
 
 

 

Genomic characterisation of possible symbiotic pathogenic bacteria species 

isolated from undescribed Cruznema nematodes bacterivore 

 

By 

Pusang King Sekgobela 

Student no. 2620888 

Supervisor: Dr Tiisetso Elizabeth Lephoto 

University of Witwatersrand 

 

A dissertation submitted to the faculty of science under the School of Molecular and 

Cell Biology in fulfilment of the requirements for the degree of Master of Science 



i 
 

Declarations 

I, Pusang King Sekgobela, declare that this dissertation is my own work. Therefore, this 

dissertation is submitted in fulfilment of Master of Science degree at the University of 

Witwatersrand, Johannesburg. Furthermore, it has not been submitted before for any degree or 

examination at any university. 

 

Mr Pusang King Sekgobela 

Student no. 2620888 

21 August 2024 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



ii 
 

Dedications 

 I dedicate this dissertation to my parents (Mr Joseph Thomas Sekgobela and Mrs Vulani Betty 

Sekgobela) and my siblings (Mr Pusiso Respect Sekgobela, Miss Puso Patience Sekgobela and 

Miss Pusile Peaceful Sekgobela). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



iii 
 

Abstract 

Pest infestation has devastating effects towards food security and gross domestic product 

(GDP) of the country. The use of synthetic chemical pesticides is common throughout the 

world, and it believe to be an ultimate solution for pest attacks on farms. However, the long 

use of these synthetic pesticides has led to environmental and human health hazard. 

Entomopathogenic nematodes (EPNs) are microscopic insect parasitic worms that are found in 

different ecological niche and classified as biological agent. EPNs have symbiotic relationship 

with pathogenic bacteria from a phylum of Pseudomonadota, a class of 

Gammaproteobacteriar.  These bacteria synthesize bio-active toxic compounds which are 

responsible for killing the insect host. Cruznema nematodes belong to the phylum order 

Rhabditida as EPNs. This study explores the possible symbionts bacteria of Cruznema sp. 

NTM 2021 and their genomic make-up. Molecular identification of Cruznema nematodes was 

performed, which involves DNA extraction, PCR, DNA purification and 18S rDNA sanger 

sequencing. Furthermore, Cruznema sp. NTM 2021 gut microbiome was explored through 

metagenomics sequencing using PacBio sequencer and the results showed that 

Pseudomonadales dominated with 40 %, Hyphomicrobiales 23 % and Bacteroidetes 22 %. 

Moreover, two novel bacteria (namely Enterobacter sp. PTB and Pseudomonas sp. PKS) were 

isolated from Cruznema sp. NTM 2021 and pass a symbiosis test for Cruznema sp. NTM 2021. 

Both Enterobacter sp. PTB and Pseudomonas sp. PKS Cruznema bacteria symbionts were 

assessed for their pathogenic against Tenebrio Molitor (T. molitor), and both bacteria were 

found to be pathogenic. Furthermore, both bacteria were found to produce metabolites.The 

metabolites were checked for their effectiveness as antimicrobial agents against common 

antibiotic resistant bacteria (namely Enterococcus faecalis, Pseudomonas aeruginosa, 

Escherichia coli, Staphylococcus aureus). The metabolites produce by both bacteria were 

found to be bacteriostatic against all four antibiotic resistant bacteria. The metabolites 

identification of both Cruznema bacteria symbionts was performed using high pressure liquid 

chromatography (HPLC). Further five metabolites were found to be produced by Enterobacter 

sp. PTB meanwhile 15 metabolites were identified to be produced by Pseudomonas sp. PKS. 

Whole genome sequencing and annotation of both Enterobacter sp. PTB and Pseudomonas sp. 

PKS was achieved through sequencing the genomic DNA of each bacterium separately by 

Illumina Miseq. The quality control was conducted with the aid of FastQC and Trimmomatric. 

The assembling of genomic reads was conducted using de novo method on SPADES tool and 

annotation was conducted using RAST tool. Enterobacter sp. PTB genome is comprise of 

5 609 562 bp, 54.2 % GC content, 76 RNAs, 572 subsystems whereas Pseudomonas sp. PKS 
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genome is comprise of 5 660 896 bp, 54.2 % GC content, 75 RNAs, 569 subsystems. However, 

Antismash tool reveals that both bacteria species consist of 5 secondary metabolites gene 

cluster which produce compound such as NI-siderophore, Thiopeptide, Arylpolyne, NRP-

metallophore, Hserlactone. 

Keywords: Chemical pesticides, Gammaproteobacteriar, Metabolites, Cruznema nematodes, 

Pseudomonadales.  
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Chapter 1 

Literature review 

1.1 Introduction 

1.1.1 Nematodes 

Nematodes are small, microscopic organisms originating from phylum Nematoda that are 

commonly found in soil (Moosavi and Zare, 2020). Nematodes are one of the ubiquitous 

species in the ecological niche, that has peculiar features considering their small size (Huang 

et al., 2022). Nematodes are multicellular organisms with the following features: non-

segmented, triploblastic, bilaterally symmetrical and with pseudocoelomic cavity (Decraemer 

et al., 2013). Nematodes has tubular body with two openings at the anterior and sub-terminal 

in the posterior (Huang et al., 2022). Furthermore, both the head and mouth of the nematodes 

are radial shape (Decraemer et al., 2013; Schafer et al., 2016). The nematodes mouth consists 

of four to six lips that has papillae, which is used as taxonomic attribute (Schafer et al., 2016). 

There are three nematode functional groups namely predaceous, saprophytic, and parasitic 

nematodes (Moosavi and Zare, 2020; Yadav et al., 2023). Predaceous nematodes belong to 

phylum order Mononchida and Dorylaimida (Jairajpuri, 2002). Predaceous nematodes are well 

known for their ability to feeds on wide range of insects including other nematodes, whereas 

saprophytic nematodes are renowned for acting as decomposers (they break down soil 

compost) belonging to phylum order Aphelenchida and Rhabditida. (Khan and Kim 2007; 

Hamza et al., 2020) Furthermore, soil compost consists of high relative biomass of 

microorganisms (including fungi and bacteria), hence these nematodes are called fungivores 

and bacteriovores (Yadav et al., 2023). Both, predaceous and saprophytic nematodes are 

natural soil inhabitants and are involve in mineral/ nutrients cycling crucial for horticulture 

practices (Shokoohi, 2023). During the cropping season, horticulture practitioners observed the 

presence of specific functional group of nematodes in the soil and use them as biological 

indicators of soil fertility and quality, since they are reported to be involved in nutrients cycling 

(Lu et al., 2020). Segregation of nematodes into functional groups and types, provides insights 

into their functional relationships with other microorganisms. 

Parasite nematodes feed on both animal (includes humans) and plants. The plant parasitic 

nematodes are often referred to as herbivorous, and they belong to Solonaceae and 

Heteroderidae family (Hauri and Szendrei, 2022). Plant parasitic nematodes they are 

considered as a threat to crop production by horticulture practitioners due to their feeding 
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preference. Meanwhile. other types of parasitic nematodes (excluding helminth the genus 

Ascaris) are beneficial to horticulture practices, since they feed on a wide range of agriculture 

problematic pest, they are regarded as biological control agents namely entomopathogenic 

nematodes (EPNs) (Askary and Abd-Elgawad, 2017; Wilschut and Geisen, 2021). 

Furthermore, EPNs are not pathogenic to humans, whereas helminths are pathogenic to humans 

(Brindley et al., 2009). 

1.1.2 Entomopathogenic nematodes 

Entomopathogenic nematodes (EPNs) are microscopic worms which are found in soil and well 

known for their ability to infect and kill agriculture problematic insects (Salame and Glazer, 

2015). EPNs have a symbiotic relationship with endopathogenenic bacteria (Lephoto and Gray, 

2020; Khumalo et al., 2021). EPNs belong to three genera namely Heterorhabdits, Steinernema 

and Oscheus (Lephoto and Gray, 2019). Furthermore, EPNs bacteria associate are classified 

under Xenorhabdes, Photorhabdus and Seratia genus (Didiza et al., 2021; Singha et al., 2022). 

Moreover, EPNs bacteria associates are the source of EPNs ability to kill insects. EPNs are 

reported to have high tolerance of the environmental factors such as: violet radiation tolerance, 

desiccation, osmotic, ability to survive in aerobic condition and extreme temperature 

(Abdolmaleki et al., 2016; Ardpairin et al., 2020). 

1.1.3 EPNs Life cycle 

The EPNs infective juveniles (IJs) possesses biological functions to infect and kill specific 

insects (Fu et al., 2021). IJs use biological openings such as anus, mouth, etc, to enter the host 

body Figure 1 (Khumalo et al., 2021; Singha et al., 2022). Furthermore, after a successful 

invasion of IJs into the insect host body, they release symbiotic bacterial into hemocoel 

(Shapiro et al., 2000; Liu et al., 2020). Steinernema IJs are known to develop into amphimictic 

males or amphimictic females, whereas Oscheius and Heterorhabditis matures into 

hermaphrodites and subsequently there is production of males, amphimictic females and 

hermaphroditic females in the 2nd generation (Lephoto et al., 2016; Didiza et al., 2021; 

Matlhabe et al., 2022). Pathogenic bacteria are known to generate toxic chemicals that weaken 

the host immune system, which subsequently causing death (Khumalo et al., 2021; 

Heinzelmann et al., 2002). Moreover, nematodes resume proliferation within the host cadaver 

and once the nutrients are depleted, nematodes are release in the soil to hunt for their new hosts 

(Lephoto et al., 2016; Ogier et al., 2020). 
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Figure 1.1 Schematic diagram elucidating EPNs life cycle. The infective juvenile’s (IJs) searches for 

host and once the host is located, the IJs use an external opening to enter inside the host body (Schematic 

diagram adapted from Lephoto and Gray, 2019). Endosymbionts released within the gut of the host, to 

infect and kill the host within few hours. Furthermore, the IJs proliferation and reproduction continues 

while the nutrients are being depleted within the host. Moreover, emergency of IJs within host cadaver 

take place and they exist the host body seeking for new prey.  

1.1.4 Mutualistic benefits among EPNs and endopathogenic bacteria association 

Nematodes serve as vector for pathogenic bacterial symbionts. Furthermore, nematodes are 

responsible for shielding the bacterial symbionts from extrinsic environmental conditions and 

transportation of the bacteria to the nutrient-rich haemolymph (Fukruksa et al., 2017; Deka et 

al., 2021). Meanwhile, the bacteria symbionts are responsible for infecting and killing of the 

insect host through synthesis of toxic bioactive chemicals (Yooyangket et al., 2018). The 

bacterial symbionts are reported to produce hydrolytic enzymes that are key towards bio 

conversion of insect haemolymph condition to suit/ favour the nematodes reproduction and 

development (Hussaini et al., 2010; Pervez et al., 2020). The carbohydrates and lipids found 

in insect cadaver serve as nutrients for both nematodes and bacteria symbionts (Blackburn et 

al., 2016). The bacteria symbionts are tasked with deprivation of the insect host immune 

defence (Aiswarya et al., 2017). Hence the bacteria symbionts produce the metabolites that 
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have antimicrobial activity, which are used to abrogate saprophytic microorganisms and 

scavenging insects, while killing the insect host (Inman et al., 2012; Aiswarya et al., 2017; 

Zhang et al., 2023). 

Nematodes that do not have a symbiotic relationship with pathogenic bacteria are not regarded 

as EPNs (Dillman et al., 2012). Therefore, they also lack the ability to kill the insect host 

(Dillman et al., 2012). The EPNs bacteria associates can be cultured separately from EPNs and 

they attain their pathogenicity activity against insect host (Shan et al., 2019). The relationship 

among EPNs and their pathogenic association is precise. Nematodes belonging to a particular 

genus may only be associated with a single specific bacteria species, meanwhile that specific 

bacteria may be associated with more than a single nematode species of same genus, therefore, 

the association between nematode species and the bacteria symbionts is horizontal transfer 

(Clarke, 2008). 

The ability of bacteria to possess insecticidal activity is a fundamental requirement for initiating 

and maintaining the symbiosis relationship between nematode and bacteria (Clarke, 2008; 

Dillman et al., 2012). Furthermore, for nematodes to be regarded as EPNs, it must evolve a 

symbiotic relationship with a pathogenic bacterium (Clarke, 2008). Moreover, for nematode 

species to be classified as EPNs, it should be able to seek and infect various insects associated 

with soil (Clarke, 2008; Dillman et al., 2012). In contrast, EPNs should possess the ability to 

retain the pathogenic bacteria within their gut during non-feeding stage in soil, until such period 

it re-infects the insect host (Dillman et al., 2012). 

1.1.5 Metabolites production by EPNs bacteria symbionts 

Screening of metabolites synthesized by EPNs bacteria symbionts have provide newly insights 

about their chemical structure, biosynthetic pathways, and their involvement in symbiosis. 

Furthermore, previous studies have reported that these metabolites possess diverse spectrum of 

antibiotic activity that may be used against fungi and bacteria including multi-drug resistant 

pathogens that affect humans (Bode, 2009; Booysen and Dicks, 2020; Fodor et al., 2022). 

These metabolites have wide use in both agroforestry and pharmaceutical industries (Wyatt 

and Greathouse, 2021). There have been approximately 50 metabolites identified from all three 

EPNs bacteria associates, these metabolites include: xenorxides, nematophin, cyclolipopeptide 

(PAX), xenocoumacins, hydroxystilbenes, xenematide, xenorhabdins, indoles and indole 

derivatives (Lang et al., 2008; Shan et al., 2020). Metabolites production varies among bacteria 

genus, strains and among different growth phase of the bacteria (Lang et al., 2008; Bode, 2009; 



5 
 

Challinor and Bode, 2015; Wyatt and Greathouse, 2021). Furthermore, Phase I is reported to 

have high metabolites production meanwhile Phase II have less production (Wang et al., 2011; 

Booysen and Dicks, 2020). It is reported that metabolites are produced in high concentrations 

with the insect host cadaver compere in bacteria culture during in vitro experiments (Chen et 

al., 1996; Wang et al., 2011). Therefore, this may be affected by different physiological 

conditions between host cadaver and synthetic bacteria culture (Booysen and Dicks, 2020). 

Both aeration and temperature also have effects in metabolites production (Chen et al., 1996).  

1.1.6 Application of EPNs as biological control agent 

Over 2 past centuries the agriculture communities depended on synthetic chemical pesticides 

practise (Lephoto et al., 2016). However, the use of synthetic chemical pesticides has adverse 

negative impacts, which includes non-specific extermination of beneficial insects, crop 

contamination, development of chemical resistance in insects and human health related cases 

(Koch et al., 2015). There is a need to search for biological control agents of insect, to help 

reduce application of chemical control agents (Dunn et al., 2020). EPNs are reported to be 

satisfactory solution towards controlling problematic insects (Lephoto and Gray, 2020; Platt et 

al., 2020). Hence, they do not cause any threat to humans and other related vertebrate species 

(Helmberger et al., 2017; Matlhabe et al., 2022). EPNs are known to be applicable in both 

large-scale and small-scale farming, diverse agriculture industries, forestry including home 

gardens (Coupland et al., 2017). There are several insect pests that have been deemed 

problematic by the Agriculture Research Council (ARC), furthermore, these problematic insect 

pests dismantle the stem and leaves of the plants (Lephoto et al., 2016; Oguh et al., 2019). 

Aphid species are known to colonise the plants and increase their population size while 

consuming the plant nutrients, leading to withering and death (Alyokhin et al., 2020; Singh and 

Singh, 2021). Furthermore, aphid honeydew excrement is known to serve as a growth medium 

for sooty molds for fungal diseases (Saha et al., 2016). There are various types of insect pets 

considered to be problematic by ARC maize aphid, aphid, etc (Velasco et al., 2020). These 

insect pets they are known to feed on plant leaves, disrupting the photosynthesis process of 

plants, thus effect the plant (Huang et al., 2011; Lephoto et al., 2016). Which it is likely to 

occur during winter rainfall season and summer season (Lephoto and Gray, 2020). Chemical 

insecticides remain the preferable method to most farm industries to control these pests 

(Carvalho, 2017). Despite numerous studies proving EPNs have ability to kill pests (Steyn et 

al., 2021), for example: Heterorhabditis bacteriophora have been elucidated to kill Ceratitis 
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capitata and Heterorhabditis zealandica has been repoeted to kill both Planococcus citri and 

citrus mealybug (Shaurub et al., 2015; Mohamedova et al., 2017). 

1.1.7 Possible strategies to upgrade EPNs efficacy  

Both Heterorhabditis and Steinernema genera of EPNs species are most common studied and 

highly applied as biological control agents of various insect pest (Lu et al., 2016). EPNs are 

commercialized in few countries and proven to be applicable in both large-scale Agriculture 

industries and in individual gardens (Abate et al., 2017). However, regardless of the various 

successful studies conducted on EPNs as biological control agents, they are still not widely 

used horticulture sector (Lu et al., 2016; Abate et al., 2017). This is due to the lack of consistent 

efficacy in the field (Baiocchi et al., 2017). Researchers have been working effortlessly to 

upgrade efficacy of EPNs against arthropod pests under general field conditions (Kergunteuil 

et al., 2016). There are two techniques (namely genetic upgrade through mutagenesis and 

artificial selection) which were used to upgrade EPNs efficacy elucidated in Figure 1.2.  

 

Figure 1.2 Schematic diagram elucidating various routes toward enhancement of EPNs field efficacy 

(Adapted from Lu et al., 2016 with minor modifications). There are 3 factors that are identified namely 

natural gene variants, genes influencing desirable trait and potential genomes for breeding. 
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There two major ways used to enhance EPNs efficacy; firstly, by performing artificial selection 

with an aid of diversity of natural gene variants. Secondly, through selective breeding of 

identified EPNs genomes which can either improve EPNs field efficacy or not. However, the 

first method does not require any knowledge about genomes or gene functions. Whilst the 

second method also do not require any knowledge about specific gene-trait relationships. Both 

methods lack the knowledge about the gene functions in desirable trait and gene-trait 

relationships. 

The fundamental principle of artificial selection technique is dependent on genetic differences 

between EPNs species and their uniqueness towards adaptation to certain environmental 

conditions and their effectiveness against pests (Kergunteuil et al., 2016; Lu et al., 2016). 

Furthermore, there are numerous new EPNs that have been discovered, thus raises the genetic 

difference, and enhances the chances of development of new EPNs strains (Zhang et al., 2019; 

Machado et al., 2020). Although, through Breeding of different EPNs species allows 

manipulating specific traits, thus improve EPNs biological control activity upon insect pests 

(Singha et al., 2022). Manipulation of these specific traits retains high chances towards 

improving temperature tolerance, ultraviolet rays, and desiccation (Bhat et al., 2021). Thus, 

enhances virulence and resistance to nematicides (Meher et al., 2009; Sparks et al., 2020). 

Genetic selection or breeding techniques have been used to improve EPNs specific traits 

(Santhi et al., 2016; Baiocchi et al., 2017). However, enhancement of these traits in these 

methods have undesirable drawbacks, such as some specific traits are lost due to absences of 

selective pressure, selection of certain traits may have a negative impact as it may reduce other 

traits or overall fitness unintentional (Stuart et al., 2015; Lu et al., 2016; Stelinski et al., 2019). 

Moreover, during mass production of EPNs via repeatedly laboratory culturing, some fitness 

traits may be lost (Anbesse et al., 2013; Blackburn et al., 2016). The 2nd upgrading technique 

of EPNs field efficacy is via modern genetic and other molecular tools (Saha et al., 2019). Most 

recently studies on EPNs are based on their behaviour, host-parasite interactions, and 

neurobiology (Baiocchi et al., 2017; Morris et al., 2017; Chang et al., 2019). However, there 

is gap between understanding the individual gene functions, as this knowledge will serve as 

fundamental base towards improvement of EPNs field efficacy. 

1.1.8 Importance of decrypting the individual gene of EPNs and their bacteria symbiont 

to upgrade EPNs efficacy 

Improving the EPNs field efficacy through molecular techniques by focusing on 3 major traits 

categories namely persistence, infectivity, and storage stability (Banu, 2017; Thakur et al., 
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2020). The persistence traits are associated with enhanced survival rate of EPNs in the field 

(including desiccation, UV rays and temperature tolerance) (Nxitywa and Malan, 2021). The 

infectivity traits are associated with behaviour characters such as hunting, infecting, and killing 

of the specific insects (Leclercq et al., 2017). Storage stability traits are associated with 

enhanced shelf life which is also vital for distribution (Hiltpold, 2015; Lu et al., 2016). 

Therefore, these traits are recognised as potential targets toward upgrading the EPNs efficacy. 

EPNs are expected to possess the ability to hunt and kill the insect host (Grunseich et al., 2021). 

Furthermore, there are various studies which were conducted to modify EPNs host-seeking 

behaviour (Li et al., 2019; Helmberger et al., 2017). It was discovered that the host -seeking 

trait is highly heritable (Valverde et al., 2020). Hence, it can be improved via a selective 

breeding technique, for example, by breeding Steinernema feltiae and Steinernema 

carpocapsae (Laleh et al., 2016). Previously studies on host-seeking ability improvement of 

EPNs was only based on selective breeding (Santhi et al., 2016). However, the specific genes 

involved were not identified (Booysen et al., 2022). EPNs host hunting performance is linked 

to an increase in fitness (Grunseich et al., 2021). Furthermore, it was found that through 

improving the host hunting ability, had led to decrease in desiccation tolerance ability, thus 

have impact towards storage stability of EPNs (Lu et al., 2016). 

Persistence plays a vital role in EPNs infectivity efficiency (Vashisth et al., 2019; Khumalo et 

al., 2021). EPNs persistence and production abilities are dependent to the desiccation tolerance 

ability (Lephoto and Gray, 2020). Furthermore, the higher level of desiccation tolerance by 

EPNs, enhances the shelf life, thus also enhances their longevity in the soil (Kagimu et al., 

2017; Kary et al., 2021). The storage stability is correlated to EPNs longevity within the soil, 

marketable production, and distribution (Lu et al., 2016; Mwaniki, 2016). Desiccation 

tolerance of EPNs can be altered via artificial selection and hybridization (Saleh et al., 2020). 

However, if suppression of selection pressure may result in the loss of some vital traits 

(Helmberger et al., 2017). Therefore, there is a need to study the genetic make-up of EPNs and 

further understand the genetic regulator network. Hence, this is key towards identifying and 

improving the stability among these enhanced traits. Furthermore, deciphering the individual 

genes of EPNs and manipulating the bacterial partners may leads into enhancement of EPNs 

field efficacy correlated traits.  
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1.1.9 Research motivation 

Many developing countries depends on agriculture to maintain food security and gross 

domestic product (GDP). However, the report from previous years shows drastic decline in 

horticulture sector which is due to pest infestation (Grunseich et al., 2021). Therefore, farmers 

have introduced synthetic chemical pesticides to mitigate pest attacks. However, the use of 

synthetic chemical pesticides has negative effects towards ecological function.  Furthermore, 

overuse of chemical pesticides leads to accumulation of heavy metal in soil that initiate 

oligodynamic processes. Hence, some of the metals are washed off into nearby water system, 

endangering animals (including humans). There is need to find alternative ways to abrogate 

pest attacks such as biological control. 

Entomopathogenic nematodes (EPNs) are soil dwelling insect parasitic microorganisms used 

in both small-scale and large-scale farming, as biological control agent. EPNs feeds on various 

agriculture insect pest and involved in nutrient cycling in soil. EPNs have evolve a symbiotic 

relationship with pathogenic bacteria from Enterobacteriaceae family (Khumalo et al., 2021). 

These bacterial symbionts are crucial for pathogenicity and survival of EPNs. There are several 

topological factors which makes it challenging to implement EPNs in different countries.  

South Africa is divided into nine biomes. Further each biome experiences its own climate 

system. Therefore, this make it challenging for farmers to replace chemical pesticides with 

EPNs, since it is reported that environmental factors (temperature, desiccation, UV light) 

affects EPNs efficacy (Didiza et al., 2021). Therefore, it is crucial to explore the genome of 

their symbionts to obtain the insights and knowledge to be able to genomic manipulate EPNs 

to improve EPNs field efficacy and ability to adapt different ecological region. 

1.1.10 Aim and objectives 

1.1.10.1 Aim(s) 

I) To isolate and identify possible pathogenic Cruznema bacteria symbionts. 

II) To identify secondary metabolites produced Cruznema bacteria symbionts. 

III) To explore the effects of Cruznema bacteria symbionts secondary metabolites against 

ATCC antibiotic resistant bacteria species. 

IV) To explore the whole genome sequencing and annotation of Cruznema bacteria symbionts. 

V) To structural and functional characterised the Heat shock proteins found in virulence, 

disease, and defence subsystem of bacterial symbionts. 
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1.1.10.2 Objectives 

I) Molecular identification of Cruznema nematodes. 

II) 16S amplicon RNA based Metagenomics for Cruznema nematodes. 

III) Isolation and morphological characterisation Cruznema nematodes possible symbiotic 

pathogenic bacteria.  

IV) Molecular identification and phylogenetic characterization of Cruznema nematodes 

possible symbiotic pathogenic bacteria. 

V) Screening of bacteria metabolites isolated from Cruznema nematodes. 

VI) Identification of metabolic compounds synthesis by bacteria isolated from Cruznema 

nematodes. 

VII) Whole genome sequencing and annotation of bacteria isolated from Cruznema nematodes. 

VIII) Structural and functional characterisation of heat shock proteins found in virulence, 

disease, and defence subsystem. 
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Chapter 2 

Pathogenicity and molecular identification of Cruznema sp. NTM 2021 

Abstract 

Pest infestation in agriculture horticulture sector pose a significant threat to food security, 

especially in most developing countries. Many horticulture practitioners across the globe uses 

integrated chemical pesticides as the ultimate solution for pest infestations. However, the long 

use of chemical pesticides has resulted in detrimental effects to the ecosystem and human 

health. Mostly of synthetic chemical pesticides consists of large amounts of heavy metals. The 

accumulation of these heavy metals on soil leads to oligodynamic process. Some of these 

metals are insoluble and runoff to nearby waterbodies causing ground water contamination. 

Conservation biological control is the use of indigenous predatory species to prevent pest 

infestation. Entomopathogenic nematodes (EPNs) are biological control agents of agriculture 

problematic pests. These species have symbiotic relationship with pathogenic bacteria from 

Entobacteriaceae family (namely Photorhabdus, Serratia and Xenorhabdus). The 

pathogenetic bacteria is located within EPNs gut and released upon host infection. EPNs 

bacteria symbionts are important for infection and depression of host immune defence. The 

Koch's Postulate was performed assess Cruznema sp. NTM 2021 pathogenicity on Petri dish 

consisting of 8 % of loam soil and Tenebrio molitor (T. molitor) was used as host model. DNA 

of Cruznema sp. NTM 2021 was extracted using E.Z.N.A.® Insect DNA kit and subjected to 

PCR before sent for sanger sequencing at Inqaba biotech (PTY) (South Africa). The sequencing 

was subjected to quality control to remove base ambiguity and low-quality base(s) using Finch 

TV (version 1.4.0) and assembled using CLC Bio Main Benchwork. Consensus sequence was 

subjected to BLASTn algorithm to find homologous sequence species. All homologous 

sequences and query sequence were subjected to pairwise alignment using CLUSTALW. The 

alignment data was used to calculate evolutionary divergence using Tajima-Nei model. The 

phylogenetic tree was constructed using Maximum likelihood using Tajima-Nei nucleotide 

substitution model and 1000 bootstrap. Cruznema sp. NTM 2021 was able to infect and kill T. 

molitor. Cruznema sp. NTM 2021 is closely related to Cruznema sp. isolate 734CI by 97 % 

and has no evolutionary distance divergence with Cruznema sp. JN2018. Cruznema sp. NTM 

2021 exhibits EPNs characteristics and therefore it is a pontetial biological control agent.  

Keywords: Entobacteriaceae, Homologous, Koch's Postulate, Symbiosis, Tenebrio molitor.  
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2.1 Introduction 

2..1.1 Pest infestation in agriculture 

Agriculture is crucial in maintaining food security in most developing countries including 

South Africa. However, pest infestation in horticulture has led into low food production which 

consequently result in food scarcity within the country (Chatterjee, 2022). Therefore, the 

horticulture practitioners have resorted into the use of chemical pesticides and fertilizers to 

sustain their annually food production (Wan et al., 2013). Furthermore, the long use of the 

chemical integrated pesticides has detrimental effects to the environment and human health 

(Alengebawy et al., 2021; Kannan et al., 2023). Hence, there is an urgently need to develop 

alternative means to pest control that do not have negative impact towards environment and 

human health. 

2.1.2 The effects of chemical pesticides practise in horticulture 

Chemical integrated pesticides application in horticulture sector has pivotal role towards 

defending crops against problematic insect pest. Recent studies shows that the use of synthetic 

chemical pesticides triggers oligodynamic processes in soil (Kannan et al., 2023; Yang et al., 

2023). Some synthetic chemical pesticides comprise of heavy metals such as Zn (Zinc), Pb 

(lead), Cu (copper) and Cd (cadmium) which are deposited on soil initiating oligodynamic 

processes (Alengebawy et al., 2021). Accumulation of these heavy metals alters the soil pH 

level rendering the soil inhabitable for beneficial microorganisms and inadequate for crop 

farming (Wołejko et al., 2020). Furthermore, some of these synthetic chemical pesticide 

compounds are insoluble in water and therefore during precipitation of these metals runoff 

from the surface and become deposited into nearby waterbodies (Srivastav, 2020; Alengebawy 

et al., 2021). Moreover, the contaminated waterbodies pose a significant health threat all 

organisms that uses that waterbody as source of water (Srivastav, 2020). 

2.1.3 Biological control  

Biological control refers to regulatory process of pest population through the implementation 

of natural agents (pathogens or parasites) (Clausen, 1958). Pest management is essential 

towards successful crop production however, pest management method should be eco-friendly 

and not have negative impact towards human health. There are three types of biological control 

methods (namely conservation, augmentation and inoculative) (Stiling and Cornelissen, 2005; 

Hajek and Eilenberg, 2018).  The aim of this study base on conservation method. Conservation 

method uses the natural indigenous parasite that has adaptability to the environment to control 

the population of pests (Wyckhuys et al., 2013; Begg et al., 2017; Shields et al., 2019). 
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Therefore, this is the more desirable way towards mitigating pest infestation in horticulture 

rather, using a foreign parasite as it may decline its efficacy (Hajek et al., 2016). Therefore, 

EPNs are adequate biological control agent, due to the widely distribution in ecosystem. 

2.1.5 Entomopathogenic nematodes biological control agent 

Entomopathogenic nematodes (EPNs) are micro-organisms that are natural soil habitants. 

These micro-organisms house a symbiotic relationship with bacteria that is a main agent of 

causing insect death. There are only three (Oscheius, Heterorhabditidae and Steinernematidae) 

genera in nematodes known to consists of EPNs (Nthenga et al., 2021). Furthermore, not all 

nematodes are EPNs (Lewis et al., 2015). This is the results of the absence of symbiotic 

bacteria. EPNs are biological control agents against various problematic insects (Hiltpold, 

2015). The EPNs bacteria symbionts belong to Entobacteriaceae family (namely 

Photorhabdus, Serratia and Xenorhabdus) (Lephoto and Gray, 2019; Nthenga et al., 2021; 

Toopaang et al., 2022). The pathogenic symbiotic bacteria harboured within the nematodes 

important for survival and virulence against other organisms, field efficacy and bacterial 

infections (Toopaang et al., 2022). 

EPNs search for host and uses any external openings to gain an entry into the host body 

(Lephoto and Gray, 2019; Matlhabe et al., 2022). Furthermore, the symbiotic pathogenic 

bacteria are released within the host gut witch results into the host death elucidated in Figure 

2.1. Moreover, since there is enough food in the host body and the conditions are ideal for 

reproduction of the EPNs infective juveniles (IJs) (Khan et al., 2020). When the nutrients or 

food within the host declines, emergence of IJs outside of the host body into the soil take place 

searching for the host (Lephoto and Gray, 2022). IJs possess the ability to survive for long time 

in the soil without feeding or within the host body (Lephoto and Gray, 2022). 
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Figure 2.1: Schematic diagram showing entomopathogenic nematodes life cycle. Infective juveniles 

search for the host insect. Once the IJs penetrate the host system the release the symbiotic causing 

infection resulting in the death of insect hots. The IJs reproduce within the host and emerger out 

searching for new host (food). (Image adapted from Nurashikin-Khairuddin et al., 2022) 

2.2 Method and Materials 

2.2.1 Surface sterilization of Cruznema nematodes 

The nematodes were supplied by Nematology laboratory stationed at University of 

Witwatersrand. Ten ml of 0.1 % sodium hypochlorite (NaOCl) was used to suspend the IJs in 

50 mL falcon tubes and tube was gently inverted three times and incubated at room temperature 

for three hours. The NaOCl was withdrawn from the tube and subsequently the IJs were rinsed 

three times using 10 mL sterile deionised water (Lephoto and Gray, 2019). 

2.2.3 Koch's Postulate 

A loam soil was collected from the ground and filtered from plant debris using 0.2 cm sieve 

into glass jars. The sieved soil was autoclaved at 121 ˚C at 15 psi atmospheric pressure for 20 

minutes to sterilised it from possible biological species. Then 20 g of sterilised soil was added 

into a sterilised transparent petri dish. Sterilised deionised water was used to hydrate the soil 
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to 8 % moisture. Subsequently, three thousand surface sterilised nematodes infective juveniles 

(IJs) were dispensed into the soil followed by addition of five Tenebrio molitor (T. molitor) 

larvae that were surface sterilised using 70 % ethanol (Figure 2.2). The plates were closed and 

incubated at 25 ̊ C and constantly monitored. The dead larvae were removed from the plate and 

used in white trap technique to isolate the IJs as described in Section 2.2.4. This experiment 

was repeated three times. 

 

Figure 2.2 Image showing a prepared Petri dish during Koch’s postulate 

2.2.4 White trap technique 

A small Petri dish cap with as size of 50 mm was at the centre of a larger Petri dish with a size 

of 90 mm. Furthermore, a 54 mm Whatman filter paper is then placed was placed on the cap 

of small Petri dish that is inside a large Petri dish. Subsequently, sterilised deionised water was 

poured until the edges of the Whatman filter paper touches the water. A dead larva is then 

sterilised with 70 % ethanol and placed on the top of the Whitman filter paper Figure 2.3. The 

plate is closed and incubated in the room temperature, allowing the emergence of nematodes 

form the larva into the water. 
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Figure 2.3 Elucidating a white trap technique of isolating nematodes infective juveniles 

2.2.5 Genomic DNA extraction and Polymerase chain reaction 

The infective juveniles (IJs) of Cruznema sp. NTM 2021 were collected from the White traps 

and surface sterilised as previously described in Section 2.2.1. The IJs were transferred to 

sterile 1.5 ml Eppendorf tube and sterile plastic pestle was used crush the IJs. Furthermore, the 

DNA of the IJs was extracted using E.Z.N.A.® Insect DNA kit following the manufactures 

instructions. Furthermore, Polymerase chain reaction (PCR) protocol was carried out using 

both forward primer TW8 (5’-GCGGATCCGTTTCC GTAGGTGAACCTGC-3’) and reverse 

primers  AB28 (3’- GCGGATCCATATGCTTAA GTTCAGCGGGT-5’) to amplify 

ITS region located between 18S and 28S rDNA. The PCR was caried using the following 

conditions as previously described in Lephoto and Gray, (2019). The initial denaturing was 

conducted at 94 ℃ for 5 minutes, denaturing at 95 ℃ for 60 seconds, annealing at 64 ℃ for a 

minute, extension at 72 ℃ for 2 minutes and final extension was carried at 72 ℃for 10 minutes. 

Furthermore, the total number of circles conducted were 55. 
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2.2.6 Molecular identification and Phylogenetic Construction of Cruznema sp. NTM 

2021 

2.2.6.1 Genomic sequencing using Sanger sequencing technique 

The amplicon product was purified using Zymo Research, ZR-96 DNA Sequencing Clean-up 

Kit™ and sequenced in both (forward and reverse) directions utilizing (Nimagen, 

BrilliantDye™ Terminator Cycle Sequencing Kit V3.1, BRD3-100/1000) with the aid of ABI 

3730xl Genetic Analyzer (Applied Biosystems, Thermo Fisher Scientific) in sanger sequencing 

machine at Inqaba Biotech PTY (South Africa). 

2.2.6.2 Quality control 

Both forward and reverse sequences raw reads for 18S RNA Cruznema sp. NTM 2021 aquired 

from sanger sequencing were filtered and trimmed manual using Finch TV (version 1.4.0) 

separately (Butler et al., 2014). Furthermore, both forward and reverse reads of each species 

were respectively assembled using CLC Bio Main Benchwork to produce a consensus/ contig 

sequences (Zeden and Gründling, 2023). 

2.2.6.3 Multiple sequence alignment using CLUSTALW 

Each contig sequences of the respective species was subjected to online BLASTn search tool 

in NCBI database using default parameters. The query sequence and sequence with high 

similarty from NCBI BLASTn results were subjected to CLUSTALW for sequence alignment 

in MEGA 11 software (Choi et al., 2000). C. isolate 734C-1 accession number: OR606776.1; 

C. GD1 accession number: ON191475.1; C. JN2018 accession number: ML156051.1; C. JH-

2004; C. tripartitum accession number: EU196012.1 and C. elegans accession number: 

MG551717.1 was used to construct phylogenetic tree of Cruznema sp. NTM 2021, note this 

were the only homologous species in the data base, due to that these species are hardly studied) 

2.2.6.4 Evolutionary divergence estimation 

The evolutionary divergence estimation among the speed was archive by subjecting the 

pairwise alignment obtained from Section 2.2.6.3 to distance estimation program embedded in 

MEGA 11 software using Tajima-Nei nucleotide substitution method (Tamura et al., 2021). 

The bootstrap value was adjusted to 1000 and both gaps and missing data was complete 

removed. Furthermore, Caenorhabditis elegans of MG551717.1 accession number was used as 

an outgroup. 

2.2.6.5 Phylogenetic tree construction 

The phylogenetic tree for each species was constructed using Maximum likelihood on MEGA 

version 11 tool, using the data obtain from CLUSTALW multiple alignments (Section 2.2.6.3). 
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The parameters were set to Kimura Nei parameter sequence substitution model with bootstrap 

value of one thousand (Tamura et al., 2021). 

2.3 Results 

 

Figure 2.4: Image showing symptoms of Cruznema sp. NTM 2021 infection on a) a healthy T. molitor 

B) an infected T. molitor 
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Table 2.1: Matrix table elucidating evolutionary divergence prediction by CLUSTALW. The 

evolutionary divergence was estimated through Tajima-Nei model as previously described in Tamura 

et al. (2021). Base sequence substitution per site values among the species are below the clear diagonal 

line, whereas the above values indicate the standard error estimates (SEE) which were obtain by a 1000 

bootstrap. The sequence position that consists of gaps and missing data were eliminated. 

 

 

Figure 2.5: Elucidating 18S RDNA evolutionary relationship of Cruznema sp. NTM 2021. There 

phylogenetic tree has a scale of 0.2 evolutionary lineage over time. A) Cruznema sp. NTM among 

Cruznema nematodes species B) Cruznema sp. NTM among EPNs species. The phylogenetic tree was 

constructed using statistical analysis Maximum likelihood and Tamura-Nei nucleotide substitution 

method (Tamura et al., 2021). 

2.4 Discussions 

Genomic identification is a very important phenomenon towards understanding evolution and 

geographical distribution among organisms. Furthermore, this forms a fundamental role of 
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population genetics and identifying a potential biological control agent species (Valadas et al, 

2011). Newly identify species should be clustered into their respectively taxonomic groups, 

hence in this study we implement 18S rDNA genomic molecular to identify undescribed 

nematode. 

Koch’s postulate experiment shows that Cruznema sp. NTM 2021 has ability to infect and kill 

Tenebrio molitor (T. molitor) larvae (Figure 2.4). Therefore, this is intriguing considering the 

previous studies stating that Cruznema nematodes are bacterivores. Hence, they are classified 

in bacterivore feeding trophic group. Moreover, it is believed that the morphological feature of 

the mouth of nematodes is designed to be adaptable to type of foods it consumes. However, 

this belief is questionable when it comes to entomopathogenic nematodes (EPNs), since the 

symbiosis test nematodes thus feeds on their bacteria symbionts, which also facilitates their 

growth. The T. molitor larvae used in this study were healthy with no mechanical words around 

their body (Figure 2.4), T. molitor skin membrane is rigid making it hard for possible pathogens 

to gain access to its internal body. Therefore, Crunema sp. NTM 2021 infective juveniles (IJs) 

may had gain access to T. molitor system through biological openings (mouth, eyes, and anus). 

However, the host seeking behaviour of the IJs it is unknown at this stage.   The infection 

symptoms on T. molitor, the thorax section changes colour to black which eventually 

progresses to the abdomen section (Figure 2.4B). 

The consensus 18S RDNA sequence was subjected to BLASTn algorithm from NCBI database 

(Section 2.2.6.3). the query sequence was closely identical with Cruznema sp. isolate 734CI 

(accension number: OR606776.1) by 97.11 % with an E value of 0.0, Cruznema sp. GD1 

(accension number: ON1914575.1) by 88.44 % with an E value of 3e-100 and Cruznema sp. 

JN2018 (accension number: MK156051.1) by 100 % with an E value of 2e-38. E value refers 

to the expected number of times that a score appears in a random data base of the given size. 

Furthermore, the E value decreases exponentially when the score of the match it increases. 

Moreover, when the E value is 0.0 as the case with Cruznema sp. isolate 734CI means it exact 

match when it is aligned with our query sequence. However, it is important to note that 

BLASTn can perform the search by alignment despite the difference in sequence length. 

Therefore, despite the E value being 0.0 the sequence may not be 100 % identical. Furthermore, 

in case of query sequence with Cruznema sp. JN2018, it is crucial to note that Cruznema sp. 

JN2018 is 329 base pairs long whereases our query sequence is 654 base pairs long. Therefore, 

Cruznema sp. JN2018 matches to our sequence during nucleotide substitution by BLASTN 

alignment due to its small size however, there are gaps during the alignment with increases its 
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E value. Furthermore, despite Cruznema sp. JN2018 having 100 % identity to our query 

sequence do not mean it the same species with our query sequence since the E value is above 

0.0. 

Evolutionary divergence distance was calculated using. Furthermore, prior to evolutionary 

distance calculation, a pairwise alignment was performed using CLUSTALW algorithm and it 

shows that Cruznema sp. NTM 2021 has 0.0568 divergence distance with its closely related 

species Cruznema sp. isolate 734CI, 0.375 divergence distance with Cruznema sp. GD1 and 

no divergence with Cruznema sp. JN2018 (Table 2.1). Furthermore, more analyses were 

performed through using Tajima-Nei model with 1000 bootstrap value to produces standard 

error estimate (SSE) value(s) while removing all the gaps and missing bases and it reveals 

Cruznema sp. NTM 2021 has a 0.02563 SEE value with Cruznema sp. isolate 734CI, 0.05134 

SEE value with Cruznema sp. GD1 and the SSE value was 0.0 with Cruznema sp. JN2018 

substantiating the distant divergence generated by pairwise alignment. Further validations were 

conducted through construction of phylogenetic tree using Maximum likelihood method and 

Tajima-Nei nucleotide substitution method with bootstrap set to 1000 (Figure 2.5 A). 

Caernorhabditis elegans (accension number: MG551717.1) was used as outer group (Figure 

2.5 A). Cruznema sp. NTM 2021 forms a clade with all three closely reported species (namely 

Cruznema sp. isolate 734CI, Cruznema sp. GD1 and Cruznema sp. JN2018) however, 

Cruznema sp. NTM 2021 do not form any divergence with Cruznema sp. JN2018 (Figure 2.5 

A) this is supported with evolutionary distant divergence in Table 2.1. Cruznema sp. NTM 

2021 phylogenetic tree has a scale of 0.2 representing number of nucleotides substitution per 

site (Figure 2.5 A). Therefore, considering the research gap in studying Cruznema nematodes 

and few available data in the database, it is not surprising that these species have undergone a 

huge change. Therefore, there is a need to recharacterize this species. Furthermore, Cruznema 

sp. NTM 2021 forms a clade with other Cruznema nematodes and brench off with EPNs species 

expected since EPNs and Cruznema originated from same phylum order Rhabditida in Figure 

2.5 B. thus support the taxonomic classification in study conducted by Marcaida et al. (2022). 

2.5 Conclusions and recommendations 

Cruznema sp. NTM 2021 possess the ability to infect and kill insects and there it may be 

considered as a potential biological control agent. Cruznema sp. NTM 2021 mimic the 

entomopathogenic nematodes (EPNs) behaviour. Therefore, more studies such as 

metagenomics should be carried to profile its possible gut microbial community, to understand 

its pathogenicity mechanism. 
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Chapter 3 

16S RDNA metagenomic amplicon-based profiling of endobacteria community of 

Cruznema sp. NTM 2021 

Abstract 

The use of chemical pesticides is one of the common practices in horticulture sector throughout 

the globe. However, this practice has negative drawbacks towards ecosystem and human 

health. Therefore, the horticulture practitioners have initiated conservation biological control 

practise with entomopathogenic nematodes (EPNs) as their biological control agent, to mitigate 

the detrimental effects of the use of chemical pesticides. EPNs are insect parasite microscopic 

worms that widely found throughout the ecological niche. They are renowned for their ability 

to seek and kill the insect pest. EPNs have symbiotic relationship with pathogenic bacteria from 

Photorhabdus, Serratia and Xenorhabdus genus, that they use to kill the insect host. These 

pathogenic bacteria they are not only known for important role of EPNs pathogenicity. 

However, they also serve an important role in immune defence of EPNs. Cruznema nematodes 

belong to phylum order Rhabditida as EPNs. However, they are known as bacterivores. 

Cruznema nematodes have ability to kill insect (Crickets and slugs). There is no evidence of 

Cruznema nematodes having a symbiosis relationship with pathogenic bacteria. This study 

seeks to profile possible Cruznema sp. NTM 2021 gut bacteria community. Mass reproduction 

of Cruznema sp. NTM 2021 infective juveniles (IJs) was archive by a surface sterilised IJs on 

Petri dish consisting of loam soil with 8 % moisture level and six Tenebrio molitor (T. molitor) 

larvae. White trap technique was performed to harvest the IJs emerging out from dead T. 

molitor larvae. One set of IJs were surface sterilised using 0.1 % sodium hypochlorite solution 

whereas the other set no sterilization was performed on them. Both samples were sent to Inqaba 

Biotech (PTY) (South Africa) for 16S RDNA amplicon metagenomics sequencing. The 

sequences data was subjected to quality control using SMRTlink Version 11.0. The data was 

subsequently analysed using Qiime 2 with the aid of silva version 138.1 reference database. 

The results were further processed in Krona version 1.9.0 pipeline. This study reveals the gut 

microbial community of Cruznema sp. NTM 2021 with predominantly phylum order 

Pseudomonadales at 40 %, Hyphomicrobiales at 23 % and Bacteroidetes at 22 %. Furthermore, 

the least dominant phylum order Bacilli at 4 % and both Xanthomonadales and Burkholderiales 

at 3 %. 

Keywords: Bacilli, Hyphomicrobiales, pathogenicity, Rhabditida, Xanthomonada. 
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3.1 Introduction 

3.1.1 Application of entomopathogenic nematode in agriculture 

Entomopathogenic nematodes (EPNs) are soil dwelling insect parasite microscopic worms. 

These parasitic worms have been reported to have a wide feeding range (Hein et al., 2023). 

Insect pest infestation is considered one of the major threats in food security in horticulture 

sector (Khan et al., 2023).  Furthermore, the horticulture practitioners have introduced the use 

of chemical pesticides for over two centuries. The use of chemical pesticides has negative 

drawbacks towards ecosystem and human health (Khan et al., 2023). Therefore, the 

implementation of conservation biological control method requires a biological control with an 

ability to adapt and strive through different environmental factors (namely UV light, 

desiccation, temperature, pH) (Li et al., 2020). Hence, EPNs are considered as potential 

biological control agent since they are well distributed throughout the ecosystem (Abate et al., 

2023). Furthermore, EPNs have unique abilities that enables them to survive throughout 

different ecological factors, making them a suitable candidates of conservation biological 

control agent (Mhatre et al., 2017; Lephoto and Gray, 2019). EPNs has symbiosis with the 

pathogenic bacteria, which are reported to be responsible for causing the death of insect host 

death (Abate et al., 2018; Doremus and Hunter, 2020; Lephoto and Gray, 2022). EPNs are eco-

friendly and does not pose a threat towards human health (Kumar and Yadav, 2020). 

3.1.2 Entomopathogenic nematodes overview 

There are only three known genera (Heterorhabditis, Oscheius and Steinernema) so far, that 

EPNs originated from. All these EPNs belonging to these three genera has symbiosis 

relationship with endo-pathogenic bacteria belonging to Photorhabdus, Serratia and 

Xenorhabdus genus respectively (Lephoto and Gray, 2019; Katumanyane et al., 2020; Ogier 

et al., 2023). Therefore, any nematodes that do not have a symbiosis insect pathogenic 

bacterium are not EPNs (Yooyangket et al., 2018). EPNs use the natural external opening such 

as eyes, anus, or mouth to invade the host (Matlhabe et al., 2022).  Once the EPNs infective 

juveniles (IJs) have invaded the host, they travel to host hemocoel, where they release the endo-

pathogenic bacteria symbionts (Atwa, 2014). Endo-pathogenic bacteria symbionts they 

synthesis toxins, that are used to depress the host immune system as previously described by 

Lephoto and Gray, 2022. Therefore, IJs proliferation take place exponentially due to the 

abundance nutrients from the host cadaver (Atwa, 2014; Yooyangket et al., 2018). 

Furthermore, depletions of nutrients within the host cadaver, forces the emergence of IJs into 

the soil (Matlhabe et al., 2022). Subsequently, the IJs searches for new host Figure 3.1. 
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Figure 3.1: A schematic diagram demonstrating natural life cycle of entomopathogenic nematodes 

(EPNs). EPNs are soil free living organisms that invade the host through natural openings. Nematodes 

release bacteria that cause infections results in host immunity depression result in host death. The 

nematodes feed on the host, reproduce and upon depletion of food. the IJs exit the host into the soil on 

the bases of scout for new host as source of food.  Diagram adapted from Lephoto et al., 2022. 

3.1.3 Next generation sequencing 

Next generation sequencing (NGS) is also known as high throughput sequencing, that use 

sophisticated machines to study biological genome(s). Furthermore, there are various 

sequencing technology platforms that are involve in NGS, which do not form a part of the 

scope of this study. Nonetheless, every NGS platform sequences millions of chunks of 

fragmented DNA in parallel (Behjati and Tarpey, 2013). Furthermore, computational 

bioinformatic tools are utilized to rearrange the DNA fragment, mapping out the reads to the 

reference genome. The scope of this study focusses on the metagenomics sequencing. 

Metagenomics is classified under high throughput sequencing, however, it is commonly used 

to study microbial communities. Furthermore, to conduct a metagenomics study there is two 

distinct routes namely whole genome shotgun (WGS) metagenomics and gene marker method 

(Pérez-Cobas et al., 2020).  WGS metagenomics sequencies all genomes present in a particular 

sample and provides the insights about biodiversity and functional capabilities of the microbial 

community in question. Therefore, WGS metagenomics thus enables you to characterize 

habitat diversity for eukaryotes, archaea, viruses, bacteria, and plasmids including the insights 
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of the gene content (Pérez-Cobas et al., 2020). However, gene marker method targets a specific 

region on the DNA to provide the insights about the diversity and composition of taxonomic 

groups (Pérez-Cobas et al., 2020). Furthermore, to profile microbial community using gene 

marker method we target 16S RDNA gene to detect the presence of archaea and bacteria. 

3.1.4 Cruznema nematodes overview 

Cruznema nematodes genus are from the family Rhabditida (Reboredo and Camino, 1988; Du 

et al., 2022). Furthermore, from past centuries Cruznema nematodes are labelled as either 

parasite or bacterivore nematodes (Du et al., 2022). However, there is no evidence that indicate 

that Cruznema have symbiosis relationship with bacteria. Despite numerous publication that 

suggest that Cruznema nematodes that may be used as a biological control agent of agricultural 

pest Slugs (Mollusca: Gastropoda) and Crickets (d'Ovidio et al., 2019; Du et al., 2022). 

Therefore, the aim of this study is to explore possible bacteria communities present within the 

undescribed Cruznema nematodes using 16S amplicon-based metagenomics. 

3.2 Methods and materials 

3.2.1 Culturing of Cruznema sp. NTM 2021 

Cruznema sp. NTM 2021 Infective juveniles (IJs) were surface sterilised using 0.1 % of sodium 

hypochlorite as previously described in Section 3.2.2. subsequently 2000 IJs were dispense in 

Petri dish consisting of 55 g sterilized loam soil. Prior to the additional of IJs in the soil, sterile 

deionised water was used to hydrate the soil to 8 % moisture level to allow the movement of 

IJs. Furthermore, six Tenebrio molitor (T. molitor) larvae were surface sterilised using 70 % 

ethanol and added into the Petri dish. The Petri dish was kept in 25 ℃ incubator and constantly 

monitored. The dead larvae were surface sterilised and used to perform White trap techniques 

as previously described in Section 2.2.4 to facilitate the emergence of IJs. 

3.2.2 Preparation of Cruznema sp. NTM metagenomic samples 

The freshly emerged IJs from T. molitor larvae were collected from white trap plate into two 

50 mL falcon tubes. The IJs in both tubes were allowed to settle at the bottom of the tube to 

allow the removal of the excess water. The IJs in one of the two tubes was transferred into a 

sterile 1.5 mL Eppendorf tube and crushed with pestle whereas, the IJs in another tube were 

surfaced sterilised with 10 mL (0.1 % sodium hypochlorite) by suspending the IJs in sodium 

hypochlorite and gently inverted three times and incubated at room temperature for three hours. 

Subsequently, the IJs were rinsed three times using 10 ml sterile deionised water.  Later, the 

treated IJs were transferred into a new 1.5 mL sterile tube and subsequently crushed with pestle. 
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Both treated and untreated sample were sent to Inqaba Biotech PTY (South Africa) for 

metagenomics sequencing. 

3.2.3 16S RNA amplicon metagenomics analysis for Cruznema sp. NTM 2021 

Both non treated and treated sample were sequenced using PacBio sequencing machine at to 

Inqaba Biotech PTY (South Africa) as previously stipulated in Kingan et al. (2019). Quality 

trimming was performed using SMRTlink (Version 11.0) This resulted into Circular Consensus 

sequences (CCS) and produce (Hifi reads) High accurate reads with great quality above 40 

(>QV40). The Vsearch plugins tools in qiime2 were used to dereplicated and clustered the 

reads into operation taxonomic units (OTUs) against latest silva version 138.1 reference 

database with 0.97 % identity threshold cut off. Furthermore, the taxonomy information 

assignment to the generate OTUs was conducted using feature-classifier classify-sklearn tool 

(Lima et al., 2021). Moreover, to visualize the taxonomy composition of the sample(s) a taxa 

bar-plot file was generated and visualize in qiim2 viewer site (https://view.qiime2.org). The 

denoised processed metagenomic reads of either treated or untreated Cruznema nematode were 

also subjected to Krona version 1.9.0 pipeline in online platform KBase (https://www.kbase.us) 

bioinformatics site according to Colagiero et al. (2020) with minor modification. Furthermore, 

the reads were clustered and assigned against National centre for biotechnology information 

(NCBI) database. 

3.3 Results 

The endo-microbiome community profiling of undescribed Cruznema species was achieved 

through sequencing the 16S RNA metagenomics obtain from freshly emerged IJs gut (from T. 

molitor). Prior from 16S RNA metagenome DNA extraction, the IJs were surfaced sterilised 

by 0.1 % sodium hypochlorite) (Figure 3.2). Whilst in the other sample the IJs were not surface 

sterilised (Figure 3.3). The 16S RNA metagenomic sequenced data sequenced and analysed 

using bioinformatics tools previously described in Section 3.2.3. 

https://view.qiime2.org/
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Figure 3.2 Elucidating taxonomic information and relative frequency of untreated Cruznema 16S RNA metagenomic sample. The figures are labelled using 

hierarchy system A) representing Kingdom B) phylum C) Class D) Order E) Family F) Genus G) Species. 
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Figure 3.3: Showing endobacteria community of Cruznema nematode taxonomic information with the relative frequency, 16S RNA amplicon metagenomic 

based (Treated sample). The figures are labelled using hierarchy system A) representing Kingdom B) phylum C) Class D) Order E) Family F) Genus G) Species. 
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Figure 3.4: Depicting taxonomic relative abundance of Cruznema gut 16S RNA amplicon-based metagenomics. This data was obtained through the utilization 

of Krona version 1.9.0 with the aid of National canter for biotechnology information reference database. A) represent untreated sample and B) represent treated 

sample. 
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3.4 Discussion  

The 16S rRNA metagenomics for both treated and untreated samples were sequenced using 

PacBio.  The sequenced data for both samples were analysed using Qiime2 tools to explore the 

taxonomic information of each sample (Figure 3.2 and 3.3). Both the samples shows that they 

only have one kingdom namely bacteria (Figure 3.2A and 3.3A). However, the untreated 

sample had nine phyla (namely Actinobacteria, Firmicutes, Proteobacteria, Bacteroidetes, 

Fusobacteria, Tenericutes, Planctomycetes, Cyanobacteria and unidentified phyla) (Figure 

3.2B). Whereas the treated sample had only six phyla (namely Proteobacteria, Bacteroidetes, 

Actinobacteria, Verrucomicrobia, Firmicutes and unidentified phyla) (Figure 3.3B). 

Furthermore, the top 3 phyla with highest relative frequency (Actinobacteria at 76.39 %, 

Firmicutes at 10.89 % and Proteobacteria at 9.51 %) in Figure 3.2B. However, the top 3 

highest frequency phyla in Figure 3.3B consists of Bacteroidetes at 42.11 %, Proteobacteria 

at 57.26 % and Actinobacteria at 0.32 %. Therefore, the decrease in the number of phyla in 

Figure 3.4B and massive increase in relative frequency of Proteobacteria phylum by 47.75 % 

from Figure 3.21B to Figure 3.3B, as a result of surface sterilization of Crunema IJs sample 

with sodium hypochlorite prior to the extraction of 16S amplicon rRNA. Moreover, the number 

of phyla that were present in Figure 3.2B and absent in Figure 3.3B, they are not part of the gut 

endobacteria community of Cruznema nematode. Furthermore, the bacteria taxonomic 

information elucidated from Figure 3.2C to 3.2G respectively, are associated with phyla 

showed at Figure 3.2B, are not present in Figure 3.3B, may be from T. molitor larvae 

haemocoel.  

The study conducted by Brandon et al. (2018) and Urbanek et al. (2020) indicated the gut 

microbe community of T. molitor larvae consists of Enterococcus, Streptococcus, 

Enterobacter, Lactococus, Paenibacillus, Klebsiella and Erwina genus.  Furthermore, various 

studies shows that Proteobacteria, Tenericutes and Firmicutes phyla are more likely to be 

found in high abundance (Jung et al., 2014; Urbanek et al., 2020; Przemieniecki et al., 2022). 

However, Actinobacteria and Bacteroides phyla are reported to be occurring in low abundant 

within the EPNs gut (Jung et al., 2014; Przemieniecki et al., 2022). Therefore, these findings 

support our claims that those phyla identified in Figure 3.2B to 3.2G will not be present in 

Figure 3.3B to 3.3G. Furthermore, the sightly changes in the values may be due to the presence 

of the gut endobacteria community of Cruznema nematode in the sample. Despite the evidence 

that endobacteria communities of among individuals belonging to the same group of species 

growing in the same environment may vary (Jung et al., 2014; Urbanek et al., 2020). 
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The data depicted in Figure 3.3B indicates that Cruznema nematode share a common 

endobacteria community phyla groups (namely Proteobacteria, firmicute, Actinobacteria and 

Bacteroidetes) with T. molitor larvae. However, there is a variation in relative frequency of 

these phyla between Cruznema nematode and T. molitor larvae, Proteobacteria and 

Bacteroidetes phyla had a higher abundance in Cruznema nematode (Figure 3.3B). Whilst 

Bacteroidetes and Actinobacteria phyla are in low abundant in T. molitor larvae (Urbanek et 

al., 2020). Therefore, this poses a question in relation to the ability of Cruznema nematode to 

infect and kill the T. molitor larvae during culturing of IJs (Section 3.2.1). Furthermore, if 

Cruznema nematode could be assumed to be entomopathogenic nematode because of the 

evidence that Cruaznema nematodes is harbouring endobacteria species in the gut (Figure 3.3). 

Moreover, Cruznema nematodes has bacteria species from phyla Verrucomicrobia that can be 

suggested to be potential cause of death of T. molitor (Figure 3.3B to 3.3G). Since phyla 

Verrucomicrobia have not been reported to be associated with T. molitor. 

Figure 3.4 was generated through Krona version 1.9.0 metagenomic pipeline embedded in 

KBase platform. Furthermore, the taxonomic assignment of the reads was conducted with the 

utilization of NCBI reference database. Moreover, despite that the data presented in Figure 3.2 

and 3.3, were analysed with different bioinformatic tools that uses different algorithms 

compared to data depicted in Figure 3.4. Furthermore, despite the utilization of different 

reference database, the data presented in Figure 3.2 and 3.3, closely resembles the data 

elucidated in Figure 3.4. There are two high relative abundance bacteria phylum order namely 

Actinomycetia with 59 % and Coriobacteriia with 13 % (Figure 3.4A). Whilst in figure 3.3.3B 

there are only three bacteria phylum order (namely Pseudomonadales with 40 %, 

Hyphomicrobiales with 23 % and Bacteroidetes with 22 %) with high relative abundance.  

However, Pseudomonadales order has a relative abundance of 1 % in Figure 3.4B, and the 

reason emanates around the different sample treatment of sodium hypochlorite. Therefore, the 

results depicted in Figure 3.4B provide a gut endobacteria community profile of Cruznema 

nematode, Since the nematodes were surfaced sterilised against any possible bacteria 

attachment from at the nematodes surface.  

This study highlights that Cruznema nematodes is associated with Pseudomonadaies, 

Hyphomicrobiaies, Bacteroidetes, Bacilli, Burkholderiaies and uncultured Bacterium species. 

Regardless, that only four of the bacteria order (namely Bacilli, Burkholderiaies, 

Xanthomonadeles and unculture Bacterium) have lower relative abundance (Figure 3.4B). 

Bacilli species have been reported to be use as control measurement against root-knot 
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nematodes (Mostafa et al., 2018). However, since there is a low concentration of Bacilli 

species, does this suggest that Cruznema nematodes have immunity over the bacillus species. 

Furthermore, Cruznema nematodes have been reported to feed on bacteria. There have been 

countless reports made about Cruznema feeds on the bacteria (d'Ovidio et al. 2019; Salas and 

Achinelly, 2020; Shokoohi et al., 2022;). Therefore, this feeding habit deviate from the EPNs 

feeding behaviour. However, there is no denial that there is a gap in either feeding habit or 

food/host seeking behaviour of Cruznema nematodes. Hence, this Cruznema specie 

demonstrate EPNs feeding habit (Section 3.2.1). Therefore, this study is set to investigate the 

possibilities of Cruznema species being an EPNs, by unravelling the gut endobacteria 

community profile of Cruznema nematode. The finding in the study shows Pseudomonadales 

order to have the highest relative abundance at 40 % (Figure 3.4B). However, Pseudomonas 

aeruginosa PAO1 (P. aeruginosa PAO1) which belong to Pseudomonadales genus has been 

reported to kill Caenorhabditis elegans (C. elegans) through the production of cyanide 

(Gallagher and Manoil 2001; Orozco et al., 2016).  P. aeruginosa is known to kill various 

organisms such as bacteria, mammals, plants, and insects, thus includes nematodes (Gallagher 

and Manoil 2001; Sifri et al., 2005; Gamalero and Glick, 2020; Loulou et al., 2023). Therefore, 

Pseudomonadales species can be suggested to be potential Cruznema endo-pathogenic 

symbiotic bacteria since it retain the highest relative abundance (Figure 3.4B). Furthermore, 

they can produce hydrogen cyanide which can be one of the contribution factors in killing T. 

molitor larvae and used to kill other bacteria within T. molitor, which serves as defence 

mechanism against invaders. However, this suggestion does not dismiss the possibility that 

there may be other endobacteria community members that may serves as the counter parts 

towards infecting and killing of the host or T. molitor larvae. Therefore, more studies should 

be conducted to test Cruznema potential endosymbiotic pathogenic bacteria.   

All EPNs species are traced back to the evolutionary order namely Rhabditida (Laznik and 

Trdan, 2012; Lephoto et al., 2016; Canhilal et al., 2016; Lalitha et al., 2023). Furthermore, 

Cruznema species also belong the same evolutionary order as EPNs (Sommer et al., 1994; 

Canhilal et al., 2016; Du et al., 2022). Therefore, due reason that Cruznema nematodes are 

found feeding on bacteria in the study conducted by Bongers and Ferris, 1999, does not mean 

they must be classified as bacterivores. Since, all EPNs species feeds on their own symbiotic 

bacteria during symbiosis test respectively (Chaston et al., 2011; Ramakuwela et al., 2016). 

Therefore, this does not label EPNs species as bacterivores. Moreover, this Cruznema species 
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demonstrated the unique ability to feed on T. molitor larvae which resembles EPNs behaviour 

(Figure 3.1). Therefore, Cruznema are potential EPNs species. 

3.5 Conclusion 

Cruznema nematodes have been known to be known to be bacterivore species for centuries. 

There is lack of knowledge about the ability of Cruznema nematodes able to infect and kill the 

insects. Thus includes the possibility of Cruznema having bacteria symbionts. EPNs are praised 

of their abilities to hunt and infect the insect host with aid of bacteria symbionts. However, this 

identified Cruznema nematodes possess the ability to seek and infect insect host, resembling 

the EPNs life cycle (Chapter 2). Moreover, the data presented in this study show the 

endobacteria community found in the Cruznema nematodes. Thus changes the previously 

knowledge about the Cruznema species group, making it a potential an EPN. However, more 

studies should be conducted in relation to Cruznema bacteria symbiosis tests, bacteria 

symbionts characterization and host seeking behaviour. 
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Chapter 4 

Isolation and Molecular characterisation of Pseudomonas sp. PKS and Enterobacter sp. 

PTB gut Cruznema sp. NTM 2021 bacteria 

Abstract 

Entomopathogenic nematodes (EPNs) are insect parasites that are regarded as biological 

control agent in horticulture sector. EPNs are known to be associated with endopathogenic 

bacteria. EPNs are used in both small-scale and large-scale farming. These pathogenic bacteria 

possess both antimicrobial and insecticidal agents which they use to depress the host immune 

defence. All EPNs bacteria symbionts belong to Enterobacteriaceae family. Furthermore, the 

EPNs bacteria symbionts are known to undergoes two Phases during their life cycle. Phase I is 

reported to be the most important, as it involve secretion of lethal compounds that kill the host. 

Both bacteria Phases are reported to be crucial for growth and development of the nematodes 

during the feeding and reproduction stage of the nematodes. Two distinct medium agars 

(NBTA and McConkey) were used to isolate and study the two bacteria Phases. Furthermore, 

16S rDNA molecular sequencing was performed to identify the bacteria isolates (Pseudomonas 

sp. PKS and Enterobacter sp. PTB). Phase I of Enterobacter sp. PTB on NBTA the bacteria 

colonies were 1.1-2 mm in diameter, blue-green like circular colonies meanwhile Pseudomonas 

sp. PKS circular, green concave colonies that are surrounded by white colour, ranging from 

1.2-2.3 mm in diameter. Phase II of Pseudomonas sp. PKS colonies are opaque white with 

diameter range of 2.2-2.7 mm meanwhile Enterobacter sp. PTB has maroon colonies that has 

irregular shape with approximately 2.3-2.7 mm diameter. 16S rDNA for each bacteria isolate 

was sequenced using Sanger Sequencing machine. The sequence data was subjected to quality 

control to remove ambiguous bases and bases with low quality using Finch TV version 1.4.0. 

Furthermore, the trimmed data was used in CLC Bio Main Benchwork to generated contig was 

used as query sequence in the NCBI BLASTn tool to identify the homologous sequence. Both 

homologous sequences that showed high affinity to the query sequences were used to construct 

a phylogenetic tree respectively. Cruznmea NTM 2021 is associated with two endobacteria 

namely Pseudomonas sp. PKS and Enterobacter sp. PTB. Both the bacteria isolate share family 

Enterobacteriaceae, despite them to be divergent from one another. 

Keywords: Enterobacteriaceae, Pseudomonas sp. PKS, Enterobacter sp. PTB, Horticulture, 

Biological control agent.  
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4.1 Introduction 

4.1.1 Entomopathogenic nematodes 

Entomopathogenic nematodes (EPNs) are specialised insect parasite that have evolved a 

commensal relationship with pathogenic bacteria. EPNs are praised for their function as 

biological control agent in horticulture sector (Kenney and Eleftherianos, 2016).  EPNs are 

deemed a suitable pest management candidate due to the solely reason that they do not have 

negative impact to the environment (Shakeel et al., 2022; Tomar et al., 2022). EPNs can be 

used in both large and small-scale environment (Kenney and Eleftherianos, 2016; Skrzecz et 

al., 2023). EPNs relies on the pathogenic bacteria which they harboured within the gut, to cause 

infection that will ultimately results into death of the host (Raja et al., 2021). The bacteria 

symbionts are known to synthesis toxins which are responsible for causing infection (Raja et 

al., 2021; Sheehy et al.,2022). Furthermore, these bacteria are vector dependent on the 

nematodes to be transported into insect host target (Raja et al., 2021). Moreover, the bacteria 

symbionts form part of the immune defence of the nematodes (Alotaibi et al., 2022). 

4.1.2 Overview of entomopathogenic nematodes bacteria symbionts taxonomy 

There are only three known EPNs symbionts bacteria genera namely Xenorhabdus, Serratia 

and Photorhabdus (Lephoto and Gray, 2022). The symbionts bacteria Serratia, Photorhabdus 

and Xenorhabdus are classified under Proteobacteria phylum and Enterobacteriaceae family 

(Lephoto and Gray, 2022; Sheehy et al.,2022). However, Serratia genera has unique features 

that make it to be easily differentiated from other Enterobacteriaceae (Rafii, 2014). 

Furthermore, all the EPNs bacteria symbionts are facultative anaerobic, gram negative, (Smith 

et al., 2009; Akhurst and Boemare, 2018) having rod shape (Shahina et al. 2004; Lephoto and 

Gray, 2015). Moreover, none of the EPNs bacteria symbionts have been reported to be able to 

sporulate. There have been reports that suggest that other bacteria species belong to 

Enterobacteriaceae and Pseudomonas family that may have developed commensal 

relationship with EPNs (Boemare et al., 1996; Alotaibi et al., 2022; Ruiu et al., 2022). It is 

important to highlight that free living form of pathogenic bacteria symbionts have never been 

isolated in external environment except in nematodes gut (Forst et al, 1997). 

4.1.3 Entomopathogenic nematodes bacterial symbionts life cycle 

Endopathogenic symbionts bacteria of EPNs are categorised into two phases (Kaya and 

Stock,1997; Owuama, 2001). Upon host invasion into host haemolymph by the infective 

juveniles (IJs), both Phase I and Phase II of endopathogenic bacteria symbionts are released by 

IJs (Owuama, 2001). Phase I dispense lethal intracellular metabolites that deprive the host 
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immune response (Kalia et al., 2014). Previous studies have claimed that only Phase I bacteria 

are solely responsible for synthesizing the toxic biomolecule compounds that are both 

insecticidal and antimicrobial activity (Owuama, 2001; Krin et al., 2006; Ogier et al., 2023). 

Further, these compounds generate and sustain monoxetic physiological condition within the 

host cadaver, which it is crucial for growth and development of nematodes (Stella et al., 2008; 

Ahmed et al., 2022). The IJs are then developed immediately when nematodes enter into 

commensal relationship with the pathogenic bacteria (Owuama, 2001). This process only take 

place after 3 to 4 reproduction cycles. The IJs can now emerge out of host cadaver into the soil 

to seek new host upon depletion of food source (Figure 4.1). 

 

Figure 4.1 Life cycle of entomopathogenic nematodes symbionts bacteria. Both Phase I and II of the 

pathogenic bacteria symbionts are release within the host upon invasion, Phase I release toxins causing 

infection. Both Phase I and II pathogenic bacteria recolonise the nematode to form IJs. IJs emerge out 

seeking new host (Schematic diagram was adapted from Owuama, 2001). 

4.1.4 Bacteria pathogenicity within the insect host 

The insect host has innate immune response as other cellular living organisms, the host has 

humoral components that acts as sensors that detects foreign antigens (Kaaya, 1993; Strachecka 

et al., 2021). Among humoral components available in the host are haemocytes, their function 
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is to detect the foreign antigens and encapsulate them as part of defence mechanism (Lavine 

and Strand, 2002; Eleftherianos et al., 2021). Furthermore, they also synthesize cationic 

antimicrobial compounds that deprives the invading parasites (Eleftherianos et al., 2021). 

However, EPNs bacteria symbionts has complex mechanism that they use as to evade host 

haemocytes detection and deprive the host immune system (Sajjadian and Kim, 2020). 

According to study conducted by Krin et al. (2006), Phototorhabdus generates a signalling 

molecule (namely Al-2) which blocks the first host immune response called reactive oxygen 

species (ROS). Furthermore, Photorhabdus modifies host lipopolysaccharides (LPS) as one of 

the other activities in deprivation of the host immune response (Easom et al., 2010; Clarke, 

2014). Previously studies have shown that all three Serratia, Xenorhabdus and Photorhabdus 

endobacteria symbionts are involved in suppression of CAMPs production (Chalabaev et al., 

2007; Stella et al., 2008; Sajjadian and Kim, 2020; Ahmed et al., 2022). 

4.1.5 Evolutionary relationship entomopathogenic nematodes bacteria symbionts 

Entomopathogenic nematode pathogenic bacteria symbionts are evolutionary divergent 

however, they convergently have similar behaviour/ lifestyle. They produces insecticidal and 

antimicrobial compounds (Shahina et al. 2004; Lephoto and Gray, 2015). Further, it is 

important to note that their mode of pathogenicity varies. Despite that Xenorhabdus is 

associated with Steinernema (Sajnaga et al., 2018), Serratia is associated with Oscheius 

(Lephoto and Gray 2015), and Photorhabdus is associated Heterorhabdus nematodes (Kaur 

and Jindal, 2015), all the bacteria symbionts are located adjacent posterior to pharynx in all to 

their respectively nematodes associates (Ciche et al., 2006). Xenorhabdus colonies the vesicles 

or pockets meanwhile Photorhabdus and Serratia colonies the lumen gut of the nematodes 

(Martens and Goodrich‐Blair, 2005; Gouge et al., 2006; Lephoto and Gray, 2019). 

4.1.6 The use of 16S RDNA to identify bacteria species 

The use of DNA to study evolutionary relationships of organisms have been practiced for over 

ten decades. The molecular identification of bacteria species relies on the conserved ribosomal 

(rDNA) regions called hypervariable region (Fuks et al., 2018). Bacteria has nine hypervariable 

regions (Ghyselinck et al., 2013; Bukin et al., 2019). According to the study conducted by 

Bukin et al. (2019) amplification of 16 and 23 ribosomal DNA subunit provides accurate 

identification of species and data can be used for phylogenetic construction. The aim of this 

study is to isolate and identify Cruznme sp. NTM 2021 gut bacteria.  
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4.2 Method and materials 

4.2.1 Isolation of Cruznema sp. NTM 2021 gut bacteria 

The freshly IJs where collected from the white traps into 50 mL falcon tube. The excess water 

was withdrawn from the tube immediately after the settling of the IJs. The IJs were surface 

sterilised with 5 mL (0.1 % sodium hypochlorite). The IJs were grinded using the pestle to 

expose the gut bacteria and 1.5 mL of nutrient broth was added to the tube. The Eppendorf tube 

stored at the 120 rpm shaking incubator with the optimum temperature of 25 ℃ for 2 days. The 

bacteria culture was sticked at two distinct agar plate media namely McConkey and NBTA. 

The sticked plates were incubated at 25 ℃. The colonies were subcultured multiple times to 

obtain pure culture. The bacteria DNA of the pure culture colonies was extracted using 

E.Z.N.A.® bacteria DNA kit, following manufactures protocol and was stored in negative 20 

℃. 

4.2.2 Bacterial Gram Staining  

The gram staining of either Pseudomonas sp. PKS or Enterobacter sp. PTB was conducted by 

obtaining 1-2 bacteria colonies from NBTA pure culture plate using inoculating lob. The 

inoculum was smeared on clear microscopic slide consisting of 2 drops of sterile deionised 

water (ddH2O) and the bacterial smear was air dried at room temperature. The slide was 

subsequently heat fixed using Bunsen burner. Furthermore, crystal violet stain was used to 

flood the smear on the slide and sat for 60 seconds before the slide was rinsed using ddH2O. 

Few drops of gram iodine solution were added to the slide, followed by 60 seconds of room 

incubation. The slide was rinse with ddH2O, after it was rinsed by decolorizing agent for 11 

seconds. The smear was then stained using Safranin solution and room incubated for one 

minute before rinse with ddH2O. The slide was gently blotted using bibulous paper before 

viewed using 100X objective lens of light microscope with an aid of oil-immersion. The images 

were captured using a cell phone device. 

4.2.3 16S RNA sequencing of Cruznema sp. NTM 2021 nematode bacteria isolates 

A PCR technique was performed through utilization of universal forward prime 16S-27F 

(AGAGTTTGATCMTGGCTCAG) and universal reverse primer 16S-142R 

(CGGTTACCTTGTTACGACTT). The reaction conditions were as follows: initial 

denaturation triggered at 94 ˚C for 5 mins, secondary denaturation maintained at 94 ˚C for 30 

sec, annealing sustained at 50 ˚C for 45 sec, extension conducted at 72 ˚C for 1min, final 

extension was kept at for 72 ˚C 10 min. The total number of cycles performed are 25. The 

amplicon product was purified using Zymo Research, ZR-96 DNA Sequencing Clean-up Kit™ 
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and sequenced in both (forward and reverse) directions utilizing (Nimagen, BrilliantDye™ 

Terminator Cycle Sequencing Kit V3.1, BRD3-100/1000) with the aid of ABI 3730xl Genetic 

Analyzer (Applied Biosystems, Thermo Fisher Scientific) in sanger sequencing machine. 

4.2.4 Molecular identification and Phylogenetic Construction 

4.2.4.1 Quality control 

Molecular identification and phylogenetic tree construction was performed following protocol 

describe at Lephoto and Gray, (2022) with minor modifications. Both forward and reverse 

sequences raw reads for both 16S RNA Cruznema sp. NTM 2021 gut endobacteria filtered and 

trimmed manual using Finch TV (version 1.4.0) separately (Butler et al., 2014). Furthermore, 

both forward and reverse reads of each species were respectively assembled using CLC Bio 

Main Benchwork to produce a consensus/ contig sequences (Zeden and Gründling, 2023). 

4.2.4.2 Multiple sequence alignment using CLUSTALW 

Each contig sequences of the respective species was subjected to online BLASTn search tool 

in NCBI database using default parameters. The query sequence and sequence with high 

similarty from NCBI BLASTn results were subjected to CLUSTALW for sequence alignment 

(Newman et al., 2016). (Please note Xenrhabdus ponarii was used as out group of 

Pseudomonas sp. PKS and Photorhabdus sp. Strain R-66823 was used as out group of 

Enterobacter sp. PTB). The outgroups used were selected since they are known to form 

symbiosis with the EPNs. (P. glycinae accession number: MG592779; P.alcaliphila accession 

number: MN818709.1; P. koreensi accession number: ON738618.1; P. punonensis accession 

number: NR109583.1; P. putida accession number: KJ53590; P.montelii accession 

number:KM349495.1; P. mendocina accession number: MK844592.1 and X. ponarii accession 

number: KM371273.1 was used in creating Pseudomonas sp. PKS phylogenetic tree) and (E. 

kobei accession number: NR028993.1; E. timonensis accession number: NR179439.1; E. 

sichuanensis accession number: NR179946.1; E. bugandensis accession number: 

NR149649.1; E. cancerogenus accession number: NR116756.1; E. quasihormaechei; E. 

hormaechei accession number: NR180451.1; E. soli accession number: NR117547.1 and P. 

starin R-66823 accession number:  MF353506.1 was used in creating Enterobacter sp. PTB 

phylogenetic tree). 

4.2.4.3 Phylogenetic tree construction 

The phylogenetic tree for each species was constructed using Maximum likely hood on MEGA 

version 11 tool, using the data obtain from multiple alignments. The parameters were set to 
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Kimura Nei parameter sequence substitution model with bootstrap value of 1 000 (Tamura et 

al., 2021). 

4.3 Results 

4.3.1 Examining the cell wall of Cruznema bacteria isolates 

Gram stain was conducted as previously described in Section 4.2.2. The Cruznema gut bacteria 

isolates were found to have high lipid content, since they were found to be gram negative. 

 

 

Figure 4.2 Image depicting gram staining of A) Pseudomonas sp. PKS and Enterobacter sp. PTB. 

Both Cruznema sp. NTM 2021 bacteria isolate are gram negative with rod shape (Image taken under 

light microscope Total magnification (ocular lens x objective lens): 1000X). 

4.3.2 Isolation of endobacteria from Cruznema sp. NTM 2021 

To accurate study phase I concentration of bromothymol blue was adjusted to 0.025g/L and for 

Phase II was set to 0.06g/L (Figure 4.8.1.2). Pseudomonas sp. PKS colonies size was 

approximately 1-2.1 mm in diameter for Phase I, and 2.2-2.7-mm in diameter for Phase II 

meanwhile Enterobacter sp. PTB has Phase II 2.3-2.7 mm in diameter and 1.1-2 mm in 

diameter for Phase I. 
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Table 4.1 Elucidating entomopathogenic nematodes bacterial symbionts morphology, at 

different phase according to Kaya and Stock, (1997). 

   Organisms 

   Xenorhabdus Serratia Photorhabdus Pseudomona

s In this study 

Enterobacter 

In this study 

NBTA 

medium 

Phase 

I 

Morphol

ogy 

Granulated, 

convex, 

opaque and 

circular 

with irregular 

margins 

Colonies 

surrounded 

by a clear 

zone 

Colonies 

surrounded by 

a clear 

zone 

Circular, 

concave with 

white zone 

surrounding 

the colonies 

Circular 

colonies 

Colour Blue-green Green Dark green Green Blue-green 

Phase 

II 

Morphol

ogy 

Flat, 

translucent 

with irregular 

margins 

Irregular 

colonies and 

some 

circular 

colonies 

surrounded by 

a clear 

zone 

Circular, 

concave with 

white zone 

surrounding 

the colonies 

Irregular 

and some 

circular 

colonies 

Colour Shaded from 

red to rust 

Red Reddish-

brown 

Opaque 

white 

maroon 

Mckonky 

Medium 

Phase 

I 

Morphol

ogy 

Irregular 

and some 

circular 

colonies 

Colonies 

surrounded 

by a clear 

zone 

Circular 

colonies 

Circular 

colonies 

Circular 

colonies 

Colour pink  Pink and red Red  Maroon 

Phase 

II 

Morphol

ogy 

Flat and 

irregular 

colonies 

Irregular 

colonies 

Irregular 

colonies 

Circular 

colonies and 

some are 

irregular 

Flat Irregular 

colonies 

Colour Yellow/brow

n 

 Yellow/brow

n 

Pink  Pink 

References Kaya and 

Stock,1997 

Lephoto, 

2016 

Kaya and 

Stock, 1997 
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A 
NBTA agar plates 

Pseudonomas sp. PKS Enterobacter sp. PTB 
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B 
Mckonkey agar plates 

Pseudonomas sp. PKS Enterobacter sp. PTB 

 

 

 

 

 

 

Phase 

I 

 

 

 

 

 

 

Phase 

II 

 

 

Figure 4.3 Elucidating morphology of Cruznema sp. NTM 2021 bacteria isolates a) Phase I of 

Pseudomonas sp.  PKS vs Enterobacter sp. PTB and and B) Phase II of Pseudomonas sp.  PKS vs 

Enterobacter sp. PTB. Cruznema sp. NTM bacteria isolates morphology was assessed in two distinct 

agar plates medium as previously describe in Section 4.2.1. 
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4.3 Phylogenetic evolutionary relationship 

The 16S rDNA hyperlink variable was used to identify the two bacteria species, furthermore, 

the 16S rDNA amplicons sequences were further used to contrast maximum likelihood 

phylogenetic tree using closely related species. 

 

Table 4.2 Matrix table elucidating evolutionary divergence prediction by Pairwise distance A) 

Pseudomonas sp. PKS and B) Enterobacter sp. PTB. The evolutionary divergence was estimated 

through Tajima-Nei model as previously described in Tamura et al. (2021). Base sequence substitution 

per site values among the species are below the clear diagonal line, whereas the above values indicate 

the standard error estimates (SEE) which were obtain by a 1000 bootstrap. The sequence position that 

consists of gaps and missing data were eliminated. 
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Figure 4.4 Elucidating 16S RDNA evolutionary relationship of A) Pseudomonas sp.  PKS and B) 

Enterobater sp. PTB endopathogenic Cruznema sp. NTM 2021 bacteria symbionts.  The Pseudomonas 

sp.  PKS phylogenetic tree has a scale of 0.02 evolutionary lineage over time whereas Enterobater sp. 

PTB has a scale of 0.01. The phylogenetic tree(s) was constructed using statistical analysis Maximum 

likelihood and Tamura-Nei nucleotide substitution method, using 1 000 as a bootstrap value (Tamura 

et al., 2021).  

4.4 Discussion 



70 
 

The Cruznema sp. NTM 2021 gut bacteria was successful isolated (Section 4.2.1) and pure 

bacteria colonies were archived through multiple subculturing on both NBTA and McConkey 

agar plates. Gram staining is a molecular technique performed to examine the bacteria cell wall 

(Tripathi and Sapra, 2020). The bacteria cell is made of peptidoglycan which serves as barrier 

that protects the bacteria from any external environmental factors for their entire life span 

(Vollmer, 2015; Garde et al., 2021). Therefore, during gram staining test the thicker the 

bacteria cell wall supresses the diffusion of primary stain (namely crystal violet), out from the 

cell during decolorising step (Section 4.2.2).  

Furthermore, it is significant to note that crystal violet dissolves the lipids layer in the bacteria 

cell wall, making it easy for the primary stain to wash off during discoloration despite the stain 

being previously fixed with iodine solution (Moyes, et al., 2009; Tripathi and Sapra, 2020). 

Hence, the bacteria with high level of peptidoglycan retains the stain whereas the one with 

lower-level peptidoglycan loses the stain since, the lipid layer have been dissolved by primary 

stain. Both gut Cruznema sp. NTM 2021 bacteria isolates (namely Pseudomonas sp.  PKS and 

Enterobater sp. PTB) were found to be gram negative due to the loss of the stain (Figure 4.2). 

The entomopathogenic nematodes bacteria associates are reported to have two different Phase 

(Brunel et al., 1997). According to Brunel et al., (1997) during Phase II, the bacteria have 

irregular morphological traits thus affects its physiological and biochemical functioning. 

However, despite these irregularities there have no fundamental genetic molecular variation in 

the bacteria between the two Phase. Entomopathogenic nematodes bacteria symbionts 

undergoes Phase II during the initial development of nematodes or, in a stationary phase of 

invitro culture experiment (Brunel et al., 1997). 

Xenorhabdus bacteria species have been reported to absorb bromomethyl blue and they appear 

blue or blue-green on nutrient bromothymol blue-triphenyltetrazolium chloride agar (NBTA) 

medium. However, only one species of Xenorhabdus (namely Xenorhabdus pionar) have been 

reported to has red colonies on NBTA throughout both Phases, due to its inability to absorb 

bromomethyl blue. According to the study conducted by Fukruksa et al. (2017) Photorhabdus 

appears to have dark green colonies on NBTA. The variation in bromomethyl blue 

concentrations and both physiological and morphological of the bacteria, influence the colony 

phenotypical appearance on the NBTA agar plate. Pseudomonas sp.  PKS has 1.1-2.1 diameter 

circular green colonies on NBTA in Phase I whereas in Phase II, it has 2.2-2.7 diameter opaque 

colonies surrounded by white colour, as results of bromomethyl blue absorption (Table 4.2 A 
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and Figure 4.3). Phase I of Enterobater sp. PTB on NBTA has circular blue colonies that are 

1.1-2 in diameter whilst in Phase II has maroon colonies with circular shape that are 2.3-2.7 in 

dimeter (Table 4.1 A and Figure 4.2). according to Kaya and Stock, (1997) redish or maroon 

colour on NBTA may not necessary mean not able to absorb bromomethyl blue however, it 

may be due to absorption of triphenyltetrazolium (TTC). 

Phase I and Phase II of Cruznema sp. NTM 2021 gut bacteria was further assessed on 

McConkey agar through streaking colonies of from NBTA medium into freshly prepared 

McConkey agar plates respectively to each Phase (Table 4.1 B and Figure 4.2). Both 

Pseudomonas sp. PKS and Enterobater sp. PTB has circular convex shape colonies with red 

colour in Phase I. However, in Phase II Enterobater sp. PTB has flat irregular colonies with 

pink colour whearas Pseudomonas sp. PKS has both irregular and circular elevated colonies 

with pink colour. 

DNA-DNA hybridization have been reported to be a game changer in identification of either 

species or strains of the same species. The concept behind DNA-DNA hybridization uses 

computational power to calculate the genetic similarities of population pool to measure 

evolutionary distance amongst species, and cluster them into their respective taxa. The identity 

of Cruznema sp. NTM 2021 gut bacteria isolate was archived by performing a sanger 

sequencing (Section 4.2.3). The two bacteria species genomic sample data were subjected to 

NCBI BLASTn, one species was identified as Pseudomonas sp. PKS whereas other was 

identified to be Enterobacter sp. PTB. Maximum likelihood statistical analysis and Tamura-

Nei nucleotide substitution method was used to study the evolutionary relationship amongst 

the species that showed high affinity with the query species from the NCBI BLASTn results 

(Figure 4.3.3) as previously described by Tamura et al. (2021). Pseudomonas sp. PKS forms a 

phylogenetic clade with P. glaycinae and P. Koreensis despite their evolutionary diverging 

distance (Figure 4.4 A). Furthermore, Enterobacter sp. PTB shows a huge evolutionary 

distance with E. timonensis and E. kobei (Figure 4.4 B). Furthermore, despite these species 

forming the same clade they have little evolutionary divergence among each other, 

Pseudomonas sp. PKS is 0.0018 divergent to P. glaycinae, 0.0013 divergent to P. Koreensis 

and both, P. glaycinae and P. Koreensis are 0.0013 divergent to each other (Table 4.2 A). 

Enterobacter sp. PTB shows a huge evolutionary distance with E. timonensis and E. kobei 

(Figure 4.4 B). This is supported by the evolutionary distance in Table 4.4 B, showing 0.0031 

evolutionary distance among Enterobacter sp. PTB with both E. timonensis and E. kobei. 
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However, 0.0033 evolutionary distance is observed between E. timonensis and E. kobei, which 

is higher to the one between Enterobacter sp. PTB (Table 4.3.2 B). 

4.5 Conclusion 

Cruznema sp. NTM 2021 is associated with two endobacteria (namely Pseudomonas sp.  PKS 

and Enterobater sp. PTB) which are suggested to have a commensal relationship with the 

Cruznema nematode. There has no report in the past stating that Cruznema nematodes is 

associated with any bacteria. Therefore, this bacteria isolate may be involved in cyto-protection 

and pathogenicity of the Cruznema nematodes. However, further studies should be conducted 

to validate the pathogenicity and symbionts relationship between Cruznema nematodes and the 

bacteria isolates. 
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Chapter 5 

Pathogenicity and symbiosis assessment of gut Cruznema sp. NTM 2021 bacteria isolate 

(Pseudomonas sp.  PKS and Enterobater sp. PTB) 

Abstract 

Nematodes are cylindrical worms with elongate body shape belonging to phylum Nematoda. 

There four orders (namely Tylenchida, Dorylaimida, Rhabditida and Aphelenchida) from 

phylum Nematoda that are reported to be more conserved in soil. Nematodes are further 

classified based on their feeding behaviour. There are seven feeding trophic groups namely 

predators, bacterivores, omnivores, carnivore, algivores, herbivores and fungivores. 

Nematodes morphological mouth features determine the food type they eat. Bacterivores 

trophic group comprises of free-living nematodes that feeds on bacteria. These nematodes 

mouth is hollow tub-like shaped allowing them to suck-off bacteria easily from the surface.  

Entomopathogenic nematodes (EPNs) are insect parasitic nematodes clustered in carnivore 

trophic group belonging to phylum order Rhabditida. However, not all nematodes belonging 

to phylum order Rhabditida are EPNs. These nematodes have a mutualistic relationship with 

pathogenic bacteria. These bacteria symbionts produce biological toxin compounds having 

insecticidal activity. The symbiosis relationship among both Enterobacter sp. PTB and 

Pseudomonas sp. PKS bacteria with Cruznema sp. NTM 2021 was assessed on lipid agar (5 

g/L of yeast extract, 2 g/L of MgCl2·6H2O, 10 g/L of honey, 2.5 ml/L of cod liver oil). Both 

Enterobacter sp. PTB and Pseudomonas sp. PKS were found to support the grow of Cruznema 

sp. NTM 2021. Furthermore, both Enterobacter sp. PTB and Pseudomonas sp. PKS bacteria 

isolate were examined for their ability to kill Tenebrio molitor (T. molitor) larvae by spreading 

the bacteria isolate culture on nutrient agar plate to grow bacteria lawns. Subsequently followed 

by addition of surface sterilised T. molitor larvae. The plates were kept at 25 ℃ incubator and 

constantly monitored at six-hour interval. Both the bacteria exhibited the ability to kill T. 

molitor larvae. However, when both Cruznema sp. NTM 2021 bacteria isolate are combine 

they exhibit greater significance. Therefore, both Cruznema sp. NTM 2021 endobacteria serve 

as counterparts to killing of the insect host, allowing it to compete better to other EPNs. 

Cruznema exhibits EPNs characteristic with an extra ability of possessing two distinct 

pathogenic bacteria symbionts. 

Keywords: Entomopathogenic nematodes, Lipid agar, Rhabditida, Symbiosis, Tenebrio 

molitor. 
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5.1 Introduction 

5.1.1 Overview of Phylum Nematoda 

Nematodes are microscopic worms that are cylindrical and elongate body shape found on soil. 

Phylum Nematoda is divided into multiple orders and there are only four orders (Tylenchida, 

Dorylaimida, Rhabditida and Aphelenchida) which are mostly reported to be associated with 

soil (Lazarova et al., 2021) (Hailu and Hailu, 2020; Nisa et al., 2021; Mkandawire et al., 2022). 

Nematodes are parasitic worms that feed in plants and animals (Chavez, 2021). However, 

nematodes are very diverse and complex species despite them being simple parasitic free-living 

worms. Further identifying and classification of nematodes into the respective genera’s it 

reported to be more challenging because of difficult and time-consuming experimental 

procedures (Knoff et al., 2012). 

5.1.2 Classification of nematodes into the feeding trophic groups 

Nematodes exhibit a various feeding patten/ behaviour hence they are clustered into distinct 

trophic groups (namely predators, bacterivores, omnivores, algivores, herbivores and 

fungivores), based on their feeding behaviour (Bongers and Bongers, 1998; Neher and Darby, 

2006; Potapov et al., 2022). It is important to highlight that not all free-living nematodes have 

been clustered into trophic groups. Further previous studies stated that the morphological 

mouth features of the nematodes determine their food type that they consume (Neher and 

Darby, 2006, Quist et al., 2015). However, other studies had showed that there are other 

nematodes with the same mouth features but exhibits a divergent feeding behaviour, making 

them to be clustered into distinct trophic groups. Nematodes species belonging to Aphelenchida 

order phylum order are clustered into Fungivores trophic group (Quist et al., 2015; Potapov et 

al., 2022). This group is characterized by nematodes that feeds on fungus (Potapov et al., 2022). 

they use one of their mouth parts called stylet, which is shaped like a needle, to puncture the 

hyphae of the fungus (Quist et al., 2015). Furthermore, these nematodes are known to be 

involve in soil nutrition circle (Rizvi et al., 2022). Moreover, other studies use the presences 

of these nematodes in soil, serves as an indicator of fertile soil (Neher and Weicht, 2013). 

The free-living nematodes that are clustered into herbivores trophic group are deemed as one 

of plant problematic insects by horticulture practitioners.  These types of nematodes they 

belong to Tylenchida which subdivide into two orders namely Dorylaimida and Aphelenchida 

(Haynes, 2014; Swart et al., 2017; Balla et al., 2021). Furthermore, herbivores trophic group 

comprises of two distinct nematodes (namely endoparasites and ectoparasites) (Haynes, 2014; 

Stefanovska et al., 2022). Ectoparasites nematodes are free living soil nematodes that feed on 
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plant surface roots meanwhile endoparasites are commonly known as root nematodes due to 

their ability to penetrate the plant roots and feed from within (Stefanovska et al., 2022). The 

morphological mouth feature of these nematodes is shaped like a needle called stylet, that 

pierce through the roots surface during the feeding process (Figure 5.1 A). 

Nematodes that belong to algivores trophic group they exhibit a strongly feeding preference 

towards algae, they commonly found in both soil and freshwater surfaces (Neher and Darby, 

2006). There are aggressive nematodes which feeds on wide range of insects, including other 

nematodes (Kudrin et al., 2015). These nematodes are classified under predator trophic group. 

Further there are only two types of nematodes (namely soil free-living and plant parasite 

nematodes) which are predator nematodes feeding preference (Wilschut and Geisen, 2021). 

Moreover, these nematodes are affiliated with two commonly orders namely Mononchida and 

Dorylaimida (Chhetri and Subedi, 2019). According to Stirling, (2018) these nematodes are 

unlikely to occur in nature. 

Bacterivore trophic group consists of nematodes that feeds on bacteria (Potapov et al., 2022). 

Further these nematodes are found throughout various ecological regions (Ravichandra and 

Ravichandra, 2014, Potapov et al., 2022). They have a distinctive morphological feeding 

structure from nematodes belonging to herbivore trophic group (Figure 5.1 B). Furthermore, 

their mouth is hollow tub-like, enabling them to suck-off bacteria from the surface 

(Ravichandra and Ravichandra, 2014). These nematodes are commonly in the order Rhabditida 

and are rare (Shaw et al., 2019). These nematodes they are thought to be a good indicator of 

fertile soil, since they act as organic matter decomposers within the soil (Holterman et al., 

2006). 
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Figure 5.1 Displaying nematodes structural mouthparts based on their feeding preference (Images 

adapted from Traunspurger and Majdi, 2017 with minor modifications) A) Herbivore nematode B) 

Bacterivore nematode mouth morphological features. 

The morphological different mouth features are thought to explain the feeding behaviour 

exhibited by nematodes from the different trophic groups.  There are group of nematodes 

belonging to Dorilaimida order, which they are classified in omnivore trophic group. These 

nematodes they have an ability to feed on variety of species such as bacteria, fungus, algae, 

and other animal species, however these species they are rare (Ingham, 1994). Moreover, other 

previous studies have suggested that the mouth morphological features of nematodes may not 

be the only factor that drives their feeding habit. 

5.1.3 Entomopathogenic nematodes overview 

Entomopathogenic nematodes (EPNs) are soil dwelling insect parasite nematodes belonging to 

carnivore trophic group. These nematodes have a commensal relationship with endopathogenic 

bacteria. These nematodes belong to phylum order Rhabditida. The symbionts pathogenic 

bacteria it is involved in cyto-protection, development, and growth regulation of EPNs. 

According to the EPNs bacteria symbionts influence the feeding behaviour of EPNs. The EPNs 

bacteria symbionts possesses ability to synthesizes toxins compounds, that are used to kill the 

insect host during the feeding stage (Figure 5.2). Hence, since the bacteria is responsible for 
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causing insect death, many scholars have suggested that the bacteria modulate the nematodes 

food preference since the nematodes serves as the bacteria vector. However, the is no 

supporting evidence of these claims. 

They EPNs have a very peculiar lifestyle with the endosymbiont bacteria. Post invasion by 

EPNs infective juveniles (IJs) into insect host body the symbionts bacteria are regurgitated into 

the insect host body and colonise the host body. Further, during the feeding processes the 

nematodes also ingest the endosymbionts bacteria and only few that attaches into the IJs 

intestine. The intestinal attached bacteria they colonise the rectal glands giving them an access 

to maternal organelles of the IJs. The progression of endosymbiont bacteria colonisation moves 

as further as pharyngeal-intestinal valve of IJs (Figure 5.2). 

 

Figure 5.2 Elucidating the transmission of symbiotic bacteria inside nematodes. The EPNs bacteria 

symbionts are released upon host invasion and ingested during the feeding stage and the bacteria 

colonises different organelles of the nematodes (Image adapted from Tomar et al., 2022). 
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5.2 Methodology 

5.2.1 Cruznema endobacteria symbionts pathogenicity test against Tenebrio molitor (T. 

molitor) larvae 

A single colony of Enterobacter sp. PTB and Pseudomonas sp. PKS Cruznema sp. gut 

endobacteria isolate was inoculated into separate 5 mL 2XYT broth (consists of 1 % yeast 

extract, 1.6 % of tryptone, 0.5 % of sodium chlorine). Both broths were kept at 130 rpm shaker 

incubator with the optimum temperature of 25 ℃, overnight. One mL of the overnight culture 

was withdrawn and spread in freshly prepared lipid agar plate. The plate was subsequently kept 

within 25 ℃ incubator to allow the growth of the bacteria. Seven T. molitor larvae were placed 

in the bacteria lawn of (either Enterobacter sp. PTB, Pseudomonas sp. PKS or Enterobacter 

sp. PTB-Pseudomonas sp. PKS) spread in agar plate. Single agar plate consisting of T. molitor 

larvae without bacteria lawns was used as negative control. The plate was stored inside 

incubator with temperature adjusted to 25 ℃ and the larvae were monitored interval of six 

hours period. The number of the dead larvae were recorded. This experiment was repeated 

three times. 

5.2.2 Cruznema sp. NTM 2021 gut endobacteria symbiosis test  

A single colony of Enterobacter sp. PTB and Pseudomonas sp. PKS Cruznema sp. gut 

endobacteria isolate were inoculated separately into 5 mL 2XYT (1 % yeast extract, 1.6 % of 

tryptone, 0.5 % of sodium chlorine) broth. Subsequently, each broth was store inside a 25 ℃ 

shaker incubator overnight. Furthermore, 1 mL of the overnight culture was spread in a lipid 

agar plate (5 g/L of yeast extract, 2 g/L of MgCl2·6H2O, 10 g/L of honey, 2.5 ml/L of cod liver 

oil). Subsequently, the lipid agar plate was kept overnight in 25 ℃ incubator. Moreover, freshly 

surface sterilized IJs were introduced into the bacteria lawn within the lipid agar plate as 

stipulated in Kaya and Stock, 1997. There plate was stored at 25 ℃ and the growth of 

Cruznema sp. nematodes was monitored. This experiment was conducted in triplicates. 

5.3 Results 

The endobacteria symbiosis test was conducted through isolation of bacteria found in 

Cruznema lumen. The bacteria were grown in 2XYT broth and spread in lipid agar plates. 1000 

freshly infective juveniles (IJs) were surfaces sterilised with 0.1 % of sodium hypochlorite and 

rinsed with sterile deionised water. Subsequently the IJs where placed in lipid agar plates 

consisting of bacteria lawn. The plates were kept in 25 ℃ incubator for four days period. The 

lipid agar plate images were photographed.  
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Figure 5.3 depicting of Cruznema endobacteria symbiosis test conducted in lipid agar plates. A and B) 

Display Enterobacter sp. PTB and Pseudomonas sp. PKS Cruznema endobacteria lawn lipid agar plate 

prior Cruznema infective juveniles (IJs) inoculation. C and D) Elucidate Enterobacter sp. PTB and 

Pseudomonas sp. PKS Cruznema sp. NTM 2021 endobacteria isolates lawn lipid agar plate after four 

days of Cruznema IJs inoculation. 

The pathogenicity of Cruzmena sp. NTM 2021 bacteria isolates (Pseudomonas sp. PKS and 

Enterobacter sp. PTB) against was investigated by plating spread 0.5 McFarland standard of 

either Pseudomonas sp. PKS or Enterobacter sp. PTB into lipid agar plate to make bacteria 
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lawns as described in Section 5.2.1. The mortality rate of T. molitor was monitored for duration 

of 30 hours. 

 

 

Figure 5.4 Elucidating mortality rate of Cruznema endosymbionts infections in Tenebrio molitor 

larvae. The T. molitor larvae was either infected with Enterobacteria sp. PTB, Pseudomona sp. PKS or 

Enterobacteria sp. PTB-Pseudomona sp. PKS.  The T. molitor without any bacterial infection was used 

as negative control variable. The statical analysis was performed using two-way ANOVA with the alpha 

value of 0.05 (P>0.05 = * and P<0.05 = **). 

5.3 Discussion 

Entomopathogenic nematodes (EPNs) bacteria symbionts its key to the survival of the 

nematodes. The EPNs bacteria symbionts does not only provides nematodes with toxin 

compounds to kill the insect host. However, perform they cyto-protection function against 

possible pathogens. Furthermore, during the feeding and precreation process of nematodes 

within the insect host the bacteria is reported to produce biofilms that acts as protection barrier 

against opportunistic pathogens. 

The endobacteria symbiosis test was archived by spreading either Cruznema sp. NTM 2021 

gut Enterobacter sp. PTB, Pseudomonas sp. PKS or Enterobacter sp. PTB-Pseudomonas sp. 

PKS isolates culture in a lipid agar plate and incubate the plate in 25 for 24 hours period which 

generate into bacteria lawn (Figure 5.3 A and B). Subsequently, an addition of Cruznema 

infective juveniles (IJs) into the lipid agar plate was made to evaluate the symbiosis relationship 

between the gut bacteria isolate and Cruznema sp. NTM 2021 nematodes in accordance to 



86 
 

Kaya and Stock et al. (1997). Both Cruznema gut bacteria isolate Enterobacter sp. PTB and 

Pseudomonas sp. PKS was found supporting the growth of Cruznema nematodes (Figure 5.3 

C and D). However, Pseudomonas sp. PKS supports Cruznema nematodes more, compared to 

Enterobacter sp. PTB. Therefore, these observations are supported with the metagenomic study 

in Chapter 3 since Pseudomonas sp. PKS was found to be having highest relative abundance 

at 40 %. Therefore, these results shows that Cruznema nematodes have a symbiosis relationship 

with both Enterobacter sp. PTB and Pseudomonas sp. PKS isolates. 

Pathogenicity assessment of Cruznema sp. NTM 2021 gut Enterobacter sp. PTB, 

Pseudomonas sp. PKS or Enterobacter sp. PTB-Pseudomonas sp. PKS isolates was initiated 

by spreading the bacteria isolates in nutrient agar plates, which resulted into bacteria lawns 

after overnight incubation at 25 ℃ optimum temperature. Tenebrio molitor (T. molitor) larvae 

were placed in the plate and motility was monitored in 6 hours interval. All the bacteria isolates 

were able to infect and kill the T. molitor insect (Figure 5.4). The two-way ANOVA statical 

calculations in from 6 and 12 hours all three bacteria compared to control there is significance 

difference as indicated by P value lower than 0.05 whereas Enterobacter sp. PTB vs 

Pseudomonas sp. PKS and Enterobacter sp. PTB-Pseudomonas sp. PKS vs Pseudomonas sp. 

PKS has high P value above 0.05 (Figure 5.4, Table A1). Further Pseudomonas sp. PKS 

compared to Enterobacter sp. PTB-Pseudomonas sp. PKS has P value lower than 0.005 

showing significance difference.  Moreover, from 18 to 30 hours all three bacteria when are 

individual compared with the control there is significance difference as denoted by P value less 

than 0.05 meanwhile, there is no significance different when all bacteria are individual 

compared to each other, hence supported by P value greater than 0.05 (Figure 5.4; Table A1). 

Enterobacter sp. PTB has lowest mortality rate whereas, Pseudomonas sp. PKS has higher 

mortality rate. Furthermore, Enterobacter sp. PTB-Pseudomonas sp. PKS has the highest 

mortality rate. Moreover, both the bacteria symbionts where able to kill T. molitor larvae within 

a period thirty-two hours. Therefore, both Enterobacter sp. PTB and Pseudomonas sp. PKS 

servers as counter parts towards deprivation of T.  molitor microbiota and immune response. 

Moreover, these bacteria may also form a part of Cruznema immune response against other 

pathogenic bacteria infections. Enterobacteria species are known to possess the ability to 

protect plants against fungal disease and bacteria pathogens (Somvanshi et al., 2006; Spescha 

et al., 2023). Moreover, both Pseudomonadaceae and Enterobacteriaceae bacteria families are 

known to consist of endopathogenic bacteria, that are implemented in symbiotic relationship 

with the nematodes. There are four genera namely Xenorhabdus, Photorhabdus, Serratia and 
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Pseudomonas, which has endopathogenic characteristics and have exhibit a mutualistic/ 

symbiotic relationship with the entomopathogenic nematodes (EPNs). Furthermore, 

Xenorhabdus is known to be associated with Heterorhabdus EPNs (Kary et al., 2021). Whilst 

Steinernema EPNs was found associated with both Photorhabdus and Pseudomonas species 

(Mahar et al., 2005). Whereas Oscheuis EPNs are associated with Serratia species (Lephoto 

and Gray 2019). Cruznema nematodes are not regarded as EPNs, since there are known to feed 

on bacteria and lack of an evidence that they have endopathogenic bacteria symbionts.  Chapter 

3 shows that the gut microbiota community of Cruznema nematodes, with Pseudomonadaceae 

family highly abundance followed by Hyphomicrobiales, Flavobacteria, Bacteroida, etc. 

furthermore, in study conducted by Mahar et al., 2005 indicated that Pseudomonas putida 

bacteria symbionts of EPNs Steinerma abbasi, secretes exoenzymes that abrogate humoral 

immune system of Galleria mellonella (G. mollenella) pupae, making link between EPNs and 

Pseudomonas genus. Therefore, the findings in this study shows the symbiosis relationship 

between Cruznema nematodes and endopathogenic bacteria Enterobacter sp. PTB and 

Pseudomonas sp. PKS 

5.4 Conclusion and future recommendations 

Cruznema sp. NTM 2021 exhibit the characteristics of entomopathogenic nematodes with two 

bacteria symbionts (namely Enterobacteria sp. PTB, Pseudomona sp. PKS). The two bacteria 

symbionts possess ability to synthesis biotoxins compounds that has insecticidal activity that 

killed T. molitor larvae. This is the first report that proves the Cruznema nematodes have 

symbiotic relationship with pathogenic bacteria and exhibits an EPNs feeding behaviour. 

According to the evidence of this study Cruznema nematodes are classified as EPNs. 

Furthermore, more studies should be conducted to study the insect host range of Cruznema 

nematodes, and identify the bioactive compounds used to kill insect host by Cruznema bacteria 

symbionts. 
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CHAPTER 6 

Investigating the effects of Cruznema sp. NTM 2021 endopathogenic bacteria symbiotic 

(Enterobacter sp. PTB and Pseudomonas sp. PKS) intracellular metabolites against 

known ATCC antibiotic resistant bacteria 

Abstract 

Nematodes are microscopic organism that dwell in natural environment. Entomopathogenic 

nematodes (EPNs) are obligated insects parasite that harbour pathogenic bacteria within their 

gut. These bacteria are known to produce toxins that are used to deprive the host immune 

system resulting in host death. The metabolites which are produced by these pathogenic 

symbiotic bacteria are suggested to possesses antimicrobial, antifungal activity. The 

development of drug resistance by bacteria raises concerns in public health. Therefore, this 

study screens the potential uses of Enterobacter sp. PTB and Pseudomonas sp. PKS 

intracellular metabolites as antimicrobial agent. Metabolites productions of Pseudomonas sp. 

PKS and Enterobacter sp. PTB Cruznema sp. NTM 2021 bacteria symbionts was carried by 

inoculating a log phase colony into 2XYT (0.5 % of NaCL, 1 % of yeast, 1.6 % tryptone) broth 

and grown at 30 ℃ incubator for 72 hours. The extraction of intracellular metabolites was 

carried by centrifuging the cultured medium, followed by dissolving the pellet with 100 % 

acetonitrile. Pseudomonas sp. PKS and Enterobacter sp. PTB metabolites profile was carried 

by high liquid pressure chromatograph using a mixture blend of 0.1 % acetonitrile and 

deionised water for mobile phase 1 and a blend mixture of 0.1 % acetic acid and acetonitrile 

for mobile phase 2. Minimal inhibition concentration (MIC) was used to check the effect of 

intracellular metabolites produced by Cruznema sp. NTM 2021 bacteria symbionts against 

common ATCC antibiotic resistant bacteria strains (E. coli, P. aeruginosa E. Faecalis and S. 

aureus). Five metabolite compounds were detected for Enterobacter sp. PTB and twenty 

metabolites’ peaks were detected for Pseudomonas sp. PKS. Staurosporine, Saliniketal, and 

indole bioactive compound were among the identified metabolites produced by Pseudomonas 

sp. PKS. Saliniketal it is crucial for cellular repair and staurosporine has antifungal activity. 

Indole was found to be produced by both Pseudomonas sp. PKS and Enterobacter sp. PTB 

bacteria, this bioactive compound has antimicrobial activity. Furthermore, indole is involved 

in development of bacteria biofilms, important for virulence and defence. Cruznema sp. NTM 

2021 bacteria symbionts produce a wide range of bioactive compounds with different 

functions. The intracellular metabolites of Pseudomonas sp. PKS were able to inhibit the 

growth of antibiotic resistant bacteria (E. coli, P. aeruginosa E. Faecalis and S. aureus) at 50 
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mg/ml meanwhile the intracellular metabolites of Enterobacter sp. PTB where only able to 

inhibit the growth of E. coli, E. Faecalis and S. aureus only at 50 mg/ml concentration. 

Furthermore, all the antibiotic resistant bacteria recovery was assessed by spreading the 

bacteria on Mueller-Hinton agar post exposure to Enterobacter sp. PTB and Pseudomonas sp. 

PKS intracellular metabolites. Moreover, Enterobacter sp. PTB and Pseudomonas sp. PKS 

intracellular metabolites were found to be bacteriostatic. 

 

Keywords: Metabolites, Entomopathogenic nematodes, antibiotic resistant bacteria, Minimal 

inhibition concentration, Bacteriostatic. 
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6.1 Introduction 

6.1.1 Entomopathogenic nematodes 

Nematodes are well diversified microorganisms found throughout the ecological niche. 

Nematodes clustered into distinctive trophic levels based on their feeding behaviour (Walter et 

al., 1989; Quist et al., 2017). Furthermore, other type of nematodes are regarded to be 

beneficial in horticulture practice, these specific group of nematodes are called 

entomopathogenic nematodes (EPNs) (Vashisth et al., 2013). These set of nematodes belong 

to phylum Rhabditida, there are only three genera have been recorded so far (namely Oscheius, 

Steinernema and Heterorhabditis) (Amuri et al., 2020; Ogier et al., 2023). There might been 

other set of genera that have not been identified due to the complexity and challenges in 

conducting the experiment. Moreover, EPNs are known to have develop a symbiotic 

relationship with endopathogenic bacteria species belonging Gamaprobacteria, there are only 

three genera recoded namely Xenorhabdus, Photorhabdus and Serratia (Ferreira and Malan, 

2014; Ogier et al., 2023). 

6.1.2 Entomopathogenic nematodes infection mechanisms against insect host 

These bacteria symbionts are harboured within nematodes gut, and they are known to enhance 

the survival fitness of the nematodes (Owuama, 2001). Furthermore, EPNs are biological 

control agents that have been used to replace integrated chemical control agents (Grewal et al., 

2012; Shakeel et al., 2022), due to detrimental effects on the soil as results from the use 

integrated chemical control agents (Prashar and Shah, 2016; Sharma and Singhvi, 2017). EPNs 

use host biological openings to invade the system and subsequently release the bacteria 

symbionts, which cause infection and deprives the host immune system (Wu et al. 2018; Liu 

et al., 2020). The EPNs infective juveniles (IJs) feed on the host cadaver and undergone 

reproduction (3rd to 4th generations) (Figure 6.1). The depletion of food force the IJs to emerge 

out the host body to environment and seeks out new host (Figure 6.1). The endopathogenic 

bacteria symbionts does not only infect the host however they are also known to produce 

prominent levels of bioactive compounds referred as metabolites (Ribeiro et al., 2019; Shan et 

al., 2019; Awori, 2022). Theses bioactive compounds are not used to infect their host only 

however, they are also used as defensive mechanisms against any opportunistic parasites that 

may invade the host during feeding and reproduction process (Bulgheresi, 2016; Shan et al., 

2019; Thakur et al., 2020). Furthermore, other studies suggests that these bioactive compounds 

possess antimicrobial activity, making them a target for pharmacology industries (Waterfield 

et al., 2009; Awori, 2022). 
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Figure 6.1 Schematic diagram depicting life cycle of entomopathogenic nematodes (Image produced 

by Pusang King Sekgobela) 

The EPNs endopathogenic bacteria symbionts bioactive molecule they function as safeguards 

that do not only deprives the host immune system. However, the also inhibit/ kill other 

microorganisms invades or consumes the host cadaver (Kusakabe et al., 2022). Furthermore, 

the bioactive compounds are implemented in the growth and development of the IJs (Cimen et 

al., 2022). Moreover, previous studies indicated that these bioactive compounds have wide 

range of applications since they exhibit insecticidal, antifungal and nematocidal activities 

(Elbrense et al., 2021; Cimen et al., 2022). In addition, Kusakabe et al. (2022) stated that the 

variation among the endopathogenic bacteria species/ strains and different physiological 

condition results in production of various bioactive compounds. 

Furthermore, various metabolites such as dithiolopyrrolones, indole, and xenocoumacins have 

been found in EPNs symbionts culture medium (Bode, 2009; Gualtieri et al., 2009). During 

EPNs infection stage the insect host immune defence produces bioactive compounds that place 

the EPNs bacteria symbionts under stress (Raja et al., 2021). The EPNs bacteria symbionts 

produce biofilms which acts as protective barrier for both nematodes and the bacteria (Zhang 

et al., 2022). Therefore, the survival struggle of EPNs and their bacteria symbionts caused by 

insect host defence system upregulates the production of metabolites in EPNs bacteria 

symbionts.  Furthermore, both Photorhabdus and Xenorhabdus bacteria symbionts are reported 



96 
 

to produce acaricidal active metabolites (Cevizci et al., 2020). Moreover, there is a little 

information known about the ones which are secreted by Cruznema sp. NTM 2021 

endopathogenic symbionts bacteria (namely Pseudomonas sp. PKS and Enterobacteria sp. 

PTB). Therefore, they are regarded as a potential source of novel therapeutic drug discoveries. 

However, this is poorly research field and hence, there is an indication of a massive unscreened 

species. Hence, this study seeks to explore the metabolites found in Pseudomonas sp. PKS and 

Enterobacteria sp. PTB Cruznema sp. NTM 2021 endopathogenic symbionts. 

The recent development of new antibiotic resistant genes (ARGs) in infectious diseases 

expands the search of novel molecular drug candidates. Therefore, the bioactive compounds 

produce by nematodes bacteria symbionts are the potential novel drug candidates considering 

their complexity and widely use in virulence/ defence against other pathogens (Owuama, 2001; 

Shakeel et al., 2022). Their ability to produce the antibacterial agents to inhibit the 

opportunistic bacteria from exploiting the host cadaver (Kusakabe et al., 2022; Fallah et al., 

2023; Ogier et al., 2023), furthermore these molecules can be used for pharmaceutical activities 

to generate potential drug candidate for various disease affecting both human and plants. The 

study conducted by Zhou et al. (2020) shows that biological compound extracted from EPNs 

bacteria symbionts (namely Xenorhabdus and Photorhabdus) are used as bioinsecticides 

against agricultural problematic pests. 

6.1.3 Metabolites 

Metabolites refers to biological compounds which are produce during cellular metabolism. 

Metabolites are clustered into two groups (namely primary and secondary metabolites) (Hakim 

and Kadarohman, 2020). Primary metabolites are implemented in reproduction and cellular 

development (example: amino acids, nucleosides, organic acids, etc) (Zhou et al., 2020). 

Whereas secondary metabolites are specialised molecules such as toxins, their involve in 

cellular development, virulence and defence (Hendrikx and Schnabl 2019; Fallah et al., 2023). 

Metabolites are also categorised based on cellular location (namely intracellular and 

intercellular) (Nabariya et al., 2022). The intracellular metabolites are produced within the 

mechanical barrier (i.e. cell membrane) meanwhile the extracellular/intercellular metabolites 

are synthesized outside the cell (i.e. between the cells) (Zhou et al., 2020; Nabariya et al., 2022; 

Fallah et al., 2023). 

6.1.4 Screening of Bioactive compounds 

Screening of bioactive compounds or metabolites in bacteria to discover new antibiotics has 

been in best interest of economy, pharmaceutical companies, and biotechnology industries 
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(Ramírez-Rendon et al., 2022). Furthermore, this route has already resulted into prestigious 

discovery for antimicrobial drug agents such as tetracycline, vancomycin, chloramphenicol, 

etc (Pandey et al., 2018). The developments of drug resistant abilities in pathogens makes the 

pursuit of novel bioactive compounds a need in medical to combat these pathogens. Screening 

for novel bioactive compounds in newly discovered of bacterial strains is an ideal way. 

Moreover, microbial metabolites have been confirmed countless times to be abundant source 

of novel potential therapeutic drugs (Fang et al., 2021). 

Screening and characterisation of secondary microbial metabolites server a high purpose in 

pharmaceutical industries as metabolites can undergo various chemical structures and 

biologically activities, under different conditions (Valerio et al., 2021; Maithani et al., 2022). 

Therefore, depending on a specific environmental condition, bacteria are known changes their 

biological function system to enable them to survive (Grabowski et al., 2021). This result into 

change of the metabolites chemical structure, hence this also changes the biological activity or 

functions (Fang et al., 2021). These changes are important for therapeutic drug development 

(Yao et al., 2017). 

6.2 Methodology 

6.2.1 Metabolites production of Cruznema sp. NTM 2021 endopathogenic bacteria 

isolates 

A single log phase colony of either Enterobacteria sp. PTB or Pseudomonas sp. PKS obtain 

from MacConkey agar plate was inoculated into 2XYT (0.5 % of NaCL, 1 % of yeast, 1.6 % 

tryptone) broth medium. The culture was placed at shaker incubator for 72 hours, with the 

following adjusted parameters: temperature 30 ℃ and orbital shaker 160 rpm. The culture was 

centrifuge at 10 000 xg for 10 minutes was harvest the bacterial cells. The supernatant was 

discarded. Furthermore, 100 % acetonitrile was added to the pellet and vortexed for 2 minutes. 

Subsequently, followed by filtering of mixture with 0.2 µm filter syringe to remove cellular 

debris and stored in -80 ℃ freezer (Pathma et al., 2011). 

6.2.2 High pressure liquid chromatography to identify metabolites produced by 

Cruznema sp. NTM 2021 endopathogenic bacteria isolates 

The extracted intracellular metabolites were added into HPLC glass vials. The metabolites 

analysis was conducted using high pressured chromatography (HPLC) system fitted with a 

reversed-phase analytical column C18 column HSS T3 (150 mm x 2.1 mm, 1.7 µm) through 

injecting a 3 µL. There are two mobile phase which the sample has gone through before 

obtaining the results and each phase uses a different solvent with total flow rate of 1.5 mL/min. 
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The primary phase contains 0.1 concentrated percent of acetic acid in UHPLC sterile water; 

whereas the secondary phase consists of 0.1 concentrated percent of acetic acid blend with 

acetonitrile (UHPLC graded. Romil SpS, Cambridge, UK). Furthermore, photodiode array 

detector (PDA) was set to read the absorbance of the compounds at 254 nm. Adhering to 

standard conditions: an initial of condition of 95 % phase A and 5 % phase B for 1 min. Series 

of multiple gradients runs were conducted in a following sequence: from 1 to 9 min a gradual 

decrease in gradient of phase A from 95 to 5 % and gradual increase in gradient from 5 to 95 

% for B. furthermore, it was steady maintained for the next 3 minutes. Subsequently, the 

gradient was gradual decrease from 95 to 5 for B, meanwhile the gradient for A was gradual 

increase from 5 to 95 % during the 11 to 15 minutes. Then detected metabolite peaks by HPLC 

were cross referenced with the known standards as previously described by Mullins et al. 

(2019). 

6.2.3 Screening antimicrobial activity using minimal inhibition assay 

The Screening of antimicrobial activity was conducted using a 96 well-plate. The assay was 

initiated by adding 200µL of 50 mg/mL metabolites of either Enterobacter sp. PTB or 

Pseudomonas sp. PKS on 3 wells of the first column as starting concentration. Subsequently, 

the metabolites concentration was serial diluted 5× from right to left direction, in 100 µL of 

four different antibody resistant bacterial suspension namely Enterococcus faecalis (E. 

faecalis: ATCC 29212); Pseudomonas aeruginosa (P. aeruginosa: ATCC 27853); Escherichia 

coli (E. coli: ATCC1925525); Staphylococcus aureus (S. aureus: ATCC 29213) (Figure 6.2). 

Moreover, all the four-antibody resistant bacteria stock suspension was calibrated into 0.2 

optical density, prior to distribution into the 96 well plate (Quist et al., 2017; Sebola et al., 

2020). The minimum and maximum concentration of bacterial metabolites extracts was 1.5625 

mg/ml and 50 mg/mL respectively, the final volume on each well was 200 µL.  The controls 

samples were not exposed to intracellular metabolites of either Enterobacter sp. PTB or 

Pseudomonas sp. PKS, furthermore the results of the controls were expunged from the results 

section. 

Furthermore, the 96 well plate was incubated for 24 hours period at 37 ℃. Subsequently, the 

absorbance measurement was conducted using Max-spectrometer USA at OD600 to acquire 

attenuation reading of the cells after treatment. Moreover, a 50 µL volume of 2 mg/mL p-

Iodonitrotetrazolium dye was added in all four treated bacteria suspensions. Afterwards, the 

plate was returned into a 37 ℃ incubator for 30 minutes period. Images of colour change on a 

plate were captured (Figure 6.3). Therefore, sample(s) that were observed with no colour 
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changes from the 96 well plate after the incubation, ten microliters of the 100 µL sample(s) 

was spread into fresh Mueller-Hinton agar plate to evaluate the cellular recovery of the 

antibody resistant bacteria. The plate was store for 3 days at 37 ℃ incubator, and regular 

monitored at 12 hours interval (Mahdiyah et al., 2020). These results were used to make a 

conclusive decision on bactericidal or bacteriostatic effects of either Enterobacter sp. PTB, or 

Pseudomonas sp. PKS endosymbiotic bacteria metabolites. 

 

Figure 6.2: Represent distribution of metabolites concentration of either Pseudomonas sp. PKS or 

Enterobacter sp. PTB during the MIC (Minimum inhibition concentration) assay. Blue denotes E. coli, 

orange denotes P. aeruginosa, green denotes E. Faecalis and red denotes S. aureus. 

6.3 Results 

Profiling metabolites produced by Cruznema sp. NTM 2021 bacteria associates (namely 

Pseudomonas sp. PKS and Enterobacteria sp. PTB) was archived by using high pressured 

chromatography and cross referencing the identify peaks with the known standard described in 

Section 7.2.2. 
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Figure 6.3 A chromatogram elucidating metabolites detection peaks of Enterobacter sp. PTB by high 

pressure liquid chromatograph (HPLC) at the absorbance of 254 nm for 15 minutes 

 

Table 6.1 Showing the names of Enterobacter sp. PTB detected metabolites with their respective 

retention time. 

No. Peaks Retention time (min) Name 

1 1.471 Rifamycin Y 

2 3.386 Maleic acid (Malonic acid) 

3 3.917 Indole 

4 13.322 Indole-3-aldehyde 

5 14.231 Nonadecane, 1-chloro 
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Figure 6.4 A chromatogram elucidating metabolites detection peaks of Pseudomonas sp. PKS by high 

pressure liquid chromatograph (HPLC) at the absorbance of 254 nm for 15 minutes 

 

Table 6.2 Showing the names of Pseudomonas sp. PKS detected metabolites with their 

respective retention time 

No. Peaks Retention time (min) Name 

1 1.0033 Protorifamycin I 

2 1.441 Saliniketal A 

3 1.751 Rifamycin SV 

4 2.325 Unknown 

5 2.699 2-Pentanone, 4-hydroxy-4-methyl 

6 2.962 Unknown 

7 3.136 Hydroquinone  

8 3.230 Staurosporine 

9 4.937 Indole 

10 5.416 Tridecane 

11 5.830 4-Difluoropiperidin-1yl 

12 6.223 2-Flourobenzyl 

13 6.983 2-Trifluoromethylbenzyl 

14 7.288 Unknown 

15 7.723 Indole-3-aldehyde 
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16 7.983 Unknown 

17 8.171 Unknown 

18 9.038 Indole-3-acetic acid 

19 13.225 Indole-3-glyoxylic acid 

20 15.080 Tris(trifluoromethyl) bromomethane 

 

 

The susceptibility test of either Pseudomonas sp. PKS or Enterobacter sp. PTB intracellular 

metabolites against antibiotic resistance bacteria (namely E. coli, P. aeruginosa, E. Faecalis 

and S. aureus) was conducted using a sensitive and Quick Microplate Method to assess the 

minimal inhibitory concentration (MIC). Furthermore (p-Iodonitrotetrazolium violet (INT) dye 

was used to check the bacteria cellular viability of antibiotic resistance bacteria after 24 hours 

exposure to intracellular metabolites of either Pseudomonas sp. PKS or Enterobacter sp. PTB. 
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Figure 6.5 Elucidating the effects of either (A) Pseudomonas sp. PKS and (B) Enterobacter sp. PTB 

metabolites against common antibiotic resistant bacteria. Blue denotes E. coli, orange denotes P. 

aeruginosa, green denotes E. Faecalis and red denotes S. aureus. 
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Table 6.3 Examining the bacteria recovery status of common antibiotic resistant bacteria after being 

exposed to minimal inhibition concentration (MIC) of either Enterobacter sp. PTB, or Pseudomonas 

sp. PKS intracellular metabolites. 

Source of metabolites Antibiotic resistant 

bacteria 

Metabolites MIC 

(mg/ml) 

Bacteria growth/ 

no growth 

Pseudomonas sp. PKS E. coli 50 Growth 

25 Growth 

P. aeruginosa 50 Growth 

E. Faecalis 50 Growth 

S. aureus 50 Growth 

Enterobacter sp. PTB E. coli 50 Growth 

E. Faecalis 50 Growth 

25 Growth 

S. aureus 50 Growth 

Note: The ATCC antibiotic resistant bacteria strains that were found with biological activity at specific 

concentration were excluded from this experiment. 

6.4 Discussion 

Entomopathogenic nematodes bacteria isolates plays a crucial role in pathogenicity of 

nematodes. These bacteria symbionts they are also involved in immune cyto-protection against 

possible pathogens. Furthermore, they are reported to have produce bio active compounds that 

have enzymatic activity that hydrolyse within the host cadaver to alter the physiological 

conditions to favour reproduction and growth of infective juveniles. Previous studies have 

elucidated that metabolites produces by EPNs bacteria symbionts has antibiotic activity over 

fungi, insects and other bacteria species which make them potential drug targets. Cruznema 

nematodes bacteria symbionts produce bioactive compounds that have anti-microbial activity 

(Chapter 5). 

The metabolites produced by both Enterobacter sp. PTB and Pseudomonas sp. PKS were 

identified using high pressure liquid chromatograph (HPLC) under the conditions described at 

Section 6.2.2. There were only five metabolites detected (namely rifamycin Y, maleic acid 

(malonic acid), Indole, nonadecane, 1-chloro) Figure 6.3 and Table 6.1. There are few 

metabolites detected in compares to previous studies. However, the result aligns with a study 

conducted by Chen et al.  (1996) showing that EPNs bacteria symbionts produces less 
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metabolites in culture medium compared when the bacteria are inside the host cadaver. 

Furthermore, this may be due to variation in physiological conditions that derives the 

production of metabolites. 

 The identified compound rifamycin it is reported to have antibiotic activity against leprosy, 

Mycobacterium complexes infection, tuberculosis, and mostly gram-positive bacteria 

(Chaisson, 2003; Das and Patra, 2017) (Table 6.1). Furthermore, compounds identified in peak 

number 3 and 4 was previously found to be produced both by Xenorhabdus spp. And 

Photorhabdus spp. EPNs bacteria symbionts, and it suggested to be involved into both 

antifungal and antimicrobial activity (Bode, 2009; Gualtieri et al., 2009). Moreover, 

metabolites detected at peak number 2 and 5 are linked with having insecticidal activity (Bode, 

2009; Bose et al., 2015) (Figure 6.3 and Table 6.1). 

There are 20 peaks of metabolites which were detected for Pseudomonas sp. PKS (Figure 6.4). 

The metabolites were identified by cross referencing the retention time with other database as 

previously described by Mullins et al. (2019). Peak number 11-13 metabolites identified are 

anti-inflammatory cytokine inhibitors (DeRosa, 2010). Furthermore, metabolites compound at 

peak number 5 (Table 6.2), was found to be link with antimicrobial activity. Metabolite 

compound at peak number 9 (namely indole) and its derivative peak number 15 and 18-19, are 

involve in biofilms formations and virulence of Pseudomonas sp. PKS (Table 6.2). 

Furthermore, Pseudomonas sp. PKS produces biofilms within the insect host cadaver to 

prevent pathogens invasion during reproduction and development of EPNs IJs. 

Rifamycin SV peak number 3, according to Suresh et al. (2022) is it has inhibitory effects on 

bacteria DNA-dependent RNA by binding the polymerase subunit facilitating direct block of 

the elongating RNA. Staurosporine, peak number 8 it is recognised as antifungal compound 

(Xie et al., 2017), considering that nematodes are natural soil inhabitant, it is common cause 

that they need to develop resistance against fungal infection since, fungi spices are more 

commonly found in soil (Table 6.2). Saliniketal metabolite compound in peak number 2 it is 

produced constantly in small quantity however, during the cellular stress level they are 

upregulate, their function is to repair damage cells and enhances fitness, crucial for survival 

(Barka et al., 2016). Metabolite compound at peak number 4, 6, 14,16 and 17 were not 

identified due to the limitation factors of HPLC machine, since it does not able to determine 

compounds constituents unlike to its counterparts GC/MS (gas chromatography mass 

spectrophotometer), LCMS (liquid chromatography mass spectrophotometer) and HPLC-MS 
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(high pressure liquid mass spectrophotometer). HPLC separate the compounds based on their 

physico-chemical properties whereas HPLC-MS it uses both physico-chemical and mass to 

differentiate the compounds. 

Tetrazolium salts is often used to investigate the survival (Biological activity/ Viability) within 

a sample. Therefore, this chemical reagent appears colourless and serves as an electron acceptor 

(Quist et al., 2017). However, when there is any biological activity within the sample, this 

compound undergoes the reduction reaction to produce the colour. Furthermore, the 

tetrazolium compound mixed with either TTC (2,3,5-Triphenyl tetrazolium chloride), INT (p-

Iodonitrotetrazolium violet) or (Nitro-blue tetrazolium) NBT, to produce a specific colour 

change once biological activity is detected within the sample. Moreover, when Tetrazolium 

reacts with TTC and INT produced red colour, and when fused with NBT forms blue colour. 

The viability test of either E. Faecalis, S. aureus, E. coli and P. aeruginosa against either 

Pseudomonas sp. PKS or Enterobacter sp. PTB Cruznema bacteria metabolites was performed 

using INT dye. The antimicrobial activity of Pseudomonas sp. PKS bacteria metabolites 

against E. coli result, indicates that from concentration 12.5 mg/mL to 1.5625 mg/mL (Figure 

6.2; Figure 6.5A blue) the formazan colour change of INT dye was stable red (E. coli bacteria 

cells where active). However, from concentration 50 mg/mL to 25 mg/mL, the INT dye was 

no colour change (No Biological active detected from E. coli cells) (Figure 6.5A blue). The 50 

mg/mL Pseudomonas sp. PKS metabolites inhibits the growth of all three P. aeruginosa, E. 

Faecalis and S. aureus meanwhile, when the concentration is decreased from 25 mg/mL to 

1.5625 mg/mL the bacteria showed viability represented by the colour change (Figure 6.5A 

orange, green and red). Further, the bacteria species were able to recover, making the 

Pseudomonas sp. PKS metabolites bacteriostatic. 

The Enterobacter sp. PTB intracellular metabolites show no effects against E. coli and S. 

aureus at the concentration range from 25 mg/L to 1.5625 mg/mL, showed by the red colour 

caused by the redox reaction of INT dye by the bacteria (Figure 6.5B blue and red). However, 

when the concentration of the metabolites was increased to 50 mg/mL, there is no colour 

change, showing no cellular viability. Furthermore, when E. Faecalis is exposed to either 50 

mg/mL or 25 mg/mL of Enterobacter sp. PTB metabolites showed no biological response 

(Figure 6.5B green). However, when the Enterobacter sp. PTB metabolites concentration was 

decrease from 12.5 mg/ml to 1.5625 mg/mL, biological activity of E. Faecalis was detected by 

INT dye. Moreover, Enterobacter sp. PTB metabolites showed no effects towards P. 
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aeruginosa despite the increase in metabolites concentration form 1.5625 mg/mL to 50 mg/mL 

(Figure 6.5B orange). 

Further assessments were done for wells that had no biological activity, by spreading 100 µL 

of the mixture into Mueller-Hinton agar and incubated for three days at 37 ℃ and the results 

are represented in Table 6.3. All four antibiotic resistant bacteria (namely E. coli, P. aeruginosa 

E. Faecalis and S. aureus) exposed to either Enterobacter sp. PTB or Pseudomonas sp. PKS 

were able to recover (Table 6.3). Therefore, thus making both Enterobacter sp. PTB and 

Pseudomonas sp. PKS intracellular metabolites bacteriostatic.  

Pseudomonas species have been reported to possess variety of metabolites (such as 

macrocyclic lactone, 2,4-diacetylphloroglucinol, pyrrolnitrin [3-chloro-4-(2′- nitro-3′-

chlorophenyl)-pyrrole], 2,3-de-epoxy-2,3-didehydro-rhizoxin and phenazine-1-carboxylic 

acid) which are reported to have both antifungal and antimicrobial activity (Ligon et al., 2000; 

Strano et al., 2017; Shahid et al., 2021). Previously studies have elucidated wide range 

applications of metabolites extracted from Enterobacteriaceae species in antimicrobial, anti-

inflammatory, and antioxidant properties (Mahdiyah et al., 2020; Sebola et al., 2020; Kumari 

et al., 2023). Therefore, it is important to identify the metabolites produced by both 

Enterobacter sp. PTB and Pseudomonas sp. PKS despite being not the scope of this study.  

6.5 Conclusion 

The intracellular metabolites of both Enterobacter sp. PTB and Pseudomonas sp. PKS possess 

antimicrobial compounds, making them a potential drug candidate for clinical use. The 

metabolites of Enterobacter sp. PTB and Pseudomonas sp. PKS are used in cyto-protection of 

Cruznema sp. NTM 2021. These metabolites have wide range of application in both 

agroforestry and pharmaceutical industries, in fighting pest infestation and diseases. 

Furthermore, it is important to identify genes which are responsible that produces these 

metabolites, even though it is not part of the scope of this study. Moreover, since the bacteria 

symbionts are not able to produce all the metabolites efficient in culture media, a whole genome 

sequencing and annotation of these bacteria will be able to insights about genes and pathways 

involves in production of these metabolites. The GC/MS will also help in detecting the 

metabolites that are violates and their structural conformation, which are likely missed by 

HPLC, due to its limited capacities. Furthermore, the identified compounds can be used as 

template for drug design to combat various diseases. 
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Chapter 7 

Whole Genome sequencing and annotation of Pseudomonas sp. PKS isolated from 

Rhabditida: Cruznema entomopathogenic nematodes 

Abstract 

Entomopathogenic nematodes (EPNs) are clustered under parasitic group. However, they do 

not pose any health threats. EPNs has symbiosis with pathogenic bacteria belonging to 

Xenorhabdes, Photorhabdus and Seratia genus. These pathogenic bacteria are harboured in the 

nematodes gut and only released upon invading the insect host body. The bacteria colonies the 

host body and release bioactive toxic compounds that kills the host. These bacteria are crucial 

for EPNs survival. Cruznema nematodes belong to the same phylum order Rhabditida with 

EPNs. They are implemented in ecological functioning. Furthermore, Cruznema nematodes 

have evolve a pathogenic relationship with pathogenic bacteria Pseudomonas sp. PKS. The 

aim of this study is to explore the whole genome make up of Pseudomonas sp. PKS and their 

functions. The whole genome sequencing was acquired by utilizing Illumina sequencer and 

quality was assessed by FastQC and Trimmomatic tool was used remove low quality bases. 

Furthermore, the assembly was carried by SPADES using de novo method and the quality of 

the assembly was evaluated by Quast tool. Moreover, the functional annotation was carried out 

by RAST tool. Pseudomonas sp. PKS has 5 660 896 bp genomic, 569 subsystem, 75 RNAs 

and a GC content of 54.2 %.  Furthermore, gnome consist of 5 metabolite gene cluster NI-

siderophore, Thiopeptide, Arylpolyne, NRP-metallophore, Hserlactone. Virulence, disease, 

and defence subsystem it is important to towards understanding the pathogenicity of 

Pseudomonas sp. PKS against insect host. Furthermore, metabolites which are produced by 

Pseudomonas sp. PKS are implicated in antimicrobial and insecticidal activity. Moreover, there 

is great degree of genome difference between Pseudomonas sp. PKS and Pseudomonas 

aeruginosa PAO1. This study provides the genomic insights of Pseudomonas sp. PKS, which 

are crucial towards understanding of the pathogenicity role that is played by the bacteria in 

Cruznema nematodes. 

Keywords: Annotation, Cruznema nematodes, Thiopeptide, Pseudomonas sp. PKS, 

Pseudomonas aeruginosa PAO1 
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7.1 Introduction 

7.1.1 Entomopathogenic nematode overview 

Entomopathogenic (EPNs) are microscopic organisms which are found from the soil. Further 

they are well known for their agriculture application as the biocontrol agent (Usman et al., 

2021). There are only 3 EPNs genera reported (Steinernema, Heterorhabdus and Oscheius) 

which have bacteria symbiont relationship with Xenorhabuds, Photorhabuds and Serratia 

pathogenic bacteria respectively (Lephoto and Gray, 2019; Didiza et al., 2021). The EPNs 

intrudes the host system by using mechanical wounds and biological openings (such as anus, 

eyes, and mouth) (Gulcu et al., 2017). Further upon host intrusion they release the bacteria 

symbiont into host haemolymph which cause fatal infection to the host (Lephoto and Gray, 

2022). The bacteria also provide protection against possible opportunistic infections during the 

feeding stage (Salvadori et al., 2012). The EPNs reproduce within the host and the decline in 

food source, triggers the EPNs emergence of Infective juveniles (IJs) out from the host cadaver 

into soil to seek new host Figure 7.1.  

 

Figure 7.1 Schematic diagram of entomopathogenic nematodes life cycle. IJs search and infects and 

kill the host. The IJs undergoes reproduction with the cadaver and when food rations depreciate, then 

IJs emerge out into the soil, where the seek new host (image adapted from Gulcu et al., 2017). 
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7.1.2 Entomopathogenic nematodes bacteria associates 

EPNs bacteria uses nematodes as vector that protects the bacteria against environmental factors 

(temperature, UV, desiccation, etc) and transport the bacteria to insect host. EPNs bacteria are 

responsible for insect host death and maintenance of EPNs survival. Once the bacteria become 

released from the EPNs gut into insect haemolymph and produce bioactive toxic compounds 

which derivate the host immune defence. Furthermore, some of these bioactive compounds 

have enzymatic activity that perform hydrolysis making food available for EPNs. Moreover, 

these bacteria bioactive compounds are reported to have antimicrobial, insecticidal and 

antifungal activity. Further EPNs bacteria symbionts serves as EPNs immune against various 

pathogen infections. 

7.1.3 Cruznema nematodes 

Cruznema nematodes share the same phylum (namely Rhabditida) as entomopathogenic 

nematodes. Cruznema nematodes are natural found in soil and are reported to feed on bacteria 

(Du et al., 2022). However, according to the study conducted by d’Ovido et al. (2019), 

Cruznema nematodes have ability to infect and kill insects (cricket, snails, etc). further there is 

no knowledge about their infective mechanism or about association with pathogenic bacteria 

as their clade sisters Steinernema, Heterorhabdus and Oscheius. 

7.1.4 Pseudomonas bacteria 

Pseudomonas bacteria species belongs to family Pseudomonacaes. Pseudomonas species are 

gram-negative bacteria with rod shape. Previously studies showed that both plants and plants 

parasitic nematodes have commensal relationship with Pseudomonas species (Afordoanyi et 

al., 2022; Punja et al., 2003). According to Punja et al. (2003) Pseudomonas putida isolated 

from the soil is plant beneficial bacteria (Afordoanyi et al., 2022). Furthermore, these bacteria 

produce bioactive toxic compounds that protects the plant roots from wide range of bacteria 

pathogens (Punja et al., 2003). Pseudomonas putida does not only provide plant protection, but 

also provides nitrogen fixation, indoleacetic acid, phosphate solubilization and phytohormone. 

These bacteria species are reported to be able to produces biofilm as part of its defence 

mechanism (Punja et al., 2003). Moreover, some Pseudomonas species are pathogenic against 

nematodes whereas others are symbiotic (Afordoanyi et al., 2022). The aim of this study to 

perform whole genome sequencing and annotation of Pseudomonas sp. PKS. 
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7.2 Methods and materials 

7.2.1 DNA extraction and purification of Pseudomonas sp. PKS 

A single colony of Pseudomonas sp. PKS was picked from a NBTA plate and inoculated into 

freshly prepared broth Luria-Bertain (NaCL 10 g/L, peptone 10 g/L and yeast extract5 g/L) 

broth. Followed by overnight incubation at 30℃ with shaker adjusted to 140 rpm. The DNA 

extractrion was performed using bacterial DNA MiniPrep kit (Zymo Research, catalog # 

D3050) in accordance with manufacturer instructions. The DNA quality was assessed by 

NanoDrop ND-1000® spectrophotometer (Bio-Rad). The DNA impurities were removed using 

bacterial DNA purification kit and quantified using concentrator™-5 (catalog #D4003S) kit. 

7.2.2 Whole genome sequencing of Pseudomonas sp. PKS 

The NextEra DNA sample kit (Illumina) was used to generate a genomic DNA paired-end 

libraries. Subsequently followed by generation of indexed with the aid of NextEra DNA index 

kit (Illumina) while adhering to the instructions provided by the manufacture. Furthermore, the 

primary libraries (paired-end) had a range of 200-3000 bp. Moreover, the paird-end (2x 300 

bp) sequencing was achieved by subjecting MiSeq reagent kit v3 into MiSeq (Illumina). 

7.2.3 Quality assessment and control 

The sequenced that was subjected to FastQC (version 0.12.1) program to assess the quality 

(Brown et al., 2017). Further Trimmomatic (version 0.39) program was used to low quality 

reads and nextra adapter sequences (Sewe et al., 2022). Data validation was performed by 

subjecting the clean reads to FastQC program. 

7.2.4 Genome assembly 

The genomic reads were assembled using de novo method by SPADES (version 3.15.5) 

program (Utturkar et al., 2014). The command “--careful” was used to avoid mismatches 

(Figure 7.2). After, the assembly the contig file were run into Quast (version 5.2.0) to assess 

the quality of assembly (Table 8.3.1 and Figure A21-26). 

Figure 7.2 showing the command used to assembly the whole genome sequences 

7.2.5 Whole genome annotation 

The annotation of the whole genome sequenced data was carried through rapid annotation 

subsystem technology (RAST). 
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7.2.6 Identification of genes producing secondary metabolites 

The Whole genome sequenced data was subjected to Antismash (Version 7.0.1) site, for 

identification of genes producing secondary metabolites (Blin et al., 2023). 

7.3 Results 

The genome sequencing was carried by Illumina Miseq and the reads were subjected to quality 

control using both FastQC and Trimmomatic (Figure A1-10). The genomic reads where 

assembly using de novo method in SPADES program and the quality assessed in Quast tool 

table (Table 7.1 and Figure A21-26). Genomic annotation was carried using RAST tool (Table 

7.2) and prediction of metabolite coding genes was caried using Antismash (Table 7.4).  

Table 7.1: Quality assessment of the assembly of Pseudomona sp. PKS. (Please note the supplementary 

data is available in Figure A21-26) 

Species Pseudomona sp. PKS 

# contigs (>= 0 bp) 391 

# contigs (>= 1000 bp) 111 

# contigs (>= 5000 bp) 62 

# contigs (>= 10000 bp) 49 

# contigs (>= 25000 bp) 36 

# contigs (>= 50000 bp) 27 

Total length (>= 0 bp) 5 609 562 

Total length (>= 1000 bp) 5 553 556 

Total length (>= 5000 bp) 5 430 678 

length (>= 10000 bp)  5347715 

Total length (>= 25000 bp)  5 126 461 

Total length (>= 50000 bp)  4 803 319 

# contigs 135 

Largest contig 537 830 

Total length 5 570 345 

GC (%) 54.18 

N50 245 788 

N90 32 759 

auN 236 534.0 

L50 8 
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L90 33 

# N's per 100 kbp 0.00 

All statistics are based on contigs of size >= 500 bp, unless otherwise noted (e.g., "# contigs (>= 0 bp)" 

and "Total length (>= 0 bp)" include all contigs). 

 

Table 7.2 Overview of Pseudomonas sp. PKS whole genome annotation by RAST 

Feature RAST annotation 

Genome size (bp) 5,660,896 

GC content (%) 54.2 

Number of Subsystems 569 

Number of Protein coding genes 5410 

Number of contigs (with PEGs) 541 

Number of RNAs 75 

 

 

 

Figure 7.3 An overview diagram of Pseudomonas sp. PKS subsystem categories into their 

correspondent genes annotated by RAST server 
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Table 7.3 Elucidating genes found in the subsystem (Virulence, disease and defence) Pseudomonas sp. 

PKS. This subsystem consists of important genes that facilitate development, and defence and 

mechanism process used by the bacteria. 

Subcategory Subsystem Role 

Adhesion Mediator of hyperadherence YidE in 

Enterobacteria and its conserved region 

16 kDa heat shock protein A 

Adhesion Mediator of hyperadherence YidE in 

Enterobacteria and its conserved region 

Mediator of hyperadherence 

YidE 

Adhesion Mediator of hyperadherence YidE in 

Enterobacteria and its conserved region 

16 kDa heat shock protein B 

Adhesion Mediator of hyperadherence YidE in 

Enterobacteria and its conserved region 

Uncharacterized protein YidR 

Adhesion Mediator of hyperadherence YidE in 

Enterobacteria and its conserved region 

HTH-type transcriptional 

regulator YidP 

Adhesion Mediator of hyperadherence YidE in 

Enterobacteria and its conserved region 

Outer membrane lipoprotein 

YidQ 

Resistance to 

antibiotics and toxic 

compounds 

Multiple Antibiotic Resistance MAR 

locus 

Multiple antibiotic resistance 

protein MarC 

Resistance to 

antibiotics and toxic 

compounds 

Multiple Antibiotic Resistance MAR 

locus 

Multiple antibiotic resistance 

protein MarA 

Resistance to 

antibiotics and toxic 

compounds 

Multiple Antibiotic Resistance MAR 

locus 

Multiple antibiotic resistance 

protein MarR 

Resistance to 

antibiotics and toxic 

compounds 

Multiple Antibiotic Resistance MAR 

locus 

Multiple antibiotic resistance 

protein MarB 

Resistance to 

antibiotics and toxic 

compounds 

Multidrug Resistance, Tripartite Systems 

Found in Gram Negative Bacteria 

Outer membrane component of 

tripartite multidrug resistance 

system 
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Resistance to 

antibiotics and toxic 

compounds 

Multidrug Resistance, Tripartite Systems 

Found in Gram Negative Bacteria 

Membrane fusion component of 

tripartite multidrug resistance 

system 

Resistance to 

antibiotics and toxic 

compounds 

Multidrug Resistance, Tripartite Systems 

Found in Gram Negative Bacteria 

Inner membrane component of 

tripartite multidrug resistance 

system 

Resistance to 

antibiotics and toxic 

compounds 

Copper homeostasis: copper tolerance Membrane protein, suppressor 

for copper-sensitivity ScsB 

Resistance to 

antibiotics and toxic 

compounds 

Copper homeostasis: copper tolerance Membrane protein, suppressor 

for copper-sensitivity ScsD 

Resistance to 

antibiotics and toxic 

compounds 

Copper homeostasis: copper tolerance Secreted protein, suppressor for 

copper-sensitivity ScsC 

Resistance to 

antibiotics and toxic 

compounds 

Copper homeostasis: copper tolerance Copper homeostasis protein CutF 

precursor 

Resistance to 

antibiotics and toxic 

compounds 

Copper homeostasis: copper tolerance Copper homeostasis protein 

CutE 

Resistance to 

antibiotics and toxic 

compounds 

Copper homeostasis: copper tolerance Magnesium and cobalt efflux 

protein CorC 

Resistance to 

antibiotics and toxic 

compounds 

Copper homeostasis: copper tolerance Suppression of copper 

sensitivity: putative copper 

binding protein ScsA 

Resistance to 

antibiotics and toxic 

compounds 

Beta-lactamase Metal-dependent hydrolases of 

the beta-lactamase superfamily I 

Resistance to 

antibiotics and toxic 

compounds 

Beta-lactamase Beta-lactamase (EC 3.5.2.6) 
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Resistance to 

antibiotics and toxic 

compounds 

Beta-lactamase Beta-lactamase class C and other 

penicillin binding proteins 

Resistance to 

antibiotics and toxic 

compounds 

Mercuric reductase PF00070 family, FAD-

dependent NAD(P)-disulphide 

oxidoreductase 

Resistance to 

antibiotics and toxic 

compounds 

Copper homeostasis Copper resistance protein C 

precursor 

Resistance to 

antibiotics and toxic 

compounds 

Copper homeostasis Copper-translocating P-type 

ATPase (EC 3.6.3.4) 

Resistance to 

antibiotics and toxic 

compounds 

Copper homeostasis Blue copper oxidase CueO 

precursor 

Resistance to 

antibiotics and toxic 

compounds 

Copper homeostasis Cu(I)-responsive transcriptional 

regulator 

Resistance to 

antibiotics and toxic 

compounds 

Copper homeostasis Copper resistance protein D 

Resistance to 

antibiotics and toxic 

compounds 

Copper homeostasis Copper-sensing two-component 

system response regulator CusR 

Resistance to 

antibiotics and toxic 

compounds 

Arsenic resistance Arsenical resistance operon 

repressor 

Resistance to 

antibiotics and toxic 

compounds 

Arsenic resistance Arsenate reductase (EC 1.20.4.1) 

Resistance to 

antibiotics and toxic 

compounds 

Arsenic resistance Arsenic efflux pump protein 
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Resistance to 

antibiotics and toxic 

compounds 

Adaptation to d-cysteine D-cysteine desulfhydrase (EC 

4.4.1.15) 

Resistance to 

antibiotics and toxic 

compounds 

Adaptation to d-cysteine Cystine ABC transporter, ATP-

binding protein 

Resistance to 

antibiotics and toxic 

compounds 

Adaptation to d-cysteine Cystine ABC transporter, 

permease protein 

Resistance to 

antibiotics and toxic 

compounds 

Cobalt-zinc-cadmium resistance Cation efflux system protein 

CusC precursor 

Resistance to 

antibiotics and toxic 

compounds 

Cobalt-zinc-cadmium resistance Zinc transporter ZitB 

Resistance to 

antibiotics and toxic 

compounds 

Cobalt-zinc-cadmium resistance Cobalt-zinc-cadmium resistance 

protein 

Resistance to 

antibiotics and toxic 

compounds 

Cobalt-zinc-cadmium resistance Probable Co/Zn/Cd efflux 

system membrane fusion protein 

Resistance to 

antibiotics and toxic 

compounds 

Cobalt-zinc-cadmium resistance Transcriptional regulator, MerR 

family 

Resistance to 

antibiotics and toxic 

compounds 

Cobalt-zinc-cadmium resistance Copper-sensing two-component 

system response regulator CusR 

Resistance to 

antibiotics and toxic 

compounds 

Cobalt-zinc-cadmium resistance Cation efflux system protein 

CusF precursor 

Resistance to 

antibiotics and toxic 

compounds 

Cobalt-zinc-cadmium resistance Cobalt/zinc/cadmium efflux 

RND transporter, membrane 

fusion protein, CzcB family 
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Resistance to 

antibiotics and toxic 

compounds 

Cobalt-zinc-cadmium resistance Cobalt-zinc-cadmium resistance 

protein CzcA 

Resistance to 

antibiotics and toxic 

compounds 

Cobalt-zinc-cadmium resistance Cation efflux system protein 

CusA 

Resistance to 

antibiotics and toxic 

compounds 

Cobalt-zinc-cadmium resistance DNA-binding heavy metal 

response regulator 

Resistance to 

antibiotics and toxic 

compounds 

Bile hydrolysis Alpha-ketoglutarate-dependent 

taurine dioxygenase (EC 

1.14.11.17) 

Resistance to 

antibiotics and toxic 

compounds 

Bile hydrolysis DamX, an inner membrane 

protein involved in bile 

resistance 

Resistance to 

antibiotics and toxic 

compounds 

Bile hydrolysis Choloylglycine hydrolase (EC 

3.5.1.24) 

Resistance to 

antibiotics and toxic 

compounds 

Fosfomycin resistance Fosfomycin resistance protein 

FosA 

Resistance to 

antibiotics and toxic 

compounds 

The mdtABCD multidrug resistance 

cluster 

Probable RND efflux membrane 

fusion protein 

Resistance to 

antibiotics and toxic 

compounds 

The mdtABCD multidrug resistance 

cluster 

Response regulator BaeR 

Resistance to 

antibiotics and toxic 

compounds 

The mdtABCD multidrug resistance 

cluster 

Sensory histidine kinase BaeS 

Resistance to 

antibiotics and toxic 

compounds 

The mdtABCD multidrug resistance 

cluster 

Multidrug transporter MdtD 
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Resistance to 

antibiotics and toxic 

compounds 

The mdtABCD multidrug resistance 

cluster 

Multidrug transporter MdtB 

Resistance to 

antibiotics and toxic 

compounds 

The mdtABCD multidrug resistance 

cluster 

Multidrug transporter MdtC 

Resistance to 

antibiotics and toxic 

compounds 

Resistance to fluoroquinolones Topoisomerase IV subunit B (EC 

5.99.1.-) 

Resistance to 

antibiotics and toxic 

compounds 

Resistance to fluoroquinolones Topoisomerase IV subunit A (EC 

5.99.1.-) 

Resistance to 

antibiotics and toxic 

compounds 

Resistance to fluoroquinolones DNA gyrase subunit A (EC 

5.99.1.3) 

Resistance to 

antibiotics and toxic 

compounds 

Resistance to fluoroquinolones DNA gyrase subunit B (EC 

5.99.1.3) 

Resistance to 

antibiotics and toxic 

compounds 

Streptothricin resistance Streptothricin acetyltransferase, 

Streptomyces lavendulae type 

Resistance to 

antibiotics and toxic 

compounds 

Multidrug Resistance Efflux Pumps RND efflux system, membrane 

fusion protein CmeA 

Resistance to 

antibiotics and toxic 

compounds 

Multidrug Resistance Efflux Pumps RND efflux system, outer 

membrane lipoprotein CmeC 

Resistance to 

antibiotics and toxic 

compounds 

Multidrug Resistance Efflux Pumps Membrane fusion protein of 

RND family multidrug efflux 

pump 

Resistance to 

antibiotics and toxic 

compounds 

Multidrug Resistance Efflux Pumps RND efflux system, inner 

membrane transporter CmeB 
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Resistance to 

antibiotics and toxic 

compounds 

Multidrug Resistance Efflux Pumps Type I secretion outer membrane 

protein, TolC precursor 

Resistance to 

antibiotics and toxic 

compounds 

Multidrug Resistance Efflux Pumps Macrolide export ATP-

binding/permease protein MacB 

(EC 3.6.3.-) 

Resistance to 

antibiotics and toxic 

compounds 

Multidrug Resistance Efflux Pumps Acriflavin resistance protein 

Resistance to 

antibiotics and toxic 

compounds 

Multidrug Resistance Efflux Pumps Transcription repressor of 

multidrug efflux pump acrAB 

operon, TetR (AcrR) family 

Resistance to 

antibiotics and toxic 

compounds 

Multidrug Resistance Efflux Pumps RND efflux system, outer 

membrane lipoprotein, NodT 

family 

Resistance to 

antibiotics and toxic 

compounds 

Multidrug Resistance Efflux Pumps Macrolide-specific efflux protein 

MacA 

Resistance to 

antibiotics and toxic 

compounds 

Multidrug Resistance Efflux Pumps Multidrug-efflux transporter, 

major facilitator superfamily 

(MFS) (TC 2.A.1) 

Resistance to 

antibiotics and toxic 

compounds 

Multidrug Resistance Efflux Pumps Multi antimicrobial extrusion 

protein (Na(+)/drug antiporter), 

MATE family of MDR efflux 

pumps 

Invasion and 

intracellular resistance 

Mycobacterium virulence operon 

involved in protein synthesis (LSU 

ribosomal proteins) 

LSU ribosomal protein L20p 

Invasion and 

intracellular resistance 

Mycobacterium virulence operon 

involved in protein synthesis (LSU 

ribosomal proteins) 

Translation initiation factor 3 
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Invasion and 

intracellular resistance 

Mycobacterium virulence operon 

involved in protein synthesis (LSU 

ribosomal proteins) 

LSU ribosomal protein L35p 

Invasion and 

intracellular resistance 

Mycobacterium virulence operon 

involved in DNA transcription 

DNA-directed RNA polymerase 

beta subunit (EC 2.7.7.6) 

Invasion and 

intracellular resistance 

Mycobacterium virulence operon 

involved in DNA transcription 

DNA-directed RNA polymerase 

beta' subunit (EC 2.7.7.6) 

Invasion and 

intracellular resistance 

Mycobacterium virulence operon 

possibly involved in quinolinate 

biosynthesis 

Quinolinate synthetase (EC 

2.5.1.72) 

Invasion and 

intracellular resistance 

Mycobacterium virulence operon 

possibly involved in quinolinate 

biosynthesis 

L-aspartate oxidase (EC 

1.4.3.16) 

Invasion and 

intracellular resistance 

Mycobacterium virulence operon 

possibly involved in quinolinate 

biosynthesis 

Quinolinate 

phosphoribosyltransferase 

[decarboxylating] (EC 2.4.2.19) 

Bacteriocins, 

ribosomally 

synthesized 

antibacterial peptides 

Tolerance to colicin E2 Two-component response 

regulator CreC 

Bacteriocins, 

ribosomally 

synthesized 

antibacterial peptides 

Tolerance to colicin E2 Inner membrane protein CreD 

Bacteriocins, 

ribosomally 

synthesized 

antibacterial peptides 

Tolerance to colicin E2 Two-component response 

regulator CreB 

Bacteriocins, 

ribosomally 

synthesized 

antibacterial peptides 

Tolerance to colicin E2 Conserved uncharacterized 

protein CreA 
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Bacteriocins, 

ribosomally 

synthesized 

antibacterial peptides 

Colicin V and Bacteriocin Production 

Cluster 

Colicin V production protein 

Bacteriocins, 

ribosomally 

synthesized 

antibacterial peptides 

Colicin V and Bacteriocin Production 

Cluster 

Amidophosphoribosyltransferase 

(EC 2.4.2.14) 

Bacteriocins, 

ribosomally 

synthesized 

antibacterial peptides 

Colicin V and Bacteriocin Production 

Cluster 

Acetyl-coenzyme A carboxyl 

transferase beta chain (EC 

6.4.1.2) 

Bacteriocins, 

ribosomally 

synthesized 

antibacterial peptides 

Colicin V and Bacteriocin Production 

Cluster 

DedA protein 

Bacteriocins, 

ribosomally 

synthesized 

antibacterial peptides 

Colicin V and Bacteriocin Production 

Cluster 

Dihydrofolate synthase (EC 

6.3.2.12) 

Bacteriocins, 

ribosomally 

synthesized 

antibacterial peptides 

Colicin V and Bacteriocin Production 

Cluster 

DedD protein 

Bacteriocins, 

ribosomally 

synthesized 

antibacterial peptides 

Colicin V and Bacteriocin Production 

Cluster 

tRNA pseudouridine synthase A 

(EC 4.2.1.70) 

Bacteriocins, 

ribosomally 

synthesized 

antibacterial peptides 

Colicin V and Bacteriocin Production 

Cluster 

Folylpolyglutamate synthase (EC 

6.3.2.17) 
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Table 7.4 Identification of genes involve in secondary metabolites production using Antismash 

software 

Cluster Types Most similar 

known 

cluster 

Percentage 

(%) 

Other species 

where clusters 

were identified 

Functions References 

1 NI-siderophore Aerobactin 66 Xenorhabdus 

szentirmaii 

DSM 16338 

Antimicrobial 

and 

insecticidal 

Hirschmann 

et al., 2017 

2 Thiopeptide O-antigen 14 Pseudomonas 

aeruginosa 

Antibiotic 

production 

activator, 

Zinc-

responsive 

repressor and 

triggers host 

immune 

response 

Bélanger et 

al., 1999 

3 Arylpolyne Aryl 

polyenes 

100 Xenorhabdus 

doucetiae 

Antimicrobial, 

insecticidal, 

Pleiotropic 

regulatory for 

antibiotic 

production, 

Zinc-

responsive 

repressor and, 

Development 

and antibiotic 

global 

regulator 

Grammbitter 

et al., 2019 

4 NRP-

metallophore 

and NRPS 

Enterobactin 100 Escherichia coli 

str. K-12 substr. 

MG1655 

Supply iron in 

metabolic 

pathway in 

cell 

Raymond et 

al., 2003 

5 Hserlactone - - - - - 

Keywords in cluster and their descriptive meaning: NRP-metallophore = Non-ribosomal peptide 

metallophores, NRPS = NRPS-non ribosomal peptide synthesis, NI-siderophore = NRPS-independent, 

IucA/IucC-like siderophores, Hserlactone = Homoserine lactone. 
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Figure 7.4 A) Genome alignment of Pseudomonas sp. PKS against Pseudomonas aeruginosa PAO1 

(Pseudomonas aeruginosa PAO1 was used as a reference genome). B) The protein sequence similarity 

in similarity (Bidirectional best hits means both forward and revers hits). 
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Figure 7.5 Blast dot plot of Pseudomonas sp. PKS genome aligned against Pseudomonas aeruginosa 

PAO1 genome. Pseudomonas aeruginosa PAO1 was used as reference genome. 

7.4 Discussions 

Entomopathogenic nematodes (EPNs) are crucial for ecological function. Furthermore, their 

wide application in horticulture sector has reduce groundwater contamination and soil 

acidification. However, their bacteria symbionts have other important function outside EPNs 

and horticulture sector. EPNs bacteria symbionts are reported to produces bio-active 

compounds which have antibiotic activity, making them an ideal source of drug candidates. 

This study explores the whole genome of Pseudomonas sp. PKs. Pseudomonas sp. PKS whole 

genome sequencing was achieved by subjecting the genomic DNA into Illumina sequencing 

and genomic data was annotated through RAST tool which reveal different genes clustered into 

various subsystem including virulence and defence. 

Pseudomonas sp. PKS has genomic size of 5 660 896 bp, with 119 contigs and 54.2 % of (G+C) 

content (Table 7.1). The RAST annotation revealed that Pseudomonas sp. PKS consist of 569 
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subsystem, 5410 protein coding genes and 75 RNAs (Table 7.22). The identified virulence, 

disease subsystem showed various genes which facilitates a wide diversity of various biological 

process that are linked with survival and pathogenicity of Pseudomonas sp. PKS (Figure 7.3). 

Furthermore, amongst the identified proteins genes, there were two set of proteins (namely 16 

kDa heat shock protein A and 16 kDa heat shock protein protein B) which were previously 

identified at Serratia sp. TEL isolated from Oscheius sp. TEL (Lephoto et al., 2015). These 

proteins are important for protein folding. Furthermore, other proteins are crucial for immune 

defence whilst others are important for pathogenicity of bacteria towards the insects. 

The genome comparison of Pseudomonas sp. PKS and Pseudomonas aeruginosa PAO1 

showed a lot of difference in protein coding genes (Figure 7.4 and Figure 7.5). Pseudomonas 

aeruginosa PAO1 is pathogenic to animals (including humans) and it is found in natural 

environment soil and water stream meanwhile Pseudomonas sp. PKS is isolated from 

Cruznema nematodes. Furthermore, the difference in the natural environment of the species 

may have influenced the genetic mutation and functions. The Antismash tool reveal that 

Pseudomonas sp. PKS has 5 metabolite gene clusters (namely NI-siderophore, Thiopeptide, 

Arylpolyne, NRP-metallophore, Hserlactone) (Table 7.4). These metabolites have 

antimicrobial and insecticidal activity, which it is crucial for killing the insect host and 

protecting the nematodes from possible pathogens. Furthermore, these metabolites have wide 

use in both agroforestry and pharmaceutical applications. 

7.5 Conclusion and recommendations 

This study provides insights in reference to genomic composition of Pseudomonas sp. PKS 

and the partial information about the role/ functions of genes. Therefore, this study server as 

base towards critical understanding of the pathogenicity activity against the insects. 
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Chapter 8 

Whole genome sequencing and annotation of Enterobacter sp. PTB isolated from 

Cruznema nematode (Rhabditida) 

Abstract  

Entomopathogenic nematodes (EPNs) are insect parasitic worms which are classified as 

biological control agents in agriculture. EPNs can be used in both small-scale and large-scale 

farming, and have beneficial effects, such as improvement soil nutrients and protection against 

insect pest infestations. EPNs have symbiosis relationship pathogenic bacteria form phylum 

Pseudomonadota of Gammaproteobacteriar class. EPNs bacteria symbionts are crucial for 

facilitating growth, development, survival, and pathogenicity of nematodes. Next generation 

sequencing (NGS) technology help us to decipher evolutionary, behaviour, stress response, 

physiological attributes at a genomic level. The Enterobacter sp. PTB genomic DNA was 

extracted using bacterial DNA MiniPrep kit (Zymo Research, catalog # D3050) following the 

manufacture instruction. Genome sequencing of Enterobacter sp. PTB was carried out by 

Illumina Miseq. FastQC was used to check the quality of the reads meanwhile Trimmomatic 

tool was used remove low quality base. Assembling of the reads was performed using SPADES 

program and the quality of the assembly was checked using Quast tool. Moreover, the genome 

annotation was accomplished using RAST and metabolites gene clusters were identified using 

Antismash. The Enterobacter sp. PTB genome consist of 5 609 562 bp, 54,2 % of the GC 

content, with 5376 of coding genes. Enterobacter sp. PTB consists of 5 secondary metabolites 

gene cluster (Arylpolyne, NI-siderophore, Thiopeptide, Hserlactone, NRP-metallophore). 

Enterobacter sp. PTB has protein coding genes which are clustered under virulence, disease, 

and defence subsystem. These genes provide knowledge about the pathogenicity of the bacteria 

towards insect pests. Furthermore, other genes are implemented in cyto-protection of both the 

bacteria and nematodes. The metabolites compound produced by Enterobacter sp. PTB, they 

are not limited to agroforestry application only. However, the produced metabolites thus have 

enzymatic activity which has significant use in pharmaceutical industries. This study provides 

fundamental understanding of Enterobacter sp. PTB genomic composition and functions. 

Keywords: Enterobacter sp. PTB, Gammaproteobacteriar, Genome, Next generation 

sequencing, Pseudomonadotas. 
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8.1 Introduction 

8.1.1 Entomopathogenic overview 

Entomopathogenic nematodes (EPNs) are microscopic insect, that are used as biological 

control agent against pest. They are soil indigenous species which are widely distributed 

through different biomes (Helmberger et al., 2017). EPNs performs soil nutrition cycle, and 

they are more ecofriendly unlike their counter parts (namely synthetic chemical pesticides). 

EPNs can be used in both small-scale and large-scale farming (Dillman et al., 2012). EPNs are 

in a symbiotic relationship with endopathogenic bacteria from Enterobacteriaceae family, that 

are responsible for causing an infection within the insect host (Tomar et al., 2022). The 

nematodes serve as vector, which shiel the pathogenic symbiont bacteria from external 

environmental factors (such as desiccation, UV radiation, temperature) and transport the 

bacteria to the insect host hemolymph (Ciche et al., 2006; Deka et al., 2021; Abate et al., 2023). 

Whilst the pathogenic symbiont bacterium is involved in cytoprotection of nematodes and 

hydrolyzation of insect host hemolymph to provide nutrients to nematodes (Kenney and 

Eleftherianos, 2016; Raja et al., 2021). 

8.1.2 Enterobacteriaceae family overview 

Enterobacteriaceae family is very diverse with over thirty genera of gram-negative bacteria 

species. According to the previous studies, Enterobacteriaceae belong to the order 

Enterobacterales which is the class of Gammaproteobacteriar of Pseudomonadota phylum 

(Sneath et al., 1986; Schoch et al., 2020). The Enterobacteriaceae family compromises of both 

harmless symbiont bacteria and harmful bacteria to human (Mondal et al., 2003). EPNs are in 

a symbiotic relationship with bacteria belong to Enterobacteriaceae family (namely 

Pseudomonas, Photorhhabdus, Enterobacter, Serratia, Xenorhabdus). Furthermore, these 

bacteria are deemed non-pathogenic to humans and other domestic animals (Dillman et al., 

2012). However, they are pathogenic to various agriculture problematic insects (Mondal et al., 

2003). Their association with EPNs is important agroforestry industries (Nderitu et al., 2009). 

These EPNs bacteria symbionts produces toxic bio-chemical compounds that used to kill the 

host (Nderitu et al., 2009; Elbrense et al., 2021). Furthermore, previous studies have 

demonstrated that their antibiotic activity that can be exploited by pharmaceutical industries 

(Elbrense et al., 2021).  

8.1.3 Next generation sequencing  

Next generation sequencing (NGS) is a high through put sequencing that used modern 

technology to decipher a biological genomic code for plant and animals. NGS advance 
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molecular biology studies by providing the insights about the evolution, morphological, 

physiological, and metabolic characteristics of organism(s). The concept of NGS it involves 

fragmentation of either RNA or DNA into million pieces, attachment of sequence adapters, 

sequencing of libraries, and reassembling in a parallel fashion to generate a genomic sequence. 

This study provides the genomic insights of Enterobacter sp. PTB isolated from Cruznema sp. 

NTM 2021 through the application of NGS technology. 

8.2 Methodology 

8.2.1 DNA extraction and purification of Enterobacter sp. PTB 

A single colony of Enterobacter sp. PTB was picked from a NBTA plate and inoculated into 

freshly prepared broth Luria-Bertain (NaCL 10 g/L, peptone 10g/L and yeast extract5 g/L) 

broth. Followed by overnight incubation at 30℃ with shaker adjusted to 140 rpm. The DNA 

extractrion was performed using bacterial DNA MiniPrep kit (Zymo Research, catalog # 

D3050) in accordance with manufacturer instructions. The DNA quality was assessed by 

NanoDrop ND-1000® spectrophotometer (Bio-Rad). The DNA impurities were removed using 

bacterial DNA purification kit and quantified using concentrator™-5 (catalog #D4003S) kit. 

8.2.2 Whole genome sequencing of Pseudomonas sp. PKS 

The NextEra DNA sample kit (Illumina) was used to generate a genomic DNA paired-end 

libraries. Subsequently followed by generation of indexed with the aid of NextEra DNA index 

kit (Illumina) while adhering to the instructions provided by the manufacture. Furthermore, the 

primary libraries (paired-end) had a range of 200-3000 bp. Moreover, the paird-end (2x 300 

bp) sequencing was achieved by subjecting MiSeq reagent kit v3 into MiSeq (Illumina). 

8.2.3 Quality assessment and control 

The sequenced that was subjected to FastQC (version 0.12.1) program to assess the quality 

(Brown et al., 2017). Further Trimmomatic (version 0.39) program was used to low quality 

reads and nextra adapter sequences (Sewe et al., 2022). Data validation was performed by 

subjecting the clean reads to FastQC program. 

8.2.4 Genome assembly 

The genomic reads were assembled using de novo method by SPADES (version 3.15.5) 

program (Utturkar et al., 2014). The command “--careful” was used to avoid mismatches 

(Figure 8.1). After, the assembly the contig file were run into Quast (version 5.2.0) to assess 

the quality of assembly (Table 8.1 and Figure A21-26). 
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Figure 8.1 showing the command used to assembly the whole genome sequences 

8.2.5 Whole genome annotation 

The annotation of the whole genome sequenced data was carried through rapid annotation 

subsystem technology (RAST). 

8.2.6 Identification of genes producing secondary metabolites 

The Whole genome sequenced data was subjected to anti-smash (Version 7.0.1) site, for 

identification of genes producing secondary metabolites (Blin et al., 2023). 

8.3 Results  

Enterobacter sp. PTB sequenced genome was acquired through sequencing of Enterobacter 

sp. PTB genomic DNA by Illumina Miseq. The reads were subjected to quality control using 

both FastQC and Trimmomatic before being assembly (Figure A11-20).  Assembling of 

sequenced reads was carried by SPADES tool, using de novo method and assembly quality was 

examined using Quast tool (Table 8.1 and Figure A21-26). Genomic annotation was carried 

using RAST tool (Table 8.2) and prediction of metabolite coding genes was caried using 

AntiSMASH (Table 8.3). 

Table 8.1: Quality assessment of the assembly of Enterobacter sp. PTB. (Please note the supplementary 

data is available in Figure A 21-26) 

Species Enterobacter sp. PTB 

# contigs (>= 0 bp) 541 

# contigs (>= 1000 bp) 92 

# contigs (>= 5000 bp) 61 

# contigs (>= 10000 bp) 52 

# contigs (>= 25000 bp) 38 

# contigs (>= 50000 bp) 28 

Total length (>= 0 bp) 5 660 896 

Total length (>= 1000 bp) 5 572 893 

Total length (>= 5000 bp) 5 496 133 
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length (>= 10000 bp)  5 437 131 

Total length (>= 25000 bp)  5 202 377 

Total length (>= 50000 bp)  4 847 597 

# contigs 119 

Largest contig 432 872 

Total length 5 589 920 

GC (%) 54.17 

N50 209 753 

N90 32 802 

auN 220 886.1 

L50 9 

L90 33 

# N's per 100 kbp 0.00 

All statistics are based on contigs of size >= 500 bp, unless otherwise noted (e.g., "# contigs (>= 0 bp)" 

and "Total length (>= 0 bp)" include all contigs). 

 

Table 8.2 Overview of Enterobacter sp. PTB whole genome annotation by RAST 

Feature RAST annotation 

Genome size (bp) 5,609,562 

GC content (%) 54.2 

Number of Subsystems 572 

Number of Protein coding genes 5376 

Number of contigs (with PEGs) 391 

Number of RNAs 76 
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Figure 8.2 An overview diagram of Enterobacter sp. PTB subsystem categories into their 

correspondent genes annotated by RAST server 

 

Table 8.3: Elucidating Enterobacter sp. PTB genes that are clustered in subsystem (Virulence, disease, 

and defence). This system is crucial to understand the pathogenicity mechanism of the bacteria against 

insect host.  Furthermore, other genes found in this system are implicated in biosynthetic pathways 

crucial for survival of the bacteria. 

Subcategory Subsystem Role 

Bacteriocins, ribosomally 

synthesized antibacterial 

peptides 

Tolerance to colicin E2 Two-component response regulator 

CreC 

Bacteriocins, ribosomally 

synthesized antibacterial 

peptides 

Tolerance to colicin E2 Inner membrane protein CreD 

Bacteriocins, ribosomally 

synthesized antibacterial 

peptides 

Tolerance to colicin E2 Two-component response regulator 

CreB 

Bacteriocins, ribosomally 

synthesized antibacterial 

peptides 

Tolerance to colicin E2 Conserved uncharacterized protein 

CreA 
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Bacteriocins, ribosomally 

synthesized antibacterial 

peptides 

Colicin V and Bacteriocin 

Production Cluster 

tRNA pseudouridine synthase A (EC 

4.2.1.70) 

Bacteriocins, ribosomally 

synthesized antibacterial 

peptides 

Colicin V and Bacteriocin 

Production Cluster 

Folylpolyglutamate synthase (EC 

6.3.2.17) 

Bacteriocins, ribosomally 

synthesized antibacterial 

peptides 

Colicin V and Bacteriocin 

Production Cluster 

DedD protein 

Bacteriocins, ribosomally 

synthesized antibacterial 

peptides 

Colicin V and Bacteriocin 

Production Cluster 

Dihydrofolate synthase (EC 6.3.2.12) 

Bacteriocins, ribosomally 

synthesized antibacterial 

peptides 

Colicin V and Bacteriocin 

Production Cluster 

Colicin V production protein 

Bacteriocins, ribosomally 

synthesized antibacterial 

peptides 

Colicin V and Bacteriocin 

Production Cluster 

Amidophosphoribosyltransferase 

(EC 2.4.2.14) 

Bacteriocins, ribosomally 

synthesized antibacterial 

peptides 

Colicin V and Bacteriocin 

Production Cluster 

Acetyl-coenzyme A carboxyl 

transferase beta chain (EC 6.4.1.2) 

Bacteriocins, ribosomally 

synthesized antibacterial 

peptides 

Colicin V and Bacteriocin 

Production Cluster 

DedA protein 

Invasion and intracellular 

resistance 

Mycobacterium virulence 

operon involved in DNA 

transcription 

DNA-directed RNA polymerase beta' 

subunit (EC 2.7.7.6) 

Invasion and intracellular 

resistance 

Mycobacterium virulence 

operon involved in DNA 

transcription 

DNA-directed RNA polymerase beta 

subunit (EC 2.7.7.6) 

Invasion and intracellular 

resistance 

Mycobacterium virulence 

operon involved in protein 

LSU ribosomal protein L35p 
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synthesis (LSU ribosomal 

proteins) 

Invasion and intracellular 

resistance 

Mycobacterium virulence 

operon involved in protein 

synthesis (LSU ribosomal 

proteins) 

LSU ribosomal protein L20p 

Invasion and intracellular 

resistance 

Mycobacterium virulence 

operon involved in protein 

synthesis (LSU ribosomal 

proteins) 

Translation initiation factor 3 

Invasion and intracellular 

resistance 

Mycobacterium virulence 

operon possibly involved 

in quinolinate biosynthesis 

L-aspartate oxidase (EC 1.4.3.16) 

Invasion and intracellular 

resistance 

Mycobacterium virulence 

operon possibly involved 

in quinolinate biosynthesis 

Quinolinate synthetase (EC 2.5.1.72) 

Invasion and intracellular 

resistance 

Mycobacterium virulence 

operon possibly involved 

in quinolinate biosynthesis 

Quinolinate 

phosphoribosyltransferase 

[decarboxylating] (EC 2.4.2.19) 

Invasion and intracellular 

resistance 

Mycobacterium virulence 

operon involved in protein 

synthesis (SSU ribosomal 

proteins) 

Translation elongation factor G 

Invasion and intracellular 

resistance 

Mycobacterium virulence 

operon involved in protein 

synthesis (SSU ribosomal 

proteins) 

SSU ribosomal protein S12p (S23e) 

Invasion and intracellular 

resistance 

Mycobacterium virulence 

operon involved in protein 

synthesis (SSU ribosomal 

proteins) 

SSU ribosomal protein S7p (S5e) 

Invasion and intracellular 

resistance 

Mycobacterium virulence 

operon involved in protein 

Translation elongation factor Tu 
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synthesis (SSU ribosomal 

proteins) 

Adhesion Mediator of 

hyperadherence YidE in 

Enterobacteria and its 

conserved region 

Outer membrane lipoprotein YidQ 

Adhesion Mediator of 

hyperadherence YidE in 

Enterobacteria and its 

conserved region 

16 kDa heat shock protein A 

Adhesion Mediator of 

hyperadherence YidE in 

Enterobacteria and its 

conserved region 

Mediator of hyperadherence YidE 

Adhesion Mediator of 

hyperadherence YidE in 

Enterobacteria and its 

conserved region 

16 kDa heat shock protein B 

Adhesion Mediator of 

hyperadherence YidE in 

Enterobacteria and its 

conserved region 

Uncharacterized protein YidR 

Adhesion Mediator of 

hyperadherence YidE in 

Enterobacteria and its 

conserved region 

HTH-type transcriptional regulator 

YidP 

Resistance to antibiotics and 

toxic compounds 

Multidrug Resistance 

Efflux Pumps 

Transcription repressor of multidrug 

efflux pump acrAB operon, TetR 

(AcrR) family 

Resistance to antibiotics and 

toxic compounds 

Multidrug Resistance 

Efflux Pumps 

Type I secretion outer membrane 

protein, TolC precursor 
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Resistance to antibiotics and 

toxic compounds 

Multidrug Resistance 

Efflux Pumps 

Macrolide export ATP-

binding/permease protein MacB (EC 

3.6.3.-) 

Resistance to antibiotics and 

toxic compounds 

Multidrug Resistance 

Efflux Pumps 

Acriflavin resistance protein 

Resistance to antibiotics and 

toxic compounds 

Multidrug Resistance 

Efflux Pumps 

Membrane fusion protein of RND 

family multidrug efflux pump 

Resistance to antibiotics and 

toxic compounds 

Multidrug Resistance 

Efflux Pumps 

RND efflux system, inner membrane 

transporter CmeB 

Resistance to antibiotics and 

toxic compounds 

Multidrug Resistance 

Efflux Pumps 

RND efflux system, outer membrane 

lipoprotein CmeC 

Resistance to antibiotics and 

toxic compounds 

Multidrug Resistance 

Efflux Pumps 

RND efflux system, membrane fusion 

protein CmeA 

Resistance to antibiotics and 

toxic compounds 

Multidrug Resistance 

Efflux Pumps 

Multidrug-efflux transporter, major 

facilitator superfamily (MFS) (TC 

2.A.1) 

Resistance to antibiotics and 

toxic compounds 

Multidrug Resistance 

Efflux Pumps 

Multi antimicrobial extrusion protein 

(Na(+)/drug antiporter), MATE 

family of MDR efflux pumps 

Resistance to antibiotics and 

toxic compounds 

Multidrug Resistance 

Efflux Pumps 

Macrolide-specific efflux protein 

MacA 

Resistance to antibiotics and 

toxic compounds 

Multidrug Resistance 

Efflux Pumps 

RND efflux system, outer membrane 

lipoprotein, NodT family 

Resistance to antibiotics and 

toxic compounds 

Streptothricin resistance Streptothricin acetyltransferase, 

Streptomyces lavendulae type 

Resistance to antibiotics and 

toxic compounds 

Resistance to 

fluoroquinolones 

DNA gyrase subunit A (EC 5.99.1.3) 

Resistance to antibiotics and 

toxic compounds 

Resistance to 

fluoroquinolones 

Topoisomerase IV subunit A (EC 

5.99.1.-) 

Resistance to antibiotics and 

toxic compounds 

Resistance to 

fluoroquinolones 

Topoisomerase IV subunit B (EC 

5.99.1.-) 

Resistance to antibiotics and 

toxic compounds 

Resistance to 

fluoroquinolones 

DNA gyrase subunit B (EC 5.99.1.3) 
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Resistance to antibiotics and 

toxic compounds 

The mdtABCD multidrug 

resistance cluster 

Probable RND efflux membrane 

fusion protein 

Resistance to antibiotics and 

toxic compounds 

The mdtABCD multidrug 

resistance cluster 

Response regulator BaeR 

Resistance to antibiotics and 

toxic compounds 

The mdtABCD multidrug 

resistance cluster 

Sensory histidine kinase BaeS 

Resistance to antibiotics and 

toxic compounds 

The mdtABCD multidrug 

resistance cluster 

Multidrug transporter MdtD 

Resistance to antibiotics and 

toxic compounds 

The mdtABCD multidrug 

resistance cluster 

Multidrug transporter MdtB 

Resistance to antibiotics and 

toxic compounds 

The mdtABCD multidrug 

resistance cluster 

Multidrug transporter MdtC 

Resistance to antibiotics and 

toxic compounds 

Fosfomycin resistance Fosfomycin resistance protein FosA 

Resistance to antibiotics and 

toxic compounds 

Bile hydrolysis DamX, an inner membrane protein 

involved in bile resistance 

Resistance to antibiotics and 

toxic compounds 

Bile hydrolysis Alpha-ketoglutarate-dependent 

taurine dioxygenase (EC 1.14.11.17) 

Resistance to antibiotics and 

toxic compounds 

Bile hydrolysis Choloylglycine hydrolase (EC 

3.5.1.24) 

Resistance to antibiotics and 

toxic compounds 

Cobalt-zinc-cadmium 

resistance 

Cobalt-zinc-cadmium resistance 

protein 

Resistance to antibiotics and 

toxic compounds 

Cobalt-zinc-cadmium 

resistance 

Zinc transporter ZitB 

Resistance to antibiotics and 

toxic compounds 

Cobalt-zinc-cadmium 

resistance 

Transcriptional regulator, MerR 

family 

Resistance to antibiotics and 

toxic compounds 

Cobalt-zinc-cadmium 

resistance 

Probable Co/Zn/Cd efflux system 

membrane fusion protein 

Resistance to antibiotics and 

toxic compounds 

Cobalt-zinc-cadmium 

resistance 

Copper-sensing two-component 

system response regulator CusR 

Resistance to antibiotics and 

toxic compounds 

Cobalt-zinc-cadmium 

resistance 

Cation efflux system protein CusC 

precursor 
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Resistance to antibiotics and 

toxic compounds 

Cobalt-zinc-cadmium 

resistance 

Cobalt-zinc-cadmium resistance 

protein CzcA 

Resistance to antibiotics and 

toxic compounds 

Cobalt-zinc-cadmium 

resistance 

Cation efflux system protein CusA 

Resistance to antibiotics and 

toxic compounds 

Cobalt-zinc-cadmium 

resistance 

DNA-binding heavy metal response 

regulator 

Resistance to antibiotics and 

toxic compounds 

Cobalt-zinc-cadmium 

resistance 

Cation efflux system protein CusF 

precursor 

Resistance to antibiotics and 

toxic compounds 

Cobalt-zinc-cadmium 

resistance 

Cobalt/zinc/cadmium efflux RND 

transporter, membrane fusion protein, 

CzcB family 

Resistance to antibiotics and 

toxic compounds 

Adaptation to d-cysteine D-cysteine desulfhydrase (EC 

4.4.1.15) 

Resistance to antibiotics and 

toxic compounds 

Adaptation to d-cysteine Cystine ABC transporter, ATP-

binding protein 

Resistance to antibiotics and 

toxic compounds 

Adaptation to d-cysteine Cystine ABC transporter, permease 

protein 

Resistance to antibiotics and 

toxic compounds 

Arsenic resistance Arsenic efflux pump protein 

Resistance to antibiotics and 

toxic compounds 

Arsenic resistance Arsenate reductase (EC 1.20.4.1) 

Resistance to antibiotics and 

toxic compounds 

Arsenic resistance Arsenical resistance operon repressor 

Resistance to antibiotics and 

toxic compounds 

Copper homeostasis Copper resistance protein D 

Resistance to antibiotics and 

toxic compounds 

Copper homeostasis Cu(I)-responsive transcriptional 

regulator 

Resistance to antibiotics and 

toxic compounds 

Copper homeostasis Copper-sensing two-component 

system response regulator CusR 

Resistance to antibiotics and 

toxic compounds 

Copper homeostasis Copper-translocating P-type ATPase 

(EC 3.6.3.4) 

Resistance to antibiotics and 

toxic compounds 

Copper homeostasis Copper resistance protein C precursor 
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Resistance to antibiotics and 

toxic compounds 

Copper homeostasis Blue copper oxidase CueO precursor 

Resistance to antibiotics and 

toxic compounds 

Mercuric reductase PF00070 family, FAD-dependent 

NAD(P)-disulphide oxidoreductase 

Resistance to antibiotics and 

toxic compounds 

Beta-lactamase Beta-lactamase (EC 3.5.2.6) 

Resistance to antibiotics and 

toxic compounds 

Beta-lactamase Beta-lactamase class C and other 

penicillin binding proteins 

Resistance to antibiotics and 

toxic compounds 

Beta-lactamase Metal-dependent hydrolases of the 

beta-lactamase superfamily I 

Resistance to antibiotics and 

toxic compounds 

Copper homeostasis: 

copper tolerance 

Membrane protein, suppressor for 

copper-sensitivity ScsB 

Resistance to antibiotics and 

toxic compounds 

Copper homeostasis: 

copper tolerance 

Membrane protein, suppressor for 

copper-sensitivity ScsD 

Resistance to antibiotics and 

toxic compounds 

Copper homeostasis: 

copper tolerance 

Secreted protein, suppressor for 

copper-sensitivity ScsC 

Resistance to antibiotics and 

toxic compounds 

Copper homeostasis: 

copper tolerance 

Copper homeostasis protein CutF 

precursor 

Resistance to antibiotics and 

toxic compounds 

Copper homeostasis: 

copper tolerance 

Copper homeostasis protein CutE 

Resistance to antibiotics and 

toxic compounds 

Copper homeostasis: 

copper tolerance 

Magnesium and cobalt efflux protein 

CorC 

Resistance to antibiotics and 

toxic compounds 

Copper homeostasis: 

copper tolerance 

Suppression of copper sensitivity: 

putative copper binding protein ScsA 

Resistance to antibiotics and 

toxic compounds 

Multidrug Resistance, 

Tripartite Systems Found 

in Gram Negative Bacteria 

Outer membrane component of 

tripartite multidrug resistance system 

Resistance to antibiotics and 

toxic compounds 

Multidrug Resistance, 

Tripartite Systems Found 

in Gram Negative Bacteria 

Membrane fusion component of 

tripartite multidrug resistance system 

Resistance to antibiotics and 

toxic compounds 

Multidrug Resistance, 

Tripartite Systems Found 

in Gram Negative Bacteria 

Inner membrane component of 

tripartite multidrug resistance system 
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Resistance to antibiotics and 

toxic compounds 

Multiple Antibiotic 

Resistance MAR locus 

Multiple antibiotic resistance protein 

MarA 

Resistance to antibiotics and 

toxic compounds 

Multiple Antibiotic 

Resistance MAR locus 

Multiple antibiotic resistance protein 

MarC 

Resistance to antibiotics and 

toxic compounds 

Multiple Antibiotic 

Resistance MAR locus 

Multiple antibiotic resistance protein 

MarR 

Resistance to antibiotics and 

toxic compounds 

Multiple Antibiotic 

Resistance MAR locus 

Multiple antibiotic resistance protein 

MarB 

 

 

Table 8.4 Identification of Enterobacter sp. PTB genes producing secondary metabolites using 

Antismash program 

Cluster Types Most similar 

known cluster 

Percentage 

(%) 

Other species where 

clusters were 

identified 

Functions References 

1 NI-siderophore Aerobactin 66 Xenorhabdus 

szentirmaii DSM 

16338 

Antimicrobial 

and insecticidal 

Hirschmann 

et al., 2017 

2 Thiopeptide O-antigen 14 Pseudomonas 

aeruginosa 

Antibiotic 

production 

activator, Zinc-

responsive 

repressor and 

triggers host 

immune 

response 

Bélanger et 

al., 1999 

3 Arylpolyne Aryl polyenes 100 Xenorhabdus 

doucetiae 

Antimicrobial, 

insecticidal, 

Pleiotropic 

regulatory for 

antibiotic 

production, 

Zinc-responsive 

repressor and, 

Development 

and antibiotic 

global regulator 

Grammbitter 

et al., 2019 
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4 NRP-

metallophore and 

NRPS 

Enterobactin 100 Escherichia coli str. 

K-12 substr. 

MG1655 

Supply iron in 

metabolic 

pathway in cell 

Raymond et 

al., 2003 

5 Hserlactone - - - - - 

Keywords in cluster and their descriptive meaning: NRP-metallophore = Non-ribosomal peptide 

metallophores, NRPS = NRPS-non ribosomal peptide synthesis, NI-siderophore = NRPS-independent, 

IucA/IucC-like siderophores, Hserlactone = Homoserine lactone. 

 

 

Figure 8.3 Genome alignment of Enterobacter sp. PTB against Enterobacter sp. 638 (Enterobacter sp. 

638 was used as a reference genome). B) The protein sequence similarity in similarity (Bidirectional 

best hits means both forward and revers hits)  
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Figure 8.4 Blast dot plot of Enterobacter sp. PTB genome aligned against Enterobacter sp. 638 

genome. The Enterobacter sp. 638 was used as a reference. 

8.4 Discussions 

The whole genomic data of was extrapolated with NGS technology. The extracted 

Enterobacter sp. PTB genomic DNA was sequenced using Illumina Miseq into parallel reads. 

The quality of the sequenced reads was assessed with FastQC and Trimmomatic tool was used 

to remove the ambiguous bases and reads with low quality. Furthermore, the de novo assembly 

method was used to organize the reads with the aid of SPADES tools. The genomic functional 

annotation of Enterobacter sp. PTB was performed by RAST tool.  The Quast report show that 

there was no genomic mismatch (Table 8.1 and Figure A21-26). The RAST annotation report 

elucidate that Enterobacter sp. PTB has genomic size of 5 609 562 bp, 5376 protein coding 

genes, 572 subsystems and 76 RNAs (Table 8.2). 
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The virulence, disease subsystem is crucial towards understanding the pathogenicity of the 

bacteria towards the insects (Table 8.3). Furthermore, the subsystem reveals that Enterobacter 

sp. PTB consist of multiple genes that are implemented in adhesion, antibiotic resistance, 

invasion, and intracellular resistance. These gene are crucial towards intrusion and colonizing 

of the insect host. When the bacteria have been released with the insect host hamelymph the 

bacteria must overcome host immune response, cause infection which ultimate kill the host. 

The EPNs bacteria symbionts produces bioactive compounds that have enzymatic activity 

ensuring that once the insect host is killed, there are no intrusion to the host cadaver by possible 

pathogens. Antismash program have identified 5 gene clusters (NI-siderophore, Thiopeptide, 

Arylpolyne, NRP-metallophore, Hserlactone) that produces secondary metabolites (Table 8.4). 

The metabolites that are produce by Enterobacter sp. PTB have other applications beyond the 

agroforestry applications, making them a target for pharmaceutical industries. 

The genome alignment of Enterobacter sp. PTB against Enterobacter sp. 638 reference 

genome show high degree of similarity for protein coding genes (Figure 8.3 and 8.4). EPNs 

bacteria symbionts share the same family (namely Enterobacteriaceae). All EPNs species 

belong to the same phylum order (Rhabditida) and perform same ecological function as 

biological control agents against insect pest, despite them being evolutionary divergent at the 

genus level. Furthermore, genetical differences influence the EPNs to respond different 

towards the environmental factors (such as temperature, desiccation, UV light) and efficacy. 

EPNs bacteria symbionts belong to class Gammaproteobacteriar of phylum Pseudomonadota. 

Furthermore, the EPNs bacteria symbionts are evolutionary divergent to one another especially 

at genus level. Therefore, these differences at genomic level influence variation in gene 

regulation, metabolites production, and pathogenicity activity against pest insects. 

8.5 Conclusion and recommendation 

This study provides provide Enterobacter sp. PTB genome insights that help to understand the 

defences mechanism and pathogenicity against insect pest. Furthermore, prokaryotic genome 

automatic annotation pipeline to improve the annotation method and identified the tRNAs, 

coding RNAs and pseudogenes. Moreover, identifying pseudogenes help us to understand new 

genes (which may be crucial towards improving our understanding about the evolutionary and 

physiological attributes of the bacteria), that are frequently ruled out as junk. 
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Chapter 9 

Structural and functional characterization of 16 kDa heat shock protein A and B 

Abstract 

Entomopathogenic nematodes (EPNs) are biological control agents for agriculture 

problematics insect pests. EPNs uses toxic bioactive compounds that are produce by its bacteria 

symbiosis to disrupt the insect host immune defences. There are inconsistences in EPNs field 

efficacy due to the environmental factors (namely). The exposure of EPNs into foreign biome, 

leads to the loss of EPNs pathogenicity. Therefore, different genetic manipulation techniques 

have been previously explored to improve EPNs field efficacy. In this study we structural and 

functional characterised 16 kDa heat shock protein A and B clustered in virulence, disease, and 

defence subsystem of Cruznema sp. NTM 2021 bacteria symbionts (namely Pseudomonas sp. 

PKS and Enterobacter sp. PTB). The secondary structure of the two proteins were model using 

the closest homologous templates as a reference in Phyre2. Furthermore, both proteins 

secondary structure integrity was evaluated with an aid of Ramachandran plot. The functional 

perdition of both proteins was carried out by Interpro-EMBL using hidden Markov model 

(HMM) statistical analyses cross referencing with the available protein database. Furthermore, 

the functional protein interaction partner of 16 kDa heat shock protein A and B were identified 

through String version 12.0. 16 kDa heat shock protein A secondary structure consist of 45 % 

of beta sheets 17 % of disordered sequence and zero alpha helix. Whilst 16 kDa heat shock 

protein B predominated by beta sheet at 44 %, disordered sequence at 27 % and alpha helix at 

4 %. Both proteins have both hydrophobic and hydrophilic residues, the hydrophobic residues 

are buried within the core of the protein while the hydrophilic residues form the surface 

enclosing the hydrophobic residues. Further both proteins have a single representative domain 

SHSP, suggesting that the proteins belong to small heat shock proteins family. Therefore, they 

are involve in folding of client proteins and prevention of thermal induce protein aggregation. 

These proteins thus have functional interacting partners with other heat shock families (such 

as DnJ and ClpB).  Furthermore, both proteins direct interact with both proteins (namely DnJ 

and ClpB) this suggest that these proteins functions as oligomers and therefore interrupting this 

network may abrogate cellular functioning leading to ultimate death of the organism. 

Keywords: Aggregation, alpha helix, Entomopathogenic nematodes, Hydrophilic, Small heat 

shock proteins. 

 



154 
 

Introduction 

9.1.1 Entomopathogenic nematodes applications and efficacy 

Entomopathogenic nematodes (EPNs) refer as biological control agents against agricultural 

problematic insects. EPNs have a symbiosis relationship with pathogenic bacteria from 

Enterobacteriaceae family. The EPNs symbiotic bacteria are responsible for production of 

toxic bioactive compounds that deprive the insect immune defence, resulting to insect death 

(Shan et al., 2019). The use of EPNs has become common in many parts of the world however, 

the EPNs field efficacy is questionable, as it varies in different ecological niches. Hence the 

horticulture practitioners are hesitant to cease the use of synthetic chemical pesticides, despite 

their negative impact in both environment and animals (including humans) (Ndereyimana et 

al., 2020). EPNs are indigenous habitants of the soil and are scattered throughout ecological 

niches (Rauch et al., 2017). Furthermore, different biomes experience different environmental 

factors, which influences the adaptability of EPNs. Environmental factors (such as temperature, 

desiccation, ultraviolet rays) are reported to affect the EPNs field efficacy (Husin and Port, 

2021). Moreover, it is reported that EPNs isolated from different topological niche fluctuates 

or loses its pathogenicity when are used in different region (Stuart et al., 2015). Therefore, 

there is an urgency need to improve EPNs field efficacy. 

9.1.2 Genetic manipulation to improve EPNs field efficacy 

Genetic manipulation is the most profound advanced technique in molecular biology, allowing 

altering the genetic makeup of organism(s) to induce or abrogate a specific function. There are 

two genetic manipulation method (namely artificial selection and genomic assisted breeding) 

which have been previously explored to induce the EPNs field efficacy (Lu et al., 2016). 

Furthermore, both techniques improve the possibilities of developing a new species which have 

a super adaptative towards environmental factors and effectiveness against insect pests. 

However, both techniques are reported to have negative drawbacks, due to the absences of a 

selection force driving the breading, thus ultimately leads to loss of important genomic traits 

that reduces the overall fitness (Lu et al., 2016; Glazer, 2015). There is a knowledge gap in 

understanding the individual gene(s) functions which drives the pathogenicity or adaptability 

of EPNs. Hence, this study characterises conserved 16 kDa heat shock protein A and B, 

amongst EPNs bacteria symbionts that is clustered under virulence, disease, and defence 

subsystem. 
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9.1.3 Molecular chaperones 

Molecular chaperones are group of proteins which are vital to cellular functioning (Wickner et 

al., 2021). These set of proteins acts a helper protein that are involve folding of client protein, 

protein translocation and protein degradation (lund, 2001; Ghazaei, 2017). Furthermore, heat 

shock proteins (Hsps) are members of molecular chaperones, which are upregulated in cellular 

stress event (Pandey et al., 2015). These proteins are reported to be involved to stabilize both 

proteins and membranes (Vanghele and Ganea, 2010). Moreover, inhibition of these proteins 

it is associated with drastically change in overall fitness and functions of organism, that results 

in ultimate death (Wickner et al., 2021). 

9.1.4 16 kDa heat shock protein A and B isolated from EPNs bacteria symbionts 

Both 16 kDa heat shock protein A and B are mostly conserved proteins that are found in EPNs 

bacteria symbionts. These proteins are clustered in virulence, disease, and defence of the EPNs 

bacteria symbionts subsystem (Lephoto et al., 2015). Further these proteins are suggested to 

be involved in protein post transitional modification and chaperon activity (Lephoto et al., 

2015). These proteins have not been fully characterised. Moreover, there is no knowledges 

about its role in pathogenicity against insect host. 

9.2 Methodology 

Whole genome sequencing of Cruznema sp. NTM 2021bacteria symbionts were archived 

through MiSeq Illuminina and annotation was carried through RAST program (Chapter 7: 

Section 7.2 and Chapter 8: Section 8.2). Both 16 kDa heat shock protein A and B protein 

sequences where obtain form virulence, disease, and defence subsystem belonging to both 

bacteria (namely Pseudomonas sp. PKS and Enterobacter sp. PTB). Further both protein 

sequences were identical from each species, despite them being found in different contig nodes. 

Secondary structure modelling of 16 kDa heat shock protein A and B isolated Cruznema sp. 

NTM 2021 was carried out by subjecting the protein sequence into Phyre2 using high degree 

of homology template. The generated 3D model structure was further assessed through 

Ramachandran plot. The functional characterizing of protein domains was performed using the 

hidden Markov model (HMM) statistical analyses which is inference of homology within Pfam 

database as previously described in Mistry et al. (2021) and functional protein characterization 

database contain in Interpro-EMBL (Hunter et al., 2009). The interaction partners of either 16 

kDa heat shock protein A or B were investigated through latest version of String Version 12.0, 

which also search the possible pathways which the protein is involved. Furthermore, both 

proteins hydrophobicity was calculated through by ProtoPram software (Gasteiger et al., 2005). 
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9.3 Results 

Functional prediction of proteins was archived through Interpro-EMBL database, and 

secondary structure was constructed with Phyre2 and using highest reference homology 

template. Furthermore, both protein sequences were identical from both the species, which 

suggest the perform same function in both the species. The proteins interaction partners were 

identified using String cross referencing to all known data base as described in. The rand 

average of hydropathicity (GRAVY) of 16 kDa heat shock protein B was found to be -0.502 

whereas the 16 kDa heat shock protein A was found to be -0.549 by ProtoPram software. 

 

 

Figure 9.1 3D secondary structure of 16 kDa A) heat shock protein A and B) heat shock protein. 
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Figure 9.2 Ramachandran plot of secondary structure of 16 kDa A) heat shock protein A and B) heat 

shock protein B. The angle psi is denoted by ψ and the angle phi is denoted by ɸ. The first quadrant is 

situated where ψ is positive and ɸ is negative and when both ψ and ɸ are negative it is a 3rd quadrant. 

However, when both ɸ and ψ are positive it is a 2nd quadrant. Further the 4th quadrant is positioned 

where ɸ is positive and ψ is negative. 
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Figure 9.3 Functional characterisation of 16 kDa A) heat shock protein A and B) heat shock protein B 
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Figure 9.4 A schematic diagram of 16 kDa heat shock protein A, A) protein interaction network B) key 

description of protein network. The red sphere represents our protein of interest. 
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Figure 9.5 A schematic diagram of 16 kDa heat shock protein B, A) protein interaction network B) key 

description of protein network. The red sphere represents our protein of interest. 

9.4 Discussions 

Entomopathogenic nematodes solely depend on the pathogenic symbiotic bacteria to infect and 

kill the insect host. The environmental stressors (temperature, desiccation, ultraviolet rays) 

alter the physiological conditions within the nematodes that consequently threatens the 

existences of the symbiotic bacteria. Once the existences of the symbiotic bacteria cease the 

nematodes losses its pathogenicity. Therefore, it is significant to understand that the symbiotic 

bacteria genes clustered in virulence, disease, and defence subsystem, are not only important 

for causing infection to the insect host. However, these genes are implemented in the immune 

defence of both bacteria and nematodes. Once the nematodes gain an access to the host internal 
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system, both the nematodes and symbionts bacteria are susceptible to the host immune 

response, if the bacteria have already loss genes which are implemented in this subsystem the 

bacteria will not be able to cause infection or either produce enzymes which will hydrolyse the 

host hemolymph for nematodes to feed or defend against insect host immune defence. 

Therefore, in this study we structural and functional characterised two conserved proteins 

(namely 16 kDa heat shock protein A and B) found EPNs symbiotic protein. 

The secondary structure characterisation was achieved by subjecting the protein sequence to 

Phyre2 and aligned with the highest homologous protein template(s) to generate a confident 

model to construct the 3D secondary structure (Figure 9.1). 16 kDa heat shock protein A 

secondary structure model was constructed using 4 templates (namely c7ck4B, c7pe3A, c4zjdF 

and d1gmeb) due to heuristics that will elevate the percentage identity, confidence, and 

alignment coverage (Figure A28 A). Furthermore, it was uncovered that secondary structure of 

16 kDa heat shock protein A consist of 45 % of beta sheets and 17 % disordered sequence 

(Figure 9.1 A and Figure A27 A). Meanwhile, 16 kDa heat shock protein B consists of 4% 

alpha helix, beta sheets and 27 % disordered (Figure 9.1 B and Figure A27 B). Furthermore, 

five templates (namely c7ck4B, c3w1zD, c3w1zA. c4zjdF and c7pe3A) were uses reference 

for secondary structure construction model of 16 kDa heat shock protein B, based on the 

heuristics concept to increase the percentage identity, confidence, and alignment coverage 

(Figure A28 B). The hydrophobicity of the two protein we determine by ProtoPram software 

which calculated grand average of hydropathicity (GRAVY) to be -0.549 for 16 kDa heat shock 

protein A and -0.502 for 16 kDa heat shock protein B. Therefore, both proteins are hydrophilic, 

and we suggest that both proteins are cytosolic since they form a functional network with DnaJ 

which it is a cytosolic protein (Figure 9.4 and Figure 9.5). The secondary protein structure 

integrity of both proteins (namely 16 kDa heat shock protein A and 16 kDa heat shock protein 

B) were evaluated through Ramachandran plot (Figure 9.2). The 16 kDa heat shock protein A 

has more residues which are position where ψ ranges at 80º to180º and ɸ at -58º to -140º in the 

1st quadrant (Figure 9.2 A). Furthermore, based on the position of the residue we can see that 

this protein is predominated by antiparallel beta sheets, with small significant amount of 

parallel beta sheets supporting the 3D model in Figure 9.1 A. Moreover, there is a very little 

residue in approximate ψ = 75º and ɸ = -60º more likely to form collagen triple helix. There 

are few amino acids residue scarted in 2nd quadrant (Figure 9.2 A). The 2nd quadrant consists 

of amino residues which forms left-handed alpha helix however, these amino acids are unlikely 

to occur. Furtherer, the amino residues on the 3rd quadrant are few and scattered far apart from 
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each other making them hard to form a right-handed alpha helix. Moreover, there are 4 amino 

residues present in the 4th quadrant and this phenomenon it is impossible in real life due to the 

concept of the rotation of dihedral angles as previously describe in Ramachandran et al. (1963). 

Hence, these amino residues found in the 2nd,3rd and 4th quadrants form the 17 % of disordered 

sequence in Figure A27 A. The 16 kDa heat shock protein amino acid residues are more 

concentrated in 1st quadrant where ψ ranges from 120º to 178º and ɸ ranges from -160º to -58º 

making the secondary structure to be predominate by antiparallel beta sheets (Figure 9.2 B) 

supporting the 3D secondary structure in Figure 9.1 A. Furthermore, in the 3rd quadrant there 

is significant number of amino acid residue (ψ ranges from -27º to -60 º and ɸ ranges from -

50º to -60º) that form right-handed alpha helix (Figure 9.2 B), as supported in Figure A27 B. 

Moreover, in Figure 9.2 B there is small amount in the 2nd quadrant which are scattered far 

apart, including the 3 amino acid residues in the 4th quadrant which form the 27 % of disordered 

amino acid sequence indicated in Figure A27 B. 

Functional prediction of the proteins was attained by Interpro-EMBL webinar and cross 

referencing through the database described in Hunter et al. (2009). The 16 kDa heat shock 

protein A has a single representative domain SHSP that coverage from 27-136 amino acid 

residues, and homologous family Hsp20_IbpA that cover the whole 136 amino acid sequence 

residues (Figure 9.3 A). There were five domains (namely A-crystallin/Hsp20_dom, SHSP, 

HSP20, ACD_IbpA/B, ACD_IbpA-B_like) which were found to be homologous to our query 

amino acid sequence however, only two domains (namely A-crystallin/Hsp20_dom and SHSP) 

which have the same coverage from 27 to 136 amino residue. Further the two homologous 

domains had a greater coverage compared to the other 3 (HSP20, ACD_IbpA/B, ACD_IbpA-

B_like) (Figure 9.3 A).16 kDa heat shock protein B have a representative domain SHSP with 

a coverage range from 26-137 amino acid residue (Figure 9.3 B). Furthermore, the 

HSP20_IbpB was identified as a family function that cover the entire (142 aa) amino acid 

residues sequence. Moreover, there are several domains which were homolog to this protein 

(namely A-crystallin/ Hsp20_dom, SHSP, Hsp 20, ACD_Ibp A/B, ACD_IbpA-B_like). Both 

A-crystallin/ Hsp20_dom and SHSP, had a high relative coverage compared to all 3 other 

homologous domains. 

SHSP (small heat shock proteins) are group of proteins which are highly conserved in both 

eukaryotes and prokaryotes, that ranges from 15 to 30 kDa (Lindquist and Craig, 1988; Pandey 

et al., 2015). Further heat shock proteins (Hsps) are clustered into families (Hsp70, Hsp 60, 

Hsp100, sHsp and Hsp90) based on their molecular size. Hsps are highly produce as part of 
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environmental stress response, they are implicated in various cellular functions such as to 

prevent denaturation and aggregation of proteins (Pandey et al., 2015). Furthermore, an A-

crystallin/Hsp20_dom is domain of small heat shock proteins (Münchbach et al., 1999; Pandey 

et al., 2015). ACD_IbpA/B refers to alpha-crystallin domains of protein with a molecular 

weight of approximately 16 kDa (Münchbach et al., 1999). Moreover, Ibp A and Ibp B are 

protein chaperons which functions as Hsps, these proteins consist of multiple subunits and 

functions as large oligomers (Matuszewska et al., 2005; Bissonnette et al., 2010). Both 16 kDa 

heat shock protein A and 16 kDa heat shock protein B are heat shock proteins cluster in small 

heat shock protein family. Furthermore, they are involved in stress response to variety of 

environmental stress, making them a target for improving the symbiotic bacteria survival which 

directly improve the pathogenicity and efficacy of EPNs. 

The functional interaction partners of either 16 kDa heat shock protein A or B were identified 

through the utilization of String webinar, which reveals that there are 10 proteins which 

interacts with 16 kDa heat shock protein A (Figure 9.4 A) and 10 other proteins interacts with 

16 kDa heat shock protein B (Figure 9.5 A). Furthermore, some proteins (namely DnaJ and 

CIpB) direct interacts with both proteins (16 kDa heat shock protein A and B). These proteins 

are clustered to other families of heat shock proteins. Hence, thus supports the claim that heat 

shock proteins functions as can oligomers. Therefore, both 16 kDa heat shock protein A and B 

functions as a counterpart. Moreover, disruption of a single protein will lead to series of cellular 

process disfunctions since the network link will be compromised. It is imperative to note that 

some of these proteins are co-expressed since they function as a unit (Figure A29 and Figure 

A30). It is imperative to not some molecular chaperons perform a holdase function, therefore 

since both proteins directly interacts with DnaJ (DnaJ is clustered under Hsp70 family). Both 

proteins may perform holdase function to the protein client in an event of physiological stress 

and transfer it to DnaJ for refolding. 

9.5 Conclusions and recommendations 

Both 16 kDa heat shock protein A and B are vital for survival, defence, and pathogenicity of 

the EPNs symbionts bacteria. Therefore, these proteins form a functional interaction network 

with other proteins belong to different families. Furthermore, disruption of these functional 

network will have detrimental effects to the survival of the bacteria including the field efficacy 

of the EPNs. Biochemical characterisations using varies techniques (such as Far-UV Circular 

dichroism to study the secondary structure, protein crystallization to study the tertiary structure, 
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ATPase to study the ATPase activity and SPR (surface plasmon resonance) to study protein 

interaction) should be conducted to fully characterise the structure and function of the proteins. 
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Appendix A: Supplementary data 

Table A1: 2-way ANOVA statistical analysis of endo-pathogenic bacteria symbionts isolates from 

Cruznema sp. NTM 2021.  

Please note “Pseudomona sp. PKS-Enterobacter sp. PTB” is replaced by “Group C” due to space 

characters. 

 

 

Within each row, compare columns (simple 
effects within rows)                  

Number of families 5        

Number of comparisons per family 6        

Alpha 0,05                 

Tukey's multiple comparisons test Mean Diff, 
95,00% CI of 

diff, 
Significa

nt? Summary 
Adjusted 
P Value             

6         
Pseudomona sp. PKS vs. Enterobacter sp. 
PTB 9,524 -11,14 to 30,19 No ns ,609    

Group C vs. Enterobacter sp. PTB 14,29 -6,383 to 34,95 No ns ,265    

Control vs. Enterobacter sp. PTB -18,05 -38,72 to 2,621 No ns ,106    

Group C vs. Pseudomona sp. PKS 4,762 -15,91 to 25,43 No ns ,926    

Control vs. Pseudomona sp. PKS -27,57 -48,24 to -6,903 Yes ** ,005    

Control vs. Group C -32,33 -53,00 to -11,67 Yes *** <,001    
         

12         
Pseudomona sp. PKS vs. Enterobacter sp. 
PTB 19,05 -1,621 to 39,72 No ns ,080    

Group C vs. Enterobacter sp. PTB 28,57 7,903 to 49,24 Yes ** ,003    

Control vs. Enterobacter sp. PTB -32,33 -53,00 to -11,67 Yes *** <,001    

Group C vs. Pseudomona sp. PKS 9,524 -11,14 to 30,19 No ns ,609    

Control vs. Pseudomona sp. PKS -51,38 -72,05 to -30,71 Yes *** <,001    

Control vs. Group C -60,90 -81,57 to -40,24 Yes *** <,001             

18         
Pseudomona sp. PKS vs. Enterobacter sp. 
PTB 4,762 -15,91 to 25,43 No ns ,926    

Group C vs. Enterobacter sp. PTB 14,29 -6,383 to 34,95 No ns ,265    

Control vs. Enterobacter sp. PTB -56,14 -76,81 to -35,47 Yes *** <,001    

Group C vs. Pseudomona sp. PKS 9,524 -11,14 to 30,19 No ns ,609    

Control vs. Pseudomona sp. PKS -60,90 -81,57 to -40,24 Yes *** <,001    

Control vs. Group C -70,43 -91,10 to -49,76 Yes *** <,001             

24         
Pseudomona sp. PKS vs. Enterobacter sp. 
PTB 0,000 -20,67 to 20,67 No ns >,999    

Group C vs. Enterobacter sp. PTB 9,524 -11,14 to 30,19 No ns ,609    

Control vs. Enterobacter sp. PTB -75,19 -95,86 to -54,52 Yes *** <,001    
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Group C vs. Pseudomona sp. PKS 9,524 -11,14 to 30,19 No ns ,609    

Control vs. Pseudomona sp. PKS -75,19 -95,86 to -54,52 Yes *** <,001    

Control vs. Group C -84,71 -105,4 to -64,05 Yes *** <,001             

30         
Pseudomona sp. PKS vs. Enterobacter sp. 
PTB 9,524 -11,14 to 30,19 No ns ,609    

Group C vs. Enterobacter sp. PTB 14,29 -6,383 to 34,95 No ns ,265    

Control vs. Enterobacter sp. PTB -79,95 -100,6 to -59,28 Yes *** <,001    

Group C vs. Pseudomona sp. PKS 4,762 -15,91 to 25,43 No ns ,926    

Control vs. Pseudomona sp. PKS -89,48 -110,1 to -68,81 Yes *** <,001    

Control vs. Group C -94,24 -114,9 to -73,57 Yes *** <,001                      

Test details Mean 1 Mean 2 
Mean 

Diff, SE of diff, N1 
N
2 q DF          

6         
Pseudomona sp. PKS vs. Enterobacter sp. 
PTB 28,57 19,05 9,524 7,711 3 3 1,747 40,00 

Group C vs. Enterobacter sp. PTB 33,33 19,05 14,29 7,711 3 3 2,620 40,00 

Control vs. Enterobacter sp. PTB 1,000 19,05 -18,05 7,711 3 3 3,310 40,00 

Group C vs. Pseudomona sp. PKS 33,33 28,57 4,762 7,711 3 3 0,8734 40,00 

Control vs. Pseudomona sp. PKS 1,000 28,57 -27,57 7,711 3 3 5,057 40,00 

Control vs. Group C 1,000 33,33 -32,33 7,711 3 3 5,930 40,00 

12         
Pseudomona sp. PKS vs. Enterobacter sp. 
PTB 52,38 33,33 19,05 7,711 3 3 3,493 40,00 

Group C vs. Enterobacter sp. PTB 61,90 33,33 28,57 7,711 3 3 5,240 40,00 

Control vs. Enterobacter sp. PTB 1,000 33,33 -32,33 7,711 3 3 5,930 40,00 

Group C vs. Pseudomona sp. PKS 61,90 52,38 9,524 7,711 3 3 1,747 40,00 

Control vs. Pseudomona sp. PKS 1,000 52,38 -51,38 7,711 3 3 9,424 40,00 

Control vs. Group C 1,000 61,90 -60,90 7,711 3 3 11,17 40,00 

18         
Pseudomona sp. PKS vs. Enterobacter sp. 
PTB 61,90 57,14 4,762 7,711 3 3 0,8734 40,00 

Group C vs. Enterobacter sp. PTB 71,43 57,14 14,29 7,711 3 3 2,620 40,00 

Control vs. Enterobacter sp. PTB 1,000 57,14 -56,14 7,711 3 3 10,30 40,00 

Group C vs. Pseudomona sp. PKS 71,43 61,90 9,524 7,711 3 3 1,747 40,00 

Control vs. Pseudomona sp. PKS 1,000 61,90 -60,90 7,711 3 3 11,17 40,00 

Control vs. Group C 1,000 71,43 -70,43 7,711 3 3 12,92 40,00          

24         
Pseudomona sp. PKS vs. Enterobacter sp. 
PTB 76,19 76,19 0,000 7,711 3 3 0,000 40,00 

Group C vs. Enterobacter sp. PTB 85,71 76,19 9,524 7,711 3 3 1,747 40,00 

Control vs. Enterobacter sp. PTB 1,000 76,19 -75,19 7,711 3 3 13,79 40,00 

Group C vs. Pseudomona sp. PKS 85,71 76,19 9,524 7,711 3 3 1,747 40,00 

Control vs. Pseudomona sp. PKS 1,000 76,19 -75,19 7,711 3 3 13,79 40,00 

Control vs. Group C 1,000 85,71 -84,71 7,711 3 3 15,54 40,00          

30         
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Pseudomona sp. PKS vs. Enterobacter sp. 
PTB 90,48 80,95 9,524 7,711 3 3 1,747 40,00 

Group C vs. Enterobacter sp. PTB 95,24 80,95 14,29 7,711 3 3 2,620 40,00 

Control vs. Enterobacter sp. PTB 1,000 80,95 -79,95 7,711 3 3 14,66 40,00 

Group C vs. Pseudomona sp. PKS 95,24 90,48 4,762 7,711 3 3 0,8734 40,00 

Control vs. Pseudomona sp. PKS 1,000 90,48 -89,48 7,711 3 3 16,41 40,00 

Control vs. Group C 1,000 95,24 -94,24 7,711 3 3 17,28 40,00 

 

 

Figure A1: Graphical representation of per base sequence quality of Pseudomonas sp. PKS A) Prio to 

trimming by Trimmomatic tool B) Post trimming with Trimmomatic 

 

Figure A2: Graphical representation of per tile sequence quality of Pseudomonas sp. PKS A) Prio to 

trimming by Trimmomatic tool B) Post trimming with Trimmomatic 
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Figure A3: Graphical representation of quality score distribution over all sequences of Pseudomonas 

sp. PKS A) Prio to trimming by Trimmomatic tool B) Post trimming with Trimmomatic 

 

Figure A4: Graphical representation of per base sequence content of of Pseudomonas sp. PKS. PKS 

A) Prio to trimming by Trimmomatic tool B) Post trimming by Trimmomatic  
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Figure A5: Graphical representation of per base sequence content of Pseudomonas sp. PKS A) Prio to 

trimming by Trimmomatic tool B) Post trimming by Trimmomatic 

 

Figure A6: Graphical representation of per base N content A) Prio to trimming by Trimmomatic tool 

B) Post trimming by Trimmomatic 
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Figure A7: Elucidating the Pseudomonas sp. PKS distribution of sequence lengths over all sequences 

A) Prio to trimming by Trimmomatic tool B) Post trimming by Trimmomatic  

 

Figure A8: Graphical representation of sequence duplication levels of Pseudomonas sp. PKS A) Prio 

to trimming by Trimmomatic tool B) Post trimming by Trimmomatic 

 

Figure A9: Elucidating the overrepresented sequence(s) A) Prio to trimming by Trimmomatic tool B) 

Post trimming by Trimmomatic 
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Figure A10: Graphical representation of sequence adapter content A) Prio to trimming by Trimmomatic 

tool B) Post trimming with Trimmomatic 

 

Figure A11: Graphical representation of per base sequence quality of Enterobacter sp. PTB A) Prio to 

trimming by Trimmomatic tool B) Post trimming with Trimmomatic 
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Figure A12: Graphical representation of per tile sequence quality of Enterobacter sp. PTB A) Prio to 

trimming by Trimmomatic tool B) Post trimming with Trimmomatic 

 

Figure A13: Graphical representation of quality score distribution over all sequences of Enterobacter 

sp. PTB A) Prio to trimming by Trimmomatic tool B) Post trimming with Trimmomatic 
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Figure A14: Graphical representation of per base sequence content of Enterobacter sp. PTB A) Prio to 

trimming by Trimmomatic tool B) Post trimming by Trimmomatic 

 

Figure A15: Graphical representation of per base sequence content of Enterobacter sp. PTB A) Prio to 

trimming by Trimmomatic tool B) Post trimming by Trimmomatic 
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Figure A16: Graphical representation of per base N content of Enterobacter sp. PTB A) Prio to 

trimming by Trimmomatic tool B) Post trimming by Trimmomatic 

 

Figure A17: Elucidating the Enterobacter sp. PTB distribution of sequence lengths over all sequences 

A) Prio to trimming by Trimmomatic tool B) Post trimming by Trimmomatic  

 

 

Figure A18: Elucidating the overrepresented sequence(s) of Enterobacter sp. PTB A) Prio to trimming 

by Trimmomatic tool B) Post trimming by Trimmomatic 
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Figure A19: Graphical representation of sequence duplication levels of Enterobacter sp. PTB A) Prio 

to trimming by Trimmomatic tool B) Post trimming by Trimmomatic 

 

 

Figure A20: Graphical representation of sequence adapter content of Enterobacter sp. PTB A) Prio to 

trimming by Trimmomatic tool B) Post trimming with Trimmomatic 
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Figure A21: Elucidating the contig length in Quast report for assembly for A) Enterobacter sp. PTB 

B) Pseudomona sp. PKS 

 

Figure A22: Elucidating the contig cumulative length in Quast report for assembly for A) Enterobacter 

sp. PTB B) Pseudomona sp. PKS 
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Figure A23: Line graph showing the GC content in Quast report for assembly for A) Enterobacter sp. 

PTB B) Pseudomona sp. PKS 

 

 

Figure A24: Histogram graph showing the GC content in Quast report for assembly for A) Enterobacter 

sp. PTB B) Pseudomona sp. PKS 
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Figure A25: Line graph showing the contigs coverage in Quast report for assembly for A) Enterobacter 

sp. PTB B) Pseudomona sp. PKS 

 

 

Figure A26: histogram graph showing the contigs coverage in Quast report for assembly for A) 

Enterobacter sp. PTB B) Pseudomona sp. PKS 
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Figure A27: Secondary structure showing disordered sequence, alpha helix and beta sheets of A) 16 

kDa heat shock protein A B) 16 kDA heat shock protein B 
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Figure A28: Tamplete alignment used to model secondary structure of A) 16 kDa heat shock protein 

A B) 16 kDA heat shock protein B 
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Figure A29: Elucidating the 16 kDa heat shock protein A functional interaction partners 

 

 

Figure A30: Elucidating the 16 kDa heat shock protein B functional interaction partners 

 

 

 


