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Abstract 

Fungal diseases such as Fusarium head blight (FHB) and a complex of wheat aphids are 

significant biotic stressors, negatively affecting wheat production and quality. The use of 

chemicals and resistant cultivars is continuously challenged by the development of resistance, 

while harsh chemical pesticides pose environmental and human/animal health risks. This study 

explored the pesticidal activity of bacterial metabolites, produced by the bacterial symbionts 

of entomopathogenic nematodes (EPNs), against FHB causing Fusarium sp. Fusarium 

graminaerum and Russian wheat aphid biotypes. To achieve this aim, metabolites were isolated 

from the symbiotic bacteria derived from the EPNs collection at the Agricultural Research 

Council-Small Grain (ARC-SG). Metabolites were screened against Fusarium graminaerum 

and RWA biotypes, followed by the identification of nematodes, bacteria and metabolites. 

Mycelial growth and spore germination of  F. graminaerum were differently inhibited by 

metabolites produced by bacterial symbionts of the nine selected EPNs isolates. Isolate SGI 

197 and SGI 170 produce the highest overall mycelial growth inhibition rates of 96.25% and 

95.79%, respectively. Out of the three types of metabolite treatments tested against mycelial 

growth, crude metabolites were the most effective compared to other metabolite treatments in 

all isolates. Xenorhabdus isolates displayed higher spore germination inhibition activity 

compared to Photorhabdus isolates. Among Xenorhabdus isolates, isolate SGI 257 had the 

highest spore germination inhibition rate of 96.29%, which was higher than that of other 

Xenorhabdus isolates. Crude metabolites were also screened for aphicidal activity on five 

RWA biotypes. The results depicted that resistance to metabolites increased with the order of 

the biotypes (from Biotype 1 to 5). Isolate SGI 197 had the highest overall aphicidal activity 

when compared to other isolates and the control. LC-MS analysis and molecular networking 

computational tools detected and confirmed the presence of two previously described 

antimicrobial compounds, Anthraquinones (m/z 255/285) and stilbene precursor 3,5-

dihydroxy-4-isopropyl-trans-stilbene (Isopropylstilbene) (m/z 255); and a number of other 

unidentified compounds. The results from this study are based on in vitro assays. More studies 

are needed to evaluate the antifungal and insecticidal activities of these bacterial metabolites 

on in vivo conditions. Among the selected isolates, Isolate SGI 197 seemed to be the best 

candidate for use as a biopesticide. These are baseline steps towards the development of 

cheaper and more eco-friendly pest control products based on the metabolites. 

Key words: Entomopathogenic nematodes, Xenorhabdus, Photorhabuds, Fusarium head 

blight, Russian wheat aphids, bacterial metabolites.



1 
 

Chapter 1 

Introduction 

1.1 Background 

The economic worth of wheat and its contribution as food to humans and livestock cannot be 

questioned (Shewry and Hey, 2015). An estimated 20% of the total calories humans consume 

come from wheat, and it gives more protein when compared to other food sources (Appels et 

al., 2018). To cater for the growing human population, there is a demand for wheat research 

and breeding to speed up the genetic gain and increase and protect wheat quality and yield 

(Appels et al., 2018). A ceaseless drive to produce high yields and good quality grains is faced 

with many challenges. Decreasing availability of good farmland, climate change and other 

irregular abiotic and biotic factors continue to threaten wheat production locally and globally 

(Figueroa et al., 2017). Out of all threating wheat diseases, fungal diseases are the most 

significant threat in increasing the gap between actual and usable yield (Goutam et al., 2015). 

Figueroa et al. (2017) reviewed few of the causal fungal wheat diseases, of which wheat rusts, 

blotch diseases, and Fusarium head blight (FHB) are highlighted. Apart from fungal diseases, 

other biotic stressors of economic importance are pests belonging to the family Aphididae, 

which is made up of about 5,000 aphids species, distributed all over the world (Shavit et al., 

2018).  

Fusarium head blight is a significant floral disease of grains and also poses a serious health 

hazard to humans and animals by poisoning grains with hazardous mycotoxins (Jimenez-

Garcia et al., 2018; Dilks et al., 2019). The disease is primarily caused by an Ascomycete 

fungus, Fusarium graminearum (Gibberella zeae Petch.) (Hypocreales: Nectriaceae) 

(Figueroa et al., 2017). Fusarium head blight disease leads to early aging of wheat heads, 

resulting in approximately 80%  reduction of both grain quality and yield (Torres et al., 2019). 

Effects of FHB disease have two parts: reduce grain yield and quality, which jeopardize the 

overall harvest and delays commerciality; furthermore, the production of various 

sesquiterpenoid trichothecene mycotoxins [such as the type B toxin, deoxynivalenol (DON)] 

in the grains causes a serious food safety risk and health hazard to humans, animals and natural 

ecosystems (Figueroa et al., 2017). Dweba et al. (2017) reported that it is not easy to actively 

manage the diseases using a single control method due to their limitations such as development 

of resistance. Several methods are used to control the disease, including crop rotation, cultural 

practices, planting less-susceptible cultivars, chemical and biological management strategies 

(Torres et al., 2019). 
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Wheat aphids are devastating invasive pests to small grains and other cultivated grass species 

(Tulpová et al., 2019). Symptoms that result from aphid feeding may be leaf rolling, leaf 

chlorosis, plant desiccation and plant stunting. The damage eventually leads to yield reduction 

(Luna et al., 2018). Damage by aphids to cereal crops can be severe, especially in wheat. 

Commonly, 8% to 34% yield losses can be reached with aphid infestation (Yahya et al., 2017), 

while even higher through feeding by Russian wheat aphids (RWA). Some of the wheat aphids 

with high economic importance have been described in detail by Blackman and Eastop (2000). 

Problematic aphids include the Bird cherry-oat aphid, English Grain aphid, Rose-grain aphid, 

Greenbug and RWA (Blackman and Eastop, 2000; Shavit et al., 2018). The common 

approaches to control aphid populations in crops is through breeding for resistance and 

insecticidal treatments. However, management strategies, such as the use of insect-resistant 

breeds, can lead to the development of new biotypes (Jankielsohn, 2013) and/or the 

development of resistance against insecticides (Simon and Peccoud, 2018), for these reasons, 

it must be addressed in the long-term with sustainable solutions.  

Entomopathogenic nematodes (EPNs) are a subgroup of insect-parasitic nematodes that are 

used in augmentative, classical and conservation biological control as alternatives or 

supplements to chemical pesticides (Lu et al., 2017). Xenorhabdus and Photorhabdus are 

gram-negative bacterial symbiont of EPNs (Yooyangket et al., 2018). Entomopathogenic 

nematodes bacterial symbionts are responsible for killing the host insect, and also prevent 

scavengers and contaminants from eating or spoiling the cadaver (serving as food source for 

the EPNs) (Hazir et al., 2016). Shan et al. (2019) hypothesized that EPNs symbiotic bacteria 

produce volatile and non-volatile metabolites that can act as deterrents against many soil 

microbes. Therefore, these specialized metabolites have the potential to be developed as 

biopesticides, targeting both plant pathogens and insect pests. This study explored the potential 

of these bacterial metabolites, which are generated by the EPN symbiotic bacteria, as biological 

control of FHB and RWA.        

1.2 Problem statement 

Fusarium head blight (FHB) is an economically important disease of small grains (Wegulo et 

al., 2015). Unlike other foliar diseases that indirectly affect grain yield, FHB develops directly 

on wheat spikes, which can cause severe losses of grain yield during serious epidemics (Su et 

al., 2019). Moreover, the production of mycotoxins such as nivalenol (namely deoxynivalenol), 

zearalenone, zearalene, T-2 toxin, zearalene and diacetoxyscirpenol can be harzadous to both 

humans and animals (Jimenez-Garcia et al., 2018). Worldwide, the disease can result in losses 
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amounting to billions of dollars per year, and majority of these losses comes from wheat and 

barley (Wegulo et al., 2015). Fusarium head blight is best controlled by integrating different 

methods such as genetic resistance, crop rotation, a timely fungicide application and tillage 

practices (Paul et al., 2018). The complex genetics of Fusarium species and fungicide residues 

highlight the need for alternative measures.  

Wheat aphids are responsible for major damage in wheat fields resulting in serious yield losses 

(Li et al., 2019), and are said to cause hundreds of millions of dollars in worldwide crop losses 

annually (Ali et al., 2018). Aphids cause a serious economic loss of grains by directly feeding 

on the plant phloem sap and indirectly by vectoring plant viruses [such as barley yellow dwarf 

virus (BYDV)]  in between plants and crops (Shah et al., 2017). As they feed, aphids remove 

plant photo-assimilates, resulting in longitudinal streaking around the main leaf vein, plant 

chlorosis, considerable biomass reduction and head trapping, in worse infestations, plant death 

(Tulpová et al., 2019). Currently, chemical pesticides are widely used for the control of aphids 

(Zhao et al., 2018). Due to the safety and development of resistance concerns over synthetic 

chemical application, it is urgent to look for alternative control measures that are safe and 

environmentally sound (Shah et al., 2017). 

Entomopathogenic nematodes (EPNs) have been applied successfully as biological control 

agents of a range of economically important insects found in different habitats (Garcia-del-

Pino et al., 2018).  Their application seems to be cantered on the soil-based stages in the life 

cycles of insect pests, as EPNs are adapted to soil environments as their natural habitat (Platt 

et al., 2018). Research on the use of EPN to control foliage-based insect life stages has been 

less successful and rarer because of harsh environmental conditions above ground (Platt et al., 

2019). EPN symbiotic bacteria are responsible for killing the host insect, and prevent 

scavengers and contaminants from eating or spoiling the cadaver by producing secondary 

metabolites. Therefore, specialised metabolites have the potential for biological control of both 

plant pathogens and insect pests.  

1.3 Hypothesis 

Entomopathogenic nematodes symbiotic bacteria from the genera Xenorhabdus and 

Photorhabdus produce secondary metabolites with antifungal and insecticidal activities with 

the potential to control FHB and RWA infestations. 
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1.4 Aim & Objectives 

1.4.1 Aim 

The aim of the study was to isolate and identify potential secondary metabolites produced by 

EPN symbiotic bacteria for safe and environmentally friendly biocontrol of FHB and RWA 

biotypes. 

1.4.2 Objectives 

Objectives of the study were:  

1.4.2.1 To test bacterial metabolites treatments against FHB and RWA. 

1.4.2.2 Extract and identify secondary bacterial metabolites from effective strains/isolates. 

1.4.2.3 To identify or characterise the effective nematode and their symbiotic bacterium. 

1.5 Research questions 

1.5.1 Do bacterial metabolites from EPN bacterial symbionts have inhibitory effects on 

mycelial growth and spore germination of FHB causing Fusarium sp.? 

1.5.2 What effect do bacterial metabolites from EPNs bacterial symbionts have on five RWA 

biotypes? 

1.5.3 What kind of secondary metabolites are produced by EPN bacterial symbionts? 

1.6 Chapter layout 

1.6.1 Chapter 1 is an introductory chapter; it includes the background of the topic and the 

problems that the work addresses with the objectives that will lead to the achievement of the 

aim. 

1.6.2 Chapter 2 is a review chapter; it highlights all the knowledge that is in the public domain 

for all the keywords used and all the variables of this study. 

1.6.2 Chapter 3 includes the materials and methods; this is where all the protocols, instruments 

and setting of conducted experiments are described in detail. 

1.6.3 Chapter 4 comprises results; this is where the results obtained from this study are 

presented. 

1.6.4 Chapter 5 is made up of a discussion of results, which includes the meaning and 

significance of the results using referenced literature as evidence backing up the meaning or 

findings, and a set of conclusions made from the results for all objectives and recommendations 

for future studies.  
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1.7 Benefits of the Study 

Firstly, this study holds potential for prototype development based on the metabolites and the 

EPN symbiotic bacteria species for use by both emerging and commercial farmers. Both these 

bioproducts can be incorporated into integrated pest management (IPM) programmes. 

Ultimately, increasing crop production in support of the national food security and nutrition 

policy and climate-smart agriculture for sustainable food production. 

Secondly, the research may result in a decrease in the use of chemical pesticides. Currently, 

South Africa has more than 3000 registered pesticides (DAFF) and is one of the four largest 

importers of pesticides in sub-Saharan Africa (Quinn et al, 2011). Lastly, the outcome of this 

project contributes to the pool of knowledge about the safe and sustainable use of biological 

pesticides. 

1.8 Limitations of the study 

The aim of this study was to extract and identify secondary metabolites produced by EPN 

symbiotic bacteria for safe and environmentally friendly biocontrol of FHB and RWA biotypes. 

Metabolite treatments were successfully screened against FHB causing Fusarium sp. F. 

graminearum but metabolites that were responsible for inhibiting mycelial growth and spore 

germination were not individually identified. Metabolome databases used in this study were 

not solely for bacterial metabolites. As a result, most metabolites or compounds could not be 

identified or matched with compounds originating from bacteria, or it could be that these 

compounds are new and, therefore, more work should be done to characterise them. The source 

of Russian wheat aphids and other insects used in this study was limited since these insects 

were used in many projects, hence they were not always available when needed. 

1.9 Ethical consideration 

UNISA-CAES health research committee approved the ethical clearance application for this 

study. Clearance approval was valid from 05/11/2020 to 31/10/2023 (Appendix A). The work 

in this study was conducted at Agricultural Research Council-Small Grain (ARC-SG), Insect 

Pathology laboratory under qualified personnel supervision. All culture plates (bacterial and 

fungal plates) were autoclaved before disposal. 

1.10 COVID 19 guidelines 

The study continued without Ethics Review Committees (ERC) notifications (Appendix C). 

Activities were postponed during level 5 of the lookdown or when a positive case was reported 
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within the institute, and all safety and productive measures were taken throughout the study 

period. 

1.11 Outputs from the study 

1.11.1 Publications 

• Kgosiemang, J.L., and Ramakuwela, T., (2021, September). Nematodes as potential 

biofungicide for Fusarium head blight. SA Graan/Grain, page 39. (Appendix D) 

1.11.2 Oral presentation 

• Kgosiemang, J.L., Ramakuwela, T., and Figlan, S., 2021. Antimicrobial effect of 

symbiotic bacterial metabolites from entomopathogenic nematodes for control of 

Fusarium Head Blight of wheat. The 23rd Symposium of the Nematological Society of 

Southern Africa, Cape Town, Western Cape province, South Africa, 19-23 September. 
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Chapter 2 

Literature review 

2.1 Wheat (Triticum aestivum L.) (Poaceae).  

Wheat is one of the most important food grain used around the world as food to humans and 

feed to livestock (Alikina et al., 2016). Furthermore, wheat grains contain high nutritional 

value, have an acceptable taste, and can be used to make many processed food products, namely 

bread, pizza, pasta, bulgur, and couscous or drinks such as beer (Cianferoni, 2016). Its first 

cultivation was around 10 000 years ago, during the ‘Neolithic Revolution’, and the first forms 

of cultivated wheat were diploid and tetraploid wheats (Shewry and Hey, 2015). Their genetic 

relationships show that they originally came from the south-eastern parts of Turkey (Shewry, 

2009). Now, the main species of wheat that has been cultivated throughout the globe is 

(Triticum aestivum L.) (Poaceae)., a hexaploid form known as “common” or “bread” wheat 

(Shewry and Hey, 2015). This is a hybrid species from two unrelated species, cultivated 

tetraploid wheat T. turgidum subsp. durum and wild grass Triticum tauschii; and it can be found 

only in cultivation (Shewry, 2009). Since its existence, bread wheat (Triticum aestivum L.) has 

become the most preferred staple crop, not only due to its ability to survive in different 

photoperiod and prolonged cold temperatures but also due to the fact that it grows better than 

its ancestral parents under low pH, salt, aluminium, and freezing conditions (Li et al., 2018). 

There are two forms of wheat, based on their sowing season: spring wheat and winter wheat 

(Khanfri et al., 2018). 

2.1.1 Global wheat production 

Wheat (Triticum aestivum L.) is the world’s third most grown crop, following maize and rice. 

Food and Agriculture Organization (FAO) (2014) reported that the crop occupies 4% of 

agricultural fields globally, which is 218.5 million hectares, with an average yield of 3.26 tons 

per hectare (Kajla et al., 2015). Since 1961, global wheat production has increased at a rate of 

21.8% per year (Pardey, 2011). 

2.1.2 South African wheat production 

South Africa (SA) has the second-largest wheat production area (0.5 Mha), following Ethiopia 

(1.7 Mha) in Sub-Sahara Africa (Tadesse et al., 2019). Still, SA is the largest contributor in 

wheat production, followed by Ethiopia in sub-Sahara Africa (Asela et al., 2020). South 

African areas with high contributions to wheat production include the Western Cape, the Free 

State, and Northern Cape provinces. Other areas ranked as minor contributors in South African 
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wheat production this includes Gauteng and the North West province (Nhemachena and 

Kirsten, 2017). South Africa's wheat (T. aestivum) production dropped significantly from 2.5 

million tonnes, harvested from 974 000 ha in 2002, to roughly 1.7 million tonnes, harvested 

from 500 000 ha in 2013 (DAFF,(2014); Sosibo et al., 2017). Sadly, the decrease in wheat 

production occurs when the demand is progressively increasing annually at a rate of 1.6%, and 

it is estimated that almost 60% more wheat will be required by 2050 (Singh et al., 2015). 

Negative factors such as climate change, drought, poor soil fertility and incidences of pests and 

diseases are responsible for the sudden decrease in SA wheat production (Gqozo et al., 2020). 

2.2 Abiotic stressors of wheat 

Wheat is grown in sub-tropical and tropical parts of the world that experience different abiotic 

stresses (Poudel and Poudel, 2020). Abiotic stresses continue to be a global threat to wheat 

production (Faran et al., 2019). According to world estimates, approximately 50%  of yield  

losses  in  agricultural crops are attributed to abiotic factors such as temperature  (27%),  salinity  

(10%), drought  (9%)  and  other abiotic forms  of  stresses  (4%) (Kajla et al., 2015). The 

severity of two or more abiotic stresses occurring together is more than of one abiotic stress 

occurring alone (Kajla et al., 2015). 

2.2.1 Temperature  

Wheat is very susceptible to heat stress. Estimates show that for every 1°C increase in 

temperature, global wheat production decreases by 6% (Poudel and Poudel, 2020). Heat stress 

negatively affects wheat growth and development at different stages, causing an increase in 

yield loss. At the flowering stage, heat stress limits nutrient uptake to developing grain, 

resulting in small-sized grains and reduced yields (Ullah et al., 2022). 

2.2.2 Salinity 

Agricultural fields, including the ones for wheat cultivation, are exposed to different abiotic 

stresses, including salinity (Miransari and Smith, 2019). Salinity stress is among the main 

abiotic stresses that reduce crop yield by negatively affecting plant growth (Afridi et al., 2019). 

Salinity affects nutrient uptake and enzyme activity, protein synthesis, photosynthesis, 

assimilation and hormone metabolism of the plant (Ahmad et al., 2019). Elevated salt 

concentrations in agricultural fields result in ionic and osmotic stress, causing noticeable 

growth changes such as necrosis, reduced leaf area and abscission (Ahanger et al., 2019), and 

subsequently low yield and grain quality (Miransari and Smith, 2019). 
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2.2.3 Drought 

Drought affect plant growth and production more than any other abiotic stress (Keyvan et al., 

2010). Depending on the onset time, period and severity of the stress, drought can reduce wheat 

productions by up to 92%. During drought, leaf aging is accelerated, and the process of 

photosynthesis declines resulting in decreased grains size and numbers (Saeidi and Abdoli, 

2015). 

2.3 Fungal pathogens found in wheat 

Fungal diseases form part of the most important biotic stressors and often cause unneglectable 

losses in wheat production globally (Jighly et al., 2016). Although other fungal species are 

important in promoting plant growth by associating with the host plant's roots in a mycorrhizal 

association, almost 20 000 fungal species are parasites and are able to cause diseases in crops 

(Ray et al., 2017), and others are endophytic causing symptomless infections within healthy 

plant tissues (Larran at el., 2007). Wheat diseases from fungal pathogens are more threatening 

to crop yields and grain quality than diseases resulting from bacteria and viruses (Goutam et 

al., 2015). Among fungal diseases of wheat, rusts (Puccinia spp.), powdery mildew (Blumeria 

graminis), blotches (Mycosphaerella graminicola), and head blight/scab (Fusarium spp.) are 

the current highlighted threats (Qi et al., 2019). From the mentioned, Fusarium spp. are of 

interest simply because they secrete bioactive secondary metabolites of which include 

mycotoxins (Hertz et al., 2016). 

2.3.1 Fusarium head blight 

Fusarium head blight is the most significant wheat ear disease; it can cause total or partial early 

ear aging and therefore reduces both crop yield and grain quality (Scarpino et al., 2015). In 

1884, W.G. Smith was the first to describe the disease in England and six years later F.D. 

Chester and J.C. Arthur (Wegulo et al., 2015) reported the disease in the United States. In SA, 

FHB was first found in 1980 along the Vaal River in the North West province (Minnaar-Ontong 

et al., 2017). The second outbreak report of FHB in SA was in KwaZulu-Natal during the 

1985/86 production season (Minnaar-Ontong et al., 2017). 

The main FHB causing Fusarium species are Fusarium graminearum group II (also known as 

Gibberella zeae sexual stage), F. poae, F. avenaceum and F. culmorum (Matny, 2015), where 

F. graminearum and F. culmorum predominate the list and are the most destructive (Wegulo 

et al., 2015). Infection from FHB is mainly influenced by air, weather and atmospheric 

humidity during flowering and early stages of seedling development (Qi et al., 2016). Various 
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mycotoxins such as deoxynivalenol (DON) and zearalenone (ZEA) which are toxic to both 

humans and animals are secreted by these Fusarium species (Dweba et al., 2017). The main 

toxin producers belonging to genus Fusarium are F. fujikuroi (Sawada) and F. graminearum 

species complexes (Van der Lee et al., 2015), of which the latter is a pathogen of wheat.  

2.3.2 Fusarium graminearum Group II (Nectriaceae) 

Fusarium graminearum (Gibberella zeae) is the primary pathogen causing FHB disease in 

South African wheat (Shude et al., 2020), and the presence of its mycotoxins in human food 

and livestock feeds have long been a pandemic (Pleadin et al., 2013; da Rocha et al., 2014; 

Dweba et al., 2017). In addition to causing FHB in wheat, the pathogen is also a causal agent 

for other diseases such as crown root rot and ear rot of wheat, barley, and maize (Lu and 

Edwards, 2018). Fusarium graminearum is ranked the fourth most significant plant fungal 

pathogen based on the pathogen’s scientific and economic importance (Ntushelo et al., 2019). 

Unlike other plant pathogenic fungi, e.g. Magnaporthe oryzae and Colletotrichum orbiculare, 

F. graminearum does not use appressoria to enter cells of its host cells (Qiu et al., 2019). In 

wheat, the pathogen enters at anthesis (flowering) stage because at this stage wheat anthers 

open to release pollen creating an opening to the pathogen (Shude et al., 2020). The pathogen 

overwinters (in some cases over-summers) in crop debris, and at this stage it produces asexual 

macroconidia and sexual ascospores, both of which are responsible for causing FHB disease 

on cereal heads in the next crop season (Manstretta and Rossi, 2015). Normally, infestation 

inoculums are either by airborne ascospores or water-splashed conidia (Wang et al., 2015). 

Under laboratory conditions, the entire F. graminearum life cycle takes about two weeks 

(Manstretta and Rossi, 2015). Figure 1 adapted from Shude et al. (2020) below, illustrate the 

life cycle of F. graminearum. 
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Figure 1. Fusarium graminearum life cycle. Adapted from Shude et al., (2020). 

2.4 Wheat aphids Diuraphis noxia (Mordvilko)(Aphididae) 

Wheat aphids are devastating invasive pests of small-grain cereals and many cultivated grass 

species (Tulpová et al., 2019). They belong to a large family called Aphididae, Order: 

Hemipterans, which is composed of approximately 50,000 extant insect species (Burger and 

Botha, 2017). Signs of feeding by aphids may be leaf chlorosis, leaf rolling, plant stunting, and 

plant desiccation (Luna et al., 2018). Damage by aphids to cereal crops can be severe, 

especially in wheat. Commonly, yield losses of 8 to 34% can be reached with aphid infestation 

(Yahya et al., 2017). Wheat aphids are likely to cause hundreds of millions of dollars in 

worldwide crop losses annually (Ali et al., 2018). Wheat aphids are known as vectors of plant 

viruses such as the barley yellow dwarf virus (BYDV) from crop to crop. The honeydew 

produced by the aphids inhibits plant respiration and photosynthesis by covering the surface of 

leaves, which results in declining yield and poor‐quality wheat (Zhang et al., 2016). Blackman 

and Eastop (2000) have extensively described some of the wheat aphids with high economic 

significance. Problematic aphids include the English grain aphid, Greenbug, Bird cherry-oat 

aphid, Rose-grain aphid and RWA (Shavit et al., 2018).  
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2.4.1 Russian wheat aphid (Diuraphis noxia) 

Russian wheat aphid, Diuraphis noxia Kurdjumov (Hemiptera: Aphididae) is a significant pest 

of cereal crops globally, which infests over 140 species of graminaceous plants (Kirkland et al. 

2018). Despite its ubiquity, infestation rates are low with irregular occurrences and constricted 

to areas in the central interior and the Western Cape regions of SA (Kisten et al., 2020). These 

relatively small, light, greenish, phloem-feeding aphids can be found living in different habitats 

and conditions, making them extremely successful and invasive (Botha, 2021). There is no 

evidence that RWA is carrying viruses or pathogens, but it can inject its salivary proteins into 

a plant while feeding on phloem, causing a serious systemic phytotoxic effect (Avila et al., 

2019). Russian wheat aphid originates from central Asia (Jankielsohn, 2017), but its first record 

away from its native origins was in South Africa in the late 1970s (Jankielsohn, 2016). They 

can change and adapt in response to changing environments resulting in biotypes with varying 

virulence patterns (Jankielsohn, 2018). Ever since the first report of RWA in SA in 1978’s, 

RWA has experienced a number biotypification events as there are now five different biotypes 

described  in SA (Burger and Botha, 2017; Jankielsohn, 2018). Biotypification is when an aphid 

population develops resistance to previously established resistance within wheat (Burger and 

Botha, 2017). The difference between these biotypes is their D. noxia resistance source (Dn 

gene) (Botha, 2021), and they can be easily distinguished by the susceptibility of wheat 

carrying different RWA resistance genes (Jankielsohn, 2021). Different from the US biotype 

numbers that only follow the order of collection, not virulence, South African biotype numbers 

follow both the order of virulence and collection: SA1 (1978) < SA2 (2006) < SA3 (2009) < 

SA4 (2011) < SA5 (2018) (Jankielsohn, 2018; Botha, 2021). 

2.4.2 Life cycle of Russian wheat aphid 

Russian wheat aphids are holocyclic (i.e. they are able to reproduce by both sexual and asexual 

reproduction) in some countries (Kirkland et al., 2018). In other parts of the world, RWA have 

a sexual cycle where oviparous females lay overwintering eggs (i.e. holocyclic eggs) during 

autumn (Avila et al., 2019). In SA, RWA populations are mostly anholocyclic (i.e. with no 

males present) (Avila et al., 2019). In an anholocyclic lifecycle, a single female aphid can 

produce close to 70 nymphs/daughters in their lifetime (Kirkland et al., 2018), and the 

population overwinters as viviparous parthenogenetic females (Avila et al., 2019). Russian 

wheat aphid populations produce viviparous females with wings when the environmental 

conditions are unfavourable or when nutrients are depleted (Chemeda et al., 2015). Botha 

(2021) illustrated a typical RWA life/sexual cycle/ (Fig. 2) during all four seasons. 
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Figure 2. Life cycle of Russian wheat aphid (Botha, 2021) 

2.5 Chemical pesticides 

Chemical pesticides are chemical substances that are mainly used to control plant pests and 

diseases (Guler et al., 2010). Some examples of chemical pesticides are fungicides, 

rodenticides, insecticides, herbicides, and plant growth regulators (Nicolopoulou-Stamati et al., 

2016). The application of chemical pesticides in the agricultural sector is important to combat 

different types of pests that could reduce crop yields and increase the quality of the food 

produced (Guler et al., 2010). Despite their broad application and their significant role in 

constantly boosting agricultural production (Kolberg et al., 2011), the majority of chemical 

pesticides have been identified to have environmental and health issues (Nicolopoulou-Stamati 

et al., 2016). A significant amount of laboratory and epidemiological evidence suggests that 

some chemical pesticides are proven to cause carcinogenesis, immunotoxicity, behavioural 

disturbance, neurotoxicity, infertility, developmental disabilities, endocrine disruption, skin 

conditions and respiratory diseases, such as asthma (Guler et al., 2010). Chemical pesticides 

can be classified into different classes, the most common ones include organochlorines, 

carbamates, organophosphates, neonicotinoids, pyrethroids and triazines (Nicolopoulou-

Stamati et al., 2016). 
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2.5.1 Chemical pesticides used for FHB management 

Fusarium head blight occurs in most wheat cultivars. In order to control FHB, chemical 

pesticides have been applied for years (Kheiri et al., 2016).  Different active ingredients, such 

as triazoles and imidazoles, are reported to have good efficacy against FHB, causing Fusarium 

spp. (Tini et al., 2020). Moreover, the DeMethylation Inhibitors (DMI) (sterol biosynthesis 

inhibitors) or triazoles (tebuconazole, metconazole and prothioconazole) chemical pesticides 

are the most commonly used active ingredients against Fusarium spp. (Amarasinghe et al., 

2013). In the triazole family, tebuconazole and metconazole are commonly used active 

ingredients for FHB control, whereas prothioconazole is used to control numerous fungal 

diseases, including FHB (Tini et al., 2020). Wheat farmers have been applying benzimidazole 

chemical pesticides, mainly carbendazim, to control FHB for the past decades (Li et al., 2019) 

due to their low price when compared to other classes of chemical pesticides (Feksa et al., 

2019). Although chemical pesticides application forms a critical part in integrated FHB 

management (Xiao et al., 2020), foliar application of fungicides such as tilt at anthesis [the 

optimum growth stage for chemical pesticides application for FHB control (Paul et al., 2018)] 

might provide some protection. Still, they destroy natural antagonists of plant pathogens and 

induce pathogen populations resistant to chemicals pesticides (Kheiri et al., 2016). 

Furthermore, resistance to carbendazim can result in the enhancement of DON biosynthesis in 

the infected wheat (Li et al., 2019). On the other hand, QoI (Quinone outside inhibitor) class 

of chemical pesticides, e.g. the strobilurins, can cause an increase in DON accumulation, even 

though they partially reduce FHB outbreaks (Feksa et al., 2019).  

2.5.2 Chemical pesticides used for wheat aphid’s management 

Crop protection from aphids is based mostly on the application of insecticides derived from 

active ingredients of the following classes: carbamates, neonicotinoids, pyrethroids and insect 

growth regulators (Ikbal and Pavela, 2019). In SA, registration of active substances is limited. 

Registered insecticides in SA include thiamethoxam, chlorpyrifos, acetamiprid, chlorpyrifos + 

cypermethrin, imidacloprid, demeton-S-methyl, parathion, dimethoate and prothiofos 

(Jankielsohn, 2021). In the Western Cape province of SA, chlorpyrifos, dimethoate, 

imidacloprid and thiametoxam are the most commonly used active substances (Jankielsohn, 

2021). Additionally, chlorpyrifos is widely used in the Western United States of America 

(Jankielsohn, 2021). Apart from the above-mentioned insecticides, results obtained from 

Hassan et al. (2018) suggest that imidacloprid and thiamethoxam prepared with tebuconazole 

for seed treatment can potentially limit the risk of a delayed spray by preventing infestation 
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outbreaks and increasing crop yield. However, the application of some chemical insecticides 

or their residues may have a pesticidal effect on non-target organisms, including humans 

(Zhang et al., 2018). 

2.6 Integrated pest management (IPM) 

The concept of IPM came from entomologists faced with extensive use of  broad-spectrum 

insecticides and insect outbreaks that were induced by the elimination of natural antagonists 

and the development of resistance to insecticides (Barzman et al., 2015). The concept and 

definition of IPM differ in implementation depending on a number of factors that include the 

level of education, social and economic status, environmental awareness, rational thinking, 

moral values/ethics, regulatory aspects, government acts and policies, availability of IPM tools, 

extension education, marketability and consumer preference (Dara, 2019). “The late RJ 

Prokopy (2003) defined integrated pest management (IPM) as a decision-based process 

involving the coordinated use of different tactics to optimize the control of all classes of pests 

(insects, pathogens, weeds, vertebrates) in an ecologically and economically friendly manner” 

(Ehler, 2006). Therefore, IPM strategy is channelled to keep strengths within the ecosystems 

and direct the pest populations to manageable or toleratable levels rather than eliminate them 

(Ehi-Eromosele et al., 2013). Integrated pest management  is a strategy to minimising the 

reliance on chemical pesticides (Muriithi et al., 2016). However, IPM is not a concept that 

strictly and uniformly suits all situations but a philosophy that can be applicably applied by the 

practitioner to help them make a decision for their situation (Barzman et al., 2015). Dara (2019) 

listed and discussed some common control strategies that can be employed at different stages 

of crop production to prevent, reduce, or treat pest infestations as part of an IPM program. 

These common strategies include host plant resistance, chemical control, cultural control and 

Biological control (Dara, 2019) 

2.7 Biological control 

Biological control is the use of biological agents (organisms that suppresses the pest or 

pathogen) or their products on a host animal or plant to prevent or control the development of 

disease or stress caused by a pathogen or pest (O’Brien, 2017). The agents or their products 

that negatively affect crop pests and pathogens include macroorganisms, microorganisms, 

chemical mediators, and natural substances (substances originating from animals, 

microorganisms or plants) (Lecomte et al., 2016). O’Brien (2017) mentioned that the level of 

disease suppression achieved by the application of biocontrol agents to a plant can be the same 

as that achieved by the application of chemical pesticides. Biological control can be categorized 
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into four different categories: natural, conservation, classical, and augmentative biological 

control (Van Lenteren et al., 2017). 

2.7.1 Biological control of FHB 

The employment of biological control agents such as bacteria and fungi can provide protection 

against  F. graminearum and associated toxin secretion (Dweba et al., 2017). Endophytic fungi 

have been evaluated for potential use as biological control agents of  FHB. For example, 

Sarocladium zeae an endophyte of corn can secrete secondary antifungal metabolites with an 

inhibitory effect on F. graminearum (Kemp et al., 2020). Besides Sarocladium zeae, other 

fungal enemies include Trichoderma spp. (Matarese et al., 2012), Aureobasidium pullulans 

(Wachowska and Glowacka, 2014), Clonostachys rosea (Xue et al., 2014), and Cryptococcus 

spp. (Schisler et al., 2011). Bacterial species that have been reported to have antagonistic 

activity against Fusarium spp. causing FHB include Pseudomonas spp., Streptomyces spp., 

Lysobacter enzymogenes and Bacillus spp. (Wegulo et al., 2015). To date, none of the reported 

biological control agents has achieved complete control of FHB, and the results are collected 

from a small number of field experiments (Dweba et al., 2017). These biological control agents 

are currently not available commercially (Powell and Vujanovic, 2021). 

2.7.2 Biological control of wheat aphids and RWA 

The biological control of agricultural pests depends mostly on the introduction of natural 

enemies and parasites/parasitoids, or on the release of pest pathogens and competitors (Van 

Rijn and Sabelis, 2005). In agriculture, natural enemies/predators play a significant part in 

controlling arthropod pest density and preventing them from reaching economic thresholds (Ali 

et al., 2018). Ladybugs are natural enemies of aphids, and their introduction can partially 

control the population density of aphids. However, when they are used in integration with 

cultural, genetic or chemical methods, they are proven to have improved activity (Du Toit, 

1987). Two wasp species, Aphidius colemani and Diaeretiella rapa have also been reported to 

specialise in parasiting numerous aphid spp. including RWA (Starý, 1999). In 1989, 

Aalbersberg et al. (1989) reported that the use of natural predators/parasites to control the RWA 

is not effective in susceptible cultivars. 

2.7.3. Entomopathogenic nematodes as biocontrol agents 

Entomopathogenic nematodes (EPNs) are obligate parasites of insects (Nowrin et al., 2018).   

Entomopathogenic nematodes from Steinernematidae and Heterorhabditidae gained more 

attention due to their many attributes as effective biological control agents for insects (Lacey, 
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and Georgis, 2012). Entomopathogenic nematodes from the Steinernema and Heterorhabditis 

have been commercialised in several continents (Lu et al. 2016) and used to control a wide 

range of economically important insect pests (Mahar et al. 2005), aided by their bacterial 

symbionts (Shapiro-Ilan et al., 2017). They have a free-living, third-stage infective juvenile 

(IJ) that can search for their  host insect (Gumus et al. 2015), using carbon dioxide secretions, 

vibrations and other chemical cues (Dlamini et al., 2020). The IJs of EPN can be cultured easily 

using in vitro and in vivo protocols (Nowrin et al., 2018) for mass production. Commonly IJs 

are sprayed in aqueous suspensions for field applications (Gumus et al. 2015). 

In contrast to their obvious potential, commercial successes of EPN application are rare (Kim 

et al., 2014), and a number of biotic and abiotic factors affect EPN pest control efficacy (Lacey 

et al., 2015). An example of biotic factor is that applied EPNs might result in undesirable side 

effects on non-targeted beneficial arthropods or the existence of arthropod predators can 

deplete the population of EPN by directly eating free-living EPNs, nematode-killed insects or 

by damaging the integrity of nematode-killed insects resulting in unfavourable environment 

for nematode development (Belien, 2018). Furthermore, abiotic environmental stresses can 

negatively affect EPN survival and persistence. In particular, EPN survival and biocontrol 

efficacy can be negatively impacted by exposure to temperature extremes, UV radiation and 

desiccation (Gulzar et al., 2020). 

2.8 The symbiotic bacteria of EPN, Xenorhabdus and Photorhabdus 

Xenorhabdus and Photorhabdus from Morganellaceae family (www.ncbi.nlm.nih.gov/ ), are 

etomopathogenic bacteria which cause septicaemia (blood poisoning by bacteria) and toxemia 

(toxic bacterial toxins) in their insect hosts (Mollah and Kim, 2014). In nature, Photorhabdus 

and Xenorhabdus are found in symbiosis with Heterorhabbditis and Steinernema respectively 

(Heinrich et al., 2017). Entomopathogenic nematodes of the genus Steinernema harbour their 

symbiotic bacteria (Xenorhabdus) in a receptacle vesicle located in the anterior part of the gut 

which is specialised for the bacteria, while Heterorhabditis use their intestinal lumen to carry 

their symbiotic bacteria (Photorhabdus) (Sajnaga and Kazimierczak, 2020). There are 

currently only 29 Xenorhabdus species and 20 Photorhabdus species (Yimthin et al., 2021). 

Xenorhabdus and Photorhabdus bacteria are classified as Gram-negative, facultatively 

anaerobic, non-spore forming rods (Sajnaga and Kazimierczak, 2020). Despite their different 

evolutionary origins, Xenorhabdus and Photorhabdus species have a similar life cycle (Da 

Silva et al., 2020). These two bacterial genus can easily be differentiated by catalase test and 

http://www.ncbi.nlm.nih.gov/
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bioluminescence which are only reserved traits for Photorhabdus (Sajnaga and Kazimierczak, 

2020).  

2.8.1 Phase variation 

Xenorhabdus spp. and Photorhabdus spp. exhibit a phase variation that affects their 

relationship with their nematode hosts, Steinernema and Heterorhabditis spp. respectively 

(Smigielski et al., 1994). The two phases of Xenorhabdus and Photorhabdus spp. with distinct 

phenotypes have been characterized as phase I (primary phase) and phase II (secondary phase) 

(Han and Ehlers, 2001). However, it is still unclear what stimulates them and what is the role 

of the switch between two cell types in the life cycle of these bacteria (Sajnaga and 

Kazimierczak, 2020). However, there are reports that phase variation has some consequences 

on the success of nematode production (Han and Ehlers, 2001). Phase II variants occur 

suddenly during in vitro culture or during the production of nematodes on artificial diets 

(Boemare et al., 1996). Naturally, the phase I variant is the one been carried by the IJs and 

supports reproduction of the nematode within its host insect better than phase II (Smigielski et 

al., 1994). To distinguish between phase I and phase II variants of these bacteria, the nutrient 

bromothymol blue triphenyltetrazolium chloride agar (NBTA) test based on absorption of 

bromothymol blue can be conducted (Aiswarya et al., 2017). Only phase I can absorb the dye. 

Additionally, phase I variants have protoplasmic paracrystalline inclusions, secret lecithinase 

and can have fimbriae (Moureaux et al., 1995). 

2.9 The life cycle Entomopathogenic nematodes and their symbiotic bacteria 

Entomopathogenic nematodes and their symbiotic bacteria have a species-specific symbiotic 

relationship, in which Steinernema species are specifically associated with bacteria from genus 

Xenorhabdus and Heterorhabditis species are similarly associated with bacteria from the 

genus, Photorhabdus (Park et al., 2017). The IJ stage of EPN with their symbiotic bacteria in 

their midguts can be found in the soil of distinct ecological systems (Yooyangket et al., 2018). 

Bacterial symbionts secrete secondary metabolites that assist in creating and maintaining 

favourable conditions for nematode reproduction by overcoming the host insect’s immune 

defence, killing the insect, and inhibiting the growth of various fungal and other bacterial 

competitors (Kary et al., 2017). The nematodes feed upon the bacteria and dead insect carcass 

and can stay one to three generations in the host cadaver (Muangpat et al., 2017). After 

depletion of food, the nematodes retain bacterial symbiont cells in its guts before leaving the  

depleted cadaver as IJs in search for another insect host (Kepenekci et al., 2015). A typical 

example of this mutualistic association (Fig. 2) adapted from Stock (2019) can be found below. 
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Figure 3. A typical example of a mutualistic association between entomopathogenic 

nematodes and their bacteria symbionts (Stock, 2019). 

2.10 Bacterial secondary metabolites  

Secondary metabolites are small molecules that are not important for life, although these 

molecules are  likely to confer an evolutionary benefits to the producer organism (O’Connor, 

2015). Bacterial secondary metabolites have very diverse chemical structures which display a 

vast range of biological activities, hence acquiring actual or potential industrial use in different 

industrial fields (Bibián et al., 2020). Secondary metabolites are commercially important as 

pesticides, drugs, fragrances and flavour, pigments or dyes, and food additives (Ingle and 

Narkhede, 2019). 

Photorhabdus and Xenorhabdus are great secretors of structurally different secondary 

metabolites that are important for their symbiotic lifestyle with nematodes, killing of insect 

host and protection of the host cadaver against sacavangers (Engel et al., 2017). They secrete 

many types of proteins, including lipases, phospholipases, proteases, and peptides which are 

known to synthesis novel secondary metabolites with diverse biological activities (Eroglu et 

al., 2019). Notably, Photorhabdus and Xenorhabdus can produce a number secondary 
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metabolites including antimicrobial and insecticidal compounds e.g. phenethylamines, 

benzylideneacetone, xenocoumacins, indole and 3,5-dihydroxy-4-isopropylstilbene 

(Muangpat et al., 2017). Hazir et al. (2016) reported that secondary metabolites have no 

phytotoxic activity when applied to different plant species in the glasshouse.  

2.10.1 Insecticidal compounds produced by Xenorhabdus and Photorhabdus spp. 

Some secondary metabolites secreted by Xenorhabdus and Photorhabdus play an important 

role during their association with their symbiotic nematode hosts, while some are essential for 

pathogenesis specifically targeting insect’s immune defences (Mollah and Kim, 2020). An 

isocyanide-containing molecule, rhabducin [a functionalised tyrosine product of 

amidoglycosyl- and vinyl-isonitrile (Crawford et al., 2012)] produced by both Xenorhabdus 

and Photorhabdus species, can inhibit the activity of phenoloxidase (main component of the 

insect’s natural immune system) in Galleria mellonella (Linnaeus)(Lepidoptera: Pyralidae) 

larvae (Mollah and Kim, 2020; Crawford et al., 2012). Stilbenes from Photorhabdus are also 

involved in inhibiting phenoloxidase in Manduca sexta larvae (Eleftherianos et al., 2007). 

Another phenoloxidase inhibitor, benzaldehyde, was reported by Ullah et al. (2015) using G. 

mellonella larvae as a model system. Oxindole and benzylideneacetone produced by  

Xenorhabdus nematophila and Photorhabdus temperata can act as phospholipase A2 (catalyse 

the production of mediators of the immune response and eicosanoid biosynthesis in insects) 

inhibitors in insects (Da Silva et al., 2020). Furthermore, previous studies have illustrated that 

proteins and secondary metabolites such as iodine, benzylideneacetone, phenethylamides, 

xenooxides, xenorhabdins, indol derivatives and xenocoumacins that are produced by a 

Xenorhabdus nematophila are effective in the management of culicids (Da Silva et al., 2020). 

2.10.2 Antifungal compounds produced by Xenorhabdus  and Photorhabdus spp. 

Li et al. (1995) were the first study to report the antifungal activity of isolated and identified 

compounds produced from Xenorhabdus and Photorhabdus spp. They observed strong 

antifungal activity of these compounds against several medical and agricultural important 

fungal species. From an in vitro and in vivo study conducted by Zhang et al. (2019), 

Nematophin a compound produced by  X. nematophila exhibited antifungal properties against 

Rhizoctonia solani. Two stilbene derivatives produced by a Photorhabdus temperate showed 

strong antifungal activity against a plant pathogenic fungi Pythium aphanidermatum (Shi et 

al., 2012). Also produced by Photorhabdus sp. P. temperate, an aromatic aldehyde, 

benzaldehyde inhibited the growth of three economically important fungal phytopathogens, R. 

solani, Phytophthora capsici and Corynespora cassiicola in in vitro experiments (Ullah et al., 
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2015). Xenociumacin produce by X. nematophilus var. pekingensis exhibited strong antifungal 

activity against several Phytophthora species and 95.7% inhibitive activity against Rhizoctonia 

solani (Yang et al., 2011). Additionally, Fusarium sp. F. oxysporum was significantly inhibited 

by Cabanillasin, a compound produced by Xenorhabdus cabanillasii (Houard et al., 2013). 

2.11 Chromatography 

Chromatography is a biophysical technique used to separate, quantify, identify and purify 

individual components of a mixture for qualitative and quantitative analysis (Coskun, 2016). 

The technique’s principle is based on separating mixture components according to their 

differences between two phases (Yashin and Yashin, 2012). One of these phases is the 

stationary phase, which is made up of a sorbent; the other is the mobile phase which is normally 

made up of liquid or gaseous component (Coskun, 2016). The technique was developed in 1903 

by Mikhail Tswett, a botanist from Russia; He used a calcium carbonate column to separate 

plant pigments (Parasuraman, et al., 2014). The word chromatography was formed from Greek 

words chroma (colour) and graphein (writing) which means ‘colour writing’ (Parasuraman, et 

al., 2014). Since the first development, other types of chromatography methods have been 

developed including paper chromatography, column liquid chromatography, gas 

chromatography,  thin-layer chromatography, gel permeation chromatography, high-pressure 

liquid chromatography, ion exchange chromatography and affinity chromatography (Coskun, 

2016). 

2.11.1 High Performance Liquid Chromatography 

High Performance Liquid Chromatography (HPLC) is a leading analytical technique employed 

for the separation, identification and quantification of each constituent of mixture (Thammana, 

2016). High performance liquid chromatography is an updated form of column liquid 

chromatography and, is currently one of the most needed analytical chemistry tools (Bhardwaj 

et al., 2015).  Instead of allowing a solvent  to move through a column under gravity, high 

pressures of up to 400 atmospheres is being apply to accelerate the solvent movement (Meher 

et al., 2018). The tool only to separate, quantify and identif the molecules that are found in any  

sample that can be dissolved into a liquid. High performance liquid chromatography separation 

of each chemical component from the sample mixture is based on its unique affinity towards 

the adsorbent material in the column and the mobile phase, causing different components of 

the sample mixture to leave the column at different time and separate (Sahu et al, 2018). 



22 
 

2.11.2 Mass spectrometry 

Mass spectrometry (MS) is an analytical tool that measures the mass-to-charge ratio of ions 

generated by the sample, allowing quantitative determination and qualitative identification of 

the sample. A physicist Joseph J. Thomson (1856 – 1940) and chemist Francis W. Aston (1877 

- 1945) (Noda et al., 2016; Chong et al., 2018) put the first mass spectrometry device into 

functional form in 1912. The discovery of electrons [the ground-breaking work on cathode rays 

(Thomson, 1897)] was not the only discovery by Joseph J. Thomson. Him together with F. W. 

Aston used mass spectrometry to demonstrate the presence and to measure the mass isotopes 

of elements (Thomson, 1911; Aston, 1920; Lössl et al., 2016). In the early 20th century, mass 

spectrometry was mainly used to measure masses of existing isotopes and masses of atoms 

(Griffiths, 2008). The technique analyse the molecular components of a biological analyte by 

ionizing the sample components and then measuring the resulting ions mass-to-charge ratios 

(Martens et al., 2011). These charged ions are formed in the ion source. In other cases, the ion 

source also helps in transferring liquid-phase or solid-phase sample into the gas phase. The 

gas-phase ions are then received by the mass analyser. After receiving the gas-phase ions, the 

mass analyser set the charges—in space or time—in accordance to their mass-to-charge ratios 

(m/z) (Ubarn, 2016). 

2.11.3 Liquid Chromatography- Mass spectrometry (LC-MS) 

Mass spectrometry (MS) without preparation have been used as an analytical tool for 

metabolomics, but MS alone has been proven to have some limitations as a comprehensive tool 

for the characterization of metabolites end groups and copolymer composition sequences 

(Crotty et al., 2016). Some years later after the MS analysis of proteins/metabolites was 

discovered, there were attempts to couple/combine it with a more advanced separation tool, 

such as electrophoresis and liquid chromatography (LC) for sample preparation (Lössl et al., 

2016). The coupling of chromatographic separation with mass spectrometric detection has 

emerged as the number one technology for multiparallel analysis of low molecular weight 

compounds in metabolomics (Tautenhahn et al., 2008). Liquid chromatography coupled with 

mass spectrometry provides more selectivity and identity confirmation compared to traditional 

chromatography that were coupled to one-dimensional detector e.g. UV absorbance (Kruve et 

al., 2015). The success of the LC–MS technique comes from its capability to give three-

dimensional data. First, it separates the compounds in relation to time by LC. Secondly, ions 

produced in the ionization source are then sorted according to their mass to charge (m/z) ratios 

in the mass analyzer of MS. Finally, the MS detector measures the concentration of each ion 
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(Kruve et al., 2015). The coupling of LC to MS is a functional analytical technique, and many 

different types of LC-MS techniques were developed over the past 20 years making LC-MS 

coupling techniques important in metabolite characterization and dedicating them for 

sophisticated metabolite analysis (Crotty et al., 2016). 

2.12 Gap in literature 

The current literature is focused on studies from other parts of the world. Secondary metabolites 

from EPN symbionts have been previously evaluated for their many bioactive activities against 

pests and pathogens. However, none of these studies evaluated their potential for management 

of FHB of wheat and RWA biotypes. Moreover, there is no study available for evaluation of 

indigenous EPN symbionts for the management of these biotic stressors. This study is the first 

to extract and identify bacterial metabolites from the ARC EPN collection, and to evaluate their 

bioactive activities against FHB causing Fusarium sp. Fusarium graminearum and RWA 

biotypes. 
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Chapter 3 

Materials and Methods 

The study was conducted at the Insect Pathology Laboratory of Agricultural Research Council- 

Small Grain Institute (ARC-SGI), Bethlehem, Free State province, South Africa. 

3.1 Source of wheat cultivar, cultures and insects  

3.1.1 Wheat cultivar 

Seeds of a RWA susceptible wheat cultivar (Duzi) were obtained from ARC-SG and they were 

kept in a dry cabinet at room temperature for later use. 

3.1.2 Fusarium sp. cultures 

Fusarium graminearum cultures (isolate D52) were provided by the Fusarium laboratory at 

ARC-SGI and they were successively subcultured onto plates of potato dextrose agar (PDA) 

(Merck Co., http://www.merck.com/) and mung bean agar (MBA). The plates were then 

incubated at 25 ±1˚C for four days and seven days respectively. After incubation, Fusarium 

spores were confirmed under a light microscope (Model U-LHLEDC, Olympus Co., 

www.Olympus-global.com ) at 40 x magnification and plates were kept at ±10 °C for later use. 

3.1.3 Russian wheat aphid biotypes 

Five South African RWA biotypes were obtained from caged clone colonies at ARC-SGI, 

reared in a glasshouse cubicle at 25 ±1°C with a photoperiod of 14:10h on planted wheat 

seedlings/plants. 

3.1.4 Rearing of Galleria mellonella 

The great wax moth, G. mellonella were reared in 3L Consol glass bottles containing artificial 

feed (Birah et al., 2008) at 25 ±2 °C in an insect rearing room at ARC-SG insect pathology 

laboratory. The last-instar larvae were harvested when needed for experiments.  

3.2 Isolation and culturing of EPN symbiotic bacteria 

Nine EPN isolates (Table 1) from the collection at ARC-SGI were used for this study. Isolation 

of the symbiotic bacteria was achieved using the combination of Kaya and Stock (1997) and 

Muangpat et al. (2017) protocols with some modifications. For each isolate, three last instar G. 

mellonella larvae were infected and incubated for 48h at 25±1°C in the dark. Under the laminar 

flow hood, symbiotic bacteria were isolated from the hemolymph by dissecting the cadavers of 

G. mellonella larvae with a sterile scalpel blade, and the hemolymph inoculum were streaked 

http://www.merck.com/
http://www.olympus-global.com/
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onto selective medium. MaConkey agar (Merck Co., http://www.merck.com) medium was 

used for Heterorhabditis isolates and NBTA (nutrient agar, 0.0025% bromothymol blue, and 

0.004% triphenyltetrazolium chloride medium) medium was used for Steinernema isolates. 

Inoculated plates were incubated at 25±1 °C for 72 h in the dark. Morphological identification 

of bacterial colonies was achieved by visually observing characteristics of the colonies and by 

making a slide and observing cell morphology as described by Akhurst (1980). To obtain pure 

bacterial cultures, single colonies of the desired morphology and characteristics were picked 

and plated successively onto a new MaConkey agar or NBTA plates until a pure culture was 

obtained. For stock preservation, bacteria were suspended in 15% glycerol and stored at -80 °C 

until needed for experiments (Boemare and Akhurst, 2006, Eroglu et al., 2019). 

Table 1. Selected indigenous EPN isolates for isolation of their symbiotic bacteria. 

Isolate Nematode Symbiotic bacteria 

SGI 35 Steinernema innovationi Xenorhabdus sp. 

SGI 170 Heterorhabditis bacteriophora Photorhabdus luminescens 

(Bai et al., 2013; Ciche, 2007 

SGI 197 Steinernema beitlechemi Xenorhabdus khoisanae 

(Çimen et al., 2016) 

SGI 208 Steinernema sp. Xenorhabdus sp. 

SGI 220 Steinernema sp. Xenorhabdus sp. 

SGI 245 Heterorhabditis bacteriophora Photorhabdus sp. 

SGI 246 Steinernema biddulphi Xenorhabdus sp. 

SGI 257 Steinernema spp. Xenorhabdus sp. 

ROOI 161 Steinernema khoisanae Xenorhabdus sp. 

 

3.3 Production of bacterial metabolites 

Production of secondary metabolites was performed as described by Eroglu et al. (2019) with 

some modifications. Each bacterial isolate was grown on MaConkey agar/NBTA for 72 h at 

25±1°C in the dark. Then for each isolate a loop of bacterial cells from a single colony was 

harvested and transferred into 100 ml trypric soy broth (TSB) (Merck KGaA, 

http://www.merck.com/
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http://www.merck.com ) in a 250 ml Erlenmeyer flask. Three flasks were inoculated for each 

isolate. The liquid cultures were covered in foil and incubated on a rotary shaking incubator at 

180 rpm for seven days at 25±1°C.  

3.4 Preparation of metabolite treatments 

Seven days incubated bacterial liquid cultures were used as the first treatment and these were 

referred to as crude metabolites. The second type of treatment was prepared by centrifuging 

(Hermle Z200A, http://www.merck.com ) bacterial liquid cultures at 6,000 rpm for 20 min, 

followed by filtering the supernatants through 0.22 μm Millipore filter discs (LASEC, 

http://www.lasec.co.za ) and these were referred to as filtered metabolites. The last type of 

treatment was prepared by autoclaving the supernatants at 121 °C for 20 min and they were 

referred to as autoclaved metabolites. All three types of bacterial metabolites treatments were 

transferred into 50ml falcon tubes and kept at ±10°C for later use (overnight for mycelial 

growth experiment and four days for the spore germination experiment). 

3.5 Evaluation of bacterial metabolites on FHB causing Fusarium sp. Fusarium 

graminearum. 

3.5.1 Efficacy of bacterial metabolites on F. graminearum mycelial growth  

All three types of treatments were used to test the efficacy of bacterial metabolites of the nine 

isolates against F. graminearum mycelial growth. The three types of metabolite treatments 

were incorporated into PDA at 20% following the procedure by Hazir et al. (2016). Before 

autoclaving PDA, 20% of the prescribed distilled water was omitted when preparing the media 

for subsequent addition of metabolite treatment suspensions. After preparation, 40 ml of the 

media was poured into 100 ml Erlenmeyer flasks and autoclaved. After autoclaving the flasks 

were allowed to cool to 45-50 °C by placing them in a water bath, then 20% (10ml) of bacterial 

metabolites treatments were added and mixed thoroughly before pouring into 65 mm Petri dish 

plates and 10ml sterile distilled water was added for control treatments. Using a sterile cork 

borer, the centre of the PDA plates were welled, creating a well of 5 mm in diameter. These 

wells were plugged with 5 mm diameter pieces of F. graminearum infected PDA (previously 

incubated for 4 days at 25±1°C). After filling the wells, the plates were incubated at 25±1°C 

for 7 days in the dark.  Two mean growth diameter (measurements taken perpendicular to each 

other using a ruler) were measured per plate after 3 and 7 days of incubation. The inhibition 

rate of mycelial growth was calculated using the formula: inhibition rate = 100 × (colony 

diameter in control – colony diameter in treatment)/colony diameter in control (Hazir et al., 

http://www.merck.com/
http://www.merck.com/
http://www.lasec.co.za/
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2016). The experiment had three replicates per treatment and was repeated twice on different 

dates with a different batch of bacterial metabolites. 

3.5.2 Efficacy of bacterial metabolites on F. graminearum spore germination 

Suppression of spore germination was performed as described by Hazir et al. (2016). Fusarium 

cultures were sub-cultured onto MBA plates (90mm) and incubated at 25±1°C for 7 days. After 

7 days, spores were harvested from the plates by suspending them in sterile water. Then 0.1 ml 

of the conidia suspensions were added to 0.7 ml potato dextrose broth (PDB) (Sigma-Aldrich, 

https://www.sigmaaldrich.com/ ) in 2 ml Eppendorf tubes containing 0.2 ml (20 % v/v) filtered 

metabolites treatments of each isolate. For control, PDB (0.9 ml) alone and 0.1 ml conidial 

suspension without metabolites were used. The tubes were incubated at 25±1°C for 3 days, 

followed by loading spore suspensions on the hemocytometer slide and counting the first 100 

conidium under the compound microscope (Model U-LHLEDC, Olympus Co., 

http://www.olympus-global.com/) at 40× magnification to determine percentage spore 

germination. The inhibition rate of spore germination was calculated using the formula: 

inhibition rate = 100 × (spores germinated in control – spores germinated in treatment)/ spores 

germinated in control (Hazir et al., 2016). Each treatment had three replicates, and the 

experiment was repeated twice at different dates with a different batch of bacterial metabolites. 

3.5.3 Statistical analysis on the efficacy of the bacterial metabolite against F. 

graminearum mycelial growth and spore germination  

Analysis of variance (ANOVA) (α = 0.05) was used to detect the significance of the treatments 

on mycelial growth and spore germination. Trial repeats of both experiments were assessed to 

determine whether there were significant differences between experiment repeats. For the spore 

germination experiment, the data were combined, as there were no significant differences 

between trials (P>0.1215). The standardized residuals were normally distributed (Shapiro-

Wilk test) and therefore the means of spore germination percentages were separated using 

Fisher’s unprotected t-test (least significant difference; LSD) at α=0.05 (Snedecor and 

Cochran, 1980). For mycelial growth, growth inhibition data from repeated trials were pooled.  

The trials were checked for homogeneity using Levene's Test and Bartlett's Test before pooling 

the data. The means of the growth inhibition diameters were separated using Fisher’s 

unprotected t-test (least significant difference; LSD) at α=0.05 (Snedecor and Cochran, 1980).  

https://www.sigmaaldrich.com/
http://www.olympus-global.com/
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3.6 Efficacy of bacterial metabolites on RWA biotypes 

3.6.1 Evaluation of bacterial metabolites against five RWA biotypes  

Crude metabolites from symbiotic bacteria of five EPN isolates (H. bacteriophora SGI 170, H. 

bacteriophora SGI 245, S. beitlechemi  SGI 197,   Steinernema sp. SGI 257 and S. khoisanae 

ROOI 161) were prepare as in section 3.5 and used to test their efficacy against five South 

African RWA biotypes. Wheat leaves infested with the five biotypes were collected from the 

glasshouse and transported to the laboratory in Petri dishes. Roots of non-infested wheat 

seedlings (Duzi) at two-leaf stage were covered with small wet pieces of cotton wool wrapped 

with foil and the leaves were dipped for 5 seconds in metabolite treatments. There were three 

plants per treatment for each biotype. For control, three plants per biotype were dipped in water 

for 5 seconds. After allowing the plants to dry, the plants were placed individually in Petri 

dishes (90 mm) and infested with five adult aphids per petri dish for each biotype (three plates 

for each treatment). Petri dishes were left on the laboratory bench at 25±2˚C. For mortality 

data, aphids were assessed at 24h interval by checking each aphid’s ability to show movement 

in response to touch with a small brush. Results were expressed as mean cumulative percentage 

mortalities at 48h. Schneider- orelli’s formula was used to correct the mortality rates. The 

experiment was repeated twice, seven days apart.  

3.6.2 Statistical analysis on the effect of bacterial metabolites against five RWA biotypes 

Forty-eight hours trial data was used in applying a combined ANOVA after the three trials 

were tested for homogeneity of trial variances using Levene’s test (Levene, 1960). For each 

biotype and per biotype separately (factorial analysis). The trial variances were acceptable 

homogeneous (P>0.001). The standardized residuals were normally distributed (dead aphid 

residual percentages for combined data; P>0.2) (Shapiro-Wilk test) (Shapiro and Wilk, 1965) 

and therefore the means of mortality rates were separated using Fisher’s unprotected t-test 

(least significant difference; LSD) at α=0.05 (Snedecor and Cochran, 1980) 

3.7 DNA extraction and amplification of two effective isolates 

Deoxyribonucleic acid (DNA) of two EPN isolates that displayed a high overall inhibitory 

effect on F. graminearum mycelial growth was extracted following Knot et al. (2020) 

procedure. DNA was extracted from a single IJ by rupturing the nematode on a 15µl drop of 

sterile distilled water and 10µl of the nematode-smash solution (ruptured nematode and 

distilled water) was transferred into 1.5ml Eppendorf tube. The cells were lysed at 56°C 

overnight (Knot et al., 2020) using the lysis solution from the GeneJET Genomic DNA 

Purification Kit (ThermoFisher Scientific Ltd, https://www.thermofisher.com/). Digestion and 

https://www.thermofisher.com/
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Purification were conducted according to GeneJET Genomic DNA Purification Kit 

manufacturer’s instructions. 

The internal transcribed spacer regions (ITS) of both isolates were amplified using primers 

18S: 5-TTGATTACGTCCCTGCCCTTT-3 (forward), and 28S: 5-

TTTCACTCGCCGTTACTAAGG-3 (reverse) (Cimen et al., 2016). The Polymerase Chain 

Reaction master mix was made up of nuclease free water (7.25 μl), 10× PCR buffer (1.25 μl), 

dNTPs (1 μl), primers (0.75 μl each), polymerase (0.1 μl) and 1 μl of the gDNA. The PCR 

profiles were used as follows: 1 cycle of 94°C for 7 min followed by 35 cycles of 94°C for 1 

min, 50°C for 1 min, 72°C for 1 min and a final extension at 72°C for 7 min (Cimen et al., 

2016). Polymerase Chain Reaction was followed by electrophoresis of 2% TAE buffered 

agarose gel (45 min, 120 V) of 2 μl of PCR product stained with safe dye (20 μl safe dye per 

100 ml of gel). 

3.8 Profiling and identification of bacterial metabolites from two best isolates 

3.8.1 Sample preparation 

The homogenised samples of each of the two isolates of bacteria (SGI 170 and SGI 197) were 

measured (30ml; 50ml; 100ml) and 70% LC-MS methanol/H2O was added at a ratio 1:1 m/v. 

The mixtures were vortexed for 30 seconds and sonicated using the BRANDSON 1800 

(Branonic, www.Bransonic.com), for 10 min. After sonication, the samples were centrifuged 

at 10 000 revolutions per minute (rpm) for 5 min. The supernatants were filtered using 0.22 

µm nylon filters into 1.5ml glass vials with 500 µL inserts. 

3.8.2 Liquid Chromatography-Quadruple Time-of-Flight Tandem Mass Spectrometry 

(LC-MS/MS) analysis 

Samples were analyzed on a Shimadzu LC-MS-9030 Q-TOF Mass Spectrometer (Shimadzu, 

https://www.ssi.shimadzu.com/) using a 100 mm × 2.1 mm with a particle size of 2.7 µm C18 

column (Shimadzu, https://www.ssi.shimadzu.com/) at 55°C for 20 min at a flow rate of 0.4 

mL/min following the separation conditions displayed on Figure 1. For each sample, 15 µL 

was injected and run on a binary mobile phase gradient, which comprises of solvent A: 0.1% 

formic acid in Milli-Q water and solvent B: Methanol with 0.1% formic acid. The 

chromatographic effluents were further analysed utilizing the qTOF high-definition mass 

spectrometer set to acquire negative electrospray ionisation data. 

http://www.bransonic.com/
https://www.ssi.shimadzu.com/
https://www.ssi.shimadzu.com/
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Figure 4. The LC-MS mobile phase separation conditions throughout 20 min cut-off time. The 

mobile phase composition was 95% solvent A and 5% solvent B at 0 min; and ramped to 95% 

solvent B and 5% solvent A at 12-16 min. 

3.8.3 Data processing and molecular networking for identification of metabolites 

Data from LC-MS/MS analysis was first converted into an mzML file before uploading it into 

computational tools. Lab solutions and Lab Solutions Insight were the first tools to be used to 

calculate the peaks masses and molecular formula, respectively. For better molecular formula 

results, SIRIUS software (https://bio.informatik.uni-jena.de) was used to confirm the results 

obtained from Lab Solutions Insight. Using the molecular formula, compounds names were 

obtained from the following databases:  

• KNAPSACK: http://www.knapsackfamily.com/knapsack_core/top.php  

• Pubchem: https://pubchem.ncbi.nlm.nih.gov/  

• Chemspider: https://www.chemspider.com/  

• HMDB: https://hmdb.ca/  

 

https://bio.informatik.uni-jena.de/
http://www.knapsackfamily.com/knapsack_core/top.php
https://pubchem.ncbi.nlm.nih.gov/
https://www.chemspider.com/
https://hmdb.ca/
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Chapter 4 

Results 

4.1 Evaluation of bacterial metabolites against Fusarium head blight (FHB) causing 

Fusarium sp. F. graminearum.  

Bacterial metabolites from bacterial symbionts of nine EPN isolates resulted in varying 

antifungal activity against FHB causing Fusarium sp. F. graminearum (isolate D52). 

4.1.1 Efficacy of bacterial metabolites on F. graminearum mycelial growth 

The ANOVA presented varying significant inhibitions of mycelial growth from the three 

different metabolites treatments (crude, filtered and autoclaved metabolites) of each isolate. 

Crude metabolite treatments exhibited the highest growth inhibition activity when compared 

to the other two metabolite treatments (filtered metabolites and autoclaved metabolites) while 

autoclaved metabolites exhibited the lowest growth inhibition activity when compared to the 

other two metabolite treatments (crude metabolites and filtered metabolites) in all isolates 

(F=2855.75; df = 3; P<0.0001) (Figure 5). Crude metabolites mean inhibition rates of all 

isolates ranged from 64.12 to 86.76% while filtered metabolites mean inhibition rates ranged 

from 17.65 to 60.88% and autoclaved metabolites mean inhibition rates ranged from 0 to 

21.72% after three days of incubation. After seven days of incubation, mean inhibition rates 

ranged from 42.88 to 96.25% for crude metabolites, 0 to 55.9% for filtered metabolites and 0 

to 5.4% for autoclaved metabolites (Table 2).  

Table 2. Mycelial growth inhibition rates (%) of all isolates in both incubation periods. 

 3 days incubation 7 days incubation 

Isolates  Crude  Filtered  Autoclaved  Crude  Filtered  Autoclaved  

Xenorhabdus sp. SGI 35 77.65 58.82 14.30 47.33 29.59 4.52 

Photorhabdus sp. SGI 170 73.82 60.88 7.35 95.79 55.90 1.69 

Xenorhabdus sp. SGI 197 83.53 42.06 21.72 96.25 15.49 5.37 

Xenorhabdus sp. SGI 208 76.18 38.53 18.27 61.66 2.06 1.69 

Xenorhabdus sp. GI 220 68.82 39.12 11.76 42.88 2.43 4.52 

Photorhabdus sp. SGI 245 86.76 17.65 0.00 88.39 28.37 1.69 

Xenorhabdus sp. SGI 246 64.12 20.29 0.00 54.30 0.00 0.00 

Xenorhabdus sp. SGI 257 74.12 30.00 15.88 85.77 14.42 0.85 

Xenorhabdus sp. ROOI 161 81.76 31.18 9.71 81.46 1.87 0.00 
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Figure 5. Overall (all isolates; three and seven days of incubation) mean inhibition activity of 

different bacterial metabolite treatments compared to control (P<0.0001). 

 

 

Figure 6. Fusarium graminearum mycelia growth treated with different bacterial metabolite 

treatments of isolate SGI 197 compared to control after three days of incubation. 
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Autoclaved metabolites displayed varying significant inhibition after three days (F = 4.74; df 

= 9; P < 0.0002) (Figure 7) and seven days (F = 3.50; df = 9; P = 0.0063) (Figure 8) of 

incubation. From all the isolates, SGI 197 had the lowest growth diameter when compared with 

control and other isolates in both incubation periods. 

 

 

Figure 7. Mean mycelial growth inhibition activity of autoclaved metabolites compared to 

control after three days of incubation (P < 0.0002). 
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Figure 8. Mean mycelial growth inhibition activity of autoclaved metabolites compared to 

control after seven days of incubation (P = 0.0063). 

Although crude metabolite treatments were the best, mycelial growth inhibition activity of the 

different isolates also varied after three days of incubation (F = 177.19; df = 9; P < 0.0001) 

(Figure 9) and seven days of incubation (F =123.15; df = 9; P < 0.0001) (Figure 10). After 

three days of incubation, isolate SGI 245 had the lowest growth diameter followed by SGI 197. 

After seven days of incubation, SGI 197 followed by SGI 170 had the lowest mycelial growth 

diameters which were not significant from each other. 
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Figure 9. Mean mycelial growth inhibition activity of crude metabolites compared to control 

after three days of incubation (P < 0.0001). 

 

 

Figure 10. Mean mycelial growth inhibition activity of crude metabolites compared to control 

after seven days of incubation (P < 0.0001). 
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Filtered metabolites also had varying significant inhibition activity after three days of 

incubation (F = 51.49; df = 9; P < 0.0001) (Figure 11) and seven days incuation (F = 122.29; 

df = 9; P < 0.0001) (Figure 12). After three days of incubation, SGI 170 had the lowest growth 

diameter which was not significantly different to that of SGI 35. The lowest growth diameter 

came from SGI 170 after seven days of incubation.  

 

Figure 11. Mean mycelial growth inhibition activity of filtered metabolites compared to 

control after three days of incubation (P < 0.0001). 

 

Figure 12. Mean mycelial growth inhibition activity of filtered metabolites compared to 

control after seven days of incubation (P < 0.0001). 
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Overall inhibitory effect of metabolites seemed to differ per isolate irrespective of the genus of 

the bacteria that associate with Heterhorhabditis and Steinernema (F = 321.02; df = 9; P < 

0.0001) (Figure 13). Metabolites of the bacteria associated with H. bacteriophora SGI 170 and 

S. beitlechemi SGI 197 had the highest overall inhibitory effect on mycelial growth compared 

to control and all other isolates. Interestingly, inhibitory effect of all isolates was significantly 

different from the control. 

 

Figure 13. The overall mean mycelial growth inhibition activity of different isolates compared 

to control (P < 0.0001). 

4.1.2 Efficacy on Fusarium graminearum spore germination 

For spore germination experiment, three trials were conduct on different dates and all three 
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the results (F = 2.15; df = 2; P = 0.1258). The control exhibited the highest percentage of 

80.78% spore germination, which was higher than that of all the isolates tested. Xenorhabdus 

isolates had higher inhibition when compared with Photorhabdus isolates (F = 407.46; df = 9; 

P < 0.0001). Amongst Xenorhabdus isolates, SGI 257 had the highest spore germination  

inhibition percentage when compare with other Xenorhabdus isolates (F = 540.30; df = 7; P < 

0.0001) (Figure 14). The table 3 below illustrates the inhibition rate (%) of the bacterial 

metabolite treatments when compared to the control.  
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Table 3. Mean inhibition rate (%) of Fusarium graminearum spore germination. Inhibition rate 

= 100 × (spores germinated in control – spores germinated in treatment)/ spores germinated in 

control (Hazir et al., 2016). 

Isolates Spore germination percentage  Inhibition rate 

Xenorhabdus sp. SGI 35 13,00 83,91 

Photorhabdus sp.SGI 170 75,89 6,05 

Xenorhabdus sp. SGI 197 6,44 92,02 

Xenorhabdus sp. SGI 208 7,44 90,78 

Xenorhabdus sp. SGI 220 9,50 88,23 

Photorhabdus sp.SGI 245 68,86 14,74 

Xenorhabdus sp. SGI 246 4,78 94,09 

Xenorhabdus sp. SGI 257 3,00 96,29 

Xenorhabdus sp. ROOI 161 4,56 94,36 

 

 

Figure 14. Mean Fusarium graminearum spore germination percentages in potato dextrose 

broth (PDB) treated with 20% filtered metabolites of different EPN symbiotic bacteria cultures 

compare to control (P < 0.0001). 
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4.2 Effect of bacterial metabolites from EPN bacterial symbionts against five RWA 

biotypes 

Analysis of variance (ANOVA) revealed varying aphicidal activity of bacterial metabolites 

produced by bacterial symbionts of the five selected EPN isolates. Homogeneity of the three 

trials variances resulted in a combined ANOVA per biotype in a factorial analysis of isolates 

as the first factor and biotype as the second factor. Xenorhabdus sp. SGI 257 induced the 

highest mortality on RWA Biotype 1, with close to  40% mortality rate, which was significantly 

higher than that of the control (Figure 14). The rest of other treatments had intermediate 

aphicidal activity in Biotype 1 when compared to control (F= 2.07; df= 5; P > 0.1190). Among 

the isolates, SGI 197 aphicidal activity on Biotype 2 was significantly higher (Figure 15) than 

that of the other isolates (F=1.18; df= 5; P > 0.3434). Analysis of variance displayed no 

significant difference between isolates and control mortality rates for biotype 3 (F= 0.62; df= 

5; P > 0.6839). SGI 197 also gave a significantly higher mortality rate in biotype 4 when 

compare to other isolates and control (Figure 17) (F=3.94; df= 5; P > 0.0082). Biotype 5 

mortality rates were not significant from other (F= 0.18; df= 5; P > 0.9644). Overall, SGI 257 

was the best isolate for Biotype 1 and SGI 197 performed better for Biotype 2 and Biotype 4. 

 

Figure 15. Russian wheat aphid Biotype 1 mortality rates from different isolates metabolite 

treatments compared to control (α= 0.05). 
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Figure 16. Russian wheat aphid Biotype 2 mortality rates from different isolates metabolite 

treatments compared to control (α= 0.05). 

 

Figure 17. Russian wheat aphid Biotype 4 mortality rates from different isolate metabolite 

treatments compared to control (α= 0.05). 
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4.3 Liquid Chromatography- Mass Spectrometry (LC-MS/MS) analysis 

Liquid Chromatography- Mass Spectrometry (LC-MS) analyses displayed varying 

metabolome profiles of the extracts of the two selected isolates (based on FHB efficacy data), 

Photorhabdus sp. SGI 170 and Xenorhabdus sp. SGI 197. Difference in concentration of the 

samples had no significant effect on the metabolite profiles of both isolates. The two replicates 

of SGI 197 had the same profile. The two isolates produced many corresponding m/z peaks 

namely 633, 285, 724, 600, 950, 311, 293, 255, and 283. One compound at m/z 584 which had 

the highest intensity was only seen in chromatograms of SGI 170 around retention time of 12.5 

min. Just after the retention time of 12.5 min, isolate SGI 197 produced a peak of m/z 379 that 

was not identified in SGI 170.  Isolate SGI 197 chromatograms also displayed a peak at a 

retention time of 15 min of m/z 491. Based on their m/z, some of these compounds have been 

previously identified as Anthraquinones m/z 255 and m/z 285 (Orozco et al., 2016), and 

stilbene precursor 3,5-dihydroxy-4-isopropyl-trans-stilbene (isopropylstilbene) m/z 255 

(Wollenberg et al., 2016; Orozco et al., 2016). 

 

Figure 18. LC-MS chromatogram of  Photorhabdus sp. SGI 170. 
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Figure 19. LC-MS chromatogram of Xenorhabdus sp. SGI 197. 

SIRIUS software (https://bio.informatik.uni-jena.de/) revealed molecular formulae of most of 

the peaks in relation to their masses (m/z). The peak of mass 311m/z produced by both 
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of mass of 277 m/z most relevant molecular formula is C13H26O6 (SIRIUS). Peak of mass of 

491 m/z most SIRIUS scored molecular formula is C29H48O5 and HMDB identified the name 

of the compound as Homodolicholide. 

4.4 DNA extraction and amplification 

Genomic DNA of both isolates was successfully extracted and their ITS regions were 

amplified and depicted on an agarose gel (figure 24). Both effective isolates have  previously 

been characterised (Çimen et al., 2016; Hatting et al., 2009). 
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Figure 20. Gel image from PCR products with amplified ITS and 28S regions. Well M: 100bp 

DNA ladder, Well 1-4: ITS region, Well 5-8: 28S region, Well 1-2 and 5-6: Heterorhabditis 

bacteriophora SGI 170, Well 3-4 and 7-4: Steinernema beitlechemi SGI 197.  
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Chapter 5 

Discussion 

5.1 Inhibitory effect of bacterial metabolites against FHB 

The results show different levels of inhibition on the mycelial growth and spore germination 

of F.  graminearum in all tested metabolites treatments and isolates. The level of inhibition 

varied significantly among isolates and treatments. Hazir et al. (2016) reported similar results 

when they investigated the relative potency of secondary metabolites in various Photorhabdus 

and Xenorhabdus supernatants on diverse fungal phytopathogens. Additionally, secondary 

metabolites from EPNs symbionts Photorhabdus and Xenorhabdus have also been reported to 

have varying antifungal activities in previous studies (Block et al., 2012; Sharma et al., 2016; 

Hazir et al., 2016). However, this is the first report of secondary metabolites from symbiotic 

bacteria of EPNs against FHB causing Fusarium spp. F. graminearum group II. 

5.1.1 Efficacy of bacterial metabolites on Fusarium graminearum mycelial growth. 

Shan et al. (2020) mentioned that antimicrobial activity of symbiotic bacteria derived from 

EPNs against mycelial growth of plant pathogens depends on the species of the symbiotic 

bacteria. The highest mycelial growth mean inhibition rate (96.25%) came from a Xenorhabdus 

sp. isolated from SGI 197 crude metabolite treatments after seven days of incubation. 

Noticeably, the mean inhibition rate from Xenorhabdus sp. SGI 197 crude metabolite 

treatments was the highest compared to other Xenorhabdus isolates in all incubation periods. 

Photorhabdus sp. Isolated from SGI 170 followed Xenorhabdus sp. isolate SGI 197 as the 

second highest performing isolate by 95.79% mean inhibition rate after seven days of 

incubation. Besides this South African based study, Xenorhabdus spp. displayed antifungal 

activity on a number of fungal phytopathogens other than F. graminearum in other parts of the 

world. Indian Xenorhabdus spp. (Xenorhabdus assam, X. indica and X. gujarat) displayed 

antifungal activity against Fusarium oxysporum, Macrophomina phaseolina, Sclerotium rolfsii 

and Rizoctonia solani (Sharma et al., 2016). From their results, X. assam resulted in 78.1–82.2 

% inhibition rate of S. rolfsii, F. oxysporum and R. solani and complete inhibition of M. 

phaseolina, while X. indica had the most activity against F. oxysporum and least activity 

against M. phaseolina. Chinese Xenorhabdus sp. X. nematophila displayed antifungal activity 

against maize fungal pathogens Bipolaris maydis and Curvularia lunata with inhibition rates 

of   66.7% and 69.1%, respectively (Wang et al., 2014). The results we obtained from our 

Xenorhabdus sp. SGI 197 crude metabolite treatments seem to support antifungal activity 
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results obtained in other parts of the world, but with higher inhibition 96.25% against F. 

graminearum. 

Photorhabdus spp. are famously known as key producers of trans-cinnamic acid (TCA) (Block 

et al., 2014). Trans-cinnamic acid is said to have antifungal properties (Block et al., 2014; 

Hazir et al., 2016; Shan et al., 2020). Lalramchuani et al. (2020) reported raising inhibition 

rate from a Photorhabdus sp. P. akhurstii which displayed a 50 to 60% inhibition rate of F. 

oxysporum myceial growth after 48h that went up to 76 to 79% inhibition rate after 96h and 

raised again to 87% after 192h of incubation. Similarly, in this study, crude metabolite 

treatments inhibition rates of both Photorhabdus spp. isolates SGI 170 and SGI 245 increased 

from 73.82% to 95.79% and 86.76% to 88.39% after three days and seven days of incubation, 

respectively. The increase in inhibition rate of these two isolates may have something to do 

with the antifungal compound, TCA. An increase in inhibition rate also resulted from two 

Xenorhabdus isolates [SGI 197 (83.53 to 96.25%) and SGI 257 (74.12 to 85.77%)] while other 

Xenorhabdus isolates had a decrease in inhibition rate after three days and seven days of 

incubation. The varying antagonistic effect between Xenorhabdus isolates may be attributed to 

the varying production levels of their antifungal compounds. 

Overall, crude  treatments were the most effective on F. graminearum mycelial growth. The 

overall mean inhibition rate from crude treatments was 75.25%, which was higher than that 

from filtered treatments (23.93%) and autoclaved treatments (13.32%). The lower inhibition 

activity of autoclaved treatments may be attributed to the autoclaving temperature (121 °C) and 

the time of the autoclaving cycle (15 min). Wang et al., (2014) also reported a decline in 

inhibition activity of the metabolites against Bipolaris maydis after their exposure to high 

temperatures (50°C and 100°C). However, the same metabolites did not lose their inhibition 

activity against Curvularia lunata after exposure to high temperatures. Additionally, Hazir et 

al. (2017) Highlighted that metabolites produced by Xenorhabdus szentirmaii did not lose their 

antifungal activity after autoclaving them at 121 °C for 15 min. From their results, autoclaved 

metabolites treatment from X. szentirmaii displayed similar inhibition activity against 

Monilinia fructicola as filtered metabolites treatment, but higher inhibition activity against 

Glomerella cingulata than filtered metabolites treatment. Nevertheless, it is worth noting that 

these studies, in contrast to the current study did not compare autoclaved metabolites to crude 

metabolites. This is contrary to our results where we found that autoclaved metabolites lost 

inhibitory activity against F. graminearum. Metabolites from Xenorhabdus and Photorhabdus 
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have different stability when exposed to high temperatures and their antifungal activity seem 

to depend on the species of the fungi being treated. 

5.1.2 Inhibitory effect on F. graminearum spore germination. 

Xenorhabdus isolates from the genera Steinernema displayed higher inhibition rates of 

Fusarium graminearum spore germination compared to Photorhabdus isolates from 

Heterorhabditis. Approximately over 83% inhibition rate of Fusarium spore germination 

resulted in all Xenorhabdus isolates from the genera Steinernema while Photorhabdus isolates 

from Heterorhabditis ranged below 15% compared to control. Hazir et al. (2016) reported a 

similar trend when they tested seven bacterial isolates (four Xenorhabdus spp. and three 

Photorhabdus isolates) to determine the inhibitory effect of metabolites on spore germination 

of Fusicladium carpophilum and Fusicladium effusum spores. From their results, germination 

was lower in treatments with Xenorhabdus spp. compared with Photorhabdus isolates for both 

F. carpophilum and F. effusum, except  metabolites from Xenorhabdus nematophila that 

displayed intermediate results when tested on F. carpophilum spores. In contrast, Xenorhabdus 

and Photorhabdus metabolites inhibitory effect seemed to depend on the isolate tested not on 

the genera when they were tested against Pythium myriotylum spores (Shan et al., 2020). Spore 

germination is a critical step in the development FHB disease in wheat seedlings. From our 

results, bacterial metabolites from Xenorhabdus spp. isolated from the Steinernema isolates 

have potential as candidates in integrated FHB management. 

5.2 Efficacy of bacterial metabolites on Russian wheat aphid biotypes. 

This study explored the efficacy of bacterial secondary metabolites produced by bacterial 

symbionts of EPNs on the mortality of RWA biotypes. Metabolites treatments presented 

different aphicidal activities on RWA biotypes. From the results, aphicidal activity of the 

metabolites treatments seemed to decrease with an increase in the order of the biotypes. Even 

though insecticides or resistant cultivars are commonly used to control RWA infestations, some 

studies reported aphicidal activity from different biological control agents (Mesquita et al., 

1997; Motholo et al., 2020; Abebe et al., 2020). Some of these biocontrol agents include 

Beauveria bassiana (Motholo et al., 2020), botanical extracts (Neem) Azadirachta indica L. 

(Abebe et al., 2020), Aphelinus asychis (Mesquita et al., 1997). Although, aphicidal activities 

from bacterial metabolites produced by bacterial symbionts of EPNs have been reported 

previously on cotton aphids (Aphis gossypii Glov.) (Hemiptera: Aphididae) (Iqbal et al., 2020), 

this study is the first to evaluate the aphicidal activity of crude bacterial metabolites for EPN 

bacterial symbionts against five South African RWA biotypes. 
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Efficacy of the isolates seemed to depend on the biotype and isolate tested. Xenorhadus sp 

isolated from SGI 257 produced the highest mean mortality rate of biotype 1, but biotype 2 

mortality rate was better induced by Xenorhabdus sp. from SGI 197. Biotype 3 and 5 were 

resistant to all treatments, this may be attributed by the D. noxia resistance source (Dn gene) 

that differs between the biotypes. Xenorhabdus sp. SGI 197 had the highest overall mean 

mortality rate. The isolate was also the only one to produce the highest mortality rate in two 

different biotypes. 

5.3 Liquid Chromatography- Mass Spectrometry  

One approach for the development of new control products is the evaluation of microorganisms 

and the bioactive molecules they produce (Orozco et al., 2016). The study aimed at analysing 

metabolome profiles of two isolates of EPN symbiotic bacteria (Photorhabdus sp. SGI 170 and 

Xenorhabdus sp. SGI 197). Liquid Chromatography-Mass Spectrometry (LC-MS/MS) 

analyses of the two isolates had varying metabolome profiles. Liquid Chromatography-Mass 

Spectrometry chromatograms displayed several peaks that were shared between the two 

isolates. Correspondence between the two profiles may be because Xenorhabdus and 

Photorhabdus have a similar life cycle and they are phylogenetically related (Sajnaga and 

Kazimierczak, 2020). 

Two previously described peaks were detected by LC-MS analyses of both isolates. The peak 

m/z 285 was described as Anthraquinones (Orozco et al., 2016), and m/z 255 was described as 

stilbene precursor 3,5-dihydroxy-4-isopropyl-trans-stilbene (Isopropylstilbene) (Wollenberg et 

al., 2016; Orozco et al., 2016; Park and Crawford, 2015). Most of the peak masses and 

molecular formulae did not match with other compounds on different databases. Orozco et al., 

(2016) reported similar results from two Photorhabdus sonorensis strains (Caborca and CH35). 

Their LC-MS analysis only confirmed the identity of stilbenes, anthraquinone, and cinnamic 

acid (not detected in our results) and a number of unidentified compounds. More knowledge in 

the biosynthesis and structures of these compounds is needed to elucidate the identification of 

these compounds. 

The stilbenes identified in this study are non-flavonoid bioactive compounds that are 

commonly produced by plants. These compounds exist as cis or trans stereoisomers, but their 

natural forms are trans (Valletta et al., 2021). Stilbenes are made up of a 14 Carbon skeleton 

and their bioactive activities include antibacterial, anti-inflammation, anti-cancer and 

cardioprotective effects (Shahidi and Yeo, 2018). Stilbene derivative 3,5-dihydroxy-4-
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isopropyl-trans-stilbene was detected in both isolates. 3,5-dihydroxy-4-isopropyl-trans-

stilbene is thought to play a crucial role in symbiosis. Furthermore, 3,5-dihydroxy-4-isopropyl-

trans-stilbene have antifungal, antimicrobial, anticancer, antioxidant activities (Hapeshi et al., 

2019). Photorhabdus bacteria was the first to be reported to produce a bacterial stilbene 3,5-

dihydroxy-4-isopropyl-trans-stilbene (Park et al., 2017). Anthraquinones are known to be 

produced by bacteria, but their production is not common (Li et al., 1995).  Previous studies 

suggest that Anthraquinones are responsible for the reddish pigmentation presented by the 

insect cadaver (Forst and Nealson, 1996). Industrially, Anthraquinones are been used in 

cosmetic, dyes and food (Yang et al., 2018). 

5.4 Effective isolates and their bacterial symbionts 

In this study Photorhabdus sp. SGI 170 and Xenorhabdus sp. SGI 197 isolates symbionts were 

the best candidates’ producers of bioactive metabolites.  Heterorhabditis bacteriophora is 

known to be mutually associated with the enteric bacterium, Photorhabdus luminescens (Bai 

et al., 2013; Ciche, 2007). Heterorhabditis bacteriophora was first described by Poinar in 1975 

in a new genera, species, and family (Heterorhabditidae) of Rhabditida  and its bacterial 

symbiont Photorhabdus luminescens was first described by G.M Thomas and G.O.J Poinar in 

1979 (Thomas and Poinar, 1979). Photorhabdus luminescens is now known as Photorhabdus 

luminescens subspecies luminescens (Fischer-Le Saux et al., 1999). Steinernema beitlechemi 

was discovered in Bethlehem, Free State province, South Africa and molecular characterisation 

of its bacteria symbiont closely matched with Xenorhabdus khoisanae (Çimen et al., 2016). 

Dreyer et al., (2017) reported that Xenorhabdus khoisanae was first isolated from S. khoisanae 

and was also  found in association with unrelated nematodes clades (between clades III and V), 

namely Steinernema jeffreyense and Steinernema sacchari. Heterorhabditis bacteriophora 

SGI 170 isolate was collected from Fouriesburg in the Free State province in a survey 

conducted by Hatting et al., (2009). The authors also identified the isolate as H. bacteriophora 

and all other collected Heterorhabditis isolates were identified as H. bacteriophora. 
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Chapter 6 

Conclusions and Recommendations 

6.1 Conclusions 

To conclude on bacterial metabolites against FHB causing Fusarium sp. F. graminearum, it 

was found that bacterial metabolites from bacterial symbionts of EPNs had varying 

antimicrobial effect on two important development stages (mycelial growth and spore 

germination) of F. graminearum. It is important to note that these results are from an in vitro 

approach. Although field efficacy against FHB is still not studied, the significant inhibition of 

mycelial growth and spore germination suggest that application of secondary metabolites at 

flowering stage may provide protection of plants against infection or spread of F. 

graminearum. Further studies are needed to evaluate their efficacy under glasshouse or field 

conditions to address their effects on DON accumulation and beneficial organisms. A locally 

produced bio-fungicide of this nature will be more economic in price. Additionally, after 

addressing the above-mentioned issues, the product will be an alternative eco-friendly product 

to synthetic chemical products available in the market. 

Aphicidal activity of the metabolites depended on both the biotype and treatment. Biotype 3 

and 5 were resistant to all the tested treatments. Xenorhabdus sp. SGI 197 metabolite treatments 

are the best candidates in the control of RWA. Wheat aphid control by biopesticides, based on 

entomopathogenic bacteria and their bioactive metabolites, can be the best alternative to 

chemicals pesticides. Production of Anthraquinones and bacterial Stilbenes were confirmed in 

both effective isolates (Xenorhabdus sp. SGI 197 and Photorhabdus sp. SGI 170) extracts. This 

study is the first to report the production of Anthraquinones by Xenorhabdus bacteria. 

6.2 Recommendations 

From the results obtained in this study, it is recommended that further studies should be 

conducted in order to develop bacterial metabolites from EPN bacterial symbionts as an 

alternative for synthetic chemical use. In order to achieve this, metabolites/compounds that 

displayed inhibitory activity against mycelial growth and spore germination of F. graminearum 

should be individually identified and their production should also be triggered and upregulated. 

Furthermore, these antifungal compounds should be tested against other agricultural important 

fungal pathogens in order to obtain a comprehensive product that will be integrated in the 

control of numerous fungal pathogens. Russian wheat aphid biotypes immune defence against 

these bacterial metabolites should also be elucidated. Understanding the defence mechanisms 
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of these pests will help in the development of biopesticides and in avoiding the development 

of new biotypes.   
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Appendix B 

Artificial feed for great wax moth (galleria mellonella) 

Dry diet ingredients (neonates feed) 

Wheat flour (445g), dry yeast powder (111g), honey (250ml), glycerol (222.5g), and wheat 

bran (222.5g). 

Method 

Mix dry ingredients first (wheat flour, wheat bran and yeast powder), then add liquid 

components (honey and glycerol). After mixing well, pour off the dry diet mixture into 

glass jars for larval feeding. 

Wet diet ingredients (instar larvae) 

Wheat flour (130g), wheat bran (130g), soy milk powder (130g), dry yeast powder (97.5g), 

beeswax (26g), honey (195 ml) and glycerol (195 ml). 

Method 

Mix dry ingredients first (wheat flour, wheat bran, yeast powder, soy milk power and 

beeswax), then add liquid components (honey and glycerol). After mixing well, pour off 

the wet diet mixture into glass jars for larval feeding. 
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