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Abstract:
Entomopathogenic nematodes in the generdleterorhabditis and Steinernemahave

emerged excellent as noghemicalalternatives for control of insect pest population. They
have a specific mutualistic symbioses with bacterial symbionts in the genera
Photorhabdusand Xenorhabdus respectively. Native EPN species that are able to tolerate
environmental stress includingdesiccation are of great interestor application. The aim

of this study was to isolate indigenous EPN species from soil samples colledtech Brits,
North West province in South Africa, and to investigate their ability to tolerate
desiccation stress. Thesecond aim was to isolate the bacterial symbiont and sequence,
assemble and anotate its whole genomic DNAInsect baiting techniqueand White trap
method proved useful in the recovery of nematodes from collected soil sampleand
infected cadaver, respedtely. Molecular identification based on the anplification of the
18S rDNA and phylogenetic relationships evealedhigh affinity of the unknown EPN
isolate 10 toSteinernemaspecies and due to variation in evolutionary divergence distance,
the unknown isolatewas identified asSteinernemaspp. isolate 10. Isolates 35 and 42
revealed high similarity to Heterorhabditis zealandicatrain Bartow (accession number:
GU174009.1),Heterorhabditis zealandicatrain NZH3 (accession number: EF530041)1
and the South African isolateHeterorhabditis zealandicatrain SF41 EU699436.1) Both
Steinernema spp. isolate 10and Heterorhabditis species could tolerate desiccation.
Steinernemaspp. isolate 10was tolerant up to 11 days of desiccation exposure inamy
sand and up to 9 days of exposure in river sand, causing 8% and 13 4% cumulative
larval mortality after 96 hours, post resuscitation by rehydration, respectively.
Heterorhabditisspp. could tolerate desiccation up to 13 days of exposure and induced
26.6% cumulative larval mortality on both loamy and river sand after 96 hours post
resuscitation. Swarming, aggregation, coiling and clumping behavioural chacteristics
were observed vinen Steinernemaspp. isolate 10was exposed to desiccation and
Heterorhabditisspecies displayed neimilar behavioural characteristics associated with
desiccation tolerance Morphological characteristics of the unknown Steinernemaspp.
isolate 10have be@ described, and the thick cuticle and sheath which are both associated
with tolerance to desiccation stress have been noted. The bacterial symbiont was isolated
from larval hosts infected with Steinernemaspp. isolate 10and molecular identification
through NCBI Blastn based onthe 16S rDNA revealed high affinity to Xenorhabdus

bacterial species Phylogenetic relationships and evolutionary divergence estimates
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revealed genetic variatiorand the species was identified a§enorhabdusbhacterial isolate.
The genome assemblpf Xenorhabdusbacterial isolate using CLC Bio revealed a total
length of 4, 183, 779 bp with 231 contig&>=400bp), GC content of 44.7% and\N50 of
57,901 bp. Annotation of the assembled genome througtNCBI PGAAP annotation
pipeline revealed 3,950 genes (3,601 protein coding sequences (CDS) and 266
pseudogenes), 12 rRNAs and 70 tRNARRAST annotation revealed 55 of virulence,
disease anddefeng subsystemfeatures which are involved in the pathogenicityof
Xenorhabdusbacterial isolate. The ability of EPNs to tolerate environmental stress is
highly crucial and one of the determining factorsfor biocontrol potential and successful
application, thus the indigenousdesiccation tolerantEPN isolate, Steinernemaspp. isolate
10 holds great potential as a bitogical control agent. The genome sequencing and
annotation reveals insight to behavioural and physiological attributes of bacterial
symbionts and this study will contribute to the understanding of pathogenicity and

evolution of the bacteriai nematode complex.
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CHAPTERZ1: Literature R eview

1.1 INTRODUCTION
1.11 Agriculture and chemicalgsticides

Environmentally sustainable protection of agricultural crops from insect pests is highly
essential for theroduction of food. The high demand of food is growing almost exponentially
due to increasing world population. South Africa also plays a pivotal role in the global food
supply chain through its agricultural exports. Agriculture contributes about 3% uih So
Africads gross domestic product (GDP). Every
and will develop resistance to conventional chemical pesticides. Synthetic chemical
insecticides also have a negative impact on the environment and humbnarehitithout the
application of synthetic chemical insecticides to crops, yield loses are more or less guaranteed
(Kiniuki, 2001). The development of alternative pest control agents which are sustainable and
environmentally friendly is a necessity. Diféat kinds of biocontrol agents have been
developed as alternatives to the conventional chemical based pesticides. Chemical pesticides
including fungicides, herbicides and insecticides have long been employed since 1818s to
combat pests which feed on planhowever, for chemical pesticides to be effective they need

to be biologically active and toxi&(iniuki, 2001).Because they are toxic, they are potentially

hazardous to human beings, animals and the environment.

Health effects can either be acute orese, and includes irritation of eyes and skin, nervous
system affection and mimicking of hormones causing reproductive problems and cancer.
Association with pesticides has been reported to causeélodgkin leukemia and lymphoma.
Environmental effects ihgde air, soil and water pollutiolK@niuki, 2001).Another major
problem with pesticides is that insects develop resistance against them within a short period of
time resulting in amplification of pest population and destruction of natural enemiestience
need for the application of entomopathogenic nematodes (EPNs) as biocontrol agents of insect

pests.
1.1.2 Biocontrol control

Biological control (BC) is thecontrol of pests by disrupting their ecological status through the
use of organisms that aretaal predators, parasites, or pathogens (Pionar, 1979). The natural

enemies include bacteria, fungi and nematodes. Sustainable pest management is an essential
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input activity for successful crop production hence there is a need to make greater and more
effective utilization of all the natural enemies of insect crop pests that only target the selected
pest host and not the other beneficial insects associated with agricultural cropping systems
(Webster, 1973). Parasitism of insects by nematodes has longromen since 1% century

but it was only in the 19306s that serious

biological control agents to control insect pests (Grewal,2006).

There are three distinchethods of BC namely inoculativaugmentation and conservation
method Cook, 1993).The interest is in the conservation method which involihes
conservation of existing natural enemies in an environment. Natural enemies are already
adapted to thdabitatand to the target pest, and their conservation can be simple and cost
effective (Smart, 1995). This is because it is best to use indigenous enemies than foreign for
population control purposes. BC agents are advantagaarspesticides because they are
environmentally friendly and nepolluting. Biological control processes can be properly
understood if chemical, physical and biological interactions are understood in the soil, in order
to directly understand how entomopagenic nematodes react when applied on agricultural
fields with the aim to attack and kill insect pests, (Geagal, 2006).

1.1.3 Entomopathogenic nematodes

Nematodes are nesegmented, colourless roundworms. They are characterized by their
excretorysecretorynervous, digestivegproductive and muscular systems. They neither have

a circulatory nor respiratory systemdany microorganisms form mutualistic relationships
with high order organisms such as animals and plants. It has been hypothesizee\blution

has resulted in the development of beneficial microbial mutualistic associations between plants
and animals. Coevolution of mutualistic partners leads to speciation -epectation
(Maneesakonet al 2011). The nematogendosymbiotic bactel-insect host association
represents an attractive model system for evolutionary studies. In addition nematodes also
represent one of the most di ver steal 2001l spec
Nematodes that are vectors for bacteria and ded@penetrate and parasitize the insect larvae
are referred to as entomopathogenic nematodes (EPNs). They fall in the $ienmszenema

and Heterorhabditis which are associated with bacterial endosymbionts of the genera
Xenorhabdusand Photorhabdus rep e ct i v el y et al(208) Eha mutualistic
relationship which has evolved between EPNs and their bacterial endosymbionts is highly
complex and is under multiple generegulationgGeorgiset al, 2006).EPN and its bacterial
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symbiont are thought teave ceevolved from an association that first involved the nematode

as abacteriovor that fed on an enterobacterial spediteméesakonet al, 2011). From this
association the nematode evolved into a vector for the bacteria which it fed on badténa

evolved into an insect pathogen that could parasitize a wide oddgéerent species of insect

larvee (Maneesakonet al, 2011). The EPNbacterial symbiotic relationship is essentialtfo

lethal infection of insects, especially of insectd t@ittack plantsEPNs infect the larval stage

of a diverse range of insects and release their bacterial endosymbiont into the larval haemocoel.
The bacterial endosymbionts which are insect pathogensply and secrete proteins and
secondary metabolitefdt are lethal to the insect larva and suppress the growth of other
competing environmental bacteria, fungi, nematodes and protists while providing a suitable

environment for EPNs reproduction and growth (Maneesadtaah 2011).
1.1.4 EPN Taxonomy

Nematales belong to the phylum Nematoda. The families, Mermithidae, Allantonematidae,
Neotylenchidae, Sphaerularidae, Rhabditidae, Steinernematidae and Heterorhabditidae are
more popular in most researches carried by various scientists. However, the nemaindes fr
the families Steinernematidae and Heterorhabditidae have become the most important
nematode species for the development of biocontrol agents (Rerer 2003). The
Steinernematidae family consists of Skxye species ofSteinernemaand the family
Heterorhabditidae consists of 24 speciesHu#terorhabditisnematodes which have been
identified to date (Thanwisaet al 2012). Nematodes of the genefdteinernemaand
Heterorhabditisare associated symbiotically with the enterobactéfemorhabduspp. and
Photorhabduspp, respectively. The symbionts are gram negative bacterial species and belong

to the Enterobactericeae family (Thanwistal, 2012).

1.1.5 Pamasitism of insect larvae by entomopathogenic nematode and bacterial symbiont

Freeliving andnonfeeding infective juveniles (1Js) are metabolically and developmentally
arrested and carry symbiotic bacteria (Kaya and Stock, 199%hotorhabdusand
Xenorhabdusbacterial endosymbionts are carried Hgterorhabditisand Steinernema
infective juvenles respectively. These bacterial endosymbionts are genus of bioluminescent

enterobacteria under the family Enterobacteraceae and normally colonizes the gut of IJs.

IJs actively search for insects in the soil; they then enter the insect host larvgé thatwral
openings such as the anus, mouth or respiratory spiracles by using mechanical and enzymatic

means (Poinar, 1973)eterorhabditidJs does not only depend on natural openings for entry,
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they possess small toelike appendages which enables thentear the cuticle of the insect
larvae and gain direct access to the haemolymph. The IJs actively penetrate through the
tracheae into the insect body cavity (haemocoel) and releases the symbiotic bacteria from its
intestine to the insect haemolymph. Téignals that stimulate the IJs to regurgitate the
bacteria into the haemolymph post entry have not been identified. The bacteria avoid or
silence the immune response of the insect larvae. The bacteria start multiplying and grow
exponentially in the nutrrg-rich haemolymph while secreting toxins and hydrolytic enzymes
including proteases and lipases that hydrolyses the cadaver of the insect larvae until the insect
succumbs teepticaemiavithin 48-72 hours of infection. The IJs recover from their arrested
state (dauer stage) and start feeding on multiplying bacteria and disintegrated host tissues
(Cicheet al, 2006). Toxins produced by the multiplying bacteria kill the insect host. These
bacteria also produce a plethora of metabolites, toxins and ansbwitic bactericidal,
fungicidal and nematicidalrpperties, which ensures monaxetonditions for nematode
development and reproduction in insect cadaver (Cathal, 2006).Heterorhabditidand
steinernematichematodes differ in their mode of reproductiorhéterorhabditichematodes,

the first generation individuals are produced by-gatile hermaphrodites (hermaphroditic)

but subsequent generation individuals are produced by cross fertilization invokdes and
females (amphimiec) (PirezdaSilva, 2007). Inteinernematid nematodes with an exception

of one species, all generations are produced by cross fertilization involving males and females
(amphimictic). Prior leaving the cadaver of the inse@,ldacteria must colonize the 13 and

the transmission of the bacteria to the nematode is a complex process which is not fully

understood. IJs emerge from infected larvae in search for new hosts.
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Figure 1.1: The life cycle of entomopathogemematodes

(Adaptedfrom Stock and GoodriciBlair, 2008)

1.1.6 The biology of bacterial symbiontBhotorhabdusandXenorhabdus

Xenorhabdusand Photorhabdusare members of the family Enterobacteriaceae and phylum
Proteobacteria. They are facultataeaerobic gram negative bacteria and are rod shaped and
non sporulating. They are lethal to insect pests with the ability to depress their innate immune
system. Insects have both cellular and humoral based immune response mechanisms triggered
by recognitim of foreign particles (GoodrieBlair and Clarke2007) . Th e dosamiect 6 s
pathway is induced byhmspholipase AZnzymeand in turn, haemocyte aggregation and
nodulation Kim et al 2005) Cell based immunity involves the encapsulation of invading

organisms by circulating haemdeg and subsequent menalizatioihthe capsule by the
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enzyme phenoloxidas@goodrichBlair and Clarke, 2007)Humoral response involves the

production of cationic antimicrobial peptides (CAMPSs) that target bacterial mersbrane

PhotorhabdusndXenorhabdusire not inherently resistant to insect immune system, however
both species have developed mechanisms to counteract the immune response of the insect
larvae and induce mortalitiPhotorhabdusounteract the immune respongele larval host

by the production of a sigheng molecule Al2 that incur resistance to reactive oxygen species
(ROS)(Krin et al, 2006. ROS is a component of an early immune response in insect larvae.
Photorhabduslso relies on the modification of the lipopolysaccharide to counteract humoral
CAMP responseXenorhabduspeciesavoidthe humoral response through the suppression of
CAMPs expression (Pask al, 2007).

The bacterial symbionts in the gendthotorha@dusand Xenorhabdugepresent divergent
evolution butportray convergent lifestyles. They are both lethal to insect pests and have a
specific mutualistic relationship with nematodes in the gendederorhabditis and
SteinernemarespectivelyThis is an bligate EPNbacterium interaction and there has been
no cases wherd>hotorhabduswas associated wittsteinernemaor Xenorhabduswith
Heterorhabditis How can closely related bacterial symbionts which are both pathogenic to

insects be specific with their choice of nemattatecolonizatior?

They colonize different sites in their respective nematode associates. The bacterial symbionts
are released intthe haemolymph of the host and induce mortality. Upon emergence of EPNs
from the cadaver ofarval host, a key stage involvescolonization of the nematodes by the
bacteria. Events occurring at molecular and cellular interface between the bacteria and
nematode are thought to regulate the colonization process, however little is known at genetic
level. Photorhabdusolonize a substantial fraction of the alimentary lumen of the nematode

gut andXenorhabdusreharbouredn specialized vesicles known as reeetes.

Photorhabduscolonizing bacteria are reported to be maternally transmitted to infective
juveniles during endotika matricida (ENsaudriaultet al, 2006) The rectal glands of the
adult female EPN becomes infected wRhotorhabduscells and servesas the source of
inoculum for the 1Js. Stages involved in nematode colonization are 1. Adult female EPN
colonizationby Photorhabduscellsin the rectal glands, 2. 1J colonization and 3. Outgrowth
(Easomet al, 2010)
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The molecular biology oSteinernemaolonization byX. nematopha is better understood,
however the source of colonization have not yet been elucidtidernemdls are colonized

in specalized pockets with intravesikar structures (IVS) which have the mucus like substance
within theinterstitial space which is reported to represent specific adhesion site for colonizing
bacteria. The genes that have been predicted to encode membrane proteins for initiation of
colonization inX. nematophilare Nil A,B and C (nematode intestinal colpaiion) and these
proteins are thought to interact directly with the nematodeu to facilitate colonization
(GoodrichBlair, 2007)

The genome sequence Bf luminescensubsp.luminescenstrain TTO1 revealed a high
number of genes encoding proteipstentially pivotal or involved in hodiacterium
interaction. A study by Gaudraudt al (2006) aimed at identifying bacterial genomic regions
that are possibly involved in nematode specificity by comparing two strains of ba&teria (
luminescensubsplaumondiTTO1 andP. temperatasubsptemperataXINach) harbored by
two nematode speciét bacteriophoraandH. megidis respectively. Their work showed that
DNA microarrays procedure is a powerful tool for selecting some genes or genomic regions
potentidly involved in bacteriurdfEPN interaction. In their findings, locus 6 was similar to
Salmonella entericaSerovar typhimuriunand Escherichia colisr region which encodes an
inner ABC transporter and a cytoplasmic phosphorylation processing systeraatcimelucer
Al-2 involved in quorum sensing (Gaudrault et al, 2006). [Bhéocus was similar in 3
bacterial strains carried By. bacteriophorancludingP. luminescen3TO1. In Xenorhabdus
strains and XINach, thsr A, C and D were missing, however iarsisr A, B and R remnants
were observed, showing that the locus underwent independent deletions in these latter
strains and suggesting that thle locus is an ancestral locus in tiotorhabdusand
Xenorhabdustrains. Bacterial association withPBEs is suggested to possibly be a selective
pressure for the conservation of feelocus, whereas association with other nematode hosts
leads tolsr locus loss by genomic decay. These data suggest th#rtioeus is possibly
involved in the specifiaiteraction withEPNs In S. entericaSerovar typhimuriurandE. coli,

it was suggested that the transporter has a role in removing the22dignal from the external
environment in order to terminate ce#ll signalling(Xavier and Bassler, 20p3n nematode
interaction, the termination of cetkll signallingcould be an important signal that allows a
bacterial physiological shift, for example, in the insect cadaver, when bacteria recolonize the

nematode intestinal tract.
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1.1.7Nematode hostange and behawo

EPNSs and their bacterial symbionts rapidly kill the insects and do not represent a closely and
highly adapted hogtarasite relationship characteristics and this allows EPNs to parasitize a
wide variety of insect pests. The insects agélly susceptible in a controlled environment such

as the laboratory but are seldom impacted in the fields as nematodes tend to be affected by
environmental factors such as desiccation, ultraviolet (UV) radiation and temperature
fluctuations. Extensive stiies have been conducted usig carpocapge and the results
revealed acceptable control of field populations of strawberry root weevils, citrus root weevil
and cutworms (Kaya, 1993). Other studies have been conducted Sismigseri and
Heterorhabditisspp.and positive results have been obtained for black weevil larvae and white
grubs using the former species and with the latter species, positive encouraging results have
also been obtained in soil treatment against black vine weevil, mole cricketsai@b@zogis,

1987), wireworms (Kovacst al, 1980), colorado potato beetles (Wrigdttal, 1987), root
maggots (Van Sloun and Sikora, 1986) and cutwormsghroek and Theuiseen, 1985)s

highly crucial to use native EPNs for applicatas exotic nentade speciemight not be well

adapted to the environment and the target pesnaydead to exclusion of na@al biodiversity.

EPNs respond to both physical and chemical stimuli. The foraging ability of the nematode to
locate the host is of fundamental importance for biocontrol efficacy (Shidguiret al, 2006).

Species which are ideal for biocontrol application are cruisegsHebacteriophoraand S.

glaseri as they respond strongly to chemo attractants and are able to search deeper in the soil,
whereas ambushers search for host on the soil surfacé. (eagpocapsge Carbon dioxide

(CO2) have been reported to elicit hasteking behavior in EPNs, however, this cannot
explain host adaptation as CO2 is a+specific, volatile metabolite produced by roots, soll
microbes and insects (Stock 1993). Host associated materials saehbessdnd cuticle play

a role in host recogtion (Stock, 1993).
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Figure 1.2: Variety of insect pests susceptible to entomopathogenic nematodes.

1.1.8EPNs as biological control agents

EPNs occur naturally in the soil and alistributed worldwide, with distinctive species and
clusters in diffeent geographical regionand this indicates their genetic ability to adapt and
survive environmental stresses such as high temperaturelesnctation(Grewal, 2000).
Limited sheltlife is a major obstacle to largeeale use of entomopathogenic nematades
biological control. Anhydrobiosis is induced by dehydration and is considered a vital means of
achieving storage stability and increases shelf life of entomopathogenic nematodes as it reduces
oxygen and lipid reserve utilization by infective juvenil€sdwalet al,2006).Anhydrobiosis

occurs naturally in nematodes and other invertebrates and is believed to be a good survival
strategy during drought conditions. True anhydrobiotes can lose up to 95 + 98% of their body
water and, as desiccation persists, they lower theirbuoktaen to below detectable levels,
entering a state of cryptobiosis. However a study by Grewal and colleagues (2006) indicated
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that entomopathogeninematodes are partial anhydrobiotes and are refesrad tjuiescent

anyhydrobiotes.

It is important to widy the effect of desiccation on EPNs and to identify the genes which are
upregulated during desiccation conditions, as environmental stress might have a negative
impact on motility, infectivity and longevity of EPNs. Also, controlled desiccation and the
induction of dehydration tolerance may be important processes for the formulation of EPNs as
biocontrol agentsSoil is an important habitat for nematodes and the EPNs importance as
biocontrol agents in agriculture depends on the the 1Js ability to sudisgerse and persist

in soil that undergo repeated cycles of dehydration and rehydration (Ngoma, 1a0@@ler

for the nematodes to be effective the conditions for growth and amplification are required.
These include optimum temperature, moisture curged the typef soil texture (Kopenhofer

and Fuzy, 2006). Understanding the natural predatey behaviour that is essential for the
successful infection of target hosts is vital for developing procedures for the application on
EPNs as biocontrol agemt hence the need for behavioural studies to be taken into
consideration. For infectivity, nematodes are required to be motile, and be able to search for
and infect the host and infectivity is used as an indicator of biological control potential

( O6 L etalr2901). Foragingtrategies are used by the nematodes to search for prey in the
soil and they vary from species to specl@®(L eet al,001).Screening for nematodésat
havegood foraging strategies and tolerance to environmental extremes such as desiccation
could lead to application of genetics as a powerful means to enhance the desired traits in
nematodes and application of competent and effective strains (Segal and G0&Hr,
Previous studies on behaviour have shown EPNs to be potential biocontrol agents and might
be of use and eliminate the usecbémical pesticides completely.

1.1.9Gene induction by desiccation stress in EPNs

Whether quiescent or motile, 1Js of agmite are usually adapted for resistance to unfavourable
environmental conditions. The dauer juvenile (Btdge of the freéving C. elegan$ias been
extensively studiedIt is a modified third stage juvenile (J3) formed under unfavourable
conditions irtluding overcrowding, limited food and high temperatuf@selegandDJs are
developmentally arrested with a reduced metabolic rate and can survive for up to 8 times

normal life span of approximately 16 days (Klass, 1976).

The infective J3 (DJ) oHeterorhabditis and Steinernemahas received much attention

regardirg their environmental tolerance and host raMyben exposed to moderate levels of
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desiccation, EPN DJs respond by aggregating into large clumps and by forming tight individual

coils which reducsurface area and slow down the rate of desiccation (O d¢aty2001).

The fully anhydrobioticAphelenchus avendeve been reported to synthesize large amounts

of trehalose in response to desiccation (Madin and Crowe, 1975). DJs éfdtetbrhabditis
andSteinernemare not full anhydriobites but quiescent anhydrobites, and have been reported
to synthesise moderate levels of trehalose that replaces water in the cell membranes of
desiccated cells, maintaining spaces between the phospholipids and retaining the ipiebsphol

bilayer in the liquid crystalline state (Croweal, 1984).

Recent gene and protein expression studies have identified some of the molecular mechanisms
which EPNs use to tolerate desiccation stress.eGal (2003) used cDNA subtraction to
identify expressed sequence tags (ESTsjagulated in response to desiccation in DJS.of

feltiae 156 strain which are capable of surviving exposure to 75% RH. Among-itegulated

gene classes identified by Gal and his colleagues were transcriptional negutaitecular
chaperones, antioxidants and hydrophilic proteins. This correlates to the findings of the study
conducted by Cheet al (2005, 2006) where the 2D gels and peptide mass mapping were used
to identify proteins whose synthesis was increasedsiporese to desiccation and the proteins
included transcriptional regulators, molecular chaperones, antioxidants, proteins involved in

cell cycle regulation and actin (a component of cytoskeleton)

Tysonet al(2007) investigated the molecular basis of ambiiosis and desiccation tolerance

by constructing and analyzing a panel of ESTs that are upregulated in response to desiccation
in DJs of theS. carpocapsaes. capocapsais produced commercially and is widely used for
biocontrol of insect pests and abeen found to have high levels of desiccation tolerance
when compared with other speciesStéinernemdPatelet al, 1997). The study showed that

the molecular response to desiccation in EPN DJs is complex and parallels many of the adaptive
changes whit occur in draught tolerant plants during exposure to desicc@ti@monet al,
2007).The study of the complex molecular response of EPNs to different environmental stress
conditions continues to be of interest to identify all the genes which amegujted during

stress and enables the nematodes ¢éooowvne or tolerate the stress.

1.1.10Applicationtechnologyof nematodes

The application of a strain that is well suited to agricultural fields is of importance following
good storage condition. Efficient and effective delivery of EPNs is a necessity. Nematodes can

be applied with commercially available ground or aerial spgaypenent including pressurized
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sprayes, mist blowers and electrostatic sprayers (Georgis, 1990). The equipment for
application is highly depe&ent oncropping system with careful considerations including

pressure, spray distribution pattern and envirorted@onditions (Shapirtlan et al, 2006).

High pressure sprayer equipment is reported to result in reduced nematode viability due to
mechanical stress from the pump and temperature effects in the liquid after passes through the
pump. Recommended sprayen® nozzle type spraggewith openings larger than 50and
pressure less than 2000KPa (290psi) (Geogis, 1990). However, these recommendations are
supported withnformationobtained on the most well studi&PN, S. carpocapsaand may

differ from speciego species.

EPNs may experience physical stress during flow through the spray system and it is highly
crucial to comprehend effects of different stress inducing compartments or factonstigth
spray system in order to identify the best possible equipthat is least detrimental to EPNs
viability. Pressure and temperature are the “medlwn physical stresses that affect EPN
viability during application. Soil is a natural habitat of EPNs and several biotic and abiotic
factors must be taken into considion for successful applicatig®hapirallan et al, 2006)

EPNs are highly effectavin sandy soil with Id of 4-8. Other environmental factors that may
affect persistence and viability of applied EPNs are UV radiation and desiccation. No matter
how well suited a nematode is to the target pest, if it isdetivered in a manner that ensures
viability and that ensures access to and infection to the host, application will fail (Staipiro

et al, 2006)

1.1.11Next generation sequencing

Next generation segacing which is also referred to as hifinoughput sequencing, is used to
describe various modern sequencing technologies including lllumina, Rosche 454, lon torrent:
Proton/PGM and SOLID sequencing. Whole genome sequencing (WGS) advances knowledge
at geretic level in the physiological, morphological and metabolic characteristics of organisms
(Dillman et al, 2012) Next generation sequencing, assembly and annotation of both the
bacterial symbionts and the nematode will advance knowledge to comprehend the
pathogenicity and symbiosis of nematdmbcterium species, as well to understand the
divergent evolution represted byXenorhabdusndPhotorhabduspeciegGaudriaultet al,
2006and Hacet al, 2010.
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lllumina whole genome sequencing involves isolation of the whole genomic DNA, shearing of
genomic DNA, preparation of the library and sequencing using llluminagMa@ prokaryotes

and lllumina Hiseq for eukaryotesihe genomic brary is sequenced on lllumina genome
analyzer sequencer in either single or paieed modeThese reads are then assembled into

hundreds up to thousands of larger contigs (contiggegsence) using assembler programs.

Short read sequencing technology is quick and cheap compared to Sanger sequencing used for
whole genome sequencing ©f elegangSandhuet al, 2006) Read assembly is facilitated by
knowing the approximate distanbetween the paired end reads, helping to overcome issues

of repeats and homopolymeric regicasd the accuracy of next generation sequencing and

assembly is improved by high coverage and matedpsr

Figure 1.3 Overview of whole genome sequencingl @assembly

(http://www.nature.com/nmeth/journal/v9/n4/images/nmeth.19352.jpg
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1.1.12 Research motivation

Aims

A The application of EPNs as biocontrol agents requires knowledgead¢heence

species diversity, biology, ecology, distribut@mdinsect host range of native EPN
species. Application of native EPNs as insect biological control agents would be
preferable over exotic EPNs which may not be suitably adapted to the Saa#nAf
environment. Norn-native EPNs may also have negative impacts on native
populations of EPNs. In addition, norative EPNs may not be able to target local

insect pests as they may not be adapted to local environmental conditions.

Identification by stablishing taxonomic and phylogenetic affinities through the
application of molecular based techniques based on the PCR amplification and
sequencing of the ribosomal DNA has proven to be an efficient and rapid method
for identifying EPNS and their bactalisymbionts. This molecular approach to

EPN characterization was adopted in this investigation.

Nematodes that are adapted to the environment with good foraging behavioural
characteristics and which are tolerant to environmental stress conditionsssuch a
desiccation are ideal for application for effective control of insect pests.
Understanding desiccation tolerance attributes of indigenous EPNs will ed in
understanding ofhe nature of requirements necessary for ensyowgl storage

conditionsandlong shelf life of EPNs prior application.

Genome sequencing and annotation gives insigtd the behavioural and
physiological attributes of bacterial symbionts and times study will contribute
to the understanding of pathogenicity, evolution #melspecific colonization of
bacterial symbiontswith respect to their association with selected nematode

species

x To isolate, identify and ssess desiccation tolerance woétive South Africar

entomopathogenic nematode species.

x The second aim waw isolate, identify, and do whole genome sequencing

annotation of the associated entomopathogenic bacterial endosymbiont.
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Objectives:

U Isolation, molecular and morphological characterization of native South African
EPNs

U Isolation and molecular iddfitation of bacterial symbionts

U Desiccation tolerance of EPNs

0 Whole genomic DNA sequencing, assembly and annotation of bacterial

symbiont

Research experimental design

1. Soil samples were collected from Brits, North West province, South Africa.

2. Nematodes were isolated from soil samples usingshikeria mellonellainsect baiting
technique

3. lIsolation of EPNs from infected larvae was achieved by White trap method

4. Reinfections for conf i r mmavvocaltaringpof EPKsohsed 6 s p 0 ¢
on consistency of induced symptoms

5. Molecular identification of EPNs through the amplification and sequencing of the 18S and
28SrDNA amplification

6. Morphological characterization of EPNs

7. Isolation of bacterial symbionts from the haemolymph of lamtezted with EPNs using
NBTA plates

8. Molecular identification of bacterial symbionts through amplification and sequencing of
the 16S rDNA

9. Confirmation of the dependency of EPNs growth and development on bacterial symbionts:
culturing of EPNs on bacteriidwns on lipid agariii vitro culturing)

10. Desiccation tolerance of EPNs

11.Whole genomic DNA sequencing of bacterial symbiont

12.De novogerome assembly using €LBio and SPAdes

13.Genome annotation: National Center for Biotechnolaoggrimation (NCBI) prokaryotic
genome automatic annotation pipeline (PGAAP) and rapid annotation using systemic
technology (RAST)
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Figure 1.40Outline of the methodology used in this study.
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CHAPTER 2: Isolation of entomopathogenic nematodes

2.1 INTRODUCTION

Nematodes are inhabitants of virtually every environment and are adapted to bgtlagin
nontliving substratesWright and Perry, 2002 They are the most ubiquitous organisms on
earth and most dhem are free living and occur in nriving substrate. Free living nematodes
inhabit soil, marine, fresh water and estuarine environments whereas parasitic hematodes
inhabit plants, vertebrates or invertebrates. Extraordinary and extensive fundachariaka

and discoveries on the most well studied nema@anorhabditis eleganBave made it easier

to comprehend the physiology, ecological and behawal adaptations of nematodes

Nematodes perceive and respondigmals from the envirament and froneach other which
enables them to locate a host anate,undergo development and survive stigdsnaret al,
1990 Gaugler, 200R A group of specialised nenwates that have received the considerable
attention due to their potential as biocontrol ageare entomopathogenic nematotfe8Ns)
(Kaya and Gaugler, 1993These are nesegmented aundworms that harbouvacterial

symbions which are insect pathovars.

EPNSs are parasitic to insect pests and Kkill their hosts with the aid of the bacterialrdymbio
carried in their alimentary can@urnell and Stock, 2000EPN species belonging to the two
generaSteinernemand Heterorhabditishave emerged as edieat biological control agents

and have a specific obligatory association with bacterial symhiontie® gener&enorabdus
andPhotorhabdugAdams and Nguyen, 200Boemare, 2002; Emeliahadt al, 2009. They

gained status in the late 1970s as one of the besthemical alternatives for control of insect

pest population due to Theirability to reach insect pestsi2igh reproductive ability 3Ease

of mass production and Blarmlesgo vertebrates and plants (Bemare, 2002). A new genera,
Oscheiushave recently been discovered to be parasitic to insect pests hence EPN, and have

been eported to be associated with bacterial symbionts in the garstia
2.1.1The life cycle of EPNs

The third stage infective juvenil@l) is the only free livinghonfeedingstage thats able to
persistin the soi for lengthy periods. Wheronditions are favourable, IJs are ablséarch
the soil environment fosusceptible arthropod hsstGenerally, 19 enter the host larval
digestive tracor haemocoehrough natural openings such as the thpanus and respiratory

spirades.Somespeees are able to gain direct ingress
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integument.Upon entry, the nematodes penetrate into the haemocoel of the larval host and
subsequently regurgitate their associated bacterial symbiont. The bacterial endosymbionts
produces secondary metabolites that depress the immune system of the insect larvae. The
metabolites are also lethal to the larvae which succumb to septicagimia48 hours post
infection. The bacterial endosymbionts also produces antimicrobial pradatédicit toxicity

towards other microorganisms thereby resulting in monoxetic conditivithin the larval

cadaver.

Bacterial enzymatic digested cadaver tissues and the hatttalial symbiont serve asurces

of nutrients for nematode growth, \ddopment and reproduction. Aftefwo to three
reproduction cycles and whehe nutrient supply within the cadavieecoms limiting, the
juvenilenematodevithin the martenal bodse-associate with bacterial symbionts and develop
into its nonfeedinginfective juvenile and emerge from the insect carcass in search for new

susceptible larval hosts.

ya /N A"
W Sy R

intective juvanile production anler via nalural openings (or via cuticle
. ,l lor Helerorhabadilis)
[ d
% -:"“"u' RELEASE OF BACTERIAL CELLS
e e bt HOST DIES

fmating in naxt generalion

{m#ﬁ:ﬁ 4

malln-g in Srerrmmama 4

-
'._‘_.__.—.- -.-,_.h_

nmmapht-nr.llta Irn HEI'HWHHMEIE‘S

Figure 2.1 The general life cycle of EPNs
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2.1.2Distribution, bidogical control and host range

Soil is a more suitablkabitat fortargetng or isolating EPNsThe undisturbed soil profiles

the natural reservoir for boiteinernematidandheterorhabditidsEPNs naturally inhabgoll

and factors that allow fdheir adaptatiorto and long term persistence in the soil environment
includes solil texture, p andtemperature. They are widely distributed in soils throughout the
world and this indicate their genetic ability to adapt to various environmentaksttbsas they

experience in the soil environmeitgminick et al, 1996; Adamet al, 2006).

Steinernemaglaseri is considered to baubtropical or possibly tropical in origin and
Steinernema carpocapsag widely distributed in temperate areas of the world and have
extensively been tested for their potency against soil pests (Pionar, $39fl&keriwas frst
used against the Japanese beetle gmbgillia japonicain the 1930s, however tests gave
encouraging results initially and were ultimatelgsuccessfulwhich was followed bya
suspensioof further on this nematode f@0 years (Gaugler, 1988lein and Geogis, 1992

The unsuccessful results was presumably attributed to the researchers being unaware of the
nematode's symbiotibacterial partner with the bacteria being eliminatadough the
incorporation of antimicrobials into the rearing mediae Hfficacy of this nematode species
have beeme-evaluatedn recent years with positive results obtainedthe black vine weevil
larvaeand white grubs (Villani and Wright, 1988).

Favourable results have been obtained against soil inhabiting indemtsHeterorhabditis

spp regularly reduced black vine weevil population densitie9U8% (Bedding and Miller,
1981and Stimmaret al, 1985). Positive encouraging results have also been obtained in soil
treatment against mole crickets (Cobb and Geogis, 1987), wireworms (Ketvakb<980),
colorado potato beetles (Wrigét al, 1987), root maggots (Van Sloun and Sikora, 1986) and
cutwams (Lossbroek and Theuiseen, 1985). The nematodes have not had to adapt to specific
host life cyclestages and werable to parasitize hundreds of insect pests. They have
demonstratedo have a widensecthost rangewhile showinghigh virulence charactistics

towards their arthropod hostadnomammalian pathogenicity have been observed. Numerous
surveys have provided evidence of the omnipresence of these nematodes in both natural and
agricultural soils (Hominick, 2002)The application of EPNs as bmmtrol agents requires
knowledge of the occurrence and presence of native EPN species as introduction of exotic

species may induce exclusion of natural species and may not be able to target local insect pest
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as they may not be adapted to local environmeotaditions (Miller and Barbercheck, 2001).
Surveyshave been conducted in South Africa and throughout African couritnieEPN
recovery (Malan et al 2006). Steinernematidsncluding S karii, S taysaerae and S
yirgalemensdave been isolated from Kenya, Egypt from Bpag respectively3hamseldean
et al 1996 and Nguyeat al, 2004) .

In South Africa steinernematids includiBg khoisanaesS. citrae S. yirgalemense, S. sacchari

and heterorhabditids includingH. safricana H. bacteriophora, H zealandicand H.
noeniputensishave beenliscovered andescribed gionar, 198; Stokweet al, 2011;Malan

et al 2008 Hatting et al, 2009. Generally, South Afican climate conditions range from
subtropical in the North East, tempgr in the interior plateau and Mediterranean in the South
Western areas. The North West province is characterized by hot and dry conditions, have an
average rainfall of 300 to 700 mm annualy and contribute about 13% to the agricultural sector
ofthe count y 6 s pr o v The mimay objgstidd’of the current study wasisolate

South African native EPNs throughe insect baiting technique using the model organism
Galleria mellonellafrom soil samples collected frore Brits area in the North West
province The secondary géctive was to recover infective juvenile nematotiesugh White

trap method from infected dead larvae.
2.2MATERIALS AND METHODS
2.2.1In vivo rearing ofGalleria mellonellalarvae

Kingdom: Animalia Phylum: Arthropoda Class: Insecta Order: Lepidoptera Family:
Pyralidae Subfamily: GalleriinagGenus:Galleria, SpeciesG. mellonella

Figure 2.2A) G. mellonellansect moths anB) G. mellonelldarvae.
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Aseptic rearing 0G. mellonellavas conducted by placiraglult female and male moths in 3L
glass bottles (11cm diameter and 23cm height) dodedl to mate. The strips of wapaper

on which theeggs carstick were insertethto the glass jars to facilitate the recovery of the
eggs (oviposition). Larval growthnd development was maintained by continuous supply of
Galleria medium (wheat, honey and glycerol, see appehdir 7 days interval. The metal
Consol lids were modified bipncorporatingstainless meds into the lid so a® facilitate air
exchange whilgreventing larvae from escapifrom jar. The jars were kept in the incubator
at 25 C.

G. mellonella larvae

PronutroGalleria
media

\ 4

Wax paper used as
an oviposition

Figure 2.3 In vivo rearing ofG. mellonella larvae
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2.2.2lsolation of EPNs from collected soil samples

2.2.2.1Soil sampling

A total of 50soil samples (1620cm deep) were collected in 2L plastic tubs from Brits, North
West provinceSouth Africa. Thesoil samples were kept at-25%C during transport to the
laboratory. Prioto insect baiting technique, the soilhsales were sieved to remove the grass
tufts. Tap watewas addedo give moisture content of 8%. The plastic tubs were stored at 25
°Cfor 24 hours.
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Figure 2.4: The South African Map showing North West Province, Britswn wherethe
soil samples were collected
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2.2.2.2 Insecbaiting technique

Insectbaiting technique of soil samples is a widely used technique for the isolation of EPNs
from soil samples. Nematodes were recovered from collected soil samples by baiting with 10
insect larvae ofG. mellonella. To maximize recoverysecond and third baitisgwere
conductedvith freshG. mellonellalarvae in the same soil. The boxes were inverted and kept
at 25°Cto facilitate or favour infection by EPNShe boxes were monitored and checked for

the presence of dead larvae periollycd8 hours post baiting. Parasitized cadavers were
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recognized by change aolour (usually red/purple fdreterorhabditideind ocher/brown/black

for steinernematids(Kaya and Stock, 1997). Dead larvae were collected and the symptoms

were analysed and used for provisional identification

Figure 2.5 Insect baiting technique used for isolation of nematodes from soil samples using
G. mellonelldarvae

2.2.2.3Nematode recovery from infected larvae: White trap method

Infected larvae were surface sterilized by spraying with 70% ethanol. Nematodes were isolated

from infected dead larvae by modified White trap method (Kaya and Stock, 1997).
White Trap Method

A lid of a small Petri dish60 mm) wasplaced in a large Petri dish pla@d{mm). The former
wascovered witha 54 mm Whatman Ndilter paperdiscandthe surface sterilized dead larvae
was placed on the filter paper. Water vadsled into the latter disitil it reaches the edgd o
the filter paper which remains moist by absorlimgwater. Thelid of the larger Petri dish was

replaced and the white traps wareubated at 28C to facilitate emergence of nematodes
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Tap water

Filter paper

Infected larvae

Figure 2.6. White trap method for isolation of nematodes from infected cadaver
2.2.2.4 Koch's Postulates am@intenance dEPN culture

Nematodes were collected by sedimentation in a 50mL Falcon tube and were surface sterilized
with 0.1% sodium hypochlorite. Autoclaved river sam80 mm Petri dishes with 8% moisture
content weranoculaed with sterilized nematodes. Té€ mellonellalarvaewere placed on

top of the sando confirm pathogenicity based on consistent symptomatic analysis (Koch's

postulates).

Koch's postulates

Four criteria established by Robert Koch to identify a pathogen of a particular disease:
1. The microorganism or a¢h pathogen must be present in all cases of the disease

2. The pathogen can be isolated from the diseased host and grown in pure culture

3. The pathogen from the pure culture must cause the disease when inoculated into a healthy,

susceptible laboratory anal

4. The pathogen must be-ismlated from the new host and shown to be the same as the

originally inoculated pathogen

Nematodes were maintained bathvitro and in vivo. In wo maintenance of nematodes

entailed using the insect baiting technigmeolving the Petri dish river sand s@tocedure
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thatwas appl i ed i n KBNslwéresmaintairsad vitrb lay cuttgingtorelipid .

agar bacterial lawn plates.

HealthyG. mellonella
" larvae

River sand inoculated
with EPNs

Figure 2.7: In vivo maintenance of EPNs.
23. RESULTS
2.3.1 Symptom variation and emergence of nematodes on white trap

Entomopathogenic nematodes were successfully isolated from the collected soil samples
Symptoms induced bleterorhabitidssaried from those induced kgeinernematidsinsect

larvae infected by the formerere associated with the development of green pigmented larvae
change and those infected by the latter turned dark br&mptom colour or pigment
variations following laval infectionand mortalitywere useds preliminary markers for EPN
identification The nematodes were successfully isolated from infected cadavers by white trap
method anduccessful reinfections favoured KdcBostydates Thesteinernematidsnadefull

useof theh o stissbies and upadd emergencéhe cadaver collapsed and appediad It took

4-5 days forsteinernematidso emerge from the cadaver and & days foheterorhabditids
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Figure 2.8 Symptom variation of insect larvae infected byH€terorhabditidand B)
Steinernematids
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Infective
juveniles

Infective
juveniles

A\ 4

Figure 2.9: White trap method used to isolate EFMsn infected cadavers. AJematodes
are visibly clear in the white trap water. B) Emergence of nematodes from larvae infected by
Steinernemapecies.
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Table 2.1: Recovery of nematodes from soil samples collected at different regions at Brits,

North West province, South Africa.

Region Isolate# Soil type Larval symptoms| Preliminary
species
identification

Wild fig tree 10 Sandy loam Dark brown Steinernemapp

(WFT)

Emoe 1 35 Sandy loam Green Heterorhabditis
Spp

Emoe 2 42 Sandy loam Green Heterorhabditis
Spp

Redlvory, No recovery Clay loam Sandy| No recovery None

Tuscaloosa, loam and Clay

Boundryroad loam

2.4DISCUSSION

Soil is an important habitat for nematode®l various soil properties appear to play a critical

role in contributing to theurvival and longevityf infective juveniles within the soil profile

The moisture content of soil sample is an importaator for recovery of nematodes and 8%

is reported to be sufficient for isolation laéterorhabditidandsteinernematid$érom dry soil

samples collectefilom the field Of the 50 soil amples collected, nematode idekawere only

recovered from 3 regions namely Wild fig tregofate #10), Emoe 1 (isolate #35) and Emoe2

(Isolate #42 (table 2.1). Preliminary identification was based on symptom variatiorstp

confirmation of Koch's mstulatesSteinenematidsfection wasassociatedvith black, brown

and beige larval colour change while infectiorheyerorhabditidsvas associated with marron,

brick red and green larval colour change. Insect larvae infected by isolate 10 were dark brown
in colourand those infected by isolate 86d42 were green suggesting that isolate 10 was a
steinernematichematode and both ist¢a35 and 42vereheterorhabditids.

G. mellonellalarvae used as a model organism for isolation of nematodes is a widely used
organism as it is highly susceptible to me&inernematidsand heterorhabditls, however
species including. scapterisareincapable of reproducing withi@. mellonellaand isolation

of such nematodes may have been missed in this study.
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Greater sample size increases chances of positive sites for isolation. An extensive study which
was conducted in Turkey for isolation of netmdes involvedh sample size of080 and of

those, 22were positive for nematode isolation. In South Africa the most abundant species
isolated from soil samples has been reported to be those belonging to the genus
Heterorhabditis with only fewSteinernera species isolated and described. Mataal, 2011
collected 202 soil samples (129 samples from the Western Cape with 20 positive sites, 52
samples with 8 testingositive and 21 from Mpumalanga with 7 testing positive) of which 35
tested positive for ematode golation and of those 89% weheterorhabditidsA study
conducted by Hattingt al (2009)recovered nematodessnil samples collectedom different
habbitats across seven regions of South Africa. 1506 samples were collected and nematodes
were recovered from only 5% of total sample size. Four steinernem&titth¢isanae, Sp1l,

2 and 3 were recovered from humid subtropical and -seithiregions,with 80% of all
steinerenematigsolates recovered from sefiid climate zones which characterized by sandy
and acidic soils (Hattingt al, 2009) Another studyhich was conducted by Stock and Gress
(2006) from soil samples collected fromak woodlands in mountain ranges obi@nado
national forest in Southern Arizamnvolved 120 total sample size and recovered nematodes
from 28 samples of which 78.5% westeinernematidand only 21.5% werketerorhabditils,
suggesting thgreaterabundance afteinernematidén this instance In this study, about 50
samples were collected and only 3 tested positive withe@rorhabitidsand only 1
steinernematidsolated fromBrits, North West provincen South Africa

Steinernematidare rgorted to be found in temperate regions heigrorhabditidshroughout
much ofthetropics and subtropics. Brits a large district situated in a fertile citrus producing
area that is irrigated by the water of the Hartbeespoort Dam in the Weshpovince EPNs

have been isolated from soil samples from differeatigp of the world Persistence and
occurrence has beeeported to b in areas infested with inseasts including agricultural and
forested vegetation as infective juveniles are depemutedrval hosts for reproduction. In
South Africa, diversity of EPNs have been established in Citrus orchards and two new spec
have been identified (Malaet al, 2011). Previous studies have also reported presence of EPNs
in oak woodlands and also orge cultured vinesuggesting native biodiversity EPNs which

should be taken into consideration for EB&ked biocontrol programs.
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EPNSs recovered in this study weeeoveredrom sandy loam samples with no recovery from

clay loam samples. This suggést soil texture plays a pivotal role in persistence of EPNs as
pore size and space influence the movement of EPNs to search for insect larval hosts. Clay soil
interfere with movement and parasitism of nematodes hence no recovery in clay soil samples.
Posibly the effects of high percentages of clay on soil texture also interferes with the 1Js

capacity to adapt to soil dehydration.

Insect baiting technique and White trap method proved to be effective methods in isolation of
nematodes from soil sampgl®reliminary identification based on symptoms is limited to genus
level and requires validation through molecular based and microscopy techniques for

identification to species level.
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Chapter3: Molecular Characterization of

Entomopathogenic Nematodes

3.1 INTRODUCTION

Entomopathogenic nematodes (EPNs) belonth&éogener&teinernemaHeterorhabditisand

the newly discovereddschéus and fold great potential as biological control agents of
economically important insect pests (Gaugl®88; Kaya, 1985Bedding and Akhurst, 1975
They have a mutualistic relationship with bacterial symbionts in the getesrarhabdus
PhotorhabdusindSerratia respectively. The bacteria produces toxins that are lethal to insect
host larvae and the nematodes serves as vectors for protectingtdgabaymbiont from
harsh environmental conditions and for transportation to the target host (Kieaeet al,

1990)

The EPNbacteria symbiont complex holds great potential blogical control agemf soil-

borne insect pests (Ehlers, 198&ya and Gaugler, 199%hapirallan, 2005. New species

and strains are constantiging isolated and discovered, however, their identification is not
always straight forward as taxonomic relationships are usually based on morphological
identification. Icentification that is solely based on morpdgital characterization is not
necessarilgufficient for identification of nematodes

There has been eonsiderable debate about the unambiguous reliabilitiderftification
methods of EPNs (Curran and Websi€89; Gaugler and Kaya, 1990; Pionar, 1990). Roior

our current knowledgerothe moleculargenetic diversityof nematodesvithin species and
populations, the taxonomic relationships of nematodes have usually been based on
morphological characterisgcfor heterorhabditidsas they are hermaphrodites and for
steinernematidamorphologicakharacters were combined with crdseeding data as they are
amphimictic (Akhurst and Bedlig, 1978; Pionar, 1986, 1990).

Due to morphological similarities amongst numerous strains it has become difficult to
accurately identify species bagmarelyon morphology Researchers have now adopted more
reliable method which include the use of molecular techniques in identifyingatedes,
whicharenot onlyable todistinguish betweethetwo genera, butlsobetween species within
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each genus where phenatypariation can be lofOmaret al, 2014 Stocket al, 2008. The
benefits from e application of molecular approaches talgtihe phylogeneticelationships
and taxonomic affinitiesamongst EPNs have beeareatly appreciateqCurran, 190;
Emeliahoff et al 2008 Liu et al 1999. These techniques includbe polymerase chain
reaction (PCR), restriction fragment length polymorphigRELP) and random amplified
polymorphic DNA (RAPD (Liu and Berry, 1995; Liet al, 1997 Hashmiet al, 199§. PCR
and RFLP have been used extensivelytliergenetic characterizatoof Heterorhabditisand
Steinernemaspecies (Smittet al, 1991, Reid and Hominik1992; Joyceet al, 1994). The
isoenzyme banding patterns have also been used to detect variability amongst species of both
genera. (Akhurst, 1987; Curran, 1990). RADP dstedlymorphsms and habeenused to
study genetic diversitand genetic relationshipa EPNs(Williams et al 1990; Welsh and
McClellan, 1990)

The ribosomal DNA (rDNA) has beedhe targeted regionsedin identification of many
organisms inluding EPNsas it is present in high copy numbers in the forrmafti-tandem
repeat (Susurluket al, 2007; Hasmet al, 1995). The repeat contains both highly conserved
regions and potentially highly variable region. The conserved regions allows for amplification
usng universal primers and the highly variable region referred to as the internal transcribed

spaces (ITS) allows fadentification of new species.

EPNs have 18S and 28S rDNA regions which are highly conserved amatbgolymorphic

ITS regions (ITS1 ah ITS2) which are found in between the 18S and 28S. The two spacers
flank ahighly conserved region, 5.8S, which is the ribosomal RNA dveng low levels of
variation and thus represents a region with slow evolutionary. riatestification of new
speces and determination of the variability amongst species and strains requires the
amplification and sequencing of the 18S, ITS and 28S rD&ons Sequence analysis of
these regions have proved to be accurate in the assessment of phylogenetic retbnship
taxonomic and species le@damset al, 1998 Darissa and Iraki, 20)4The ITSis an ideal

region for molecular taxonomic studies and due to the conserved genes flanking this region,
universal primers are generated to allow for amplification. (Be& 1997). This study aimed

at applying molecular techniques for identification of EPN isolates.
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3.2 MATERIALS AND METHODS
3.2.1 Moleclar Identification of Nematodes
3.2.1.1 Genomic DNA extraction

Infective Juveniles (B) collected from White trapsere allowed to settle under gravity in

50mL Falcon tubs. The IJs were sterilized by incubgtifor 3 hoursin 0.1% sodium
hypochlorite. The IJs were rinsed 3 times with 4mLst#rile distilled water post surface
sterilization in a laminar flow. The nenoales were pelleted in microfuge tubes by spinning at

13 400rpm for 10 minutes. The tubes were placed on ice for 30 seconds and excess water was
discarded. The nematodes weresuspended in 1mL distilled water and centrifuged at 13 400

rpm for 3 minutesAfter renoving the supernatant, 60Q jof cell lysis solution and 3ul of
proteinase k solution were added into the microfuge tube with EPNbatubewas inverted

25 times. The samples were incubated &C56r 24 hours to allow for nematode cell lyssd

degralation of cytoplasmic proteins.

About 34 of RNAse was added to the cell lysate and incubated°&@ ®# 30 minutes for
catalysis of RNA dgradation. Post incubation, 200pf protein precipitation solution was
added to the proteinateand RNAg treated cell lysate fallved by centrifugation at 13 400
rpm to precipitate degraded proteins. The supernatant containing the DNA \g&sitearinto

a clean centrifuge tubeontaining 600uof 100% isopropancénd centrifuged to pellet the
genomic DNA and the supernatant was discarded. The DNA pellet was settbeguashed

with 70% ethanolia centrifugation and the supernatant was discarded. About 100ul of DNA

was added into the tube followed by incubatio65€C. The genomic DNA was stored &Gl
3.2.1.2 PCR: amplification of the 1&®d 28S rDNA

Polymerase chain reaction for the amplification of the 18S rDNA was conducted for
identification of the nematode species. The universal primers (fdf@mrd primer and
AB28-reverse primer) were used for the amplification of the &&5283DNA. The reaction
mixture was prepared by adding the reagents Master Mix, genomic DNA, forward primer,
reverse primer and nuclease free water, with the exception of addigemafic DNA in the

control tube as illustrated in tablg3.
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Table 31: The 2 universal forward and reverse oligonucleotide primers used to amplify the
ITS regions found between the 18S and 28S rDNA region of the nematode genomic DNA
(Joyceet al.1994).

Oligonucleotide Sequence Tm (°C) | Ta

rimer
P (°C)

TWS81 Forward| 5 @66CGGATCCGTTTCCGTAGGTGAACCTGG | 71.94 66.4
Primer 306

AB28 Reversg 5 6=GCGGATCCATATGCTTAAGTTCAGCGGGT]| 68.87 63.87
Primer -30

Table 3.2PCR reaction mixture for amplification of the 18S and A3NA.

Reagent/sample Volume () Volume ({)
Experiment Control

Master Mix 25 25
Nematode genomic DNA 3 0

Forward primer 3 3

Reverse primer 3 3

Nuclease free water 16 19

TOTAL 50 50

Amplification cycle

25 cycle amplification series:
Denaturation at 95°C for 60 seconds
Annealing at 64°C for 60 seconds
Extension at 72°C for 120 seconds

Final extension after cycling: 72°C for 10 minutes
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3.2.1.3Sequencin@f the 18S and 286NA

The PCR products of the 18S rDNA amplification were purified and sequenced using Sanger
sequencing technology &atgaba Biotechnical IndustseTherDNA sequence wereedited

anderror corrected using FinchTV.
3.2.1.4ldentification: NCBIBLASTn

The NationalCentre for Botechndogy Information (NCBI) databaséasic local alignment
search (BLASTn)algorithm was used for identifying the nematode species through local

alignment by finding species that have high similarity percentage to the query sequence.
3.2.1.5Multiple alignmentMEGA 6.1 CLUSTAL W

The query sequence anther sequences ftine partial 18S,ITS1, 5.8S, ITS2 angartial 28S
rDNA of the already existing, identified and known species filoenNCBIBLASTnh search
resultswere loaded alw MEGA 6.1 (molecular evolutionary genetics analysis, version 6.1)
program and weranulti-aligned with clustalW using thelefault parameters. This was
conducted for unidentéd species dfleterorhabditisand Steinernemapecieghat had been
isolated respectively. Caenorhabditis eleganwas used as theutgroup. The evolutionary

divergence between aligned sequences was analysed by MEGA 6.1 pairwise distance.
3.2.1.6Phylogenetic analysis: MEGA 6.1

Phylogenetic relationships between the aligned isolates were established using MEGA
following theMaximum Likelihood method. Evolutionary distances between the unknown and
known isolates were caguated using the Kimur2 parameter which is favourablerfo
phylogenetic analysis of sequences with different base composition doclhedTS regions.
Phylogenetic trees were constructagclustering of associated taxa based on 1000 replicates
in the bootstrap statistl test.

The following taxa were usddr phylogenetic tree construction ideterorhabditis:

Caenorhabditis elegansolate X5005 (FJ589008.eterorhabditis zealandicstrain Bartow
(GU174009.1), Heterorhabditis zealandicastrain NZH3 (EF530041.1)Heterorhabditis
marelatus (AY321479.1), Heterorhabditis megidis (AY321480.1), Heterorhabditis
bacteriophora (AY321477.1), Heterorhabditis amazonensis (DQ665222.1) and
Heterorhabditis bacteriophoraisolate IRA24 (EU598232)1 Heterorhabditis safricana
(EF488006.1)**, Heterorhabditis noenieputerssi strain  WS17 (KP335198.1)**,
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Heterorhabditis noenieputensssrain SF669 (JN620538.1)*Heterorhabditis bacteriophora
strain J172 (EU716335.2)*41eterorhabditis zealandicatrain SF41 (EU699436.1)** and
Caenorhabditis elegans isolate X5005 (FJ589008.1)

The following taxa were used for phylogenetic tree constructi@tehernema :

Steinernema nyeteng#X985266.), Steinernema cameroonen§kX985267.1) Steinernema
carpocapsae (LN624759.1), Steinernema carpocapsaetrain  Dok83 (KJ950293.1),
Steinernemacarpocapsaestrain NCR (KJ950292.1)Steinernema glaserfAF122015.1),

Steinernema cubanufAY230166.1),Steinernema thermophilu(@F431958.1)Steinernema
yirgalemense (AY748450.1), Steinernema oregonens€GU569055.1), Steinernema
oregonensestrain 0S10 (AF331891.1),Steinernema poinarstrain 1160 (KF241749.1),
Steinernema poinaristrain 1093 (KF241751.1),Steinernema poinaristrain  tomsk

(KF241750.1), Steinernema arenarium (AF331892.1), Steinernema intermedium
(AF331916.1), Steinernema everestengeiM000103.1), Caenorhabditis elegans isolate
X5005 (FJ589008.1)Steinernema khoisanagtrain 106C (EU683802.1)**, Steinernema
yirgalemense strain  157C (EU625295.1) **, Steinernema saccharistrain SB10

(KC633096.1)**, Steinernema tophussolate ROOI352 (KJ701241.1)**, Steinernema
innovation isolate SGI60 (KJ578793.1)**

Al | species marked with A**0 are isolates r ¢

as an output.

3.3RESULTS
3.3.1 Sequencing of the 18S and 28S rDNA ofitiudates.

Successful amplification of the 18S and 28S rDdfAsolate 10, 35 and 4®as followed by
successful sequencing and the sequences obtained from the Ingaba biotechnical laboratories

are illustrated in figur8.1-3.3.
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CGGGGTGTATGGAACATCGATTAAGTTCACAATGCGTCCGCTGATCAACGAAAC
GTGTTAAATCAATGACATGGTTACCGACTCTTCAAGAAACGATTACGCACAAAG
CAGAAGCTTAGTACAAGTCAGCTGGCAAGAGACACGCCAAAACCACTAACGCAC
CGAACCGATATGATAGCAGCGACACAGAGAGCAATCTCGCGAAAGAAACGCTCG
CAAGAATGAAACTGCGCGCCATTAAACTATCGCACAAAAGCGCAATCACACCGA
AAAGGTACTCTTTGCAGAGTAGCTCATCGAAAAAACAGTCCAAGCTGACTGCAA
GTAACTAGTTAATCGACCCTCAACCAAACATACTATCAGATATAAACCTGATAGT
GCCATTTGCGTTCAAAATTTTAGCGTTCAATATGTCTGCAATTCACGCCAAATAA
CGGTTTTTGCCCCGTTTTTCATCGAACTACGAACCGAGTGATCCACCGATAAGAC
TTGATAAAGATTGTTGGTTACGCTACCATACGCATGGAGCATAATCAATGTAAAA
AATGTTAATAGTAGGGTTGGCCATGGGGGGTCCCCCAATGGACTCCTTTATTTCC
ATCCCCCGATGGTCCAGAAACTGGCCGAACCCACCGGAAAAAGAAGGTAAAAGT
CCCTTATAACACCCCCTCTCATTCAGGTGCCCCCTAAGCCTATAAAAACCATTAA
AAGCCGATCCAGACCAAATTCACTTTAAAAACACCACCCGGCCCCGTTCCATCCT
TCAAACCCTTATGGGAATAGCTTCATAATGGTCCTTCCCCAGTCCCCCCCGGGAA
ACAA

Figure 3.1 The sequence of isolate #10. The NCBI BLASTn results revealed high affinity to
Steinernemapecies.

GGGAGGTGCCAAGTAAGATAGCATAAGAAGCACCTCCTAGCCATGTATGGGAAG
CATCATATTTCATACGCGACACATCCATAGGTACAGACTTATACTCTCTACGGCG
TCTTCACGAAGAAGACATGTTGCCAATATTCGGAACTAGAACGGGGCCAGTAGT
AACACTAACGCCGCTCGACATTCGGCGTTGCCACTTTCGCAGCAACACCGCAGTA
CTTTAAGCAACCCTGAGCCAGACGTGCCGAAGGGAAAALCCAACGGCGLCTGTGC
GTTCAAAACTTCACCACTCTAAGCGTCTGCAATTCGTGGTAAATAACGCAGCTAG
CTGCGTTTTTCATCGATACGCGAATCAACCGATCCATCGCTGAAGCTAATACATT
GTGCCAAAATGTATTAACACGTATCCAAGAGACAAGATAACGATACGTACCCAA
AAATCAAATATCGCAAGGCGGTTGACGGAACAACTCATTGAGGCTCTCCGCATA
GCGGATCTCGATGTGACCGAAGCACATCACAGCCACCGGTCCACGATAGTTTG
GCTGAGGCAACAGTCCGAGAGTACTGTTCATTAAGTCTATGCGCCACCCATACGG
GCAACACACCCAATCATCACTGCCGTCACTCCAAGCGACTCCAATTGGGAATAG
ACACCTCACCAAGAGCTTAGATGGGGTGAGCTACCGATTGAAATCAAACGTGAG
CCTGATTCCATGAGCACCGATAGCTCGTGACCAAAGCATAACCATTAAGGTTTTC
AGCGATGATCCATCTGCAGGTTCACCATACGGAAAAC

Figure 3.2 The sequencef isolate #35The NCBI BLASTn results revealed high affinity to
Heterorhabditis species
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CCAGTAAGATAGCATAAGAAGCACCTCCTAGCCATGTATGGGAAGCATCATATT
TCATACGCGACACATCCATAGGTACAGACTTATACTCTCTACGGCGTCTTCACGA
AGAAGACATGTTGCCAATATTCGGAACTAGAACGGGGCCAGTAGTAACACTAAC
GCCGCTCGACATTCGGCGTTGCCACTTTCGCAGCAACACCGCAGTACTTTAAGCA
ACCCTGAGCCAGACGTGCCGAAGGGAAAACCCAACGGGCTGTGCGTTCAAAAC
TTCACCACTCTAAGCGTCTGCAATTCGTGGTAAATAACGCAGCTAGCTGCGTTTT
TCATCGATACGCGAATCAACCGATCCATCGCTGAAGCTAATACATTGTGCCAAAA
TGTATTAACACGTATCCAAGAGACAAGATAACGATACGTACCCAAAAATCAAAT
ATCGCAAGGCGGTTGACGGAACAACTCATTGAGGCTCTCCGCATAGCGGATCTC
GATGTGACCGAAGTCACATCACAGCCACCGGTCCACGATAGTTTGGCTGAGGCA
ACAGTCCGAGAGTACTGTTCATTAAGTCTATGCGCCACCCATACGGGCAACACAC
CCAATCATCACTGCCGTCACTCCAAGCGACTCCAATTGGGAATAGACACCTCACC
AAGAGCTTAGATGGGGTGAGCTACCGATTGAAATCAAACGTGAGCCTGATTCCA
TGAGCACCGATAGCTCGTGACCAAAGCATAACCATAAAGGTTTTCAGCGATGAT
CCATCTGCAGGTTCACCAAGGGAAAACCA

Figure 3.3 The sequence of isolate #4the NCBI BLASTNn results revealed high affinity to
Heterorhabditis species.

3.3.2Evolutionary divergence

Evolutionary divergence based on genetic variatibthe ITS region was analysaging
MEGAG6 pairwise distance using ntisaligned ITS sequences of speobtainedrom NCBI
and the undescribedolates (table 3.3 and 3.4The lowest ®olutionary divergence was
observed between isolate 10 éteéinernema khoisanatrain 106C** (0.187), and between
undescribedsolate 35and 42with Heterorhabditis zealandicstrain Bartow ©.00; 0.00, H.
zealandicastrain NZH3(0.002;0.002and the South African isolaté zealandicastrainSF41
(0.002;0.002)respectively,suggesting closeelation There was no divergence between
Heterorhabditiszealandicastrain Bartow and isolas€35 and 42)suggesting that they are of

the same species.
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Table 3.3 Estimates of evolutionary divergence between CLUSTALW nalitjned
Steinernemaspecies and the undescribed isolate 10 ITS sequehbesnumber of base
substitutions per site from between sequences are shown. Standard error estimate(s) are shown
above the diagonal and were obtained by a bootstrap procedure (1000 rephcaibses

were conducte using the TajimaéNei model (Tajima and Nei, 1984he analysis involved 24
nucleotide sequences. Codon positions included were 1st+2nd+3rd+Noncoding. All positions
containing gaps and missing data were eliminated. There were a total pb&#@ns in the

final datasetEvolutionary analses were conducted in MEGA6 (Tametaal 2013)

1, Undescrbed Steinemema spedes (Isdlate 10) 0032 0034 0032 018 018 0030 0030 003 00% 024 024 02% 02% 02% 0232 0.0 0031 0084 0.019 0.0% 0130 0019 000
2. Steinernema nyetense JX985266. 1 0,331 0.008 0.031 0.214 0.214 008 0030 0035 0034 0301 0301 03 0311 0311 034 0.045 0027 0.101 0029 0035 0.191 0027 0027
3. Stenemema cameroonense JX985267.1 0.3 0037 0.031 0181 081 0.030 0030 0.035 0035 02%¥ 028 081 0.0 0.1 034 0046 007 018 0030 0.0% 0166 008 008
4, Stenernema carpocapsae LN624758. 1 030 034 0.3% D166 0066 0034 0033 003 0032 0194 0194 0162 0162 0262 0304 0042 0030 0.0%2 0.030 0032 0159 0.08 0.030
5. Steinemema carpocapsae strain Dok83K1950293.1 1246 1407 134 1335 0000 091 0066 0.27 0138 0017 0017 002 002 002 008 020 017 0484 0172 017 006 0151 0142
6. Steinernema carpocapsae strain NCR K1930282.1 L4 1407 134 L35 0.000 0.81 066 0.7 0.13% 007 0007 002 002 002 0088 020 0.7 044 0472 0137 0016 0151 014
7. Steinemema glzser AF122015.1 0339 0330 035 045 13% 136 0003 0.0 008 036 0316 038 038 038 034 004 0030 012 0020 0037 0250 0.04 0.023
8. Steinemema cubanum AY230166. 1 034 03% 034 0413 126 126 0.035 0.039 003 0255 0255 0.3 0.238 0.238 0.2 0042 0030 0115 006 0038 0214 0024 0023
9, Steinermema thermophium EF431958. 1 0430 0338 0382 0368 1200 1200 0445 0460 0.0 015 018 047 0173 0173 0471 0040 0032 00% 0033 000 0051 0032 0012
10, Steinernema yirgalemense AY748430.1 0435 0381 038 0.3% 122 122 0432 0442 0183 0065 0.165 0.255 0.25 0.25 0.17% 0040 0035 0093 0035 0003 0148 0033 0034
11, Steinernema oregonense GUSA3055.1 144 L52 143% 144 0142 0142 L45 147 182 L6 0.000 0023 003 002 0015 0.255 0267 0.93 0.212 061 0012 0.2 0185
12, Steinernema oregonense strain 05-10 AF331891. 1 144 152 14% 144 0142 0142 1430 147 1282 L2 0.000 0023 0023 0.0z 0013 0.25% 0.7 083 0212 0361 0012 023 0.8
13, Steinernema poinari strain 1160 KF241743.1 1475 L83 1821 L3 0202 0202 1510 1483 139 1455 0.206 0.206 0.000 0.000 0024 0413 027 08% 03% 0248 002 037 0354
14, Steinemema poinari strain 1093 KF241751.1 1475 L3 L3113 0202 0202 L1510 14233 138 L1455 0206 0.206 0,000 0.000 0024 0413 027 0835 0.3% 028 002 0397 03
15, Steinernema poinari srain tomsk KF241750. 1 145 1M 1320 L3 0202 0202 1510 1423 1389 1435 0206 0.206 0.000 0.000 0.024 0413 027 08% 03% 0.248 002 0397 034
16. Steinernema arenarium AF331892.1 1430 L5 140 1530 0167 0167 1503 1481 1300 1295 0.0% 0.0% 0.225 0225 0225 0315 0274 036 0.187 0472 0015 0.247 0.189
17, Steinernema intermedum AF331916.1 0437 050 057 0435 141 1481 0483 0489 041 0470 L34 1549 L6%4 16% L6M L5 0,033 00% 0032 004 0214 0.0 003
18, Steinernema everestense HMO0D103.1 0% 0301 0.300 0324 138 138 03B 0351 037 0364 140 1490 1494 149 1434 14% 0421 0123 0.0% 003 027 00% 007
19, Caenorhabdits elegans isolate X5005 F1589008.1 1007 1057 L119 1010 1824 1824 119 1128 09% 1005 1662 1662 2.080 2080 2080 178 0542 LI61 0.031 0.0% 0506 0.080 0.07
20, Steinernema khoisanae strain 106-CELGB3R021%F 0187 0.353 0.357 0343 137 1377 0.25 0272 0386 0401 144 144 1593 1593 1583 1391 0.9 0.290 1015 0.035 0171 0.015 0016
21 Steinernema yrgalemense strain 157CEUG2S295.1%% 0442 0.385 0.382 0352 1213 1213 0427 048 0.83 0004 126 127 1442 1442 1492 135 0472 0381 1007 0.4 0.145 0.034 0.034
22, Steinernema sacchar sirain SB10 KC633096.1 128 L3 137 1359 0141 0140 1418 1377 1280 L1235 0085 0085 0.202 0.202 0.02 0003 1488 1436 1873 L8 L2% 0.0 0.1%
23, Steinemema tophus solate ROO-352KI70124L1 % 0,187 0335 033 033 1301 1301 0241 0240 0.385 0.9 141 141 16% 16% 1626 141 0430 0289 0916 0.12 0.39% 1414 0.008

24, Steinernema imovationi solate SEIE0KIST8793.1 % 0,197 0.3% 034 0334 1268 1268 0.239 0238 0334 0.402 134 134 154 1594 1594 1366 0.435 0298 0903 0.133 0.406 1315 D.D%D

Table 3.4 Estimates of evolutionary divergence between CLUSTALW nalitjned
Heterorhabditisspecies and the undescribed isolatesaf@b 423 ITS sequencesThe number

of base substitutions per site from between sequences are shown. Standard error estimate(s) are
shown above the diagonal and were obtained by a bootstrap procedure (1000 replicates).
Analyses were conducted using thgiffia-Nei model(Tajima and Nei, 1984)The analysis

involved 15nucleotide sequences. Codon positions included were 1st+2nd+3rd+Noncoding.

All positions containing gaps and missing data were eliminated. There were a t648 of

positions in the final datasdivolutionay andyses were conducted in MEGAG6 (Tamtzal,
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2013)

|0 e | S S e S

1. Heterorhabits zealandica strain Bartow (GU174009.1) 0.000 0000 0.002 0013 004 0018 0019 0023 0013 002 002 008 0002 0.0%
2. Undescribed Heterorhabais spedes (solate 35) 0,000 0000 0.002 0013 0014 0019 009 0023 0013 002 002 0019 0002 0.035
3. Undescribed Heterorhabafs spedes (solate 42) 0.000 0,000 0002 0.013 004 0088 001 0023 0013 002 002 008 0002 0035
4, Heterorhabeits 2ealandica sirain NZH3 (EFS3004L. 1) 0.002 0.002 0002 0013 0.014 0013 0089 0023 0013 0023 0023 0019 0002 0.0%
5. Heterorhabdtis marelatus (AY321478.1) 0.085 0.095 0.09% 0.0% 0011 001 001 000 0008 0021 0021 0016 0013 0037
6. Heterorhabaits megids (AY320480.1) 014 014 014 016 0.0% 0018 0015 002 0010 0021 000 008 0014 0.08
7. Heterorhabits bacteriophara (AY321477. 1) 0.% 0.1% 0% 0.1 0151 0.177 0002 0020 001 000 0020 0000 0019 0043
8. Heterorhabits bacteriophora solate RA24 (EUS9B2321) 0198 0.8 0.8 0.200 0.153 0.075 0.005 0020 0017 0021 000 0002 008 0.04
9. Heterorhabeits amazonensis (DQ865222.1) 057 0357 0257 080 0220 0.28 0218 0.23 0020 0016 0015 000 002 0.04
10. Heterorhabeitis safrcana (EF488006. 1) 0.0% 0.09 00% 0100 0057 0065 0151 0.153 022 0020 0020 001 0013 0039

11, Heterorhabidfs noenieputensis srain WS17 (KP335198. % 0.1 0.361 0.1 0.263 0.3 028 0.2 0.24 0.4 0.3 0003 0020 002 0.048
12, Heterorhabeits noenieputenis stain SF669 (NG20538.1)™ 0.5 0.5 0.2 0.1 031 028 022 024 014 025 0005 0020 0023 004
13, Heterorhabaits bacteriophora strain 1172 (FU716335.2)™  0.1% 0.1% 0.1% 0.1%8 0151 0177 0000 0005 0288 0151 022 0.2 008 0.043
14, Heterorhabidts zedlandica stan SF41 (EUG99436. 1" 0.002 0.002 0.002 0.003 0.0% 0116 0.1% 0.200 0260 0100 0.3 0.61 0.1%8 0.03%5
15, Caenorhabts elegans solate X005 (F1589008. 1 0490 0.480 040 0483 0.504 0528 0601 0606 06% 0520 0641 0637 0.601 [HBDD

3.3.3Phylogenetic relationships

Phylogenetic relationships analysis was conducted by MEGA6 and Maximum Likelihood
method was used to identify the isolates to species leoéie 10 clustered withteinernema
khoisanaestrain 106C ** on the same clade (figure 3.3.1d) which was isolated by Mallan,
2006 in South Africa, however the branch length indicates evolutionary distance between the
two species, suggesting that isolatediverged fron. khoisanaand is a different species.
Close relation was observed with other two South African speRieophus** and S
innovationi**. A great evolutionary divergence is observed betwsalate 10 an&. sacchari

** Both isolates 35 and 42 clustered wiibterorhabditis zealandicatrain Bartow,NZH3

and the SA heterorhabditid. zealandicastrain SF41**on the same clade and were identified

to beHeterorhabdtis zealndicastrain 35 and 42.
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1001 Steinernema oregonense GU569055.1
Steinernema oregonense strain 0S-10 AF3318!
a0 Steinernema arenarium AF331892.1

Steinernema sacchari strain SB10 KC633096.1 *
Steinernema poinari strain 1093 KF241751.1
100 - Steinernema poinari strain 1160 KF241749.1
Steinernema poinari strain tomsk KF241750.1
Steinernema carpocapsae strain Dok83 KJ950293.1

331 Steinernema carpocapsae strain NCR KJ950292.1

Steinernema thermophilum EF431958.1

58 o Steinernema yirgalemense AY748450.1

931 Steinernema yirgalemense strain 157-C EU625295.1 **
Steinernema carpocapsae LN624759.1

Steinernema everestense HM000103.1

Steinernema nyetense JX985266.1

Steinernema cameroonense JX985267.1
Steinernema glaseri AF122015.1

Steinernema cubanum AY230166.1

4 Undescribed Steinemema species (Isolate 10)
Steinernema khoisanae strain 106-C EU683802.1 **
Steinernema tophus isolate ROOI-352 KJ701241.1 **
Steinernema innovationi isolate SGI-60 KJ578793.1 **
Steinernema intermedium AF331916.1

Caenorhabditis elegans isolate X5005 FJ589008.1

100

99

98

e
0.2

Figure 3.4 Phylogenetic relationships betwe&teinernemaspecies based on 18S rDNA
sequence<. eleganssolateX5005was used as aut-group and the NCBI accession numbers

of the species used to generate the tree are given next to species hame. The numbers shown
next to the tree branches are bootstrap percentalgesvolutionary history was inferred by

using the Maximum Likelihood method based on kieura 2parameter model (Kimura

1980) The tree with the ghest log likelihood-6408.5988 is shown. The perogage of trees

in which the associated taxa clustered together is shown next to the branches. Initial tree(s) for
the heuristic search were obtained automatically by applying Neigldorand BioNJ
algorithms to a matrix of pairwise distances estimatedgushe Maximum Composite
Likelihood (MCL) approach, and then selecting the topology with superior log likelihood
value. The tree is drawn to scale, with branch lengths measured in the number of substitutions
per site. The analysis involved 2ducleotide squences. Codon positions included were
1st+2nd+3rd+Noncoding. All positions containing gaps and missing data wereatohi

There were a total of 534ositions in the final dataset. Evolutionary anal/svere conducted

in MEGAG6 (Tamureet al, 2013)
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s2) Heterorhabditis bacteriophora (AY321477.1)
100 | Heterorhabditis bacteriophora strain J172 (EU716335.2)**
99 Heterorhabditis bacteriophora isolate IRA24 (EU598232.1)
Heterorhabditis amazonensis (DQ665222.1)
100 [ Heterorhabditis noenieputensis strain WS17 (KP335198.1
100t Heterorhabditis noenieputensis strain SF669 (JN620538..
Heterorhabditis marelatus (AY321479.1)
31— Heterorhabditis safricana (EF488006.1)**
Heterorhabditis megidis (AY321480.1)
Heterorhabditis zealandica strain SF41 (EU699436.1)**
Heterorhabditis zealandica strain NZH3 (EF530041.1)
m 4 Undescribed Heterorhabditis species (isolate 42)
Heterorhabditis zealandica strain Bartow (GU174009.1)
@ Undescribed Heterorhabditis species (isolate 35)
Caenorhabditis elegans isolate X5005 (FJ589008.1)

7

=

1

—

0.05
Figure 3.5 Phylogenetic relationship analysistweerHeterorhabditisspeciesobtained from NCBI
and isolate 35 and 4fased on 18S rDNA sequenc€s.elegans X500%as used as an egtoup and
the NCBI accession numbers of the species used to gettezdtee are given next to species name.
The numbers shown next to the tree branches are bootstrap percdatdges35 and 45 were both
identified to beHeteorhabditis zealandicatrain 35 and 42T'he evolutionary history was inferred
by using the Maxnum Likelihood method based on tKenura 2parameter model [Kimura,
1980) The tree with the ghest log likelihood-3065.231%is shown. The percentage of trees
in which the associated taxa clustered together is shown next to the branches. Iiig)dbiree
the heuristic search were obtained automatically by applying Neiglidorand BioNJ
algorithms to a matrix of pairwise distances estimated using the Maximum Composite
Likelihood (MCL) approach, and then selecting the topology with superior le¢jhidod
value. The tree is drawn to scale, with branch lengths measured in the number of substitutions
per site. The analysis involved lBucleotide sequences. Codon positions included were
1st+2nd+3rd+Noncoding. All positions containing gaps and missatg were eliminated.
There were a total @43 positions in the final dataset. Evolutionary anal/svere conducted
in MEGAG6 (Tamureet al, 2013)
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3.4 DISCUSSION

Accurate identification of nematode isolates is crucial for understanding geographical
distribution habitat preference and occurrence of EPNs. It also has vital imptisdfoo
population genetics and is important for selection of species for use in biological control
(Valadas et al, 2011). Molecular identification allaswesearchers to identify organisms to
genus and species level and is also important in identification of new species. In this study,
molecular based techniques were employedHerndentification of isolate 10, 22 and 35
isolated fom Brits in theNorth West province.

The 18S rDNA sequences of isolates obtained from Ingaba Biotechnical laboratories were
subjected to BLASTn toabn NCBI and results revealed %®3similarity percentage between
isolate 10 andteinernema khoisand®6-C** (accession number EB8802, and isolate 35

and 42both revealed a 98% similarity tbeterorhabditis zealandicstrain Bartow(accession
number GU174009.19nd NZH3(accession number EF530041.1

Parwise distances revealed that isolate 10 differs from its closest relafitbesvolutionary
divergenceof 0.1870bserved between isolate 10 &tdinernema khoisand€6-C suggesting
divergent evolution hence isolate 10 was identified to be an unk&®mernemapecies

(table 3.3. Evolutionary divergence estimatestweensolate 35and 42 with Heterorhabditis
zealandicastrain Bartow wergevealed to be 0.00@.00Q strain NZH3 0.00D.002andthe

South African heterorhabditid. zealandicastrain SF41.002;0.002respectively, suggesting
close relation. There was no divergence (0.000) betwhstarorhabditis zealandicatrain
Bartow and both isolatesiggesting that they are of the same species. These results were futher
confirmed by phylogenetic tree constructioto analyse phylogenetic relationships.
Phylogenetic tree construction is a method that is reliable for assessing phylogenetic
relationships between undescribed isolates and described isolates. Phylogenetic tree was
constructed using muitiligned ITS rgions of the relate®teinernemapecies obtained from

NCBI and the isolatesteinernema khoisand€6-C and isolate 10 clustered on the same clade
with bodstrap percentage support of%6.7The branch length between the two species further
confirms genetic variationsolate 35 and 42lustered on the s@ clade witiHeterorhabditis
zealandicastrain Bartow NZH3 and SF41with clade bootstrap percentage of 100Phkese
results validated pretiinary identification of nematodes based on symptom variation.
Steinernematids includin§. khoisanaestrain 106C (EU683802.1)S. yirgalemensestrain

157-C (EU625295.1) S. saccharistrain SB10 (KC633096.1%. tophusisolate ROOI352
(KJ701241.1) S innovation isolate SGI60 (KJ578793.1have been recovered in different
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habitats of South Africa and have shown a great level of adaptation (Hztihg@009;Malan
et al, 2011).

Heterorhbditis zealandic&olated in this study have also been isalatethe Western Cape
and Mpumaanga provinces in South Africeleterorhabditis bacteriophorhas been reported
to be the most abundant in SA, however was not isolated in the present study (@tadting
2009; Malaret al, 2011).Heterorhabditids that haween recovered so far includesafricana
(EF488006.1)H. noenieputensistrain WS1{KP335198.1)H. noenieputensistrain SF669
(JN620538.1) H. bacteriophora strain J172(EU716335.2) H. zealandicastrain SF41
(EU699436.1).

Evolutionary relationships amongSteinernemaand Heterorhabditisspecies are recently
assessed by DNA sequence analysis ofitihechondrialgenes including cytochrome oxidase

Il (COIl) (Szlanskiet al, 2002), the 12S rDNA and cox | genes (Nadieral, 2006) in
conjunction with nuclear genes such as ITS, 18S and 28S rRNA genes (NgwaeP001;

Stock and Hunt, 2005). In the present study, the ITS region of isolates were compared with
those of described nematodes and have proven and confirmed toidealacandidee for

identification purposes.
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Chapter4: Isolation and Molecular Characterization of

Bacterial Endosymbiont

4.1 INTRODUCTION

Xenorhabdus and Photorhabdus bacterial species are members of the family
Enterobacteriacead hey are motile, gramegative gamma proteobacteria and are highly
virulent and pathogenic to a widariety of insect host larva¢GoodrichBlair and Clarke,

2007). These bacterial species have an obligate specific mutualistic symbioses with rhabditoid
nematodes belonging to the genBternernemaand Heterorhabditis. Photorhabduand
Xenorhabduspecies have a broad host range and a dose of less than 5 colony forming unit
(CFU) directly injected into the haemolymph of insect larvae is sufficient to enchactality

within 48 hours post inoculation.

The bacteria is dependent on the nematode as it vectors the symbiont to the new larval host.
All of the Xenorhabdusand most of thé’hotorhabdusisolates studied so far have been
obtained from nematodes recosé@rfrom soil samplefRaineyet al, 1995) The free living

forms of the bacterial endosymbisritave not yet been isolatedrfrasoil or water sources

which suggest that symbionts are dependent on the nematode for survival in the soail
environment (Forsttal, 1997).

4.1.1Taxonomy

Xenorhabdusand Photorhabdusare members of the family Enterobacteriaceae and phylum
Proteobacteria. They are facultative anaerobic gram negative bacteria and are rod shaped and
non sporulating. They have been reported to be oxidagative and are chemoorganotrophic
heterotrophs with respiratory and fermentative metabolisms. They belong to group 5 and

subgroupl of the family Enterobacteriaceakhiurst and Boemare, 199Borstet al, 1997)
4.1.2The life cycle of the bacterial syront

Phase | and Il bacteria ardeased into the haemolymph of the host larvadPérade | bacteria
begin to secrete secondary metabolites and toxins which are lethal to th@rigg$ehase |
bacteria have been reported to produce antimicrobial camggowvhich are toxic to
microorganisms and this ensures monoxetic conditions within the infected (@iaarst,
1980, 1982 Brown et al, 2004 The bacterial symbionts establish and maintain suitable
conditions for nematode growth awmévelopment (Liuet al, 2001). Reassociation of the
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bacterial symbionts and nematodes occur after two to three reproduction cycle to form infective

juveniles which emerge from an insect cadaver in search for new hosts.

Nematodes enter host haemocoel

Ve via anus, mouth, spiracles or cuticle N

Nematodes Nematode releases toxins
locate and Phase | & |l bacteria
insect host

=4 Phase ||
Phase /
variation : within insect host

. Phase |

Non-feeding

nematodes leave
host cadaver
Phase Phase | produces
va_rl_g!‘ion antibiotics, toxins e.t.c
v
Phase | & Il colonise_ Phase Il r:l‘parr::ucﬁon Phase |
juvenile nematodes % % Host death

Figure 4.1 General life cycle ofentomopathogenic bacterial symbionts associated with

nematodegAdapted from Owuama, 20P1
4.1.3Insect larval bst immune system depression

The larval innate immune system comprises of both cellular and humoral components that are
targetedupon recognition of foreign particles (Leuliefral, 2003). These include haemocytes

that are able to recognize invading particles and encapsulate them to protect the insect larvae.
Humoral response, involves the production of cationic antimicrobialidespthat directly

target the bacterial membrand2hotorhabdusand Xenorhabdusspecies have developed
mechanisms to depress the immune system of the insect (@wadrichBlair and Clarke,

2007) Photorhabdusis reported to produce Al, a signalling miecue which resul in
resistance to theeactive oxygen species (ROS) which is a component of the early insect
immune response (Kriret al 2006). Photorhabdusalso incus resistance through the
modification of the lipopolysaccharides (LPS)enorhabdusn contrast toPhotorhabdus,
suppresssthe expression of CAMR®arket al, 2007;Ji and Kim, 2004).
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4.1.4Divergent evolution and convergent lifestyles

The bacterial endosymbiont®hotorhabdusand Xenorhabdusspecieshave divergenced
evolutiorarily wise but evolvedconvergerly similar lifestyles. They are both associated with
nematodes and are insect pathogens but their mode of pathogenicity is diffleegrdolonize
different sites in the alimentary canal of their associated nematodes. Both bapeies are
located just posterior to the pharynx in both nematodes, howehetorhabdusolonizes a
substantial fraction of the lumen of the nematode gut whefeasrhabdusappeas to be

located withinvesicles or pockets (Bird and Akhurst, 1983)
4.1.5 Molecular identification of bacterial symbionts

The ribosomal DNA (rDNA) has beamployed in molecular characterization of taxonomic
relationships and identification of new bacterial species and stfaaliez et al, 2006)
Amplification of the BS and 23S ribosomal genes which are highly conserved have proved
extremely useful for species identification and comparison of phylogenetic relationships of
closely related species (Renetyal, 1995; Suzuket al, 1996; Brunekt al, 1997). This study
focused on isolation and molecular characterization of the entomopathogenic bacterial
symbiont associated with a no\&keinernemapeciegisolate #10)

4.2 MATERIALS AND METHODS

Two technigues were carried out for the isolation of bacterial endosyn#ssnotiated with a

novel nematode species.
4.2.1aisolation from the haemolymph of infected larvae

About 5 instaiG. mellonelldarvae were placed in a Petish plate with river sand inoculated

with EPN infective juveniles (§). This was to allow for iefction of larvae with EPNS. The
bacterial endosymbians released into the haemolgmand initiate infection post EPN entry.

At 48 hours post infection, infected and dead larvae were collectedepatexa for dissection.
InfectedG. mellonelladarvae wee primarily surface sterilized by spraying with 70% ethanol.
Secondary surface sterilization was conducted prior dissecting by dipping the larvae in 70%
ethanol followed by slight heating of the larval surface & geconds to avoid hekilling

the bactria.
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Sterilized larvae were cut open or dissected usinglestecissors and scalpelvorking
aseptically. The syringe was used to draw the sticky fluid or haemolymph frocadhager

into an Eppendorfube containing Nutrient th or steriledistilled water. The haemolymph
containing the bacterial endosymbiont was streaked on NBTA (nutrient bromothymol

triphenyltetrazolium agar) platesrfthe isolation of bacteria.
4.2.1b Isolation from infective juveniles

Infective juveniles (I9) were collecteéfom white traps and allowed to settle under gravity in

a 50ml Falcortube. The I3 were surface sterilized with 0.1% sodium hypochlorite for 3 hours

to get rid of any possible bacterial and fungal contaminants on the surface of the nematodes.
The sterilizd nematodes werensed with Ringer's solution kp7.3) under the laminar flow

to avoid contamination and were allowed to settle and were transferred into Eppendorf tubes.

Using a sterile plastic pestle, the nematodes were crushed and homogenizeadnddeniate
was then transferred into sterile 1.0ml of Nutrient Broth and was incubatedGfd524
hours. 24 hours post incubatioiet broth containing the bacterial endosymbiont culture was

streaked onto NBTA plates.

The NBTA plates for both protocolgere incubated at 26 for 23 days. The blugreen Phase
| colonies were screened for and sulitured 67 times to obtain a pure culture. The plates
were stored at°€ until required for analysidutrient Brothsupplementedith 10% glycerine

was inocudited with bacterial colonies and stored78PC to preserve the culture.

4.2.2 Confirmation of the dependency of nematode growth and development on lipid agar

bacterial lawns

The Phase | blue green colonies from NBTA plates were inoculated in 1.0ml Nigrilent

Broth in 2.0ml Eppedorf tubes and incubated for 24 hours atQ5Spread plates of the
bacterial endosymbiont broth culture (0.1ml) were prepared on lipid ages pladl incubated

at 2%C for 48 hours. Nematodes collected by white traps were sterilized for 1 hour in 0.1%
hypochlorite and about 2001Js/ml were inoculated onto bacterial lawn lipid agar plates. The

plates were incubated at®5and inspected daily forHN propagation and development.
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4.2 .3DNA isolation

Colonies of pure bacterial endosymbiont culture were picked fr@mANplates and re
suspended in 200jf distilled water. Isolation of genomic DNA was conducted using the ZR
fungal/ bacterial DNA kit (atalog #D6005)

4.2.4Polymerase Chain Reaction: amplification of the 16S rDNA

PCR was conducted to amplify the 16S rDNA using universal primers EUB968 and
UNIV1382. The reaction mixture reagents were prepared to make up a total of 50ul of the
sample whiclwas allowed to run on the PCR machine (GeneAmp PCR system 2700).

Table 4.1 The forward and reverse universal oligonucleotide primers used to amplify the 16S
rDNA region of the bacterial isolate (Bruredlal, 1997).

Oligonucleotide Sequence Tm (°C) Ta (°C)
primer

EUB968 Forward 5 ACGGGCGGTGTGTRE3 6 62 57
primer

UNIV1382 Reversq 5 AACGCGAAGAACCTTAC-3 6 | 66 61
primer

Table 4.2 PCR reaction mixture for amplification of the 16S rDNA

Reagent/sample Volume ({) Volume (pl)
Experiment Control

Master Mix 25 25

Bacterial genomic DNA 2 0

Forward primer 3 3

Reverse primer 3 3

Nuclease free water 17 19

TOTAL 50 50
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16S rDNA amplification cycle

35 cycle amplification series:

Denaturation at 94°C for 30 seconds
Annealing at 57°C for 45 seconds

Extension at 72°C for 90 seconds

Final extension adfr cycling: 72°C for 7 minutes
4.2.5Sequencing of the 16S rDNA

The PCR products were sequenced at the Ingaba Biotechnical Industries (pty) (LTD). The
generated sequence of the undescribed bacterial endosymbiont species was edited and error
corrected using FinchTV. The edited sequence was subjected to NCBI BLASTithaigor

identification based on similarity percentage with existing species in the database.
4.2.6Multiple alignment: CLUSTALW

Using the NCBI BLASTn search results, the 16S rDNA sequences with the highest similarity
percentage to the query sequence wgkwaded on MEGA 6.1 and mulligned using

clustalW.Escherichia colwas used as theut-group
4.2.7Phylogenetic analysis

Aligned sequences of closely relatédnorhabduspecies and the undescribéenorhabdus
species as well ak. coli as theoutgroup were subjected to phylogenetic analysis for
establishment of phylogenetic relationships. Was achieved through MEGA 6.1 Maximum
Likelihood tree construction tool using the Kimk@arameter. Bootstrap analysis wasied

out with 1000 datasets.

The following taxa were used for phylogenetic tree construction of bacterial species:
Xenorhabdus griffiniae (GU480979), Xenorhabdus sp. MY8 KsSul55 (AB507812),
Xenorhabdus ishibashi{AB243427), Xenorhabdus poinarii(GU480978), Xenorhabdus
poinarii strain Iran 2 (EU250472)Xenorhabdus szentirmai{iGU480989), Xenorhabdus
magdalenensis strain  IMI (NR  109326), Xenorhabdus khoisanae strain
SF87(NR_117921.1)**Xenorhabdus khoisanasrain SF362(JX623978.1)**enorhabdus
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khoisanaestrain 106C (JX62392.1)** andEscherichiacoli strain EcCSC4 (KC504011.1All

species marked with fA**0 have been isol ated

4.3 RESULTS
4.3.1 Isolation of bacterial endosymbiont from the haemolymph of infected larvae

The bacterial endosymbiont wsisccessfullysolated from the cadaver &. mellonellansect

host larvae that had beeriected withSteinenemaspp. isolate LOPhase | colonies were blue
green and deep blue on NBTA plates witlomothymol blue concentration 6f025g/L and
0.06g/L(figure 4.). Phase Il colonies were rust on NBTA plates (plates not shdla)Phase

| bacterial colonies were granulated, convex, opaque and circular with irregular margins and a
colony diameter of -2.5 mm. The Phase Il colonies were flat arahslucenwith irregular

margins and a colony diameter ofithm.

Table 4.3 Comparison of Phase | and Phaskdtterial endosymbio@MMCB colony
morphological characteristic with oth&enorhabduspecies (Kaya and Stock, 1997)

Phase | colony  Colony colour on Phase Il colony  Colony colour on
Morphology NBTA Morphology NBTA

Granulated, conve:blue-green Flat, transluscent shaded from red to
opaque and circula with irregular rust
ith irregular margins
margms Blue _ rust
Colony diameter =
CoIony diameter = Red 2-4mm rust
1-2.5mm Blue to deep purpl¢ rust

Sticky consistency
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Figure 4.2 Bacterial colonies of bacterial endosymbiont isolated fiStm@inernemaspp.
isolate 10A) blue green colonies on NBV plate with bromothymol blugoncentratiorof
0.025¢/L and B) deep blue colonies on NBTA with bromothymol blue concentration of 0.06g/L
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4.3.2.Confirmation of the dependency of nematode growtth éevelopmet on lipid agar

bacterial lawn

The bacterial symbiont was spread on lipid agar plates and allowed to grow in a lawn. The
sterilized IJs were inoculated onto the bacterial lawn and the nematodes developed into adults
suggesting that nematodegdad on the bacterial symbionts for growth and development.
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Figure 4.3 Confirmation of the dependency of nematodes on bacterial endosymbiont A)
increasedchematode reproduction and B) nematodes developed from infective juvenile stage to
adult stage.
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4.3.3 Molecular identification of isolated bacterial symbiont

Sequencing of the 16S rDNA was subsequently achievedspastssfulPCR amplification.
The sequence obtained from libgaBiotechnical Industriess illustrated in figue 4.4 The
sequence was subjected to NCBI and revealed high affinkgmorhabdus griffiniagpecies.
Phylogenetic relationships were assessed and theeistlatered on the same clade with
Xenorhabdus griffiniaspecies and were supported by bootstrap percentagé&wh@8vever

estimate of evolutionary divergence revealed genetic variation.

GAAACATTCTGATCTACGATTACTAGCGATTCCGACTTCATGGAGTCGAGTTGCAGACTC
CAATCCGGACTACGACAGACTTTATGAGGTCCGCTTGCTCTCGCGAGGTCGCTTCTCTTT
GTATCTGCCATTGTAGCACGTGTGTAGCCCTACTCGTAAGGGCCATGATGACTTGACGTC
ATCCCCACCTTCCTCCGGTTTATCACCGGCAGTCTCCCTTGAGTTCCCACCATCACGTGCT
GGCAACAAAGGATAAGGGTTGCGCTCGTTGCGGGACTTAACCCAACATTTCACAACACG
AGCTGACGACAGCCATGCAGCACTGTCTCACGGGTCCCGAAGGCACTTCCGCATCTCTG
CAGAATTCCGTGGATGTCAAGAGTAGGTAAGGTTCTTCGCGTTGCATCGAATTAAACCAC
ATGCTCCACCGCTTGTGCGGGCCCCCGTCAATTCATTTGAGTTTTAATCTTGCGACCGTAC
TCCCCAGGCGGTCGATTTAACGCGTTAGCTCCGGAAGCCACAGCTCAAGGCCACAACCTC
CAAATCGACATCGTTTACAGCGTGGACTACCAGGGTATTAATCCTGTTTGCTCCCCACG
CTTTCGCACCTGAGCGTCAGTCTTCGTCCAGGGGGCCGCCTTCGCCACCGGTATTCCTCC
ACATCTCTACGCATTTCACCGCTACACGTGGAATTCTACCCCCCTCTACGAGACTCTAGTC
AACCAGTCTTAGATGCCATTCCCGGGTTAAGCCCGGGATTTCACATCTAACTTAATTGAC
CGCCTGCGTGCGCTTTACGCCCAGTAATTCCGATTAACGCTTGCACCCTCCATTACCGC
GGCTGCTGGCACGGAGTTAGCCGGTGCTTCTTCTGTGGGTAACGTCAATCACAGGGTGTA
TTCAACCCTGTGCCTTCCTCCCCACTGAAAGTACTTTACAACCCGAAAGGCCTTCTTCATA
CACGCGGCATGGCTGCATCAGGCTTGCGCCCATTGTGCAATATTCCCCCACTGCTGCCTC
CCGTAGGAGTCTGGGCCGTGTCTCAGTCCCAGTGTGCTGGTCATCCTCTCAGACAGCTAG
GATCGTCGACTAAGTGAGCATAACCCCACTACTAGCTATTCCCATCTGGGATTCCTTCCC
GGAATTG

Figure 4.4 16S rDNA sequence of the undescribed bacterial endosymbiont isolated from
larval haemolymph of insect larvae infected v8tkinernemapp. isolate 10.

Evolutionary divergence was also assessed using MEGA 6.1 pairwise distance and revealed
genetic variation between the bacterial isolate and its closest relaliiestacterial isolate
identified belongs to the geneXenorhabdusThe isolate clustered dhe same clade with
Xenorhabdus griffiniagaccession number GU480978nd Xenorhabdusp. MY8 KsSul55
(AB507812), with evoluticnary distance of 0.022 and 0.024ggesting divergent evolution

and the isolate was identified to B@norhabdusbacterialisolate. A great evolutionary
divergence (1.019; 1.012 and 1020) was observed betive&solated bacterial symbicaid

South African isolates X. khoisanae strain SF87, SF362 an@ 106spectively.
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Table 4.4 Estimates of evolutionary divergence beem gquence®f undescribed bacterial

isolate and its closely related speciBse number of base substitutions per site from between
sequences are shown. Standard error estimate(s) are shown above the diagonal and were
obtained by a bootstrap procedud00 replicates). Analyses were conducted using the
Kimura 2parameter model (Kimurd,980). The analysis involved 18ucleotide sequences.

Codon positions1st+2nd+3rd+Noncoding. All positions containing gaps and missing data were
eliminated. There weretatal of 1122positions in the final datasé&volutionary analyses were
conducted in MEGAG6 (Tamuret al, 2013).

1, Undescribed Xenorhabdus spedies 0.004 0004 0068 00068 0069 0068 000 0073 0.086 0065 0.063
2. Xenorhabdus grifiniae (GU4B0979) 0.022 0003 0071 0.071 0.072 0.071 0073 0.0% 0.069 0068 0.068
3. Xenorhabdus sp. MYB KsSu155 (ABS07812) 0.024 0.015 0070 0071 0071 0.0m 0072 0.0% 0.068 0067 0.068
4, Xenorhabdus ishibashii (AB243427) 1041 1072 1058 0004 0004 0.004 0.004 0.009 0.004 0004 0004
5, Xenorhabdus poinari (GL430978) 1045 0% 1062 0.017 0.001 0004 0.005 0,009 0005 0.005 0,005
6, Xenorhabdus poinari srain [ran2 (EU250472) 10% 107 1064 0.018 0.001 0.004 0005 0.009 0.005 0005 0.00
7. Xenorhabdus szentimai (GL430985) 1030 100 1.0% 0018 0021 0.021 0004 0.009 0.004 0.004 0.004
8. Xenorhabdus magdalenensis strain ML (R 109326) 1043 1074 1080 0.0 0.0% 0025 0007 0.009 0005 0005 0.005
0. Escherichia coli strain EcSC4 (KC504011.1) 1068 1101 1086 0.082 0082 0.081 0.083 0.07 0,003 0,008 0.009
10, Yenorhabdus khoisanae strain SF87 (MR 117920.1)%* 1019 1048 1035 0026 0.031 0031 0.02 0.0%8 0.085 0.002 0.002
11, Yenorhabdus khoisanae strain 5F362 (N623978.1)* 1012 1042 1028 0.025 0.0% 0030 002 008 008 0.003 0.001
12, Yenorhabdus khoisanae strain 106-C (X623972.1) 1020 1050 10% 0027 0030 0030 0024 0.08 0087 0.004 0.002
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931 Xenorhahdus poinarii (GU480978)
521" Xenorhahdus poinarii strain Iran2 (EU250472)
Xenorhabdus ishibashii (AB243427)
Xenorhabdus szentirmaii (GU480989)
Xenorhabdus khoisanae strain SF87 (NR 117921.1)**
%} Xenorhabdus khoisanae strain SF362 (JX623978.1)**
4 Xenorhahdus khoisanae strain 106-C (JX623972.1)**
- Xenorhahdus magdalenensis strain IMI (NR 109326)
@ Undescribed Xenorhahdus species
100 L[Xenorhabdus griffiniae (GU480979)
8 Xenorhabdus sp. MY8 KsSu155 (AB507812)

— Escherichia coli strain EcSC4 (KC504011.1)

—
0.1

Figure 4.5 Phylogenetic relationship analysis of 16S rDNA sequences of described species
obtained from NCBI and the undescribéehorhabdussolate using MEGA 6.1. The accession
numbers are shown next to species nhame. The numbers shown next to the tree branches are
bootstrap percentage$he tree with the highest log likelihooe#(086.1469) is shown. The
percentage of trees in whicdhe associated taxa clustered together is shown next to the
branches. Initial tree(s) for the heuristic search were obtained automatically by applying
NeighborJoin and BioNJ algorithms to a matrix of pairwise distances estimated using the
Maximum Compose Likelihood (MCL) approach, and then selecting the topology with
superior log likelihood value. The tree is drawn to scale, with branch lengths measured in the
number of substitutions per site. The analysis involved 12 nucleotide sequences. Codon
positions included were 1st+2nd+3rd+Noncoding. All positions containing gaps and missing
data were eliminated. There were a total of 1122 positions in the final datasetolutionary
history was inferred by using the Maximum Likelihood method based orithara 2

parameter mod€Kimura, 1980).
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4.4 DISCUSSION

The bacterialendosymbiont isolation was achieved by streaking the haemolymph of dead
larvae infected byteinernemapp. isolate 10on NBTA plates. Pure culture of the bacterial
symbiont was obtaireby multiple streak subulturing and was used for molecular based

techniques for identification.

Bacterial symbiont appears in two phases, Phase | and Phase II. No major Dislidgeaents
between the two lRases have been reported, however phase Il colonies are reported to lack
morphological traits and have reduced levels of humeloashemicaland physiological
characteristicsBrunel et al, 1997. Phase Il appears during the stationary phase witro

culture or during nematode rearing on artificial digtynelet al, 1997).

Xenorhabduspeciescolony colour on NBTA range from blue, bhgeeen and deep purple
depending on the species and the concentration of BTB on the medienAthabduspecies

are knavn for their ability to adsorb bromothymol blue exceptXenorhabdus pionawhich

exhibit red colonies on NBTA for both Phase | an(Kldya and Stock, 199Hurlbertet al,

1989; Nealson et al, 199XenorhabdudacterialisolatePhase | colonies were bhgeeen for
normal BTB concentration (0.025g/1L) and were deep blue when the concentratiighvess
(0.06g/1L) on NBTA plates (Figurk1). The colonies were surrounded by clearing around the
colonies due to adsorption of BTB. &leolony morphology was convex, opaque and circular
with irregular margins. Phase | colonies were small to middle siz2db@m colony diameter)

and displayed a sticky consistency. Colonies were sometimes reddish on NBTA which is a
result ofabsorptionand reduction of triphenyltetrazolium chloride (TTC) in the meg#iaya

and Stock, 1997Phase Il colonies were flat, translucent with irregular margins and a greater
diameter (25mm). Colonies were shaded from red to rust from adsorption and reduction of
TTC. There were no clear zones around phase Il colonies as they are incapable of adsorbing
BTB.

The 16S rDNAsequence obtained from Ingaba Biotechnical Industriese subjected to
BLASTnN tool on NCBI to compare with organisms alreatbscribedand stored o the
database. NCBI BLASTn results revealdgh affinity to Xenorhabdus griffiniadaccession
number GU48097%andXenorhabdusp.MY8 KsSu155 (accession number AB50781jth
evolutionary distance of 0.022 and 0.024 suggesting divergent evosuttbthe isolate was
identified to beXenorhabdudacterial isolatePhylogenetic relatimships were assessed using

Maximum likelihood method iIMEGA 6 and the isolate clustered wih griffinae and Xsp.
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MY8 KsSulb55strainswith bootstrap percentage 00®%6. Despie clustering on the same

clade, results revealed higkvolutiorary distanceor variation between theXenorhabdus

isolate,Xenorhabdus griffinia@and X.sp.MY8 KsSul55suggesting evolutionary divergence

and the isolate was identified to Menorhabdusacterial isolateDespite the close relation

betweenSteinernemadsolate 10 ands. khoisanael06-C, their bacterial symbionts reveal

distant relation and great level of evolutionary divergence.

Nematodes are known to be dependentPhase | beterial symbiont forgrowth and

development. To confirm this dependency, spread plateéenbrhabdusbacterial isolate

Phase I colonies on lipid agar werepared and sterilizedslJ200Js/ml) were cultured on the

bacterial lawn. Nematodes were obsertieedevelop fom IJs to adults ath this confirms their

dependencyn bacterial symbiont for development.

This study revealed that PCR based techniques for amplification of the 16S rDNA and bacterial

colony morphological characterization are accurate ahabie methods for identification of

Xenorhabdu$acterial symbionts.
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Chapter5: Morphological Observationsof

Entomopathogenic Nematodes

5.1 INTRODUCTION

Nematodes in the gener8teinernemaand Heterorhabditis have physiologically and
behaviarally adapted to different habitats for survival and longevity. Some species are specific
with regard habitat preference dugtevalencef suitable host. Morphologit characteristics

of EPNs playa pivotal role in environmental adaptation (Hominick 208mits and Ehlers,

1991 Dolinski et al, 2009. Different species amongst both genera lack morphological
variation and some valid charactemsch as the spicule and gub&ulum requires proper
processing of nematodes samples and high definition observaethods. Morphometric
measurements of special characters are currently used by researchers to differentiate between
shape and size of species and are taken into consideration for identification of new species
(Stock and Kaya, 1996; Phahal, 2005) inaddition to méecular identification.

In Africa, the amount of information available for EPN taxonomy is currently limN&dan

et al, 2006;Nthengeet al, 2013). Thusthere is a need for isolation aadcurate identification

of indigenousEPN strains for application as biocontrol agents (keetgal, 2012). The first

EPN to be isolated in Southfrica, was by Hamington in Grahamstown, Eastern Cape. Three
Steinernemand only oneHeterorhabditisspecies were identified in 1988 in Kwazulutéla
(Spaull, 1988, 1990). In 19915steinernematidand 7heterorhabditiswere isolated however
were not identified to species levéleterorhabditidshave been identified to be thmost
abundant species in South Africsldlan et al, 2011; Hattinget al, 2009). Morphological
identification using light microscopy and scanning electron microscope have proven to be the
best and reliable methods for observation of both internal and exteatatele (Kaya and
Stock, 1997).

Accurate identification requires oarphological characterization and morphometric
measurements of adult males, fersa@d 3. Currently, a total of four heterorhabditids (two
of which are new descriptions for South Africa) and eight steinernematids (of which 7 are new
descriptions for SAhave been reported (malatal, 2011). This study aimed at characterizing
the morphological features of a nov&kinernemapecies using light microscopy (different

observation methods) and scanning electron microscopy.
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5.2 MATERIALS AND METHODS

Morphologicalobservation®f infective juveniles was conducted using light microscopy and
scanning electron microscopymodification of protocol by Courtnet al 1995 and
Steinhorst, 1959)

5.2.1 Light microscopy
5.2.1.1 Heakilling and fixing nematodes

Infective juveniles were collected from wn traps sterilizedfor 1 hour using 0.1 sodium
hypocHorite and were rinsed with distilled vea 3 times. The nematodes wansferred into
a small Petri sh plate and werkeat killed by suspensian 80 °Cdistilled water. The water
was discarded aftér minutes and replaced with 85 T@F. The TAF solution was replaced
with double strength TAFral the samples were stored at 4t68CQelax nematodes for 1 hour.
Thedouble strength TAF was replacedaw65°C TAF and allowed to infiltrate fo24 hours

to achieve fixation.
5.2.1.2 Processing nematodes to pure glycerine

Fixed nematodes were transferred into a clean small Petri Dish plate containing 0.5ml of
solution 1 (20ml 95% ethanol, 1ml glycerine afféiml distilled water). The plate was placed in

a desiccator and was incubated in an oven &€ 386r 24 hours. The nematodes were re
suspended in solution Il (15ml glycerine, 95ml 95% ethanol) and ineubated at £C for 3

hours and mount on microscopslides.lImages were captured using the Olympus BX63
fluorescence microscope using different observationsi (Bfght field, DF i dark fieldand

DIC i differential interference contrgst
5.2.2Scanning electron microscopy
5.22.1 Heatkilling, fixing and processing

Sterilized nematodes were hkdlied by suspending them in 65 &itilled water for 3 minutes.

Heat killed nematodes were rinsgdimes in Ringer's solution Kp7.3) and were préxed in

TAF solution for 24 hours a5 °C The nematodes were rinsed with distilled water and
dehydrated with ethanol gradient of varying concentration (30, 50, 70, 90, 95 and 100% V/V)
at 10 minutes interval. The nematode samples were left in 100% etivanoight prior freeze

drying.

5.22.2 Freezalrying
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Ethanol was allowed to evaporate for 48 hours and the nematodes were spread evenly using a
needle in an Eppendorf tube. A hole was created on the lid using a dissecting needle to allow
for drying. The samples were placed in a freeze drgmachine and were allowed to freete a

-85.4 °C The frozen saples were allowed to dry atpaessure of 101mT.

5.2.2.3SEM: Mounting and observation of samples

The nematodes were picked from the tube using a needle and were mount on SEM stubs. The
sampes were coated with carbon and gold Palladium. The samples were viewed and images

were captured using the FEI Quanta 200 scanning electron microscope.

5.3RESULTS

Description:

Infective juvenilesHeat killing of the IJs resulted in straight body shaped nematodes. The
nematodes retained the second stage cuticlestbinea was closed and thesophageal tract

was observed with minimal charactefstlee pharynx. Excretory por&P) at mid pharynx

level. The tail region showing the anal tract on the posterior region. The bacterial pouch
showing the rod shaped bacterial symbionts and the thick cuticlesddming electron
microscopy resultsf infectivej u v e faieraldesv evealed equally spaakridges through

the mid bodyregion

First generation female adulRemains curved after heat killing. Head region is rounded and
continuous with bodyrunnel shaped stoma witkx $abial papillae more prominent under light
microscopy and only 4 visié under scanning electron microscopy. Pharwith distinct
isthmus, basal bulb enlarged aralvated.The nerve ring surrounds the isthmus just anterior
to basal bulb. The pharingotestinal tract is prominenT.he Excretory pore is positied at

mid basal bulb and the excretory tract is elongated from mid-ba#tato close to the gut.
Vulva protruding from the body with double flapped epiptygma.

Second generation female aduBody remains curved after heat killingulva slightly
protrudedirom body with double flapped epiptygma. Tail dome shaped witHikegnucron

present.

First generation maleThe funnel shaped stoma is observed at the anterior regjicules
paired, light bown in colour.Head (manulum) of spiculesoblongateeach picule with two
internal ribs. Guberaculum boatshaped in lateral view, anterior end curved. The tail of male

adult is mucronless.
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Figure 5.1 Morphological observationsof Stenernemasp. isolate 10using the light
microscopel. Infective juveniledA-F)- A) Anterior region showing the excretory pore (EP)
and Oesophageal tract, B) Infective juvenile, C) Posterior region showing the anus position, D)
tail region, E) Head region, F) rod shaped bacterial endoigymenclosed in a vesicle. 2.
First generation female adu|G-K)- G) Posterior region showing the position of the a) stoma

b) oesophageal tract, c) pharynx and d)basal bulb, H) Head region showing @agidlak

And the EP, I) Excretory duct (EDjostion, J) Endotika matricida a) infective juveniles
developing inside the adult female EPN and b) protruded vulva lips (VL), K) VL with double
flapped epiptygma3. Second generation female adM) - L) VL showing the epiptygma,

(M) tail region showing the anué. Male adulEPN (N-Q)- N) Head region showing the stoma,

O) male adult head, body and tail, P) tail region Q) Posterior region showing the position of

the spicule (b) with manubrum(a) and the gubenaculum(c).
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Figure 5.2 Morphologicalobservationf Steinernemapp. isolate 1@sng the scanning
electron microscop 1. Infective juvenilegA-D) - A) and B) Headhowing the stomand mid
body region showinghe longitudinal striations and tessellate patterns. C) and D) 8 equally
spaced ridges on mid body regionF2male adul{E-F) - E) 3 papillae on the anterior region
and F)Tail region showing the anus.

5.4 DISCUSSION

Morphological chracacterization oSteirernema spp. isolate 10resembled those of
Steinernema khoisand®6-C and the original description 8teinernema khoisangiguyen,

et al, 2006). The headegion of Infective Juveniles (1Js) wasincated and slightly rounded
and were located at the anterregion The excretorypore was prominerdat mid pharynx
level. The rod shaped bacterial endosymbiont were obsénvagocket within the gut of IJs
which further confirms the association ehtomopathogenic nematodes with bacterial
symbionts The tail was pointed and differed with those of the adult female and males. The
male tail was robust and curved wftominentspicules and gibernaculunpresent anthe tail

of theadult females were cued with apeg like mucrorand anus located quite close to the
end of the tailThe shape of the spicules and gubernaculum resembled th8seirdmema
sacchari,a recently described entomopathogenic nematode from South Africa (Nétesiga
2014).
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Thebody length of the®lgeneration adult females was twice the size of ttgeeheration male

and about four timese size of 1Js. The vulva lips of th&deneratiorfemales were protruded

and that of 2" generation females wersomewhat slightlyprotruded and wereboth
characterized bg double flapped epipgma. Endotika matricida (EM) is a process whereby
infective juveniles develop within the adult female EPN and upon emergence, the motiser burst
and dies. EM was obseved in both generations withsiJisible within adult EPNs Six papillae

were evident on theeadstomaregionof the adult female opening to tlhesophagedaract

which opens to the intestines just after the basHd of the pharynx. Both thexeretory pore

and the excretory tract aiding in the emission of waste products to the exterior wereavident

the anterior region.

Scanning electron microscopy aided in observation dase characteristics of thesland

females. Longitudinal striatiorand tessellatpatterns were evident on botls End females on

the head region and body. The anus and shape of the tails were observed. The 8 equally spaced
and developed ridges on the surface of Ijs have been reported and is consistent with the
Steinerematidspp figlaserigr ou p 0 i nf & deniifiedein Potugal éNguydn eand

Smart, 1995Valadas et al, 2011)

Light and scanning ettron microscopy revealed detailed important characteristics of
Steinernemapp isolate 10Special morphometric measurements such as body length (L), tail
length (T) and the size of the spicule and gubernaculum should be considered for detailed

morphonetric idenification (Nguyenetal, 1995).
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CHAPTERG: Desiccation Tolerance of Entomopathogenic
Nematodes

6.1 INTRODUCTION

Control of insect pests remaipsoblematic to agricultural industries as thesuallyevolve
resisance to chemical pesticides wiime. Thisinevitable result necessitatas alternative
approach to crop pest management involtireguse of biocontrol agents in place of synthetic
chemical pesticides.rffEomopathogenic nematode=present gossible alternative crop pest
management biocontrol agefithe economic importance of EPNs in the gersteanernema
and Heterorhabditisis growing exponentially and generates a demand for application of
suitable strains with high reproductive potenimalivo, longer shelf life or storage ability, and
field efficacy againtstarget pests (Tamalak, 1997).

The third stage infective juvenile (13) is the only stage in the life cycle of EPNs that can survive
outside the insect larval host.slare free livingnematodes ensheathed by the second stage
stage cuticle (Pionar, 1970). Nematodes have developed strategies to resist and tolerate adverse
environmental conditionéSerweRodriguezet al, 2004) They can tolerate both abiotic and

biotic factors in the sailAdaptation to permit survival include morphological specialization,

behaviarral and biochemical mechanisms.

EPNs have chemoreceptors and are motile, which enables them to be able to locate susceptible
hoss in the soil. They respond to both chemical ghgsical stimuli emitted by the potential

prey, however some nematode species are able to search for hosts either at or near soil surface
and are referred to as ambushers, whereas others are adapted to search deeper in the soil surface
and we refer to theras cruisergKoppenhoferet al, 1995) The most important traits for a

suitable strain include best behawial adaptation as well as the ability to tolerate

environmental factors such as desicca(i®adriguezet al, 2004)

Desiccation tolerance is a highly vital factor affectihngcommercial use of nematodes from
mass production to application and it has been stipulated to be important for storage and shelf
life of nematodes prior application. Extensive research have beeducted on EPNs
behavioural, biochemical and molecular mechanisms and has increased knowledge of their
stress response&lazer, 2002; Gatt al, 2001 and Cheat al, 2006).Molecular studies have

identified several genes that may be potential markedeigiccation tolerance Bteinernema
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feltiae Of the identified genes, some were known to be related to-stgssnse and some

were homologues t6. elegandypothetical proteinSomvanshet al, 2009.

Survival under low moisture conditions is higltycial for the persistence of EPNs in the soil.

Soil is characterized by rapid desiccation on the surface and gradual desiccation within the soll
hence it is highly important to commercialize stgathat will be ableo tolerate desiccation

once applied to agricultural fields. The study aimed at investigating desiccation tolerance of

both SteinernemandHeterorhabditisspecies.

6.2 MATERIALS AND METHODS

6.2.1 Desiccation studies

The ability of Steinernemapp. isoate 10andHeterorhabditisspecies to tolerate desiccation

was assessed. The effect of soil texture on infectivity was also assessed. River sand and loamy
sand were autoclaved at 121°C to get rid of contaminants and about 35¢g of soil samples were
weighed ad put in a Petri dish and rehydrated to 8% moisture. The 1Js were collected from
White traps and allowed to settle and were sterilized for 1 hour with 0.1% sodium hypochlorite.
The 1Js were rinsed with water and the soil samples were inoculated witts/200[The

control plates were kept at 8% moisture and experimental plates were allowed to undergo
desiccation for different days. During the day of dehydration, the respective experimental
plates were rehydrated to 8% moistur@jristarG. mellonelldarvae were added amqmkrcent
mortality was recorded daily for 96 hoursfected larvae were put onhite traps to confirm

EPN induced mortality antiwo way ANOVA-with replication was used tmalysethe results.
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Steinernema khoisan&MMCB Heterorhabditisspp
EXPL LS EXP2: RS CONTRO EXP1: LS EXP2: RS
Allowed to Allowed to N Allowed to Allowed to
Keptat8 %  undergo undergo Days of Kept at 8 % undergo undergo
moisture3 dehydration, 3 dehydration, 3 dehvdration | moisture, 3 dehydration, 3 dehydration,

replicates per  replicates per eplicates per 2 replicates per 3 replicates

two day two day interval two day per two day
interval interval interval interval

<+«Dayl —

<+«Day3—

<«Days —

) «—Day7—»

<+«Day9—

<+«Dayll—

L Day13258

<+«7Dayl5—»

A «Day20

1. Autoclave soil samples

2. 35¢ of soil sample per plate, 3 replicates LS= Loamy sand
3. Rehydrate soil in all petri dishes to 8% maistu RS= River sand
4. Add 200 sterilized 1Js/ml in all the plates

. . . . . 5. Add 5 larvae added during the day of dehydration and record mortalit
Figure 6.1: Experimentabesign for dehydration studie gy < d Y Y
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6.3 RESULTS

Both Steinernemapp. isolate 1@ndthe Heterorhabditisspecies could tolerate desiccation.
Steinernemapp. isolate 1@vas tolerant up to 11 days of desiccation exposure in loamy sand
and up to 9 days of exposure in river sand, causinggZ6and 13,4% cumulative larval
mortality after 96 hours, post resuscitation by rehydration, respectietgrorhabditisspp.

could tolerate desiccation up to 13 days of exposure and induced 26.6% cumulative larval
mortality on both loamy and river sand after 96 hours post resuscitationrSt&atkernemapp.

isolate 10andHeterorhabditisspp were highly effetive on loamy soil samples from which
they were isolated from. The Two way ANOVA statistical analysis revealed no significant
difference between the two species on infectivity @$5211= F < Fcritical= 3,125945 and

and the p value =,B5945< 0, 05

Average % larval mortality induced by
Steinernemaspp. isolate 10postdesiccation
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Figure 6.2 Average cumulative larval mortality percentage inducedStsinernemaspp.
isolate 10post different days of desiccation exposure (LS = loamy sand, R@rsand and

C= control).
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Average % larval mortality induced by
Heterorhabditis spppost desiccation exposure
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Figure 6.3 average cumulative larval mortality percentage inducetidtgrorhabditisspp.

post different days of desiccation exposure (LS = loamy sand, RS = rivearsd@ control)

Swarming, aggregation, coiling and clumping behavioural characteristics wereszbaten
Steinernemapp. isolate 1Qvas exposed to desiccatiffigure 6.4). Heterorhabditisspecies
displayed noequivalent or similabehavioural characteristics associated with desiccation
tolerance. Thehick cuticle andsheath whickare bothknown to lower the rate of ater loss
were observed using tight microscopy on infective juveniles 8teinernemapp. isolate 10
(figure6.5).
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Figure 6.4 Behavioural characteristics dteinernemaspp. isolate 10when exposedo

desiccation conditions: A and B) coiling, clumping and aggregation C) swarming.

107



Figure 6.5: Thick cuticle and the retained sheath believed to aid in desiccation tolerance of
Steinernemapp. isolate 10
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Table 6.1 Averagepercentumulative larval mortalitgfter 48, 72 and 96 hours post infection
by HeterorhbditisandSteinernemapeciegxposed to desiccation conditions for different days
of dehydration Thecontrol plates were kept at hydrated (8% moistooeitionsat all times.

(LS= loamy sand, RS= river sand and C= control)

Average percent cumulative larval mortality
Heterorhabditis LS
Days of dehydration 48 hours 72 hours 96 hours

Control
48 hours 72 hours 96 hours

1 40 86,6 10 80 86,6 93,4
3 53,4 60 73, 33,4 33,4 40
5 53,4 66,6 73, 20 26,6 40
7 20 26,6 6 6,6 20 33,4
9 13,4 20 2 13,4 13,4 13,4
11 6,6 13,4 13, 0 0 0
13 6,6 26,6 26, 0 0 0
Steinernema LS Control

Days of dehydration 48 hours 72 hours 96 hours 48 hours 72 hours 96 hours

1 46,6 93,4 10 53,4 93,4 100
3 33,4 66,6 73, 13,4 40 40
5 26,6 40 53, 20 33,4 40
7 13,4 33,4 33, 13,4 20 20
9 0 13,4 2 0 6,6 6,6
11 13,4 13,4 26, 0 0 0
13 0 0 0 0 0 0

6.4 DISCUSSION

Steinernematidand heterorhabditiddhave developed mechanisms to tolerate environmental
stress conditions including desiccatidesiccation tolerance &teinernemapp. isolate 10
and Heterorhabditisspecies wasnvestigated in the current study and both species were
tolerant to desiccain stress.Steinernemaspp. isolate 10vas tolerant up to 11 days of
desiccation exposure in loamy sand and up to 9 days of exposure in river sand, cau®ing 26
and 13 4% cumulative larval mortality after 96 hours, post resuscitation by rehydration,
regectively. Heterorhabditisspp. ©uld tolerate desiccation up to 13 days of exposure and

induced 26.6% cumulative larval mortality on both loaany river sand after 96 hours.

Both species were highly effective on loamy sand for all days of desiccatiosusgmnd this

shows that habitat preference plays a pivotal role in infectivity and longevity. The control soil
samples were maintained at 8% moisture at all times and were never exposed to desiccation,
hence 100% infectivity was expected, however nenestatfectivity was drastically affected
suggesting that desiccation conditions could be one of the most important factors for storage
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conditions.Both species could not infect post 13 days of exposure and this suggest that high

levels of desiccation expasuaffect infectivity andongevity of nematodes.

Nematodes have been reported to tolerate desiccation through the process called anhydrobiosis.
This is a reversible, physiologically and metabolically arrested state of dormancy that results
due to water Iss (Liu and Glazer, 2000). EPNs are referred to as quiescent anhydrobites as
they are only capable of low level of dormancy. A study conducted by Liu and Gao€)
reportedHeterorhabditisnematodes to be poor anhydrobiot®inernema carpocapsaave

been stipulated to survive low relative humidities from gradual desiccation (Simons and Pionar,
1973; Campbell and Gaugler, 1991).

The infective jueniles (13) of EPNs are ensheathiey the second stage cuticle (Pionar, 1979)

of whichis believed ¢ protect thenagainst both biotic (Timper and Kaya, 198¥ewalet al,

1994) and abiotic facts (Womersley, 1990 The sheath is reported to actaasvater loss
barrier resulting in a very slow rate of water loss during desiccation. The nematodehsiseath

a restricted permeability, hence slow rate of water loss which enables the enclosed infective
juvenilesto survive anhydrobioticallyWharton, 1980). High survival rate of nematodes
exposed to desiccation is attributed to slow water removal from ndesabody and this is
required to enable metabolic changes necessanmnter anhydrobiotic state (Croekal 1992)

Steinernemapp. isolate 10Js are ensheathed and the sheath enables the nematodes to be able
to tolerate descation conditions. Aggregation coiling and clumping behavioural
characteristics have been observedSteinernemapp. isolate 1@&nd no similabehaviour

was observed fardeterhabditisspecies when exposed to desiccationditions Aggregation

and swarming behaviour areported to be associated with response to environmental stress,
including desiccation (Womerslgt al 1990) Least tolerant strains of nematodes does not
show clumping behavio henceSteinernemapp. isolate 1@ reported to be the most tolerant
and Heterorhabditisspp least tolerant to desiccation stréSslomonet al, 1999). A recent
study conductetdy Shapirellan and colleaguesn desiccation tolerance 8teinernemand
Heterorhabditisspecies reveale®. carpocapsad¢o have the highest level of desiccation
tolerance among species followed 8By feltiaeand S. rarum the Heterorhabditidspecies
exhibited the least desiccation tolerance (Shalmmo et al, 2014). This results are further
supported byailing behaviouthathave been observed and reported for EPN species including
S glaseri, S carpocapsae and S fel(f®merdy et al, 1990; Pael et al, 1997).
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The two way Anovawith replication statistical analysis was conducted to agaéssivity
variation betwee Steinernemaspp. isolate 10and Heterorhabditisspp groups based on
cumulative larval mortality for different days of desiccation exposure and the results revealed
no significant difference as 0,15211 = F < Fcritical= 3,125945 and amqpvakee = 0,85945
>0,05.

There are also biochemical and physiological responses attributed to desiccation stress
tolerance. In their anhydrobiotic state, nematodes are reported to synthesize elevated levels of
disaccharide trehalose which is believedlay@ pivotal role irstress toleranc@elleroneet

al, 2003) Trehalose is thought to stabilize membranes by attaching to the head groups of the
phospholipids and preventing phase changes that may cause the membrane to become leaky
andthisisreferrebt as t he Awat er r(Bepn, B967¢ Byanedns ofithip ot h e s
association, trehalose protects biological membranes during desiccation by replacing the water
that normally associates with the phospholipid bilayer (Hoekstra and Crowe, 1992). Other
functions of trehalose associated with desiccation tolerance include prevention of protein
denaturation and oxidative damage and provision of inert energy (Higa and Womersly, 1993).

Steinernemapp. isolate 1@ndHeterorhabditisspecies are both toleraiotdesiccation stress.
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CHAPTER 7. Genome &quencingand Annotation of

Entomopathogenic Bacterial Symbiont

7.1 INTRODUCTION

Next generatiosequencing which is also referred to as Higloughput sequencing, is used to
describe various modern sequencing technologies including lllumina, Rosche 454, lon torrent:
Proton/PGM and SOLID sequencing. These sequencing technologies enable researchers to
sequence DNA and RNA quickly and cheaply than the previously used Sanger sequencing
(Tatusoveet al, 2013) NGS have radically transformed the study ehgmics and molecular

biology.

Microbial whole genome sequencing (WGS) advances knowledge at glweticn the
physiological, morphological and metabolic characteristics of organisms. The ability to
sequence and analyse whole genomes has begun to provide insight into evolutionary patterns
amongst organisms (Chastet al, 2011). WGS allows for mappingenomes of novel
organisms, finishing the genomes of known organisms as well as comparative genomics.
Microbial divergent and convergent evolutionary relationships can be better understood
through WGS by identification of shared protein families (Pfams) @/olutionary patterns
generated from the 16S rDNA. Through sequencing, a number of approaches have been used
to study how bacterial genomes reflect evolutionary divergence and convergence and these
include phylogenetic relationships based on averagaecamcid identity and shared gene
orthology. Sequencing of genomeshighly important for generation of reference genomes

which can be used for referengaided sequencing and assembly.

De novoWGS involves sequencing and assembling a genome without @ giuadgenomic
reference and is frequently used to sequence novel microbial genomes. The steps involved in
genome sequencing are genomic DNA extraction, Library preparation, seqyerssambly

and interpretation.

Bacterial genomes are susceptible to marftgrations through genome reduction, gene
duplication, divergence and horizontal gene transfer which are incurred by pressures such as
envrionmental stress, mutation and competition. It is possible to detect results of these
mechanisms, however it is fidult to characterize the evolutionary path. One example is that

of endosymbionts in the geneRhotorhabdusand Xenorhabdus which have undergone

divergent evolution but have convergent lifestyles. They are both associated with nematodes
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in the generadeterorhabditisand Steinernemarespectively. They are both insect pathogens
and physiological and genetic studies have revealed that their colonization within nematodes
varies, and that they use functionally different approaches for colonization aondgratity.
Both Xenorhabdusand Photorbdusphase | variants have been teség@inst fungal species
and revealed to produce antimicrobial compounds with antifungal activity @rsnl994).
Several compounds with antibiotic activity secreted Kgnorhaldus spp. include
benzylineacetonéli et al, 2009, xenorhabdins and xenocoumacMdlnerneyet d, 1991,
phenethylamides (Let al, 1995), and cyclolipopeptid€&(altienet al, 2009, xenortides and
xenematide, as well as nematophin (Cheal, 1994 Wanget al, 20149. Insecticidal proteins
have also been identified and could be of important usgriculture(Duchaudet al, 2003
FfrenchConstanet al, 2007). The tripartite nematodeacteriainsect larvae system serves as
the best model system to better understand evolutionary relationships,lisnutaad

pathogenic processes.

In this study, Illumina Miseq whole genomic sequencing, assembly and annotation of
Xenorhabdusbacterial endosymbiont is discussed. The assembly was done using CLC
Genomics Workbench version 6.5.0 and SPAdes version 3.5.0. The best assembly based on the
total length, N50 and nunab of contigs was submitted to National Centre for Biotetdgy
Information (NCBI) pokaryotic genome automatic annotation pipeline (PGAAP) and rapid

annotation using systemic technology (RAST) for annotation.

7.2 MATERIALS AND METHODS
7.2.1 Genomic Sequencing

Total genomic DNA was extracted fromlany bacterial cultures of théenorhabdusacterial
endosymbiont using the ZR fungal/bacterial DNA kit (catalog #D600Rurification of
isolated genomic DNA was conducted using the DNA clean and concetirtotllumina
libraries were generated ugirthe lllumina Nextera DNA sample preparation kit {EZI-
1031) and pairegénd sequencing was performed using lllumina Miseq instrumesioves,
chemistry 300 x 300 bp.

7.2.2 Quality

The quality of generated reads was assessed using CLC Genomics Wokibea ¢CLC Bo)
and FASTQC version 0.11.3.
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7.2.3 Genome Assembly: CLC Bio
7.2.3.1Trimming of low qualitybasesand adaptors, and assembly

CLC Biowasused to trim the Illlumina nextera transposase adaptor sequences, as well as the
low quality reads atlefault parameter3.he reads were merged and both the merged and not
merged reads were used for assembly. The minimum contig length parameter was set to >/=
400bp.

7.2.4 Genome assembly: S&s
7.2.4.Trimming of low qualitybase and adaptor sequencasd assembly

The low quality reads (Phred score < 20, base calling duplicates and adaptors were trimmed
using Trimmomatic grsion 0.32 with the parameterdLLUMINACLIP: NexteraPEPE,
MAXINFO: 50:0.8, MINLEN:50 andLEADING: 20. The quality of the trimed reads was
assessed using FASTQC. The trimmed reads of high quality (Phred score> 20) were assembled
into contigs using SPADES version 3.5.0. The assembly was assessed using QUAST version
2.3.

7.2.5Genome annotation

The assembled reads (contigs) wetensitted to national centre for biotechnology information

(NCBI)  (http://www.ncbi.nim.nih.gov/genome/annotation_pjpk/ prokaryotic genome
automatic annotation pipeline for annotatiddubsystem and functional annotation was
conducted through rapid annotation using systemic technologies (RAST)
(http://rast.nmpdr.orgiveb based pipeline. Genome comparison was conducted Eisouli

as a reference and tvirhotorhabduspecies.

7.3 RESULTS
7.3.1 Sequencingnd qualityanalysis

The Misegsequencing machine generated 6, 525, 888 sequences (in pairs) of 301 bases long.
The total number of nucleotide bases generated 1, 964, 29bp2B&stribution revealed all
seqgences of the same lengtepresentelly a single peak for 100% of sequences. The fragment
length generated from the insert DNA fragment was specified and the generated sequences

revealed expected fragment length for all the reads suggesting that the reads were successfully

116


http://www.ncbi.nlm.nih.gov/genome/annotation_prok/

generagd. The GC content is a very important factor in genomesisalt represents the sum

of guanine andytosine nucleotide bases compared to all bases including ambiguous bases in
all the generated reads. The relative GC content of sequences in percetggdsrom 24%

to 69%. About 506 sequences had the least GC content (24%) and about 430 sequences had
the highest GC content (69%). Of all 6, 525, 288 sequences, 86% of those had a GC content
that is </= 50% and which would result in average GC contengldess than 50% which is
favourable for generation of best assemblies. Ambiguity of base content was analyselgt and
0.07% (normalized to the total number of sequences) of sequences feapgerbhtages. The
ambiguous base percentages observed ¥Weére2%, 3%, 4% and 5% in 1, 702; 772; 6596;

and 420 sequences, respectively.
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Ambiguous base-content

100

80

60

40

% sequences

20

0
© o o % o % D 0 % D %
% ambiguous bases
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The number of sequences featuring a particuliabkes percentage is normalisedht total

number of sequences
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7.31.1 Quality distribution

The average PHRED scogeality distribution of nucleotide bases across the generated reads
ranged between 9 and 38. The sequences were of good quality with 99,96% of all bases lying
between an averagéfed sore of 15 and 38 and only 0.014% had a quality score of </=14.

Quality distribution
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Figure 7.4 Average PHRED quality score tlibution across all sequencésis illustrate the

arithmetic meamnf base qualities per sequence.
7.31.2 Coverage

The number of sequences that support (cover) the individual base positions was 100% for all
sequencese. all individual bases were covered 100 times during sequencing to support the
probability of that base being at the specified position.

Cowerage
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Figure 7.5 Coverage oall bases across all sequences. All bases were covered 100X.
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7.31.3 Duplication levels

There were duplicated sequences observed in the generated sequences. About 43,84% of the
sequences appeared only once and were not duplisgitbdabout 56,16% of the genome
sequences duplicated with variation in duplicate count and of those, 34,15% had a duplicate

count of less than 5.

7.3.2 FASTQQQuality distributionbefore and after trimming

FastQQds similar to CLC in terms afuality andysis of sequence$iowever FASTQC analyse

the reads and identify the adapter contamination.
7.3.2.1Adaptor contamination

There was a contamination ofsequencinginiversal adaptor nextera transpgesaequence in
all the generated reads. The adaptor sequence was trimmfeohotill the sequences using

Trimmomatic version 0.32.

% Adapter
lllurnina Universal Adapter
lllumina Small RNA Adapter
Nextera Transposase Sequent
SOLID Small RiNA Adapter
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-
12345678 91519 30-34 45-49 60-64 80-84 100-104 120-124 140-144 165-169 185-189 205-209 225-229 245-249 265-269 285-28!
Position in read (bol

Figure 7.6. Adaptor contamination revealed by FASTQC quality analysis.
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7.3.2.2Trimming of adapters and lowuality reads

The reads were trimmed for adapters and low quality reads and FASTQ@Gnoét sequences
was evaluated. Only bases with a PHRED score >= 20 were kept and used for for genome
assembly. FASTQC identified adaptor contamination of nextergpwaase sequence which

was successfully trimmed using Trimmomdfigure 7.8B.
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Figure 7.7. Average Phred scorpiality of thereadsafter trimmingof low (<20 averagelited

score) quality bases
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Figure 7.8 A) Quality score distbution over all sequences and &laptor contamination

sequence removed.
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7.3.3Genome ssembly: CLC Bio

The genome assembdy Xenorhabdudbacterial isolateising CLC Bio revealed a totength

of 4, 183, 779 bp with 231 contigs (>=400bB); content o#4.7%, N50 of 57,901.

Table 7.1: Nucleotide distribution revealing the frequency of each emlicle base in all

sequences: GC content of 44.7%

Nucleotide Count Frequency
Adenine (A) 1,159,054 27.7%
Cytosine(C) 935,309 22.4%
Guanine (G) 934,031 22.3%
Thymine (T) 1,155,026 27.6%
Any Nucleotide (N) 359 0

Table 7.2 CLC assembly contig measuremenXenorhabdudacterial isolate

Contig
N75
N50
N25

Minimum

Maximum
Average
Count
Total

Count

57,901
108,331
402
164,495
18,112
231
4,183,779
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7.3.4GenomeAssembly SPAdes

The genome assembly ¥enorhabdudpacterial isolateising SPAdesevealed a total length
of 4, 165,463 bp with 290 contigs (>=500bp), GC content of 44.62% and N50 of 64,801
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Contigs were submitted to national centre for biotechnolofprmation (NCBI) prokaryotic

genome automatic annotatioipgline (PGAAP)for annotationand the results revealed 3,950
genes (3,601 protein coding sequences (CDS) and 266 pseudogenes), 12 rRNAs and 70
tRNAS.
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Annotation provider NCBI
NCBI Prokaryotic Genome Annotation Pipelir
Bestplaced reference protein set; GeneMark!
Features annotated Gene; CDS;rRNA; tRNA; ncRNA; repeal
CDS 3,601
1
465,289
4.365.229
7
:
G
Frameshifted Genes on Monomengks
Frameshifted Genes Not on Monome 8
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Table 7.5. Overview of RAST annotation fofenorhabdu$acterial isolate.

Figure 7.9 Representation of genes encoding for different physiological and metabolic
systems

The comparison organismgerealigned to the reference genome. The result list the genes of
the reference organism in chromosomal order and display hits oortigadson organisms
accordingly
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