
AL phytonematicide exhibited positive quadratic relations with model of the respective
variables explained.0.95, 0.76, 0.95 and 0.92% coefficient of determination,
respectively. The stated phytonematicide stimulated NW, NE, ME and Pf showing no
signs of toxicity on the at lower and higher concentration levels. This confirms with
findings by Mashela et al. (2024), which states that the cucurbitacin-containing
phytonematicides did not affect non-target organisms like insects and bacteria. This
was confirmed by application of cucurbitacin-containing phytonematicide on
entomopathogenic nematode, Steinernema feltiae (Madaure et al., 2017).
Steinernema feltiae have shown tolerance to cucurbitacin-containing phytonematicide
as compared to plant parasitic nematodes. The current results confirm with findings
by Tseke and Mashela (2017), were Nemarioc-AL phytonematicide decreased
nematode population numbers on tomato plants. Mashela et al., (2021), also reported
a decrease in nematode population densities on Swiss chard inoculated by
Meloidogyne enterolobii. A decrease of plant parasitic nematodes number is economic
important, as nematodes cause a drastic yield loss of over 50% to complete crop
failure (Sithole, 2016). An increase of earthworms on tomato plants treated by
Nemarioc-AL phytonematicide was beneficial in the current study. Because
earthworms improve soil physical characteristics, by recycling of nutrients through the

soil, and the activity of other beneficial soil organisms.
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Fig 4.12 Response of number of earthworms (NW) to increasing concentrations of

Nemarioc-AL phytonematicides (n=72).
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AL phytonematicides (n=72).
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The effects of increasing concentrations of Nemafric-BL phytonematicide on number
of earthworms (NW), number of eggs (NE), final mass of earthworms (ME) and final
population (Pf) exhibited positive or negative quadratic relations with model of the
respective variables explained.0.95, 0.76, 0.87 and 0.97% coefficient of determination,
respectively. Number of earthworms, ME and Pf exhibited negative quadratic relations
at lower concentrations, while at higher concentration the respective earthworms’
variables were increased. Reduction of respective variables shows that the Nemafric-
phytonematicide at lower concentration levels was toxic to earthworms. However, at
high concentration level was non-toxic to earthworms. These results confirm findings
that Nemafric-BL phytonematicides at lower concentration level was more toxic and
suppressed nematode numbers (Tseke and Mashela, 2018; Sithole et al., 2016).
Similar trends were observed on Swiss chard when Nemafric-BL phytonematicide was
applied, nematodes population densities were decreased (Mashela et al., 2021).
However, Nemafric-BL phytonematicide stimulated cocoon production on earthworms,
as observed on plant parasitic nematodes (Dube, 2016). Reduction of nematodes
population densities was positive, however on earthworms’ reduction was negative,
since earthworms are non-target organisms. Therefore, Nemafric-BL phytonematicide
had shown to be more sensitive to earthworms than Nemarioc-AL phytonematicide as
with an optimal value of 3.46% while Nemarioc-AL had an optimal value of 9.46%

(Table 4.3).
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Table 4.3 Optimisation model for number of eggs (NE), number of earthworms (NEW),
mass of earthworms (ME) and final population (Pf) in tomato plants as affected by
increasing concentration of Nemarioc-AL and Nemafric-BL phytonematicides under
greenhouse conditions.

Model R? X2

Earthworms Nemarioc-AL phytonematicide
Number of eggs y = 0.0062x? - 0.0109x + 0.9207 0.76 0.88
Number of earthworms y =-0.0003x2 + 0.0153x + 0.9411 0.95 25.5
Mass of earthworms y = -0.0063x? + 0.0669x + 3.2678 0.95 5.31
Final population y = 0.0048x2 - 0.0129x + 1.2565 0.92 6.96

Nemafric-BL Phytonematicide
NE y = 0.0204x? - 0.1004x + 1.016 0.86 2.46
NEW y = 0.0038x? + 0.0362x + 1.0475 0.90 4.76
ME y = 0.0049x2 - 0.0377x + 0.5953 0.87 3.85
Pf y = 0.0085x? + 0.0469x + 1.3149 0.97 2.76

Nemarioc-AL phytonematicide X = — b1/2b2= 9.66
Nemafric-BL phytonematicide X =-Db1/2b2 = 3.46

4.3.3 Proteomics

Sodium dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE) images
showed clear and distinct protein bands to increasing concentrations of Nemarioc-AL
phytonematicide with different molecular weights. The application of Nemarioc-AL
phytonematicide at 2-4%, resulted in shallow bands indicting protein expression was
downregulated. In contrast, increasing concentration of Nemarioc-AL phytonematicide
at 8-64% intensified the protein expression showing upregulation. The identified band
is from 30-40 kDa with molecular weight of 33 kDa has shown shallow appearances
at 2-4%, and intensified as the concentrations of the phytonematicide increases. Other
bands were observed between 40-50 kDa and 100-130 kDa with a molecular weight
of 45 and 130 kDa, respectively. A non-intensified bands indicate a less toxic is a

product to earthworms as evidenced by protein expression. This could be that the
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earthworms were less stressed due to exposure of the phytonematicide at 2-4%, they
activated some defence mechanism that withhold protein synthesis to conserve
energy. This indicates that the phytonematicide has altered the protein synthesis at
lower concentration levels as indicated by down-regulation of protein synthesis. As

compared to control, protein synthesis under control remained stable or normal.

L 0% 2% &% 8% 16% 32% 64%

Fig 4.20 The effects of Nemarioc-AL phytonematicide on proteins of Eisenia felita.
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Fig 4.21 The effects of Nemafric-BL phytonematicide on proteins of Eisenia felita.

Protein expression can assist us understand adaptation of earthworm exposed to
increasing concentrations of Nemafric-BL phytonematicide. The proteins bands
identified were 30-40, 40-50 and 100-150 kDa with the molecular mass of 33, 45 and
130 kDa, respectively. Protein expression was downregulated, as shown by the
shallow bands produced by the 2% application of the Nemafric-BL phytonematicide.
In contrast, application of this product intensified protein expression at 4-64%, showing
that proteins were upregulated. The increasing concentration of Nemafric-BL
phytonematicide went beyond the worm's capacity for adaptation, inducing toxicity. In
response to that, earthworms increased protein synthesis which are involved in stress,
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detoxification and cell repairs. These proteins could be cytoplasmic chaperones, heat
shock proteins, and antioxidant enzymes. Additionally, higher concentrations of
phytonematicide may stimulate enzymes such as cytochrome P450, which play a role
in phase | and Il metabolic pathways or detoxification processes. Stronger or more
intense bands on the gel would indicate that these proteins are up-regulated. These
findings align with Kumar et al. (2011), who reported that the production or
development of novel proteins, or the enhanced production of existing proteins that

are produced solely under stressed conditions, is attributable to the stress.

4.5 Conclusion

The current study's response of plant variables, earthworms, and proteins followed a
density-dependent growth pattern that showed stimulation at lower concentration
levels, indicating no toxicity and inhibition at higher concentrations, showing toxicity to
plants, earthworms, and protein synthesis. Therefore, lower concentration levels of
Nemarioc-AL and Nemafric-BL phytonematicides should be used for plant protection

as they demonstrated to be safe on living entities.
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CHARPTER 5
RESPONSE OF RAW 264.7 MACROPHAGE CELLS TO NEMARIOC-AL AND
NEMAFRIC-BL PHYTONEMATICIDES UNDER /N VITRO CONDITIONS: CELL

VIABILITY TO MEASURE TOXICITY

Abstract

Nemarioc-AL and Nemafric-BL phytonematicides viewed as a future bionematicide for
management of plant parasitic nematodes. As biopesticides, they are environmentally friendly
over synthetic chemical nematicides. However, allelopathic effects of these botanicals can
induce cytotoxicity on living entities. The objective of this study was to determine whether
Nemarioc-AL and Nemafric-BL phytonematicides would have cytotoxic effects on Raw 264.7
macrophage cells. Approximately, 100 ul of the cell cultures were seeded in 96-well
microplates at 5 x105 cells per well overnight, treated by Nemarioc-AL phytonematicide and
Nemafric-BL phytonematicide then incubated for 24 hrs. Nemarioc-AL and Nemafric-BL
phytonematicides at lower concentration level 1.25 to 0.078 mg/mL, stimulated cell viability,
while at higher concentration levels 5 to 10 mg/mL inhibited cell viability on Raw 264,7 cell
line. The stated products if detected in produce at higher concentration level, they can be

cytotoxic to cells.

Keywords: MTT, Toxicity, Macrophages, Cell viability, Phytonematicide, Biopesticide
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5.1 Introduction

The fact that Nemarioc-AL and Nemafric-BL phytonematicides are Botanicals natural
products, they are therefore, assumed to be safe for humans since they are non-toxic
to non-target organisms (Mashela et al., 2024). Moreover, they are thought to be
environment friendly as they are biodegradable, along with having advantages over
synthetic nematicides in terms of cost, as treatment used to manage plant parasitic
nematodes (Mashela et al., 2017). However, Nemarioc-AL and Nemafric-BL
phytonematicides have faced issues with phytotoxicity, a common challenge in
botanicals due to their reliance on allelochemicals as bioactive compounds with a
potential to induce toxicity (Sithole, 2016). Given the common instances of cytotoxicity
associated with the use of botanicals in traditional medicine (Kamanja et al., 2018), it's
essential to study secondary plant metabolites before their application. Information on
the viability of living and dead cells following exposure to Nemarioc-AL and Nemafric-
BL phytonematicides would be obtained using the MTT (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl-2H-tetrazolium bromide) assay (Ghasemi et al., 2021). The term "cell
cytotoxicity" describes the capacity of specific substances to kill live cells (Celik, 2018).
A test product, derived from plant extracts might first be subjected to cytotoxicity tests

to assess its usage threshold (Celik, 2018).

Bioactive compounds and chemical compounds are regarded as cytotoxic only if they
hinder essential metabolic functions, resulting in abnormal disorders in living entities
leading to perversion behavior or death (Kamanja et al., 2018). The death could be
through necrosis, a condition in which the membrane integrity is compromised and
uncontrollable death occur or a programed cell death (apoptosis) (Istifli et al., 2019).
Thus, if products were not tested humans can be exposed to a broad range of foreign
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chemicals, which often referred to as "xenobiotics" collectively. These substances
include natural compounds found in plant food as well as artificial compounds found
in plant produce, medications and environmental contaminants (Leon-Mejia et al,
2021). According to Dhakal et al. (2018), Godheja et al. (2018), Miglani et al. (2022)
xenobiotics, which include pesticides used in plant protection, azodyes, phenolics,
polycyclic aromatic hydrocarbons (PAHs), halogenated compounds, personal care
products (PCPs), pharmaceutical active compounds (PhACs), nitroaromatic
compounds, triazines, and chlorinated compounds, have a long-term persistence and
slow or nonexistent biodegradation in ecosystems, causing adverse environmental

effects. Hence, negatively affecting the wellbeing of living entities.

Although many bioactive compounds have therapeutic or pests-repelling benefits for
human health and plant protection, their cytotoxic qualities can also lead to a variety
of health problems (Rasool et al., 2023). Rasool et al. (2023) added that although
these bioactive compounds are utilized as anticytotoxic medicines, they also have
certain cytotoxic effects on human life and other organisms. Plants possess plethora
of bioactive compounds commonly known as secondary metabolites. These bioactive
compounds are a class of molecules found in the bodies of fauna, flora, and
microorganisms (Setyorini and Antarlina, 2022). They are produced by secondary
metabolic processes from a large number of primary metabolite components (Setyorini
and Antarlina, 2022). The bioactive compounds have allelopathic effects, which can
inhibit growth of other living entities (Soln et al., 2022). It's necessary to test cell
viability when exposed to bioactive substances because some plant species are more
toxic than others. Therefore, the MTT assays would be used to assess level of toxicity
induced by Nemarioc-AL and Nemafric-BL phytoneaticides. The objective of this study
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was to determine whether Nemarioc-AL and Nemafric-BL phytonematicides would

have cytotoxic effects on Raw 264.7 macrophage cells.

5.2 Materials and Methods

The study was conducted at Biochemistry laboratory, University of Limpopo, South
Africa (23°53"10'S, 29°44"15'E). The study was initiated from spring (August) 2024.
The MTT assay was technically named after a dye known as Tetrazolium (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide). It is used to assess
cytotoxicity of cells, to determine whether the cells are viable or not when exposed to
increasing concentrations of tested compounds (Kuete et al., 2017). The MTT is a cell
permeant as a result of positive and lipophilic structure, the MTT reagent normally
passes the cell membrane and mitochondrial inner membrane of viable cells (Ghasemi
et al., 2021). It is reduced to a water insoluble formazan by metabolically active cells.
To assess cytotoxicity using MTT assay, the mitochondria of cells must be healthy, and
the nicotinamide adenine dinucleotide phosphate hydrogen (NADPH) dependent
oxidoreductase enzyme is then produced only when a cell is viable. If cells are viable,
the enzyme turns tetrazolium dye to be purple in color. The purple-colored compounds
are known as formazan. Thus, the chromogenic nature of redox reactions allows
colorimetric measurement of intracellular formazan production, enabling analysis of

plate reader data through spectrophotometry.

Raw 264.7 macrophage cells were bought from ATCC and stored in a —80 °C freezer
until required. The cell lines were thawed, suspended and cultured in a Dulbecco's

Modified Eagle Medium (DMEM) supplemented with 1 x PSN and 10% fetal bovine
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serum (FBS) within T75 culture flask. Cells were allowed to regenerate or replicate
itself for period of a week in a COz incubator at 37 °C and 5% CO2. The medium was
removed and the remaining cells attached on the flask were detached by cell scraper.
Cell counting was done using 1:1 cell to trypan-blue dye ratio and cell Countess

(Thermofisher, USA) was used to count cells.

5.2.1 Experimental Design

Two samples, Nemarioc-AL phytonematicide and Nemafric-BL phytonematicide each
were placed in serial dilution of 0, 0.812, 1.625, 3.25, 6.5, 12.5, 25, 50 and 100 mg/mL
in microplate well. Treatments were arranged in completely randomized design (CRD),
replicated 3 times. Curcumin was used as a standard at 50 and 100 uM in the current

study.

5.2.2 Procedure

In order to examine the toxic levels of the Nemarioc-AL and Nemafric-BL
phytonematicides, 100 pl of the cell cultures were seeded in 96-well microplates at 5
x10° cells per well overnight and followed treatment with various concentration of
Nemarioc-AL and Nemafric-BL phytonematicides for 24 hrs. After 24 hrs of treatment,
just before the addition of 5 mg/mL of MTT dye, cell morphology pictures were
captured with microscope (Makola et al., 2020), thereafter MTT was added to each
well and then microplates were incubated at 37 °C in 5% COz2 incubator for 2 hrs. The
formed formazan products were dissolved with 2% HCI acidified isopropanol for 10
min. Thereafter absorbance was measured using GloMax-Multi microplate reader

(Promega, USA) at 560 nm. Percentage viability was calculated using this formula:
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Cell viability (%) — Average OD (experimental group) % 100

Average OD (untreated group)

5.2.3 Data analysis
Data for concentration response curves were analysed by GraphPad Prism® version

5.2, GraphPad Software Inc., San Diego, CA, USA (Motulsky, 2007).

5.3 Results and Discussion

The MTT assay was used to assess cell viability post treatment with different
concentrations in order to assess the cytotoxicity profiles of Nemarioc-AL and
Nemafric-BL phytonematicides on murine Raw 264.7 macrophages. The increasing
concentration of Nemarioc-AL phytonematicide exhibited 50% cytotoxic effects to cell
viability of Raw 264,7 cell line at 5 and 10 mg/mL relative to untreated and Curcumin
treated control (Figure:2 A). However, Nemafric-BL phytonematicides, showed 50%
cytotoxicity at 5 and 10 mg/mL. As the concentrations of Nemarioc-AL and Nemafric-
BL phytonematicides decreased from 1.25 to 0.078 mg/mL, the cell viability of Raw

264.7 cell lines were stimulated relative to positive control (Figure: 5.1A and 5.2A).

The observed Raw 264.7 cell viability results, show that increasing concentrations of
Nemarioc-AL and Nemafric-BL phytonematicides has a dose-response relationship.
The higher concentrations of Nemarioc-AL and Nemafric-BL phytonematicides had a
negative effect on cells thereby inducing toxicity to cells. Cell morphology imaging
showed apoptotic bodies, at 10 and 5 mg/mL of both the phytonematicides as in
curcumin control (Figure 5.1B and 5.2B). The Nemarioc-AL phytonematicide showed
circular shaped Raw 264.7 cells from 2.5 to 0.313 mg/mL, however, one would notice

that the size of the circular cells shape increases with decreasing Nemarioc-AL
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phytonematicide concentration (Figure 5.1B and 5.2B). Moreover, at 0.136 and 0.078
mg/mL the cells have retained their spindled shaped morphology and at 0.078 mg/mL

shows that cells have doubled, as there are claps of small circular cells (Figure 5.1B).

While focusing on cell morphology, Nemafric-BL phytonematicide showed similar
patterns, however, the cells treated with 2.5 and 1.25 mg/mL Nemafric-BL are circular
with increasing in size on the lower concentration. Moreover, 0.625 and 0.313 cells
attained their spindle shaped morphology while at 0.136 and 0.078 mg/mL cell have
divided as there is number of daughter cells (Figure 5.2B) (Fukuyama et al., 2022).
The reduced cell viability of Raw 264,7 cells at 10, 5 and 2.5 mg/mL means the
products contains bioactive compound known as cucurbitacin A and B, with a potential
to induce cytotoxicity at higher concentrations on living cells, it had negative impact on

the living cells at a stated concentration level (Chen et al., 2005).

It is suggested that Cucurbitacin A has induced disruption of the cell membrane and
interfered with the metabolic activities of cells, causing death. In this regard, it means
the cells have undergone sufficient stress and then cell death, leading to disruption of
mitosis (cell division) (Istifli et al., 2019). At the high concentration level, treatments
inhibited the growth of cells and duplication of DNA, so that cells cannot go to the next
stage of cell division known as the prophase. That is the reason why cells were unable
to cleave sufficient amount of tetrazolium dye and form formazan. Hence an indication

of cytotoxicity of the products at these concentration level.

The observed results agree with the findings that different plant extracts from Acmella
ciliata (Kunth) Cass., Coriandrum sativum L., and Glebionis coronaria L. at higher

concentration levels (320 to 640 pg/mL) induced mortality on Vero cells tested by MTT
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assay (Chan et al.,, 2015). Hence, resulted in reduced cell viability. At lower
concentrations, the cell viability 1.25 to 0.078 mg/mL treated by Nemarioc-AL and
Nemafric-BL phytonematicides have shown no signs of cytotoxicity to cells. At these
concentrations level, cell viability was higher, indicating that cell division can still occur
leading to cell proliferation. These confirm observations that plant extracts from
Andrographis paniculata (Burm.f.) Wall. ex Nees and Andrographis paniculata over
time (24 to 48 hrs) at different concentration levels (4—500 ug/mL) were not cytotoxic
to murine hepatocytes, thymocytes, and splenocytes cell lines (Ala et al., 2018).
Therefore, the higher concentration level of Nemarioc-AL and Nemafric-BL
phytonematicides in this study have shown to inhibit cell viability on murine Raw 264.7

macrophages. Hence, signs of cytotoxicity were observed at lower concentration

levels.
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Curcumin 100 uM AL 0.625 mg/mL AL 0.313 mg/mL AL 0.136 mg/mL 0.078 AL

Fig 5.1 A. The effects of Nemarioc-AL phytonematicide on cell viability of murine Raw
264.7 macrophages under in vitro conditions. B. Apoptotic effects caused by
Nemarioc-AL phytonematicide on murine Raw 264.7 macrophages as observed under
a microscope.
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Fig 5.2 A. The effects of Nemafric-BL phytonematicide on murine Raw 264.7
macrophages under in vitro conditions. B. Apoptotic effects of Nemafric-BL
phytonematicide on murine Raw 264.7 macrophages as observed under a
microscope.

5.4 Conclusion

The current study has shown that Nemarioc-AL and Nemafric-BL phytonematicides
were non-cytotoxic at the developed concentration range of 1.25 to 0.078 mg/mL on
murine Raw 264.7 macrophages. The concentration above this depicted cytotoxic to
the cells. Therefore, any concentration above 2,5 mg/mL in can be detrimental to
human beings and animals. Therefore, farmers should adhere the developed

concentrations in produce for safety purposes of the two products.
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CHAPTER 6
THE EFFECTS OF NEMARIOC-AL AND NEMAFRIC-BL PHYTONEMATICIDES ON

EISENIA FETIDA UNDER IN VITRO CONDITIONS

Abstract

Earthworms play important role in maintaining soil productivity and often used as a standard
for assessing toxicity in agroecosystem. They are one of the abundance creatures found in
warm region and coexist with plant parasitic nematodes in the soil. Application of synthetic
nematicides drastically reduced population of both nematodes and earthworms necessitating
alternative management strategies such as the use of bionematicides in crop husbandry. The
phytonematicides are regarded as toxic and used for plant protection purposes which can
affect earthworms. The objective of the study was to determine structural deformity and toxicity
of Nemarioc-AL and Nemafric-BL phytonematicides on E. fetida under in vitro conditions.
Treatment constituted 0, 2, 4, 8, 16, 32 and 64% Nemarioc-AL or Nemafric-BL
phytonematicide. Three earthworms were placed on a filter paper in a petri-dish. And soaked
with, 10 mL each concentration of the stated phytonematicide. Nemarioc-AL and Nemafric-BL
phytonematicides high concentrations of 8 to 64% induced mortality and inhibited viability up
to 100% with more structural deformities. At lower concentrations less structural deformities
were observed. Higher concentration phytonematicide of the have shown to be toxic to

earthworms.

Keywords: Biodiversity, toxicology, pesticides, structural deformity, ecosystem
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6.1 Introduction.

The intensification of agricultural practices, especially the widespread use of synthetic
pesticides and fertilizers has resulted in a decline in the biodiversity of agroecosystem
soils (Pelosi et al., 2016). According to Alengebawy et al., (2021), these synthetic
compounds are often classified as anthropogenic sources which are toxic to non-target
organisms like earthworms (Eisenia fetida). Earthworms are regarded as an essential
microorganism, which directly or indirectly influence availability of macro and micro
elements for plants uptake and maintain soil productivity. (Datta et al., 2016).
Earthworms are also used as standard for microorganism model for environmental risk
assessment of toxic chemicals and soil toxicology (Miglani and Bisht, 2019).
Furthermore, they are considered ecosystem engineers because they impact soil
structure and chemistry, especially through the incorporation and fragmentation of
organic matter, nutrient cycling, aggregate formation and soil porosity (Maréchal et al,
2021). However, earthworms are negatively affected by pesticides used in plant

protection.

Earthworms are abundance creatures which co-exists with plant parasitic nematodes
in soil ecosystem which tends to be vulnerable to synthetic pesticides while nematode
are managed (Dionisio et al., 2018). Earthworms treated by synthetic chemical
nematicides reduced the ability to complete the most critical and valuable functions in
the soil (Jansirani et al., 2012). The exposure of earthworms to capiscol, stratos ultra
jardin, polyvalent, round-up GT plus and polyflor resulted in toxicity to the products
(Ouina et al, 2017). Furthermore, synthetic chemical pesticides can induce mortality
on population densities of earthworms (Datta et al., 2016). The use of synthetic
pesticides has shown environmental unfriendly leading to the development of
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biopesticides Nemarioc-AL and Nemafric-BL phytonematicides (Mashela et al., 2017).
Biopesticides developed for plant protection purposes are known to be toxic to a target
pest without information on how the product will affect other microorganisms such as
earthworms. Therefore, its imperative to assess safety of biopesticide products on
non-target organisms to fully understand their effects. The objective of the study was
to determine structural deformity and toxicity of Nemarioc-AL and Nemafric-BL

phytonematicides on Eisenia fetida under in vitro conditions.

6.2 Materials and Methods

6. 2.1 Description of the study location

The research was conducted at the Green Biotechnologies Research Centre of
Excellence (GBRCE), University of Limpopo, South Africa (23°53"10'S, 29°44"15'E).

A temperature set for an incubator was 20 °C inside a Ethnopharmacology laboratory.

6.2.2 Treatments and Experimental Design
Treatments for each product Nemarioc-AL or Nemafric-BL phytonematicides
comprised of 0, 2, 4, 8, 16, 32 and 64% arranged in a completely randomized design

(CRD) replicated 3 times.

6.2.3 Procedures and Cultural Practices

Earthworms were collected from a growing media in cultured pods inside the
greenhouse. Adult worms with the weight of 300 and 600 mg (E. fetida) and fully
developed clitellum were used for all the experiments. Separate trials, for Nemarioc-
AL and Nemafric-BL phytonematicides were conducted concurrently under In vitro
conditions. Earthworms were collected manually and rinsed by distilled water. Three
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earthworms were placed on a filter paper in a petri-dish. Approximately, 10 mL from O,
2, 4, 8, 16, 32 and 64% Nemarioc-AL and Nemafric-BL phytonematicides
concentrations were pipetted per petri-dish. Parafilm was used to seal petri-dishes
containing the immersed species. The petri-dishes were be kept in an incubator set at

25 + 2°C for 24h.

6.2.4 Data Collection

The effects of Nemarioc-AL and Nemafric-BL phytonematicides were determined by
using needle for viability and mortality while structural deformity was assessed by
using pictures. The response of earthworms to a needle indicated that it was viable
and non-response indicated mortality. Structural deformities were observed under a

camera.

6.2.5 Data Analysis
Data for concentration response curves were analysed by GraphPad Prism® version

5.2, GraphPad Software Inc., San Diego, CA, USA (Motulsky, 2007).

6.3 Results and Discussion

6.3.1 Mortality and cell viability using Nemarioc-AL phytonematicide

The increasing concentrations of Nemarioc-AL phytonematicide at 2 to 8% doses on
earthworm stimulated viability contributing 100%, and inhibited mortality to up to 0%
(Figure 6.1). In contrast, a dose from 16 to 64% Nemarioc-AL phytonematicide
inhibited viability on earthworms, while on the other side it induced mortality (Figure
6.1). The observed results suggests that exposure to earthworms at low concentration

of Nemarioc-AL phytonematicide did not have toxic effects earthworms (Figure 6.3).
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In contrast, higher concentrations were more toxic to earthworms as indicated by
structural deformities (Figure 6.3). Earthworms exposed to toxic heavy metal in the
soil, reduced mobility, reproduction, enzymes activities and growth were identified
(Yadav et al., 2023). The result in the current study confirm with findings where two
pesticides cythion and dieldrin were tested for toxicity on E. fetida and that at low
concentrations, earthworms were seen viable but at higher concentration levels, their
body was melted, broken and destroyed (Shahzad and Pawar, 2017). These results
on structural deformity were observed when Eudrilus eugeniae was exposed to
malathion pesticide morphological abnormalities like lifting the body, coiling, and
curling were observed in all individuals exposed to the highest concentrations for 24 h
(Jeyaprakasam et al., 2021). At higher concentration earthworms experienced coiling,

release of coelomic fluid, redness, segmental constriction and swelling.
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Fig 6.1 Response of Eisenia fetida on viability exposed to increasing concentrations
of Nemarioc-AL phytonematicide under in vitro conditions
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Fig 6.2 Response of Eisenia fetida on mortality exposed to increasing concentrations
of Nemarioc-AL phytonematicide under in vitro conditions
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Fig 6.3 Structural deformities of Eisenia fetida on exposure to increasing
concentrations of Nemarioc-AL phytonematicide under in vitro conditions at 24 h. A
(Control — 0%), B — 4%, C - 8%, D 16%, E — 32% and F — 64%
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6.3.2: Mortality and viability using Nemafric-BL phytonematicide

The response of earthworms exposed to increasing concentrations of Nemafric-BL
phytonematicide have shown 100% viability at 2 to 8%. In contrast, at 16 to 64%, no
viability was observed (Figure 6.4). Mortality induced by Nemafric-BL phytonematicide
was observed at 16 to 64%, whereas no mortality rate observed at 0 to 8% (Figure
6.5). These results suggest that the phytonematicide did not have toxic effects on
viability of earthworms at lower concentration levels, while at higher concentration
levels toxicity was induced. At 4 and 8% even though earthworms were viable they
were signs of deformities shrinking was observed. Relative to untreated control, there
were no signs of shrinking observed. At 16, 32 and 64% there were blooding or blood
like secretions around the worm’s depicting toxicity of a product to earthworms. The
release of coelomic fluid (yellow color) was clearly observed on 64%. Swelling was
observed on 16% and mortality was observed on 16, 32 and 64%. Lastly, they were
signs of decay at high concentration level indicating that these earthworms died
several hours before 24 h after incubation. These signs on structural deformities
indicate that Nemafric-BL phytonematicide was toxic to earthworms. However, lower
concentration levels did not show much signs of toxicity. When earthworms were used
to assess toxicity of pesticides, same structural deformities were observed on
earthworms (Yatoo et al., 2022). On other plant extracts, commercial neem
(Azadirachta indica A. Juss.) extracts had reduced the radial thickness of the
epidermis, body wall and thickness of intestinal epithelium earthworms (Pheretima

peguana) at high concentration level (Muangphra, and Gooneratne, 2011).
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Fig 6.4: Response of Eisenia fetida on viability exposed to increasing concentrations
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Fig 6.5: Response of Eisenia fetida on mortality exposed to increasing concentrations
of Nemafric-BL phytonematicide under in vitro conditions.
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Fig 6.6: Structural deformities of Eisenia fetida on exposure to increasing
concentrations of Nemafric-BL phytonematicide under in vitro conditions at 24 h.

6.4: Conclusion

Nemarioc-AL and Nemafric-BL phytonematicides were non-toxic to earthworms at low
concentrations with moderate structural deformities observed. These two noble
products will not have negative effects on non-target organism in the soil if used at

lower concentration level.
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CHAPTER 7
SUMMARY, SIGNIFICANCE OF FINDINGS, FUTURE RESEARCH AND

CONCLUSIONS

7.1 Summary

This study assessed a possible toxicity of Nemarioc-AL and Nemafric-BL
phytonematicides on non-target organisms. Bioavailability of phytonematicides was
determined on tomato roots, stems, leaves, fruits and different soil types. Then
accumulation of cucurbitacin A and B residues were detected in smaller quantities of
mg/kg. The cucurbitacin’s are widely spread in our daily cuisines like in pumpkin and
watermelon which should not be a challenge if found at such lower concentrations in
produce treated by Nemarioc-AL and Nemafric-BL phytonematicides. | therefore,
recommend the use of phytonematicides for plant protection purposes, because at a
given concentration 3%, the accumulation of cucurbitacin residues was very low.
However, when these products are used, care should be taken to avoid human

exposure.

The CARD computer algorithm model was used to develop MCSP on tomato plants
and overall sensitivity of the products. Using the biological indices, MCSP for
Nemarioc-AL and Nemafric-BL phytonematicides on tomato plants inoculated by
earthworms was 1.09 and 1.35%, respectively. The overall sensitivity of a crop to
Nemarioc-AL and Nemafric-BL phytonematicides were Yk = 1 unit and Yk = 2 units,
respectively. Demonstrating tomato plants were more sensitive to Nemarioc-AL
phytonematicide than Nemafric-BL phytonematicide. Earthworms’ variables were
subjected to lines of the best fit. The increasing Nemarioc-AL phytonematicide
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concentration exhibited a positive quadratic equation on earthworms’ variables. In
contrast, Nemafric-BL phytonematicde concentrations exhibited both positive and
negative quadratic equation. Furthermore, earthworms were assessed at molecular
level by proteomics by using one-dimensional analysis. At lower concentrations of
Nemarioc-AL and Nemafric-BL phytonematicides protein bands were shallow and at

higher concentration they intensified.

GraphPad prism was used to tackle the issue of cytotoxicity on Raw 264.7
macrophage cells and earthworms. Cytotoxicity of the phytonematicides was
evaluated by using Raw 264.7 macrophage cells using microplate. Using MTT assay,
the Nemarioc-AL and Nemafric-BL phytonematicides were toxic to Raw 264.7
macrophage at high concentrations and less toxic at lower concentrations. This was
shown by increased cell viability at low concentration and reduced viability at high
concentrations. The anti-inflammatory was assessed by using a microscope with both
high and low concentrations showing signs of cytotoxicity on Raw 264.7 macrophage
differing on their degree. Cell viability and mortality of earthworms were evaluated
under In vitro conditions. The relationship of cell viability and mortality were inversely
promotional to each other in the current study as affected by phytonematicide

concentrations.

7.2 Significance of findings
The findings of this study have shown that the response of living entities to Nemarioc-
AL and Nemafric-BL phytonematicides followed a density-dependent growth pattern

(DDG). These DDG pattern is compartmentalized by stimulation, neutral and inhibition
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phase. The stimulation phase, occurred at lower concentration levels by stimulating
plant, earthworms’ variables and Raw 264.7 macrophage suggesting non-toxic effects
of phytonematicides. In contrast, inhibition occurred at high concentration levels
resulting in mortality and structural deformity of earthworms. | this regard, low
concentrations have indicated that phytonematicide are safe to be used for intended
purpose. While signs of structural deformities at lower concentration on earthworms
and Raw 264.7 macrophage explains a direct contact of this product can still be toxic

at low degree.

7.3 Future research

Protein synthesis in response to phytonematicides brought crucial information on
safety of the products on non-target organism. However, more studies need to be
conducted based on molecular level including phytonematicide effects on earthworm
DNA profile. The phytonematicides contain secondary metabolites which are
allelochemical that can either stimulate or inhibit other species. There is still a dearth
of information on the effects of phytonematicides on un-targeted metabolites. Since
the product has plethora of phytochemicals cucurbitacin B which is mostly renowned
as an anticancer property. A study should be conducted to evaluate its effects on

cancer.

7.4 Conclusion
The Nemarioc-AL and Nemafric-BL phytonematicides has shown a moderate toxicity
to living entities at low concentration level. As a product developed to manage plant

parasitic nematodes moderate toxicity of a product is not an issue. While high
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concentration levels should be avoided as this product has shown acute toxicity at that
degree. Therefore, these products are viewed as a future alternative bionematicide

which is cost effective and environmentally friendly.
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APPENDICES

Appendix 1. The figure shows the standard curve of Protein concentration vs

Absorbance used to estimate protein concentration from samples.

BSA standard calibration curve
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Appendix 2. Standard calibration curve of pure cucurbitacin A used to estimate

cucurbitacin A accumulation in a sample.
Compound name: Cucurbitacin A

Correlation coefficient: r =0.997100, r*2 = 0.994209
Calibration curve: 284.325 * x+ 91.5253

Response type: External Std, Area
Curve type: Linear, Origin: Exclude, Weighting: 1/x, Axis trans: None
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Appendices 3. Standard calibration curve of pure cucurbitacin A used to estimate

cucurbitacin B accumulation in a sample.

Compound name: Cucurbitacin B

Correlation coefficient: r =0.996778, r*2 = 0.993566

Calibration curve: 398.219 * x + -35.7933

Response type: External Std, Area

Curve type: Linear, Origin: Exclude, Weighting: 1/x, Axis trans: None
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