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Abstract

Entomopathogenic nematodes (EPN; Steinernema spp. and Heterorhabditis spp.) are
parasites which kill and reproduce within insects. The infective juvenile (1J) is a
developmentally arrested, nonfeeding, stress tolerant stage which forages in the soil for
new insects to infect. 1Js carry symbiotic bacteria which aid killing the insect and converts
the host’s tissues to a nutritive liquid which the EPN can consume. EPN are promising
biocontrol agents for the control of insect pests and are also model organisms for the study
of parasitism. The objective of this project was to characterise the plasticity of I1J
behaviour, and to investigate some of the associated molecular processes. There are two
broad components: firstly, the identification of molecules (ascarosides) externally secreted
by IJs and their effects on dispersal, and secondly changes in behaviour and stress
tolerance of 1Js over time during storage at different temperatures, and associated changes

in the proteome.

When the host cadaver becomes overcrowded, there is a build-up of signals which
encourage newly formed IJs to disperse, thus reducing competition between the many 1Js
arising from the same cadaver. Among these chemicals are members of a class of
pheromones, ascarosides, which have profound effects on 1J behaviour and development.
Whether or not these 1Js continue producing ascarosides into the surrounding medium, the
composition of the mixture, the abundance of these pheromones and whether they affect
the behaviour of conspecifics and heterospecifics was investigated. The 1Js of four EPN
species, Steinernema carpocapsae, Steinernema longicaudum, Steinernema feltiae, and
Heterorhabditis megidis, were collected and stored in water at 5000 IJs/ml. The worm
conditioned water was analysed with LC-MS/MS after storage in 20°C for specific
timepoints. Various ascarosides were detected, generally increasing in abundance the

longer the IJs were stored in the water, indicating that these 1Js secrete ascarosides
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consistently after emergence from the host. The composition of ascarosides detected was
species specific however the most abundant ascaroside detected in all species was Ascr#9,
similar to many other insect-associated species. The worm-conditioned water from both
conspecifics and heterospecifics was shown to induce dispersal behaviour in each of the
species in agar plate assays. The species-specificity and complexity of ascaroside
secretion, despite the similar effects on dispersal, implies that it has other ecological or

biological functions.

The second part of the thesis investigates the effects of time and temperature on stress
tolerance, behaviour (chemotaxis) and the proteome of S. carpocapsae and H. megidis 1Js.
Previously it has been shown that conditioning 1Js in low temperatures (<10°C) enhances
not only their freezing tolerance, but their tolerance to other abiotic stressors. This cross
tolerance is presumed to be due to the accumulation of non-specific protectants within the
IJs. The 1Js of H. megidis and S. carpocapsae were stored in 20°C and 9°C for up to 12
weeks, and at specific timepoints, assays were performed, and their proteins were extracted

and analysed via LC-MS/MS.

More proteins were detected within S. carpocapsae 1Js (2422) than in H. megidis 1Js
(1582). The S. carpocapsae proteome was more strongly affected by low temperature
storage (9°C), whereas the H. megidis proteome changed over time in a similar manner,
less influenced by the ambient temperature. Compared to freshly emerged IJs, the highest
abundance proteins detected within S. carpocapsae 1Js at 20°C were proteins related to the
cytoskeleton, cell signalling, and infection proteins such as proteases, protease inhibitors
and a chitinase. The proteins that were detected at the highest abundance after conditioning
at 9°C were late embryogenesis abundant proteins, heat shock proteins, and proteins
related to stress tolerance. The proteins which were decreased in abundance to the greatest
extent after conditioning at 20°C and 9°C were those related to the cytoskeleton and stress
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related proteins. The highest abundance proteins detected in H. megidis after conditioning
in both 20°C and in 9°C were those related to the cytoskeleton, cell signalling, and carbon
metabolism. The proteins decreased to the greatest extent after conditioning the 1Js in 20°C

and 9°C were those related to metabolism, heat shock proteins and ribosomal proteins.

Storage of 1Js at low temperatures prolongs their survival. S. carpocapsae 1Js exhibited
increased molecular chaperones over time, and to a greater extent in 9°C. The H. megidis
IJs exhibited decreased abundance of proteins associated with translation over time. These
two responses may represent a species-specific response to proteostatic collapse as the 1Js
age. Proteostatic collapse is one of the consequences of aging in cells and likely a
contributing factor to nematode longevity, as misfolded and damaged proteins and toxic
aggregations of proteins begin to accumulate within the cells. Similarly, as nematodes
age, reactive oxygen species (ROS) accumulate. Both species demonstrated an increase in

abundance of proteins which enhance ROS tolerance, and to a greater extent in 9°C.

Storage of EPN IJs in low temperatures also affects various behaviours such as dispersal,
infectivity, and response to host volatiles. If these behaviours are adversely affected, then
cold storage of nematodes will be a trade-off between longevity of the nematodes in
storage and the efficacy of these parasites when applied to the field as biocontrol agents.
After conditioning at 20°C, 1Js of both species were attracted to hexanol, methyl salicylate
and acetone, and were repelled by prenol (an odour associated with infected hosts). The
chemotaxis responses of H. megidis to each odorant was enhanced after storage in 9°C,
becoming more strongly attracted or repelled to each odour than after storage at 20°C. S.
carpocapsae 1Js tended to act in the opposite manner after exposure to low temperatures,
becoming repelled by attractants and strongly attracted to the repellent, prenol. Storage of
H. megidis 1Js at temperatures below the culture temperature of 20°C resulted in 1Js with a
gradual change in chemotaxis from 9°C to 12°C to 15°C, whereas S. carpocapsae showed
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a binary response, as all temperatures below culture temperature tested resulted in 1Js with

similar responses.

To investigate whether 1Js retain these altered chemotaxis responses following a return to
culture temperature, and how long a period of cold it takes to induce them, 1Js from both
species were stored at 9°C for brief periods, 3 hours, 1 day and 1 week, and were
transferred to 20°C for the duration of the experiment (3 weeks). At the 3-week timepoint,
all of the conditioned 1Js were exposed to a strong attractant or a strong repellent, and their
responses were compared to that of 1Js which were stored at 9°C or 20°C for the full 3
weeks. H. megidis did not retain cold-altered chemotaxis responses after transfer to 20°C,
while S. carpocapsae 1Js stored at 9°C and transferred to 20°C after just 3 hours retained

their altered chemotaxis responses for 3 weeks.

Storage at 9°C for a week enhanced the freezing (-10°C for 6 hours) and desiccation (75%
relative humidity) tolerance of S. carpocapsae 1Js, and this enhanced stress tolerance was
retained by those 1Js which were transferred to 20°C when tested after 2 weeks at the

temperature.

I next explored whether the cold-induced changes in the S. carpocapsae proteome were
also maintained following return to 20°C, as was found for behaviour and stress tolerance.
IJs which were stored at 9°C for the full 3 weeks, and those stored for just for 1 week and
then transferred to 20°C for 2 weeks had similar proteomes and were both different to that
of IJs stored at 20°C for the full 3 weeks. The first two groups displayed hundredfold
increases in the abundance of many molecular chaperones when compared to I1Js that were
stored at 20°C for the full duration. Conversely, the highest abundance protein in the IJs
stored at 20°C for 3 weeks relative to the IJs stored at 9°C was a chitinase, implicated in

many roles in nematodes including fungal defence and infection.
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The plasticity of EPN 1Js enables them to adapt to diverse and changing environments.
Proteomic profiling is a useful guide for further elucidating the molecular mechanisms

behind these phenotypes, which will facilitate their use as biocontrol agents, and as models

for parasitism.
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Chapter 1 Introduction

1.1 General introduction

All organisms must be able to dynamically respond to the many challenges they face every
day. Stress may be biotic or abiotic in nature. Biotic stressors are derived from one
organism towards another organism, such as predation, parasitism, or competition for
resources. Abiotic stressors are those caused by the environment, including freezing,
desiccation, drought, and osmotic stress. Both sources of stress affect the fitness of
organisms, and organisms have evolved a huge range of adaptations to deal with the
stressors encountered in their evolutionary history. Adaptations may be constitutive- such
as the spine of hedgehogs or cacti- or may consist of being able to alter their behaviour and
physiology to cope with these stresses dynamically, as they arise. This thesis investigates
the phenotypic plasticity of the infective stage juveniles of entomopathogenic (insect-
killing) nematodes (EPN). Despite being relatively simple organisms, nematodes are
capable of complex behaviour and physiological adaptations that vary in response to
internal and external factors. In this work, I explore how the phenotypes expressed by the
nematode changes over time (endogenous factors) and are influenced by the temperature

(exogenous factor) experienced during that time.

Organisms may avoid certain biotic stresses, particularly intraspecific competition, with
honest chemical communication, producing pheromones or other metabolites. These
signalling molecules may communicate the organism’s internal state such as sexual status,
or environmental information such as food availability. Pheromones mediate biotic stress
in a variety of invertebrate species and in nematodes certain pheromones can not only

influence behaviour (Kaplan et al., 2012) but also the development of conspecifics,



redirecting their development to a nonfeeding abiotic stress tolerant stage (Noguez et al.,

2012) which disperse in search of food, thus avoiding competition.

Organisms must either avoid or endure these stressors, or else they will not survive.
Nematodes may avoid abiotic stress by adopting behaviours such as aggregation, clumping
which slows desiccation (Burnell and Tunnacliffe, 2011) and thermotaxing away from
harmful temperatures (Devaney, 2011), or physiological changes which prevent the stress
from damaging the nematode such as losing water slowly to prevent harm from freezing
(Wharton et al., 2005) and by ridding their body of “ice nucleating” molecules (Wharton,
2011). Enduring abiotic stress involves the accumulation of protectants which reduce the

effect of stressors on the organism (Hibshman et al., 2020).

In addition to their olfaction of pheromones which influence their behaviour, EPN must be
sensitive to the volatiles associated with insect hosts. Temperature strongly affects the
chemotaxis of these organisms (Lee et al., 2016). These EPN must balance stress tolerance
adaptations and behaviours, such as clumping or quiescence and their need to infect an
insect before their internal lipid stores are fully utilised. Therefore, EPN behaviour exists
on a spectrum which may be altered by both their external environment and their internal

state, and the extent to which is affected by either factor is unclear.

In this thesis | document changes in the behaviours and stress tolerance of EPN alongside
the accompanying changes in the metabolome and proteome, with the aim of shedding
light on some of the molecular mechanisms. Entomopathogenic nematodes are promising
biocontrol agents and understanding these mechanisms may enhance their use as
alternatives to chemical pesticides, as well as helping to understand how simple organisms

may alter their phenotype adaptively.



1.2 Entomopathogenic nematode life cycle and omics

Entomopathogenic nematodes are a diverse group of nematodes belonging to two main

families, Steinernematidae and Heterorhabditidae. These parasites are found ubiquitously
in nature, on all continents (Hominick et al., 1996) except Antarctica (Griffin et al, 1990).
The widespread distribution of these species attests to their ability to adapt to a wide array

of climates (Grewal and Gaugler, 1994; Shapiro-llan et al., 2014a).

1.2.1 Life cycle

While both Steinernematidae and Heterorhabditidae may have superficially similar life
cycles, these similarities are due to convergent evolution rather than direct ancestry
(Poinar, 1993; Blaxter 1998). Both exhibit a stress resistant, nonfeeding, non-reproductive
stage of their life cycle known as the infective juvenile (1J). The 1J is free-living, existing
in the soil in search of an insect host to colonise. This stage is analogous to the dauer state
of free-living nematodes such as the model organism Caenorhabditis elegans. After the
successful invasion of an insect host, EPN 1Js egest symbiotic bacteria which reproduce
and Kill the insect via sepsis. Steinernematids associate with Xenorhabdus spp., and
heterorhabditids associate with Photorhabdus spp. (Griffin., 2012). The IJs “recover”, and
mature to become the first-generation adults, feeding on the necrotic host tissues digested
by the bacterium. These adults reproduce, producing successive generations of offspring
(figure 1.1). Steinernematids are amphimictic, with few exceptions (Griffin et al., 2001)
whereas heterorhabditids are hermaphroditic. While Heterorhabditis is exclusively
hermaphroditic in the first generation, they do produce XO males in later generations,
which can mate with the females/hermaphrodites and enhance the genetic diversity of the

offspring.



When the nutrition from the host’s tissues is nearing depletion, the offspring of these
nematodes undergo an alternative pathway to produce I1Js. The early juvenile (J1 and J2)
stages feed, grow and arrest their development at the non-feeding 1J stage. In addition to
providing nutrition and laying down the lipid reserves which the 1J will rely on for the
duration of the stage until it can find a new host, the feeding by the developing juveniles
enables the symbiotic bacteria to establish a new association with the juveniles.
Xenorhabdus bacteria colonise the receptacle, a specialised pouch in the intestine in
Steinernema spp. (Kim et al., 2012) whereas the Photorhabdus bacteria colonise the
intestinal lumen of Heterorhabditis spp. (Ciche et al., 2008).

EPN WJs are reliant on their bacterial symbiont for breaking down host tissues into a
medium the nematodes can consume, along with the bacteria themselves. The 1Js
themselves produce a complex mix of proteases and inhibitors which disrupt and supress
the insect immune system (Lu et al., 2017a), facilitating the bacterial infection and
subsequent sepsis (Dziedziech et al., 2020). In addition to their role in killing and digesting
the host insect, the symbionts also produce an array of secondary metabolites which
protect the cadaver against scavengers and competing microbes (Raja et al., 2021).
Steinernema and Heterorhabditis developed a mutualistic relationship with bacteria
independently, however it is unknown exactly when this relationship became obligatory.
Axenic Heterorhabditis spp. are unable to kill insects however axenic steinernematids can
(Burman, 1982; Han and Ehlers, 2000), but the 1Js arising from these infections will
contain bacteria from the insect’s microflora and not their symbionts (Sicard et al., 2003),
which will likely impair their fitness (McMullen et al., 2017).

As a member of the superphylum Ecdysozoa, entomopathogenic nematodes moult at each

stage of their life cycle. Infective juveniles retain their second stage moults, referred to as a



sheath (Adams and Nguyen., 2002). This helps protect the 1J against abiotic stresses in the

soil (see section 1.5) and is normally shed before or at the time of entry into a host.
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Figure 1.1: The general entomopathogenic nematode life cycle.

1.2.2 Phylogeny

The life cycle, behaviour, and close association with insect-pathogenic bacteria of
Steinernema spp. and Heterorhabditis spp. may appear to be strikingly similar. However,
Poinar (1993) speculated these similarities are due to convergent evolution, and not from
shared ancestry. Poinar (1993) concluded that Heterorhabditis probably evolved from a
Pellioditis-like ancestor whereas Steinernema were suggested to be descended from a
“proto-Rhabditonema”, due to similarities in their mouthparts, tails, habitats, and
phasmids among other characteristics (figure 1.2). These hypotheses were confirmed by

Blaxter’s (1998) analysis (figure 1.3). A database of small subunit sequences was
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constructed utilising sequences from 53 taxa aligned based on similarity. This analysis
placed S. carpocapsae closest to Strongyloides stercoralis and Heterorhabditis
bacteriophora was placed closer to Pellioditis typica. Around 90 species of
steinernematids and 20 species of heterorhabditids have been described (Labaude and
Griffin, 2018) and the differences and similarities between both families are becoming

more apparent as molecular approaches become more sophisticated.

Figure 1.2: Mouth parts (top) and tail region (bottom) of Pellioditis marina (A),
Heterorhabditis bacteriophora (B), Rhabditophanes schneideri (C), and Steinernema
carpocapsae (D). These images show the likely closest living relatives of both EPN species,
based on phenetics. Adapted from Poinar (1993).
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Figure 1.3: The phylogenetic tree of Nematoda. This tree was assembled from small subunit
sequences from 53 nematode taxa, with representatives from Heterorhabditidae and
Steinernematidae highlighted. From Blaxter et al. (1998).



1.2.3 Genomics

Nematodes have been a focal point of the genomics community since the first sequencings
of a metazoan animal, C. elegans, in 1998 (C. elegans Sequencing Consortium, 1998).
This first genome paved the way for all subsequent analyses and revolutionised the field.
The genome of H. bacteriophora was sequenced by Bai et al. (2013) and its annotation
was improved by McLean et al. (2018). This genome utilised Sanger and Roche 454
sequencing from adult and infective juvenile H. bacteriophora. The genome was
constructed with 1,263 scaffolds, predicted 20,964 coding genes in a genome of 77 Mb and
has an N50 of 3.12 Mb (Bai et al., 2013). The reannotation of this genome analysed the
Roche 454 transcriptome with the BRAKER 1 pipeline (McLean et al., 2018; Hoff et al.,
2016). The H. bacteriophora genome contains an expanded family of mariner transposase
motifs when compared to that of the C. elegans genome, indicative of a “mobile genome”
(Bai et al., 2013). In contrast, the genome contains fewer C-type lectins (Bai et al., 2013),
which are involved in the functional immune system in C. elegans (Schulenberg et al.,
2008) and in immune evasion (Loukas and Maizels, 2000). The new annotation (McLean
et al., 2018) significantly improved our understanding of H. bacteriophora. Only 603
predicted proteins were originally identified as secreted proteins, much lower than that of
free-living nematodes (Bai et al., 2013). The paucity of secreted proteins was thought to
have been exhibitive of H. bacteriophora 1Js’ acquisition of and reliance on its symbiont.
The subsequent re-annotation of this genome revealed that 1,023 proteins (6.5% of the
genome) are secreted, not significantly lower than free living nematodes as previously
reported (McLean et al., 2018).

The S. carpocapsae All genome and transcriptome were first assembled alongside those of
S. monticolum, S. scapterisci, S. feltiae and S. glaseri (Dillman et al., 2015). This

simultaneous study of five closely related species allowed for the direct comparison of
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these genomes, investigation of their phylogenetic relationships and the extent of gene
conservation between the species (Dillman et al., 2015). The S. carpocapsae genome was
assembled with 1,578 contigs, predicted 2,313 coding genes in a genome of 86.1Mb and
has an N50 of 2.99 Mb. A subsequent genomic investigation of the S. carpocapsae Breton
strain not only enhanced the genome for this economically important parasite, but it
allowed for the analysis of strain-specific alterations in the genome (Rougon-Cardoso et
al., 2016). This genome was assembled with 347 scaffolds, predicted 16,333 genes in a
genome of 84.6 Mb, and has an N50 of 1.25 Mb. The newest and most complete S.
carpocapsae genome was assembled with 16 scaffolds, predicted 30,957 gene models
from the S. carpocapsae embryo to adult in a genome of 84.5 Mb and has an N50 of 7.36
Mb (Serra et al., 2019). Previous draft genomes were assembled using the 454 GS FLX
and SOL.iD 5500xI platforms (Rougan-Cardoso et al., 2016), and the Illumina
GenomeAnalyzer 1Ix and Illumina HiSeq 2000 platforms (Dillman et al., 2015). The latest
genome utilised a hybrid approach between PacBio long reads and Illumina reads
(IMumina Nextseq 500 platform) with subsequent BioNano optical mapping (Serra et al.,

2019) and represents the most complete view of the S. carpocapsae available to date.

1.2.4 Comparisons between the heterorhabditid and steinernematid genomes

The S. carpocapsae genome is enriched in metallo- and serine-proteases, protease
inhibitors, G protein coupled receptors (GPCRs) and fatty acid and retinol binding (FAR)
proteins (Serra et al., 2019; Dillman et al., 2015). These protein families have various
functions such as signal transduction, energy storage and digestion within the nematode,
however their expansion in the parasitic Steinernema spp. relative to that of free-living
species suggests that they have a role in the species’ novel parasitic lifestyle. Serine

proteases and their inhibitors (serpins) are involved in the immune suppression of the
9



insect pro-phenoloxidase system (Toubarro et al., 2013) and inducing apoptosis within
insect cells (Toubarro et al., 2009). While FAR proteins are ubiquitous among animals,
their structure in nematodes is altered, suggesting nematode-specific functions (Kennedy et
al., 2013). GPCRs are sensory receptors involved in chemoreception and foraging
behaviour in nematodes (Thomas and Robertson, 2008). S. carpocapsae contains 604
GPCRs, whereas H. bacteriophora contains 82 (Bai et al., 2013). The S. carpocapsae
genome appears to have upwards of 41 genes which encode FAR proteins (Dillman et al.,
2015), whereas H. bacteriophora contains just 3 (Bai et al., 2013; Lu et al., 2016). While
the updated H. bacteriophora annotation (McLean et al., 2018) has increased the number
of genes identified, especially those which encode secreted proteins, the large difference
makes it clear that H. bacteriophora produce fewer of these proteins.

High quality genomes are valuable for many reasons. In particular, the improvement of
EPN genomes can identify potential gene targets for manipulation to improve desirable
traits in EPN, enhancing their use as model organisms, and biocontrol agents (Glazer,
2015; Sumaya et al., 2018; see section 1.6.6). In addition, high quality genomes and
particularly the predicted protein sequences are necessary to enable the characterisation of
an organism’s proteome, which represents the functional component of the genome.
Genomics is vital for the understanding of the blueprint of an organism; however
transcriptomics, proteomics and metabolomics are essential for the visualisation of how
that genome is expressed. For example, many of the genes identified within the S.
carpocapsae genome were expanded relative to free living nematodes, and therefore
assumed to be involved in parasitism (Dillman et al., 2015). While the number of genes
common to one function can certainly indicate crucial information about an organism, only

by studying the mRNA produced, the resulting protein and molecule products from these
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genes, when they are produced and to what extent, can elucidate their function and

purpose.

1.2.5 Transcriptomics

The transcriptome is the initial product of genome expression, composed of all RNA
molecules produced by an organism. Protein biosynthesis is regulated and induced via
MRNA production, processing, translation and subsequent modifications. Expressed
sequence tags (ESTSs) are fragments of mMRNA sequences derived from the sequencing of
selected clones from a cDNA library such as GenBank, which can aid gene discovery,
transcript profiling and proteomics (Parkinson and Blaxter, 2009). Of 1,246 ESTs from H.
bacteriophora infective juveniles, 1,072 were categorised into functional GO categories.
Only 459 were similar to sequences in GenBank, of which 417 matched those found in C.
elegans (Sandhu et al., 2006). Most of these predicted proteins, 613 (57%), had no
similarity to known proteins, indicating a high degree of novelty in the genome. This
novelty may be attributed to the divergence of H. bacteriophora from the bacterivorous
lifestyle of its closest ancestors to its entomopathogenic lifestyle. Subsequently, an
analysis of 10,886 distinct ESTs generated from H. bacteriophora showed that 72% of the
ESTs had significant matches to proteins in GenBank (Bai et al., 2009), identifying ESTs
involved in parasitism, RNA interference and stress resistance (Sandhu et al., 2006).

Hao et al. (2010) analysed 1,592 unique ESTs from S. carpocapsae, 63% of which had
significant matches in GenBank. Similar to H. bacteriophora, most of the genes identified
were predicted to be involved in metabolism, however a significant number of ESTs were
predicted to be involved in parasitism. Predicted to encode secreted proteins, 119 of these
ESTs were overrepresented by proteases which are involved in infection (Hao et al., 2010;

Toubarro et al., 2009; Toubarro et al., 2013).
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1.2.6 Proteomics

While mRNA is responsible for regulating the production of novel proteins, the abundance
of MRNA and proteins are not always directly corelated, and the abundances of both vary
between different cells and tissues (Franks et al., 2017) and between species (Laurent et
al., 2010). Therefore, it cannot be assumed that high abundances of mRNA for certain
proteins will directly translate to higher abundances of those proteins. Proteomics gives
real time and accurate insights into protein distribution and abundance are present within a
cell/tissue/organism at the time of extraction. Analysing the proteins produced in response
to stimuli can give insights into the molecular mechanisms behind a wide variety of
behaviours and responses. The proteome of S. feltiae IJs under evaporative stress revealed
the proteins involved in their resistance against desiccation (Chen et al., 2006). S.
carpocapsae 1Js produce a wide array of immune suppressing and toxic proteins and
molecules (Burman, 1982; Lu et al., 2017a; Chang et al., 2019). There were 472 “venom
proteins” identified from activated S. carpocapsae 1Js (Lu et al., 2017a), most of which
were proteases, protease inhibitors and FAR proteins. Most of these proteins are encoded
by gene families which were identified as expanded within the S. carpocapsae genome and
are implicated in infection and immune evasion (Dillman et al., 2015), however, their
presence upon activation of 1Js with host tissues gives concrete evidence for their role in
parasitism (Lu et al., 2017a). The mRNA for 266 excreted products from S. feltiae was
detected and tracked over time-course of infection. Upon activation, 96 of these excreted
products were upregulated, enriched with hydrolases and peptidases (Chang et al., 2019).
By collecting the secreted proteins from S. feltiae and S. carpocapsae 1Js after infection, it
was found that these parasites produced small quantities of these so-called “venom

proteins” upon initial contact with host tissues (0-6 hours), however after 6-12 hours the
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venom proteins spiked in quantity, and then decreased after 18-30 hours (Chang et al.,

2019).

1.2.7 Metabolomics

In addition to proteomics and transcriptomics, the study of molecules, either derived from
the primary or secondary metabolism, is referred to as metabolomics. These small
molecules, whether composed of sugars, fats, or other components, play vital roles in cell
signalling, stress resistance and communication. One such group of small molecules
produced by nematodes that has received a lot of attention in recent years are ascarosides,

and these are described in the next section.
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1.3 Ascarosides

Ascarosides are a modular class of small molecules which act as nematode pheromones,
affecting nematode development, behaviour, and many life history traits. They are
composed of a dideoxy sugar, ascarylose, with a long lipid side chain which may be
cleaved and modified to a wide variety of structures (Butcher et al., 2009; figure 1.4).
Ascarosides were first detected in Ascaris lumbricoides, and subsequently were identified
as the protective coatings in eggshells of members of the order Ascaridida (Flury et al.,
1912; Jezyk and Fairbairn, 1967; in Ludewig and Schroeder, 2013). The first discovery of
the chemical signalling role of these molecules was in the study of the C. elegans
“daumone”, a pheromone that induces the formation of the dauer stage in crowded or
adverse conditions (Jeong et al., 2005; Butcher et al., 2007; Edison, 2009). It is now clear
that ascarosides have roles in many other aspects of nematode physiology and behaviour
such as chemotaxis (YYamada et al., 2010) and social behaviour even at femtomolar
concentrations (Srinivasan et al., 2012). Despite their name, ascarosides are highly
conserved across both free living and parasitic nematode species (Choe et al., 2012b;

Butcher et al., 2017).
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Figure 1.4: Structure of ascarosides in nematodes. Long side chained ascarosides (top) are
found as a protective coating in Ascaris suum eggs, and shorter side chained ascarosides are
indicative of signalling molecules within C. elegans (Bottom). From Ludewig and
Schroeder, (2013).
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1.3.1 Diversity and nomenclature

Initially named ascarosides A, B and C (Fouquey et al., 1957; in Ludewig and Schroeder,
2013), the naming of these small metabolites has been updated as their structure and
diversity became better understood. The influence of ascarosides on dauer formation begat
the term “daumones”, differentiated by numbering daumones 1, 2 and 3 (Jeong et al.,
2009) however not all ascarosides are involved in dauer formation, and while these terms
are still used interchangeably for ascaroside 1,2 and 3, they are incomplete as a naming
system for the entire family. Ascarosides were subsequently named based on the number
of carbons in the side chain (Butcher et al., 2007); however, a study using LC-MS/MS
identified 146 ascarosides, 124 of which were previously unreported (Von Reuss et al,
2012) and many of these ascarosides share the same number of carbons in their side chain
(figure 1.5).

Due to the complexity of ascarosides, their sheer number and modular nature, a more
consistent nomenclature was suggested, whereby 4 lower case letters followed by a hash
symbol and unique number would be attributed to each unique ascaroside. Ascarosides in
the strict sense (ascr#X) are generally composed of ascarylose and a lipid side chain.
Modifications to the side chain or its precursor result in a different class of ascaroside;
such modifications include hydroxylation (hbas#X), oxygenation (oscr#X), succinylation
(ocas#X) and addition of tryptophan-derived indole units as a moiety (icas#X), where X is
an arbitrary number (Srinivasan et al., 2012; Artyukhin et al., 2013). Ascaroside 9 has the
identifier “ascr#9”, and the indole ascaroside formerly known as indole ascaroside C5 or
IC-asc-C5 is identified with the code icas#9 (Butcher et al., 2017). The codes for each
ascaroside, as well as their structures, chemical formulas and other information can be

found in the Small Molecule Identifiers Database (https://www.smid-db.org/).
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Figure 1.5: HPLC elution profiles of ascarosides identified in C. elegans, demonstrating the
overlap in the number of carbons in the side chain of ascarosides. From Von Reuss et al.,
2012,

1.3.2 Biosynthesis of ascarosides

The nematode intestine appears to be integral to ascaroside production (Butcher et al.,
2009). C. elegans produce ascarosides with long side chains, which are subsequently
cleaved and modified into their functional forms (Butcher et al., 2017; figure 1.6). The
acyl-CoA oxidase ACOX-1 is responsible for the first step in the conversion of very long-
chain ascarosides (VLCAS) to a functional ascaroside, whereby the enzyme is responsible
for the B-oxidation of the side chain (Von Reuss et al., 2012). Subsequently, MAOC-1 acts
as an enoyl-CoA hydratase and catalyses the hydration of the double bond of the long

chain o,f-unsaturated side chains. The hydroxyacyl-CoA dehydrogenase DHS-28 is
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responsible for converting B-hydroxyacyl-CoA-derivatives into the corresponding -
ketoacyl-CoA intermediates (Von Reuss et al., 2012). Dhs-28 may act upstream of daf-22,
in the same manner as their mammalian homologs. The gene daf-22 (abnormal dauer
Formation) encodes a thiolase which engages in the B-oxidation of the side chains.
Deletion of either dhs-28 or daf-22 results in a worm unable to produce ascarosides with a
lipid side chain shorter than 12 carbon atoms, resulting in the formation of VLCAs rather
than functional ascaroside pheromones (Butcher et al., 2009). Daf-22 knockout C. elegans

worms cannot produce ascr#2 and ascr#3 (Srinivasan et al., 2008b).
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1.3.3 Ascarosides as nematode pheromones

Ascarosides have been shown to affect the behaviour and physiology of a wide variety of
nematodes (Choe et al., 2012a). The specific combination and concentrations of
ascarosides vary from species to species and blends with different compositions can have
profoundly different effects on the physiology and behaviour of nematodes (Srinivasan et
al., 2012; Kaplan et al., 2012). Most of what is known about the function of ascarosides
comes from C. elegans. In addition to their role in signalling worm density and stimulating
dauer formation, as mentioned above, they also have been shown to have a role in mate
attraction, suppressing foraging, enhancing aggregation, or causing avoidance in C.
elegans (Butcher, 2019).

Ascarosides may be produced in a sex specific manner, in keeping with their roles as sex
attractants. Hermaphroditic C. elegans worms produce large quantities of ascr#3 whereas
males produce greater amounts of ascr#10 (Izrayelit et al., 2012). The blend of ascarosides
produced by males was shown to be attractive to hermaphrodites (Izrayelit et al., 2012)
whereas other combinations were specifically attractive to males and repulsive to
hermaphrodites (Srinivasan et al., 2008b). Panagrellus redivivus males were strongly
attracted to the female-produced ascr#1, whereas it repelled females (Choe et al., 2012b).
Conversely, females were strongly attracted to the male-produced dhas#18, which was
repulsive to males.

C. elegans males were highly attracted to Ascr#8 but only within a short range, whereas
they were attracted to Ascr#2 and Ascr#3 from long distances. Therefore Ascr#2 and 3
may function to attract males from a distance and then Ascr#8 keeps them close to the
hermaphrodite (Choe et al., 2012b). Various nematode species are attracted by the same

set of ascarosides (ascr#1, ascr#3, ascr#7, ascr#8, and ascr#10), however, the species and
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even the sex of the nematode influenced their preferred different combinations and

concentrations of each ascaroside (Choe et al., 2012a).

1.3.4 Ascarosides in EPN

Ascarosides have been shown to have both developmental and behavioural effects on
entomopathogenic nematodes (Kaplan et al., 2012; Noguez et al., 2012; Choe et al.,
2012b). A unique ascaroside with an ethanolamide moiety (asc c11 EA), produced by H.
bacteriophora, inhibited IJ recovery (Noguez et al., 2012). High densities of nematodes in
the host may increase the concentration of this pheromone to a threshold which prevents
recovery, which then may facilitate the IJs’ accumulation before exiting the natal host and
dispersing (Noguez et al., 2012). Older I1Js were less sensitive to this pheromone. Multiple
ascarosides (ascr#1, ascr#3, ascr#7 and ascr#10) were shown to be attractive to
Steinernema glaseri males whereas ascr#2 and icas#9 were repellent (Choe et al., 2012b).
C. elegans produce ascarosides in food-scarce conditions to induce dauer formation
(Srinivasan et al., 2008a; Butcher et al., 2007) and the diet of C. elegans affects their
ascaroside production (Kaplan et al, 2011). Entomopathogenic nematodes associate with
symbiotic bacteria, which digest and breakdown the host tissues for the nematodes.
Production of ascarosides in S. carpocapsae was not significantly affected by the presence
of the symbiont and similar results were found for S. feltiae (Roder et al., 2019).
Ascaroside blends enhanced the dispersal of 1Js of various EPN species (Kaplan et al.,
2012). The modular side chain of ascarosides share structural similarity to acyl homoserine
lactones, quorum sensing molecules utilised by bacteria (Choe et al., 2012b). Quorum
sensing is a method by which bacteria signal the density of bacteria in their vicinity, which
regulates their growth and facilitates biofilm formation. As the insect cadaver becomes

crowded with nematodes, there is a build-up of certain ascarosides which may act as a
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signal of overcrowding and a dispersal signal (Oliveira-Hofman et al., 2019; Kaplan et al.,

2020). The role of ascarosides in EPN behaviour is further discussed in chapter 1.5.

1.3.5 Ascarosides in interactions with other organisms

Ascarosides are highly conserved across many kinds of nematodes (Choe et al., 2012b),
and other organisms have evolved to respond to, and even produce, ascarosides
themselves. The plant parasitic pine wilt nematode Bursaphelenchus xylophilus produces a
variety of ascarosides which affect the behaviour and reproduction of its vector beetle
Monochamus (Zhao et al., 2016). Surprisingly, the beetle itself produces ascarosides,
which affects its own gene expression and pupation, and attracts L4 nematodes, possibly
facilitating the transfer of these nematodes between trees (Zhao et al., 2016). Ascarosides
significantly increase the growth of ophiostomatoid fungi, such as Leptographium pini-
densiflorae and Sporothrix sp. 1 which are symbiotic to B. xylophilus. Application of
ascr#9 caused a fivefold increase in the spore production of L. pini-densiflorae, possibly
facilitating dispersal by insect vectors (Zhao et al., 2018).

The nematophagous fungus Arthrobotrys oligospora, A. musiforms, A. javanica and
Dactylella gampsospora may also be capable of “eavesdropping” on nematode
communication. After exposure to ascarosides, especially ascr#1, ascr#3, ascr#7 and
ascr#9, these species switch to their nematode-trapping morphology (Hsueh et al., 2013).
A wide variety of plant species can recognise and respond to ascr#18, the primary
ascaroside associated with plant parasitic nematodes, as well as ascr#1, and ascr#9
(Manosalva et al., 2015; Ning et al., 2020). Exposure to these ascaroside enhances the

plant’s resistance to pathogens.
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1.3.6 Neuronal basis of behaviour

The infective juvenile stage of entomopathogenic nematodes is analogous to the dauer
stage of C. elegans. C. elegans are simple organisms, containing just 302 neurons (White
et al., 1986), however they are capable of relatively complex decision making (Bono and
Maricq, 2005). The C. elegans connectome, the description of the entire nervous system,
has been mapped out in detail (White et al., 1986; Cook et al., 2019; Bhattacharya et al.,
2019). C. elegans undergo extensive neuronal remodelling upon their transition to the
dauer stage (Bhattacharya et al., 2019), resulting in worms with behaviours that differ from
other stages, such as nictation (waving their body in the air) and reduced movement and

pharyngeal pumping (Cassada and Russell, 1975).

Complex behaviour, such as foraging, is achieved by relatively simple nervous feedback
systems. One such mechanism, outlined by Liu et al. (2018), illustrates how sensory
stimuli are perceived and translated to locomotion within C. elegans (see figure 1.7). A
sensory neuron, AWC, releases glutamate, supressing AI'Y which in turn supresses the
RIA neuron via acetylcholine (Ach). The RIA neuron connects to a looped nerve ring with
two nerve domains, nrD (dorsal), and nrv (ventral). RIA may receive excitatory Ach
signals in either nrD or nrV from motor neurons as the worm waves its head. Therefore,
the worm will move in the direction of an odorant by the asymmetric suppression of these

nerve rings (figure 1.7; Liu et al., 2018; Kaplan and Zimmer, 2018).

While the neuronal basis for nematode behaviour may be relatively simple, depending on
few neurons, the resulting behaviours and the plasticity of these behaviours are highly

sophisticated and an active area of research.
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Figure 1.7: Diagram of worm movement regulated by environmental volatile cues. The
odorant, isoamyl alcohol, is sensed by AWC neurons, and the activity of AWC fluctuates in
exposure to the odorant as the worm swings its head, altering the neuron-mediated release
of glutamate which supresses the interneuron AlY. In this way, the suppression and
disinhibition of AlY is modulated by the worm’s sensation of the odorant, which supresses
RIA interneurons via acetylcholine (Ach). RIA may be excited by Ach signals received from
Ach receptor on either side of a nerve ring domain, nrD (dorsal) and nrV (ventral) from
motor neurons as the worm is swinging its head. In this example, the asymmetrical
suppression of the RIA nrD nerve ring leads to diminished dorsal movement and maintains
ventral movement, leading the worm to move in the dorsal direction towards the odorant.
When no environmental sensory cues are available, there is no asymmetry in AWC signals
and downstream suppression, leading to the worm continuing in a relatively straight
direction (dotted lines). Adapted from Kaplan and Zimmer (2018).

1.3.7 Chemosensory neurons and apparatus

Chemosensory organs in nematodes, including sensilla and amphids, are replete with
sensory neurons and are responsible for detecting odorants (Figure 1.8; Hart and Chao,
2010). Nematodes contain many different sensory neurons which facilitate chemotaxis and

host finding, though little is known about their function in EPN compared to C. elegans.
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CO: is primarily detected via head and tail neurons (Hallem and Sternberg, 2008;
Bretscher et al., 2011; Hallem et al., 2011a; Hallem et al., 2011b) and CO, sensing in
nematodes is facilitated by BAG neurons (Hallem and Sternberg, 2008; Hallem et al.,
2011a), and its deletion inhibits H. bacteriophora and S. carpocapsae chemotaxis towards
CO2 (Hallem et al., 2011a). Carbon dioxide is one of the primary chemical cues utilised by
host seeking parasites and brief exposure can stimulate nictation and jumping behaviours
in entomopathogenic nematodes (Hallem et al., 2011a) however many other host
associated volatiles can play a role in host seeking (see section 1.4.4).

Diversity of signalling molecules and receptors can further contribute to the complexity of
behaviour in nematodes. Warnock et al. (2019) investigated the transcriptional basis of
diverse host finding behaviours in 1Js of three S. carpocapsae strains (All, Breton and
UK1), with a focus on neuronal genes known to influence behaviour in other nematode
species. The 1Js of S. carpocapsae Breton display more refined host finding abilities than
S. carpocapsae All or UK1, which corelates with an upregulation of GPCR and sodium
transporter genes, implicated in chemosensation. Conversely, the UK1 strain nictates and
jumps less than All and Breton, which corelates with the upregulation of the neuropeptide-
like protein 36 (Warnock et al., 2019). It is likely that many neuropeptides work in tangent
to facilitate the accurate identification and chemotaxis towards potential hosts. Knockdown
of the expression of the FMRFamide-like gene inhibited host finding, dispersal, nictation
and jumping in S. carpocapsae 1Js (Morris et al., 2017). In these ways, relatively complex

behaviour may be mediated by relatively simple nervous systems.
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Figure 1.8: Basic layout of amphids and phasmids in the model organism C. elegans.

A.) The diagram displays amphids and phasmids, presentative of the general nematode
chemosensory anatomy. B.) Detailed structure of the amphid sensory opening
including ciliated nerve endings. C.) Detailed structure of cilia in 12 of the classes
of amphid neurons. From Bargmann (2006).
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1.4 Behaviour

Infective Juveniles leave their natal host in high numbers and must disperse far from the
insect cadaver to avoid competition and find a new insect host to continue their life cycle.
Their movement through the soil may be random (typical of the initial dispersal from the
host), or directed, utilising host volatiles and environmental cues to find hosts (Griffin,
2015). 1J behaviour upon emergence can be broadly categorised into different stages,

dispersal, host-finding, and infection.

1.4.1 Dispersal

IJs dispersing from the natal host are in direct competition with the thousands of other
emerging IJs. This competition is further complicated by the life history of each species;
the hermaphroditic heterorhabditids are not reliant on other 1Js for reproduction within the
new host, whereas while a single steinernematid may kill an insect, it cannot reproduce on
its own (Griffin, 2015). It is speculated that in amphimictic EPNs, the males may act as a
“colonising sex” (Grewal et al., 1993a), and exhibit greater dispersal abilities than females
(Lewis and Gaugler, 1994). Therefore, the 1Js emerging from a host must balance their
need to move far from the host to reduce competition and their need to infect with
conspecifics in a species-specific manner.

Upon first emergence from their host, H. megidis 1Js disperse widely and exhibit low
infectivity, facilitating wide dispersal, reducing competition between highly related 1Js
emerging from the same natal host (Dempsey and Griffin, 2002). The first of these 1Js to
leave the host exhibit good host finding abilities and poor dispersal, and 1Js which disperse

later have poor host finding abilities and have a greater propensity to disperse (O’Leary et
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al., 1998). A similar, initially high, dispersal rate and hundredfold decrease weeks after
was found in S. scarabaei (Koppenhofer et al., 2013).

Chemical cues may play a role in stimulating dispersal. Cadaver macerate from EPN
infected hosts increased the dispersal of 1Js in lab tests (Shapiro and Glazer, 1996; Shapiro
et al., 2000; Wu et al., 2018a). High levels of ascarosides build up within the cadaver,
some of which such as Ascr#9 cause 1Js to disperse (Kaplan et al., 2012; Kaplan et al.,
2020). Other chemical signals are present within the cadavers which may act as dispersal
agents, such as ammonia (San-Blas et al., 2008; San-Blas et al., 2014) and prenol
(Baiocchi et al., 2017). Higher concentrations of prenol induced higher dispersal in 1Js, and
freshly emerged 1Js were more sensitive to this cue than older 1Js (Kin et al., 2019).
Indeed, 1Js applied to a field within infected cadavers exhibited higher dispersal than those
applied in aqueous suspension (Shapiro and Glazer, 1996; Shapiro and Lewis, 1999),
possibly due to the signals received from the cadaver. The dispersal of 1Js is strongly
affected by time (see section 1.4.5), however it is unclear whether declining dispersal is
primarily affected by the physiological aging of the 1J, or these chemical cues from the

natal host wearing off.

1.4.2 Foraging strategies

Entomopathogenic nematodes are loosely defined as either cruisers or ambushers. After 1Js
have emerged from the host, they may stay on the soil surface and nictate, waiting for
potential new hosts to come near. Nictation is when 1Js raise their body from the substrate
and wave it in the air, facilitating their ability to attach to passing insects (Campbell and
Gaugler, 1993). These IJs are designated as ambushers, such as S. carpocapsae (Grewal et
al. 1994; Lewis et al., 1995b; Campbell and Gaugler 1997). Mobile 1Js that move within

the soil actively looking for a new host, are classified as cruisers, such as H. bacteriophora
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and H. megidis (Bal et al., 2015; Kruitbos et al., 2010). Some EPN such as S. feltiae and S.
riobrave adopt an intermediate tactic between both cruising and ambushing (Campbell and
Gaugler, 1997). EPN 1Js which are classified as ambushers are reported to be more
effective against mobile insects, whereas cruisers are more effective at infecting stationary
insects, such as larvae or pupae beneath the soil (Bal and Grewal, 2015).

While S. carpocapsae is generally defined as an ambusher, a small percentage of their
population disperse faster, and further than others (Grewal et al., 1993a; Bal et al., 2014;
Baiocchi et al., 2017). It is suggested that the 4% of the S. carpocapsae population which
“sprint” may do so in order to maximise their chances of infection in the absence of hosts
(Bal et al., 2014). The presence of moving hosts increased the dispersal speed and distance
of S. carpocapsae sprinters, implying that they modulate this behaviour based on cues,
likely CO2 given off by the host (Bal and Grewal, 2015). Another hypothesis is that these
sprinters are males (Grewal et al., 1993a), and that they may act as colonisers, which
disperse widely to find suitable hosts, and signal females which follow after (Grewal et al.,
1993a).

S. carpocapsae is widely considered an ambush forager, and generally does not disperse as
widely as cruiser foragers, though this assumption is questionable (Wilson et al., 2012).
The media upon which EPN IJs are placed may affect the nictation rates of “ambusher”
IJs, indicating that their observed ambushing behaviour may be a product of their
immediate environment as they ambush on sand but were mobile in peat (Kruitbos et al.,
2010). The extent to which these species can be categorised into strict foraging tactics is

likely overstated (Griffin, 2012).

29



1.4.3 Host-finding and infection

The 1Js of EPN must seek out and infect new insects to mature to a reproductive stage and
feed, and infection of an unsuitable host represents a “dead end” for the 1J. Therefore, EPN
IJs rely, to a large extent, on host volatiles to find potential hosts, and respond to a wide
variety of odours to assess the quality of a potential host (section 1.4.1). EPN which
require specific hosts use volatiles to identify these hosts, such as the preference S.
scapterisci IJs exhibit for cricket related odorants and indifference to odours associated
with other insects (Dillman et al., 2012).

Following their attraction to a potential host, EPN utilise a number of host recognition
cues, which include insect excretory products, their cuticle or gut contents (Grewal et al.,
1993b; Grewal et al., 1993c; Griffin, 2015). Part of this assessment may also involve
ascertaining if there are con- or heterospecifics already within the host. While
steinernematids are amphimictic with only one known notable exception (Griffin et al.,
2001), and require at least 2 (a male and a female) to enter the host in order reproduce,
heterorhabditids are hermaphroditic and do not require a mate to reproduce. While low
numbers of 1Js may not be able to kill an insect host on their own, coinfection by
conspecifics will increase the intraspecific competition within the host. Therefore, honest
displays of the infection status of a host benefits all 1Js. Such mechanisms have been
proposed, such as the build-up of a repulsive chemical prenol within the host (Baiocchi et
al., 2017) or ammonia by-products (San-Blas et al., 2008; San-Blas et al., 2014) which
may deter coinfection. EPN may act as scavengers or infect insects infected with EPN,
although it diminishes their fitness (Blanco-Pérez et al., 2019) however hosts offer a refuge
from freezing and desiccation (Lewis and Shapiro-Ilan., 2002; Perez et al., 2003) which

may offset the reproductive costs.

30



Upon finding a suitable host, the EPN IJs penetrate it via the spiracles, mouth or anus, and
Heterorhabditis spp. may also enter through the cuticle itself (Bedding and Molyneux,
1982). Once in the haemolymph, the EPN release their symbiotic bacteria, which multiply
and kill the host via sepsis. These bacteria constitute the food source for the subsequent
generations of nematodes, and possibly produce chemicals which warn off late infectors
(Baiocchi et al., 2017). Infectivity is one of the most desirable traits for EPN 1Js as
biocontrol agents, and one way in which this might be improved is that cadaver macerate
or extracts from EPN infected hosts increased the infectivity of H. bacteriophora, S. feltiae
and S. carpocapsae in lab conditions (Wu et al 2018a; Shapiro-llan et al., 2019).
Understanding how to maximise 1J host finding and infectivity will enhance their use as

biocontrol agents.

1.4.4 Chemotaxis

Nematodes are responsive to a wide range of odorants and chemical stimuli. Bacterivorous
nematodes such as C. elegans are attracted towards short-chain alcohols associated with
bacterial metabolic by-products, whereas the entomopathogenic H. bacteriophora are
attracted to long-chain alcohols associated with insects (O’Halloran and Burnell., 2003).
Infective juveniles of various EPN species respond to a wide variety of signals while
foraging for hosts, as outlined above. While they are most attracted to CO (Hallem et al.,
2011a; Dillman et al., 2012), both Steinernema and Heterorhabditis 1Js are attracted to a
wide range of host volatiles, and their responses towards these volatiles are remarkably
similar (Chaisson and Hallem, 2012), despite the phylogenetic distance between the 2
families (Blaxter et al., 1998; Figure 1.9). Host-specific nematodes, such as the cricket
parasite S. scapterisci, were only strongly attracted by cricket-associated volatiles

(Dillman et al., 2012). Many factors affect the chemotaxis response exhibited by EPN IJs.
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Host volatiles alone are attractive to EPN 1Js, however when accompanied by vibration,
the attraction of the IJs is stronger (Torr et al., 2004). Exposure to live insect cuticle
enhanced the chemotaxis of S. carpocapsae 1Js towards host related volatiles (Baiocchi et
al., 2019).

Many of the insects that are infected by EPN feed on plant roots, and so chemotaxis
towards the appropriate plant-related volatiles can aid in host finding. H. megidis can
respond to plant volatile cues such as (E)-p-caryophyllene, which are secreted by plants in
response to insect larvae feeding on their roots (Rasmann et al., 2005). H. megidis 1Js
were more strongly attracted to Thuja roots which were being fed on by weevils, than to
intact Thuja roots, those mechanically damaged by researchers or weevils on their own
(Van Tol et al., 2001; Boff et al., 2002). H. megidis are just as attracted to plant volatile
cues as they are to CO2, and when combined the two create a more attractive stimulus than
any individual cue (Turlings et al., 2012).

Volatiles associated with infected hosts are also valuable signals for EPN both as
indicators of occupancy and as dispersal signals. Solid-phase microextraction and GC-MS
analysis identified host chemical cues which S. glaseri (cruiser forager), S. carpocapsae
(ambusher), S. riobrave (intermediate) and S. feltiae (intermediate) use to distinguish
between uninfected hosts, and infected hosts, and even between hosts with conspecific or
heterospecific infections (Baiocchi et al., 2017).

Prenol was identified as a volatile cue which increases in concentration in the late stages of
host infection. This odour is highly repulsive to EPN IJs (Kin et al., 2019) and may
encourage newly emerged 1Js to disperse and discourage IJs from coinfecting an infected
host (Baiocchi et al., 2017). Dimethyl disulphide was identified as the highest abundant
volatile given off by infected G. mellonella, regardless of the species examined (H.

bacteriophora, S. feltiae, S. carpocapsae and S. rarum) and prenol was not detected (Fu et
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al, 2021). However, since there were no uninfected insects as controls, the source of the

dimethyl disulphide cannot be unambiguously attributed to infection by EPN.
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Figure 1.9: The chemotaxis response of S. carpocapsae and H. bacteriophora compared to
that of the free-living, bacterivorous nematode C. elegans. Despite their phylogenetic
distance, both of the entomopathogenic species of nematodes are attracted to the same
odours, those associated with insects, due to convergent evolution. Adapted from Chaisson
and Hallem, (2012).

1.4.5 Effects of age and storage temperature

The 1J is a non-feeding stage, which relies on its stored lipids and glycogen for energy. 1Js

that do not find a host may eventually die of starvation, but before that time their ability to

find and infect hosts declines (e.g., Lewis et al 1995b; Patel et al., 1997). The rate of

decline depends on the ambient temperature, but lower temperatures generally prolong life,
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and there is an optimum storage temperature for each species (Grewal, 2002). Because
shelf life is an important feature of organisms used for biocontrol, the decline in infectivity
over time at different temperatures, and ways to prolong it, has been the subject of much
research (see section 1.6.5). However, before the general decline in EPN quality, there
may be other more subtle changes in behaviour, including the phenomena that can be
loosely termed “phased infectivity”, and these will be addressed here.

While infectivity has received most attention, Lee et al. (2016) showed that culture and
storage temperature have a strong effect on the chemotaxis of EPN IJs. H. bacteriophora
and S. carpocapsae IJs stored at and swapped between 15-25°C both showed altered
responses to odorants (acetone and 1-hexanol) and altered host-seeking behaviour (Lee et
al., 2016). S. carpocapsae 1Js cultured at low temperature (15°C) were strongly attracted to
acetone, and neutral towards 1-hexanol whereas 1Js cultured at a higher temperature
(25°C) were repulsed by acetone, and strongly attracted towards 1-hexanol. Chemotaxis
was also affected by the age of the 1J. The chemotaxis response of H. bacteriophora was
affected by age more than by temperature (Lee et al., 2016). In the cricket-specific
nematode, S. scapterisci, young 1Js were repelled by CO,, an important host volatile cue,
whereas older 1Js were attracted to CO> (Lee et al., 2016). This may be advantageous as it
facilitates the dispersal of the nematodes after emergence from the natal host as the
emerging nematodes will not super-parasitise the first host in their vicinity.

Fan and Hominick (1991) showed that two steinernematids, including S. feltiae, exhibited
fluctuations in infectivity during storage in moist sand at 5°C but not at 15°C. This is
generally referred to as phased infectivity, as discussed by Hominick and Reid (1990).
Phased infectivity in Steinernematidae has been contested (Campbell et al., 1999) however
it has been well documented in Heterorhabditis spp., such as H. bacteriophora (Campbell

etal., 1999; Perez et al., 2003) and H. megidis (Griffin, 1996; Fitters et al., 2001; Dempsey
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and Griffin, 2002; Ryder and Griffin, 2003). The infectivity of H. megidis 1Js increased
over time as dispersal decreased, suggesting that 1Js switch their focus from dispersal to
infection (Dempsey and Griffin, 2002). Heterorhabditis spp. showed an increase in
infectivity, especially after cold-storage, before the eventual age-related decline sets in
(Griffin, 1996; Fitters et al., 2001; Perez et al., 2003). There is also evidence that
infectivity of steinernematids can be improved by storage conditions. The virulence of S.
kraussei increased in assays at both optimal and sub-optimal temperatures following pre-
conditioning at 9-12°C (Guy et al., 2009). Similarly, storage at 8°C increased the
infectivity of S. scarabaei 1Js (Koppenhofer et al., 2013), and cold storage at 9°C
improved the infectivity of S. carpocapsae and H. megidis against the black vine weevil,
Otiorhynchus sulcatus at 9°C (Fitters et al., 2001; Guy et al., 2017)

Similar to its effects on chemotaxis, temperature has a strong effect on the infectivity of
many 1Js. S. rarum IJs reared at 23°C showed weekly fluctuations in infectivity whereas
those stored at 5°C showed an initial increase and subsequent decline (Cagnolo and
Campos, 2008). Cold stored (15°C) S. carpocapsae adopted “cruising tactics”, whereas
those stored at 25°C nictated more (Lee et al., 2016).

Temperature and aging also affect the dispersal of EPN 1Js. Aging S. carpocapsae 1Js
nictated less, and dispersed more (Lewis et al., 1995b). Steinernema scarabaei 1Js stored at
8°C dispersed less than 1Js stored at room temperature (Koppenhofer et al., 2013). No
significant increase in transparency was detected in this study, indicating that the lipid

levels of the 1Js remained relatively high.
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1.5 Stress tolerance

EPN belonging to both Heterorhabditidae and Steinernematidae can be found on all
continents except Antarctica (Griffin et al., 1990), including tropical, temperate, and desert
conditions (Hominick, 2002). Organisms tolerate stress in species-specific ways, either
constitutively or by induction of stress resistance behaviours or molecules after exposure
to stress. Nematodes with constitutive stress tolerance include Panagrolaimus superbus,
which can tolerate rapid desiccation with the constitutive expression of protectants and the
induction of repair pathways upon rehydration (Tyson et al., 2012). Other organisms
require prior exposure to abiotic stress to survive prolonged periods or more severe stress
(Hibshman et al., 2020). EPN IJs are found in the soil all year round and are exposed to a
wide array of stressors such as UV light, desiccating conditions, and temperature extremes.
EPN WJs are relatively resistant against these stressors (especially compared to other stage
of the life cycle) and have a variety of stress tolerance mechanisms. Here | will focus

mainly on tolerance to freezing and desiccation, and the role of acclimation in protection.

1.5.1 Acclimation

Oncoming winter or summer is indicated by the gradual reduction or increase in
temperature, respectively. These conditions may act as cues for both a change in the 1J’s
behaviour, and for the production of protective molecules. Acclimation to low
temperatures enhances freezing tolerance in many species of nematode (McGill et al.,
2015; Seybold et al., 2017; Thorne et al., 2020; Liu et al., 2019; Wu et al., 2018b; Okahata
et al., 2016). Similarly, preconditioning nematodes in relatively low relative humidity
(RH) enhances nematodes’ survival in desiccating conditions (Womersley et al., 1989;

Solomon et al., 1999; Erkut et al., 2011). Cold and warm storage enhanced S. carpocapsae
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and S. riobrave tolerance to UV light (340nm; Jagdale and Grewal, 2007). Acclimation to
stressful conditions induces the accumulation within the nematode of protectants, such as
trehalose (Jagdale and Grewal, 2003; Erkut et al., 2011; Ali and Wharton, 2015) and
glycerol (Ali and Wharton, 2015), and the upregulation of chaperones such as heat shock
proteins (HSPs; Xie et al., 2020), late embryogenesis (LEA) proteins (Solomon et al.,
2000; Hibshman et al., 2020) and proteins involved in reactive oxygen species (ROS)
reactions (Hibshman et al., 2020).

These mechanisms have been demonstrated in the 1J stage of EPN. Acclimation to low
temperatures greatly enhances freezing resistance in S. feltiae, S. riobrave, S. carpocapsae,
and H. bacteriophora (Grewal and Jagdale., 2002; Jagdale and Grewal., 2003; Brown and
Gaugler 1996; Ali and Wharton, 2013). Acclimation to lower temperatures induces the
production of metabolites and proteins and other responses which can enhance freezing
tolerance; many of these adaptations also have roles in desiccation tolerance (Chen et al.,
2005; Solomon et al., 2000; Grewal and Jagdale, 2002).

It is unknown how long 1Js retain their freezing tolerance after exposure to low
temperatures. While it may be advantageous for an organism to retain resistance to stress
indefinitely, the production of proteins (stress proteins or enzymes responsible for the
synthesis of small molecule protectants) is energetically expensive, and represent an
opportunity cost for the nonfeeding 1J, as it cannot replenish the amino acids used to
assemble proteins by feeding. 1Js may instead dynamically respond to their environment to
resist immediate stresses and not retain that resistance long term.

Freezing of extracellular water increases the concentration of extracellular solutes drawing
water out of the cells via osmosis (Muldrew and McGann, 1994; Dumont et al., 2003).
Cells can lose water due to increased membrane permeability (Mazur, 1963). Nematodes

within the soil which are highly permeable may be dehydrated in this manner upon
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exposure to freezing temperatures (Forge and MacGuidwin, 1992; Wharton et al., 2003;
Wharton et al., 2005; Ali and Wharton, 2013), as is the case with other small soil dwelling
organisms (Semme and Birkemoe, 1997; Scholander et al., 1953; Holmstrup et al., 1994)

and plants (Lenné et al., 2010; Daskalova et al., 2010).

1.5.2 Freezing resistance

EPN are generally classed as either freezing-tolerant, able to survive intracellular ice
formation, or freezing-susceptible, avoiding ice nucleation and maintaining their body
fluids as a liquid below their melting point (Glazer, 2002). S. feltiae, H. bacteriophora and
S. anomali are all freezing tolerant, capable of withstanding temperatures down to —22°C,
—19°C and —14°C respectively (Brown and Gaugler, 1996). H. zealandica’s sheath
prevents inoculative freezing, facilitating supercooling to -32°C, though exsheathed I1Js
freeze above —6°C, which Kills the 1J, classifying them as freezing-susceptible (Wharton
and Surry, 1994; in Glazer, 2002). To achieve this supercooling of body fluids, 1Js
accumulate protectants such as trehalose, glycerol and polyols upon exposure to cold or
freezing temperatures (Ali and Wharton, 2015). Indeed, conditioning S. glaseri, S.
riobrave and S. carpocapsae in glycerol enhanced their resistance to freezing (Brown and
Gaugler, 1998). Storage of EPN at low temperatures increased the concentration of
unsaturated fatty acids, which are implicated in increasing membrane fluidity in low
temperatures (Grewal et al., 2006)

Freezing negatively affects living cells in several ways, however the exact mode of action
is unclear. Counter-intuitively, the danger freezing poses to living cells occurs not at the
lowest temperatures, but at the intermediate zone between their optimum temperature and

the temperature at which they freeze, which is generally between —15°C and —60°C,
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however this differs between organisms. Cells must traverse this “danger zone” twice,
initially when freezing and upon their thawing. (Mazur, 1963; Mazur, 1984).

The two-factor hypothesis proposed by Mazur (1972) explains how freezing rates which
are too fast or slow can negatively affect cells. Cells which are gradually introduced to
lower temperatures at a constant rate fare better than those which are exposed to extremely
low temperatures immediately. Exposure to extreme low temperatures can cause the
formation of intracellular ice crystals, which almost always causes mortality due to the
mechanical distress they place upon the cell, as well as puncturing of the cell membrane
(Mazur 1960; Arora, 2018). The puncturing of the plasma membrane may be the cause of
ROS stress within the cells, as repeated freeze thaw cycles increase the rate of ROS in
winter wheat crowns, and those that were acclimated to low temperatures has increased
tolerance to ROS (Arora, 2018). Gradual freezing prevents the formation of intracellular
ice (Mazur, 1984), lessens the chance of cell membrane rupturing (McGann et al., 1988)
and induces the accumulation of cryoprotectants within the cells (Jagdale and Grewal,
2003; Ali and Wharton, 2015). Cooling too slowly can fully dehydrate the cells affecting
their viability (Gao and Critser, 2000). Subsequent return to hypotonic solutions can Kill

thawing organisms due to osmotic shock (Mazur, 1984; Gao and Critser, 2000).

1.5.3 Desiccation resistance

Some organisms are constitutively anhydrobiotic and can readily desiccate without prior

exposure to dehydrating conditions. These organisms can endure this state of desiccation

for long periods of time and can rehydrate readily with few negative effects after years of
anhydrobiosis, such as the resurrection plants (Scott, 2000) or the Antarctic nematode P.

superbus (Tyson et al., 2012), which is classified as a fast dehydration strategist. Other

organisms (including EPN 1Js) must be exposed to brief or mild abiotic stress to induce
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protectants or behaviours which increase their tolerance of that stress e.g., some days at a
high RH before exposure to lower RH; these are termed slow desiccation strategists. Other
terms have been proposed for slow and fast, such as external dehydration strategists
(which have little control over their water loss) and innate dehydration strategists which
have intrinsic adaptations to control their water loss (Perry and Moens, 2011). The
desiccation tolerance of EPN varies from species to species however in general their
tolerance of desiccation is improved by prior exposure to high RH. No EPN species is
capable of true anhydrobiosis, which is described as survival with loss of almost all water
and cessation of metabolic activity (Madin and Crowe, 1975; Wharton, 2015).
Preconditioning S. feltiae, H. bacteriophora and various Heterorhabditis spp. in
desiccating conditions (97% RH) improves the 1Js’ survival in desiccative conditions
(Solomon et al., 1999; Liu and Glazer, 2000). Desiccative conditions induce the
accumulation of various protective molecules such as glycerol and trehalose (Qiu and
Bedding, 2000; Qiu and Bedding, 2002) and LEA proteins (Solomon et al., 2000).
Conditioning H. megidis and H. indica IJs at 98% RH induced the synthesis of glycerol
but not trehalose (O’Leary et al., 2001), whereas similarly conditioned S. carpocapsae 1Js
produced trehalose (Womersley 1990). Physical factors such as cuticle structure also affect
EPN WJs, and loss of their sheath makes H. megidis 1Js susceptible to desiccation stress

(O’Leary et al., 1998), presumably as the sheath slows the rate of water loss from the 1J.

1.5.4 Accumulating sugars

Sugars as a group appear to be protective against abiotic stress; such sugars include
sucrose (Carpenter et al., 1987), maltose (Carpenter et al., 1987), and glucose (Koster et
al., 1994). Trehalose, a disaccharide composed of two glucose molecules and found in

many organisms, appears to be especially protective against abiotic stressors, and has been
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shown to be superior to other saccharides in this function (Crowe et al., 1987). Trehalose is
the primary sugar found in nematodes, with multiple vital roles in energy storage and
stress resistance (Behm et al., 1997; Elbein et al., 2003). Trehalose is involved in the
formation of glass, an amorphous solid which retains the relative structure and position of
the cellular contents upon desiccation, enhancing the cell’s survival (Crowe et al., 1996).
Many species of nematode (Madin and Crowe, 1975; Behm, 1997; Adhikari et al., 2009;
Lopienska-Biernat et al., 2020), and other stress resistant organisms such as tardigrades
(Westh and Ramlev, 1991; Hengherr et al., 2008), yeast (D’ Amore et al., 1991; Eleutherio
et al., 1993), brine shrimp (Glasheen and Hand, 1988: Hand and Menze 2015) and plants
(Scott, 2000; Iturriaga et al., 2000; Wingler, 2002; Williams et al., 2015) accumulate

trehalose upon exposure to desiccative, temperature or osmotic stress.

1.5.5 Protein and chaperone response

Exposure to abiotic stress induces the expression of protective proteins within nematodes.
Nematodes accumulate intrinsically disordered proteins called late embryogenesis
abundant (LEA) proteins which were first discovered in plant seeds (Cuming and Lane,
1979; Dure et al., 1981). LEA proteins have been found in many species of nematodes
including C. elegans (Gal et al., 2004), Steinernema feltiae (Solomon et al., 2000) and
Aphelenchus avenae (Browne et al., 2004), and other organisms renowned for their stress
tolerance including brine shrimp (Wang et al., 2007), rotifers (Pouchkina-Stantcheva et al.,
2007), tardigrades (Boothby et al., 2017) and certain plants (Cuming and Lane, 1979; Dure
etal., 1981; Ndong et al., 2002). LEA proteins are involved in protecting cells from
oxidative stress (Zheng et al., 2019), freezing (Anderson et al., 2015; Reyes et al., 2008),

and desiccation (Solomon et al., 2000).
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Heat shock proteins (HSPs) are produced by nematodes in response to abiotic and biotic
stress (Wharton, 2011). HSPs are ATP-dependent molecular chaperones which surround
proteins and prevent their misfolding and aggregation (Borges and Ramos, 2005; Clare and
Saibil, 2013). HSPs are differentiated by their size - HSP70 is roughly 70 kDa, and HSP90
is ~90kDa - and each have different functions.

HSP70 mediates protein chaperoning activity, receiving proteins directly from ribosomes
(James et al., 1997; Siegers et al., 1999) or from other chaperones for correct folding, and
can transfer misfolded proteins to HSP60 for refolding (Langer et al., 1992) or to HSP90
via the cochaperone HOP (Frydman and Héhfeld, 1997). HSP70 also facilitates the
degradation of improperly folded proteins (Connell et al., 2001; Murata et al., 2001).
HSP70 and its cochaperones are implicated in resistance to abiotic stress (Lee and Schoffl,
1996; Alvim et al., 2001; Sung and Guy, 2003). HSP70 works synergistically with
chaperonins to facilitate de-novo protein folding of nascent polypeptides (Siegers et
al.,1999).

Members of the HSP60 family are also called chaperonins. Chaperonins are grouped into
two classes, group | and group Il chaperonins. Group | chaperonins fold unfolded proteins
transported into the mitochondria from the cytosol (Levy-Rimler et al., 2002) and are also
found within the chloroplast. Group Il chaperonins work synergistically with prefoldins to
bind and fold actin and tubulin (Vainberg et al., 1998)

HSP90 is involved in various signal transduction pathways as it ensures the correct folding
of various kinases and hormone receptors (Richter and Buchner, 2001; Frydman, 2001).
HSP90 can prevent the aggregation of misfolded proteins (Bose et al., 1996), mark
misfolded proteins for degradation (McClellan et al., 2005), facilitate the recovery of heat

damaged proteins and refold misfolded proteins (Nathan et al., 1997)
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Proteins in the HSP100 family are involved in preventing and reversing toxic aggregates of
proteins (Palleros et al., 1991; Glover and Lindquist, 1998), mediated by HSP70 and its
cochaperone HSP40 (Rampelt et al., 2012).

Small heat shock proteins (SHSPs) are, as their name suggests, smaller than their
counterparts at around 12-43kDa (De Jong et al., 1998; Franck et al., 2004; Haslbeck et al.,
2005). These proteins are implicated in protecting organisms against low temperature or
freezing stress (Sabehat et al., 1998; Pacheco et al., 2009) and against heat stress (Raman
etal., 1995). Small heat shock proteins prevent protein misfolding and aggregations
(Jakob et al., 1992; Raman et al., 1995; Ungelenk et al., 2016). Unlike most other HSPs,
SHSPs can act independently of ATP hydrolysis (Jakob et al., 1992).

The molecular mechanisms involved in stress tolerance in EPN are not well understood,
though the C. elegans dauer’s tolerance to abiotic stress has been extensively studied
(Erkut and Kurzchalia et al., 2015) and several recent studies have utilised transcriptomic
and proteomic approaches to investigate the molecular response of EPN 1Js upon abiotic
stress exposure. Yaari et al. (2016) analysed transcriptome expression in Steinernema spp.
following heat and desiccation treatments. Many stress genes were expressed upon stress
exposure including HSPs, LEA proteins, superoxide dismutase, ubiquitin and various
enzymes involved in dehydrogenation and cell signalling. Heat shock in S. carpocapsae
induced the expression of HSPs, proteins involved in stress and ROS tolerance and
transcription factor genes which are related to longevity pathways (Xie et al., 2020). H.
bacteriophora 1Js exposed to oxidative stress exhibited similar upregulation of stress
response in both the stress sensitive and stress tolerant strains tested, whereas the stress
sensitive strain downregulated a far greater number of genes than the tolerant strain

(Sumaya et al., 2020). The proteome of S. feltiae in desiccating conditions revealed an
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accumulation of a number of protectants, which may also enhance the 1Js’ tolerance of

freezing conditions (Chen et al., 2005) via cross tolerance.

1.5.6 Cross tolerance

Acclimation to one stressor may confer resistance to another, due to the general protective
effects of stress induced proteins, molecules and behaviours (such as coiling and
clumping) and the fact that individual stressors involve part of another stress i.e. freezing
stresses cells by removing free water, and by the physical stress of expansion and
shrinkage (Pegg, 1987), and these stresses are also caused by desiccation. Therefore,
mechanisms which enhance the 1J’s tolerance of freezing stress likely confer resistance to
desiccation, and vice versa. Exposure to desiccation enhanced EPN 1Js’ freezing tolerance
(Chen et al., 2005; Adhikari et al., 2010), and exposure to cold temperatures enhances their
tolerance to desiccation, likely due to the accumulation of trehalose, a desiccation
protectant (Solomon et al., 2000; Grewal and Jagdale, 2002; Jagdale and Grewal., 2007).
The phenomenon of cross tolerance is found in many organisms. Both cold shock and heat
shock induce heat shock protein activity in brine shrimp (Gbotsyo et al., 2020), indicating
that these proteins may confer non-specific resistance against cell damage. Of 416
identified mass spectral tags detected in temperature-shocked Arabidopsis, 93 were
increased or decreased in abundance in a similar manner to both cold and heat shocked

plants, indicating a dual function to these molecules (Kaplan et al., 2004).
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1.6 Biocontrol agents

At least 13 species of EPN (Heterorhabditidae and Steinernematidae) are used in
biocontrol against many pest targets, often achieving above 75% efficacy in field or
greenhouse conditions (Lacey et al., 2015). EPN are effective killers of insects and
populations can survive for successive generations within a field giving lasting protection
against insect pests (Kapranas et al., 2017). EPN have approached, or indeed surpassed
chemical pesticides in terms of efficacy in many cases (Jansson et al., 1993), with few of
the negatives associated with chemical pesticides (Lacey et al., 2015; Harvey et al., 2016).
In some cases, however, EPN applications fail to control pest populations, prompting
research into the various factors which may affect their success (Georgis et al., 2006;
Lacey et al., 2015).

The most common EPN used as biocontrol agents are S. carpocapsae, S. feltiae and H.
bacteriophora partially due to their wide host and temperature ranges (Kung et al., 1991;
Saunders and Webster, 1999; Chen et al., 2003; Hazir et al., 2001; Lortkipanidze et al.,
2019). Other EPN species have also been tested, such as S. glaseri, and S. scarabaei
against beetles (Gaugler et al., 1992b; Koppenhofer et al., 2006) and heterorhabditids such

as H. megidis against weevils (Guy et al., 2017).

1.6.1 Safety and regulation

From the earliest days of their introduction to the markets, entomopathogenic nematodes
have been recognised as “exceptionally safe” and safer than chemical pesticides by the
Organisation for Economic Cooperation and Development (OECD; Ehlers and Hokkanen,
1996). EPN based biocontrol agents are safer for humans and non-target organisms than

chemical pesticides (Akhurst and Smith, 2002). However, care must be taken to ensure
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that exotic nematodes are not introduced to areas to which they are not endemic (Jansson,
1993). Native species should be considered first, as they do not involve the risk of
introducing novel species to an ecosystem, are adapted to the climate of application and
may be more effective against endemic insect pests (Kepenekci et al., 2015; Navarez et al.,

2021; Sahin et al., 2021).

1.6.2 Choice of species to use

One of the most important factors to consider in choosing which species of EPN to use for
a particular pest is its virulence for that pest. S. carpocapsae, S. feltiae, H. bacteriophora,
and H. megidis are classified as generalist entomopathogens, as they infect and kill a wide
range of insects. In contrast, S. scapterisci is not only ineffective against insects other than
their preferred cricket host (Nguyen and Smart, 1991) but the 1Js of this species
preferentially activate upon exposure to cricket homogenate (Lu et al., 2017b). EPN IJs are
attracted towards odours associated with their preferred hosts (section 1.4.1), enhancing
their efficacy as biocontrol agents against those pests in particular (Castelletto et al., 2014;
Hallem et al., 2011a). In addition, the selection of appropriate EPN for the control of
specific pests can reduce off-target effects of those EPN.

Off-target effects could exacerbate pest populations in the long run, as they can adversely
affect beneficial insects, including parasitoids, or local entomopathogenic nematodes.
Repeated applications of EPN have been shown to reduce populations of local nematode
species, which may represent a loss in natural predators and biodiversity after long term
application (Duncan et al., 2003a; Duncan et al., 2003b). Using host-specific species, such
as S. scapterisci, or targeted application can reduce off target effects (Nguyen and Smart,
1991; Harvey et al., 2012). Parasitoid wasps are able to detect EPN infected cadavers and

avoid them, reducing the risk of their populations being adversely affected by EPN
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application (Harvey and Griffin., 2012). Understanding these specific interactions between
IJs and their hosts can enhance the manipulation of these I1Js as biocontrol agents.

Another crucial factor in selecting an EPN species for application is the consideration of
how each species responds to the abiotic and biotic factors present at the site of application
(Shapiro-llan et al., 2006). Temperature is one of the most important abiotic factors
(Griffin, 1993). The survival, infectivity, and chemotaxis of EPN 1Js is strongly affected
by temperature (Georgis and Gaugler, 1991; Andalo et al., 2011; Kepenekci et al., 2015;
Baimey et al., 2015; Lee et al., 2016; EI Khoury et al., 2018), and therefore anticipating the
temperatures likely to prevail in the host’s target habitat following application and
ensuring the 1J will be effective at that temperature is crucial. S. carpocapsae, S. glaseri,
H. bacteriophora, and H. megidis all have an optimum temperature somewhere between 5-
and 25°C (Kung et al., 1991; Saunders and Webster, 1999; Chen et al., 2003). S. feltiae
may be considered a cold-adapted species, showing high efficacy against insect pests
between 8°C and 25°C (Hazir et al., 2001; Kepenekci et al., 2015). At temperatures above
25°C however, its efficacy falls off gradually (Jagdale et al, 2004) limiting the use of this
species in greenhouses. The ability to infect and kill at low soil temperatures is a desirable
trait when targeting certain pests, such as the black vine weevil, that are active under such
conditions (Guy et al., 2017).

EPN species also vary in their tolerance to the physical stresses in spray equipment
(Wright et al., 2005; section 1.7.5), as well as various environmental stresses encountered
during and following application. These include high temperatures and UV radiation
(Gaugler et al., 1992a), and 1Js may also be exposed to low temperatures, and freezing
conditions post application. The effects of stressors such as heat, UV and desiccation are

exacerbated during foliar application, and EPN’s success when applied as a biocontrol
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agent is reduced on exposed foliage but impacts are less severe during application to
longer foliage where the canopy may help protect the 1Js (Griffin, 2015).

The behaviour of both the parasites and the pest must also be considered. EPN IJs which
employ an “ambush” strategy are more effective against mobile pests, whereas “cruisers”
can actively seek out immobile larvae below the soil level (Bal and Grewal, 2015; see
section 1.4.2). These classifications aid the selection of EPN 1Js against certain pests,
however the extent to which these species employ one strategy over another is often
overestimated (Griffin, 2012). Although regarded as ambushers due their propensity to
“nictate” on the soil surface, S. carpocapsae are still able to infect and kill soil pests

efficiently 40cm and below soil level (Dillon et al., 2007; Kapranas et al., 2017).

1.6.3 Mass production

Entomopathogenic nematodes can be produced in-vivo within insect hosts, especially if
they are to be applied to the field within cadavers, however this process is labour intensive
and costly. Most commercial production of EPN is in liquid culture in large scale
bioreactors containing nutrition dense liquid media (Gaugler and Han, 2002). A key step in
this in-vitro production process is the inoculation of the appropriate bacterial symbiont into
the nutritive medium before the addition of the nematodes (Shapiro-Ilan et al., 2014b).
Successive generations of nematodes may develop within this bioreactor until the
nematode population peaks and the bacterial populations are consumed, initiating the
production of 1Js (Ehlers, 2001). Once the population contains a high proportion of 1Js, the

nematodes are separated from the spent medium and washed.
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1.6.4 Formulation and application

Entomopathogenic nematodes may be kept in aqueous suspension at 4-15°C for 3-6
months for heterorhabditids and for 6-12 months for steinernematids (Hazir et al., 2003).
The refrigeration requirement for 1Js in this form is expensive and the bulk of this form
also hinders transportation (Grewal, 2002). Embedding 1Js in a medium can enhance their
lifespan and reduce the need for specific storage conditions. Therefore, in most EPN
products, 1Js are formulated using ingredients that either physically prevent movement
(e.g., gels) or induce partial anhydrobiosis, thereby reducing metabolism and increasing
stress tolerance (Grewal, 2002).

Storage in alginate beads prolongs the survival of EPN species at room temperature
(Hussein and Abdel-Aty, 2012; Chen and Glazer, 2005). The addition of glycerol to these
beads improved S. feltiae survival after 6 months of storage at room temperature, and they
retained their infectivity after this time (Chen and Glazer, 2005). These IJs had entered a
quiescent state within the bead, which may further enhance their longevity as they avoid
energy expensive behaviours while dormant. Many EPN species can be kept in this state at
room temperature for months at a time, and for longer below 10°C (Grewal, 2002).
Alginate beads may be applied to the field directly and can be supplemented with
attractants to draw insects towards the beads themselves, facilitating their infection
(Hiltpold et al., 2012). Most formulations are dissolved in water prior to application to the
field (Grewal et al., 2002), “reactivating” the 1Js and ending this quiescence (Kim et al.,
2021)

EPN can be applied using a wide variety of sprayer equipment (Georgis, 1990). As with all
abiotic stressors, some species are more resistant to the water pressure within the sprayer

than others. S. feltiae, S. carpocapsae and H. bacteriophora can withstand pressures of up
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to 2,000 kPa (Nilsson and Gripwall, 1999; Fife et al., 2003), while H. megidis is
recommended to be used at less than 1380 kPa instead (Fife et al., 2003).

IJ-infected cadavers may be directly applied to fields. This method protects the 1Js from
desiccation and can increase their dispersal (Shapiro & Glazer 1996), efficacy (Shapiro-
Ilan et al. 2003) and infectivity (Shapiro & Lewis 1999). The infected cadaver contains
many 1Js as well as nematode-secreted products. These phenomena may be explained by
the build-up of ascarosides and other chemicals within host cadavers, which affect 1Js’
behaviours (see section 1.3.4; Wu et al., 2018a). Infected cadavers can be desiccated to
decrease their weight and size to facilitate transport and also prolong storage life (Shapiro-
llan et al., 2001). These cadavers can be formulated, coated in chemical agents which can
enhance the shelf-life and desiccation tolerance of the products; however these formulated
cadavers present other challenges. During transport and storage formulated cadavers can

clump or rupture, which reduces their efficacy (Shapiro-Ilan et al., 2001).

1.6.5 Genetic improvement

The selection of desirable traits in EPN can improve their use as biocontrol agents, and
reduce costs associated with their production. EPN can be selected for desirable traits such
as tolerance of cold (Grewal et al., 1996), heat (Ehlers et al., 2005; Anbesse et al., 2013),
desiccation (Strauch et al., 2004), nematicides (Glazer et al., 1997), oxidative stress
(Sumaya et al., 2018) as well as host finding (Gaugler et al., 1989), and longevity (Sumaya
et al., 2018). Conventional breeding and selection may be combined with molecular
techniques to refine and enhance the selection of traits (Sumaya et al., 2018). Desirable
traits such as high virulence against insects that 1Js display in the lab may not be effective
in the field due to a variety of abiotic and biotic factors (Shapiro-llan et al., 2014a).

Furthermore, selection of specific traits may diminish other desirable traits (Gaugler 1987,
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Gaugler et al., 1990). Genetic screening may enable the selection of beneficial traits in
wild nematodes (Segal and Glazer, 2000) and enhance the selection of certain traits
without losing other (Sumaya et al., 2018). Whether the traits are introduced by
conventional or molecular methods, 1Js tend to lose beneficial traits when produced in
liquid cultures (Bilgrami et al., 2006; Adhikari et al., 2009).

Trait deterioration involves decreased expression of genes related to metabolism, signal
transduction, longevity and virulence and increased expression of stress genes (Adhikari et
al., 2009). Heterorhabditids do not mate in liquid cultures, and therefore all offspring are a
result of self-fertilisation, creating inbred lines. Pooling multiple inbred lines initially can
reduce trait deterioration in heterorhabditids (Anbesse et al., 2013). Trait deterioration in
Steinernema spp. appears to be largely due to inbreeding depression, rather than
inadvertent selection for negative traits (Chaston et al., 2011). Trait deterioration may be
reduced in steinernematids by utilising inbred lines without deleterious alleles (Chaston et

al., 2011).
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1.7 Aims and objectives

Storage conditions affect the behaviour of EPN 1Js and their tolerance of abiotic stress.
The overall aim of this project is to identify some of the molecular mechanisms associated
with various phenotypes that Steinernema and Heterorhabditis 1Js exhibit in varied storage
conditions. In this project, IJs were stored in water, as is common in laboratories and prior
to formulation during mass production, though findings are also expected to have

implications for 1Js under more natural soil conditions.

There are two main strands to the project. The first investigates ascarosides or other
metabolites secreted into the storage water by the 1Js. The second strand explores the effect
of storage temperature and age on behaviour, stress tolerance and proteome of 1Js. Two
species, S. carpocapsae All and H. megidis UK211, are included throughout this work,
while the secreted metabolites are also investigated for two other species, S. feltiae and S.

longicaudum.

Disentangling the relation between secreted or internally expressed products and their
effect on the 1J can improve our understanding of these parasites and enhance their use as

biocontrol agents.
Ascarosides

Ascarosides are a class of nematode signalling molecules with effects on behaviour and
development (section 1.3). Choe et al (2012b) identified several ascarosides secreted by

Steinernema IJs for up to 6 hours, leading to my first hypothesis.

Hypothesis 1. Storage of 1Js in water will lead to increasing concentrations over time of

signalling molecules, which affects 1J behaviour.
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Effects of storage temperature and time on behaviour, stress tolerance and

proteomics

Storage temperature has strong effects on the behaviour (Lee et al., 2016) and stress
tolerance (Chen et al., 2005; Solomon et al., 2000; Grewal and Jagdale, 2002) of EPN IJs
(see sections 1.4.5 and 1.5). Freezing and desiccation tolerance is partially due to the
accumulation of trehalose and other small molecule cryoprotectants as well as stress
proteins. Therefore proteins, including stress proteins and enzymes involved in the

synthesis of protectants, are likely to be affected by conditioning as an organism adapts.

Hypothesis 2. Storage of 1Js in water at various temperatures will affect their behaviour

and stress tolerance in a temperature specific manner.

Hypothesis 3. Effects of storage regimes (time and temperature) on 1Js will be reflected in

their proteome, and the accumulation of protectant related proteins will be detectable.

Hypothesis 4: Changes in behaviour, stress tolerance and proteome induced by cold-

storage will be maintained following a return to culture temperature.

Science is driven by the scientific method, which involves hypothesis testing as a central,
focal point of enquiry, however hypothesis testing can be problematic. The Duhem-Quine
thesis states hypothesis formation involves researchers relying on assumptions to form
hypotheses, and they may avoid those which seem implausible despite their veracity
(Harding, 1976). With the availability of data-driven, high throughput methods to
investigate molecular systems, specifically the “omics”, the investigative process is not
necessarily hypothesis-led, and instead should be “model-independent” (Brown and
Botstein, 1999). In agreement with Kell and Olver (2003), | believe that hypothesis-led

and discovery based experimental approaches are complementary, and not oppositional.
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Discovery-based research may resolve the molecular determinants of complex behaviours

or phenotypes and may enable the formation of hypotheses for further testing.

These hypotheses are addressed in the following chapters:

1. At intervals over time, water is removed from high density (5000 1Js/ml)
suspensions of Steinernema and Heterorhabditis 1Js and applied to conspecific and
heterospecific 1Js on agar plates. Their dispersal is assessed to ascertain the effect
of this worm conditioned water on the behaviour of conspecific and heterospecific
IJs (Chapter 2; Hypothesis 1).

2. The worm conditioned water is also analysed using LC-MS/MS, using retention
time and mass to charge ration (m/z) to identify which metabolites, especially
ascarosides, are present in each species’ exometabolome (Chapter 2; Hypothesis 1).

3. Steinernema carpocapsae All and Heterorhabditis megidis UK211 1Js are stored at
9°C and 20°C for up to 9 weeks. Label free quantitative proteomics is used to
identify temperature dependent changes in the proteome of both species (Chapter 3;
Hypothesis 3).

4. The effect of storage temperature and time on the behaviour and stress tolerance of
conditioned 1Js is assessed using chemotaxis, desiccation, and freezing assays
(Chapter 4; Hypothesis 2).

5. To assess whether the effect of temperature on the 1Js’ behaviours and proteome
are transient or lasting, 1Js are conditioned in 9°C for brief periods of time and then
transferred to 20°C for the duration of the experiment. Then, these I1Js are subjected
to the same assays as those kept in constant temperatures, and their proteomes are

compared (Chapter 4; Hypothesis 4).
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Chapter 2 Infective juveniles of Entomopathogenic nematodes
(Steinernema and Heterorhabditis) secrete ascarosides and

respond to interspecific dispersal signals
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Abstract

Ascarosides are a modular series of signalling molecules that are widely conserved in
nematodes where they function as pheromones with both behavioural and developmental
effects. Here we show that the developmentally arrested infective juvenile (1J) stage of
entomopathogenic nematodes (EPN) secrete ascarosides into the surrounding medium. The
exometabolome of Steinernema carpocapsae and Heterorhabditis megidis was examined
at0, 1, 7 and 21 days of storage. The concentration of several ascarosides (ascr#11, ascr#9,
ascr#12, ascr#l and ascr#14 for both species, plus ascr#10 for H. megidis) showed a
progressive increase over this period, while the concentration of longer chain ascarosides
increased up to day 7, with an apparent decline thereafter. Ascr#9 was the main ascaroside
produced by both species. Similar ascarosides were found over a 7-day period for
Steinernema longicaudum and S. feltiae. Ascaroside blends have previously been shown
to promote nematode dispersal. S. carpocapsae and H. megidis IJs were stored for up to 12
weeks and assayed at intervals. IJs where exometabolome was allowed to accumulate
showed higher dispersal rates than those where water was changed frequently, indicating
that 1J exometabolome maintained high dispersal. Infectivity was not affected. I1J
exometabolome accumulated over 7 days promoted dispersal of freshly harvested 1Js, both
of their own and other EPN species. Similarly, extracts of nematode-infected cadavers
promoted dispersal of con- and heterospecific 1Js. Thus, 1Js are encouraged to disperse
from a source cadaver or from other crowded conditions by public information cues, a
finding that may have application in enhancing biocontrol. However, the complexity of the
ascaroside blend produced by 1Js suggests that it may have ecological functions other than

dispersal.

Keywords: pheromone, biocontrol, biological pest control, interspecific communication,

metabolomics
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2.1 Introduction

Ascarosides are a family of small signalling molecules with both behavioural and
developmental effects that are widely conserved in nematodes (Edison, 2009; Butcher,
2017). They are composed of the dideoxy sugar, ascarylose, covalently linked to a fatty
acid side chain. Variation in structure and length of the fatty acid side chain, together with
various modifications of the ascarylose, results in a modular system with great potential
variety (Butcher, 2017; von Reuss, 2018). The signalling role of ascarosides was first
recognised when they were identified as constituents of the Caenorhabditis elegans dauer
pheromone (Jeong et al., 2005; Butcher et al., 2007; Srinivasan et al., 2008). Ascaroside
synthesis and signalling has since been identified in several phylogenetically distant
nematode taxa apart from C. elegans, including entomopathogenic nematodes (Choe et al.,

2012; Noguez et al., 2012; Butcher, 2017).

Entomopathogenic nematodes (EPN), principally Steinernema spp. and Heterorhabditis
spp., are a clade of “beneficial” nematodes with a wide natural distribution in soils and
other cryptic habitats. The infective juvenile (1J) - a stage analogous to the C. elegans
dauer juvenile - is a non-feeding, stress resistant stage that actively seeks out insect hosts.
IJs invade insects which they rapidly kill with the aid of their symbiotic bacteria. 1Js
resume development (“recover’”) and multiply within the host cadaver, and eventually a
new generation of IJs emerges and disperses from the spent resource to seek out fresh
hosts to infect. As a result of their active host-seeking and rapid mortality for insects,
several EPN species have been commercialised for use as a biological insecticide. For this
purpose, they are produced in large scale bioreactors and 1Js are applied to crops, normally
in liquid suspension. Noguez et al. (2012) identified an ascaroside produced by
Heterorhabditis bacteriophora at high densities (such as those found within a host) that

prevented 1Js from resuming development. Two other studies have reported ascaroside
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production and/or function in EPN (Choe et al. 2012; Kaplan et al., 2012). As part of a
broader survey of free-living and parasitic nematodes, Choe et al. (2012) identified several
ascarosides produced by H. bacteriophora adults and by adult and 1J stages of three
Steinernema species. Limited functional analysis included in that study showed that
Steinernema glaseri males were retained by a selection of ascarosides in single-chemical

assays (Choe et al., 2012).

Kaplan et al. (2012) focussed on responses of 1Js to ascarosides. Since IJs are the active
ingredient of biopesticides, their behaviour is of considerable applied interest and has been
intensively researched for several decades (see reviews by Lewis et al., 2006; Griffin,
2015). Kaplan et al. (2012) studied the effects of ascarosides on the dispersal of 1Js.
Firstly, they found that C. elegans dispersal signal (a blend of ascarosides) promoted
dispersal of Steinernema feltiae 1Js (and also of J2 of the plant parasite Meloidogyne spp.)
leading to the conclusion that interspecific nematode signals regulate dispersal. Secondly,
in a more ecologically relevant investigation, they showed that extract of insect cadavers
infected by S. feltiae promoted dispersal of S. feltiae 1Js and that ascarosides (especially
ascr#9) accumulated in the cadaver, with accumulation highest immediately prior to the
dispersal of 1Js from the cadavers. The hypothesis that ascarosides produced within the
host cadaver are part of a dispersal pheromone for S. feltiae IJs was supported by dispersal
assays of fractionated cadaver extract and synthetic ascarosides. Two ascarosides (ascr#9
and ascr#11) were detected in the ascaroside-rich fraction of cadaver extract, and synthetic
versions of either of these at physiological concentrations stimulated dispersal - but only
when combined with the other two fractions of natural cadaver extract (Kaplan et al.,
2012). Finally, ascarosides were detected in cadavers infected by three other species of
Steinernema and by three species of Heterorhabditis. All extracts contained ascr#9,

suggesting that ascr#9 may be used by a broad range of EPN as part of their dispersal
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blends, while ascr#11 was found in all species of Steinernema, but not in Heterorhabditis,

suggesting that ascr#11 might be specific for Steinernema (Kaplan et al., 2012).

Here we investigate the secretion by 1Js of ascarosides and/or other behaviour-affecting
substances, and the responses of 1Js to dispersal signals derived from nematode-infected
cadavers and from 1Js. EPN are routinely stored in aqueous suspension both in the
laboratory and commercially prior to formulation, making it important to resolve any
effect this may have on behaviour and efficacy. We test three hypotheses: (1) that 1Js
continue to secrete ascarosides beyond the 6 hours reported by Choe et al. (2012); (2) that
exometabolome (ascarosides and/or other chemicals secreted by 1Js) will accumulate in the
water in which they are stored and affect the behaviour both of the stored 1Js and of other
IJs exposed to the exometabolome, and (3) that dispersal cues derived from IJs and from
infected host cadavers are not species specific, but instead are public information,
indicating crowding. This hypothesis that interspecific nematode signals regulate dispersal
is based on the findings of Kaplan et al. (2012). If cadaver macerate or extracts prepared
from cadavers are used to promote success of EPN in biocontrol as has been suggested
(Wu et al., 2018; Oliveira-Hofman et al., 2019), it would be of obvious commercial benefit
if preparations made from insects infected with one EPN species would also promote

dispersal of other EPN species.

To test our hypotheses, we store 1Js in water for up to 21 days and identify secreted
ascarosides in the exometabolome. We then test whether preventing the accumulation of
exometabolome during long-term storage by frequently removing and replacing the water
affects the behaviour (dispersal and virulence) of the stored IJs themselves, relative to 1Js
where the water is not changed. We further test whether water in which 1Js were stored for
a week (1J-conditioned water) stimulates dispersal when applied to other nematodes.
Finally, we explore whether the dispersal signal of 1J-conditioned water and of nematode-
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infected cadavers is species-specific by assaying preparations of each of four EPN species
on each of the other species. We use members of both EPN genera, Heterorhabditis
megidis and three species of Steinernema (S. carpocapsae, S. feltiae and S. longicaudum).
Each of the three Steinernema species belongs to a different clade of the genus (clades II,

Il and V, respectively) (Nadler et al., 2006).

2.2 Materials and methods

2.2.1 Nematode culture and storage

The nematodes used were S. longicaudum CB2B, S. carpocapsae All, S. feltiae 4ACFMO
and H. megidis UK211. Nematodes were cultured in last instar larvae of Galleria
mellonella (Mealworm Company, Sheffield, UK) using standard procedures (Woodring
and Kaya, 1988), at 20°C (27 "C for S. longicaudum), with an inoculum density of 100
IJ/insect. Cadavers were placed in White traps and 1Js were harvested daily. IJs that
emerged 2-5 days after emergence began were pooled, rinsed three times by
sedimentation, and stored in sterile tap water in 50 ml aliquots in lidded plastic dishes (9

cm diam.).

2.2.2 Chemical profiling of 1J-conditioned water

Freshly harvested 1Js were washed by sedimentation successively in the following: tap
water; 50:50 tap water: milliQ water, and finally milliQ water. The final wash water was
retained and used to control for residual ascarosides produced within the cadaver (time 0).
IJs (5000/ml) were stored in milliQ water at 20°C. After 1 or 7 (and 21 days in the case of
S. carpocapsae and H. megidis), conditioned water containing 1J exometabolome was
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separated from I1Js by sedimentation followed by filtration through a 0.22 um filter. All
filters and tubes were rinsed with milliQ water prior to use. Samples (20 ml) were frozen at
-20 °C overnight and were transferred to liquid nitrogen and lyophilised. Lyophilised
material was stored at 4°C until mass spectrometry (MS) analysis. Samples were
resuspended in HPLC-grade methanol (1 ml) and placed in a sonication bath for 2 min.
Samples were dried using a vacuum concentrator and resuspended in 100 pl methanol.
Samples were prepared for LC-MS/MS analysis by mixing 1:1 with 0.1 % formic acid.
Samples were analysed using a Dionex Ultimate 3000 RSLCnano coupled to a Thermo Q-
Exactive mass spectrometer. A 10 min method was designed which included a 5-70 % B
gradient (A: 0.1 % formic acid, B: 0.1% formic acid in acetonitrile) and 5 pl of sample
(equivalent to the secretion of 5,000 1Js) was injected onto a Thermo Hypersil Gold aQ
polar-C18 column (100 x 2.1 mm, 1.9 um particles). Samples were analysed in negative
mode, using a Top3 MS/MS method (NCE 40 eV). For each species, there were three
biological replicates (each prepared from a different culture batch of nematodes). For each

ascaroside detected, a regression of relative abundance on time was performed.

2.2.3 Effect of 1J conditioned water on dispersal of 1Js

1J suspension (5000 1Js/ml) was stored at 20°C (27°C for S. longicaudum) for 7 days.
Following this, 1Js were removed by sedimentation and the supernatant was filtered
through a 0.2 um syringe filter (Acrodisc). The filtered exudate was used to test the
dispersal of freshly harvested 1Js (48 h since harvest). 1Js were concentrated by
sedimentation immediately prior to use in the assay. Approximately 100-200 1Js in 5 pl
water were applied to the centre of an agar plate (2% bacto agar in 5.5 cm Petri dish)

followed by immediate application of 2 pl of 1J-conditioned water (equivalent to the
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secretion of 10 1Js) or water only (controls). A circular glass coverslip (19 mm diameter)
was placed over the suspension, delimiting a central application zone. Plates were
incubated at 20°C (or 27°C for S. longicaudum) for 10 minutes. IJs remaining under the
coverslip were recorded as not dispersed and those migrating onto the open agar surface
were recorded as dispersed. Counting was done with the aid of a dissecting microscope.
There were two experiments. In the first, 1Js of each species were tested with water
conditioned by IJs of their own species. This experiment was run three times with
independent preparations of 1J conditioned water and test IJs, and 10 assay plates per
treatment in each experiment. Data were analysed for each species using GLM with
treatment as a fixed factor and experiment as a random factor. In the second experiment,
IJs of each species were tested with water conditioned by IJs of their own and the other
three species. This experiment was run four times, once for each test species, with freshly
prepared 1J-conditioned water of all four species and 10 assay plates per treatment in each

experiment.

2.2.4 Influence of replacing storage water on 1J dispersal and virulence (H. megidis

and S. carpocapsae)

1J suspension (1000 1J/ml) was stored at 20°C, and the water was either changed at
intervals (to limit the accumulation of exometabolome) or left unchanged. To change the
water, the contents of a dish were transferred to a 50 ml centrifuge tube and 1Js were
allowed to sediment. The water was then decanted and replaced with fresh sterile tap water
and the suspension was returned to the dish. For the unchanged treatment (control), IJs
were allowed to sediment in a centrifuge tube which was then inverted to resuspend the IJs

in the original water before returning to the storage dish. The dispersal and virulence of 1Js
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was assayed at intervals during storage. 1Js for assay were collected immediately after the
treatment (resuspension or change of water). Dispersal was assayed as described above.
Virulence was assessed against mealworms, Tenebrio molitor, in a close-contact assay.
Wells of a 24-well cell culture plate were lined with moistened coconut coir and 10 1Js in
10 ul were added to 12 of the wells in each plate, while the other 12 wells received 10 pl
tap water only and served as controls. A T. molitor larva was added to each well. Plates
were closed, sealed with Parafilm and incubated for 4 days in the dark at 20°C. One assay
plate was used per replicate storage dish. Mortality in the nematode treatments was

corrected for control mortality using Abbotts’ formula.

The experiment was run twice with independent batches of nematodes for each of H.
megidis and S. carpocapsae five storage dishes per treatment in each experiment. In the
first experiment 1Js were stored at 20°C (which is within the optimum temperature range
for activity of these species). Water was replaced every 2-3 days and assays were
conducted at time 0 and after 1, 2, 3, 4 and 5 weeks. In the second experiment 1Js were
stored at 9°C (a temperature below the optimum temperature range for activity, with
prolonged longevity). Water was replaced every 7 days and assays were conducted at time
0 and after 3, 6, 9 and 12 weeks. All assays were at 20°C. Data were subjected to

regression analysis with time as a continuous variable and treatment as categorical.

2.2.5 Effect of cadaver extract on dispersal

Cadaver extract was prepared using infected wax moths 1-2 days after 1J emergence had
commenced. Cadavers were punctured several times using a sterile needle in 1.5 ml
Eppendorf tubes (2 per tube), then 500 pul of sterile distilled H2O was added to the tube

which was vortexed thoroughly to liberate the contents of the cadavers. Tubes were
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centrifuged at 800 x g for 10 mins. The supernatant was centrifuged a second time (800 x
g, 10 mins) and the resulting supernatant (equivalent to 4 cadavers/ml) was used to test the
dispersal of freshly harvested IJs as described above, using 2 ul of cadaver extract
(equivalent to 0.008 cadavers). There were two experiments. In the first, IJs of each
species were tested with their own cadaver extract. In the second, 1Js of each of the four
nematode species were assayed with extract from cadavers infected with each of the four
species. This experiment was conducted once for each of the four nematode species, with
cadaver extract freshly prepared for each experiment. There were 10 replicate assay plates
for each treatment in each experiment. For intraspecific comparison of cadaver extract
with control, two-sample t tests were used. In the cross-species cadaver experiments, a
one-way ANOVA was followed by Tukey’s post hoc test when P < 0.05 to identify where

significant differences occurred.

2.3 Results

2.3.1 ldentification of ascarosides in 1J-conditioned water

The exometabolome of S. carpocapsae and H. megidis IJs was analysed for up to 21 days
of storage. The relative concentration of several ascarosides (ascr#11, ascr#9, ascr#12,
ascr#l and ascr#14, and ascr#10 for H. megidis) showed a progressive increase over this
period, and the regression of relative abundance on time was significant (P < 0.05) or
approaching significance (P < 0.10) in each case (Fig. 2.1; Appendix 2.3, Appendix 2.4).
The concentration of longer chain ascarosides ascr#16 and ascr#18, and ascr#10 in the
case of S. carpocapsae, increased up to day 7, followed by an apparent decline between
day 7 and day 21 (Fig. 2.1). Ascr #9 was the main ascaroside detected for both species,
while ascr#18 was also prominent in the H. megidis exometabolome (Fig. 2.1). Seven-day
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exometabolome of 1Js of two other species, S. longicaudum and S. feltiae showed a similar
profile to that of S. carpocapsae, with ascr#9 as the main signature and trace amounts of

ascr#ll, ascr#12, ascr#l, ascr#14 ascr#16 and ascr#18.
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2.3.2 1J dispersal is promoted by exposure to water conditioned by conspecific and

heterospecific 1Js

Water conditioned with 1Js (5000/ml) for 7 days stimulated dispersal of conspecific 1Js
relative to the control and the difference was significant for each of the four species tested
(H. megidis: F1s6=31.41, P < 0.001; S. carpocapsae: F156 = 25.39, P < 0.001; S. feltiae:

Fiss = 43.93, P < 0.001; S. longicaudum: F1s6= 51.26, P < 0.001) (Fig. 2.2).
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Figure 2.2: Percentage (mean + SE) of 1Js dispersing from 2 pl water conditioned with
conspecific 1Js (5000 1J/ml for 7 days; i.e. 10 IJs worm equivalence). Mean of three
independent experiments. Within species, *** = P < 0.001.
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The storage concentration of 5000 1Js/ml was chosen based on the results of preliminary
assays with concentrations ranging from 500 to 5000 IJs/ml. The minimum storage
concentration for which dispersal differed significantly from the control ranged from 500
(S. feltiae) to 5000 (H. megidis), with the other two species showing intermediate levels of
1000 (S. longicaudum) or 2000 (S. carpocapsae) IJs/ml (data not shown). The promotion
of 1J dispersal by 1J exudate was not species-specific (Fig. 2.3). For each test species, there
was a significant difference due to treatment (H. megidis: F445 = 18.34, P < 0.001; S.
carpocapsae: Fa45=4.69, P = 0.003; S. feltiae: Fs.45=11.65, P < 0.001; S. longicaudum:
Fs45=15.05, P =0.002). In general, the percentage of 1Js dispersing differed to that in the
control irrespective of the species used to condition the water (Tukey test) (Fig. 2.3). For
each of the three Steinernema species, there was no difference in the percentage of 1Js
dispersing due to the species used to condition the water. While there were significant
differences in the response of H. megidis to the various exudates, the proportion of 1Js
dispersing in the presence of exudate from Steinernema spp. was at least as high as in

response to exudate of conspecific 1Js (Fig. 2.3).
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nematode species dispersing from 2 pl water conditioned by 1Js (5000 1J/ml for 7 days; i.e.
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share a letter differ significantly.

Replacing water during storage impacts dispersal but not virulence of stored 1Js

The dispersal rate of both H. megidis and S. carpocapsae 1Js declined over time and the
effect of time was highly significant (P < 0.001) for both species at both storage
temperatures (Fig. 2.4). There was a significant interaction between storage treatment and
storage duration for both species when stored at 20°C (H. megidis: F1, 116 = 6.29, P = 0.014;
S. carpocapsae: F1, 116 = 4.85, P = 0.030) and for S. carpocapsae stored at 9°C (Fy, 06 =
24.57, P < 0.001). At later time points, IJs where the storage water was changed regularly
dispersed less than IJs where the water was not changed (Fig. 2.4). There was no effect of
storage treatment on virulence for either species stored at either 9 or 20°C (P > 0.05; data

not shown).

70



60 - S. carpocapsae 20°C S. carpocapsae 9°C
50 4 50 -
40 A $ 40 1
5 2
230 - < 2 30 1
< -3 3
S 20 A < 20 4
= —&— Control =
10 1 - - - Exometabolites removed 10 A
0 T T T T T 1 0 T T T T 1
0 1 2 3 4 5 0 3 6 9 12
Storage time (weeks) Storage time (weeks)
60 - 60 1
H. megidis 20°C H. megidis 9°C
50 50

40 1

N
o
1

N
o
1

% |Js dispersed
w
o
1

% lJs dispersed
w
o

[
o
1

o
o

0 1 2 3 4 5 0 3 6 9 12

Storage time (weeks) Storage time (weeks)
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2.3.3 Effect of infected cadaver extract on dispersal is not species-specific

In the cadaver extract assay, treatment had a significant effect on dispersal of 1Js of each of
the four species tested (H. megidis: F445=60.94, P < 0.001; S. carpocapsae: Fa4s = 53.01,
P < 0.001; S. feltiae: Fs45=10.32, P < 0.001; S. longicaudum: F4 45 = 23.62, P < 0.001).
For each species, the percentage of 1Js dispersing in the presence of cadaver extract was
higher than in the control, but was no difference between the four cadaver extracts (Tukey

test) (Fig. 2.5).
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Figure 2.5: Percentage (mean + S.E.) of 1Js of four entomopathogenic nematode species
dispersing from cadaver extract of each of the four species. Within test species, bars which
do not share a letter differ significantly.
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2.4 Discussion

Here we show that ascarosides accumulate in the water in which IJs of Steinernema and
Heterorhabditis are stored, and this accumulation continued for more than a week.
Ascarosides are important in inducing dauer juvenile formation in C. elegans, and it was in
this context that their importance as pheromones was first detected (Jeong et al., 2005;
Butcher et al., 2007). However, rather little attention has been paid to the production or
release of ascarosides by dauer juveniles or the analogous developmentally arrested 1Js of
parasitic nematodes. (Kaplan et al., 2011) did not detect ascarosides in “worm water”
conditioned by C. elegans dauers, though small quantities of two ascarosides were found
within the dauer bodies, while Choe et al. (2012) detected several ascarosides in worm
water from dauers of Caenorhabditis species. Ascarosides have also been identified in
worm water of 1Js of diverse taxonomic and ecological groups including the animal
parasite Nippostrongylus brasiliensis (Choe et al., 2012), various plant parasites
(Manosalva et al., 2015; Zhao et al., 2018) and the insect-associated Ocheius carolinensis
and Steinernema species (S. carpocapsae, S. scapterisci, S. riobrave and S. glaseri) (Choe
et al., 2012)). Our results are the first to show that 1Js or dauers continue to release

ascarosides to the external medium for longer than 24 hours.

Ascr#9 was the dominant signal detected in the exo-metabolome of the three Steinernema
species tested here, with smaller signals for several other ascarosides. This is in line with
the findings that the ascaroside blends of various insect-associated nematodes (the
entomopathogens Steinernema spp., H. bacteriophora and Oscheius tipuli, the necromenic
Pristionchus pacificus, and the beetle-vectored pine wilt nematode Bursaphelenchus
xylophilus) (Choe et al. 2012; Zhao et al., 2018) all had high amounts of this ascaroside.
Choe et al. (2012) noted that ascaroside biosynthesis patterns appear in part to correlate

with lifestyle or ecological niche as well as with phylogeny. Similarly, the plant parasites
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Meloidogyne spp., Heterodera glycines and Pratylenchus brachyuris all had high
expression of ascr#18 (Manosalva et al., 2015). In our study, the signal for ascr#18 was
higher for H. megidis than for the Steinernema spp., consistent with Choe et al.’s (2012)

findings of a relatively high signal for ascr#18 worm water from adult H. bacteriophora.

Our experiments show that 1J exometabolome (water conditioned by I1Js for 7 days)
stimulated dispersal of other, freshly washed IJs. Based on Kaplan et al.’s work there is a
strong probability that the dispersal cue of 1J-conditioned water is at least partly due to the
ascarosides detected in it, though other unidentified metabolites and excretory products of
IJs may also be involved. We also confirm the previous finding (Kaplan et al., 2012; Wu et
al., 2018; Oliveira-Hofman et al. 2019) that extract of nematode-infected cadaver promotes
dispersal of 1Js, and extend this to two other species (H. megidis and S. longicaudum).
Nitrogenous waste products of nematodes accumulating within the cadaver have been
implicated in repulsion of 1Js from infected hosts, and in stimulating emergence of 1Js
developing within the hosts (Shapiro et al., 2000; San-Blas et al., 2008; San-Blas et al.,
2014). Kaplan et al. (2012) demonstrated that ascr#9 accumulates in cadavers and plays a
role in inducing dispersal in S. feltiae, but that other components of the cadaver exudate
also played a role. Many chemicals are repulsive to 1Js in single-agent chemotaxis assays
(Lee et al., 2016; Baiocchi et al., 2017). Baiocchi et al. (2017) identified several odorant
molecules from Steinernema-infected wax moth larvae that were repulsive to Steinernema
IJs. These included prenol and acetyl methyl carbinol, which according to Baiocchi et al.
(2017) could conceivably be produced by the nematodes themselves, their symbiotic
bacteria, or as a by-product of the decay of the insect cadaver. Thus, the insect cadaver
and its extract represent a complex chemical mixture potentially derived not only from the
nematodes themselves, but also from a range of bacteria including their symbiont, and

products of the cadaver itself. It would be adaptive for 1Js to respond to any stimulus,
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alone or in combination, that signifies a depleted resource, and it is therefore probable that

several components of cadaver extract contribute to the dispersal effect on IJs.

Given that any of several different chemicals accumulating in a depleted host cadaver may
signify poor resource quality, our finding that 1Js of all four species dispersed in response
to extract of cadavers infected by each of the other species, as well as their own, is not
unexpected. It is perhaps more surprising that the 1Js were also stimulated to disperse by
water conditioned by IJs of other species as well as their own. This was the case both for
the three Steinernema species, and also between Steinernema spp. and the more distantly
related H. megidis. In this case, the medium is expected to contain a simpler blend of
molecules, including ascarosides, but derived from 1Js only. The lack of species-specificity
means that both cadaver extract and 1J conditioned water can be considered public
information, produced by one species but similarly responded to by several species with
similar lifestyle (Danchin et al., 2004; Gil et al., 2018). Unlike aggregation and mating
signals, there is little advantage to have species-specificity in dispersal cues, and indeed
there is an advantage in having common indicators of crowding. Our results support this
hypothesis, as do other studies including the observed similarities in ascaroside profiles of
Steinernema spp. s (Choe et al., 2012), and the experimental evidence showing dispersal

of EPN and plant parasites in response C. elegans ascaroside blends (Kaplan et al., 2012).

The finding that dispersal cues are not species-specific is of potential commercial
significance, since it means that a single preparation could be used to stimulate 1Js of
various EPN species- a significant factor in any possible commercialisation of such an
approach. EPN are typically produced in bioreactors, and 1Js are cleaned and formulated
for distribution, following which they are resuspended in water for application (Ehlers,
2001; Shapiro-1lan and Gaugler, 2002). The use of insect cadavers to enhance the
biocontrol efficacy of EPN in an approach that has been developed in recent decades.
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Laboratory studies showed that 1Js emerging from infected hosts had enhanced dispersal,
infectivity and survival compared to 1Js applied in water (Shapiro and Glazer, 1996;
Shapiro and Lewis, 1999; Perez et al., 2003), and superior efficacy of 1Js applied in
cadavers was demonstrated in the greenhouse and field (Shapiro-Ilan et al., 2003; Ansari et
al., 2009). Application of EPN in cadavers has been advocated as a way of improving field
efficacy though this approach faces practical challenges (Dolinski et al., 2015). With the
growing evidence that chemical compounds associated with the cadaver stimulate
dispersal, as discussed above, and Kaplan et al.’s (2012) demonstration that cadaver
exudate stimulated dispersal of S. feltiae on agar plate assays, there is potential for addition
of dispersal-stimulating compounds to tank mix of EPN prior to application, rather than
applying cadavers themselves. 1Js of three EPN species (S. feltiae, S. carpocapsae and H.
bacteriophora) were stimulated by macerate of cadavers (infected by their own species) to
disperse through columns of sand and infect hosts at the bottom (Wu et al., 2018).
Subsequently, Oliveira-Hofman et al. (2019) showed that methanol extract of infected
cadaver was more effective than cadaver macerate, and that such preparations enhanced

the efficacy of EPN against insect pests in greenhouse trials.

In the studies by Wu et al. (2018) and Oliveira-Hofman et al. (2019) it is unclear whether
the enhanced infection of insects by treating 1Js with cadaver macerate or extract was due
to enhanced dispersal of 1Js, with host-seeking behaviour remaining unaffected, or whether
both untargeted movement (dispersal) and targeted host-finding were both impacted.
Indeed, it may be difficult to distinguish between the two processes. Behaviours involved
in host-finding in EPN have received considerable attention; such studies indicate that IJs
may employ active responses including to chemical cues emanating from insects
themselves (Grewal et al., 1997; Lewis et al., 2006) and from insect-damaged (Rasmann

and Turlings, 2008; Ali et al., 2012). Less attention has been paid to dispersal as a
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phenomenon separate from that of host-finding. Dispersal is an essential feature in the life
cycle of many animals, serving to move away from depleted resources and/or high
numbers of competitors and to avoid inbreeding (Clobert et al., 2001). There is evidence
for at least some EPN species, that innate dispersal tendency of 1Js is high shortly after
they emerge from the cadaver, but declines with time. In H. megidis, dispersal declines as
infectivity rises, resulting in a characteristic phasing of activity (Dempsey and Griffin,
2002). While the ultimate goal of the 1J is to find and invade another host, the first task
must be to disperse away from the spent natal cadaver and the densely crowded soil
surrounding it. Even species classified as sit-and-wait or ambush foragers, such as S.
carpocapsae, must disperse from the spent host before or while searching for hosts (Bal et
al., 2014). In our long-term storage experiments, there was a decline in dispersal tendency
of both H. megidis and S. carpocapsae over time, irrespective of treatment. In these
experiments, 1Js provided with clean water on a regular basis to limit the accumulation of
1J exometabolome in the medium dispersed significantly less after some weeks when
compared to treatments where the original water remained. This is further evidence that 1Js
secrete into the medium a compound or compounds that enhance dispersal. Hence the
observed level of dispersal (but not virulence) is an interaction of the IJs’ endogenous
tendency and self-produced exogenous stimuli. Since 1Js of entomopathogenic nematodes
are routinely stored in aqueous suspension in laboratories (and also between harvesting
and formulation in commercial enterprises), this information may help in the interpretation
or design of laboratory experiments. The ecological significance is unclear, but there may
be circumstances in which a group of 1Js remain together for long enough to accumulate
sufficient exometabolome in the surrounding soil water film to promote dispersal when

conditions favouring movement return.
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While we have shown that the exometabolome promotes 1J dispersal, this may not be the
primary function. Indeed, since any single chemical could effectively stimulate dispersal
(Baiocchi et al., 2017), the complex mix of molecules in the 1J exometabolome would be
unnecessarily expensive for this purpose, and hence evolutionarily unstable. There is
evidence that EPN IJs exhibit group movement (Fushing et al., 2008; Shapiro-Ilan et al.,
2014; Ruan et al., 2018); ascarosides may play a role in intraspecific communication to
promote aggregation. There is increasing evidence that ascarosides can be detected by
other trophic groups (Hsueh et al., 2013; Manosalva et al., 2015; Zhao et al., 2016; Zhao et
al., 2018). This may be to the advantage of the nematodes; for example, ascarosides
produced by B. xylophilus juveniles promoted metamorphosis of their beetle vector (and
the prevalence of its fungal symbiont (Zhao et al., 2016, 2018). Other soil organisms may
“eavesdrop” on nematode communication, to their disadvantage, for example triggering
plant defences (Manosalva et al., 2015), and trap formation by nematophagous fungi

(Hsueh et al., 2013).

2.5 Conclusion

In conclusion, our study builds on the previous findings of Choe et al. (2012) and Kaplan
etal. (2012). Its novelty is three-fold: firstly, in demonstrating that the secretion of
ascarosides beyond the 6 hours of Choe et al. (2012); secondly, showing that 1J
conditioned water (1J exometabolome) promotes dispersal of 1Js, and thirdly, that the
dispersal signals of both 1J-conditioned water and EPN-infected cadavers are public

information, detected by members of their own and other species.
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Abstract

Entomopathogenic nematodes (EPN) of the genera Steinernema and Heterorhabditis are
parasites which kill and reproduce within insects. While both have life cycles centred
around their developmentally arrested, nonfeeding and stress tolerant infective juvenile (1J)
stage, they are relatively distantly related. These 1Js are promising biocontrol agents, and
their shelf life and stress tolerance may be enhanced by storage at low temperatures. The
purpose of this study was to investigate how the proteome of the 1Js of two distantly
related EPN species is affected by storage at 9°C (for up to 9 weeks) and 20°C (for up to 6
weeks), using label-free quantitative proteomics. Overall, more proteins were detected in
S. carpocapsae (2422) than in H. megidis (1582). The S. carpocapsae proteome was
strongly affected by temperature, while the H. megidis proteome was affected by both time
and temperature. The proteins which increased in abundance to the greatest extent in S.
carpocapsae 1Js after conditioning at 9°C were chaperone proteins, and proteins related to
stress. The proteins which increased in abundance the most after storage at 20°C were
proteins related to the cytoskeleton, cell signalling, proteases and their inhibitors, which
may have roles in infection. The proteins which decreased in abundance to the greatest
extent in S. carpocapsae after both 9°C and 20°C storage were those associated with
metabolism, stress and the cytoskeleton. After storage at both temperatures, the proteins
increased to the greatest extent in H. megidis 1Js were those associated with the
cytoskeleton, cell signalling and carbon metabolism, and the proteins decreased in
abundance to the greatest extent were heat shock and ribosomal proteins, and those
associated with metabolism. As the longest-lived stage of the EPN life cycle, 1Js may be
affected by proteostatic stress, caused by the accumulation of misfolded proteins and toxic
aggregates. The substantial increase of chaperone proteins in S. carpocapsae, and to a

greater extent at 9°C, and the general decrease in ribosomal and chaperone proteins in H.
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megidis may represent species-specific proteostasis mechanisms. Similarly, organisms
accumulate reactive oxygen species (ROS) over time and both species exhibited a gradual
increase in proteins which enhance ROS tolerance, such as catalase. The species-specific
responses of the proteome in response to storage temperature, and over time, may reflect
the phylogenetic distance and/or different ecological strategies.

Keywords: temperature, conditioning, biological pest control, proteomics, chaperones
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3.1 Introduction

Entomopathogenic nematodes (Rhabditida; Steinernematidae and Heterorhabditidae) are
insect parasites which are of economic importance due to their use as biocontrol agents.
The third larval stage, infective juveniles (1Js) leave the natal host and move in the soil to
locate a new insect host. Once inside, 1Js (at least in Steinernema) release a wide array of
proteins, which supress the immune system of, and can Kill, the insect (Lu et al., 2017;
Balasubramanian et al., 2010; Han et al., 2010). Both families are associated with
mutualistic bacteria, which are released into the haemolymph of the host insect, helping to
Kill the insect and provide nutrition for nematode development and reproduction (Adams
and Nguyen, 2002), and are thus categorised as entomopathogenic nematodes (EPN).
Similarities between these two families are due to convergent evolution associated with
this lifestyle, rather than common ancestry (Poinar, 1993; Blaxter and Koutsovoulos,
2015). Heterorhabditids are closely related to the vertebrate parasites Strongylida (Adams
and Nguyen, 2002) and to Caenorhabditis elegans, whereas steinernematids are more
closely related to Strongyloididae (Blaxter et al., 1998). The 1J stage of parasitic
nematodes is analogous to the dauer stage of C. elegans; both are developmentally
arrested, stress resistant stages that disperse to colonise new hosts or food resources,

respectively.

The 1Js of entomopathogenic nematodes persist in the soil year-round (Preisser et al.,
2005), surviving harsh weather conditions. Falling temperatures are an indication of the
onset of winter and/or freezing conditions. Exposure to low temperatures improves
Steinernema and Heterorhabditids 1Js survival in freezing conditions (Brown and
Gaugler., 1996; Ali and Wharton., 2013) indicating that there is an acclimatisation
mechanism in these 1Js. Cold storage also improves the longevity of EPN (Fan and

Hominick, 1991; Grewal, 2000). 1Js are nonfeeding, relying for energy on their internal
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lipid reserves, which vary in composition amongst EPN species (Grewal and Georgis,
1999). Dauers and 1Js already have lower levels of metabolic activity than other stages of
their life cycle (Vanfleteren and De Vreese, 1996; Houthoofd et al., 2002) and C. elegans
dauers exhibit reduced activity of enzymes involved in glycolytic, gluconeogenic, TCA
cycle and oxidative phosphorylation pathways relative to adults (O'Riordan and Burnell,
1989). This is referred to as hypometabolism, whereby the organism shuts down all non-
essential metabolic activities and redirects their limited resources to essential functions
only (Lant and Storey, 2010). In cold conditions, metabolism in EPN 1Js slows down
further, and their lipids are utilised at a slower rate (Andalé et al., 2011), which is thought
to prolong survival. Lack of caloric intake, leading to starvation, is a stressor to which
these nonfeeding organisms are inevitably subject, affecting their behaviour and,

ultimately, survival (Fitters and Griffin., 2004)

While both steinernematids and heterorhabditids have convergently evolved similar life
cycles, there are differences between species in behaviour. For example, of the two species
studied here, Steinernema carpocapsae 1Js are designated as ambushers, waiting on the
soil surface for new insect hosts, whereas Heterorhabditis megidis I1Js are regarded as
cruisers, which move within the soil to actively seek out insects (Lewis et al., 2006). Such
differences in the behaviour and in other ecological strategies of the species may be
mirrored by molecular differences between them, including their responses to stress. The
dauer stage of C. elegans and 1Js of steinernematids and heterorhabditids often considered
non-aging as their lifespan as adults is not significantly affected by the length of time spent
developmentally arrested (Kenyon et al., 2010). Nevertheless, these organisms are long-
lived when compared to their other developmental stages, and therefore challenges at the
molecular level associated with aging may occur. These include protein aggregation and

misfolded proteins, problems that may be exacerbated in this stage (David et al., 2010;
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Walther et al., 2015). The overall number of proteins expressed in the dauer/1J stage of
nematodes is lower than in other stages (Wang et al., 2019) and investigations into C.
elegans confirm that dauers reduce protein synthesis (Pan et al., 2007) and upregulate the
expression of gene families associated with preserving and maintaining cellular
components rather than the synthesis of proteins (Jones et al., 2010; Kagan and Clarke,
1995). Much of the research on developmentally arrested juveniles is conducted on dauers
of the free-living C. elegans, and there is relatively little molecular data regarding 1Js of
parasites (Wang et al., 2019; Nuamtanong et al.,2019) including those of EPN (Chen et al.,

2006; Rougon-Cardoso et al., 2016; Lu et al., 2017).

By investigating the molecular mechanisms and consequences of temperature acclimation
and time in EPN IJs, insights into survival and the changes induced by low temperature
exposure may be gained. Tandem mass spectrometer-based proteomics facilitates the
identification and quantification of thousands of proteins in a single run. Such data allows
for the comparison of the proteome of EPN IJs after conditioning via gene ontology
mapping and functional enrichment analysis. Understanding of how the 1J proteome is
affected by temperature and time may elucidate the molecular mechanisms underlying the
phenotypic plasticity of EPN 1Js (Griffin, 1996; Lee et al., 2016; Griffin, 2012). This study
aims to provide proteomic data for two distantly related species with contrasting ecological

strategies, S. carpocapsae and H. megidis, stored at 9°C and 20°C for up to 9 weeks.
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3.2 Materials and methods

3.2.1 Nematode Culturing and conditioning

Heterorhabditis megidis UK211 and Steinernema carpocapsae All were used. Nematodes
were cultured in last instar Galleria mellonella larvae (Mealworm Company, Sheffield,
UK) using methods outlined in Woodring and Kaya (1988), at 20°C, with an inoculum
density of 100 IJs/insect. Cadavers were placed on White traps and monitored daily. After
first emergence of 1Js, the White trap water was replaced with fresh sterile water. 1Js were
allowed to emerge into the water for 3-4 days and collected. IJs from successive harvests
were pooled, rinsed 3 times by sedimentation and stored at 1000 1Js/ml in sterile tap water
in 35 ml aliquots in lidded plastic tubs (9 cm diameter). Tubs were placed at 20°C and 9°C
temperature-controlled rooms and sampled at intervals (3 or 6 weeks at 20°C and 3, 6 or 9
weeks at 9°C). In addition, unconditioned IJs (time 0) were also sampled. There were 5

replicate tubs for each storage time and temperature.

3.2.2 Sample preparation

The contents of a tub were sedimented in a 50 ml Falcon tube in their conditioning
temperature. The pelleted 1Js in approx. 150 pl were transferred to a 1.5 ml Eppendorf tube

and snap frozen in liquid nitrogen.

Each sample was homogenised in lysis buffer, containing 6M urea, 2M thiourea, and a
Protease Inhibitor Cocktail (cOmplete, Mini Protease Inhibitor Cocktail, Merck),
centrifuged at 10000 x g for 1 minute, and snap frozen. This step was repeated 3 times to
ensure complete homogenisation. Protein content was then quantified using Qubit

(Invitrogen), following the manufacturer’s instructions. Protein (100 ug) was purified
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using a 2D Clean Up Kit (GE Healthcare) according to the manufacturer’s instructions.
The resulting pellets were stored in the kit’s wash solution at -20°C until the last samples
were collected, then all were centrifuged at 13000 x g for 5 minutes and the resulting
pellets were resuspended in 50 ul of resuspension buffer (6M urea, 2M thiourea, 0.1M
TrisHCI, pH8). A 20 ul aliquot was removed from each sample for reduction, alkylation
and digestion. One hundred and five pls of ammonium bicarbonate (50 mM) and 1 ul of
dithiothreitol (DTT) were added and samples were incubated at 56°C for 20 minutes. Once

cooled, samples were alkylated with 2.7 pl of iodoacetamide (IAA) in dark conditions.

One pl of a 1% (w/v) solution of ProteaseMax (Promega) and 0.5ug/pl trypsin (Promega)
were added to the samples and incubated at 37°C for a minimum of 16 hours. Samples
were removed from 37°C, centrifuged briefly and acidified with 1 pl of trifluoroacetic acid
(TFA) for 5 minutes at room temperature (20-25°C). Samples were centrifuged at 13000 x
g for 10 minutes and the supernatant was purified using C18 Spin Columns (Pierce,
Thermo Fisher Scientific) following the manufacturer’s instructions and then lyophilised
in a Speedyvac concentrator (Thermo Scientific Savant DNA120). Samples were then
resuspended in a loading buffer, (2% v/v acetonitrile, 0.05% v/v TFA) and 1 pg was
loaded from each of 4 biological replicates per samples were run on a QExactive (Thermo
Fisher Scientific) high-resolution accurate mass spectrometer connected to a Dionex
Ultimate 3000 (RSLCnano) chromatography system. Peptides were separated over a 2% to
40% gradient of acetonitrile on a Thermo Fisher EASY-Spray, PepMap RSLC C18
column (500mm length, 75mm ID), using a reverse-phase gradient at a flow rate of 250nL
mint over 125 minutes. All data were acquired over 105 minutes with the mass
spectrometer operating in automatic data dependent switching mode. A full MS scan at

140,000 resolution and range of 300-1700 m/z was followed by an MS/MS scan,
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resolution 17,500 and range of 200—2000 m/z, selecting the 15 most intense ions prior to

MS/MS.

3.2.3 Data processing

Protein identification and LFQ normalisation of MS/MS data was performed using Max-
Quant v1.6.3.3 (http://www.maxquant.org) following the general procedures and settings
outlined in Hubner et al. (2010). The Andromeda search algorithm (Cox et al., 2011)
incorporated in the MaxQuant software was used to correlate MS/MS data for S.
carpocapsae and H. megidis against the predicted protein data sets derived from the S.
carpocapsae (Serra et al., 2019) and H. bacteriophora (Bai et al., 2013) genomics

initiatives, respectively.

Normalised LFQ intensities were used to quantify protein abundances, and the data was
filtered to remove contaminants. The LFQ intensities were log. transformed, and each
replicate was renamed to their respective groups (3wks9°C for proteins from 1Js stored at
9°C for 3 weeks). Only proteins found in 3 replicates of at least 1 group were retained. A
data imputation step replaced missing values with values of low abundant proteins chosen
randomly from a distribution specified by a downshift of 2 times the mean standard

deviation (SD) and a width of 0.3 times the SD.

A principal component analysis (PCA) was initially performed on the normalised intensity
values of all replicates. However, a number of outliers were identified, resulting in 3

replicates in each sample in the final datasets for analysis.

An analysis of variance (ANOVA) was performed on all groups using a Benjamini-
Hochberg false discovery rate (FDR) of <5% to select proteins for z-score normalisation.

These ANOVA significant proteins were used for hierarchical clustering of samples using
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Euclidean distance and average linkage pre-processed with K means. Gene Ontology (GO)
term enrichment was performed in Blast2Go v5.2 using a Fishers exact test (p<0.05) on

each cluster relative to all ANOVA significant proteins.

Pairwise Student’s t-tests were performed for all samples relative to the week 0 samples to
visualise the effect of time and temperature conditioning on the 1Js proteome. VVolcano
plots were generated in Perseus by plotting negative log p values of the y axis and logfold
transformed differences on the x axis for each comparison. Statically significant (SS; p<
0.05) and differentially abundant (DA; fold change of 1.5) proteins were identified as

SSDA s and selected for further analysis.

All statistically significant proteins identified in pairwise-t-tests were grouped using

Bioedit (v7.0.5.3) and uploaded in FASTA format to STRING: Protein-Protein Interaction
Networks Functional Enrichment Analysis v11.0 with the highest confidence setting (0.9)
and disconnected nodes were removed, to identify protein-protein interactions which were

increasing and decreasing in 1Js after storage at 9°C or 20°C over time.

3.2.4 Bioinformatics

The H. megidis genome has not been sequenced, and therefore there is a paucity in
molecular data available for the species. The genome of the closely related H.
bacteriophora is available (Bai et al., 2013) and allows for the detection of similar
peptides from H. megidis. The genome of S. carpocapsae has been recently sequenced

(Serra et al., 2019).

The MS proteomics data and MaxQuant search output files have been deposited to the
ProteomeXchange Consortium (Coté et al., 2012) via the PRIDE partner repository with

the dataset identifier PXD027608.
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3.3 Results and discussion

In total, 2422 proteins were detected in S. carpocapsae 1Js, of which 2381 remained after
filtering and processing, while 1582 proteins were detected in H. megidis 1Js and 653
remained after filtering and processing. The lower number of proteins detected in H.
megidis may be partly a result of using a congeneric (H. bacteriophora) rather than the

subject species as a reference proteome.

A PCA for S. carpocapsae (figure 3.1B) showed two distinct groupings of samples, with
those stored at 9°C for 3-9 weeks clearly separated from those stored at 20°C or freshly
harvested (week 0). There is evidence of progressive change at 20°C from week 0 through
week 3 to week 6, while there is less clear differentiation between samples stored at 9°C
for different periods. In contrast to S. carpocapsae, in the PCA for H. megidis (figure
3.1A) there is less of a distinction due to temperature. As in S. carpocapsae, there is
evidence of a progression from 0 to 6 weeks at 20°C, but there is no clear temporal
progression for 1Js stored at 9°C. Components 1 and 2 for the S. carpocapsae PCA
accounts for 41.5% of the data’s variability. Components 1 and 2 for the H. megidis PCA

account for 25.9% of the data’s variability.
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Figure 3.1: Principal component analysis (PCA) of the H. megidis (A) and S. carpocapsae
(B) proteomes at time 0, or after storage at either 9 °C or 20 °C for up to 9 weeks. A clear
distinction can be seen between I1Js stored at 20 °C and 9°C.

Temporal changes in proteins are shown in more detail as heatmaps (figures 3.2 and 3.3),
revealing 5 clusters of proteins in S. carpocapsae, and 7 clusters in H. megidis. The
clusters group proteins which are detected with similar abundance-profiles in each group.
Distinct time and temperature-dependent responses are seen in S. carpocapsae; for

example, cluster A increases over time at 20°C while remaining rather stable at 9°C, while
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in contrast clusters C and D decrease over time at 20°C (figure 3.2). Patterns are more

complex in H. megidis (figure 3.3).

Pairwise comparisons to time 0 allowed the numbers of proteins changed in each stored
sample (SSDA) to be quantified (Table 1). There were 724 SSDA proteins for S.
carpocapsae and 175 for H. megidis, representing 30.4 and 26.8%, respectively, of the
(filtered) proteome for each species. The identity and fold change of a selection of these
proteins is given in appendices 3.1A, 3.1B and 3.2. In S. carpocapsae, there was a
tendency for twice as many proteins to be increased in abundance as were decreased in
abundance in each storage treatment, while in H. megidis the numbers increased and

decreased in abundance tended to be more equal (table 1).

Table 1. Number of significantly significant (P < 0.05) differentially abundant (SSDA)
proteins showing increased or decreased activity (fold change +/- 1.5-fold) relative to

time 0 following storage at 9°C or 20°C of infective juveniles of S. carpocapsae or H.

megidis.
Storage temp Storage duration S. carpocapsae H. megidis
(°C) (wks)
Up Down Up Down
20 3 80 46 27 22
6 229 105 57 49
9 3 104 51 25 24
6 225 85 21 13
9 167 80 21 48
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Figure 3.2: Heat map of S. carpocapsae statistically significant proteins: Two-way
unsupervised hierarchical clustering of the median Z-score normalised label-free
quantification (LFQ) intensity values of all statistically significant proteins (n=214) for
freshly emerged 1Js, 1Js stored at 9°C for 3, 6 and 9 weeks or 1Js stored at 20°C for 3 and 6
weeks. Hierarchical clustering resolved 5 distinct clusters. Differences in protein abundance
are indicated by colour changes from low (blue) to high (red) protein abundance
representative of changes in Z-score normalised log.-fold transformed LFQ intensity values.
Selected GO terms enriched in each cluster are displayed (right), along with the P value for
that category.
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Figure 3.3: Heat map of H. megidis statistically significant proteins: Two-way unsupervised
hierarchical clustering of the median Z-score normalised label-free quantification (LFQ)
intensity values of all statistically significant proteins (n=91) for freshly emerged IJs, 1Js
stored at 9°C for 3, d 9 weeks or 1Js stored at 20°C for 3 and 6 weeks. Hierarchical clustering
resolved 5 distinct clusters. Differences in protein abundance are indicated by colour
changes from low (blue) to high (red) protein abundance representative of changes in Z-
score normalised log>-fold transformed LFQ intensity values. Selected GO terms enriched
in each cluster are displayed (right), along with the P value for that category.
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In general, SSDA proteins demonstrated a greater fold change in S. carpocapsae than in H.
megidis. The greatest change in S. carpocapsae was for chaperone proteins which showed
up to 90-fold increase after conditioning at 9°C for 9 weeks (appendix 3.1.A), while all
chaperone proteins detected in H. megidis were decreasing in abundance (appendix 3.2). In
H. megidis, the greatest change in any single protein was that of UDP-glucoronosyl and
UDP-glucosyl transferase which increased ~20 fold at 20°C, and ~7 times at 9°C

(appendix 3.2).

3.3.1 Translation

The most prominent difference between the two species is in the response of proteins
related to translation, which were decreased in H. megidis after storage in both 9°C and
20°C (figure 3.4) and were generally increased in S. carpocapsae (figure 3.5; appendix
3.1.A). All ribosomal proteins decreased in abundance over time in H. megidis IJs
(appendix 3.2) regardless of storage temperature. Protein production is energetically
expensive, costing up to 75% of the cell’s energy (Lane and Martin, 2010). As metabolic
activity is reduced, reduction of energetically expensive processes would be advantageous.
Walther et al., (2015) reported extensive proteome remodelling in aging C. elegans worms,
with reduced ribosomes and increased proteasome complexes. Most proteasome related
proteins detected were increased at both temperatures in both species. Reduction of
translation and mRNA production in has shown to extend the lifespan of C. elegans (Pan
et al., 2007; Hansen et al., 2007). S. carpocapsae 1Js did not exhibit a general decrease in
ribosomal proteins over time, and translation related proteins were generally increased in

abundance, regardless of storage temperature (appendix 3.1.A; figure 3.5).
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Figure 3.4: String interactions of H. megidis proteins which are decreased (left) and
increased (right) in abundance after storage at 9°C (top) and 20°C (bottom) for 6 weeks.
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Figure 3.5: String interactions of S. carpocapsae proteins which are decreased (left) or
increased (right) in abundance after storage at 9°C (top) and 20°C (bottom) for 6 weeks.

3.3.2 Chaperones

Most chaperone proteins that were detected were increased in abundance in S.
carpocapsae 1Js, and to a greater extent after storage at 9°C (appendix 3.1.A). These

include chaperonins, prefoldins, heat shock proteins and late embryogenesis (LEA)
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proteins. One chaperonin was detected in S. carpocapsae, increasing in abundance at
20°C, and in H. megidis, decreasing at 9°C. Chaperonins are ATP-dependent chaperones
which assist in the folding of nascent polypeptides (Clare and Saibil, 2013). Various heat
shock proteins (HSPs) were detected in S. carpocapsae (appendix 3.1.A) and generally
increased in abundance over time, and to a greater extent at 9°C. HSPs are molecular
chaperones which aid folding of proteins, prevent stress induced aggregation or misfolding
of proteins, and can revert misfolded proteins to their native conformation (Walter and
Buchner., 2002). HSPs, despite their name, are protective against a wide array of stresses
and can also have roles in maintaining cellular components such as the cytoskeleton
(Whitley et al., 1999). Small heat shock proteins are typified by a conserved a-crystallin C
terminal domain (Walter and Buchner., 2002) and are involved in the prevention of toxic
aggregates of protein (Borges and Ramos, 2005), and have higher binding affinities than
the larger, classical HSPs (Walter and Buchner, 2002). Prefoldins are molecular
chaperones which detect, bind to and deliver unfolded proteins, especially actin, to cystolic
chaperonins (Vainberg et al., 1998). Prefoldin proteins were amongst the few chaperone

proteins decreased in abundance in S. carpocapsae 1Js, at both 9°C and 20°C.

Many late embryogenesis abundant (LEA) proteins were detected in S. carpocapsae 1Js,
and most were temperature specific: increasing by up to ~90 times abundance after storage
at 9°C, but mostly decreased by ~2-4 times if stored at 20°C (appendix 3.1.A). LEA
proteins were first discovered in the seeds of plants (Cuming and Lane, 1979; Dure et al.,
1981) and confer desiccation tolerance to the seeds. Since their initial discovery, these
proteins have been found in a variety of nematodes such as C. elegans (Gal et al., 2004),
Steinernema feltiae (Solomon et al., 2000) and Aphelenchus avenae (Browne et al., 2004).
LEA proteins are atypical molecular chaperones which can protect the structure of proteins

(Tantos et al., 2009), if present before the exposure to stress. Unlike heat shock proteins,
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LEA proteins alone cannot protect proteins from heat stress and cannot revert misfolded
proteins back to their native state (Reyes et al., 2005; Olvera-Carrillo et al., 2011). LEA
proteins enhance the organism’s survival in response to cold and freezing conditions
(Anderson et al., 2015; Reyes et al., 2008), oxidative stress (Zheng et al., 2019) and salt
stress (Han et al., 2017). LEA proteins, in conjunction with trehalose, facilitate the
formation of “glass” (Browne et al., 2004), which is protective against desiccation
(Solomon et al., 2000) and freezing (NDong et al., 2002). Trehalose-6-phosphate synthase
which was increased at 6 weeks in S. carpocapsae regardless of storage temperature
(appendix 3.1.B), may be involved in this bioglass formation or could be a response to

starvation.

All chaperone proteins detected as SSDAs in H. megidis were decreased in abundance,
regardless of storage temperature (figure 3.4; appendix 3.2). With the sharp decrease in
translation, chaperone proteins may be redundant to H. megidis 1Js without an immediate
stressor such as heat or desiccation triggering their expression. Decreased translation
would also reduce the level of misfolded proteins and toxic aggregates, which may reduce

the need for protein chaperone activities.

3.3.3 Metabolism

Proteins associated with gluconeogenesis are amongst the few groups of metabolism
related proteins which were increased in abundance in S. carpocapsae 1Js (figure 3.5;
appendix 3.1.B) and their increase may be related to starvation of the worm.
Gluconeogenesis is responsible for the generation of monosaccharides used to generate
energy in subsequent metabolic processes. Sugars formed in gluconeogenesis are

converted to pyruvate during glycolysis. Pyruvate formed by glycolysis is transported to
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mitochondria to be converted to acetyl-CoA in the citric acid cycle, an aerobic process
which utilises acetyl-CoA to reduce NAD+ to NADH, producing carbon dioxide as a by-
product. The NADH is then used in oxidative phosphorylation. While glucose is the classic
sugar transport unit formed in gluconeogenesis, nematodes and insects also form trehalose,
a disaccharide composed of 2 glucose molecules. This sugar is functionally similar but
also plays a crucial role in nematodes’ resistance against desiccation, freezing (Qiu and
Bedding, 2002), and other stresses (Behm et al., 1997). This sugar, along with LEA
proteins facilitates the formation of bioglass, which enhances nematodes’ freezing

tolerance (Browne et al., 2004).

Few glycolysis-related proteins were detected as SSDAs in H. megidis and these were
generally decreasing in abundance at both temperatures (figure 3.4; appendix 3.2). Most
glycolysis proteins detected in S. carpocapsae did not change significantly over time at
either temperature (figure 3.5; appendix 3.1.B). The glyoxylate pathway is an alternative
pathway to the TCA cycle, which is not normally found in metazoans, but is present in
nematode dauers (O’Riordan and Burnell, 1990). Isocitrate lyase and malate synthase
catalyse the conversion of coenzyme A to succinate and malate (Wright and Perry, 2002),
which may then be processed by succinate dehydrogenase to form malate, which can then
be processed by malate dehydrogenase. This pathway allows for the generation of glucose
molecules from the B-oxidation of fatty acids. There is significant overlap between the
enzymes in these two metabolic pathways, and most enzymes were increased in abundance
during storage at 20°C and decreased at 9°C in S. carpocapsae 1Js (appendix 3.1.B). All
SSDA proteins detected as part of both the citric acid cycle and the glyoxylate pathway
were decreased in abundance regardless of storage temperature in H. megidis 1Js (appendix

3.2).
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Few oxidative phosphorylation enzymes were detected in H. megidis (appendix 3.2), but
those that were detected increased in abundance at 20°C and decreased in abundance at
9°C (figure 3.4; appendix 3.2). The exception to this was NADH-ubiquinone
oxidoreductase ASHI subunit, which was increased by ~11 times at both temperatures.
Proteins related to oxidative phosphorylation were abundant in a temperature specific
manner in S. carpocapsae 1Js, increasing at 20°C and decreased in abundance at 9°C

(figure 3.5; appendix 3.1.B).

Many fatty acid- and retinol-binding proteins (FARS) and nematode polyprotein
allergens/antigens (NPAs) were detected in S. carpocapsae (appendix 3.1.A), most
decreasing in abundance at both storage temperatures. FARs are a diverse family of
proteins that are expanded in the S. carpocapsae genome (Dillman et al., 2015). NPAs are
spliced to form many copies of nematode FARs (McDermott et al., 1999). Nematode
FARs have structures similar to FARs found in other animals but have structures unique to
nematodes, and therefore probably have nematode specific functions. FAR proteins may

transport and store small quantities of lipids (Kennedy et al., 2013).

In general, S. carpocapsae proteins associated with metabolism decreased at 9°C and
increased at 20°C (appendix 3.1.B). Proteins related to both gluconeogenesis and
glycolysis were increased in abundance in S. carpocapsae IJs stored at 9°C, whereas
proteins related to intermediary metabolism and oxidative phosphorylation were decreased
to a greater extent at 9°C (figure 3.5). This may be due to 1Js being more active at higher
temperatures and requiring more energy (Andalo et al., 2011) and may be partially
responsible for the 1Js” enhanced longevity at low temperatures (Fan and Hominick, 1991,

Grewal, 2000).
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3.3.4 Cytoskeleton

Cytoskeletal proteins such as actin, myosin, collagen, and tubulin were amongst the
highest abundance proteins detected in both species by raw LFQ intensity. Proteins
associated with the cytoskeleton were generally decreased in abundance in both species
over time (figures 3.4 and 3.5; appendices 3.1.A and 3.2). EPN Js tend to become less
active over time (Fitters and Griffin., 2004), and therefore proteins associated with
locomotion may be degraded. Collagen remodelling is also reported to be associated with
lifespan-lengthening in C. elegans, regulated by the stress pathway SKN-1 (Ewald et al.,
2014). Collagen was detected as decreased in abundance in S. carpocapsae 1Js stored at

20°C, however it was increased in those stored at 9°C (appendix 3.1.A).

3.3.5 Stress/Detoxification Proteins

String analysis identified a network of stress proteins which increased in abundance in S.
carpocapsae at 9°C (figure 3.5), although there was a tendency for stress/detoxification
proteins to also increase in abundance at 20°C. Many stress proteins detected as SSDAS in
this analysis in both species such as short chain dehydrogenases, thioredoxins, GSTs,
catalase, oxidoreductases, aldehyde dehydrogenases (appendices 3.1.B and 3.2), are known
to be regulated by SKN-1 (Choe et al., 2012), the pathway implicated in collagen
remodelling mentioned above (Ewald et al., 2014). Proteins associated with the cell’s
response to reactive oxygen species, such as catalase in H. megidis, and both catalase and
copper oxide dismutase in S. carpocapsae, were increased to a greater extent at 9°C than at
20°C. Thioredoxin, an antioxidant, was decreased in abundance at both temperatures at all
timepoints in both H. megidis and S. carpocapsae. Other stress proteins such as aldehyde

dehydrogenase, which is involved in the stress response against by-products of anaerobic
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fermentation were increased to a greater extent at 20°C than at 9°C in S. carpocapsae

(appendix 3.1.B).

Xenobiotic detoxification is generally divided into three distinct stages. Short chain
dehydrogenases and reductases render xenobiotics less stable and represent phase 1.
Glutathione S transferase is involved in stage 1, and transfers glutathione (an antioxidant)
onto xenobiotics, increasing their solubility and facilitating its breakdown. Glutathione can
also reduce free radicals generated during the stress response. UDP-glucoronosyl and
UDP-glucosyl transferase increased in abundance in both H. megidis and S. carpocapsae
IJs, at most timepoints and both temperatures (appendices 3.1.B and 3.2). UDP-
glucoronosyl transferases add glucuronic acid to a xenobiotic, which may render it
harmless, or aid in its excretion (Bock and Kohle, 2005). Glucosyltransferases may also be
involved in the synthesis of trehalose (Teramoto et al., 2008), a sugar which enables

survival in harsh conditions (Behm, 1997).

Fewer stress-related proteins were detected in H. megidis, and many of them were
decreased in abundance after conditioning at both temperatures, except for catalase, which
increased after storage at 9°C (appendix 3.2). Amongst these proteins, one of the few
SSDA proteins that was constitutively increased in abundance over time was an autophagy
related protein, and it increased to a greater extent at 9°C than at 20°C (appendix 3.2).
Selective autophagy has been shown to improve C. elegans lifespan at low temperatures

(Chen et al., 2019), and may have a similar role in H. megidis 1Js.
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3.4 Conclusion

When infective juveniles of H. megidis UK211 and S. carpocapsae All were conditioned
at 9°C or 20°C, the proteome of these two species changed in radically different manners.
The change in the H. megidis proteome was characterised by a decrease in proteins
associated with metabolism and protein synthesis, while the change in S. carpocapsae was
characterised by increases in proteins associated with protein chaperoning activities and
responses to stress which increased over time, and to a greater extent at 9°C. The

difference in proteostasis may be due to several factors.

Firstly, since the two species are not closely related, their strategies may be legacy of their
ancestry. Secondly, it may relate to differences in the behavioural (foraging) strategies of
the two species. H. megidis IJs are defined as “cruisers”, IJs which actively move through
soil to find their host, whereas S. carpocapsae 1Js are defined as “ambushers”, 1Js which
wait until a potential host comes near enough to infect (Lewis et al., 2006) although this is
likely an oversimplification of their complex behaviours (Griffin, 2012). As protein
production is energetically expensive, requiring up to 75% of the cell’s energy (Lane and
Martin, 2010), a reduction in protein synthesis may free up energy for locomotion in H.
megidis and may enable the 1J to avoid proteotoxic stress such as misfolded or aggregating
proteins (Walther et al., 2015). All chaperone proteins were decreased in abundance in H.
megidis, regardless of storage temperature. S. carpocapsae, described as more of a
sedentary ambusher, may not require this extra energy. Without reducing protein synthesis,
S. carpocapsae 1Js may be affected by proteotoxic stress. This may be why chaperone
proteins were increased to such an extent in S. carpocapsae, regardless of storage
temperature. Thirdly, the differences between the two species may relate to differences in
broader ecological strategies. H. megidis IJs disperse widely and all are hermaphroditic,

characteristics of r-strategists or a colonising species, and so perhaps this species spends
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relatively little time as 1Js in soil (Downes and Griffin, 1996). S. carpocapsae 1Js are
relatively long-lived compared to H. megidis and would thus be better suited to persist in
soil during periods when hosts are unavailable such as winter. Storage temperature had a
clear effect on the S. carpocapsae proteome, which showed a much greater increase in
chaperone abundance at 9°C, especially in LEA proteins. As these 1Js are present in the
soil year-round, exposure to low temperatures may indicate the onset of freezing
conditions, and the 1J’s proteome may adapt to this. LEA proteins, which are important for

freezing resistance in nematodes were increased in a temperature specific manner.

Oxidative phosphorylation produces the most energy of all metabolic processes, but it also
produces detrimental reactive oxygen species. Free radicals damage cells and contribute
towards aging. Steinernema and Heterorhabditis 1Js generally live longer at 9°C than at
20°C, which is generally attributed to their metabolism slowing down at lower
temperatures (Andald et al., 2011; Santra et al., 2019). Catalase, the stress enzyme which
breaks down hydrogen peroxide, and copper oxide dismutase were both increased in
abundance after storage at 9°C in S. carpocapsae. IJs may enhance their survival in colder
conditions by reducing metabolic activities which produce these free radicals and
increasing their stress response against them. Further studies on a broader range of species
(including species of Steinernema that adopt cruise-foraging strategies) would help
elucidate to what extent the patterns detected in the two species studied here reflect their

ancestry and/or their ecological strategies.
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Abstract

Entomopathogenic nematodes (EPN), Steinernema spp. and Heterorhabditis spp., are
obligate parasites of insects and effective biocontrol agents. Infective juveniles (1Js) of
Steinernema carpocapsae and Heterorhabditis megidis are distantly related and exhibit
different foraging behaviours but utilise similar volatiles to find hosts. These 1Js live in the
soil year-round and are exposed to a range of temperatures and associated stressors. Here
we explore how exposure to low temperatures, and the duration of this exposure, affects
the behaviour and stress resistance of these 1Js. In chemotaxis assays at 20°C, S.
carpocapsae and H. megidis had similar responses to odorants when freshly emerged from
their natal host. The chemotaxis of H. megidis was generally enhanced by prior storage at
lower temperatures, whereas the chemotaxis of S. carpocapsae tended to be reversed by
this treatment. Exposure to temperatures (9°C, 12°C and 15°C) below culture temperature
(20°C) affected the chemotaxis of H. megidis in a graded manner, and in a binary manner
for S. carpocapsae. Cold storage (9°C) of S. carpocapsae enhanced their resistance to
freezing and desiccation. Alteration in chemotaxis and stress tolerance induced by brief
exposure to 9°C were maintained for weeks afterwards. Label free quantitative proteomics
showed that exposure to 9°C for 1 week elicited dramatic increases in chaperone proteins
in S. carpocapsae IJs, which were retained at high levels for 2 weeks after their transfer to
20°C. The proteome of S. carpocapsae 1Js exposed to 9°C for 1 week and subsequently
transferred to 20°C for 2 weeks conformed closely to that of 1Js kept at 9°C for 3 weeks.
Thus, S. carpocapsae 1Js display a high degree of plasticity, and their behaviour and stress

resistance may be manipulated by brief controlled exposure to low temperatures.

Keywords: temperature, conditioning, biological pest control, chemotaxis, proteomics
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4.1 Introduction

Temperature profoundly affects the successful transmission of parasites, in three main
ways: extreme temperatures are lethal or damaging, while for parasites with active stages,
dispersal or host-finding may only take place within an optimal range. Thirdly,
temperature may affect the persistence of transmission stages in the environment, for
example by slowing metabolism or by inducing diapause or related phenomena. Thus,
temperatures experienced prior to a crucial activity such as host infection may affect the
outcome of that activity. This is particularly important in the case of parasites with
relatively long-lived transmission stages, such as the infective juveniles (1Js) of many plant
and animal parasitic nematodes. Amongst these, the entomopathogenic nematodes (EPN)
Steinernema and Heterorhabditis have received much attention due to their usefulness

both as model parasites, and as biological agents.

EPN have a developmentally arrested stage known as the 1J. The 1J leaves their natal host,
seeks out and infects insects, which become the food-source for the next generation of
nematodes. The 1Js of EPN are promising biocontrol agents, which are mass-produced and
then stored until applied against insect pests. The 1J is a nonfeeding stage and has a sealed
mouth and anus. These 1Js depend solely upon their lipid and glycogen stores for nutrition
and are resistant to abiotic stressors such as UV radiation, desiccation, and extreme
temperatures. The 1Js invade the mouth, anus, and spiracles of insects, and once inside the
haemocoel they egest their symbiotic bacteria into the host haemolymph. Heterorhabditids
have a mutualistic relationship with Photorhabdus spp., and steinernematids have a
mutualistic relationship with Xenorhabdus spp. The bacteria multiply and kill the insect
via sepsis. The activated 1Js consume the bacteria, develop to sexual maturity, and

reproduce within the insect cadaver.
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Effects of storage temperature and time (age) on behaviours such as dispersal and infection
have been documented for Steinernema spp. (Fan and Hominick, 1991; Guy et al., 2017;
Kaplan et al., 2020) and for Heterorhabditis spp. (Griffin, 1996; Fitters and Griffin, 2004).
More recently it has been shown that chemotaxis of 1Js of both EPN and animal parasites
is altered by culture and storage at temperatures (Lee et al., 2016), which could affect their
host finding abilities and foraging behaviour. Prior exposure to low temperatures can also
enhance the 1J’s resistance to freezing (Ali and Wharton., 2013; Brown and Gaugler.,

1996) and desiccation (Jagdale and Grewal, 2007).

This study aims to investigate the effect of temperature conditioning and aging on the
behaviour, proteome and stress resistance of EPN, using two economically important
species, S. carpocapsae and H. megidis. S. carpocapsae is well studied and commercially
used as a biocontrol agent, and the behaviour of H. megidis has been extensively studied
with respect to storage temperature and time (Griffin, 1996; O’Leary et al., 1998; Fitters
and Griffin, 2004; Guy et al., 2017). While Heterorhabditis and Steinernema are distantly
related (Blaxter et al., 1998), they have convergently evolved remarkably similar
entomopathogenic life cycles including the 1J stage (Poinar., 1993). Their response

towards host volatiles is also similar (Chaisson and Hallem., 2012).

We have previously shown, using quantitative label-free proteomics, that the proteomes of
S. carpocapsae and of H. megidis 1Js showed different responses to temperature. When
transferred from a culture temperature of 20°C to 9°C, the proteome of S. carpocapsae
underwent a profound and immediate changes that was maintained during further storage
at that temperature, while that of H. megidis underwent more gradual changes over time at
both 20°C and 9°C (Lillis et al., 2022; Chapter 3). Here we extend our exploration of the
effects of storage temperature and time on these two species using similar conditions but
extending our study to include chemotaxis and stress tolerance, and investigating whether
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cold-induced changes in each of these parameters are retained when 1Js are returned to

their culture temperature.

Specifically, (1) Following Lee et al., (2016) we explore how olfactory responses of both
species change over time at different storage temperatures (2) we test how 9°C storage
protects S. carpocapsae 1Js against stress (freezing and desiccation) (3) we ask whether
changes in olfaction and stress tolerance induced in S. carpocapsae by short-term storage
at 9°C are maintained following return to culture temperature, and (4) we compare the

proteome of transferred 1Js with that of 1Js maintained in constant conditions.
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4.2 Materials and methods

4.2.1 Nematode culturing and conditioning

Heterorhabditis megidis UK211 and Steinernema carpocapsae All were cultured in last
instar Galleria mellonella larvae (Mealworm Company, Sheffield, UK) using methods
outlined in Woodring and Kaya (1988), at 20°C, with an inoculum density of 100
IJs/insect. Cadavers were placed on White traps and monitored daily. After first emergence
of 1Js, the White trap water was replaced with fresh sterile tap water. IJs that emerged into
the water for 3-4 days were collected and rinsed 3 times by sedimentation. The IJs were
stored at 1000 1Js/ml in sterile tap water in 35 ml aliquots in lidded plastic tubs (9cm
diameter). 1Js were placed into constant temperatures stated and assayed at intervals or

transferred between temperatures as specified. Each tub of IJs was used once only.

4.2.2 Chemotaxis assays

Chemotaxis assays (Bargmann et al, 1993) were conducted on 60mm Petri dishes with
20mls of 2% nutrient agar. Test stimulus (5 ul) was added to a circle (1cm diameter) on
one side of the plate, and 5 pl of diluent was added to a control circle on the opposite side
(see appendix 4.1). Sodium azide (2 pl) was added to each circle, to anesthetise nematodes
arriving there. 1Js were concentrated by sedimentation and approximately 100-250 1Js in 2
pl were added to the centre of the plate. Plates were orientated in random directions at
20°C and 1Js were allowed to migrate for 1 hour. The chemotaxis index (CI) was
calculated as the number of 1Js in the treatment circle, minus the 1Js in the control circle,
divided by the total number of 1Js in both circles. Plates which had fewer than 5 1Js in

either scoring region were discounted to prevent small numbers from skewing the data.
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Putative attractants and repellents were chosen based on the literature: methyl salicylate
(Chaisson and Hallem, 2012), acetone (O’Halloran and Burnell., 2003), prenol (Baiocchi
etal., 2017; Kin et al., 2019; Baiocchi et al., 2019), and hexanol (O’Halloran and Burnell,
2003; Chaisson and Hallem., 2012). Prenol (3-methyl-2-buten-1-ol) was diluted to 2M, by
mixing 203 pl of 99.9% prenol (Sigma) with 797 pl of ethanol as per Baiocchi et al.
(2017). Dilutions (1 in 10) of acetone, hexanol and methyl salicylate were made in paraffin
oil. Sodium azide (1M) was prepared by transferring 0.06501 g of crystalline sodium azide

to 1 ml of MilliQ water.

There were three experiments utilising chemotaxis assays. In experiment 1, 1Js of S.
carpocapsae and H. megidis were assayed at time 0, and after conditioning for 1, 3, 6, and
9 weeks at 9°C, and for 1, 3 and 6 weeks at 20°C. An additional treatment was included
for S. carpocapsae: after 1Js were stored at 9°C for 1 week, they were transferred to 20°C,
and assayed after 1 day, and 2, 5 and 8 weeks (corresponding to a total time of 3, 6 or 9

weeks from time 0).

In experiment 2, odours which elicited significantly different chemotaxis indices at the 3-
week timepoint in experiment 1 were chosen to assay the effect of brief exposure to low
temperatures on the chemotaxis index of 1Js, both immediately and after subsequent
storage at 20°C. Methyl salicylate and prenol were used for H. megidis 1Js and hexanol
and prenol were used for S. carpocapsae 1Js. IJs were assayed at time 0 and after storage
for 1 day, 1 week, or 3 weeks at 9°C, or 3 weeks at 20°C. In addition, after 1 day or 1
week at 9°C, 1Js were transferred to 20°C and assayed 3 weeks from the start of the
experiment. S. carpocapsae 1Js were also assayed and transferred to 20°C after 3 hours,

due to the plasticity of their chemotaxis responses.

In experiment 3, IJs were assayed at time 0, and after 1 and 3 weeks at 9°C, 12 °C, 15°C

and 20°C. As above, chemotaxis was assessed against odours which give strong responses,
131



methyl salicylate and prenol for H. megidis, and hexanol and prenol for S. carpocapsae

1Js.

In each experiment there were at least 3 culture batches of each species with either 5
(experiment 1) or 10 (experiments 2 and 3) assay plates per batch to give a total of 15 or
30 technical replicates per treatment at each timepoint. An exception was for 1Js
transferred from 9°C to 20°C in experiment 1, where there was a total of 5 technical

replicates.

4.2.3 Freezing and desiccation stress assays

Sterile tap water (50 ul) containing approximately 50 IJs was pipetted onto Whatman filter
paper (1 cm diameter) in a 3 cm petri dish. Plates (without lids) were transferred to either -
10°C for 6 hours or 75% RH for 5 days. These conditions were chosen to give
approximately 50% survival in unconditioned 1Js. Desiccation chambers were maintained
at 75% relative humidity using supersaturated sodium chloride solutions (Winston and
Bates, 1960). After the assay time, 20 mls of sterile tap water was added to the 1Js and
their survival was assessed after 24 hours. There were six culture batches of nematodes,
and 5 plates were tested per batch of nematodes, to give 30 technical replicates per

conditioning treatment.

4.2.4 Statistical analysis

Statistics were carried out in Graphpad Prism v9.0.1. Kruskal Wallis tests were performed
on data at the significance level of p < 0.05, with post hoc Dunn’s multiple comparisons

tests to demonstrate groups which were significantly different.

132



4.2.5 Protein sample preparation

The contents of a tub of 1Js were sedimented in a 50 ml Falcon tube in their conditioning
temperature. The pelleted 1Js (150 ul) were transferred to a 1.5 ml Eppendorf tube and
snap frozen in liquid nitrogen. Each sample was homogenised in lysis buffer, containing
6M urea, 2M thiourea, and a Protease Inhibitor Cocktail (cOmplete, Mini Protease
Inhibitor Cocktail, Merck), centrifuged at 10000 x g for 1 minute, and snap frozen. This
step was repeated 3 times to ensure complete homogenisation. Protein content was then
quantified using Qubit (Invitrogen), following the manufacturer’s instructions. Protein
(100 pg) was purified using a 2D Clean Up Kit (GE Healthcare) according to the
manufacturer’s instructions. The resulting pellets were stored in the kit’s wash solution at -
20°C until the last samples were collected, then all were centrifuged at 13000 x g for 5
minutes and the resulting pellets were resuspended in 50 ul of resuspension buffer (6M
urea, 2M thiourea, 0.1M TrisHCI, pH8). A 20 pl aliquot was removed from each sample
for reduction, alkylation and digestion. One hundred and five pls of ammonium
bicarbonate (50 mM) and 1 pl of dithiothreitol (DTT) were added and samples were
incubated at 56°C for 20 minutes. Once cooled, samples were alkylated with 2.7 pl of

iodoacetamide (IAA) in dark conditions.

One pl of a 1% (w/v) solution of ProteaseMax (Promega) and 0.5 pg/ul trypsin (Promega)
were added to the samples and incubated at 37°C for a minimum of 16 hours. Samples
were removed from 37°C, centrifuged briefly and acidified with 1 pl of trifluoroacetic acid
(TFA) for 5 minutes at room temperature (20-25°C). Samples were centrifuged at 13000 x
g for 10 minutes and the supernatant was purified using C18 Spin Columns (Pierce,
Thermo Fisher Scientific) following the manufacturer’s instructions and then lyophilised
in a Speedyvac concentrator (Thermo Scientific Savant DNA120). Samples were then

resuspended in a loading buffer (2% v/v acetonitrile, 0.05% v/v TFA) and 1 pg was loaded
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from each of 4 biological replicates per samples were run on a QExactive (Thermo Fisher
Scientific) high-resolution accurate mass spectrometer connected to a Dionex Ultimate
3000 (RSLCnano) chromatography system. Peptides were separated over a 2% to 40%
gradient of acetonitrile on a Thermo Fisher EASY-Spray, PepMap RSLC C18 column
(500mm length, 75mm ID), using a reverse-phase gradient at a flow rate of 250nL min™
over 125 minutes. All data were acquired over 105 minutes with the mass spectrometer
operating in automatic data dependent switching mode. A full MS scan at 140,000
resolution and range of 300-1700 m/z was followed by an MS/MS scan, resolution 17,500

and range of 200-2000 m/z, selecting the 15 most intense ions prior to MS/MS.

4.2.6 Proteomic data processing

Protein identification and LFQ normalisation of MS/MS data was performed using Max-
Quant v1.6.3.3 (http://www.maxquant.org) following the general procedures and settings
outlined in Hubner et al. (2010). The Andromeda search algorithm (Cox et al., 2011)
incorporated in the MaxQuant software was used to correlate MS/MS data for S.
carpocapsae against the predicted protein data sets derived from the S. carpocapsae (Serra

etal., 2019).

Normalised LFQ intensities were used to quantify protein abundances, and the data was
filtered to remove contaminants. The LFQ intensities were log transformed, and each
replicate was renamed to their respective groups (3wks9°C for proteins from 1Js stored at
9°C for 3 weeks). Only proteins found in 3 replicates of at least 1 group were retained. A
data imputation step replaced missing values with values of low abundant proteins chosen
randomly from a distribution specified by a downshift of 2 times the mean standard

deviation (SD) and a width of 0.3 times the standard deviation.
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A principal component analysis (PCA) was initially performed on the normalised intensity
values of all replicates. However, a number of outliers were identified, resulting in 3

replicates in each sample in the final datasets for analysis.

An analysis of variance (ANOVA) was performed on all groups using a Benjamini-
Hochberg false discovery rate (FDR) of <1% to select proteins for z score normalisation.
These ANOVA significant proteins were used for hierarchical clustering of samples using

Euclidean distance and average linkage pre-processed with K means.

Volcano plots were generated in Perseus by plotting negative log p values of the y axis and
log-fold transformed differences on the x axis for each comparison. Pairwise t-tests were
performed between the S. carpocapsae 1Js conditioned at 9°C for 1 week and transferred
to 20°C for 2 weeks and the 1Js stored at 9°C and 20°C for 3 weeks to visualise the effect
of temperature swapping on the 1Js proteome (table 2). Statically significant (SS; p< 0.05)
and differentially abundant (DA fold change of 1.5) proteins were identified as SSDAs

and selected for further analysis.

The genome of S. carpocapsae has been recently sequenced (Serra et al., 2019), and the
protein file was downloaded from Wormbase Parasite
(https://parasite.wormbase.org/Steinernema_carpocapsae_prjna202318/Info/Index) and

used for detection of peptides.

The MS proteomics data and MaxQuant search output files have been deposited to the
ProteomeXchange Consortium (Coté et al., 2012) via the PRIDE partner repository with

the dataset identifier PXD027609.
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4.3 Results

4.3.1 Effect of conditioning at constant temperatures (9°C and 20°C) on chemotaxis

Steinernema carpocapsae 1Js were initially (week 0) strongly attracted to hexanol and
methy| salicylate, strongly repulsed by prenol, and weakly attracted to acetone (figure 4.1).
When stored at 9°C for one week, initially strong responses (Cl > + 0.8) were completely
reversed and remained so for the remainder of the 9°C storage period: 1Js became repulsed
by hexanol (figure 4.1C) and methyl salicylate (figure 4.1B) and highly attracted towards
prenol (figure 4.1A). In contrast, the initially weak attraction (CI 0.3) towards acetone was
intensified after 1 week at 9°C (figure 4.1D). The responses of IJs which remained at 20°C
generally followed the same trend as those at 9°C but the change was more gradual: over
time, IJs slowly became attracted to prenol (figure 4.1A), repulsed by methyl salicylate
(figure 4.1B), and less attracted to hexanol (figure 4.1C). The response to acetone did not
follow this trend; 1Js were repulsed after 1 week at 20°C but the response returned to week

0 levels thereafter (figure 4.1D).
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Figure 4.1: Chemotaxis Index of S. carpocapsae 1Js conditioned at 9°C (e), 20°C (m), and
those placed at 9°C for 1 week and transferred to 20°C (4) in response to odorants.

The reversal of chemotaxis observed following 1 week at 9°C seen in S. carpocapsae 1Js
in experiment 1 was explored over shorter time periods in experiment 2. Exposure to 9°C
for only 3 hours had a significant effect on the response to prenol, which changed from
strong repulsion at time 0 to weak attraction after just 3 h at 9°C (figure 4.3B). A
significant effect on the response to hexanol was first seen after 1 day at 9°C, and the

response was reversed from positive to negative following 3 days at 9°C (figure 4.3A).
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Heterorhabditis megidis 1Js were initially (time 0) weakly attracted to methyl salicylate
and hexanol and repulsed by prenol and acetone (figure 4.2). Storage at 9°C tended to
enhance the response of 1Js, which became more attracted to methyl salicylate (figure
4.2B) and more repulsed by prenol (figure 4.2A) and acetone (figure 4.2D). Exploration of
shorter-term exposure to 9°C in exp 2 showed that increased repulsion to prenol was seen
already after just one day (figure 4.3D). Storage at 20°C tended to have the opposite effect
to 9°C, and the greatest difference between storage temperatures was seen in the first 1-3
weeks (figure 4.2). The greatest difference between temperatures was for prenol, which
had the strongest week 0 response (CI -0.6; figure 4.2A) while little divergence was seen

for hexanol which elicited a weak response (CI1 0.1; figure 4.2C) at week 0.
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Figure 4.2: Chemotaxis Index of H. megidis 1Js after temperature conditioning at 9°C (e)
and 20°C (m) in response to odorants.
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4.3.2 Chemotaxis of 1Js stored for up to 1 week at 9°C and then transferred to 20°C

In experiment 1, the chemotaxis of S. carpocapsae 1Js which were conditioned at 9°C for 1
week and then transferred to 20°C for the rest of the experiment tended to remain similar
to the CI of IJs which remained at 9°C throughout (figure 4.1). The similarity persisted for
the full 9 weeks in the case of prenol (figure 4.1A), but the responses began to diverge at 6
weeks in the case of methyl salicylate (figure 4.1C) and at 9 weeks for hexanol (Figure
4.1B). The response to acetone of transferred 1Js was intermediate between that of 1Js

stored exclusively at 9 or 20°C (figure 4.1D).

Cold-induced changes in chemotaxis towards prenol that were induced in S. carpocapsae
by 3 hours at 9°C were maintained and even intensified following transfer to 20°C (figure
4.3B). When tested after 3 weeks, the 1Js which were transferred to 20°C after 3 hours, 1
day or 1 week at 9°C had the same response as I1Js left at 9°C for the full 3 weeks, differing

significantly from the CI of 1Js kept at 20°C for 3 weeks (figure 4.3B).

In contrast, although H. megidis 1Js which were exposed to 9°C for 1 day or 1 week had an
altered chemotaxis response towards prenol, this was not maintained after subsequent
storage at 20°C; the ClI differed from that of 1Js maintained for 3 weeks at 9°C but not
from that of IJs that remained at 20°C throughout (figure 4.3D). A similar pattern was seen

in response to methyl salicylate (figure 4.3C).
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Figure 4.3: Chemotaxis indexes of S. carpocapsae (top) and H. megidis (bottom) 1Js stored
at 9°C for brief periods and transferred into 20°C for the duration of the experiment. Control
IJs were left at 9°C and 20°C for the duration and tested at intervals stated.
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4.3.3 Do all temperatures below culture temperature affect chemotaxis similarly?

For S. carpocapsae, 1Js stored at 9°C, 12°C and 15°C all showed a similar Cl, differing
significantly from that of IJs stored 20°C after one (hexanol) or three (prenol) weeks
(figure 4C and D). Similarly, H. megidis IJs stored at 9°C, 12°C or15°C for three weeks
had a similar CI for prenol, that differed significantly from that of IJs stored at 20°C.
However, chemotaxis towards methyl salicylate showed a more graded effect of storage
temperature on H. megidis. After either one or three weeks, there was a significant
difference between 1Js stored at 9°C and 20°C, with IJs stored 12°C and 15°C showing

intermediate chemotaxis indices (figure 4.4A and B).
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Figure 4.4: The Chemotaxis Index of H. megidis 1Js (top) and S. carpocapsae 1Js (bottom)
against an attractant (left), and a repellent (right) upon emergence from the host, after storage
at 9°C, 12°C, 15°C, and 20°C for 1 or 3 weeks.
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4.3.4 Effect of conditioning on freezing and desiccation tolerance of S. carpocapsae

S. carpocapsae IJs stored at 9°C showed increased survival in both freezing (-10°C for 6
hours) and in desiccation (75% RH for 5 days) assays relative to freshly emerged 1Js and
those stored at 20°C, with significant differences in both cases (figure 4.5). 1Js which were
stored at 9°C for 1 week and transferred to 20°C for 2 weeks showed similarly high

survival rates and were not statistically significantly different from those of 1Js stored at

9°C for 1 or 3 weeks (figure 4.5).
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Figure 4.5: Survival of S. carpocapsae 1Js freshly emerged, stored at 9°C for 1 and 3 weeks,
at 9°C for 1 week and then swapped to 20°C for 2 weeks, and at 20°C for 1 and 3 weeks
exposed to freezing stress (-10°C for 6 hours) or desiccation stress (75% RH for 5 days).
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4.3.5 Response of S. carpocapsae proteome to conditioning

In general, the proteome of S. carpocapsae 1Js which were conditioned at 9°C for 1 week
and transferred to 20°C for 2 weeks (1wk9°C-20°C; temperature-swapped) was more
similar to the proteome of IJs stored for 3 weeks at 9°C than those stored for 3 weeks at

20°C (figures 4.6 and 4.7).

Component 2 (14.3%)
°
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Figure 4.6: PCA of proteins from S. carpocapsae 1Js stored at 9°C for 3 weeks (blue circles),
at 9°C for 1 week and then swapped to 20°C for 2 weeks (grey diamonds), and at 20°C for
3 weeks (red squares).

In total, 2359 proteins were detected in the S. carpocapsae 1Js, 36 of which were identified
as statistically significant in a one-way ANOVA (Benjamini Hochberg FDR 0.01). These
36 proteins were grouped by unsupervised hierarchical clustering in Perseus, as shown in
the heat map (a visualisation of the high and low abundance proteins present in the 1Js;

figure 4.7) with details shown in table 4.1.
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Figure 4.7: Heat map of Steinernema carpocapsae All statistically significant proteins:
Two-way unsupervised hierarchical clustering of the median Z-score normalised label-free
quantification (LFQ) intensity values of all statistically significant proteins 1Js stored at 9°C
for 3 weeks (left), at 9°C for 1 week and then swapped to 20°C for 2 weeks (middle), and at
20°C for 3 weeks (right). Differences in protein abundance are indicated by colour changes
from low (blue) to high (red) protein abundance representative of changes in Z-score

normalised logzfold transformed LFQ intensity values.
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Cluster D consists of proteins which are detected at high abundance in the 1Js stored at 9°C
and in the temperature swapped 1Js (1wk9°C-20°C), and low abundance in 20°C stored
IJs. This cluster is the largest of those detected, and consists primarily of molecular
chaperones, such as heat shock proteins (HSPs) and late embryogenesis abundant (LEA)
proteins, and stress proteins such as glutathione peroxidase and copper superoxide

dismutase involved in reactive oxygen species protection.

Clusters A and B are comprised of 10 proteins, which show the reverse pattern to cluster
D: being detected in increased abundance at 20°C and decreased abundance in both the
9°C, and temperature swapped 1Js. Cluster A contains proteins related to fat binding and

stress proteins while Cluster B contains proteins which related to the ribosome.

Cluster C consists of proteins which are highest in the temperature swapped IJs, lowest in
the 20°C stored 1Js, and intermediate in the 9°C stored 1Js. This cluster contains a heat
shock protein, a serine protease inhibitor, macroglobulin related proteins and various
hypothetical proteins (table 4.1). There were 2 “clusters” which contained 1 protein each,

without a clear function (table 4.1).
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Table 4.1: Proteins identified in two-way unsupervised hierarchical clustering of the median
Z-score normalised label-free quantification (LFQ) intensity values of all statistically
significant proteins (Benjamini-Hochberg false discovery rate 0.01)

Z-scored abundance

3wks9°C  1wk9°C->20°C  3wks20°C _ Cluster  ID Blast annotation Peptides Mol. weight [kDa] Intensity MS/MS count
-0.72 -0.69 1.27 A SC.X.g2817 Succinate-coa ligase, alpha subunit 15 34.181 3.52E+09 229
-1.19 0.01 1.10 A L596_020479.2 Hypothetical protein L596_020479 7 28.93 2.87E+08 49
-1.03 -0.15 1.14 A L596_022932 Programmed cell death 8 10 70.283 2.46E+08 65
-1.07 -0.11 1.15 A L596_013610 Aldehyde dehydrogenase 29 57.781 3.30E+09 297
-0.92 -0.11 1.26 A L596_030114 Succinate--coa ligase [GDP-forming] subunit beta, mitochondrial 7 46.012 2.96E+08 58
-0.84 -0.17 1.34 A L596_014396 Inosine-5'-monophosphate dehydrogenase 1 7 34.475 3.51E+08 55
-0.89 -0.29 1.09 A L596_015746.1 Fatty acid and retinol-binding protein 11 21.296 1.67E+09 90
-0.14 -1.01 1.06 B L596_017315 60S ribosomal protein L9 11 21.254 2.93E+09 122
-0.27 -1.11 1.16 B L596_018977 Putative NADH-quinone oxidoreductase subunit | 7 23.184 1.39E+09 59
0.49 -1.28 0.82 B L596_007662 60S ribosomal protein L12 1 20.089 2.23E+09 63
-1.12 1.10 -0.17 X L596_008455.1 SEA domain containing protein 5 84.611 3.38E+08 52
1.28 -0.52 -0.90 Y L596_012434.1 Hypothetical protein L596_012434 3 51.288 2.26E+08 18
-0.13 1.23 -0.92 C L596_013178 Hypothetical protein L596_013178 6 18.033 9.70E+07 21
-0.22 118 -1.08 C L596_026575 Heat shock protein 25 72.459 8.42E+09 342
-0.21 121 -1.08 C 1596_024306 Hypothetical protein L596_024306 8 33.817 6.07E+08 62
-0.32 1.24 -0.97 C L596_009048.2  |Alpha-2-macroglobulin family protein 30 86.756 2.28E+09 301
-0.25 1.25 -1.00 C L596_009045.1  |A-macroglobulin complement component 21 99.788 7.21E+08 127
0.15 1.02 -1.24 C ADY11211.1 Serine proteinase inhibitor 22 43.674 2.30E+09 203
0.63 0.78 -1.19 D L596_014813 Carboxylesterase, type B domain-containing protein 34 77.629 8.35E+09 432
0.72 0.70 -1.29 D L596_030565 Hypothetical protein L596_030565 5 14.902 7.41E+08 59
0.69 0.73 -1.35 D L596_020879 LEAS protein 3 7.4813 8.29E+08 28
0.44 0.89 -1.17 D SC.X.g3583 Glutathione peroxidase 7 26.194 1.16E+10 119
0.52 0.84 -1.27 D L596_013116 Hypothetical protein L596_013116 7 18.748 1.62E+09 62
0.44 0.81 -1.37 D L596_029037.2 Acetyl-coa C-acetyltransferase 11 42.561 5.83E+08 92
1.08 0.28 -1.27 D L596_016356.1 CRE-FAH-1 protein 13 46.228 1.77E+09 118
0.85 0.46 -1.17 D 1596_019563.2  [Hypothetical protein L596_019563 1 17.438 2.27E+09 102
0.86 0.46 -1.38 D 1596_013113 Hypothetical protein L596_013113 3 15.175 4.95E+08 22
0.87 0.42 -1.31 D SC.X.g4329 Selenium-binding protein 1 15 50.706 8.80E+08 115
0.95 0.35 -1.36 D L596_026406 CRE-HSP-12.1 protein 5 23.854 1.44E+09 73
0.96 0.39 -1.29 D L596_007973.1 Ferritin-like protein 11 20.251 6.96E+09 130
0.61 0.49 -1.32 D L596_013123 Hypothetical protein L596_013123 5 35.902 8.98E+09 195
0.80 0.50 -1.38 D L596_027614 Hypothetical protein L596_027614 5 14.179 4.55E+08 44
0.82 0.54 -1.37 D L596_020881 LEAS protein 2 10.094 6.11E+08 20
0.73 0.59 -1.31 D L596_024043.2 Extracellular superoxide dismutase [Cu-Zn] 5 18.899 2.41E+09 57
0.79 0.55 -1.31 D L596_019569.1 Hypothetical protein L596_019569 42 68.331 7.08E+09 370
0.77 0.55 -1.28 D ABQ23230.1 LEA1 protein 5 9.7546 5.25E+09 75
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4.3.6 Highest and lowest abundance proteins

Volcano plots were used to identify proteins which were present in the highest and lowest
abundances amongst each cohort of 1Js. Statistically significant (p<0.05 t test) annotated
proteins which were at least fivefold increased or decreased in abundance between the 9°C
stored 1Js, and the temperature swapped 1Js compared to the 20°C 1Js (table 4.2). The
highest abundance proteins identified in both the 9°C and temperature-swapped treatments
were chaperone proteins, such as CRE-HSP and LEA proteins which were increased
between 140.5-fold and 13.4-fold higher than in the 1Js at 20°C for 3 weeks. Various
enzymes were decreased in abundance relative to the 20°C conditioned 1Js including
chitinase which was 25.6-39.2 times lower in the 9°C conditioned 1Js (table 4.2). There
were a number of proteins identified as SSDAs which were not annotated (appendix 4.2),

and these proteins may have important roles in temperature adaptation.

Table 4.2: Annotated Statistically significant proteins fivefold changed in abundance in 1Js
stored at 9°C for 3 weeks and those stored at 9°C for 1 week and transferred to 20°C,
compared to 1Js stored at 20°C for 3 weeks. Proteins which were identified but could not be
annotated were excluded but can be found in appendix 4.2.

Protein ID Annotation Fold change vs 3wks20°C Peptides Mol. Weight Intensity MS/MS Count
3wks9°C 1wk9°C->20°C
L596_026406 CRE-HSP-12.1 protein 140.5 35.9 5 23.854 1.44E+09 73
L596_020879 LEAS protein 93.6 95.8 3 7.4813 8.29E+08 28
L596_020881 LEAS protein 61.2 335 2 10.094 6.11E+08 20
L596_015330 SaPosin-like Protein family 60.0 43.9 4 10.214 1.16E+09 37
L596_019565.1 LEA2 protein 56.8 na 4 10.539 2.20E+09 45
L596_012217 PhosphoGlycolate Phosphatase Homolog 234 na 5 38.207 2.28E+08 18
L596_024791 Cystathionine beta-synthase 17.9 na 16 77.905 1.31E+08 43
ABQ23230.1 LEA1 protein 17.1 13.4 5 9.7546 5.25E+09 75
SC.X.g2587.2 Putative cystathionine gamma-lyase 2 7.4 8.7 5 42.673 1.07E+08 30
SC.X.g3323 Myosin regulatory light chain 1 7.3 na 4 18.941 8.40E+07 17
L596_019840 C. briggsae CBR-OSM-11 protein 7.2 na 3 28.814 2.74E+08 22
SC.X.g3305 C-1-tetrahydrofolate synthase, cytoplasmic 6.8 na 8 102.42 1.34E+08 48
L596_030616 Protein LSM12 -like protein A 6.8 3.2 3 249 4.87E+07 17
L596_017887.4 ADP-ribose pyrophosphatase, mitochondrial precursor 5.7 5.7 4 17.112 1.22E+08 28
L596_024012 thiamin pyrophosphokinase na 45.7 9 30.405 2.58E+08 43
L596_028041 Serine/threonine-protein phosphatase PP1-alpha na 7.0 2 19.921 1.13E+08 11
SC.X.g1861 Ani s 9allergen precursor na 5.3 2 14.755 9.04E+07 13
L596_026200 Ancylostoma secreted protein na -5.6 3 29.665 1.94E+08 26
SC.X.g6035 Ras protein let-60 na -11.5 4 21.122 1.06E+08 15
L596_019533 medium-chain specific acyl-CoA dehydrogenase, mitochondrial -5.2 na 7 45.266 5.91E+07 27
L596_028677 piwi domain protein -6.0 na 5 100 5.03E+07 20
L596_017378 trypsin-like serine protease -6.8 -4.5 3 32.864 1.34E+08 22
L596_018471 acetyl-Coenzyme A synthetase 2, putative -6.9 -4.0 4 78.513 7.81E+07 21
SC.X.g5447 probable H/ACA ribonucleoprotein complex subunit 1-like protein -8.2 -5.0 4 24.466 1.50E+08 23
SC.X.g3201 Short-chain dehydrogenase/reductase -8.2 -3.6 2 29.235 7.42E+07 14
L596_023970 NAC domain containing protein -11.8 na 4 21.879 1.57E+08 31
L596_015314 chitinase class | -39.2 25.6 9 101.39 3.12E+08 33

149



4.4 Discussion

Exposure to low temperatures had profound effects on the chemotaxis and stress tolerance
of S. carpocapsae 1Js, similar to previous findings (Lee et al., 2016; Jagdale and Grewal,
2007). We also showed that these changes were accompanied by major proteomic
reorganisation and that the changes in chemotaxis, stress tolerance and proteome induced
by low-temperature storage were largely maintained on return to culture temperature for
two weeks. These findings have implications for how we understand the seasonal
adaptations of these nematodes in their natural environment, but also how cold storage of
mass-produced nematodes may impact their subsequent behaviour and survival following

application for biocontrol purposes.

Conditioning at 9°C for 1- or 3-weeks enhanced S. carpocapsae 1Js’ tolerance to both
freezing and desiccation. Cold acclimation is known to enhance the survival of nematodes,
including Steinernema 1Js, at sub-zero temperatures (Smith et al., 2008; Ali and Wharton.,
2013; Brown and Gaugler., 1996), and there are also reports of cold acclimation enhancing
desiccation tolerance (Jagdale and Grewal, 2007). Freezing and desiccation are closely
linked environmental stressors for nematodes, both in the nature of the stress and the
adaptations involved, with considerable cross-tolerance between the two stresses (Adhikari
et al., 2010). The protective effect of cold acclimation has been attributed in part to the
accumulation of trehalose and other low molecular weight polyols which play a protective
role (Jagdale and Grewal 2007; Ali and Wharton 2015), while stress proteins are also
important (Seybold et al., 2017; Phadtare et al., 1999). Recently, Wang et al. (2021)
reported widespread transcriptional programming in eggs of the plant parasite
Meloidogyne incognita acclimated at 4°C, including genes involved in lipid and

carbohydrate metabolism, and also HSPs.
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In our study, label free quantitative proteomics was used to compare proteins in cold-
acclimated IJs (3 weeks at 9°C) with those maintained at the culture temperature (3 weeks
at 20°C) as well as those exposed to 9°C for 1 week and transferred to 20°C for 2 weeks.
The proteins which exhibited the most activity in the IJs stored at 9°C for 3 weeks or
transferred to 20°C were chaperone proteins. The highest abundance chaperone was CRE-
HSP, a sHSP found in Caenorhabditis remanei. Members of the sHSP family enhance
cold and freezing stress tolerance (Sabehat et al., 1998; Pacheco et al., 2009; Wang et al.,
2011). High levels of LEA proteins were detected in the 9°C stored 1Js and transferred 1Js.
LEA proteins have been identified in several nematode species (Gal et al., 2004; Goyal et
al., 2005; Solomon et al., 2000; Browne et al., 2004) and are disordered molecular
chaperones which enhance an organism’s survival under freezing stress (Solomon et al.,
2000; Browne et al., 2002; NDong et al., 2002; Reyes et al., 2008; Anderson et al., 2015).
The increased abundance of LEA proteins and HSPs induced by low temperature storage
may also have enhanced S. carpocapsae 1Js’ tolerance to desiccation (Close, 1996; Hand et

al 2011; Adhikari et al., 2009; Mizrahi et al 2010).

The protein which was decreased to the greatest extent in cold stored 1Js was chitinase, the
enzyme responsible for degrading chitin. This protein’s abundance was decreased over 25-
fold in the IJs in the 9°C stored 1Js relative to the 1Js stored at 20°C for 3 weeks. Chitinases
have been detected in S. riobrave infected G. mellonella and are speculated to play a role
in antifungal activity (Isaacson and Webster, 2002). Fungal infection may pose less of a
problem to IJs at low temperatures. Chitinases may also facilitate penetration of the insect
cuticle and damages the host, expediting its death (Brandt et al, 1978; Osman et al., 2004,

Hao et al., 2012).

The ecological significance of increased stress resistance and associated proteomic
remodelling in response to cold is clear: a drop in temperature may indicate the onset of
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winter and the increased probability of unfavourable conditions including freezing. The
changes in chemotaxis seen in response to cold are less easy to interpret, in particular the
reversal of valance in which previously attractive substances become repulsive and vice
versa. Similar phenomena were documented in detail by Lee et al. (2016) who showed that
both culture and storage temperature affect the olfactory responses of S. carpocapsae,
including a reversal of valance for several of the tested substances. In our experiments, the
initial repulsion of S. carpocapsae by prenol and attraction by methyl salicylate and
hexanol was completely reversed by one week at 9°C. Hexanol and methyl salicylate are
released by plant roots (Roberts et al., 2019) and so the initial attraction might help bring
IJs to the rhizosphere and associated insects. Prenol was identified in G. mellonella
infected with Steinernema spp. (Baiocchi et al., 2017), and was highly repulsive to several
species of Steinernema and to Heterorhabditis indica (Kin et al., 2019; Baiocchi et al.,
2017; Baiocchi et al., 2019), and so the initial repulsion to prenol could help 1Js avoid an
already infected insect. When maintained at 20°C, the response of S. carpocapsae 1Js to
these three odours declined gradually, and achieved reversal of valence after 6 weeks in
the case of prenol and methyl salicylate. This age-related change is exceeded by that of
cold-stored 1Js within a week. The attraction of S. carpocapsae I1Js to prenol with age or
after short-term exposure to cold may indicate the adoption of a more risk-prone strategy,
with 1Js prepared to enter an already infected insect. While infection of an already-
occupied host lowers fitness as a result of competition (Koppenhdfer and Kaya, 1996;
Ryder and Griffin, 2003; Blanco-Pérez et al., 2019), the increased protection from freezing
and desiccation a cadaver confers may offset those costs (Lewis and Shapiro-llan., 2002;
Perez et al., 2003). Similarly, as an older 1J fails to find on uninfected host, invading an
already occupied host may be preferable to continuing to wait for a fresh host. However,

while prenol is an odorant given off by Steinernema-infected hosts, an infected host will
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likely release a complex variety of volatile and non-volatile chemicals, and an 1J’s decision

to infect will likely be the product of the blend rather than individual constituents.

Intriguingly, the changes in stress resistance, protein expression and olfaction induced in S.
carpocapsae by low temperature exposure were not reversed following return to the
culture temperature. 1Js which were exposed to 9°C for 1 week retained their enhanced
freezing and desiccation resistance following storage at 20°C for 2 weeks, and the
proteome of these temperature shifted 1Js was more similar to that of 1Js maintained at 9°C
than to that of 1Js kept at 20°C. Similarly, a return of 9°C-stored I1Js to 20°C did not revert
their cold-induced attraction towards prenol back to the original repulsion. Just 3 hours at
9°C induced a significant change in response to prenol, from strong repulsion to
ambivalence when I1Js were tested immediately, and these 1Js showed a strong attraction
towards prenol when tested after 3 weeks at 20°C. This shows that even a brief exposure to
9°C can have long term effects on the chemotaxis response of 1Js, and suggests that the
reversal of valence that was triggered by 3 hours in the cold was completed during the
subsequent period of warm storage. Such rapid shifts in response valence are indicative of
neuromodulatory changes rather than synaptic rewiring (Guillermin et al., 2017). In
contrast to our findings with prenol, Lee et al (2016) found that the alteration in olfactory
response induced in of S. carpocapsae 1Js by a drop in temperature was reversed following
return to the culture temperature. This may reflect differences in the temperatures used:
25° and 15°C in Lee at al. (2016) compared to 20° and 9°C in our experiments — as well as
the specific odorants tested. In our assays, the maintenance of the cold-induced response
following return to warm conditions was more clear-cut and distinct for prenol than for the
other odours tested. Moreover, other factors such as age of the nematodes at the time of

temperature shift can affect their olfactory plasticity (Lee et al., 2016).
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Like S. carpocapsae, H. megidis 1Js were initially repelled by prenol and attracted (though
weakly) by hexanol and methyl salicylate. However, in contrast to S. carpocapsae, the
response of H. megidis 1Js to odours was generally accentuated rather than reversed by
storage at 9°C, and cold-induced alterations were not retained by IJs after transfer to 20°C.
The two species also differed in the way that different storage temperatures affected their
olfactory response: while for S. carpocapsae, all storage temperatures lower than the
culture temperature of 20°C had a similar effect on olfaction, resulting in a reversal of
valence, the effect of different storage temperatures on H. megidis 1Js was more graded:
IJs stored at 12°C and 15°C exhibited an intermediate response between 1Js stored at 20°C
or 9°C. As for H. megidis in our study, a shift to a lower temperature did not result in a

change in valance of H. bacteriophora 1Js (Lee et al., 2016).

Our results support the conclusion of the more comprehensive study by Lee et al. (2016)
that plasticity in olfactory responses dependent on temperature and age is a broadly
conserved trait across species of entomopathogenic nematodes, but that the exact nature of
the changes varies between species and odorants. However, the ecological relevance of
these changes remains to be understood. The behaviour of animals in response to single
compounds in controlled laboratory assays may not be indicative of their response to
blends of volatile and non-volatile chemicals encountered in the field (e.g., Webster et al.,
2010). For 1Js, the universally produced CO: is the most important odour (Hallem et al.,
2011; Dillman et al., 2012) and this remained attractive to most of the EPN species tested
including S. carpocapsae and H. bacteriophora, irrespective of culture and storage
conditions (Lee et al., 2016). Responses to live or infected insects and associated cues are
the ultimate measure of how the age and the prior temperature conditions affect 1Js in way
that is both ecologically relevant and of importance to biocontrol. While the ability of 1Js

to find and kill insects generally declines with age (Lewis et al., 1995; Patel et al., 1997),
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there is also evidence of more complex effects of age and prior temperature conditions.
For H. megidis, conditions similar to those used in the present study have been shown to
profoundly influence infectivity (a compound trait of movement towards and entry into
insects), which increased with age, especially in 1Js maintained at 9°C (Griffin, 1996;
Fitters et al., 2001). Similar effects have been documented for steinernematids (Guy et al.,
2017; Koppenhofer et al., 2013; Yadav and Eleftherianos, 2018). Host finding and
infection in soil involve a series of steps, including dispersal, host-finding and host-
recognition and acceptance (Griffin 2015; Lewis et al., 1995). Odour blends may increase
the probability of 1Js finding an insect but undirected dispersal and attraction to CO, will
result in many 1Js arriving at it anyway, after which the decision is made as to whether to
infect. A decreased responsiveness to host volatiles during cold storage of heterorhabditids
and steinernematids can occur concomitantly with an increase infectivity, which possibly
indicates increased tendency to penetrate into a host following arrival (Dempsey and

Griffin, 2002; Koppenhofer et al., 2013).

While alterations in response to any specific odorant may be difficult to interpret
meaningfully in an ecological context, they are indicative of profound physiological
changes brought about by temperature and by age as evidenced also in the proteomic data
(present study and Lillis et al. 2022; Chapter 3). Moreover, it is clear that assays of chemo-
attraction reflect the current status of the 1Js, a product of their age, culture and storage
conditions (present study; Lee et al. 2016) as well as learning (Willett et al., 2015). This
extreme plasticity of olfactory responses needs to be taken into account in defining the role

of specific volatiles for a species or strain of EPN.
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4.5 Conclusion

Storage of S. carpocapsae and H. megidis 1Js at temperatures lower than culture
temperature affected each species in profoundly different ways. S. carpocapsae 1Js
underwent reversals of valence in olfactory response while H. megidis 1Js’ chemotaxis
response to odours was generally intensified by exposure to low temperatures. Together
with the proteomic profiling of Lillis et al., 2022 (Chapter 3), it appears that while both
species are affected by storage time and temperature, H. megidis undergoes more gradual
changes, in contrast to the dramatic changes demonstrated for S. carpocapsae when placed
at 9°C. The proteome of S. carpocapsae IJs exhibited extensive remodelling upon
exposure to 9°C and these changes were retained for weeks after their transfer to 20°C, as
were changes in stress tolerance and chemotaxis. The most dramatic changes were found
in chaperone proteins such as HSPs and LEA proteins which improve organisms’ survival
of freezing and desiccation. The demonstration that S. carpocapsae 1Js’ altered olfactory
responses and enhanced stress resistance induced by brief exposure to low temperature can
be retained for weeks after their return to higher temperatures, has implications both for
laboratory testing and for their use as biocontrol agents. Moreover, induction in a
nematode by brief cold exposure of profound changes that are maintained following the
return of favourable conditions has resonances with diapause and may share some

common pathways with these little understood phenomena.
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Chapter 5 General Discussion

Soil, the natural environment for EPN 1Js, is a complex, variable and changing
environment. In this thesis | have focussed on two soil parameters that are important for
IJs: informative chemicals (including those from spent hosts, fresh hosts and possibly each
other) and ambient temperature, which profoundly influences the behaviour and survival
of the IJs. For commercial use as a biopesticide, EPN are reared in large bioreactors, and
IJs are briefly stored at low temperatures prior to formulation. Moreover, they are routinely
stored at low temperatures in laboratories. The storage conditions of these 1Js may affect
their lifespan, freezing tolerance and their behaviour. The objective of this project was to
identify how storage conditions affect the behaviour, stress tolerance, and physiology of

EPN IJs.

The first step for newly formed 1Js is dispersal from the spent cadaver, and signals derived
from it may enhance their natural tendency to disperse. When EPN IJs are applied in the
field inside a cadaver, their dispersal is greater than those applied in an aqueous medium
(Shapiro and Lewis, 1999). It has been speculated that ascaroside pheromones produced by
nematodes within the host increase the dispersal of the 1Js from the host, thereby reducing
competition between emerging I1Js, and these signals may accumulate within a cadaver. In
Chapter 2, | showed that secretion of ascarosides continues after IJs leave the host, and that

the water conditioned by IJs also stimulates dispersal.

IJs of four species of EPN, S. carpocapsae, S. feltiae, S. longicaudum, and H. megidis were
stored in sterile water at high densities at 20°C, and this water was analysed with LC-
MS/MS after specific storage times. Ascaroside #9 was the dominant ascaroside detected
in all species of EPN, similar to the results found for other insect-associated nematode

species including Bursaphelenchus xylophilus, Oscheius tipulae, Oscheius carolinensis,
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Tipula paludosa, Pristionchus pacificus, Heterorhabditis bacteriophora and Steinernema
spp. (Zhao et al., 2018; Choe et al., 2012b). The presence of high levels of this ascaroside,
which is conserved amongst many insect-associated species, may indicate its importance
as a chemical signal. The composition and especially the ratio of ascarosides detected was
species-specific, and therefore may have species-specific roles. The greatest difference in
ascaroside profiles was found between that of the Steinernema spp. and H. megidis. H.
megidis had higher levels of ascaroside 18 than the other species and was the only species

in which ascaroside 10 was detected.

In Chapter 2 | also showed that the dispersal of all 4 nematode species increased upon
exposure to the worm conditioned water, when compared to their dispersal after an
equivalent amount of water was added. This increased dispersal was not species-specific.
The dominant ascaroside detected in water conditioned by IJs of all four species was
ascr#9, and this signature of insect-associated species has previously been shown to
increase the dispersal of EPN 1Js (Kaplan et al., 2012). These pheromones may play the
same role as acyl homoserine lactones produced by a wide range of bacteria which
facilitates quorum sensing and avoiding overcrowding. Cadaver extracts from all 4 species
also increased the dispersal of each species, and to an even greater extent than the worm
conditioned water. Depleted cadavers may not only contain a build-up of dispersal-
inducing ascarosides such as ascr#9, but also chemicals which may facilitate dispersal,
such as prenol (Baiocchi et al., 2017) and ammonia by-products (San-Blas et al., 2008;

San-Blas et al., 2014).

The worm conditioned water from 4 species of EPN IJs induced dispersal in each species.
This water contained high levels of ascarosides, a pheromone which has been shown to
increase dispersal in EPN (Kaplan et al., 2012). These ascarosides are now being
investigated as potential “boosters” for enhancing the activity of EPN. The species
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specificity of the ascaroside profiles of each EPN may indicate a role more specific to each
species than the general dispersal shown here. They may play a role as specific cues which
facilitate the aggregation of conspecifics to coinfect an insect together, facilitating
infection and sexual reproduction, however this would also increase the competition
between each individual 1J. Conversely, ascarosides may play a role in recognition of
closely related kin, enabling the 1Js to avoid inbreeding. A balance between the attraction
of conspecifics and the repulsion of closely related 1Js may be optimal for these 1Js, and
the complexity of this task may be mirrored in the complexity of the ascaroside profiles

between each species.

Temperature has profound effects on all aspects of nematode biology, influencing
development, behaviour, and survival. Most attention focusses on the effects of current
temperature on nematode activities. But prior temperatures such as those experienced over
time in soil, or during storage, may influence the subsequent behaviour or state of a
nematode, and that was the focus of Chapters 3 and 4. Nematode 1Js or dauers live for
longer if stored at low temperatures than at higher temperatures, which may be attributed
to lower activity and therefore lower lipid utilisation at lower temperatures (Andal et al.,
2011), or to lower levels of proteostatic stress (Santra et al., 2019). In Chapter 3 | showed
that storage at 9°C and 20°C had different effects on the proteome of two distantly related
species of EPN. There was a stark decrease in metabolic related proteins in both H.
megidis and S. carpocapsae when stored at a low temperature (9°C), compared to those
kept at 20°C. The only exception were proteins related to gluconeogenesis and glycolysis.
Many of these proteins involved in carbon metabolism, such as trehalose-6-phosphate
synthase, are involved in the synthesis of trehalose, a sugar which confers freezing and

desiccation tolerance to nematodes (Qiu and Bedding, 2002; Ali and Wharton, 2015).
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Oxidative phosphorylation produces high levels of energy from stored fats; however, it
produces relatively high levels of reactive oxygen species (ROS) as a by-product. High
levels of these oxidants affect the survival of nematodes (Santra et al., 2019). As noted
above, 1Js utilise their lipids more slowly at lower temperatures (Andalé et al., 2011). In
both species, there was a general increase in abundance of proteins related to oxidative
phosphorylation after storage at 20°C, and a decrease in these proteins after storage at 9°C.
Accompanying the decrease of proteins related to oxidative phosphorylation, there was an
increase in the levels of catalase and super oxide dismutase in S. carpocapsae 1Js after
storage at 9°C, indicating that these organisms may prioritise mitigating the effects from

ROS over energy production in cold conditions.

Protein production is energetically expensive, consuming up to 75% of the cell’s energy
(Lane and Martin, 2010) which may be costly for the long lived and nonfeeding 1J.
Proteins related to translation were decreased in both 9°C and 20°C in H. megidis 1Js, and
to a greater extent over time, and proteins associated with the proteasome were generally
increased in abundance over time in both temperatures. The proteasome is involved with
the targeted degradation of proteins, which may facilitate the degradation of misfolded or
aggregating proteins. Decreased translation (Pan et al., 2007; Hansen et al., 2007) and
overexpression of chaperones or protein degradation machinery (Santra., 2019) extends the
lifespan of nematodes. There was no evidence of decreased translation in S. carpocapsae
IJs, as these 1Js exhibited a general increase in the abundance of proteins associated with
translation in both storage temperatures. Over time, organisms may accumulate misfolded
proteins which can form toxic aggregations within the cell. With no apparent decrease in
translation, S. carpocapsae 1Js may be subjected to proteotoxic stress over time. S.
carpocapsae 1Js stored at 9°C displayed hundredfold increases in chaperone proteins,

specifically HSPs and LEA proteins. Chaperone proteins attach to and protect proteins
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from misfolding or aggregating, especially in stressful situations. These stark differences
between the proteomes of these two species may represent a species-specific response to

proteostatic collapse in their aging cells.

In Chapter 4, I confirm that the proteome of 1Js is strongly affected by temperature and
show that after brief exposure to 9°C, 1 week in the case of their proteome and stress
tolerance, and as short as 3 hours in the case of their behaviour, affects 1Js for weeks after
return to 20°C. S. carpocapsae 1Js stored at low temperatures showed a general reversal in
odour preference. 1Js stored at 9°C for 3 hours began to become less attracted to odours
they were previously attracted to and become attracted to odours they were previously
repelled by. This phenomenon was demonstrated for methyl salicylate, acetone, prenol and
hexanol. A similar trend for S. carpocapsae was found in all temperatures tested below the
culture temperature of 20°C (9°C, 12°C, and 15°C). In contrast to these results, H. megidis
IJs showed an intensification of their preferences, i.e., if they were repelled to prenol when
stored at 20°C, they were more strongly repelled by this odour after storage at 9°C. The
effect of different temperatures on attraction and repulsion towards prenol and methyl
salicylate tended to be graded, whereby the chemotaxis response of the H. megidis IJs was

gradually intensified by each incremental drop in temperature.

S. carpocapsae and H. megidis IJs were exposed to low temperatures (9°C) for short
timepoints, such as a week, a day and even as brief a period as 3 hours in the case of S.
carpocapsae, and then these 1Js were transferred to 20°C. In the case of H. megidis, any
change in chemotaxis due to this brief cold exposure were not retained after the 1Js were
stored at 20°C for the duration of the experiment. In contrast, S. carpocapsae IJs retained
their cold-induced change in chemotaxis towards prenol for weeks after return to 20°C.
Indeed, in the case of the IJs stored at 9°C for just 3 hours, which became indifferent
towards the previously repellent prenol after just 3 hours, became intensely attracted
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towards the odour after storage at 20°C for 3 weeks. This finding may indicate that the
neurological changes which underly the alterations in 1J behaviour are triggered upon
exposure to 9°C continue after their return to 20°C. While the data regarding H. megidis
chemotaxis after exposure to relatively low temperatures match previous studies with H.
bacteriophora (Lee et al., 2016), the retention of behavioural changes found in S.
carpocapsae 1Js was not previously found for that species by Lee et al. (2016). This may
be attributed to differences in the temperatures investigated, 9°C and 20°C in this study
compared to 12°C and 25°C in the previous study (Lee et al., 2016). Many other factors
may affect this alteration, highlighting the importance of replication and reproduction of

experiments in science.

Chemotaxis is one of the primary methods that 1Js find new insect hosts. These profound
changes in chemotaxis in response to the 1J’s ambient temperature, or the temperature they
have previously encountered, may help the 1J optimise their foraging tactics. If
temperatures are dropping, insects are likely to become less plentiful, especially at the
onset of freezing conditions or Winter. In the case of S. carpocapsae, becoming repelled
by normally attractive odours may prevent the IJ from pursuing insects until warmer
conditions in which they can kill the host return. Their sudden attraction to normally
repulsive conditions may facilitate coinfection of already infected cadavers. Being in a
cadaver enhances freezing tolerance (Lewis and Shapiro-llan., 2002) at the cost of
reproductive fitness (Blanco-Pérez et al., 2019). H. megidis 1Js became more attracted to
host related odours, and more repelled by repellent odours. This may represent the
adoption of a risk prone foraging approach, to infect any insect regardless of quality to
survive harsh conditions. While it is tempting to explain the cold-induced changes in
chemotaxis as ecologically relevant, as | have done here, it is also possible that they are a

by-product of altered thermotactic behaviour, such as migration to warmer regions of the
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soil. There is some overlap of neurons which mediate chemotaxis and thermotaxis, and

these neurons may “memorise” sensed temperatures (Clark et al., 2006; Kimata et al.,

2012).

Cold conditioning at 9°C for just 1 week increased S. carpocapsae 1J survival at -10°C
from ~30% at week 0 to ~90%. Their desiccation tolerance was enhanced similarly. 1Js
stored at 9°C for 1 week were transferred to 20°C for 2 weeks retained this tolerance to
freezing and desiccation. Low temperature conditioning has previously been shown to
enhance desiccation tolerance in nematodes (Jagdale and Grewal, 2003; Jagdale and
Grewal, 2007) via cross tolerance. Exposure to moderately stressful conditions induces the
accumulation of general protectants such as trehalose (Solomon et al., 2000; Jagdale and
Grewal, 2007) and molecular chaperones (Solomon et al., 2000; Chen et al., 2005;
Wharton, 2011). In chapter 3 | showed that storage of S. carpocapsae 1Js at 9°C increases
the abundance of trehalose-6-phosphate synthase, an enzyme which facilitates the
conversion of sugars to trehalose, the protective molecule. Furthermore, in chapter 4, |
showed that S. carpocapsae 1Js stored at 9°C, whether for 1 week or 3 weeks, had
hundredfold times the quantity of HSPs and LEA proteins relative to 1Js stored at 20°C for
3 weeks. This substantial increase in chaperone proteins was retained by the 1Js which
were transferred back to 20°C for 2 weeks after their exposure to 9°C. This considerable
increase of chaperone proteins, and their subsequent retention, is likely responsibly for the
increased tolerance of both freezing and desiccation tolerance in the S. carpocapsae 1Js

stored at low temperatures and those which were transferred back to 20°C for 2 weeks.

These findings build upon previous work which showed that EPN 1J’s chemotaxis towards
volatiles were affected by storage temperatures (Lee et al., 2016) and work that shows that
storage at low temperatures can enhance 1J’s tolerance of freezing (Jagdale and Grewal.,
2003; Brown and Gaugler 1996; Ali and Wharton, 2013) and desiccation (Grewal and
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Jagdale., 2002; Chen et al., 2005). My findings add that stark changes in the proteome
accompanies these phenotypic changes. | investigated the extent to which these changes
may occur and how long they may be retained after brief exposure to 9°C. After just 3
hours at 9°C, S. carpocapsae exhibited altered chemotaxis behaviours, and during their
subsequent storage at 20°C for the remaining 3 weeks these altered behaviours were
enhanced. Similarly, storage at 9°C for 1 week had significant effects on the proteome. It
has previously been shown that temperature storage can not only affect the behaviour of
nematodes such as C. elegans (Parida et al., 2014) but can also affect their offspring for
generations after (Klosin et al., 2017). These data indicate the importance of controlled
conditions in lab trials and experiments. There is often difficulty in the replication and
reproducibility of behavioural experiments, and the demonstration of how many seemingly
minor factors may affect not only the organisms in an assay but their offspring will
encourage efforts to improve reproducibility of these assays through stricter control of

storage conditions.

5.1.1 Limitations of this research

The research presented here relies primarily on correlation of the behaviours and stress
tolerance with the changing proteome and metabolome of EPN. This discovery-based
proteomics approach may identify the molecular mechanisms by which EPN’s physiology
and behaviour may be mediated. This work enables the broad look at almost all proteins in
the EPN proteome after specific culture conditions, however it can only corelate the

conditions with the resulting proteome.

The lowest temperature looked at in this investigation was 9°C, however IJs are often

stored at 4°C in industrial settings to enhance their shelf life. It is possible that this further
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drop in temperature may have stronger effects on the 1Js and may be retained for longer. In
addition, IJs in this study were stored in water when exposed to low temperatures, however
the effects of low temperature conditioning on 1Js which are formulated in gels or other

media was not examined.

5.1.2 Future work

Future work may involve the knockout of genes which encode the proteins identified in
this study, and identify which proteins identified in this study are essential for survival,
and possible targets for genetic screening, breeding or genetic modification. Furthermore,
as new genomes are sequenced and as genetic tools become more refined, these data may

be reanalysed and elucidate more information.

As mentioned above, the specimens studied here were retained in water while subjected to
temperature conditioning, which is not how IJs are typically formulated for field
application. Formulated IJs are often maintained in a state of partial anhydrobiosis, with
reduced metabolism (Grewal, 2002), and therefore I1Js in that state may not be as
responsive to their ambient temperature. Comparing the effects of temperature
conditioning on 1Js stored in water to that of 1Js stored in formulations for field application
would further the field relevancy of this research. Further studies investigating these

factors may enhance the survival, shelf life and efficacy of EPN IJs as biocontrol agents.

Many genes and proteins in nematodes are highly conserved amongst distantly related
species. Insect associated parasites are fantastic model organisms for mammal associated
parasites as they are cheap, may be produced rapidly, and require fewer ethical

considerations. The data presented in this thesis indicates that insect associated nematodes
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response drastically to temperature conditioning and in a species-specific manner. These

data may be applied to our understanding of mammal parasites in future studies.

5.1.3 Conclusion

A greater understanding of the behaviour and physiology of IJs may enhance our use of
these insect parasites as biocontrol agents, or as models for parasitism. Specifically, the
findings presented here highlights the importance of the storage conditions in which IJs are
maintained, influencing their proteome, stress tolerance, and behaviour for weeks after
their return to 20°C. EPN I1Js may be exposed to low temperatures after in-vitro culture to
prolong their shelf-life. My work clearly shows that in addition to storage conditions
affecting stress tolerance and proteome of these parasites, their behaviour is also affected,
and this behavioural change can be retained for weeks after a return from cold to culture
temperature. Furthermore, | have demonstrated the extreme plasticity of both the

behaviour and proteome of these economically important parasites.
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Representative Ascaroside 11 chromatogram (S. carpocapsae)
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Representative Ascaroside 9 chromatogram (H. megidis)

RT: 0.00 - 10.01
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Representative Ascaroside 12 chromatogram (H. megidis)
RT: 0.00 - 10.01
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Representative Ascaroside 1 chromatogram (H. megidis)

RT: 0.00 - 10.01
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Representative Ascaroside 14 chromatogram (H. megidis)
RT: 0.00 - 10.01

100 4.35

4.35]4 36

4.37

4.34
3.94 3.95

38
40

NL:

1.61E6
m/z=
289.16-
289.19 MS
H_megidis_
7d_2

0\\\\\\\\“\‘\\\\\\\\“‘um‘
5

Time (min)

H_megidis_7d_2 #2037 RT: 4.35 AV: 1 NL: 4.19E6

T: FTMS - p ESI Full ms [120.0000-1000.C

100 211.1081

199.0967
174.9550
132.8664
149.0594

129.0542 ‘\ m‘ INTN AR

0 HRRE R N L RN LR

.J”

217.0170

4.
m..,u, 474 516 647 8.36 8.85
L s ey s s s s B By B B B N S N

*

289.1657

302.1514
315.1453

‘ ‘Hmu ||“1|| “ “

243.1235

273.0979
‘ “‘IM'H]

\HHH\ Al

345.1557
H\‘\‘\‘I“‘\“\“‘

HLARRRRN T ””\‘”w””\””\
150 200
m/z

100

C14H2506: C14 H25 O6 pa Chrg 1

*
100 289.1646

290.1679

290.1708 291.1688 292.1722 293.1755

50 300 350

294.1764 295.1798 296.1831

O o e e [ e e e e e e e

290 291 292 293

m/z

224

294 295 296



Representative Ascaroside 10 chromatogram (S. feltiae)

RT: 0.00 - 10.01
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Representative Ascaroside 16 chromatogram (S. feltiae)

RT: 0.00 - 10.01
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Representative Ascaroside 18 chromatogram (H. megidis)
RT: 0.00 - 10.00
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Appendix 2.3. Representative chromatograms and mass spectra of ascarosides quantified
in this study. Top: Extracted ion chromatogram (EICs) of ascaroside based on the parent
mass/charge (m/z) of the deprotonated molecule. Base peak in each chromatogram
indicates the retention time of each ascaroside. Middle: Mass spectra of respective
ascarosides with measured m/z of parent molecules indicated (*). Bottom: Simulated mass
spectra of respective ascarosides based on the molecular formula of deprotonated

ascarosides, with predicted m/z indicated (*).
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Ascaroside Steinernema carpocapsae Heterorhabditis megidis

7 days 21 days 7 days 21 days
Ascr#l1 0.002 0.051
Ascr#9 0.032 0.014
Ascr#12 0.071 0.024
Ascr#l 0.058 0.106
Ascr#l4 0.044 0.027
Ascr#10 0.003 0.457 0.063
Ascr#16 0.001 0.819 0.133 0.595
Ascr#18 0.001 0.873 0.138 0.659

Appendix 2.4. Probability values for regression of ascaroside relative abundance on time
for Steinernema carpocapsae and Heterorhabditis megidis infective juveniles stored in
water for 7 or 21 days. Where the P value for the regression over the full 21-day period
was > 0.10, the regression was run for the first 7 days only. Values in bold are the values

shown in Figure 2.1.
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Appendix 3.1.A. Logzfold transformed abundances of proteins identified as statistically

significant (P<0.05 in student t-tests) relative to week 0 in S.

carpocapsae 1Js after conditioning.

Protein IDs

1596_007083
1596_007094
L596_007400.2
L596_007886
L596_008044
L596_008394
L596_008523
L596_009145.2
1596_009212
1596_009715
1596_010756
1596_013726
L596_014863.2
L596_014864.2
1596_014937
L596_015768
1596_016621
L596_016864
1596_017116
1596_017949
1596_018442
1596_018948
1596_022937
1596_023590
1596_024435
1596_026004
SC.X.g4331
SC.X.g5301.1
5C.X.g5303

L596_022153
1596_022428
1596_021416
1596_026406
1596_017588.1
L596_026575
L596_022874
1596_018762.1
L596_026859
1596_013116
1596_013176.1
L596_007237
1596_007980
5C.X.g4770
1596_013656
1596_023431

1596_019460
ABQ23230.1
L596_019566
L596_019565.1
1596_019567.1
L596_020881
L596_020883
L596_020879

1596_009226
5C.X.82005.1
5C.X.86296
SC.X.4223
L596_022545
L596_018662
L596_025641.4
1596_012863
1596_017840
1596_007728
1596_030886
1596_023292
1596_006890.2
L596_007912
L596_014002
L596_007064.1
1596_017115
L596_022381
1596_029252.2
1596_030045
1596_010020.1
1596_030030
SC.X.g3323
1596_022347
L596_007058
L596_025642.3
1596_008491
L596_008221
L596_027373.1
L596_016805
1596_021930.1
1596_007346
SC.X.g3838
SC.X.g3415
1596_027733
5C.X.g3907
L596_015436
1596_011798.1
L596_009753
SC.X.g194

1596_023264
1596_009693
1596_019606.2
1596_009677
SC.X.g5564
SC.X.2753
L596_015746.2
1596_023208
1596_012161.2
1596_012162
L596_008490
1596_008504
1596_023295
1596_023261
1596_023215
L596_023212

Blast Annotation PFAM Annotation Logfold change
Ribosome related proteins 3w20°C | ew20°c | 3worc | ewoc | woc
large subunit ribosomal protein 32 Ribosomal_protein_L32_PF01655 06 09 06 07
ribosomal protein L19 Ribosomal_protein_L19_PF01245 16
putative ribosomal protein 124 KOW_motif_PF00467 08
605 acidic ribosomal protein P1 605_Acidic_ribosomal_protein_PF00428 06
285 ribosomal protein 522, mitochondrial Mitochondrial_285_ribosomal_protein_S22_PF10245 19
605 ribosomal protein L27 Ribosomal_L27e_protein_family_PF01777 05 05 03 08 06
ribosomal protein 52 |_protein_S2_PF00318 17
hypothetical protein L596_009145 505_ribosome-binding_GTPase_PF01926 35 37 46
605 ribosomal protein L17 Ribosomal_protein_L22p/L17e_PF00237 06
405 ribosomal protein S11 Ribosomal_protein_$17_PF00366 06
putative 505 ribosomal protein L7Ae Ribosomal_protein_L7Ae/L30e/512e/Gadd45_family_PF01248 -43
405 ribosomal protein S9 54_domain_PF01479 06 08 08
ribosomal protein L5 ribosomal_L5P_family_C-terminus_PF00673 03 06
605 ribosomal protein L3 Ribosomal_protein_L3_PF00297 04 06
Ribosomal family Sde Ribosomal_family_Sde_PF00900 03 06
605 acidic ribosomal protein PO 605_Acidic_ribosomal_protein_PF00428 06
525 ribosomal protein 525_ribosomal_protein_PF03297 11
large subunit ribosomal protein 1 Ribosomal_protein_L1p/L10e_family_PF00687 06 10
Ribosome maturation protein SBDS SBDS_protein_C-terminal_domain_PF09377 13
small subunit ribosomal protein 1 I_S3Ae_family_PF01015 11
605 ribosomal protein 22 Ribosomal_L22e_protein_family_PF01776 08
ribosomal protein L35Ae Ribosomal_protein_L35Ae_PF01247 10
605 ribosomal protein L12 Ribosomal_protein_L11,_N-terminal_domain_PF03946 10
small subunit ribosomal protein 1 Ribosomal_S3Ae_family_PF01015 08
ribosomal protein 515 Ribosomal_S13/515_N-terminal_domain_PF08069 06 04 08 05
ribosomal protein 519 Ribosomal_protein_$19_PF00203 27
1405 ribosomal protein 523 Ribosomal_protein_512/523_PF00164 14
605 ribosomal protein L23a 2-like Ribosomal_protein_L23,_N-terminal_domain_PF03939 11 12
small subunit ribosomal protein 7 Ribosomal_protein_S7e_PF01251 10
Chaperone related proteins
Body wall muscle protein HR-29 Hsp20/alpha crystallin family PF00011 07 0.4 07 1.0 1.0
CDC-37 protein Cdc37 Hsp90 binding domain PFO8565 24
chaperone protein Dnak Hsp70 protein PF00012 06
CRE-HSP-12.1 protein Hsp20/alpha crystallin family PF00011 13 66 65
DNA gyrase/topoisomerase IV, A subunit HSP90-like ATPase PFO2518 20 15 18
Heat Shock Protein Hsp70 protein PF00012 16 11 18 20 22
heat shock protein 90 Hsp90 protein PF00183 09
Hsp20/alpha crystallin family protein Hsp20/alpha crystallin family PF00011 21 34 4.0 39
Hsp20/alpha crystallin family protein Hsp20/alpha crystallin family PF00011 06 07 05 06 05
hypothetical protein L596_013116 Hsp20/alpha crystallin family PF00011 08 29 32 30
hypothetical protein L596_013176 Hsp20/alpha crystallin family PF00011 17
prefoldin subunit Prefoldin subunit PF01920 15 16 16
prefoldin subunit 3-like Prefoldin subunit PF02996 -03 -16 05 05
prefoldin subunit 4 Prefoldin subunit PF01920 12
putative chaperone protein Dnak Hsp70 protein PF00012 19
T-complex protein 1, alpha subunit | TCP-1/cpn60 chaperonin family PF00118 09
Late embryogeneis abundant proteins
Late embryogeneis abundant protein No Pfams 11
LEAL protein LEAT protein 12 -39 19 20 16
LEAL protein No Pfams 11
LEA2 protein No Pfams 12 37 37 34
LEA2 protein No Pfams 10 10 15 13
LEAS protein No Pfams 47 46
LEAS protein No Pfams 24 31 31 33
LEAS protein No Pfams 21 27 22 19
Cytoskeleton related proteins
actin Actin_PF00022 227 217 | -235 | 255
Basement membrane proteoglycan Laminin_B_(Domain_IV)_PF00052 279 | -175
CAP-Gly domain-containing protein Dynein_associated_protein_PF12455 098
Collagen alpha-1(XX) chain Fibronectin_type_lll_domain_PF00041 174
Collagen alpha-5(1V) chain Collagen_triple_helix_repeat_(20_copies)_PF01391
collagen triple helix repeat protein Collagen_triple_helix_repeat_(20_copies)_PF01391 174
CRE-LET-805 protein Fibronectin_type_lll_domain_PF00041 202
(CRE-SCPL-4 protein NL_interacting_factor-like_phosphatase_PF03031
dynein light chain 1, cytoplasmic Dynein_light_chain_type_1_PF01221
dynein light intermediate chain Dynein_light_intermediate_chain_(DLIC)_PF05783
-actin capping protein, beta subunit F-actin_capping_protein,_beta_subunit_PF01115
FERM central domain protein FERM_central_domain_PF00373
FERM domain (proteind. 1-ezrin-radixin-moesin) family No_Pfams
FERM domain (proteind. 1-ezrin-radixin-moesin) family No_Pfams
FiLamiN (actin binding protein) homolog FilaminaBP280_repeat_PF00630
Growth-Arrest-Specific Protein 2 Domain containing protein Growth-Arrest-Specific_Protein_2_Domain_PF02187 128 | 132
Kinesin heavy chain Kinesin_motor_domain_PF00225 -0.61
Kinesin light chain Tetratricopeptide_repeat_PF13374 2.26
laminin alpha 1 chain Laminin_B_(Domain_IV)_PF00052 08 | 135
Laminin-like protein C54D1.5 precursor, putative Laminin_EGF_domain_PF00053 -0.63
Muscle M-line assembly protein unc-89 Fibronectin_type_lll_domain_PF00041 143 1.89 248
myosin head Myosin_tail_PF01576 -0.64 069 | -054
Myosin regulatory light chain 1 EF-hand_domain_PF13405 1.08 1.95 29 | 279 | 298
nematode cuticle collagen domain protein Collagen_triple_helix_repeat_(20_copies)_PF01391 1.02
nematode cuticle collagen domain protein Nematode_cuticle_collagen_N-terminal_domain_PF01484 -3.19 231 196 | -262
Phosphatidylinositol phosphatase PTPRQ Fibronectin_type_lll_domain_PF00041 158
predicted protein Actin_PF00022 110
PSME3-interacting protein isoform X1 N-terminal_domain_of_NEFA-interacting_nuclear_protein_NIP30_PF10187 103
Sensory AXon guidance Bravo-like_intracellular_region_PF13882 035 062 | -017 037
talin 1 Talin,_middle_domain_PF09141 .
Titin, putative Fibronectin_type_ll_domain_PF00041 233
Tropomyosin No_Pfams 087
troponin family protein Troponin_PF00992 104
troponin T family protein Troponin_PF00992 . -0.68
Tubulin alpha chain Tubulin/FtsZ_family,_GTPase_domain_PF00091 073 1.03 049 | 041 | 063
tubulin alpha chain Tubulin/FtsZ_family,_GTPase_domain_PF00091 064 063
Tubulin beta-1 chain Tubulin/FtsZ_family,_GTPase_domain_PF00091 -2.19
tubulin-folding cofactor B CAP-Gly_domain_PF01302 126 152 | 169
tubulin-specific chaperone A Tubulin_binding_cofactor_A_PF02970 -2.45 185 | -262
Tubulin-tyrosine ligase family protein Tubulin-tyrosine_ligase_family_PF03133 279 345 216 | 218
Fatty acid and retinol binding related proteins

fatty acid retinoid binding protein precursor _fatty_acid_retinoid_binding_protein_(Gp-FAR-1)_PF05823 033 092 | -100 | -169
Fatty acid-binding protein homolog 3 No_Pfams 096 | -147 -1.40
Fatty acid-binding protein homolog 9 Lipocalin_/_cytosolic_fatty-acid_binding_protein_family_PF00061 -1.70
fatty acid-binding protein, heart No_Pfams -0.40 -0.67
Fatty-acid amide hydrolase 1 Amidase_PF01425 155
Fatty-acid amide hydrolase 2 Amidase_PF01425 -1.19
hypothetical protein L596_015746 Nematode_fatty_acid_retinoid_binding_protein_(Gp-FAR-1)_PF05823 0.86 1.20 -1.02 -0.93
hypothetical protein L596_023208 Nematode_fatty_acid_retinoid_binding_protein_(Gp-FAR-1)_PF05823 052 | -056 | -108
ladder protein Nematode_polyprotein_allergen_ABA-1_PF16469 -0.48 115 | -026 -0.65
ladder protein Nematode_polyprotein_allergen_ABA-1_PF16469 -0.52 -0.80
lipocalin / cytosolic fatty-acid binding protein Lipocalin_/_cytosolic_fatty-acid_binding_protein_family_PF00061
lipocalin / cytosolic fatty-acid binding protein Lipocalin_/_cytosolic_fatty-acid_binding_protein_family_PF00061 -0.59 -031
INematode fatty acid retinoid binding family-containing protein Nematode_fatty_acid_retinoid_binding_protein_(Gp-FAR-1)_PF05823

fatty acid retinoid binding protein _fatty_acid_retinoid_binding_protein_(Gp-FAR-1)_PF05823 052 094 | -143
nematode fatty acid retinoid binding protein Nematode_fatty_acid_retinoid_binding_protein_(Gp-FAR-1)_PF05823 089

fatty acid retinoid binding protein _fatty_acid_retinoid_binding_protein_(Gp-FAR-1)_PF05823 079 | 044
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Appendix 3.1.B. Logfold transformed abundances of proteins identified as statistically significant

(P<0.05 in student t-tests) relative to week 0 in S. carpocapsae 1Js after conditioning.

Protein IDs Blast Annotation PFAM Annotation fold chang
Gluconeogenesis related proteins 3w20C | 6w20°C | 3wor wa'C
L596_009845 pyruvate carboxylase Conserved_carboxylase_domain_PF02436 03 05
L596_007895 Phosphoenolypyruvate CarboxyKinase Phosphoenolpyruvate_carboxykinase_N-terminal_domain_PF17297 02 0.4
|ADH95417.1 enolase enolase [Steinernema carpocapsae] 03 03
1596 010468.1  [phosphoglycerate mutase family protein 6-phosphofructo-2-kinase_PFO1591 06
C.X.g3982.1 2,3-bi i mutase BPG-independent_PGAM_N-terminus_(iPGM_N)_PF06415 04
L596_007008 phosph: type | _3-phosphate_ 03 04
5C.X.g1801 phosph: is-specifi _3-phosphate_ 02
5C.X.82348 Triosephosphate isomerase Triosephosphate_isomerase_PF00121 06
L596_016332 Transaldolase Transaldolase/Fructose-6-phosphate_aldolase_PF00923 04 04
L596_017098 fructose-bisphosphate aldolase class-I Fructose-bisphosphate_aldolase_class-|_PF00274 03 03 02
L596_007259 Glucose-6-phosphate isomerase Phosphoglucose_isomerase_PF00342 03 0.2
5C.X.83330 trehalose-6-phosphate synthase domain protein [ Trehalose-6-phosphate_phosphatase_N-terminal_helical_bundle_domain_PF18572 12 13
Glycolysis related proteins
C.X.g5232 Hexokinase_PF03727 06
1596_007259 Glucose-6-phosphate isomerase Phosphoglucose_isomerase_PF00342 03 0.2
L596_017098 fructose-bisphosphate aldolase class-I Fructose-bisphosphate_aldolase_class-|_PF00274 03 03 02
5C.X.82348 Triosephosphate isomerase Triosephosphate_isomerase_PF00121 06
L596_007008 phosph: type | _3-phosphate_ _NAD_binding_domain_PF00044 03 04
s hosph: is-sp _3-phosphate_ _NAD_binding_domain_PF00044 02
phosphoglycerate mutase family protein 6-phosphofructo-2-kinase_PFO1591 06
2,3-bi i mutase BPG-independent_PGAM_N-terminus_(iPGM_N)_PF06415 04
|ADH95417.1 enolase enolase [Steinernema carpocapsae] 03 03
1596_007652.3  [pyruvate kinase Pyruvate_kinase,_alpha/beta_domain_PF02887 18
L596_026845 pyruvate kinase Pyruvate_kinase,_alpha/beta_domain_PF02887 14
1596_007652.1 [pyruvate kinase Pyruvate_kinase,_alpha/beta_domain_PF02887 03
1596_007697.3 [pyruvate kinase Pyruvate_kinase,_alpha/beta_domain_PF02887 04
C.X.g3082 pyruvate E1 alpha subunit Dehydrogenase_E1_component_PF00676 02 07
L596_021831 pyruvate complex le3_binding_domain_PF02817 03
L596_030323 Pyruvate E1 ubunit beta, _C-terminal_domain_PF02780 02
Glyoxalate pathway/Citric Acid Cycle related proteins
L596_029737 |ATP-citrate synthase Citrate_synthase,_C-terminal_domain_PF00285 06 04
5C.X.83964 Probable aconitate hydratase, mitochondrial |Aconitase_C-terminal_domain_PF00634 03 04 05 03
5C.X.85397 putative isocitrate dehydrogenase, NAD-dependent Isocitrate/isopropylmalate_dehydrogenase_PF00180 18
L596_007375 Isocitrate dehydrogenase [NAD] subunit gamma, mitochondrial Isocitrate/isopropylmalate_dehydrogenase_PF00180 03 06
L596_007457 isocitrate dehydrogenase, NAD-dependent Isocitrate/isopropylmalate_dehydrogenase_PF00180 04 04
1596 019319.1  [Probable isocitrate dehydrogenase [NAD] subunit beta, - _PFO0180 04 03
L596_011794 malate synthase A Malate_synthase_PF01274 0.1 03 02
Lactoylglutathione lyase \_resistance . _PFO0903 04 05 05 04
L-lactate dehydrogenase lactate/malate_dehydrogenase,_alpha/beta_C-terminal_domain_PF02866 27
 ( Malate dehydrogenase, cytoplasmic lactate/malate_dehydrogenase,_alpha/beta_C-terminal_domain_PF02856 02
L596_015397 Choline/Carnitine O-acyltransferase Choline/Carnitine_o-acyltransferase_PF00755 04 06
C.X.5090.2 (Acyl-CoA family member 11 [Acyl-CoA_dehydrogenase 15 16 13
L596_020086 |Acyl-CoA dehydrogenase |Acyl-CoA_dehydrogenase,_C-terminal_domain_PF00441 -0.4
5C.X.81509 acyl-CoA dehydrogenase family member 9 |Acyl-CoA_dehydrogenase,_C-terminal_domain_PF00441 05 04
L596_028977 fatty acid oxidation complex, alpha subunit Enoyl-CoA_hydratase/isomerase_PF00378 22
5C.X.84209 enoyl-CoA hydratase /isomerase family protein Enoyl-CoA_hydratase/isomerase_PF00378 15 12
1596_016210 enoyl-CoA hydratase /isomerase family protein Enoyl-CoA_hydratase/isomerase_PF00378 04 06 03 0.2 -0.4
1596_023219 enoyl-CoA hydratase /isomerase family protein Enoyl-CoA_hydratase/isomerase_PF00378 05
L596_028976 fatty acid oxidation complex, alpha subunit Enoyl-CoA_hydratase/isomerase_PF00378 04 05 03
5C.X.82384 enoyl-CoA hydratase /isomerase family protein Enoyl-CoA_hydratase/isomerase_PF00378 04 03 03
5C.X.82800 enoyl-CoA delta isomerase 2, mitochondrial-like Enoyl-CoA_hydratase/isomerase_PF00378 04 05
5C.X.g4351 0A hydratase, Enoyl-CoA_hydratase/isomerase_PF00378 02 03 05
L596_018770 |ACetyl-CoA Acyltransferase 2 homolog Thiolase,_N-terminal_domain_PF00108 04 0.4
1596_030114 Succinate--CoA ligase [GDP-forming] subunit beta, mitochondrial |ATP-grasp_domain_PF08442 07
1596_014776 Succinate dehydrogenase [ubiguinone] iron-sulfur subunit, mitochondrial 2Fe-25_iron-sulfur_cluster_binding_domain_PF13085 06 14 09
1596_029720 Succinate subunit, FAD_binding_domain_PF00890 01 0.1
Oxidative i teins related proteins 13
1596_019629 INADH dehydrogenase [ubiguinone] 1 domain containing protein INADH:ubiquinone_oxidoreductase,_NDUFB6/B17_subunit_PF09782 06 04
INADH dehydrogenase subunit D Respiratory-chain_NADH_dehydrogenase,_49_Kd_subunit_PF00346 07
INADH dehydrogenase [ubiguinone] iron-sulfur protein 7, mitochondrial INADH_ubiquinone_oxidoreductase,_20_Kd_subunit_PF01058 12 0.9
1596_014693 putative NADH i 2, i like_[2Fe-25]_ferredoxin_PF01257
5C.X.g4436 putative NADH 1alpha subunit 12 INADH_ubiquinone_oxidoreductase_subunit_NDUFA12_PF0S071 03
L596_014776 Succinate dehydrogenase [ubiguinone] iron-sulfur subunit, mitochondrial 2Fe-25_iron-sulfur_cluster_binding_domain_PF13085 06 14
1596_029720 Succinate subunit, FAD_binding_domain_PF00890 0.1 0.1 06
L596_007725 INADH Ubiquinone Oxidoreductase Respiratory-chain_NADH_dehydrogenase,_30_Kd_subunit_PF00329 04 03
1596_011131 INADH-ubiquinone oxidoreductase ASHI subunit NADH-ubiquinone_oxidoreductase_ASHI_subunit_(CI-ASHI_or_NDUFBS)_PF05821 05
L596_011440 INADH- 75 kDa subunit, . _PFO0384 04 04
1596_009678 INADH-ubiquinone oxidoreductase B12 subunit family protein INADH-ubiquinone_oxidoreductase_B12_subunit_family_PF08122 25 05
L596_023111 Electron transfer Electron_transfer_flavoprotein-ubiquinone_oxidoreductase,_4Fe-4S_PF05187 04 06 06
1596_009365 INADH-ubiquinone oxidoreductase B15 subunit NADH-ubiquinone_oxidoreductase_B15_subunit_(NDUFB4)_PF07225 04 07
5C.X.84325 electron transfer flavoprotein subunit beta Electron_transfer_flavoprotein_domain_PF01012 0.2 02
SC.X.85343 Cytochrome b-c1 complex subunit Rieske, mitochondrial Ubiquinol_cytochrome_reductase_transmembrane_region_PF02921 06 05
1596_015395 Cytochrome b-c1 complex subunit 7 Ubiquinol-cytochrome_C_reductase_complex_14kD_subunit_PF02271 04 07
L596_007818 cytochrome c oxidase subunit Vb Cytochrome_c_oxidase_subunit_Vb_PF01215 12 12
L596_020294 cytochrome c oxidase subunit Viic Cytochrome_c_oxidase_subunit_Vilc_PF02935 13
L596_023716 cytochrome c oxidase subunit Va Cytochrome_c_oxidase_subunit_Va_PF02284 04
1596_025594 cytochrome c oxidase subunit Via Cytochrome_c_oxidase_subunit_Via_PF02046 08 0.9
L596_007262 cytochrome c oxidase subunit IV Cytochrome_c_oxidase_subunit_IV_PF02936 02 06 03
1596_007757 CYtochrome C Cytochrome_C1_family_PF02167 06 04
Stress related proteins
1596_012580 |Aldehyde dehydrogenase |Aldehyde dehydrogenase family PF00171 117
1596_012582 |Aldehyde dehydrogenase |Aldehyde dehydrogenase family PF00171 183 197
1596_013610 |ALdehyde deHydrogenase |Aldehyde dehydrogenase family PF00171 052 064 -0.15
1506 012539.1 [aldehyde dehydrogenase family 3 member B1 isoform X3 |Aldehyde dehydrogenase family PF00171 160 220 131
L596_020877 antioxidant, AhpC/TSA family Thioredoxin-like PF13905 -1.55 -0.82
1596_018168.1  [apoptosis-inducing factor 3-like isoform X1 Reductase C-terminal PF14759 092
5C.X.g1189 Catalase Catalase PF00199 067 077
1596_009096 cold-shock DNA-binding domain protein Cold-shock' DNA-binding domain PF00313 212 -1.32 -0.74
sC.X.g2721 copper/zinc superoxide dismutase Coppery/zinc superoxide dismutase (SODC) PF00080 -0.55 0.66
1596_007731 (quinone), Ferrochelatase PF00762 139
1596_024043.2  |Extracellular superoxide dismutase [Cu-Zn] Copper/zinc superoxide dismutase (SODC) PF00080 035 081 108 105
1596_018193 hypoxia induced protein region Hypoxia induced protein conserved region PF04588 114 111 0386 114 101
L596_018208 hypoxia induced protein region Hypoxia induced protein conserved region PF04588 148 162
L596_007213 short chain tase family protein No_Pfams -1.87 178
1596_009334 short chain tase family protein Enoyl-(Acyl_carrier_protein)_reductase_PF13561 101 032 068
1596_026869 short chain tase family protein short_chain_dehydrogenase_PF00106 153 141
5C.X.86352 short chain tase family protein Enoyl-(Acyl_carrier_protein)_reductase_PF13561 129 193 154
L596_014247 Probable aldehyde oxidase gad-3 [2Fe-25] binding domain PF01799 090
1596_021103 protein disulfide-isomerase domain protein Thioredoxin PF0008S -2.09 117
1596_014733 Sulfhydryl oxidase Ervi/ Alr family PF04777 097
1596_020281 Thioredoxin domain-containing protein Thioredoxin-like domain PF13848 -2.25
L596_007977 Thioredoxin family protein PITH domain PF06201 -2.59 -1.33
1596_014868 UDP-glucose:Glycoprotein Glucosyltransferase containing protein Glucosyltransferase 24 PF18404 160 157 153
1596_013399 UDP-glucuronosyl UDP-glucosyltransferase domain containing protein UDP-glucoronosyl and UDP-glucosyl transferase PF00201 27 206 2.00
1596_022536.1  |UDP-glucuronosyl/UDP-glucosyltransferase family-containing protein UDP-glucoronosyl and UDP-glucosyl transferase PF00201 102 145 139
1596_007599 glutathione S-transferase-like Glutathione_S-transferase,_N-terminal_domain_PF02798 137
1596_011219 serine/threonine-protein phosphatase Calcineurin-like_phosphoesterase_PF00149 172
1596_020572 glutathione transferase Glutathione_S-transferase, N-terminal_domain_PF02798 038 063
5C.X.82364.2 lglutathione S-transferase protein Glutathione_S-transferase,_N-terminal_domain_PF02798 179
5C.X.82368 lglutathione S-transferase protein (Glutathione_S-transferase, N-terminal_domain_PF02798 058
5C.X.83583 [glutathione peroxidase Glutathione_peroxidase_PF00255 061 179 205 2.10
1596_015243 Glutathione S-transferase (Glutathione_S-transferase, N-terminal_domain_PF02798 148
5C.X.86648 putative phospholipid hydroperoxide glutathione peroxidase Glutathione_peroxidase_PF00255 057 089 0388
1596 0134463  |Gamma-glutamyltranspeptidase 1 |Gamma-glutamyltranspeptidase_PFO1019 -1.97
1596_006932 Glutathione S-transferase 1 Glutathione_S-transferase, N-terminal_domain_PF02798 029 051
sC.x.82793 L lyase in_resistance | X _PF00903 038 049 052 040
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Appendix 3.2. Logzfold transformed abundances of proteins identified as statistically
significant (P<0.05 in student t-tests) relative to week 0 in H. megidis 1Js after conditioning

Protein IDs

Hba_18986
Hba_11568
Hba_02354
Hba_09213
Hba_12622
Hba_16924
Hba_17253
Hba_17797
Hba_18018
Hba_21570
Hba_21082

Hba_02553
Hba_08949
Hba_09040
Hba_19207
Hba_19685
Hba_19878
Hba_09309

Hba_06687
Hba_06688
Hba_17763
Hba_17764
Hba_13336

Hba_13336
Hba_15591
Hba_15739

Hba_07181
Hba_09075
Hba_17373
Hba_07788
Hba_21014
Hba_07181

Hba_17947
Hba_00533
Hba_08447
Hba_14632

Hba_17725
Hba_06391
Hba_15288
Hba_19067
Hba_20268
Hba_15377
Hba_03189
Hba_18045
Hba_18044
Hba_16775
Hba_20578
Hba_16474
Hba_17919
Hba_14066
Hba_09949
Hba_01885

Hba_05836
Hba_21175
Hba_12519
Hba_00606
Hba_00533
Hba_09772
Hba_09734
Hba_09453
Hba_08155
Hba_14944
Hba_03214
Hba_03215
Hba_03387

Blast Annotation
Ribosome
Ribosomal protein $10 domain containing protein
ribosomal protein S11
unnamed protein product
ribosomal protein S21e
unnamed protein product
hypothetical protein Y032_0013g1999
Ribosomal Proteins L2, RNA binding domain protein
hypothetical protein Y032_0283g1331
ribosomal protein S17
hypothetical protein WR25_18482
unnamed protein product
Chaper
hsp-1
unnamed protein product
unnamed protein product
hypothetical protein Y032_0044g1081
Hsp20/alpha crystallin family protein
Heat shock protein Hsp-12.2
hypothetical protein FL81_08775
Gluconeogene
unnamed protein product
hypothetical protein Y032_0043g885
Phosphoenolpyruvate carboxykinase domain containing protein
unnamed protein product
fructose-bisphosphate aldolase class-I
Glycoly:
fructose-bisphosphate aldolase class-I
hypothetical protein ANCDUO_08568
phosphogluconate dehydrogenase

PFAM Annotation

related proteins

Ribosomal protein $10p/S20e
Ribosomal protein S11

Ribosomal protein L4/L1 family
Ribosomal protein S21e

Ribosomal 517

Ribosomal protein L14

Ribosomal Proteins L2, RNA binding domain
Ribosomal protein $15

Ribosomal protein $17

Ribosomal protein L5

KOW motif

one Proteins

Hsp70 protein

Hsp70 protein

Hsp70 protein

Hsp90 protein

Hsp20/alpha crystallin family
Hsp20/alpha crystallin family
TCP-1/cpn60 chaperonin family

sis related proteins
Phosphoenolpyruvate carboxykinase
Phosphoenolpyruvate carboxykinase
Phosphoenolpyruvate carboxykinase
Phosphoenolpyruvate carboxykinase
Fructose-bisphosphate aldolase class-I
elated proteins
Fructose-bisphosphate aldolase class-I
Enolase, C-terminal TIM barrel domain
6-phosphogluconate dehydrogenase, C-terminal domain

Glyoxalate Pathways/Citric Acid Cycle related proteins

isocitrate dehydrogenase, NADP-dependent
hypothetical protein B9Z55_005615
hydrolase, alpha/beta domain protein
acyl-CoA dehydrogenase family member 9
Acyl-CoA-binding protein and Crotonase domain containing protein
isocitrate dehydrogenase, NADP-dependent
Oxidative Phosphol

Isocitrate/isopropylmalate dehydrogenase
lactate/malate dehydrogenase, NAD binding domain
lactate/malate dehydrogenase, NAD binding domain
Acyl-CoA dehydrogenase, C-terminal domain
Enoyl-CoA hydratase/isomerase
Isocitrate/isopropylmalate dehydrogenase

rylation related proteins

hypothetical protein CAEBREN_25478
hypothetical protein Y032_0014g2237
hypothetical protein Y032_0058g2851
hypothetical protein Y032_0334g2847

Cytoskeletor
Actin actin domain containing protein
PLaSTin (actin bundling protein) homolog
c-terminal tandem repeated domain in type 4 procollagen
FERM central domain protein
UNC-22
Sec23/Sec24 helical domain protein
unnamed protein product
hypothetical protein CAEBREN_32818
hypothetical protein Y032_0123g1176
RNA recognition motif and Zinc finger domain containing protein
fibronectin type Ill domain protein
BMA-ATN-1
hypothetical protein NECAME_08305
spectrin repeat-containing domain protein
unnamed protein product
Vinculin alpha-catenin domain containing protein

Stress rel

hypothetical protein ANCCAN_14388
hypothetical protein NECAME_15400
hypothetical protein WR25_20906
hypothetical protein Y032_0003g1609
hypothetical protein Y032_0014g2237
hypothetical protein Y032_0412g982
protein disulfide-isomerase domain protein
PUL domain protein
pyrroline-5-carboxylate reductase
unnamed protein product
‘WD domain, G-beta repeat protein
‘WD domain, G-beta repeat protein

ETC complex | subunit conserved region
NADH-ubiquinone oxidoreductase ASHI subunit (Cl-ASHI or NDUFBS8)
NADH-ubiquinone oxidoreductase B18 subunit (NDUFB7)
Electron transfer flavoprotein-ubiquinone oxidoreductase, 4Fe-4S
n related proteins

Actin

Calponin homology (CH) domain

Collagen triple helix repeat (20 copies)

FERM central domain

Fibronectin type Il domain

Gelsolin repeat

Laminin B (Domain IV)

LIM domain

LIM domain

LIM domain

NonAnnotated

Spectrin repeat

Spectrin repeat

Spectrin repeat

Villin headpiece domain

Vinculin family

ated proteins

Thioredoxin-like

Catalase

MSP (Major sperm protein) domain

Autophagy-related protein C terminal domain
NADH-ubiquinone oxidoreductase ASHI subunit (CI-ASHI or NDUFBS)
Thioredoxin

Thioredoxin

WD domain, G-beta repeat

NADP oxidoreductase coenzyme F420-dependent
Spermine/spermidine synthase

‘WD domain, G-beta repeat

WD domain, G-beta repeat

WD domain, G-beta repeat protein

WD domain, G-beta repeat

3.6

0.5
3.6

0.5

-13

-0.7

-11

-0.8

0.4

0.5

0.2

19

-1.0

0.7

0.6

-0.9

3w9C

-0.7
-0.7

-0.6

03

-0.3
34

-0.6

0.2

0.7
3.4

0.9

0.9

0.8

d Difference

6w9C
-0.4

-0.4

32

0.9
0.1

0.6

-0.6

-0.3
-0.7

0.2
-0.6

1.0

1.0

-15
0.8

0.8

-0.4

-1.2
-2.0

0.4
0.5
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Appendix 4.1. Outline of chemotaxis plate. Chemotaxis assays are carried out on a
60mm petri dish, with a 1cm zone on the left and right of the plate demarking the
treatment and control zones. The middle circle is the application point where 2 ul of 1Js are

applied, and the 2 lines in the centre of the plate demark the middle zone.
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Appendix 4.2. Statistically significant proteins changed at least fivefold in abundance

in 1Js stored at 9°C for 3 weeks, or for 1 week and transferred to 20°C, compared to

1Js stored at 20°C for 3 weeks.

Protein ID

1596_019569.1
1596_026406
1596_020879
1596_020881
1596_015330
1596_019565.1
1596_030565
1596_013113
1596_012434.1
1596_027614
1596_012217
1596_009145.1
1596_024791
ABQ23230.1
1596_019563.2
1596_027831.1
SC.X.g2587.2
SC.X.g3323
1596_019840
SC.X.g3305
1596_030616
1596_013116
1596_019570
1596_017887.4
1596_024012
1596_013178
1596_028041
SC.X.g1861
1596_017776
1596_019533
1596_012246
1596_028677
1596_017378
1596_018471
SC.X.g5447
SC.X.g3201
1596_015745
1596_023970
1596_020964
1596_027332
1596_015314

Annotation

Hypothetical protein

CRE-HSP-12.1 protein

LEAS protein

LEAS protein

SaPosin-like Protein family

LEA2 protein

Hypothetical protein

Hypothetical protein

Hypothetical protein

Hypothetical protein

PhosphoGlycolate Phosphatase Homolog
Hypothetical protein

Cystathionine beta-synthase

LEA1 protein

Hypothetical protein

Hypothetical protein

Putative cystathionine gamma-lyase 2
Myosin regulatory light chain 1

C. briggsae CBR-OSM-11 protein
C-1-tetrahydrofolate synthase, cytoplasmic
Protein LSM12 -like protein A

Hypothetical protein

Hypothetical protein

ADP-ribose pyrophosphatase, mitochondrial precursor
Thiamin pyrophosphokinase

Hypothetical protein
Serine/threonine-protein phosphatase PP1-alpha
Ani s 9allergen precursor

Hypothetical protein

medium-chain specific acyl-CoA dehydrogenase, mitochondrial
Hypothetical protein

piwi domain protein

trypsin-like serine protease
acetyl-Coenzyme A synthetase 2, putative
probable H/ACA ribonucleoprotein complex subunit 1-like protein
Short-chain dehydrogenase/reductase
Hypothetical protein

NAC domain containing protein
Hypothetical protein

Hypothetical protein

Chitinase class |

Fold change vs 3wks20°C
3wks9°C 1wk9°C->20°C
3123 179.7
140.5 35.9
93.6 95.8
61.2 335
60.0 439
56.8 na
36.2 32.7
35.7 16.8
29.9 2.2
28.2 19.3
234 na
20.7 16.7
17.9 na
17.1 13.4
15.3 9.8
10.1 7.8
7.4 8.7
73 na
7.2 na
6.8 na
6.8 32
6.5 9.5
6.3 na
5.7 57
na 45.7
na 17.1
na 7.0
na 53
-5.0 -13.0
-5.2 na
-5.5 na
-6.0 na
-6.8 -4.5
-6.9 -4.0
-8.2 -5.0
-8.2 -3.6
-11.6 -2.5
-11.8 na
-13.4 -11.0
-15.7 na
-39.2 -25.6

Peptides
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Mol. Weight

68.331
23.854
7.4813
10.094
10.214
10.539
14.902
15.175
51.288
14.179
38.207
95.72
77.905
9.7546
17.438
51.877
42.673
18.941
28.814
102.42
24.9
18.748
12.129
17.112
30.405
18.033
19.921
14.755
14.45
45.266
13.671
100
32.864
78.513
24.466
29.235
22.75
21.879
19.028
17.455
101.39

Intensity

7.08E+09
1.44E+09
8.29E+08
6.11E+08
1.16E+09
2.20E+09
7.41E+08
4.95E+08
2.26E+08
4.55E+08
2.28E+08
2.72E+08
1.31E+08
5.25E+09
2.27E+09
6.22E+08
1.07e+08
8.40E+07
2.74E+08
1.34E+08
4.87E+07
1.62E+09
1.22E+08
1.22E+08
2.58E+08
9.70E+07
1.13E+08
9.04E+07
1.19e+08
5.91E+07
8.92E+07
5.03E+07
1.34E+08
7.81E+07
1.50E+08
7.42E+07
1.93E+08
1.57E+08
3.80E+08
2.08E+08
3.12E+08

MS/MS Count

370
73
28
20
37
45
59
22
18
44
18
89
43
75

102
60
30
17
22
48
17
62
12
28
43
21
11
13
16
27
28
20
22
21
23
14
26
31
44
22
33

234



