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ABSTRACT

The white potato cyst nematode, Globodera pallida, is an important pest of potato in all
potato-growing regions of the world and is of particular importance to UK agriculture,
found in 48-64 % of UK potato fields and incurring costs related to management and
yield losses. Biofumigation is a pest management practice that seeks to exploit the
production of bioactive compounds, isothiocyanates, from disrupted brassica tissues
incorporated into soil. Aspects of biofumigation as they relate to control of G. pallida

were investigated.

The xenobiotic metabolism of G. pallida juveniles in response to contact with
isothiocyanates was investigated through RNAseq analysis of nematodes exposed to
Dazomet, an isothiocyanate generator. The roles of genes implicated in this response
were investigated and their up-regulation confirmed, identifying several genes directly
implicated in detoxification of xenobiotic compounds, presenting targets for

development of future controls.

A screening system for evaluation of novel biofumigant crops was developed, utilising
Caenorhabditis elegans reporter lines that indicated the presence of isothiocyanates
through induced expression of green fluorescent protein (GFP). Attempts to generate
novel C. elegans reporters for G. pallida genes were unsuccessful, but progress was
made towards generation of transgenic root-knot nematodes, a step towards a plant-

parasitic nematode model system.

The volatile emissions given off by brassicas as they grow were measured and a number
of bioactive compounds were identified. New estimates of the contributions of brassicas
to atmospheric methyl bromide concentrations were generated. A system was
developed to test the toxicity of volatile compounds as given off by the above- and
belowground biomass of brassicas, and toxicity was observed in C. elegans adults and

G. pallida juveniles and encysted eggs.

The approaches taken to investigate biofumigation are novel and support expansion of

the scope of future biofumigation research in line with the findings presented.
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Chapter 1 Introduction

1.1  The potato

The potato, Solanum tuberosum, is a tuberous vegetable of the family Solanaceae,
originating in the Andes and now a staple foodstuff around the world. It is the 4™ highest
produced food crop and 5" most produced crop globally, following sugarcane (grown
principally for processing and industrial usage), maize, wheat and rice (FAOSTAT, 2017).
Genomic analysis of cultivated and wild potato relatives have found evidence for a single
origin for cultivated potato in the southern regions of Peru, some time before the
expansion of European cultures into South America (Spooner et al., 2005). In Europe,
potatoes are an important cash crop supporting an international industry based around
ware potatoes for eating and processing, and seed potatoes for tuber production: over
56 million tonnes of potatoes were produced in the EU in 2016 (FAOSTAT, 2017), for a
production value of around EUR 12.7 billion (Eurostat, 2017). Total potato production in
the UK was worth GBP 747 million in 2016 (Eurostat, 2017).

One of the major associated costs for UK potato production is the application of
pesticides. The major pathogens associated with potato in the UK are late blight, caused
by the oomycete Phyophthora infestans, and the potato cyst nematodes,
Globodera pallida and G. rostochiensis. Management of late blight requires repeated
prophylactic application of costly fungicides (Liljeroth et al., 2016). Nematode
management includes use of soil fumigants, which may account for 17% of the total
production cost of a crop (Kerry et al., 2003). As well as monetary costs, pesticides
contribute to the carbon emissions of potato production, accounting for up to 14 % of
the emitted CO; associated with a potato crop (Haverkort and Hillier, 2011). For growers,
it is important to be able to manage the impact of pathogens and pests in order to
protect their crops, while governments are concerned both with the reduction of CO;
emissions in order to limit the impacts of climate change (in accordance with the Paris
agreement (UNFCC, 2016)), and with regulating the use of crop treatments with other
negative environmental effects (e.g. ozone depletion, according to the Montreal
Protocol (UNEP, 2012)). Much research is therefore focused on generating methods of

pest control that are both cost-effective and environmentally sound.



1.2 Plant-parasitic nematodes

Plant-parasitic nematodes are agricultural pests of great economic importance, with
global annual crop losses estimates running from 80 billion USD (Nicol et al., 2011) to as
high as 157 billion USD (Abad et al., 2008). It is suggested that such losses may be
underestimated (De Waele and Elsen, 2007), due to under-reporting of nematode
damage by growers — particularly in developing nations — due to a lack of knowledge
leading to incorrect diagnosis. Plant parasitism has evolved independently a number of
times in the phylum Nematoda (Kikuchi et al., 2017, van Megen et al., 2009), and a
number of plant-parasitic feeding strategies are therefore represented among
nematodes; the most economically important of these is sedentary endoparasitism.
Sedentary endoparasites are those nematodes of the family Heteroderidae that adopt
a fixed feeding site in the roots of the host plant, and are represented by the root-knot
nematodes and the cyst nematodes, considered the two most important plant-parasitic

nematodes in plant pathology, respectively (Jones et al., 2013a).

1.2.1 Cyst nematodes

Cyst nematodes comprise 8 genera and 114 described species, the most important of
which fall into the genera Globodera (12 species) and Heterodera (82 species) (Turner
and Subbotin, 2013). Species of the genus Meloidogyne, the root-knot nematodes, also
belong to the Heteroderidae but are not classified as cyst nematodes as they do not
form cysts, as do the adult females that typify the group. Cyst nematodes are found in
most crop-growing regions of the world, although they are typically restricted to
temperate climates (Turner and Subbotin, 2013); there are, however, reports of cyst
nematodes in tropical regions, such as Globodera rostochiensis found on potato in East
Java, Indonesia (Indarti et al., 2004), and Heterodera avenae found on cereal crops in

northern and central India (Rao et al., 2013).

The host ranges of cyst nematodes are typically narrow, especially with respect to the
broad host ranges exhibited by parthenogenetic Meloidogyne species (Trudgill, 1997).
The cyst nematode species of greatest economic importance are those that affect those
crop species that are grown most widely. Soybean cyst nematodes (Heterodera glycines)
cause up to 1.5 billion USD in crop losses in the US each year and were responsible for

yield losses of 9 million metric tons worldwide in 1998 (Wrather et al., 2001). Cereal cyst



nematodes (H. avenae and H. filipjevi) affect cereal grains such as wheat and barley and
can cause yield losses of up to 90 % in affected fields (Nicol et al., 2011). The potato cyst
nematodes (Globodera pallida and G. rostochiensis) affect crops of the family
Solanaceae and are found in most potato-growing regions of the world (Turner and
Subbotin, 2013). The sugarbeet nematode (H. schachtii) is atypical among cyst
nematodes in that is has a relatively broad host range, able to parasitise plants of the
Brassicaceae (mustards) including Arabidopsis thaliana, as well as sugar beet (Nielsen et
al., 2003, Sijmons et al., 1991); losses to European sugar beet production in 1999 due to
H. schachtii were estimated at 90 million EUR (Miller, 1999). Other cyst nematodes of
note are the rice cyst nematode, Heterodera oryzae (ref), and the corn cyst nematode,
H. zeae, which parasitises the grains grown in greatest quantity around the world: maize,

wheat, and rice (IGC, 2017).

1.2.3 Potato cyst nematodes

Potato cyst nematodes belong to the genus Globodera: as important pests of potato,
they are quarantine pathogens in most temperate potato-growing regions of the world
(Nicol et al., 2011, Turner and Subbotin, 2013). Globodera spp. have a narrow host
range, limited to plants of the family Solanaceae, but cause crop losses totalling ~9 % of
all global potato production (Turner and Subbotin, 2013). Assessed almost 20 years ago,
potato cyst nematodes were present in 64% of English and Welsh potato fields,
represented by Globodera pallida and G. rostochiensis, found in 92 % and 33 % of
contaminated fields respectively (Minnis et al., 2002). A more recent investigation into
potato fields in England and Wales found that PCN were present in 48 % of the 491
tested sites; of these, mixed populations made up 5%, while G. pallida and
G. rostochiensis were detected in isolation in 89 % and 6 %, respectively (Lima-Dybal,
2016, unpublished). The decline of G. rostochiensis incidence relative to G. pallida can
be largely attributed to the wide availability of G. rostochiensis-resistant potato cultivars
(Minnis et al., 2002). A survey of potato fields in Scotland found G. pallida in 76 % of 687
tested (Eves-van den Akker et al., 2015). These two species are the most economically
significant species of potato cyst nematodes globally (Bohlmann and Sobczak, 2014,
Jones et al., 2013a), costing UK agriculture an estimated 50 million GBP per annum

(Jones et al., 2017b). Other PCN species of note include G. ellingtonae, a potato cyst



nematode identified in US potato fields in 2008 (Handoo et al., 2012, Skantar et al.,
2011), and G. tabacum, the tobacco cyst nematode, a pest of tobacco production in both
North America and mainland Europe (Bardou-Valette et al., 2016, Mota and Eisenback,

1993).

The origin of potato cyst nematodes can be traced to the Andes, in the regions broadly
around the Peru-Bolivia border (Grenier et al., 2010, Mai, 1977). Evolution is thought to
have occurred concurrently with the wild potato for 15-21 million years, highlighting the
intimate relationship between parasite and host (Jones et al., 2018a). Populations of the
two species are separated by latitude and altitude, with G. pallida occurring in the cooler
regions north of Lake Titicaca, with G. rostochiensis found in the lower southern regions
(Grenier et al., 2010). This geographical separation is thought to have been a factor in
their differentiation, and has impacts on their respective heat tolerances: G. pallida,
being adapted to cooler climates, is more sensitive to heat stress than G. rostochiensis,
with implications for their future survivability in the face of rising global temperatures
(Jones et al., 2017b). European populations of Globodera pallida have been traced back
to a single contamination event from a southern Peruvian population, imported on
infested potato, from which it has spread across the continent (Plantard et al., 2008).
Contamination of North America has occurred on at least two occasions: microsatellite
analysis of 15 geographically distinct G. rostochiensis populations suggested that it was
brought to Europe around the same time as G. pallida, and was then introduced to
Canada and the US from at least two distinct European populations (Boucher et al.,
2013). Suggested mechanisms for these contamination events include contaminated soil
brought over on flower bulbs (Rott et al., 2010) and on returning military equipment in

the aftermath of World War Il (Boucher et al., 2013).

On a regional scale, potato cyst nematodes are spread largely through agricultural
activity — the movement of infested plant material and of farm equipment carrying
infested soil — giving a dispersal rate of 5.3 km per year from any given field, based on
modelling of historical dispersal data (Banks et al., 2012). Detection of low density field
populations can be incredibly difficult (Banks et al., 2012), even in fields that have
previously tested positive for Globodera infestation (Eves-van den Akker et al., 2015).

While low density populations may be difficult to detect, they may lead to devastating



impacts on a crop due to the potential for populations to increase 60-fold over the

course of one cropping season (Moxnes and Hausken, 2007).

Both Globodera pallida and G. rostochiensis are quarantine pests in the EU. As such,
there are directives in place to monitor populations and limit or prevent the spread of
Globodera species from known sites of infection to uncontaminated fields. The
European Union’s Regulation (EU) 2016/2031 sets out requirements for the testing of
fields for the presence of potato cyst nematodes and bans the growing of seed potatoes,
or other plants grown for planting, on fields in which cyst nematodes are detected. This
aims to limit the spread of cyst nematodes beyond fields where they are already present.
Efforts to control potato cyst nematodes are discussed further in a later section

(Chapter 1.3)

1.2.4 The life cycle of potato cyst nematodes

All cyst nematodes follow a similar life cycle, with some variation in timings and
population dynamics. Encysted eggs hatch principally when induced by signals indicating
the presence of a potential host plant, and at a lower rate at random. Second-stage
juveniles (J2s) emerge from eggs within the cyst, then migrate towards and infiltrate
host roots. When a suitable feeding site is found, the nematode forms a fixed feeding
site and from there progresses through J3 and J4 stages to adulthood. Adult males leave
the feeding site to find sedentary adult females with which to mate. After production of
viable eggs, the female dies and encysts around the eggs — the nematodes within
develop into first-stage juveniles and moult to the J2 stage before they are ready to
hatch. Details specific to potato cyst nematode follow; a schematic diagram is given in

Figure 1.1.

Among cyst nematodes, Globodera species are classed as having a low random hatch
rate (Perry, 2002) — population decline within cysts in fallow fields may be as low as 10%
per year, meaning that viable eggs can persist in a field for over 20 years (Turner, 1996).
Soil conditions, including pH, moisture content and ambient temperatures, influence the
rate of population decline, with higher temperatures in particular leading to a greater
falloff over time (Perry, 2002). Hatching is strongly induced by root exudate from a
suitable host, such as potato (Solanum tuberosum) or tomato (S. lycopersicum), though

only after a period of diapause typically lasting approximately 6 months (Palomares-Rius



et al., 2013): this means that the next generation of nematodes remains viable until the
next host crop is planted, and that non-host cropping and periods of fallow do little to
reduce population numbers in an affected field (Turner and Subbotin, 2013). Potato cyst
nematode eggs undergo two forms of dormancy before hatching. The first, diapause,
requires a period of cold soil temperatures to pass (Palomares-Rius et al., 2013). The
length of diapause is dependent on the growth conditions in which the eggs were
produced (Salazar and Ritter, 1993). Upon completing diapause, the eggs enter the
second dormant phase: quiescence, a reversible state of dormancy that is broken by the
presence of suitable host root exudates (Perry and Moens, 2011). An advantage of the
longevity of encysted eggs and the specificity of hatching induction is that infested soil
samples can be stored for research purposes over long periods, and hatching can
therefore be intentionally induced to obtain live J2s for experimentation (Heungens et

al., 1996).

After induction of hatching in the field, the infective second-stage juveniles will move
towards the source of the hatching stimulus. Individual nematodes move towards plant
roots based on concentration gradients of a number of factors associated with the
rhizosphere, likely to include CO; and sugar concentrations, and pH, and possibly also
involving host species-specific cues (Lilley et al., 2005, Perry, 1997). On finding the host
plant, the J2 will pierce the root with its stylet and migrate destructively through the
root cortex to the vascular cylinder (Kyndt et al., 2013). Here it will penetrate cells with
its stylet until a cell suitable for the formation of a feeding site is formed (Jones et al.,
20134, Kyndt et al., 2013). The formation and maintenance of the syncytium is a complex
process, and integral to the success of an individual nematode; this is discussed in

greater detail in the following section (1.2.5).

Potato cyst nematodes reproduce sexually, and sex determination occurs at the end of
the J2 stage. Third-stage (J3) juveniles are superficially similar, but can be sex
differentiated through inspection of their genital primordia (Lilley et al., 2005). Where
past studies have suggested that sex is genetically determined, evidence points toward
determination based on environmental conditions (Lilley et al., 2005). The proportions
of males and females in the adult population is determined by nutrient availability:

greater nutrition leads to a greater proportion of females, while lower nutrients and



higher levels of intraspecific competition lead to a greater adult population of males
(Lilley et al., 2005, Sobczak and Golinowski, 2011). When tested in vitro, higher sucrose
content in plant growth medium led to a greater proportion of applied J2s of

Heterodera schachtii developing into females (Grundler et al., 1991).

The feeding site for the nematode is fixed until the J4 stage, after which adult males will
leave the root while adult females remain sedentary until the end of their life cycle (Lilley
et al., 2005, Sobczak and Golinowski, 2011). Adult males are short-lived and non-feeding
(Turner and Subbotin, 2013). Males migrate through the soil towards females, attracted
by chemical cues that likely include sex pheromones (Turner and Subbotin, 2013).
Vanillic acid has been identified as a cyst nematode sex pheromone, released by
Heterodera glycines females and acting to attract males (Jaffe et al., 1989). Pheromone
specificity has been observed: vanillic acid did not act as an attractant to males of
H. schachtii (Auma and Hashem, 1993), G. rostochiensis or G. pallida (Perry, 1996).
Analysis of mitochondrial DNA from eggs within single cysts has confirmed that cyst
nematodes are polyandrous, with each cyst potentially containing progeny from

multiple mating events (Eves-van den Akker et al., 2015).

The defining characteristic of cyst nematodes is that of cyst formation by the adult
female. Following mating, the fertile eggs then develop through embryogenesis and
through the first moult to the J2 stage (Turner and Subbotin, 2013). The female then
dies and encysts around them, forming a protective casing that can persist in the soil for
upwards of 20 years (Turner, 1996). The cyst forms through the action of polyphenol
oxidase on the wall of the adult female’s body (Ellenby, 1946) and acts to protect the
eggs within, principally shielding them from desiccation, as the outer wall becomes less
permeable to water as it dries (Ellenby, 1968). Development time differs between plant-
parasitic nematode species (Jones et al., 1998, Turner and Subbotin, 2013). The link
between temperature and development at all stages has been established since the
1930s: development progresses only above a base temperature, which varies by species,
and above which the rate of development will increase up to a thermal optimum (Tyler,
1933), for potato cyst nematodes, this optimum is 16 °C for G. pallida and 20 °C for
G. rostochiensis (Turner and Subbotin, 2013). A recent assessment found that female

fecundity for G. pallida was significantly reduced when temperatures were increased



from 15 °Cto 25 °C, while G. rostochiensis fecundity increased from 15 °Cup to 22.5 °C,
but declined at 25 °C (Jones et al., 2017b). The difference in thermotolerance between
the two species, ascribed to their adaptations to their native ranges, has been attributed
at least partially to the presence of hsp-110, a thermoregulatory element that is
activated under heat stress in G. rostochiensis but not in G. pallida, and correlates with
the greater ability of G. rostochiensis juveniles to recover from heat stress (Jones et al.,
2018a). Predicted increases in global temperatures may influence the survivability of
each of these species in the UK: one study modelled soil temperatures in near-future
medium and high-emission scenarios and found that populations of G. pallida would
likely decline, particularly in the south of England (Jones et al., 2017b). The authors
suggest that increased temperatures combined with the exploitation of widely available
G. rostochiensis-resistant cultivars could lead to an overall decline in PCN populations in
the UK (Jones et al., 2017b). A second group combined in planta experimentation, with
three distinct PCN populations grown on potato roots in different soil temperatures,
with low- and high-emission future temperature models to similarly predict that
conditions could become more favourable for G. rostochiensis relative to G. pallida
(Skelsey et al., 2018). However, the authors found that the shift in growing season and
available potato growing area resulting from increased temperatures would effectively

negate the potential increased risk of PCN proliferation (Skelsey et al., 2018).
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Figure 1.1 Simplified life cycle of a cyst nematode. A, after hatching, the infective second-stage juvenile (J2) migrates towards the root of a host
plant, penetrates the dermis and moves destructively through the cortex towards the vascular cylinder. B, having found a suitable site, the J2
selects the initial syncytial cell (ISC) that will form the beginnings of the syncytium; the sex of the nematode is determined before moulting to
the J3 stage. C, at the J3 stage, males and females continue to feed from the growing syncytium; they are superficially similar but can be
differentiated by observation of their genital primordia. D, at the J4 stage, female nematodes continue to feed and develop, while males cease
feeding and begin development of the adult vermiform body within the J4 outer cuticle. E, adult males leave the root to find sedentary adult
females with which to mate. F, following mating and the development of the eggs, the adult female dies and the cuticle encysts around the eggs
within. G, after death of the adult female, the eggs remain in the soil protected by the cyst; hatching will only begin after a period of diapause,
generally in response to external stimuli such as host root exudate. Following this, nematodes hatch as J2s and migrate through the soil,
beginning the cycle again.
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On reaching the unhatched J2 stage, the nematode enters a state of diapause —
dormancy that requires a set period of time as well as other cues before it will come to
an end — and after diapause enters quiescence —a second period of dormancy that ends
in response to hatching stimulus, i.e. host root exudate (Palomares-Rius et al., 2016).
The requirements of the diapause phase are dependent upon the growing conditions of
the host plant during formation of the cyst: increased day length led to a shorter
diapause period in eggs of both G. pallida and G. rostochiensis (Salazar and Ritter, 1993).
Once diapause is complete, the life cycle begins again: G. pallida typically requires a full
potato-growing season to produce a single generation of progeny, which complete
diapause in the following spring (Lilley et al., 2005); there is some evidence of
G. rostochiensis, being better adapted to warmer climates, producing two generations

over the course of a warmer growing period (Jones et al., 2017b).

1.2.5 The syncytium

Formation and maintenance of a potato cyst nematode’s feeding site is intrinsic to its
parasitic life stages. The cell first chosen by the J2 nematode is termed the initial
syncytial cell (ISC). The nematode injects secretions known as effectors into the ISC,
inducing metabolic changes that lead to the development of the syncytium. Effectors
mediate the parasite’s interactions with the host plant, suppressing host defences, and
developing and maintaining the feeding cell environment (Kyndt et al., 2013). The profile
of effectors introduced into the cell changes throughout the different life stages of the
nematode (Palomares-Rius et al., 2012), as the demands of the parasite on the host
change over time. The effectors secreted into the cell stimulate the expansion of the
plasmodesmata between the ISC and the surrounding cells and induce production of
cell-wall degrading enzymes (Grundler et al.,, 1998), leading to the amalgamation of
neighbouring cells into a single, multinucleate whole. Observation of parallel changes in
the surrounding cells suggests communication between them (Thorpe et al., 2014).
Expansion of the syncytium continues such that a single syncytium may comprise more
than a hundred cells fused together in this way (Bohlmann and Sobczak, 2014). The
syncytium is the sole source of nutrition for the nematode, acting as a nutrient sink,
diverting nutrients from the host plant (Kyndt et al., 2013) — cytoplasmic concentrations

of sucrose and amino acids in syncytia are elevated relative to surrounding cells
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(Hofmann et al., 2010). It is this diversion of nutrients from the host plant that leads to

the disease symptoms associated with cyst nematode infection.

Effectors are the subject of a great deal of recent research, in an effort to better
understand the interactions between parasite and host. In potato cyst nematodes,
effectors are produced in the subventral and dorsal gland cells and injected into the
syncytium via the stylet (Thorpe et al., 2014). Identification of effectors implicated in
processes such as: cell wall degradation (Smant et al., 1998); suppression of host
defences (Jaouannet et al., 2013, Postma et al., 2012); and in formation of the feeding
site through manipulation of native cell signalling pathways — through mimicry of
proteins involved in cell division and differentiation (Clark et al., 1995, Wang et al., 2005)
or auxin signalling (Lee et al., 2011); demonstrate the significance of effectors to

establishment of the feeding site.

Research into effectors has employed a number of techniques aiming to identify and
characterise the broad array of molecules that may act as effectors, including proteomic
analysis of induced stylet secretions (Bellafiore et al., 2008) and transcriptomics
performed on gland cell RNA (Maier et al., 2013). The publication of genomes for the
two major potato cyst nematodes (Cotton et al., 2014, Eves-van den Akker et al., 2016)
has provided powerful tools for the discovery of novel effectors in the two species,
resulting in the identification of a family of SPRY-domain proteins in G. pallida, of which
a subset are confirmed as effectors (Mei et al., 2015), and of a regulatory element in the
genome of G. rostochiensis that is implicated in the regulation and tissue-specific
expression of dorsal gland effectors, termed the DOG Box (Eves-van den Akker et al.,

2016).

1.2.6 Potato cyst nematode genomics

As significant pests of a globally important cash crop, both Globodera pallida and
G. rostochiensis are well-studied organisms (Jones et al., 2013a) for which genomes have
been published (Cotton et al., 2014, Eves-van den Akker et al., 2016). The genomes for
each of these Globodera species are fragmented and somewhat incomplete. The G.
pallida assembly consists of 6873 scaffolds (covering 124.6 megabases) while for G.
rostochiensis there are 4377 scaffolds (95.9 Mb), each corresponding to genomes of 9

chromosomes (2n=18); this contrasts with the genome assembly available for
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Caenorhabditis elegans, for which there are 7 scaffolds, corresponding to 6
chromosomes (2n=12) and the mitochondrial genome (Spieth et al., 2014). Based on
representation of 458 conserved eukaryotic genes, used as a proxy for total genome
completeness (Parra et al., 2009), the G. pallida genome is rated as 81 % complete
(Cotton et al., 2014) and the G. rostochiensis genome as 94 % complete (Eves-van den
Akker et al., 2016). The number of genes predicted for each species are 16,466 and
14,309, respectively, with the larger number of genes predicted for G. pallida
corresponding to the larger genome assembly (Cotton et al., 2014, Eves-van den Akker
et al., 2016). Using the presence or absence of start and stop codons as a measure of
predicted protein completeness, 88.8 % of G. pallida and 91.4 % of G. rostochiensis

predicted proteins were complete (Eves-van den Akker et al., 2016).

Comparison of the locations of G. pallida genes relative to one another with the
clustering of genes on C. elegans chromosomes suggests that there is little conservation
of gene order: orthologous genes found on a single scaffold (representing a portion of a
single chromosome) from the potato cyst nematode genome are not clustered in the
same way as in the C. elegans genome, but may be found spread across several
chromosomes (Cotton et al., 2014). Comparison of the two potato cyst nematode
genomes, however, found greater synteny between the two, with gene clusters found
in similar regions (Eves-van den Akker et al., 2016). This is congruent with the degree of
evolutionary divergence between the three species: where the two potato cyst
nematodes (of nematode clade 1V) are estimated to have diverged approximately
18 million years ago (Plantard et al., 2008), they are each much more distantly related
to C. elegans (clade V) (Blaxter, 2011). The timings of ancient nematode divergences are
not often given estimates, owing to inconsistent conservation among different gene
families and to the lack of a reliable molecular clock for nematodes (Kiontke and Fitch,

2005).

Alongside sequencing of each of the potato cyst nematode genomes, transcriptomic
analysis was performed on nematodes of different life stages. RNA-seq was performed
on Globodera pallida to determine changes in gene expression across eight lifecycle
stages: J2s within unhatched eggs, hatched J2s, adult males, and parasitic females at 7,

14, 21, 28, and 35 days post infection (dpi) (Cotton et al., 2014). Based on the observed
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changes in expression from this analysis, G. rostochiensis gene expression was analysed
in dehydrated cysts, hydrated eggs, hatched J2s and in 14 dpi sedentary females (Eves-
van den Akker et al., 2016).

The 16419 predicted proteins encoded by the G. pallida genome were analysed and
their roles inferred from similarity to known proteins: predicted proteins could be placed
into 6174 known gene families, 3890 genes did not fit into any family, and 825 gene
families unique to G. pallida were identified (Cotton et al., 2014). Proteins with no
functional annotation were enriched among the genes unique to G. pallida, and a unique
expansion of the glutathione synthetase gene family was found: a complement of 52
glutathione synethetases, dwarfing the usual number of 1 to 4 typically found in
nematodes, were also found to be up-regulated in the early stages of parasitism,
suggesting a novel function for the enzymes (Cotton et al., 2014). Globodera pallida has
a reduced complement of genes involved in xenobiotic metabolism when compared
with C. elegans (Cotton et al., 2014), a trait often observed in endoparasites, including
among nematodes (Barrett, 2009), perhaps due to the risk of encountering various
toxins (aside from host defences) being reduced in a sedentary endoparasitic lifestyle.
The genome also features an expansion of proteins with SPRY domains, 299 genes
compared with 8 in C. elegans and 27 in Meloidogyne incognita (Cotton et al., 2014).
Among these are the SPRYSECs, SPRY proteins that are secreted and have been
implicated as effectors: subcellular localisation assays with Nicotiana benthamiana
leaves found that two SPRYSEC proteins localised to the nucleus and nucleolus,
suggesting a role in manipulation of gene regulation in the host (Jones et al., 2009).
Further studies have confirmed that some SPRYSECs suppress host defences, but
suggested that less than 10 % of the SPRY domain gene family are expected to function

as effectors (Mei et al., 2015).

The mitochondrial genomes of potato cyst nematodes are unique among higher animals
in their organisation. Where metazoan mitochondria typically contain 2-10 copies of a
single genome (Wiesner et al.,, 1992), G. pallida mitochondria were found to have
several smaller subgenomes (Armstrong et al., 2000) with evidence of frequent
recombination events such that many of these subgenomes were mosaics featuring

genes with deleterious alterations (Gibson et al., 2007b). Broadly similar organisation of
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mtDNA was observed in G. rostochiensis, though while there was conservation between
the subgenomes of the two species, there were subgenomes unique to each species
(Gibson et al., 2007a). Organisation and recombination of mtDNA in this way in atypical
in animals, but bears some similarity to that found in plants and fungi (Armstrong et al.,

2000).

Potato cyst nematodes have been classified into a number of pathotypes based on their
relative virulence towards seven different Solanum accessions (Kort et al., 1977), giving
three pathotypes for G. pallida (Pal, Pa2, and Pa3) and five for G. rostochiensis (Rol
through Ro5), though the boundaries between these are not always clear (Phillips and
Trudgill, 1998). In the UK, G. pallida populations are typically classified into pathotype
Pal or Pa2/3 (a Pa2/3 population provided the material for generation of the genome
assembly (Cotton et al., 2014)), and G. rostochiensis populations are typically identified
as pathotype Rol (Eves-van den Akker et al., 2016). These classifications are difficult to
separate from one another, and efforts have been made to identify genetic markers for
the various pathotypes, with a region of mitochondrial DNA encoding cytochrome B
identified as a useful proxy marker for the three G. pallida pathotypes found in the UK
(Eves-van den Akker et al., 2015) — it is noted, however, that there is likely no causal
relationship between these mitotypes and the pathotypes with which they were
associated. The variations in virulence between species and pathotypes complicate the
use of resistant cultivars for management of potato cyst nematodes — planting of the
popular and G. rostochiensis-resistant potato cultivar ‘Maris Piper’ has inadvertently led

to selection of G. pallida in fields in the UK (Minnis et al., 2002, Whitehead et al., 1984).
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1.3 Control of potato cyst nematodes

Control of plant-parasitic nematodes in generally achieved through combination of a
variety of available practices, including crop rotations, intercropping, resistant or
tolerant cultivars, chemical pesticides, and alternative strategies such as green mulching

or biofumigation, the focus of Chapter 1.4.

Crop rotation, a technique employed in the management of most plant pathogens
including root-knot nematodes (Meloidogyne spp.) (McSorley, 2011), is considered
limited in efficacy for control of potato cyst nematodes, due to the low rate of
population decline between cropping seasons (Turner, 1996). Ware potatoes grown on
fields in which Globodera spp. have been detected are typically not planted with potato
again for 5—8 years (McSorley, 2011). EU legislation prevents the planting of seed
potatoes or any other crop that is to be replanted on soil that has not been certified

PCN-free in the past 4 years (Regulation (EU) 2016/2031).

1.3.1 Resistant potato cultivars

Where potatoes are to be grown in fields with a history of PCN-infestation, resistant or
tolerant cultivars are employed, if possible, to limit population growth and protect
yields. Resistance genes for potato cyst nematodes are available but are not
comprehensive. Of planted potato cultivars in the year 2000, 43 % were resistant to
Globodera rostochiensis while 6 % had resistance to G. pallida (Evans and Haydock,
2000). The top 10 planted cultivars in British fields in 2018 are still dominated by H1
carrying cultivars such as Maris Piper, Markies, and Melody, but show increased planting
of G. pallida-resistant varieties such as Innovator (AHDB, 2018). Online tools are
available to select potato cultivars based on resistance to a range of pests, including
potato cyst nematodes, such as that provided by the Agriculture and Horticulture
Development Board in the UK (AHDB, 2018). However, cultivars that are resistant to one
potato cyst nematode are rarely resistant to others. The H1 gene is a resistance (R) gene
identified in an Andean subspecies of potato (Solanum tuberosum ssp. andigena) that
conveys resistance to Globodera rostochiensis but only partial resistance to G. pallida
and has been successfully crossed into the Maris Piper potato cultivar (Finkers-Tomczak
et al., 2010). The prevalence of G. pallida in British potato fields is in part ascribed to the

widespread use of potato cultivars containing the H1 gene — growing G. rostochiensis-
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resistant varieties in fields with mixed populations selects for G. pallida population
growth (Minnis et al., 2002, Whitehead et al., 1984). Partial resistance to PCN, as found
in Maris Piper, can refer either to limited resistance of the crop to infection, resulting in
smaller increases in PCN population over the growth period, or tolerance to infection,
in which varieties may still produce good crop yields in moderately-infested fields
(Pylypenko, 2002). Partially resistant potato varieties may limit increases in population
size when the initial population density is low, but are not suitable for growth in heavily-
infested fields, where even tolerant varieties will suffer significant yield losses (Phillips

& Trudgill, 1998).

Transgenic potatoes have been developed that carry resistance-enhancing genes. Root-
specific expression of a cystatin from rice (previously shown to provide resistance in
transgenic hairy roots (Urwin et al., 1995)) was found to up-regulate at the site of
nematode feeding and result in increased resistance (Lilley et al., 2004). Secretion of
nematode neuropeptides from plants has been explored as an avenue of control, with
transgenic potatoes that secreted a peptide inhibiting chemoreception in cyst
nematodes provided up to 75% resistance (Green et al., 2012); this technology was later
investigated outside of the plant, with transgenic soil microbes secreting neuropeptide-
like proteins reducing infection levels in tomato roots by up to 90% (Warnock et al.,

2017).

However, UK markets cannot benefit from transgenic potato cultivars as genetically
modified (GM) crops are not approved for commercial growth in the UK, and GM foods
are limited to imports of oilseed rape, soybean, cotton-seed oil, maize, and sugar beet

(Gov.uk, 2018).

1.3.2 Chemical control of nematode pests of potato

Chemical control of plant-parasitic nematodes has historically been achieved through
application of nematicidal chemicals, typically classified as either fumigant (Lembright,
1990) or non-fumigant (Apt and Caswell, 1988), which differ in their methods of
application. Chemicals may be further described as: nematicidal, those that directly kill
nematodes; nematistatic, chemicals that impede the infective stages of a nematode for

long enough to protect most of the value of a crop; and multi-purpose, chemicals that
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are rarely applied solely for nematode control due to high costs but may have broad-

spectrum activity.

Soil fumigants are volatile compounds that are injected into the soil, either in solution
or as a liquid under pressure, and rapidly volatilise, spreading through the soil via the
gas phase and either dissolving in water films on soil surfaces or adsorbing into organic
matter within the soil (Lembright, 1990). Many soil fumigants, such as methyl bromide
(bromomethane), DBCP (1,2-dibromo-3-chloropropane), and ethylene bromide (1,2-
dibromoethane), have been phased out due to their detrimental effects on non-target
organisms and the environment (Qin et al., 2004). Methyl bromide has frequently been
used for research purposes as a benchmark against which to test novel control methods
(McSorley, 2011), but has been withdrawn from agricultural use (as per the Montreal
Protocol on Substances that Deplete the Ozone Layer, 1987) as it breaks down to form
elemental bromine, a potent ozone depletion agent (Noling and Becker, 1994).
However, dependence on methyl bromide persists such that it can still be applied to
fields when critical use exemptions are granted, which continue through 2018 and 2019
(UNEP, 2017). The need for adequate replacements for methyl bromide has been
recognised for as long as the need to regulate its use (Noling, 2002, Noling and Becker,

1994).

Non-fumigants are applied in liquid or granular form, and may act through the
proliferation of volatile breakdown products, or otherwise require contact with
nematodes to be effective (Apt and Caswell, 1988). Two principal classes of compounds
make up the non-fumigant nematicides: carbamates and organophophates, each acting
through inhibition of acetylcholinesterase (Gupta et al., 2018). The carbamate aldicarb
(previously sold as Temik™ by Bayer CropScience) has been withdrawn from use in the
EU due to non-target toxicity, despite its low potential for bioaccumulation (European
Commission, 2003). However, evidence of unlawful applications of aldicarb suggest it
has not yet been removed from markets (Ruiz-Suarez et al., 2015). Fosthiazate ((RS)-[S-
(RS)-sec-butyl O-ethyl 2-oco-1,3-thiazolidin-3ylphospho-nothioate]), marketed as
Nemathorin, is an organophosphate treatment that effective at much lower doses in
nematodes than in other animals, but is hampered by its potential for leaching into

waters around places of application (Karpouzas et al., 2007), and its relatively quick
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degradation by microbes present in the soil: leaching was increased in acidic soils, while
persistence increased in soils with high organic matter content (Qin et al., 2004).
Fenamiphos ((RS)-(ethyl 4-methylthio-m-tolyl isopropylphosphoramidate)) is an
organophosphate used for control of nematodes (Oka et al., 2009) but is limited in
effectiveness against nematodes other than Meloidogyne species (Oka, 2014). As non-
fumigant nematicides may persist in the soil, they run the risk of exposing target
nematodes to sublethal concentrations at which they may only have a nematostatic
effect. Fluopyram (N-[2-[3-Chloro-5-(trifluoro-methyl)-2-pyridinyllethyl]-2-(trifluoro-
methyl) benzamide, marketed as Velum One™ by Bayer CropScience) is a non-fumigant
pesticide first developed as a fungicide but now marketed as a multipurpose chemical
with nematicidal effects. It was found to be effective against Meloidogyne incognita on
lima bean (Jones et al., 2017a) but no published data exists on its efficacy for cyst
nematode control, and it has been suggested that it acts as an effective nematistat
rather than a nematicide (Faske and Hurd, 2015). Oxamyl (methyl 2-(dimethyl amino)-
N-[(methylcarbamoyl)oxy]-2-oxoethanimidothioate), is a carbamate, marketed as
Vydate, that is more effective at controlling G. rostochiensis than G. pallida (Whitehead
et al., 1984). It is broadly effective against nematodes (Jones et al., 2017a), resulting in
off-target effects and the risk of bioaccumulation in treated foodstuffs (Osman et al.,
2009). The granular form of oxamyl is banned and use of the liquid form is heavily
regulated to limit potential for bioaccumulation (UNEP, 2005). Fluensulfone (5-chloro-
2-(3,4,4-trifluorobut-3-enylsulfonyl)-1,3-thiazole) is a non-fumigant that has been
shown to act specifically on nematodes, resulting in irreversible detrimental impacts on
development at all stages of life (Kearn et al., 2014). However, it has also been found
only to affect certain genera of plant-parasitic nematodes, effective against root-knot
nematodes, but ineffective against the pine wood nematode, Bursaphelenchus xylophili
(Oka, 2014). Fluensulfone compared poorly with other available non-fumigants when

trialled on Globodera spp., including oxamyl and fosthiazate (Norshie et al., 2016).

Dazomet (3,5-dimethyl-1,3,5-thiadiazinane-2-thione) is a multipurpose chemical that
has largely replaced use of methyl bromide —it is less effective but also carries lower risk
to wildlife and the environment (Lewis et al., 2016). Dazomet is applied in granular form

but degrades in the soil generating methyl isothiocyanate (MITC), a bioactive,



19

sulphurous volatile to which the pesticidal activity of dazomet is ascribed (Mao et al.,
2014). When applied to root-knot nematode-infested cucumber fields in combination
with dimethyl disulphide (DMDS) or 1,3-dichloropropene, dazomet was found to have
nematicidal activity comparable to methyl bromide, while dazomet alone was less
effective but performed better than untreated controls (Mao et al., 2014, Mao et al.,
2012). Metam sodium is a dithiocarbamate that also acts to generate MITC, and was the

third most commonly applied pesticide in the US in 2000 (Pruett et al., 2001).

The number of available chemical controls and the degrees to which these can be
employed have become limited by regulations over the past few decades (Starr et al.,
2007). The development of novel synthetic nematicides, however, is a long and
expensive process, made difficult by the protective cuticle of nematodes and their
unpredictable dispersal throughout the soil, as well as their protected environment in
the plant root (Chitwood, 2002). Regulatory barriers also limit the development of novel
nematicides, as ideally any new chemical will be target specific, will not persist in the
soil, will not endanger local ecosystem, and will not negatively impact the environment.
The Montreal Protocol restricts application of any chemical that acts to deplete the
ozone layer (UNEP, 2002). Further EU regulations limit the application of potentially
harmful nematicides, operating under the precautionary principle: any treatment
cannot be applied if the potential for harm cannot be ruled out (Erbach, 2012, European
Union, 1957). Many growers therefore implement integrated pest management (IPM)

strategies, utilising chemical control alongside other methods (Starr et al., 2007).
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1.4  Biofumigation

Due to both the difficulties associated with potato cyst nematode management and the
regulation of the more effective chemical treatments once used for their control,
growers frequently look to alternative pest management strategies, in order to increase
yields and reduce costs and losses associated with the crop. One such strategy that has
received attention in recent years is that of biofumigation — the exploitation of bioactive
compounds generated from disrupted brassicaceous plant tissues to control pests. This
typically focuses on generating isothiocyanates: sulphurous, bioactive compounds

produced from the breakdown of glucosinolates.

1.4.1 Glucosinolates and the production of isothiocyanates

Glucosinolates are sulphurous secondary metabolites found in plants of the order
Brassicales, including the family Brassicaceae which features crops such as Indian
mustard, Brassica juncea; cabbage, Brassica oleracea; oilseed rape, Brassica napus;
radish, Raphanus sativus; as well as the important model plant Arabidopsis thaliana.
Over 120 distinct glucosinolates have been identified among the Brassicales, with each
species producing a specific subset of these (Fahey et al., 2001). Arabidopsis is known to
produce at least 34 different glucosinolates (Kliebenstein et al., 2001). Many of the
pathways of glucosinolate biosynthesis have been elucidated through work with
arabidopsis, with over 20 biosynthesis genes discovered, such that glucosinolates are

regarded by some as “model secondary metabolites” (Sgnderby et al., 2010).

The structure of a glucosinolate comprises three moieties (Figure 1.2 A): a B-thioglucose
linked via sulphur to a sulfonated oxime moiety, in turn linked via carbon to a variable
(R group) side chain derived from an a-amino acid (Ishida et al., 2014). The R group
distinguishes different glucosinolates from one another, is used to classify them into
three groups (aliphatic, aromatic or indolic), and determines the chemistry of their
breakdown products (Fahey et al., 2001). Glucosinolate biosynthesis begins with an
amino acid: aliphatic glucosinolates being derived from alanine, leucine, isoleucine,
valine and methionine; aromatic from phenylalanine or tyrosine; and indolic
glucosinolates from tryptophan. The amino acid may be chain-elongated (methionine

and phenylalanine only) before formation of the glucosinolate structure and subsequent
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modification of the R group (Sgnderby et al., 2010); it is this side chain modification that

gives rise to the great diversity of known glucosinolates (Fahey et al., 2001).

In the host plant, glucosinolates are found in the vacuoles of most cells (Kelly et al.,
1998), though the distribution of different glucosinolates and their respective
abundances may differ from organ to organ and within an organ (Shroff et al., 2008).
These abundances may change in response to external stimuli, such as increased
concentrations following herbivore attack, or temporally, with senescent leaves having
greatly reduced glucosinolate content (Brown et al., 2003). The primary function of
glucosinolates within the host is in the glucosinolate-myrosinase defence system. As
whole molecules, glucosinolates are relatively chemically inert. When plant tissues are
disrupted, local glucosinolates are allowed to come into contact with native myrosinase
enzymes. Hydrolysis catalysed by myrosinase (also termed p-thioglucoside
glucohydrolase) leads to the liberation of a glucose molecule and production of an
unstable thiohydroximate (Figure 1.2 B), which then degrades to form one of a range of
active compounds (Figure 1.2 C) in a pH and enzyme dependent manner (Bones and
Rossiter, 2006). These active compounds then act to harm or deter the pathogen or
herbivore that has attacked the plant. The principal products generated from the
degradation of glucosinolates are isothiocyanates, followed by nitriles and thiocyanates

(Figure 1.2 C ., iii., and iv.).

The principal glucosinolates found in brassicas of commercial value are: sinigrin, which
gives allyl isothiocyanate, found in most brassicas and the principal GSL identified in
Brassica spp.; glucoraphanin, found abundantly in radishes; and glucoerucin, identified
in rocket (Kirkegaard and Sarwar, 1998). The majority of field trials focus on the use of

Brassica juncea cultivars with high sinigrin content (discussed in Chapter 1.4.3).
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Figure 1.2 The general structure of glucosinolates and their breakdown products. A, general
structure of a glucosinolate, highlighting the B-thioglucoside (1) and sulfonated oxime (2)
moieties and the R side chain (3). B, hydrolysis by myrosinase, liberating a glucose molecule and
an unstable thiohydroximate. C, subsequent degradation products under different conditions: i,
isothiocyanate; ii, epithionitrile; iii, nitrile; iv, thiocyanate; and v, goitrin. Adapted from: (Bones
and Rossiter, 2006, Ishida et al., 2014, Shapiro et al., 2001)



23

Isothiocyanates form naturally from the spontaneous degradation of the unstable
thiohydroximate residue left after hydrolysis of the glucose moiety (figure 1.2 B); this
occurs through a process termed a Lossen rearrangement (Ettlinger et al., 1961,
Ettlinger and Lundeen, 1957), wherein the bond between the R-group and the central
carbon shifts to the nitrogen, the sulphate anion is released and the hydrogen bound to
sulphur is liberated, forming a double bond between sulphur and carbon (Bones and

Rossiter, 2006).

Myrosinases (EC 3.2.1.147) are a class of enzymes in the B-glycosidase family, forming a
distinct phylogenetic subgroup amongst glycoside hydrolase family 1 enzymes (Xu et al.,
2004). Compared to O-glycosidase enzymes found widely in nature, myrosinases are the
only known S-glycosidases (Burmeister et al., 2000). As all studied members of the
Brassicaceae produce glucosinolates, they also express myrosinase, with each species
expressing several distinct myrosinase enzymes, classified into three subfamilies, MA,
MB, and MC, which may have different functions (Xue et al., 1992, Eriksson et al., 2002).
Recombinant myrosinase enzymes from the roots and shoots of A. thaliana were found
to have slightly differing catalytic activities with regards to pH and ascorbic acid
concentrations, but were all found to catalyse the hydrolysis of sinigrin across a range
of conditions (Andersson et al., 2009). An analysis of the myrosinases found in a range
of brassicas found that all those analysed had classic myrosinase activity, converting
sinigrin to allyl isothiocyanate and glucotropaeolin to benzyl isothiocyanate (Piekarska
et al., 2013). Structurally, MA-type myrosinases typically occur as a homodimer, while
MB and MC myrosinases are often found in complex with myrosinase-binding proteins
that may affect the final breakdown product of glucosinolate hydrolysis (Eriksson et al.,
2002, Rask et al., 2000). Natively expressed myrosinase has been found to be heavily
glycosylated, which may aid in protein stability (Halkier and Gershenzon, 2006) or in
cellular localisation (Bones and Rossiter, 1996) — the activity of recombinant
myrosinases without glycosylation suggests that it is not necessary for the function of

the enzyme.

While isothiocyanates are the principal breakdown product of glucosinolate hydrolysis,
formation of alternative breakdown products can occur either at low pH (pH<5 for

formation of nitriles (Bones and Rossiter, 2006)) or in the presence of specifier proteins.
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Epithiospecifier protein (ESP), first isolated in crambe, Crambe abyssinica, was found to
interact with the enzymatic hydrolysis of glucosinolates and generate epithionitriles
alongside isothiocyanate production (Tookey, 1973), and was later found in other
members of the Brassicales (Brassica napus and B. campestris), with Fe?* identified as a
non-essential promoter of the reaction (MacLeod and Rossiter, 1985). When
epithiospecifier proteins interact with the hydrolysis of either non-alkenyl or indolic
glucosinolates, a nitrile is formed rather than an epithionitrile (Wittstock and Burow,
2007). Thiocyanates are formed in the presence of thiocyanate-forming protein (TFP),
theorised for some time before the identification of a TFP in cress, Lepidium sativum
(Burow et al.,, 2007). Thiocyanate-forming proteins have been found to produce
thiocyanates only from certain glucosinolates, such as allylglucosinolate (sinigrin) and
benzylglucosinolate, with other substrates resulting in the production of simple nitriles
(Kuchernig et al., 2011). A third class of enzymes, nitrile-specifier proteins (NSPs), alter
glucosinolate breakdown to preferentially generate nitriles. Three Fe?*-dependent NSPs
have been characterised in arabidopsis, with a further two identified based on sequence
information (Kong et al., 2012). Interestingly, an NSP is produced by larvae of the
cabbage white moth, Pieris rapae, which feeds on brassicas — the larvae are vulnerable
to isothiocyanates but are not harmed by nitriles, suggesting that the NSP acts to
undermine the defence system (Wittstock et al., 2004). The crystal structures of
Arabidopsis thaliana ESP (AtESP) (Zhang et al., 2016), A. thaliana NSP1 (AtNSP1) (Zhang
et al., 2017), and Thlaspi arvense TFP (TaTFP) (Gumz et al., 2015) have been resolved.
Resolved structures for ESP and TFP are broadly similar, though TaTFP dimerises
differently to AtESP and has a smaller active site, while AtNSP1 is more structurally
distinct (Gumz et al., 2015, Zhang et al., 2016, Zhang et al., 2017). Goitrin (Figure 1.2 C
v.) is formed only from the hydrolysis of the glucosinolate progoitrin, being the end
result of hydrolysis instead of an isothiocyanate (van Doorn et al., 1998). The biological
functions of these alternative end products are less well understood than those of the

isothiocyanates, due to lower toxicity (Wittstock and Burow, 2007).

1.4.2 The glucosinolate-myrosinase defence system
Glucosinolates are typically posited as being involved in defence against herbivory and

pathogen attack, in a defence scheme termed the glucosinolate-myrosinase system or
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the mustard oil bomb (Matile, 1980). Studies intended to determine whether or not
glucosinolates were utilised as a sulphur-storage system have found that glucosinolate
content is dependent on sulphur provision and that sulphur-deficient conditions reduce
glucosinolate content (Falk et al., 2007). However, glucosinolates were not used as a
storage sink when brassicas were exposed to excess sulphur (Aghajanzadeh et al., 2014),

suggesting a limited role in sulphur-storage.

As glucosinolates become highly reactive upon hydrolysis by myrosinase, it is necessary
for brassicas to keep these elements separate from one another until they are needed.
Glucosinolates are found within cells throughout the tissues of a plant (Shroff et al.,
2008), so this is achieved through compartmentalising myrosinase in specialised
idioblasts (cells that are distinct from their surrounding tissue) termed myrosinoblasts
or myrosin cells (Andreasson et al., 2001). This physical separation is broken when the
tissues of a brassica are disrupted, for instance when under herbivore attack; the release
of myrosinase from the myrosin cells allows the enzymatic degradation of the plant’s
glucosinolates into the bioactive compounds described above. This phenomenon has
been shown to aid in defence against a number of herbivores and pathogens. Herbivory
by cabbage moth larvae (Mamestra brassicae) was increased when two transcription
factors associated with the biosynthesis of aliphatic glucosinolates (MYB28 and MYB29)
were knocked down in arabidopsis (Beekwilder et al., 2008). Studies with various
arabidopsis mutants found that growth of a brassica-specific fungal pathogen,
Alternaria brassicicola, was inhibited by aliphatic and aromatic isothiocyanates, while a
generalist fungus, Botrytis cinerea, was sensitive to various breakdown products
dependent on their source glucosinolate (Buxdorf et al., 2013). It has been suggested
that the glucosinolate-myrosinase system is also used to influence larger herbivores.
Ochradenus baccatus manipulates rodents that feed on its fruits by compartmentalising
glucosinolates in the flesh and myrosinase in the seeds — this encourages herbivores to
eat the flesh and spit out the seeds in order to avoid the production of isothiocyanates,

thereby aiding in seed dispersal (Samuni-Blank et al., 2012).

1.4.3 Biofumigation in agricultural practice
The ability of disrupted brassica tissues to generate bioactive compounds has been

exploited in agricultural settings for the management of pests. This is termed
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biofumigation, and the typical methodology employed is to grow the biofumigant crop
or crop mix in the field to be treated until an optimal time point is reached, after which
the crop is macerated and incorporated into the soil (McSorley, 2011). This is performed
before planting of a cash crop, in order to reduce or control the populations of soilborne
pests, thereby limiting their effects on the yield and value of the crop. Other
biofumigation methodologies include application of a brassicaceous green mulch, or
growing brassicas between the primary crop as a living mulch (Marahatta et al., 2010)
and the sowing of brassica seed meal into the soil (Zasada et al., 2009). Brassicas may
also be grown as “catch crops”: in theory, nematodes may invade the roots and fail to
reproduce due to the production of low-volatility isothiocyanates that persist in the
damaged root environment (Lazzeri et al., 2013). Among the potential benefits of
biofumigation are its potential low environmental impact, and its regulatory simplicity —
crop species employed for their biofumigant effects are already grown for other
purposes around the world. While it might be assumed that biofumigation could be a
relatively cheap management choice, the cost per hectare can include £40-100 in seeds,
£200-300 in planting and maintenance of the crop, and may incur the cost of hiring
machinery for incorporation of the crop (Lord et al., 2011). A typical granular nematicide
costs around £300 per hectare, e.g. Dazomet. Further, a brassica crop grown for
biofumigation may provide a habitat for pests and pathogens that later affect the cash
crop (Lu et al., 2010), and could impact a grower’s profits by occupying land that could
be used for growth of a cash crop. The case for biofumigation must be strong enough,

therefore, to justify any extra costs.

The effectiveness of biofumigation for control of nematodes is the subject of a great
deal of sometimes contradictory research: a recent meta-analysis of field trials refutes
the efficacy of brassicas when compared with fallow treatments (McSorley, 2011), while
a number of studies suggest that biofumigation may form an important role in future
management of nematodes (Chan and Close, 1987, Kirkegaard and Sarwar, 1998,

Mojtahedi et al., 1993).

Pure isothiocyanates are certainly toxic to nematodes and other plant pathogens in
vitro, but consistently translating this toxicity into a biofumigation scheme applied in the

field can prove challenging (Morra and Kirkegaard, 2002). Presented in the context of
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biofumigation, there have been numerous studies into the toxicity of isothiocyanates to
plant-parasitic nematodes. Meloidogyne incognita J2s incubated with glucosinolates
were unaffected, but when incubated with those same glucosinolates with added
myrosinase, all tested glucosinolates resulted in immobilisation and mortality (Lazzeri et
al., 2004). Allyl isothiocyanate was shown to be toxic to hatched Globodera pallida J2s
and to suppress induced hatching from cysts in vitro (Wood et al., 2017). Recovery of
G. pallida J2s from sand columns was reduced by up to 100% after 24 h exposure to
aqueous leaf extracts, relative to a water control treatment (Lord et al., 2011). It is
notable that the greatest level of control was not achieved with leaf extract from the
plants with highest glucosinolate leaf content, and a degree of control was also observed

with non-brassicaceous leaf extracts (Lord et al., 2011).

Isothiocyanates are not equally bioactive: in a number of invitro assays allyl
isothiocyanate, the breakdown product of one of the more prevalent glucosinolates,
sinigrin, has been shown to be highly toxic to both M. incognita and M. javanica,
alongside other effective ITCs such as 2-phenylethyl ITC and methyl ITC (MITC) (Aissani
et al., 2013, Lazzeri et al., 2004, Wu et al., 2011, Zasada and Ferris, 2003); phenyl ITC
was found to have low toxicity to both species (Aissani et al., 2013, Wu et al., 2011);
while a number of compounds were differentially toxic, with butenyl ITC and 4-
methylthiobutyl ITC having high bioactivity against M. incognita (Lazzeri et al., 2004) but
lower bioactivity with M. javanica (Wu et al., 2011). This discrepancy between closely
related nematode species indicates that results from studies on one plant-parasitic
nematode may not apply to others, suggesting that achieving a “one size fits all”

biofumigation protocol may not be a plausible goal.

Attempts to translate effective in vitro trials with biofumigation into efficacy in planta
have seen some success. Pot trials with three B. juncea cultivars incorporated into soil
containing G. pallida cysts found that egg viability was reduced by 70-85 % in uncovered
pots and by up to 95 % when the soil was covered with polyethylene — other brassica
species reduced viability to lesser extents while a wheat treatment also reduced levels
relative to a mock treated control (Lord et al.,, 2011). Incorporated green tissues of
Brassica rapa (turnip), B. oleracea (kale, cauliflower, broccoli and Portuguese cabbage),

and Nasturtium officinalis (watercress) significantly reduced cyst-formation in potatoes
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grown in G. rostochiensis-infested pots, to less than 7% of the untreated control in the
case of the watercress amendment (Aires et al., 2009). Reduction in hatching was
observed in G. pallida cysts exposed to allyl isothiocyanate in vitro, but this could not
then be replicated in pot trials using infested field soil (Brolsma et al., 2014). Tissue
extracts from three Brassica oleracea varieties, B.rapa (turnip) and Nasturtium
officinale (watercress) were added to pots in which G. rostochiensis were growing on
susceptible potato; population growth was significantly reduced relative to a control
treatment (Aires et al., 2009). However, extracts were made by freeze-drying and
grinding the green tissues of the plants before addition to the pots in which juveniles
had already hatched from cysts, conditions that do not represent a standard
biofumigation protocol, and the biomasses required of each tested cultivar in a given
field would require addition of green tissues grown separately to the field to be tested

(Aires et al., 2009).

Direct applications of isothiocyanates to infested fields have demonstrated the toxicity
of these compounds in an agricultural context. Application of allyl and acryloyl
isothiocyanates to M. javanica-infested cucumber plots resulted in reduced galling to
near zero at higher concentrations (=1 kg ha), comparing favourably with metam
sodium (Wu et al., 2011), though no comparison was made between the concentrations
of ITCs added to the plots and the potential output from incorporation of a biofumigant
crop. Biofumigation by incorporation of yellow mustard, Brassica juncea cv. Zlata,
significantly reduced G. rostochiensis population levels in two fields in Belgium
compared with growing but not incorporating the mustard and with fallow — combining
mustard incorporation with plastic mulching further reduced the viable nematode
populations (Valdes et al.,, 2012). Application of B. juncea seed meal to
Meloidogyne incognita-infested soil reduced viable J2 populations to near zero, without
negatively impacting the growth of pepper (Capsicum annuum) seedlings transplanted
into the soil later on (Meyer et al., 2011). Field trials performed in Shropshire, UK, found
that summer-grown B. juncea cv. Caliente 99 and Raphanus sativus cv. Bento reduced
G. pallida egg viability, and that total glucosinolate content in the plants correlated with
reduction in viability (Ngala et al., 2014). Analysis of host status and effects of green

manure incorporation of a number of crops in M. chitwoodi-infested potato fields found
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that R. sativus cvs. Melodie and Trez were both poor hosts for the root-knot nematode
and that green tissue incorporation resulted in nematode populations falling by 65-79%
and reduced galling in the following crop (Al-Rehiayani and Hafez, 1998). As well as
acting to control nematode populations, brassicaceous green tissue amendments have
been demonstrated to reduce the impact of soil-borne fungal disease on subsequent

potato crops (Larkin and Griffin, 2007).

Conversely, a number of studies have demonstrated “biofumigant” effects separate
from glucosinolate content or isothiocyanate production, or the simple absence of any
nematode-controlling effect, attributing suppressive effects or improvements to crop
yield to the benefits of a green tissue incorporation more generally. Green manures are
thought to benefit subsequent crops by providing greater available nutrients and to
boost soil microbial communities, potentially increasing the abundance of organisms
that help fight plant pathogens (dos Santos Marques et al., 2017). Analysis of a number
of studies on various non-brassica rotation crops found that nematode numbers were
suppressed at a rate similar to application of aldicarb and to a season of clean fallow,
but performed poorly compared to fumigation with methyl bromide (McSorley, 2011).
A reduction in G. rostochiensis populations was observed when brown mustard was
grown in rotation for 3 consecutive years in infested fields in Canada, but this effect was
mirrored by corn and millet rotations, and a greater population reduction was observed
in plots in which resistant potato cultivars were planted (Bélair et al., 2016). An
experimental field in Germany that was host to several plant-parasitic nematode genera
(Meloidogyne, Heterodera, Trichodorus, Tylenchorynchus, and Pratylenchus) was
separately treated with amendments of four B. juncea cultivars as well as with wheat
with and without added allyl isothiocyanate, as positive and negative controls; no
significant impact on population densities of the monitored plant-parasitic nematode
genera was recorded following incorporation of brassicas or of wheat with added
isothiocyanates (Vervoort et al., 2014). However, owing to the low initial densities of
Meloidogyne, Heterodera, and Pratylenchus found in the field, only the ectoparasitic
Trichodorus and Tylenchorynchus genera were assessed post-incorporation, so impacts
on sedentary and migratory endoparasites cannot be inferred from the results (Vervoort

et al.,, 2014). Rapeseed was found to be a poor host for both M. incognita and
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M. javanica but population growth on the following squash crop was unaffected by
incorporation of the brassica green manure (Johnson et al., 1992). In a number of field
trials performed in Georgia, USA, growth of M. incognita populations on a number of
biofumigants counteracted the reduction observed after incorporation of green tissues,
such that the cash crop was exposed to higher nematode populations than before the
trials began (Monfort et al., 2007). Realisation of any potential biofumigant effect from
a crop depends on translating glucosinolate concentrations in the plant into
isothiocyanate concentrations in the soil. A study performed on two commercial
biofumigant crops found that tissue disruption and incorporation using a rotary hoe
resulted in only 1.0 £ 0.08 % of the potential isothiocyanate release detected in soils
after 24 hours (Morra and Kirkegaard, 2002). The concentrations of isothiocyanates in
the soil were found to be highest immediately after incorporation of high-glucosinolate
Brassica juncea, reaching a maximum of 56% ITC release efficiency, but concentrations
tailed off thereafter, though some isothiocyanates were detected at low levels up to 12

days after incorporation (Gimsing and Kirkegaard, 2006).

A potential issue with the application of biofumigation to control some nematode
species is that, regardless of any population-controlling effect of green tissue
incorporation, polyphagous nematode species may increase in numbers over the growth
period of the biofumigant crop by utilising the biofumigant as a host. An assessment of
the host status of 31 brassica cultivars across 8 species for Meloidogyne incognita,
M. hapla, and M. javanica found that the majority of the plants tested had significant
root galling (Edwards and Ploeg, 2014), according to an established root galling index
(Bridge and Page, 1980). Glasshouse experiments with M. javanica grown on B. juncea,
B. napus, and a commercial biofumigant mix of B. napus and B. campestris found that,
though population increases were only 3-23% of those found on a susceptible tomato
cultivar, they were enough that the authors recommended against summer growing of
these plants for biofumigation in subtropical climates, as any positive effects would be
undone by the increase in nematode numbers (Stirling and Stirling, 2003). However, this

should not be an issue for control of host-specific cyst nematodes such as Globodera.

A further issue is that of target specificity, though this also applies to chemical

nematicides. Entomopathogenic nematodes are thought to help protect crops from
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insect pests and are sometimes intentionally applied to fields as a biocontrol measure —
infection of Galleria mellonella larvae by native entomopathogenic nematodes was
reduced in potato fields that had had biofumigant amendments, and glasshouse trials
showed that entomopathogenic nematode activity was more affected by brassica
amendments with higher glucosinolate content (Ramirez et al., 2009). Conversely, a
mixed system containing Colorado potato beetle (Leptinotarsa decemlineata),
Steinernema spp. entomopathogenic nematodes, and Meloidogyne chitwoodi, grown
on potato in pots, found that biofumigation interrupted the effectiveness of
entomopathogenic nematode-based insect control, but ultimately led to greater potato
yields as root-knot nematode populations were decreased and Colorado potato beetles

were discouraged from egg-laying (Henderson et al., 2009).

A review of the literature suggests that the science of biofumigation is far from settled.
While the toxicity of isothiocyanates and the generation of isothiocyanates from
disrupted brassica tissues are both well documented, the question of how to translate
this into an effective and consistent nematode management technique remains

unanswered.
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1.5 Aims

A great deal of research has focused on the potential for biofumigation as a method of
pest control, but the number of conflicting reports and the lack of a full understanding
of the mechanisms of the technique leave several questions unanswered. The effects of
exposure to isothiocyanates on plant-parasitic worms were investigated to better
understand variations in susceptibility to biofumigation and to isothiocyanates, and to
provide a basis upon which further research can be built. To increase the number of
tools available to crop growers, a method for screening plant species for potential
biofumigant effects was developed. As glucosinolate content is not always linked to
biofumigant efficacy, the volatile emissions of a number of brassicas were investigated
to determine if brassicas offer a source of nematode control separate to the

glucosinolate-myrosinase system.
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Chapter 2 General Materials & Methods

2.1 Biological Materials
Plants:

e Potato — Solanum tuberosum cv. Désirée

e Yellow mustard — Brassica juncea cv. ISCI99

e Radish — Raphanus sativus cv. WeedCheck, Diablo
e Rocket — Eruca sativa cv. Nemat

e Tomato — Solanum lycopersicum cv. Ailsa Craig
Nematodes:

e White potato cyst nematode — Globodera pallida LINDLEY (Pa2/3)
e (Caenorhabditis elegans

= N2 (wild-type)

= uncll9

= gst-31::gfp reporter strain (Jones et al., 2013b)
Bacteria:

e Escherichia coli
= Ultra-competent DH5a (Inoue et al., 1990)
= HT115(DE3)

2.2 Cultivation of nematodes

2.2.1 Cultivation of cyst nematode populations

Cysts of Globodera pallida were stored long-term in soil at 4 °C. Cyst populations were
replenished by growing susceptible potato cultivars in 50:50 sand/loam soil containing
cysts to give approximately 50 eggs g soil. Tubers of the potato cultivar Désirée were
allowed to chit by incubating in an open tray at room temperature. Tuber cuttings
containing one chit were taken and planted in 15 cm pots. These were watered every

other day for approximately 12 weeks when the foliar parts of the plants were clipped
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and the soil was left to dry. After drying, egg counts were performed on 100 g soil

samples (section 2.1.4) and the soil was stored at 4 °C.

2.2.2 Extraction of cysts from soil

Cysts were extracted from soil using the Fenwick can method (Fenwick, 1940). Soil
samples infested with cysts were washed through an 800 um steel mesh sieve into the
Fenwick can, removing larger pieces of detritus, where the buoyant cysts are separated
from heavier soil particles by flotation. The effluent from the can was then sieved
through a 500 um mesh and collected in a 150 um mesh sieve, removing particles larger
and smaller than the cysts. The contents of the sieve were then rinsed into a medium
flow filter paper (GE Whatman, UK) in a sealed funnel. The contents of the filter paper
were allowed to settle before slowly draining, leaving the cysts in the outer ring of
sediment collected on the paper. Cysts were then collected from filter papers using fine
forceps under a dissecting microscope. Cysts were stored in sterile distilled water at 4 °C

before use.

2.2.3 Performing egg counts

Egg counts were performed by extracting all cysts from 100 g infested soil samples
(section 2.2.2) before crushing the cysts and resuspending the eggs in water.
Subsamples from each egg suspension could then be counted using a counting chamber

slide and from there the number of eggs per gram of soil calculated.

2.2.4 Hatching Globodera pallida cysts

In order to sterilise the cysts and induce hatching of second stage juveniles (J2s), cysts
of Globodera pallida were first washed in absolute ethanol for 30 seconds, then with 1%
sodium hypochlorite solution for up to 20 minutes, frequently inverting to ensure good
mixing, until the cysts lost their brown colouration (Heungens et al., 1996). This causes
the walls of the cysts to rupture, releasing eggs and encouraging hatching. Cysts were
then washed thoroughly with sterilised tap water, to ensure no bleach remained. After
washing, cysts were placed in a hatching jar consisting of a small, thick-walled glass jar
covered with tinfoil to block light and containing a plastic ring holding a 30 um nylon
mesh, all autoclaved before use, onto which the cysts were placed. The mesh keeps eggs
and cysts within the plastic ring but allows hatched juveniles through, to collect in the

glass jar. Potato root diffusate was added to each jar to further encourage hatching, and
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the jar was stored at 20 °C in the dark. After an initial 4 day incubation, juveniles were
collected from the jar and the removed potato root diffusate was replaced each day for
a period of 2 weeks. Any juveniles not immediately used were stored in non-stick 15 ml

centrifuge tubes at 10 °C.

2.2.5 Plate cultivation of Caenorhabditis elegans

Caenorhabditis elegans cultures were maintained on 50 mm petri dishes with Nematode
Growth Medium Lite (NGM Lite) + tetracycline, seeded with a lawn of Escherichia coli
strain HT115, sealed with Parafilm M paraffin film (Bemis NA, Wisconsin, USA). Plates
were incubated at 20 °C to encourage population growth or at 10 °C for longer term
storage. When the bacterial lawn of plates was depleted, nematodes were transferred
to new plates using a WormStuff worm pick with a flattened platinum tip (GeneSee
Scientific, California, USA). When plates were contaminated with foreign bacteria or
fungi, cultures could be axenised (Stiernagle, 1999). Gravid hermaphrodites were first
rinsed from contaminated plates with sterile distilled water and collected in a 3.5 ml
total volume in a 15 ml centrifuge tube. A mixture of 0.5 ml 5M NaOH and 1 ml
household bleach was then made up and added to the nematode suspension, which was
vortexed for a few seconds every 2 minutes for a period of 10 minutes. This breaks down
the bodies of the adults and sterilises the surfaces of released eggs. The tube was then
centrifuged at 1500 rcf for 30 seconds to collect released eggs, and the supernatant
removed and replaced with sterile distilled water. The centrifugation was repeated, the
supernatant removed, and the remaining concentrated volume of eggs added to a fresh

NGM Lite plate seeded with E. coli HT115.

2.2.6 Caenorhabditis elegans liquid cultures

In order to grow larger populations, C. elegans was grown in liquid culture. To start a
liquid culture from a plate, nematodes of all stages were rinsed from the surface of the
media using sterile M9 buffer. The nematode suspension was then added to a 250 ml
conical flask containing 50 ml sterile M9 buffer, 300 ul 0.5 M CaCl,, 150 pl 1.0 M MgSQOs,
50 ul 8 mg/ml cholesterol in ethanol, 500 pl antibiotic mix (penicillin, streptomycin, and
neomycin, at 10 mg/ml, 10 mg/ml, and 5 mg/ml respectively), and 50 pul 10 mg/ml

nystatin. To this was added 3 ml of a condensed E. coli HT115 food source. Cultures were
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checked periodically for population status and food availability, adding more HT115 as

necessary.
2.3 Bacterial cultivation

2.3.1 Preparation of E. coli HT115 as a food source for C. elegans liquid culture

An overnight culture of E. coli HT115 in 5 ml LB media (10 g tryptone, 10 g NaCl, and 5 g
yeast extract per litre, autoclaved) was added to 1.4 | superbroth media (15.68 g
K2HPO4, 2.89 g KH2PO4, 15 g tryptone, 30 g yeast extract, 1.4 | distilled water, with
10 mI 50 % glycerol added after autoclaving) in a 2 | conical flask. The flask was incubated
at 37 °C, 150 rpm for 24 hours. After incubation, the culture was split between six 250 ml
centrifuge bottles and pelleted by centrifugation at 8000 rcf, 4 °C for 15 min. The
supernatant was discarded and each pellet re-suspended by addition of 12 ml M9 buffer
followed by shaking on ice at 200 rpm for 20 min, or until the pellets were fully re-
suspended. The suspension was then aliquoted into 15 ml sterile tubes before freezing
at -20 °C. This suspension could then be defrosted as necessary for feeding C. elegans

liquid cultures.

2.3.2 Preparation of ultra-competent E. coli DH5a

Cell cultures were generated from existing frozen aliquots of E. coli DH5a cells, using a
modified method based on Inuoue et al., 1990. Cells were streaked on 90mm LB-agar
plates (10 g tryptone, 10 g NaCl, 5 g yeast extract, and 15 g bacteriological agar per litre,
autoclaved) and incubated overnight at 37 °C to achieve single colonies. Three liquid
cultures were set up, staggered at 6 hour intervals, in 1 | conical flasks containing 250 ml
SOB media (Super-optimal broth: 5 g yeast extract, 20 g tryptone, 0.584 g NaCl, 0.188 g
KCl, 2.032 g MgCl,, 2.464 g MgS04 per litre, autoclaved) by picking 10 individual colonies
and adding them to each flask. These were incubated at 19 °C and 250 rpm for at least
24 hours, after which samples were taken to assess absorbance at A600 nm (Asoo), using
sterile SOB media as a blank. When the Aeoo came into the 0.5-0.6 range, the flask was
taken out of the incubator and placed on ice for ten minutes — preparation of three
staggered cultures was done so that if the first culture reached As00>0.6, the second or
third could still be used. The liquid culture was then centrifuged at 4000 rpm, 4 °C for
10 min and the supernatant removed. The cell pellet was then re-suspended in 80 mI TB

(Transformation buffer: 10 mM PIPES, 15 mM CaCl,, 250 mM KCl, adjusted to pH 6.7
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with KOH and HCl, before adding 55 mM MnCl,e4H,0 and sterilising by filtration through
a 0.45 um syringe filter, to be stored at 4 °C). After re-suspension, the cells were stored
on ice for a further 10 min before repeating centrifugation as above. The supernatant
was removed and the cells gently re-suspended, on ice, in a solution of 1.4 ml ice cold
DMSO and 18.4 ml TB. Cells were then dispensed in 100 ul aliquots into pre-chilled,
sterile microcentrifuge tubes and snap frozen in liquid nitrogen. Tubes containing ultra-

competent DH5a cells could then be stored at -80 °C indefinitely.
2.4 Molecular Biological Techniques

2.4.1 Transformation of ultra-competent cells

After defrosting ultra-competent E. coli DH5a cells (prepared according to methods
section 2.1.9), plasmid DNA was pipetted into the tube containing the cells. After
incubating on ice for 5 minutes, cells could then be plated on LB-Agar plates. To select
for positive transformants when the added plasmid contained antibiotic resistance
genes, the relevant antibiotics were added into the LB-Agar solution before pouring into
the plates. The transformation efficiency of the cells could be tested by adding a known
mass of purified plasmid DNA to an aliquot of cells, preparing a dilution series from that
aliquot and then plating the different dilutions (on antibiotic-selective LB-Agar) and
growing overnight at 37 °C. Transformation efficiency, expressed as colonies/ug DNA,
could be calculated by dividing the number of colonies counted on a plate, divided by
the mass of DNA added to the original cell aliquot and then divided again by the dilution

factor relevant to the plate counted.

2.4.2 Extraction of plasmid DNA from bacterial cultures

Depending on the application for which the plasmid DNA was intended, two separate
methods of plasmid extraction were routinely performed. When checking a number of
colonies for the presence of a plasmid with insert for which there was no trivial selection
criteria (e.g. blue-white screening), an alkaline lysis minipreparation was performed as
follows: colonies were picked and transferred to Universal containers with 5 ml LB media
and the relevant antibiotic for selection; these were then incubated overnight at 37 °C,
200 rpm. From each liquid culture, a 1.5 ml aliquot was pipetted into a microcentrifuge
tube and centrifuged at 14,100 rpm for 15 s — the supernatant was then discarded and

a second 1.5 ml aliquot added to the same tube and centrifuged again under the same
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conditions. Each pellet was then re-suspended in 100 pl miniprep solution 1 (50 mM
Tris-HCI, 10 mM EDTA, pH 8.0, with 100 pg/ml RNase A added after autoclaving) and
vortexed to break up any clumps. To each tube was then added 200 pl solution 2 (1%
SDS, 0.2M NaOH), followed by mixing without vortexing, to avoid shearing of genomic
DNA. This was then incubated on ice for 5 minutes, after which 150 ul solution 3 (3.0 M
potassium acetate, pH 5.5, ice cold) was added, followed again by gentle mixing and
incubation on ice for 5 minutes. To remove the white precipitate that forms, the tubes
are centrifuged at 14,100 rpm for 5 minutes and the supernatant pipetted into sterile
microcentrifuge tubes. One volume of isopropanol was then added and the tubes are
mixed vigorously before letting stand for 2 minutes at room temperature and
centrifuging at 14,100 rpm for 5 minutes. The supernatant was then discarded, taking
care not to disturb the pellet, and 200 ul absolute ethanol was added. The tubes are
then mixed by inversion and centrifuged once again at 14,100 rpm for 3 minutes. The
ethanol was then discarded and any remnants allowed to evaporate, before re-

suspending the pellet in 30 pl TE buffer (10 mM Tris-HCIl, 1ImM EDTA, pH 8.0).

After identifying colonies of interest either through selection criteria like blue-white
screening, or through analysis of the crude plasmid DNA from the above method,
purified plasmid DNA could be obtained by growing an overnight culture, as above, and
performing a miniprep using a QlAprep Spin Miniprep Kit (QIAGEN, 27106). Crude
miniprep plasmids could also be purified by using a modified method provided in the

QlAprep Spin Miniprep Kit.

2.4.3 Extraction of nematode genomic DNA

Extraction of Globodera pallida genomic DNA was performed according to a protocol for
C. elegans total DNA extraction (Johnstone, 1999). Briefly, clean cysts were crushed to
obtain eggs as in method 2.2.3, or J2s were collected from hatching jars, as in method
2.2.4. These were pelleted and the supernatant removed. The juveniles or eggs were
then re-suspended in 10 volumes of extraction buffer (0.1 M NaCl, 10 mM Tris-HCl,
pH 8.0, 10 mM EDTA, 1% SDS, autoclaved, to which 1% B-mercaptoethanol and
100 pg/ml proteinase K are added before use, preheated to 60 °C). This was then
incubated at 60 °C for 1-3 hours with occasional mixing by gentle inversion. Degradation

was checked by viewing 5 pl aliquots of the mixture under magnification. Once worms
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were visibly degraded, leaving only remnants of cuticle, the DNA was separated from
proteins, etc., by phenol-chloroform extraction (method 2.4.4), performing this twice
with phenol:chloroform:IAA and then once with chloroform only. The resulting DNA

solution could then be cleaned and concentrated by ethanol precipitation.

2.4.4 Phenol-chloroform extraction of nucleic acids

Phenol-chloroform extraction was performed in order to purify nucleic acids extracted
from whole organisms, removing cellular debris. To a given volume of DNA to be
purified, an equal volume of phenol:chloroform:isoamyl alcohol (in a 25:24:1 ratio) was
added. This was then vortexed until an emulsion was formed then centrifuged in a
microcentrifuge at maximum speed for 5 minutes. The aqueous phase was then pipetted
into a new tube, taking care not to take up any of the interphase or the lower phenol
phase. The extraction could then be repeated on the aqueous phase by adding another
volume of phenol:chloroform:isoamyl alcohol. Chloroform could then be used alone for
a further extraction, following the same protocol. Ethanol precipitation of the DNA could
then be performed by addition of 0.7 volumes of isopropanol and 0.1 volumes of sodium

acetate.

2.4.5 Ethanol precipitation of nucleic acids

In order to clean and concentrate DNA, ethanol precipitation was performed as follows:
0.1 volumes 3 M sodium acetate, pH 5.5, and 0.7 volumes isopropanol were added, the
tube mixed by inversion, then incubated at room temperature for 5 minutes. DNA was
then pelleted by centrifugation at maximum speed for 5 minutes, and the supernatant
was removed. The pellet was then washed with filter-sterilised 70 % ethanol, by adding
a 200 ul aliquot, pipetting to float the pellet from the bottom of the tube, and
centrifuging at max speed for 3 minutes. After this, the ethanol was pipetted off and the
pellet was allowed to air dry for 3 minutes. The pellet was then rehydrated by addition
of 80 pl TE buffer and resting for 1 hour at room temperature and then overnight at 4 °C
before being re-suspended by gently mixing. If required, 1 pl 10 mg/ml RNase A could

then be added to the DNA solution.

2.4.6 Polymerase chain reaction
The polymerase chain reaction was used extensively throughout the project. Where the

purpose of the PCR was to identify the presence or absence of a specific sequence,
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standard PCR was performed using MyTaq™ Red Mix (Bio-Line, BIO-25044). Reaction

mixtures were set up according to the following scheme:

20.0 pl  Total reaction volume
10.0 pI MyTag™ Red 2X Mix
0.5 pl  Forward primer

0.5 pl  Reverse primer
xul DNA
(9.0 - x) ul  ddH;0
Where X is the variable concentration of the DNA source to be amplified. PCR was then
performed on a Bio-Rad T100 Thermal Cycler (Bio-Rad, 186-1096). The annealing
temperature (Ta) used was typically set at 5 °C below the lower melting temperature

(Tm) of the primer pair. The protocol used was as follows:

Cycles Temp (°C)  Time (min:s)

1x 95 0:30

95 0:15

35x (Tm-5)*  0:15
72 0:30 per kb**

1x 72 3:00

* annealing temp based on primer Tp;
** extension time based on fragment
length, kilobases
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High-fidelity PCR was performed when high quality amplification was desired, such as
when a DNA fragment was to be amplified for later sequencing. For this purpose,
Phusion High-Fidelity DNA Polymerase (New England BioLabs, M0530) was used, with

each reaction mixture set up as follows:

25.0 ul  Total reaction volume
5.0 ul  5X Phusion HF or GC buffer
0.5pul 10mM dNTP mix
0.25 pl  HiFi Platinum Tag (5U/ul)
X ul - Template DNA (<250ng)
1.25 ul Forward primer, 10 uM

1.25 pl  Reverse primer, 10 uM
(17.75-x) ul  ddH,0

The reaction was then cycled according to the following protocol, using the same Bio-

Rad T100 Thermal Cycler:

Cycles Temp (°C)  Time (min:s)

1x 98 0:30
98 0:10
35x (Tm+3)* 0:10-0:30
72 0:30 per kb**
1x 72 3:00

* annealing temp based on primer Tp;

** extension time based on fragment

length, kilobases
Where amplification of a fragment was expected but was not achieved, optimisation of
the PCR reaction could be performed for both standard and high-fidelity reactions. In
some cases, addition of 5% DMSO to the reaction mixture (with an associated reduction
in the volume of added ddH,0) helped improve amplification. Optimisation of annealing
temperature was performed by making up replicates of individual reactions and cycling
the reactions through identical schemes with only the annealing temperature altered.
Analysis of the products on an agarose gel (Method 2.4.8) would then allow selection of

the optimal annealing temperature for future reactions.
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2.4.7 Colony PCR

In order to test for the presence of the desired transgene in transformed bacterial
cultures before growth of overnight cultures, colony PCR was performed. If the DNA
fragment of interest was expected to fall between conserved regions of a plasmid,
generic primers could be used; otherwise, transgene sequence-specific primers were
used. Individual colonies from a plate of transformants were picked using a sterile yellow
pipette tip and transferred to a 50 ul aliquot of autoclaved, distilled water. This could
then be used in place of the DNA template when setting up the PCR reaction. Colony

PCR reactions were set up as follows:

10.0 Wl  Total reaction volume
5.0 ul MyTag™ Red 2X Mix
0.5 ul Forward primer

0.5 ul Reverse primer
2 ul Bacterial cell suspension
3ul ddH,0

Reactions were then cycled similarly to standard PCR conditions, with an extended initial

denaturing step at 95 °C in order to breakdown bacteria and release the plasmid DNA:

Cycles Temp (°C)  Time (min)

1x 95 10:00
95 0:15
35x 55 0:15
72 0:30 per kb*
1x 72 10:00

*extension time based on fragment

length, kilobases
Reaction mixtures could then be analysed by agarose gel electrophoresis (Method
2.4.8). Where the PCR of a colony generated an amplicon of the desired size, the
remainder of the cell suspension could be added to 5 ml LB media (with relevant
antibiotic for selection) in a 30 ml Universal container, then incubated overnight at
37 °C, 200 rpm, to generate sufficient quantities of plasmid DNA for downstream

applications.
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2.4.8 Agarose gel electrophoresis

In order to analyse the products of PCR reactions, restriction digests, and other
techniques that generate linear DNA, agarose gel electrophoresis of the DNA was
performed. Typically, 1.0 % w/v agarose (molecular biology reagent grade) was added
to a volume of TAE buffer (40 mM Tris-acetate, 1 mM EDTA) and dissolved by heating in
an 800W microwave at full power for 60 seconds; the volume required was determined
based on the number of gels desired and the size of the gel trays to be used. The heated
solution was then allowed to cool to approximately 60 °C before adding
1/20,000 volume of GelRed Nucleic Acid Stain (Biotium, 41003). The gel was then gently
poured into gel trays that had been sealed at each end, ensuring that no bubbles are
formed while pouring. A well comb with a number of teeth appropriate to the number
of samples to be analysed was then added, before leaving the gel to cool and set. Once
cooled, autoclave tape was removed, gels were placed into the electrophoresis tank and
the combs carefully removed, and the gel could be loaded with samples. If necessary,
loading buffer was added to DNA samples before pipetting into wells, alongside wells
dedicated to a DNA marker, typically 1.5 pl 1 Kb Plus DNA Ladder (Invitrogen, 10787018),
spaced appropriately among sample wells to allow for visualisation after
electrophoresis. Electrophoresis was then performed in Bio-Rad horizontal gel
electrophoresis tanks, using the Bio-Rad PowerPac 300 power system (Bio-Rad, 31453),
typically performed at 70 V for 45 minutes. Where higher resolution gel images were
required, a higher percentage of agarose was added to the gel, while a lower agarose
percentage was used to achieve greater separation of bands at the cost of resolution.
Gels were imaged and photographed under UV illumination using a Syngene U:Genius 3

gel imager.
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Chapter 3 Globodera pallida xenobiotic metabolism in

the context of biofumigation

3.1 Introduction

The cellular mechanisms by which organisms detoxify foreign compounds (xenobiotics)
are collectively termed the xenobiotic metabolism. Xenobiotic metabolism and the
enzymes associated with it (XMEs) are classified into three phases: modification,
conjugation, and excretion. Phase | — modification typically involves recruitment of
cytochrome P450 (CYP) enzymes, resulting in oxidation, reduction, or hydrolysis of
xenobiotic compounds, priming them for the next phase (Omiecinski et al., 2011); over
21,000 CYPs have been described across all domains of life (Nelson, 2009). Phase Il
metabolism is the conjugation of charged species to the products of phase | metabolism.
Enzymes such as glutathione S-transferases (GSTs, which conjugate reduced
glutathione, GSH), UDP-glucuronosyltransferases (UGTs), and methyltransferases
produce conjugated compounds that are higher in molecular weight and have reduced
reactivity and toxicity (Jancova et al., 2010). The distinction between the first two phases
of xenobiotic metabolism was first made in the 1950s, though conjugation as a method
of detoxification had been observed in decades prior (Williams, 1959). Phase llI
encompasses a broader range of enzymes that recognise, and may modify further, the
products of phase Il before transporting them from the cell into the extracellular matrix,
via ATP-binding cassette transporters (ABCs), where they undergo further modification
and eventual degradation (Omiecinski et al., 2011). The modes of action of some drugs,
including drugs designed to treat nematode parasites in mammals, depend on activation
by the xenobiotic metabolism of the target: the drug as administered may not be
bioactive until it has been altered through interaction with XMEs (Matouskova et al.,
2016). Xenobiotic metabolism also plays an important part in the development of
resistance to drugs: C. elegans lines that were selected for resistance to ivermectin and
moxidectin constitutively over-expressed XMEs and transporters compared to
susceptible lines (Menez et al.,, 2016). The processes that manage toxic compounds
generated during the normal function of the cell are considered distinct from the

xenobiotic metabolism, and comprise the glyoxalase system (part of the metabolic
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pathway that generates GSH (Thornalley, 2003)) and the various systems of antioxidant
metabolism (Sies, 1997).

Investigation of the xenobiotic metabolism of an organism has the potential to provide
targets for control. Endoparasites are protected from many foreign compounds by the
body of their host, reflected by reduced complements of XMEs observed in a number of
parasitic nematode species (Abad et al., 2008, Cotton et al., 2014, Ghedin et al., 2007).
However, they must combat the defences of the host for the duration of parasitism.
Inhibition of a parasite’s ability to avoid host defences should therefore have a
detrimental effect on continued parasitism. The xenobiotic metabolisms of animal-
parasitic nematodes have long been investigated as potential drug targets (Brophy and
Barrett, 1990). Drugs that inhibit GSTs have been trialled against filarial nematodes
(Ahmad and Srivastava, 2008), while cattle were protected against infection by
Fasciola hepatica by immunisation with GST (Morrison et al., 1996). Plant-parasitism
presents similar challenges for the parasite: following infection by M. incognita, tomato
cells produced increased levels of nitric oxide, reactive oxygen species, and other
defence compounds (Melillo et al., 2011), that are implicated both in direct toxicity to
the invading organism, and in activation of further defence mechanisms including
generation of toxic secondary metabolites (Torres et al., 2006). Transcription factors
conserved with animal-parasitic nematodes and associated with xenobiotic metabolism
have been implicated in successful maintenance of plant-parasitism (Gillet et al., 2017).
Modulation of transcription factors involved in arabidopsis stress responses was
observed in cases of Heterodera schachtii infection (Ali et al., 2014) and study of root-
knot nematode effectors has identified manipulation of host defences as a major role

(Quentin et al., 2013).

Of relevance to biofumigation are the xenobiotic metabolic elements involved in
detoxification of isothiocyanates. The enzymes most closely associated with
detoxification of isothiocyanates are glutathione S-transferases: numerous studies have
demonstrated that isothiocyanates are sequestered in mammalian cells by conjugation
with glutathione (Jiao et al., 1996, Kolm et al., 1995, Zhang, 2000). This mode of
detoxification is conserved across diverse phyla: arabidopsis with reduced glutathione

levels were more sensitive to allyl isothiocyanate, exposure to which induced up-
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regulation of GSTs in both mutants and wild type (@verby et al., 2015); exposure to
Dazomet induced the specific up-regulation of a C. elegans glutathione S-transferase,
GST-31 (Jones et al., 2013b). The Globodera pallida genome publication highlighted the
limited repertoire of genes involved in xenobiotic metabolism (Cotton et al., 2014), a
feature commonly observed in endoparasitic animals due to the protective nature of
living within another organism. GSTs in parasitic nematodes have been shown to have
roles in detoxifying endogenous cytotoxins as well as xenobiotic compounds (Ahmad
and Srivastava, 2008), therefore contributing to normal cell function in the absence of
xenobiotics. This is in-line with the trend among parasitic animals towards reduction and
compaction of the genome (Poulin and Randhawa, 2015). This reduced complement of
XME genes could result in each gene having a greater number of roles, such that

knocking out expression of a single gene could have important effects.

The silencing of genes by RNA interference (RNAi) was developed in C. elegans (Fire et
al.,, 1998) and has been subsequently demonstrated in a number of plant-parasitic
nematodes including Globodera pallida (Lilley et al., 2012). The classical RNAi pathway
occurs when exogenous dsRNA is recognised by the target organism and processed by
the Dicer complex into small interfering RNAs (siRNA) (Grishok, 2005). The RNA-induced
silencing complex (RISC) is then guided by these siRNAs to homologous mRNAs, which
are then cleaved by an Argonaute protein, a class of ribonucleases integral to the
function of the RISC (Sontheimer, 2005). Study of the genome of G. pallida has revealed
that many of the components of the RNAi machinery described in C. elegans are
conserved, though genes involved in the spreading of dsRNA between cells, enabling
systemic RNAI, are missing (Cotton et al., 2014). The fixed feeding site induced by
sedentary endoparasitic plant parasitic nematodes is ideal for the targeted delivery of
silencing dsRNA (Lilley et al., 2012); as the interface between host and parasite, the
feeding site is also the frontier at which the nematode faces host defences. Transgenes
under control of root-specific promoters that are up-regulated in the giant cells of
Meloidogyne spp. and the syncytia induced by Globodera spp. have been previously
used to deliver an anti-feeding cystatin in potato roots (Lilley et al., 2004). Resistance to
multiple Meloidogyne spp. was achieved in arabidopsis expressing dsSRNA homologous

to a parasitism gene, 16D10 (Huang et al., 2006). Tomato plants expressing dsRNA
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targeting M. incognita cuticle collagen genes reduced the numbers of females per plant
by up to 38 % and the number of eggs in each egg mass by as much as 82 % (Banerjee
et al., 2017). RNAI targeting plant-parasitic nematodes has been most effective when
the target is essential to normal cellular function in the target (Lilley et al., 2012).
Targeted silencing of particular G. pallida genes could therefore elucidate the
importance of xenobiotic metabolism to maintenance of sedentary endoparasitism, and
potentially provide a new method of control. The ability to generate sequence-specific
silencing induced only at nematode feeding sites should allow for generation of biosafe

transgenic plants (Roberts et al., 2015).
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Aims

Investigate genes potentially involved in Globodera pallida xenobiotic
metabolism in response to the ITC-generator Dazomet

Substantiate gene models present in the G. pallida genome assembly and
analyse sequences to identify potential roles

Confirm the up-regulation of identified genes of interest in order to identify

candidates for targeting by RNA interference
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3.3 Materials & methods

3.3.1 RNAseq analysis of Globodera pallida xenobiotic metabolism

RNAseq analysis was performed on triplicate treatments of 5000 second-stage juveniles,
exposed to 0.12 mM Dazomet for 24 h and incubated with 0.5 % DMSO for 24 h as a
solvent control, at the Wellcome Trust Sanger Institute (Wellcome Trust Genome
Campus, Cambridgeshire, UK). Using an lllumina HiSeq instrument, 100 bp paired-end
reads were generated from RNA extracted from treated nematodes, and were mapped
to 16403 genes from the G. pallida genome assembly (hosted by the James Hutton
Institute, UK http://ppcollab.hutton.ac.uk/cgi-bin/gb2/gbrowse/Gp_ass_2012_04/
(Cotton et al., 2014)). Genes for which there were no reads from either Dazomet or
mock-treated RNA extractions were excluded from further analysis. Normalised
expression values were analysed using the DESeq2 package (Love et al., 2014) for R (R
Core Team, 2018) to give fold-changes in expression of genes between DMSO-treated
and Dazomet-treated nematodes that were differentially regulated, based on a
confidence value of P < 0.01. Genes of interest from among this subset were selected by
limiting the confidence level to P <0.005 for genes up-regulated under Dazomet
exposure, with a 10-fold lower limit for change in expression. A heatmap was generated
using the pheatmap package (Kolde, 2018) and principal components analysis was

plotted using the Bioconductor package (Huber et al., 2015).

3.3.2 Confirming gene models and cloning promoter regions

Primers for sequencing genes were designed based on the gene models present on the
Globodera pallida genome assembly, checking the melt temperature and potential for
primer dimers using the Multiple Primer Analyzer from ThermoFisher Scientific (with Trm
estimation based on a modified nearest neighbour method (Breslauer et al., 1986)).

Sequencing primers are given in Table 3.1.

Primers were first checked using standard PCR, to ensure amplification of an amplicon
from the G. pallida genome. High-fidelity PCR (Method 2.4.6) was then performed on
cDNA extracted from Dazomet-exposed G. pallida J2s (Method 3.3.4).
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3.3.3 Bioinformatic analysis of genes

Gene sequences were analysed to identify potential roles in G. pallida xenobiotic
metabolism or gene regulation. BLAST alignments (Altschul et al., 1990, Madden et al.,
1996, States and Gish, 1994) were combined with InterPro homology analysis (Finn et
al., 2017), SignalP signal peptide predictions (Petersen et al., 2011) and Phobius
transmembrane topology prediction (Kall et al., 2004) to inform assignment of putative

roles for the enzymes encoded by the sequenced genes.

3.3.4 RNA extraction and reverse transcription

To confirm the changes in gene expression identified through RNAseq, gPCR was
performed. Globodera pallida )2s were collected from hatching jars (Method 2.2.4), over
a period not exceeding 7 days. The nematodes were collected in a single 15 ml maximum
recovery centrifuge tube, and cleaned by allowing them to settle, removing the potato
diffusate and re-suspending in sterile tap water. This was repeated three times.
Nematodes were then re-suspended in water to give approximately 5000 individuals per
1 ml. Three experimental tubes were set up with 120 uM Dazomet (final concentration,
applied in 0.25 pul DMSO) and controls with 0.25 pul DMSO added were also set up, after

which each was incubated at room temperature at 14 rpm on a rotating mixer for 24 h.

Following incubation, the nematodes were pelleted at 3000 rpm for 3 minutes. The
supernatant was pipetted off from each tube, and the nematodes were frozen by
immersing the tubes in liquid nitrogen. RNA was extracted using the difficult tissue

samples protocol for the EZNA Plant RNA kit (Omega Bio-tek, Georgia, USA).

RNA concentrations were measured on a NanoDrop ND-1000 (Thermo Fisher Scientific,
Massachusetts, USA). Reverse transcription reactions were performed using equivalent

amounts of RNA, using the Tetro cDNA synthesis kit (Bioline, London, UK).
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Primer pairs for qPCR were designed using the Primer3Plus. qPCR was performed on a

CFX Connect™ Real-Time PCR Detection System (Bio-Rad, California, USA), with each

reaction mixture made up using the SsoAdvanced™ Universal SYBR® Green Supermix as

follows:

15.0 ul

Total reaction volume

7.5l
0.6 ul
3.9 ul

3.0ul

SsoAdvanced ™ Supermix
Primer mix (final concentration 300 nM)
Nuclease-free water

cDNA template

Primer pairs were mixed to give 7.5 uM of each prior to adding to Master mixes for each

primer pair were prepared without addition of cDNA before pipetting into each well.

Calibration curves for each primer were produced using pooled cDNA from the

Dazomet-treated nematodes, with a ten-fold dilution series from 5x to 50000x. Primer

pairs were rejected if their efficiency was outside the 90-110 % range. A complete list of

primers used for gPCR is given in Table 3.2.
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Table 3.1 Primers for sequencing of G. pallida genes

Primer

Sequence 5'-3'

Target accession
number

GP01278F
GP01278R
GP02040F
GP02040R
GP02405F
GP02405R
GP03693F
GP03693R
GP04700F
GP04700R
GP04723F
GP04723R
GPO4777F
GP0O4777R
GPO7079F
GPO7079R
GP08126F
GP08126R
GP08879F
GP08879R
GP09707F
GP09707R
GP10083F
GP10083R
GP10467F
GP10467R
GP10686F
GP10686R
GP11840F
GP11840R
GP11984F
GP11984R
GP12030F
GP12030R

ATGGACAGCGAGAAAGAG
ATTCGATCACTTCGGCCTCAT
CGACCAATGGGACATGAATCA
GTTGCATCATTCGTCTCGACT
AAATGGTCCAATACAAATTGT
CTCCATCGTTCAGCGGTCCTG
CATTATGGCACCAAAATTG
GGGAAGTTCCTTGGTAAAGCC
ATGATTGGTCATTTACGACAC
TCACCGCCACCAATTCCA
ATGTGCTTTCACAACTTGGTGG
TCAGAGGTCTGCGAGGTTACAAT

TTTTAAATAGAATATGTTGGAACAT

TTTCTACCAAATAACTCGAAGG
ATGTTGTGCCAAGTCAAATTTCG
CAATTAAAATGGGCATCGTTTGG

ATGAATGCACAAAAGACAATAATTG

TCATTTTGAACCAGCAGCTGTG
ATGGGCAATGTGAGGCCAAA
TCAGCGGTCCCTCCCTTTTG
ATGCTAAATGCAAATGCAGACC
TTAAAATCCTCCCATTAATAATTG
ATGAACGCATCAAACAACCAAT
GTCAACTACAGCTCGTCTCT
ATGTTGTTGCGGATACAGCTT
TTAGGTGCAGAATCCGCATG
GATATAAATAAATGTTGC
CTTCTTCAGCATCTGGTCCATG
GGCAAACATGCTGAAATCTTA
CTTTGTCAAGTAATCGCTGATC
CGCTAAAATATTATTAAATGCC
CTCCATCGTTCAGCGGTCC
ATGTTTCTTCTTCGCCGTCCAAC
CTAATGCTTAGGCTTCTTTCCG

GPLIN_000127800
GPLIN_000204000
GPLIN_000240500
GPLIN_000369300
GPLIN_000470000
GPLIN_000472300
GPLIN_000477700
GPLIN_000707900
GPLIN_000812600
GPLIN_000887900
GPLIN_000970700
GPLIN_001008300
GPLIN_001046700
GPLIN_001068600
GPLIN_001184000
GPLIN_001198400

GPLIN_001203000
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Table 3.2 gPCR primers

Primer Primer sequence 5'-3' % Efficiency Target

ggi;;g:&ll ¥$§§fgggg:¢;§gﬁﬁéizg 98.0 GPLIN_000127800
382838:;; ?éég%%iiig?giifig é_?_—g 97.1 GPLIN_000204000
do2405R1 THTCTCTGTCGCCCAGTITG %99 GPLIN000240500
T e we cnmow
T JSSICICTICONCE.  mi Geun conoomo
ggg;g:&i ?é;i;gggggg g;??? é::g 97.8 GPLIN_000472300
aT7TR1 TOTTGATICOGCTCOTTTG 1282 GPLIN0004T7700
TN TecnacounThe s s
ot e ST
gggg;g:;ll 22;?;92&?::(?:@52? (;_\(':A\ g 113.9 GPLIN_000887900
383;8;:;11 igﬁéﬁ?;??::ggggé_?: gg 128.9 GPLIN_000970700
T MRSOTT s cumen
W e oo
UL SATSTICSCCOMICIE o onun ouan
L1601 TrTTTCGTeCOATCOGCTTE %98 GPLIN00ILad000
G Ao e crumie
T Ao o o miz
ZEE$1;11 ?Iggﬁ:éégi%giﬁzéig?ﬁg 91.0 GPLIN_000541000
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3.4 Results

3.4.1 RNAseq analysis

The normalised RNAseq data presented 163 up-regulated and 28 down-regulated genes
following Dazomet exposure (P < 0.01). In total, 3192 genes with no detectable reading
in either condition were excluded. At the higher confidence threshold for genes with a
10-fold increase in exposure under Dazomet exposure, 18 genes of interest were
identified (P < 0.005, Figure 3.1). A heatmap was produced and principal components
analysis was performed, confirming a pattern of differential expression in Dazomet-

exposed nematodes (Figure 3.2).

3.4.2 Confirmation of gene models and bioinformatics

3.4.2.1 GP01278

The assembly of 8 pair-wise sequencing runs, corresponding to 4 copies of the GP01278
amplicon, resulted in two consensus sequences that differed from the predicted CDS in
a number of single nucleotide substitutions that resulted in one of the translated ORFs
differing from that of the predicted gene by a single amino acid, E144D (Figure 3.3). The
resultant protein of 501 amino acids was orthologous to C. elegans tyrosine

aminotransferase, confirmed by BLAST homology and InterPro protein analysis.

3.4.2.2 GP02040

Attempted cloning of GP02040 resulted in a sequence that was shorter than the
predicted CDS (1173 bp cf. 1719 bp). The translated sequence was shorter than the
predicted, at 390 amino acids (cf. 572 predicted a.a.s). Analysis of the sequence
suggested a pyroxidal phosphate-dependent transferase enzyme with a role in
cysteine/methionine metabolism. BLAST analysis highlighted strong homology with
cystathionine gamma-lyase genes in a number of nematode species. Sequence
repetition identified towards the N-terminus of the predicted amino acid sequence was
absent in that cloned from cDNA, but the repeated sequence was present (Figure 3.4).
BLAST analysis matched each repetition to a single region of several cystathionine
gamma-lyase genes, in which no such repetition was observed. InterPro analysis of this
region alone identifies it as the major domain of pyroxidal phosphate-dependent

transferases.
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Figure 3.1 Fold changes of genes of interest identified from RNAseq analysis. Fold
changes in expression are based on the output of RNAseq analysis of G. pallida J2s
exposed to 0.12 mM Dazomet, contrasted with expression values from nematodes
incubated with 0.5 % DMSO. Each treatment was carried out in triplicate, n = 5000 J2s.
Data labels give the P-value for the change in expression.
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Figure 3.2 Heatmap and principal components analysis showing clustering of gene
regulation in Dazomet-exposed G. pallida.A, heatmap of gene expression
demonstrates broadly differential expression in nematodes incubated with and without
0.12 mM Dazomet. Each horizontal row represents a single gene and each column
representing a sample, with the three dazomet treatments grouped on the left and the
three DMSO control treatments on the right. The scale represents log, fold change, with
maximum values capped at + 2 for clarity; the range of values ran from -5.32 to0 9.13. B,
principal components analysis further demonstrates differential clustering of gene
expression: PC1 gives the variance between the two treatments; PC2 gives the variance
between samples within the treatments..
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GP01278seqgcDNAL MVVTSPPIALAQHSPRRQORALPKASALENRCYSAMAAPIKTPKKAKMHLNAPKRHQINE 60
GP01278seqcDNA2 MVVTSPPIALAQHSPRROQORALPKASALENRCYSAMAAPIKTPKKAKMHLNAPKRHQINE 60
GP01278predicted MVVTSPPIALAQHSPRROQORALPKASALENRCYSAMAAPIKTPKKAKMHLNAPKRHQINE 60
Kk ok ok ok ok ok ok ok ok ok kK ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ko ok ok ok ok ok kR kK
GP01278seqcDNAL HSEWTTLRSSKHSRDTVNPIRRVTDSLSVAPNPDKRPIQLNLGDPTLTGCLPPSESVVAA 120
GP01278seqcDNA2 HSEWTTLRSSKHSRDTVNPIRRVTDSLSVAPNPDKRPIQLNLGDPTLTGCLPPSESVVAA 120
GP01278predicted HSEWTTLRSSKHSRDTVNPIRRVTDSLSVAPNPDKRPIQLNLGDPTLTGCLPPSESVVAA 120
Kk ok ok ok kK ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok sk ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok K kK
GP01278seqcDNAL LRDAIDSHRFDGYGPAVGMQTARDAVAEFFSSREAPISADDVVLAS HALEMAIVAIA 180
GP01278seqcDNA2 LRDAIDSHRFDGYGPAVGMQTAREAVAEFFSSREAPISADDVVLAS HALEMAIVAIA 180
GP01278predicted LRDAIDSHREFDGYGPAVGMQTAREAVAEFFSSREAPISADDVVLAS HALEMAIVAIA 180
Kok ok kK ok kK ok kK ok ok Kk kK Kk kK kk ok k Kok kK ok kK ok kK Kk kK kK Kk kK ok kK ok ok Kk kK ok kK Kk
GP01278seqcDNAL DPGONVLVPCPGHEPLYSTLCQOPNGIKTRQYRLKMEEDGLIDLQHLESLIDDQTRAIIVNN 240
GP01278seqcDNA2 DPGONVLVPCPGEPLYSTLCQPNGIKTRQYRLKMEEDGLIDLQHLESLIDDQTRATIIVNN 240
GP01278predicted DPGONVLVPCPGHPLYSTLCQPNGIKTRQYRLKMEEDGLIDLQHLESLIDDQTRAIIVNN 240
ok kK K ok ok ok ok Kk K ok ok ok ok kK ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok kK K
GP01278seqcDNAL PSMPTGVVFPREHLEQILRLAQKMKLPIIADEIYGDLTYAEGAKFHALATLSPRVPIITC 300
GP01278seqcDNA2 PSMPTGVVFPREHLEQILRLAQKMKLPIIADEIYGDLTYAEGAKFHALATLSPRVPIITC 300
GP01278predicted PSNPTGVVFPREHLEQILRLAQKMKLPIIADEIYGDLTYAEGAKFHALATLSPRVPIITC 300
ok Kk K ok ok ok ok Kk K ok ok ok ok K ok ok ok ok ok ok K ok ok ok ok ok ok kK ok ok ok ok kK ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok kK K
GP01278seqcDNAL I YLVPGWRLGWLIVHNRFGVLSDVKAGIVSLSQKIVGPCALIQGALPRILRDTPQ 360
GP01278seqcDNA2 I YLVPGWRLGWLIVHNRFGVLSDVKAGIVSLSQKIVGPCALIQGALPRILRDTPQ 360
GP01278predicted I YLVPGWRLGWLIVHNRFGVLSDVKAGIVSLSQKIVGPCALIQGALPRILRDTPQ 360
Kk kK ok ok kK K ok ok ok kK ok ok ok ok ko ok ok ok ko ko ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok kK kK
GP01278seqcDNAL SFEDNIKNLLSQONAQIVYDILARVPGLKPLRPQGAMYMMVGEFDPELYGDETSFVQSLISE 420
GP01278seqcDNA2 SFEDNIKNLLSQONAQIVYDILARVPGLKPLRPQGAMYMMVGEFDPELYGDETSFVQSLISE 420
GP01278predicted SFEDNIKNLLSQONAQIVYDILARVPGLKPLRPQGAMYMMVGEFDPELYGDETSFVQSLISE 420
Kk Kk ok ok kK K ok ok ok ok ko ko ok ok ok ko ok ok ok ko ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok Kk Kk
GP01278seqcDNAL ESVYCLPGSAFSLPNWFRLVLAFPEETTREACERISAFCTRRLRPCRKQLALWGSVPDEE 480
GP01278seqcDNA2 ESVYCLPGSAFSLPNWEFRLVLAFPEETTREACERISAFCTRRLRPCRKQLALWGSVPDEE 480
GP01278predicted ESVYCLPGSAFSLPNWFRLVLAFPEETTREACERISAFCTRRLRPCRKQLALWGSVPDEE 480
Kk ko ok ok kK K ok ok ok kK ok ok ok ok ok ko ok ok ok ok ko ok ok ok ko ok ok ok ok ko ok ok kK ok ok ok ok ok kK Rk
GP01278seqcDNAL DGGGSEGAERTAESTSDEDET 501
GP01278seqcDNA2 DGGGSEGAERTAESTSDEDET 501
GP01278predicted DGGGSEGAERTAESTSDEDET 501

B R R R I S S

Figure 3.3 Amino acid sequence alignment for GP01278. One of the cloned genes was
identical with the predicted sequence, with a variant that resulted in a single amino acid
substitution, E144D. The tyrosine aminotransferase domain is highlighted in yellow,
while the residues that form the pyridoxal 5’-phosphate binding site are highlighted in

red, with the lysine (K305) residue that binds to pyridoxal phosphate underlined.
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GP02040predicted MGHESGRRCLVFMESLATSSIPNARAGRATNFVVSTTYKQFKPEELKGHDYSRAGNPTRD 60
GP02040seqCDNA —o e 0
GP02040predicted ELQENIASLEGARFSRVFSSGLGATAAMANWLRAGDHFLMADDGYGGTQRYFRCMVWFES 120
GP02040seqCDNA  —— - oo 0
GP02040predicted PSNPLLKVIDIEAVSKLVKAHSSESIVVVDNTFMSPFFONPLALGADVVLHSLTKYINGH 180
GP02040segCDNA  —o o e M1
GP02040predicted SDVVMGCLVTNSEQLDAHFLFQQL 240
GP02040segcDNA LPAAMAAAGIRFDQWDMNQVVPPISL—--- KOSKRBGEP) 58
..*.. . :* * . s, s, . . *k ok kkkkkkkkkkkkkk  kkkk
GP02040predicted LT DVSVAHHGVQLS 300
GP02040seqcDNA H| LI DVSVAHHGVQLS 118
***************************:********************************
GP02040predicted FVDMTKLDDLRAALRPNTKMVWEFESPSNPLLKVIDIEAVSKAVKAHNPESIVVVDNTEMS 360
GP02040seqcDNA FVDMTKLDDLRAALRPNTKMVWFESPSNPLLKVIDIEAVSKAVKAHNPESIVVVDNTEMS 178
B R R R R R R I I S S S S S
GP02040predicted PFFONPLALGADVVLHSLTKYINGHSDVVMGSLVTNSERLDAHFLFQQLAVGSVPSSEDV 420
GP02040segcDNA PFFONPLALGADVVLHSLTKYINGHSDVVMGSLVTNSERLDAHFLFQQLAVGSVPSSEDV 238
B R R R R I R R I I S I S S S e S
GP02040predicted YLVLRGIKTLHLRMGQHQTNATAVARWLKTDPRVEKVLYPALKCHPQHEVHKKQATGMSG 480
GP02040segcDNA YLVLRGIKTLHLRMGQHQTNATAVARWLETDPRVEKVLYPELESHPQHKVHKKQATGMSG 298
****************************:*********** *: .****:***********
GP02040predicted MISFYLRTDLEGSQKFLANLELFTLAESLGGYESLAELPALMTHASVPSEIHQKLGIGNN 540
GP02040seqcDNA MISFYLRTDLEGSQKFLANLQVFTLAESLGGYESLAELPALMTHASVPQEIRLKLGISNN 358
********************: :**************************.**: ****.**
GP02040predicted LIRLSVGCEYIRDLIRDLDIAMNVATGRSRDE 572
GP02040segcDNA LIRLSVGCEDRLDLIRDLDIAMEVATGRSRDE 390

Kkhkk kK kKKK Kkhkkhkkhkkhkkhkhkhk o khkkhkhkkhkkhkk%k

>1°t predicted repetition

GRATNFVVSTTYKQFKPEELKGHDYSRAGNPTRDELQENTIASLEGARFSRVEFSSGLGATAAMANWLRAGDHFL-MADDGYGGTQRYFR

>21d predicted repetition

- PEELKGHDYSRAGNPTRDELOBNTASLEGARFSRVESSGLGATARMANNLRAGDH L -MADDGYGGTORYER

>translated cDNA sequence

———————— STTYKQUKP(:~ “KGHDYSRAGNPTRDVLQENTASLEGARF SRVFSSGLGATAAMANWL /AGDH -1, | MADDGYGGTQRYFR

Figure 3.4 Comparison of cloned and predicted amino acid sequences for GP02040.
Repetition of a region present in the predicted protein is not repeated in the cloned
sequence, with a similar sequence appearing only once. The first repetition is
highlighted in yellow and the second in green on the predicted sequence, while the
corresponding residues in the N-terminal end of the cloned sequence are highlighted in

purple. Alignment of the repeated region is replicated below the main alignment.
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3.4.2.3 GP02405

Sequencing of GP02405 resulted in a sequence identical to the predicted gene model
from the genome assembly. The sequence has strong homology to sigma-class
glutathione S-transferase genes from nematodes and broader clades, with strongest
homology to Meloidogyne incognita gst-1 (Figure 3.5). This was supported by InterPro

protein domain analysis.

3.4.2.4 GP02984

Attempted amplification of GP02984 from G. pallida cDNA was unsuccessful, though
amplification from gDNA resulted in a sequence similar to the region of the gene model
in the genome assembly. Alignment of either the predicted CDS or the sequenced

genomic region gave no homology to known genes.

3.4.2.5 GP03693

The cDNA sequence cloned here was translated to identify the most likely ORF and this
was then compared with that of the predicted gene model, minor divergence from the
gene model was observed, e.g. E42dup, but did not affect the putative active site
(residues 233-248) (Figure 3.6). GP03693 was orthologous to carboxylic esterase
sequences from a number of nematode species, based on its ParaSite entry, and these
associations were confirmed through amino acid sequence homology and InterPro

analysis.



GP02405segcDNA
MincGST1

GP02405segcDNA
MincGST1

GP02405segcDNA
MincGST1

GP02405segcDNA
MincGST1

Figure 3.5 GP02405 sequence homology with M. incognita GST-1. The residues that
make up the GSH-binding site are highlighted in yellow in each sequence. The substrate

binding site of GP02405 is highlighted in blue, and the M. incognita gst-1 substrate
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MVQYKLYYFDLRGIGEPIRLLLHYVGQQFEDVRFGMEEWPTKYKSKFFYGKAPVLEVDGK
MVQYKLHYFDLPGRAEAIRMLEFYYKGQPFEDYRIKKEDWPTI-KSNYIFGQVPVLEVDGK

*hkkkkk o kkkk Kk * kkeke ok kk kkk ko * ok kk hke oo oke kkkkkkkk

QLGQSSVILRFLAEKFALAGKDEWEKAKADEI INFQEDAME LY LY TKLG- - --DREK
QLAQAGVILQFLGKRFDLAGKNEWEEAKAMEI IFLNDEFGVAVGEY IGAKFGFREGNVEQ

kk ke kkkekk ek khkkkekkkoekkk kkk .. . o Kk ok ok . k.

LRTEVLEPGVKRIFPLFEALLKESGSDYMLPSGLSMVDFQVGNILYIFTKLEPDMIKAYP
LRKDVFLPAIERYFPFYEKRLEESNSGFILPSGLSFVDFSVAHFTGMMIEMEKDIMAKYP

Kk ks Ktk Kksak  Kakk ok sakkkkkkakkk Kk ok A YR
ELVKYVERVHALPQLOKYLQQORPQDR 202
KLVDFSNRFYSLPQLKEYLSKKKC-— 203

ekk e ek e ekkhkkoeokk e

binding site is highlighted in green.

60
59

116
119

176
179



GP03693predicted
GP03693520CDNA
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GP03693predicted
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GP03693predicted
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GP03693predicted
GP036935eqCDNA

GP03693predicted
GP036935eqCcDNA

GP03693predicted
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GP03693predicted
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MAPKLSNSHNELLFFLILCPALIKFASSSAFVPIEEFSTVNE-EESIFSIVTVRNGKIRG
MAPKLSNSHNELLFFLILCPALIKFASSSAFVPIEEFSTVNEEEESIPSIVTVRNGKIRG

FRRELEPALDADKVLFEQADIFLGIFFAQPPVDKLRLERPLAASNWTGTLDATALPAPCY
FRRELEPALDADKVLFEQADIFLGIFPFAQPPVDKLRLERPLAASNWTGTLDATALPAPCY

POQLLTALNFDENCLQLNVMRPASAPSGDASPYQLPVLVFIHGGAFIIGGTFVEGYANIS
POOMLTALNFDENCLQLNVMRPASAPSGDASPYQLPVLVFIHGGAFIIGGTFVEGYANIS

NNEVAQGIVVWTVOQYRLNFLGFFTDGTERNPGNLGLWDQROAL LWVRDNIGAFGGDPNRY
NNEVAQGIVVWTVOQYRLNFLGFFTDGTERNPGNLGLWDQROAL LWVRDNIGAFGGDPNRYV

TVWGEOSAGAASTSILALSPLTRDLFQOQTIOMSGASLCPWAMNDLVRDESARTAEEIGCGM
TVWGOSAGAASTSILALSPLTRDLFQQTIOMSGASLCPWAMNDLVRDESARTAEEIGCGM

KGEQSVRDCVKRVELEDLVDAIQQLELFRLDLAMTRFNFRVDGEFVPSANLSVLFRTAFP
KGEQSVRDCVEKRVELEDLVDAIQQLGLFRLDLAMTRFNPRVDGEFVPSANLSVLFRTAPP

KPTLMGFTPHEALFLTIQNPNSLLSFASPLTVSNLSEFGRDRFVKIIQRIVHLESIGRNA
KPTLMGFTPHEALFLTIQNPNSLLSFDSPLTVSNLSEFGRDRFVKIIGQRIVHLESIGRNA

NVREAEEEKROQILEELIQFYASEPPTNNDTAHWLKRYTLFLSDALFIMPILAEARLKAEL
NVREAEEEKROQILEELIQFYASEPPTNNDTAHWLKRYTLFLSDALFIMPILAEARLKAEL

GWPWVFLHQFDHVNKGHAKLLPFPGYAHTAEYAFTLGVPLLGNYALDEEDKRVRATMAHAY
GWPVFLHQFDHVNEGHAKLLPFPGYVAHTAEYAFTLGVPLLGNYALGEEDKRVRATMAHAY

GTFVKNGVPNTLNGETNWPRLGSDRRRSLOLTRIKYFPNPVYVTETEPTDVAEKLKFWRELST
GTFVKNGVPNTLNGETNWPRLGSDRROPLOLTRIKYPNPVTETEPTDVAEKLKFWREKLST

LKGYGGMTGFTKELP 614
LKGYGGMPGFTEELP 615
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Figure 3.6 Amino acid sequence alignment for GP03693. Comparing data from the

genome assembly with sequenced cDNA.
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3.4.2.6 GP04700

Two distinct consensus sequences were generated from attempts to clone GP04700,
with each containing the predicted CDS. The two sequences were broadly similar apart
from a 159 bp break in the second sequence. Translation of the DNA sequences resulted
in ORFs containing the predicted protein (Figure 3.7), which appears to feature an S-

adenosylmethionine synthetase domain.

3.4.2.7 GP04723

Sequencing of GP04723 resulted in a consensus sequence that produced an amino acid
sequence which was broadly homologous to the translation of the predicted protein,
with the N and C termini being identical (Figure 3.8). Neither sequence was found to
have homology to known protein domains, based on InterPro analysis. A BLAST search
identified poor homology to unidentified and hypothetical proteins in other nematode

species.

34.2.8 GP04777

The WormBase ParaSite entry for GP04777 indicated homology with C. elegans lpr-3, a
lipocalin related protein. Sequencing of the GP04777 region resulted in two disparate
consensus sequences, with homologous regions at either end but little homology
elsewhere. InterPro analysis of the predicted sequence suggested homology with the
calycin superfamily, which include lipocalin and lipocalin related proteins. Of the largest
complete ORFs from each of the cloned sequence consensuses, one was predicted to
belong to the phosphoenolpyruvate synthase family, and contained a PEP/pyruvate-
binding domain typical of the family; the other translated sequence had no identifiable

domains and a BLAST search identified only poor homology to unidentified proteins.

3.4.2.9 GP07079

The consensus sequence from cloning of GP07079 gave a longer ORF than the predicted
gene model (Figure 3.9). Where the predicted 78-a.a. protein had no domain homology
and aligned poorly to predicted proteins from Heterodera spp. and
Globodera rostochiensis, the longer ORF had a carbohydrate-binding domain and a
signal peptide, as well as homology to Heterodera avenae predicted effectors. The signal
peptide prediction was further reinforced by SignalP 4.1 analysis (Petersen et al., 2011)
(Figure 3.9).
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3.4.2.10 GP08126
The largest translated ORF from the cloned GP08126 sequence matched that of the
predicted protein, a short (86 a.a.) protein with poor homology to known enzymes and

domains, but with a predicted signal peptide in the 28 N-terminal residues (Figure 3.10).

3.4.2.11 GP08879

Sequences cloned for GP08879 matched the 5’ region of the predicted CDS, but were
otherwise mismatched. Two distinct consensus sequences were generated, which
translated to give short ORFs that matched the start codon of the predicted gene; the
longest ORFs generated from each cloned cDNA sequence bore little homology to the
predicted sequence or one another (Figure 3.11). The segeunce designated as
GP08879contigl returned no homologous domains. GP08879contig2 contained
domains with homology to acyltransferase family proteins, and BLAST aligned the

sequence to bacterial acyltransferase proteins with high sequence conservation.
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GP04700Contigl MHPTRWELSHMVDLQAAANSLVIMVTHFGSSPINERDLLQIIESNFDLRPGAIIKQLGLT 60
GP04700Contig2 MHPTRWELSHMVDLQAAANSLVIMVTHFGSSPINERDLLOQIIESNFDLRPGAIIKQLGLT 60
GP04700predicted  —=——=—=————————————————— MVTHFGSSPINERDLLQIIESNFDLRPGAIIKQLGLT 37

B R R R R o R R R R

GP04700Contigl RPIYQRTAENGHFGNAEFPWERPKTLILPKNLHEKLRDVQVG 102
GP04700Contig2 RPIYQRTAENGHFGNAEFPWERPKTLILPKNLHEKLRDVQVG 102
GP04700predicted RPIYORTAENGHFGNAEFPWERPKTLILPKNLHEKLRDVQVG 79

B R R I I R R I R I e I S

Figure 3.7 GP04700 predicted ORFs. The longest predicted reading frames from the
consensus sequences for GP04700 are aligned with the predicted protein. A predicted

S-adenosylmethionine synthetase domain is highlighted in yellow.
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GP04723seqcDNA MCFHNLVEMDAKHMRQMEEDRMRGMDREHPQSMDMRGMDMKHSRSMDIEHMRGMDMKQQS 60
GP04723predicted MCFHNLVEMDAKHMRQOMEEDRMRGMGIEHPQGMDMRSMDMKHSRSMDMEHMHGMDMKQQS 60
Kok ok Kk kA k kA kKA KKK KKK KA hh | kA kk | khA Kk KKk khk ok kg hhk s kA k kA KKk x
GP04723seqcDNA MDMKHSR-IDMELLQGMDMRDMDMKHSRSMDMK———=-—=—————————— HMRGMDMKHSR 103
GP04723predicted MDMKHSRSMDMELLQRMDMRGMDMKHSRSMDMEHMRGMDMKHSRSMDMEHMRGMDMKHSR 120
Kkk Ak hA KKK AKK Kk hE KA KKK KKK KKK Kk Kk Kk Kk kK
GP04723seqcDNA SMDMEHMRGMNDDEMRAWKTRSNLLRVDAKGKGSPVKQSSKSNETKSGEIKEAQQPGTMQ 163
GP04723predicted SMDMEHMRGMNDDEMRAWKARSNLLRVDAKGKGSPVKQSSKSNETESNEIKAPSSPGQC- 179
R R R R R R R I I
GP04723seqcDNA GEGGKHGDKQAEQKPKKCKLNAECYSNAQCGKRSTCEPVSFADKKKKVGTCDCGICGXKI 223
GP04723predicted W —————————————- RAKCKLNAECYSNAQCGKRSTCEPVGFADKKKKVGTCDCGICGMKI 225
Kok ok Kk kA kK kKK kKKK KK KKK KAk kAR kAR kKKK KKK *x
GP04723seqcDNA PLTMFCNLNKGPIAFKPKIAIRQCAGLKNACRKDSLFTALETRKCNCEEGFKSAGFKNLE 283
GP04723predicted PLTMFCNEFNKGPIALKPKIAIRQCAGLKNACRKDSLFTALETRKCNCEEGFKSAGFKNLE 285
Kok ok Kk kK sk Kk ok Kk s K Kk K Kk kK ok kK ok kK ok ok Kk ok Kk kK K kK Kk kK kK ok ok Kk ok Kk kK K kK
GP04723seqcDNA DGQKKKLCDEQQCDGEKDTCHGMKCTAGKCNCNLADL 320
GP04723predicted DGQK-KLCNEQQCDGEKDTCHGMKCTAGKCNCNLADL 321

Khkhkk KAk e kkhk kA kA A A kA kA A A A kA hh A bbbk hkhkhkhkhkhkhkkh k%

Figure 3.8 Comparison of predicted and sequenced protein models for GP04723. The
proteins are of similar length and are highly homogenous, possibly indicating splice

variants. Poor homology with known proteins prevents prediction of gene function.
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GP07079seqcDNA MKTFVWLNLEVVCVQQICCAPIQNPSSKSQVEVTVELAKSTGPTNTYTLEFTNLSYKMLC 60
GP07079predicted =  —=——————— oo MLC 3

* %k
GP07079seqcDNA QVKFRVELPETATLVKYWNLSPVSGTTDHFTLPDHEQISPGQAFAYAGIKVNGVGEPKIT 120
GP07079predicted QVKFRVELPETATLVKYWNLSPVSGTTDHFTLPDHEQISPGQAFAYAGIKVNGVGEPKIT 63

khkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkkhkkkkkkkhkkkhkkkhkkkkk

GP07079seqcDNA ILDTVKVLSTKRCPF 135
GP07079predicted ILDTVKVLSTKRCPF 78

* Kk ok ok ok ok ok k ok k ok ok ok ok k

SignalP-4 .1 prediction (euk networks): GFO7079

Cscore —
1.0 Sscore ——— 1
Y-score ———
08 t .
086 t -
x
8
o 04 ¢ .
02t -
oo W T
MKT FYWLHNL FVVCVOQ ICCA P IQNPSS KSQVEVT VELAKSTGFTNT YT LEFTNLSY KMLGGY KFRVELPH
0 10 20 30 40 50 50 70
Position
# Measure Position Value Cutoff signal peptide?
max. C 20 0.627
max. Y 20 0.750
max. S 12 0.955
mean S 1-19 0.894
D 1-19 0.828 0.450 YES

Cleavage site between pos. 19 and 20: ICC-AP D=0.828 D-cutoff=0.450

Figure 3.9 GP07079 amino acid sequence alignment. The predicted signal peptide is

highlighted in yellow in the alignment, and the SignalP 4.1 output is given below.
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GP08126 MNAQKTIIVAALVIAVAMLSMEVPSVDAQCCVPNGAGVCESRGCCDNCLPLGSGCTCING 60
GP08126 ANKTPNARNAVEAAAAAADGTAAGSK 86
SignalP-4.1 prediction (euk networks): GF08126
' ' ' ' ' Cscore ———
1.0 ¢ Sscore ——— 1
Y-score  ————
08 t .
06 -
L
a
o 04 ¢ .
02 -
T T,
MHAZQKT | IVAALY | AVAMLS MEV PSVDAQCCY PNGAGVC ESRGCCDNG LPLGSGCT C | NGAN KT PNARN A
0 10 20 30 40 50 60 70
Position
# Measure Position Value Cutoff signal peptide?
max. C 29 0.824
max. Y 29 0.832
max. S 15 0.977
mean S 1-28 0.855
D 1-28 0.845 0.450 YES
Cleavage site between pos. 28 and 29: VDA-QC D=0.845 D-cutoff=0.450

Figure 3.10 Signal peptide identified in the GP08126 sequence. The 28-a.a. signal
peptide in the sequence is highlighted in yellow, and the SignalP 4.1 readout is given

below (Petersen et al., 2011).
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A

GP08879pred MGNVRPKGTIYMAAQKGKKGQKLSTSSASSSQNSQIKQELKRRTKLANKKNKKAPAAMGM 60

GP08879contigl MGNVRPRPYVREHVGSTPGCHCPKCPREPAPFALV--——————————————————————— 35

GP08879contig2 MGNVRPNPKYATTEGVQKFDALGSRLRHRDSLRGFRPAH-———————————————————— 39
KkkkKkKkKk K

GP08879pred SGNGREKRKETKGRDR 76

GP08879contigl —--—---—-—————---—- 35

GP08879contig2 -----—---—--—----- 39

B

GP08879Cc1ORF MSPLOPLQTRPPSKFGYRAGILTIELWFAPNHLSSAPHTTANCSSSMPPHNSIHTPPRSH 60

GP08879Cc1ORF TISPSEQTVNQVNHGVFGSALLRIFSPLVQLVKLLLSGFPGSMAQSLKLLTAQSRNAPAA 120

GP08879Cc1ORF VRNTHKKDEITENNENEADYFSACSDTSYIEELERSSSGESVSTADAIGFKLLHYQAALE 180

GP08879CclORF VVNEILKQNSKPDANISLEEFSSLIDRAASALREKQSQNISFDNTSIKQGIGGKHKRSKT 240

GP08879clORF TDVFRQFKREQTALVHAGTWGSGIPESTRHVHVRTALASHCP 282

C

GP08879Cc20RF MTLCILCPGQGSQTVDMLPRLLGEPLIAPHLEPLLDAMPFDAMAVSQNSELCFVNAHAQP 60

BetaproMDC-E MTLCILCPGQGSQTVDMLPRLLGEPLIAQHLEPLLDAMPFDAMAVSQONSELCEFVNAHAQP 60
EE R RS SRS SRR SRR SR SRS EEEIESEEEEEEEEEEEEEEEEEEEEEEEEEEEES

GP08879Cc20RF LIVAAGAAVAQALKAHGIHADLSAGYSIGELTAHTVAGSLOALDGVGLAVKRAQCMDQAA 120

BetaproMDC-E LIVAAGAAVAQALKAHGIHADLSAGYSIGELTAHTVAGSLOALDGVGLAVKRAQCMDQAA 120
R RS S S SRS SRS SRR SRS S SRR EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEES]

GP08879Cc20RF PAAHGMMAVKGVRIDRLGATAQEHGLAVAIVNDEQHAVLAGPTAVMKS ICKGMERELGAH 180

BetaproMDC-E PAAHGMMAVKGVRIDRLGATIAQEHGLAVAIVNDEQHAVLAGPTAVMKS ICKGMERELGAH 180
R RS S EE SRS S SRR R SRS EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEES]

GP08879Cc20RF VVHLNVQVPSHTVWLIEASVQFKNALEAASWRGFDCPVLSALDGSPVENRDGATIDCLARQ 240

BetaproMDC-E VVHLNVQVPSHTVWLSEASVQFKNALDAASWRGFDCPVLSALDGSPVENRDGATIDCLARQ 240
KhA kA hkrhkAhdhdhdx AhdhkrhAhdphrhrhdhhrhrhdhkrhrhdhkrhkrhdhkrkxkx

GP08879C20RF  ISEPLOWSRTLDLASHCP————— === === oo oo 258

BetaproMDC-E ISEPLOWSRTLDLASEMGATVYFEVGPGNTLTRMVRERFPAAQARSLSEFQTLEGALNWL 300

GP08879Cc20RF
BetaproMDC-E

* ok k ok k ok ok ok ok ok ok ok ok ok ok

- 258
N 301

Figure 3.11 GP08879 sequence alignments. A, alignments of the short peptide ORFs
from the two cloned GP08879 sequences with the predicted protein, showing poor
homology. B, the largest ORF translated from GP08879 consensus sequence one, the
sequence had poor homology to known proteins. C, GP08879 consensus sequence 2
ORF, aligned with a malonate protein  from

largest carboxylase

Betaproteobacteria bacterium, an acyltransferase domain-containing protein.
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3.4.2.12 GP09707

The predicted gene sequence for GP09707 is listed as orthologous to
phosphoethanolamine methyl transferase (PMT) genes described in Caenorhabditis spp.
on WormBase ParaSite. The cloned cDNA has a sequence that was homologous to the
predicted CDS, with an extra 75 bp region near the middle of the sequence. Translating
the sequence gave a complete open reading frame that matched the predicted protein,
with a corresponding extra 25-a.a. insertion at residue 257 of the predicted sequence.
The cloned gene had strong homology to methyltransferase proteins, including
C. elegans pmt-1. InterPro analysis identified domain homology for S-adenosyl-L-
methionine-dependent methyltransferases, with an S-adenosylmethionine binding site

highlighted (Figure 3.12).

3.4.2.13 GP10083

The cloned sequence for GP10083 was nearly identical to the predicted sequence, with
11 single nucleotide mismatches. Mismatched nucleotides largely maintained the amino
acid sequence, with only one corresponding residue substitution, R58K (Figure 3.13).
WormBase suggested orthology with sodium/nucleoside co-transporters in a number of
species, which was confirmed by BLAST alignment and InterPro analysis of the cloned
sequence. The gene encodes a likely membrane protein, with Phobius analysis

predicting 13 transmembrane domains (Kall et al., 2004).

3.4.2.14 GP10467

Cloning of GP10467 confirmed the gene model, and identified strong homology with a
G. rostochiensis predicted gene, Gros_g4372, and a C. elegans carboxypeptidase gene,
2C434.9. InterPro analysis of the sequence confirmed homology to carboxypeptidase
domains, identifying a metallocarboxypeptidase binding site and a nematode six-
cysteine domain (SXC, associated with secreted toxins in Toxocara canis), and SignalP
4.1 suggested a probable 23 residue signal peptide (Petersen et al., 2011). The identified
domains, except for the signal peptide of GP10467, were conserved across the G. pallida

and G. rostochiensis (Figure 3.14).
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GP09707seqcDNA MLNANADQIEALDRANILALLPPVNGKEFVVDIGAGIGRFTTVFAQSEASKVVATDEVHSFEF 60
GP09707pred MLNANADQIEALDRANILALLPPVNGKEFVVDIGAGIGRFTTVFAQSEASKVVATDEVHSFEF 60
ok Kk K ok ok ok ok Kk K ok ok ok ok Kk ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ko ok
GP09707seqcDNA VEKNRERNSEYANVEWRVGDATGLQFDEGSVDLVETNWLLMYMSDEETVQFVANALQWLR 120
GP09707pred VEKNRERNSEYANVEWRVGDATGLQFDEGSVDLVEFTNWLLMYMSDEETVQFVANALQWLR 120
ok Kk K ok ok ok ok Kk K ok ok ok ok Kk ok ok ok ok ok Kk ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok kK ok ok ok ok kK ok ok ok ok ok ko k
GP09707seqcDNA PDGYLHLRESCSEPSTKKSVDNNSSSSSSLHNKSQPNPTRYRFSSAYIQLLRNIRHIEDE 180
GP09707pred PDGYLHLRESCSEPSTKKSVDNNSSSSSSLHNKSQPNPTRYRFSSAYIQLLRNIRHIEDE 180
ok kK K ok ok ok ok Kk K ok ok ok ok Kk K ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok kK ok ok ok ok ok ok ok ok ok ok ok K
GP09707seqcDNA SGKIWREFDVQWACSVGVYIERQLNWRQVHWLARKVPATDNNAISIPKSVETLAKQFADQW 240
GP09707pred SGKIWREFDVQWACSVGVYIERQLNWRQVHWLARKVPATDNNAISIPKSVETLAKQFADQW 240
ok Kk K ok ok ok ok Kk K ok ok ok ok kK ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok kK ok ok ok ok ok ok ok ok ok ok kK K
GP09707seqcDNA PAEQREFDHRMDVQKPGWMQKAFDRCLDEMEFNGDGIMFGFSGRKIFTEFGVDAEALAQR 300
GP09707pred PAEQREFDHRMDVQKPG-———==——————————————————— GRKIFTEFGVDAEALAQR 275
ok kK K K Kk ok ok Kk Kk ok ok ok K ok kK Kk Kk ok kK K K ok ok ok ok K
GP09707seqcDNA VGRRIWAVETDPFAYRNALTRANQCGDRRVRLAWHFNLESALDFWGNAGQSMPMEFEAVVG 360
GP09707pred VGRRIWAVETDPFAYRNALTRANQCGDRRVRLAWHFNLESALDFWGNAGQSMPMEFEAVVG 335
Kk ok ok ok kK Kk ok ok ok ok ok ok ok ok ok ko ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok kK ok ok ok ok ok kR Rk
GP09707seqcDNA TEMLAQLQDERIVNKFARMLAGGAQFASVELVKPGKDQSDKFRANLKLLRSRFIVNEEIE 420
GP09707pred TEMLAQLQDERIVNKFARMLAGGAQFASVELVKPGKDQSDKFRANLKLLRSRFIVNEEIE 395
Kk ok ok ok kK ok ok ok ok ok ok ok ok ok ok ko ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok kK ok ok ok ok ok kK ok kK
GP09707seqcDNA VDQLENGYKILIVMAKLRSTKDFWDGDENNQTRQLLMGGF 460
GP09707pred VDQLENGYKILIVMAKLRSTKDFWDGDENNQTRQLLMGGEF 435

dhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkkkkkkkkkkkk

Figure 3.12 GP09707 sequence alignment. The cloned sequence is aligned with the
predicted sequence, resulting in a 25-aa insertion from residue 257 of the predicted

sequence. The S-adenosylmethionine binding site is highlighted in yellow.



71

GP10083segcDNA MNASNNQYANENGVIELRQKQQPVKRNDDANSRRSWDLMEWVEQAQQSLLQIFDENQRLT 60
GP10083pred MNASNNQYANENGVIELRQKQQPVKRNDDANSRRSWDLMEWVEQAQQSLLQIFDENQKLI 60
Kok ok kK k kK k kK k kK k kK Kk kK k kK k kK k ok kk kK kk Kk k Kk kkkkkkkkkkk Kk k& kKk s kK
GP10083seqcDNA NAFILLIILFLYHALIGFALFHNFNKAATLFTITVFGWLYVIYQQLLSPFLKRQKLVGQI 120
GP10083pred NAFILLIILFLYHALIGFALFHNFNKAATLFTITVFGWLYVIYQQLLSPFLKRQKLVGQI 120
Kk ok ok ok kK K ok ok ok ok ok ok ok ok ok ko ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok kK ok kK
GP10083seqcDNA KMOLLEHWTQLKANAIMTRLFYGFAAGLPILFVVWDTRHNLERLSGLFGLIVFLIVMCLI 180
GP10083pred KMOLLEHWTQLKANAIMTRLFYGFAAGLPILFVVWDTRHNLERLSGLFGLIVFLIVMCLI 180
Kk ok ok ok kK ok ok ok ok kK ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok kK K kK
GP10083seqcDNA SHKPTKVNWRPVLWGFLLOQFIFGIMVLRWEYGARKEFVDLSNMAILFLDFTKNGTDFTYGE 240
GP10083pred SHKPTKVNWRPVLWGFLLOQFIFGIMVLRWEYGARKEFVDLSNMAILFLDEFTKNGTDFTYGE 240
Kk ok ok ok kK ok ok ok ok ok ok ok ok ok ok ok ko ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok kK ok ok ok ok ok kK K kK
GP10083seqcDNA LSAPPNICGMEPVLAFQTIQVIIYVGAIVSVLYFYGIVQAVLKRMAMLMQLTLGTTATES 300
GP10083pred LSAPPNICGMEPVLAFQTIQVIIYVGAIVSVLYFYGIVQAVLKRMAMLMQLTLGTTATES 300
Kk ok ok ok kK K ok ok ok kK ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok kK ok ok ok ok ok kK K kK
GP10083seqcDNA LNACACVLLGNAESPLLIRPYIEKMTASELHAVMTTGFSCIAGAVFAAYISFGACPRYLL 360
GP10083pred LNACACVLLGNAESPLLIRPYIEKMTASELHAVMTTGFSCIAGAVFAAYISFGACPRYLL 360
Kk ok ok ok kK ok ok ok ok ok ok ok ok ok ko ok ok ok ok ok ok ok ok ok ok ok ok ok ok ko ok ok ok ok ok kK ok ok ok ok ok kK K kK
GP10083seqcDNA SAAVMSAPGSLACSKLLYPETEKSSVKNVKDLELPPSKESNALECISNGSLMSVHLITAV 420
GP10083pred SAAVMSAPGSLACSKLLYPETEKSSVKNVKDLELPPSKESNALECISNGSLMSVHLITAV 420
Kk ok ok ok kK ok ok ok ok ok ok ok ok ok ok ok ko ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ko ok ok ok ok kK ok ok ok ok ok kK K kK
GP10083seqcDNA CANLVSFMAIMALFNAIVGYVGTLIGYTDWSLELFLGYTFFPVAYMIGVTENAEQTFLVA 480
GP10083pred CANLVSFMAIMALFNAIVGYVGTLIGYTDWSLELFLGYTFFPVAYMIGVTENAEQTFLVA 480
ok kK K ok ok ok ok Kk K ok ok ok ok Kk ok ok ok ok ok kK ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok kK ok ok ok ok ok ok ok ok ok ok ok kK ok
GP10083seqcDNA RLLGVKIVINDFMAYQRLGVMLKQONLLTPRSAMISTYALCSFSDFIAAGIQLAVLSEMAP 540
GP10083pred RLLGVKIVINDFMAYQRLGVMLKONLLTPRSAMISTYALCSFSDFIAAGIQLAVLSEMAP 540
ok kK K ok ok ok ok Kk K ok ok ok ok Kk ok ok ok ok ok ok ok ok ok ok ok kK ok ok ok ok ok K ok ok ok ok ok kK ok ok ok ok ok ok ok ok ok ok ok kK K
GP10083seqgcDNA TRRTLIARLVLRALLAGCISCFMSAAIAGILIEVPVACKPSGGDGGAKCEFDLSVHQREFME 600
GP10083pred TRRTLIARLVLRALLAGCISCFMSAAIAGILIEVPVACKPSGGDGGAKCFDLSVHQRFME 600
ok kK K ok ok ok ok Kk K ok ok ok ok Kk ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok kK ok ok ok ok ok ok ok ok ok ok ok kK K
GP10083seqcDNA DVLNSTSMVNLRDEL 615
GP10083pred DVLNSTSMVNLRDEL 615

Kkhkkkhkhk Kk kK K kh Kk k k%K

Figure 3.13 Cloned GP10083 sequence aligns well with the predicted sequence, post-
translation. The gene encodes a 615-a.a. protein with 13 transmembrane domains,
marked in grey. The N-terminal region is cytoplasmic and the C-terminus is extracellular,

according to Phobius prediction (Kall et al., 2004).



GP10467seqcDNA - ————-——-——mm— e —— LLKADEEA 31
Gros_g04732 MFGIVRGANVPAGAKSIPKGLSRMLLKTTMLLRIQLOLVVLFLSYQIQFVTALLKADEEA 60
hhkhkhkhkhkkhkhkkhkhkhkhkhkkhkhkkhkhkhkhkhkkhkhkhkhhkhxkkxkxx
GP10467seqcDNA ATAGKFQVIL, 91
Gros g04732 ATAGKFQVL 120
**************:*********************************************
GP10467seqcDNA VOQREKATGGRNHHAHKGNLSESVLLNQFKLFGKRMRDDA 151
Gros_g04732 VOREKAAGGRHQHAHKGNLSESVLLNQFKLFGKRMRDDA 180
******:***********.********:***: :***************************
GP10467seqcDNA SSTGTRNKAVFGFGDYHSYDEIVRWLEDVERFYPOMAQTFTIGTTYEGRSIRGIKIGSPI 211
Gros_g04732 SSTSSRNKAIFGFGDYHSYDEIVRWLEDVERFYPOMAQTEFTIGTTYEGRSIRGIKIGSPI 240
***. :****:**************************************************
GP10467seqcDNA SDTTKRIVWVDGGMHAREWASVHTALWFIEQLIVQYGVDPQITSYMDTLNFYFVPVANPD 271
Gros_g04732 SDTGKRIVWVDGGMHAREWASVHTALWEFIEQLIVQYGVDPQITAYVDTLNEFYFVPVANPD 300
* % % ***************************************:*:**************
GP10467seqcDNA GFEYSRSDVNPQTRFWRKNRGAQVCKKDRWRRERCCGGVDLNRNFDFHWGETGSSSDMCS 331
Gros_g04732 GFEYSRSDVNPQTREWRKNRGAQVCKKDRWRRERCCGGVDLNRNEFDFHWGETGSSSDMCS 360
dAhkhkhkhkhkhkkhkhkhkhkhkhkhkkhkhkhkhkhkhkhkhkhkkhkhhkhkhkhkhkkhkhkkhkhkhkhkhkhkhkkhkhkhkhkhkhkhkkhkhkkhkhkhkhkhkhkhkkdxk*x
GP10467seqcDNA DIYQGAYAFSEPESRAIRDKMLSPELFGKVDAFLTLHTYSQMWIHPFNHERKSFPNDIED 391
Gros g04732 DIYQGAYAFSEPESRAIRDKMLSPELFGKVDAFLTLHTYSQMWIHPFNHERKSFPNDIED 420
- hhkhkhkhkhkkhkhhkhkhkhkhkkhkhkhkhhkhkhkhkhkkhkhhkhkhkhkhkhkhhkhkhkhkhkkhkhkhkhkhkhkhkkhkhkkhkhkhkhkhkhkhkhkhkkdxkx*k
GP10467seqcDNA LOQEVGRRGVRALEQVYGTRYRFGTGADILYPSAGGSDDWAKSKAGVKYVYLLELRPGEEE 451
Gros g04732 LOEVGRRGVRALEQVYGTRYRFGTGADILYPSAGGSDDWAKSKAGVKYVYLLELRPGEEE 480
- hhkhkhkhkhkkhkhkhkhkhkhkhkhkhkhkhhkhkhkhkhkhkhhkhkhkhkhkhkhhkhkhkhkhkkhkhkkhkhkhkhkhkkhkhkkhkhhkhkhkhkhkhkhkkdxkx*k
GP10467seqcDNA WDGFLLDRRQLIPTGRETWEGVKVVIDAVMKRAKELQPWRVPVAVATTTAVAPLPQRPPP 511
Gros g04732 WDGFLLDRRQLIPTGRETWEGVKVVIDAVMKRAKELQPWRVPVA-TTTTAAAPLPQRPPP 539
- hhkhkhkhkhkkhkhhkhhkhkhkkhkhkhkhkhkhkhkkhkhkhkhkhkhkhkhkhkkhkhhkhhkhkhkhkhkkhdxkx*k :****.*********
GP10467seqcDNA AVAVTPPASPPRAVLPDVPVQTVPATARLONFVPSPSEFQQKSRRVDSSTDNSQQASTLR 571
Gros g04732 AVAVTPPASPPRAVLPDVPVQTLPATAARLNFVPSPSEFQQKSRRVDSSADNSQQASTLR 599
- **********************:**** *******************:**********
GP10467seqcDNA QALHMRLARLRQSQLEAKREFERNMOMKTNAAPQQQSSS| 631
Gros_g04732 QALHMRLARLRQSQLEAKREFERNMQAKTNAASQ-QSSS| 658

GP10467seqgcDNA
Gros_g04732

khkkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkkhk hhkkkhkk * hhkkk hhkkkkkkkkkkkkkkkkkkk
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Figure 3.14 GP10467 compared with G. rostochiensis g04732. The predicted signal
peptide of GP10467 is highlighted in blue. A carboxypeptidase activation site is
highlighted in green, while the residues of the metallocarboxypeptidase inhibitor-
binding interface are marked in yellow, and the six-cysteine site is highlighted in

magenta.
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3.4.2.15 GP10686

The cloned sequence for GP10686 was nearly identical to the predicted sequence, with
14 nucleotide mismatches that resulted in no changes to amino acid composition (Figure
3.15). The predicted protein has homology with a number of glycoside hydrolase family
genes in other nematode species, with the strongest homology and InterPro analysis

suggesting a role in either galactose or maltase metabolism.

3.4.2.16 GP11840

Sequencing of GP11840 produced two consensus sequences that were broadly identical,
with a number of mismatched single nucleotides and 3 corresponding mismatched
residues. The sequenced genes were also largely homologous with the predicted gene
apart from a mismatched region including a gap, corresponding to residues 154-240 of
the cloned and translated sequence, and for an extension of the sequence in the C-
terminus, resulting in 82 extra C-terminal residues in the cloned sequence (Figure 3.16).
InterPro analysis suggested a role as a serine/threonine protein kinase, which was
affirmed by BLAST homology to described serine/threonine kinases in other nematode

species.

3.4.2.17 GP11984

The predicted sequence for GP11984 matched with that of GP02405, at both the DNA
and amino acid sequence level. PCR primers specific to the slight variation in the 3’ end
of the GP11984 sequence resulted in amplification of the GP02405 sequence.
Translating the predicted sequence results in a similar protein to GP02405, with an
insertion of 4 amino acids as well as a number of substitutions (Figure 3.17); GP11984
therefore had similar homology, aligning well with M. incognita GST-1 and likely being a

sigma-class GST.

3.4.2.18 GP12030

Cloning the GP12030 CDS resulted in an amplicon that gave the predicted amino acid
sequence when translated. The short sequence had poor homology to known proteins
other than putative gland proteins and effectors predicted in Heterodera glycines and
M. incognita. Potential as a secreted protein was supported by SignalP 4.1 analysis

(Figure 3.18).
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GP10686 v IFCHAIVDPSQRVDCLPNPHEISKSACLETGCIWDGNYDQYNPSVEMC 60
GP10686 B 7105 SVPGNVOLKWT SKTLONBYSRPNUDVOVOHORMEDG T TV R I CREDRINL 120
GP10686 PPLNELRNPTNFQKIISSNSLHFELGNMDGTFSFATKRNDTNKANTWDTS IGGFVFGDQF 180
GP10686 [EGTATFIASDRLYGLGENMHHELKHDFTRY TTWGAF SRDQONEY YVPGPYNGYGVHPEYV 240
GP10686 GLEPSGKAHGVLILNSNAQEYITGPGPHFVYRTVGGQLELFFFPGPTPEEVIRQYQQIIG 300
GP10686 TPYLPAYWAFGFRLCRWGYRSAEDAKNTVQRVRDAKI PFDVQYADIDYMERYKDFTYDSE 360
GP10686 KWAGLPEFAEQLHSWDMKLVLIWDPPVQANYSSFQRATEKGVSF IEWPNESMVQKEINDL 420
GP10686 YPLTRNTNIMLGPMWPDHHCGFPDFLDPLPNTTDWWVDEFVRFHDKVNEDGIWIDMNEPS 480
GP10686 VFGTNEQQPWYFDPAAFGKKPPIAPLMCPKPNNNLDYPPYRTWNSYQWDWDKS TKSLNDK 540
GP10686 TLCMIGKSGRRKLSMYDTHSLYGWSEMIATQKALRASTGKRGSITSRSTFPSSGHYGGHW 600
GP10686 LGDNHSRWPDLRLSIIGVMEFNMFGIPQIGADVCGFIGDTTEELCLRWQQLGAFHSYYRN 660
GP10686 HNDVNSHMDQDPAQWKSVATATRVANLFRYQHLPYLYSLHFRASLYGGTVIRPLFFEFPL 720
GP10686 DTNTHSLSFQFMWGSAMVVVPVISPNVDSVHAYLPVNETWYSMSDAHEYGTRITPGYSTF 780
GP10686 NAPRNTPLPTFLRGGYIIPRQEPDMTTVASRKKPFQLLAGLKPLSCPCTMVATGELFWDD 840
GP10686 GETIVDDFAAHPYYHIQFSVKATHSATTIVANRTHSSSKEPLPSLEQIVILGHHFTPKLG 900
GP10686 TATLNGIPVTLDPALSEFVPEKGALTVQCADLIKLDDLAHDVWTLSWHNEGKHGPDAEEE 960
GP10686 K 961

Figure 3.15 GP10686 structural features. The glycoside hydrolase family domain is
underlined with the active site highlighted in yellow. A P-type trefoil sequence is
highlighted in blue and an N-terminal barrel associated with galactose-metabolising
proteins is highlighted in green.
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GP11840pred MLKSYKISSTSTPTLTSSTSTSDDSGEIERQQFQOQOSDDIKRVNGEMKSQRNASYGDKSL 60
GP11840contigl MLKSYKISSTSTPTLTSSTSTSDDSGEIERQQFQQQOSDDIKRVNGEMKSQRNASYGDKSL 60
GP11840contig2 MLKSYKISSTSTPTLTSSTSTSDDSGEIERQQFQQQOSDDIKRVNGEMKSQRNASYGDKSL 60
khkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkkhkkkkkkkhkkhkkhkkkkkkk
GP11840pred LARSEQGSVWKSIATEADGTKKCVTIKLLRAPFHSPGTAKYALREVALLSALNHPNLIAL 120
GP11840contigl LARSKQGSVWKSIATEADGTKKCVTIKLLRAPFHSPGTAKYALREVALLSALNHPNLIAL 120
GP11840contig2 LARSEQGSVWKSIATEADGTKKCVTIKLLRAPFHSPGTAKYALREVALLSALNHPNLIAL 120
****:~k***********~k********~k*********************************
GP11840pred YDVRLPSKVKPLKKFDDLHLVTEYFGKNLRERINCHTVS-—-—-==-———==———— FKEFYVAST 167
GP11840contigl YDVRLPSKVKPLKKFDDLHLVTEYFGKNLRERIVEKLKNCTLWTHQELSYCIIQILCGVN 180
GP11840contig2 YDVRLPSKVKPLKKFDDLHLVTEYFGKNLRERIVEKLKNCTLWTHQELSYCIIQILCGVN 180
khkkkkkkkhkkkkkkkkkkkkkkhkkkhkkhkkhkkkhkkhkkkkk . . st
GP11840pred FLHASGIVHRDLKPTNIVMSDRGNVKILDYGIARDIVPENLTTEAGTPIYRAPEIYLGID 227
GP11840contigl FLHASGIVHRDLKPTNIVMSDRGNVKILDYGIARDIVPENLTTEAGTPIYRAPEIYLGID 240
GP11840contig2 YLHASGIVHRDLKPTNIVMSDRGNVKILDYGIARDIVPENLTTEAGTPIYRAPEIYLGID 240
:‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k************************
GP11840pred SYDKKVDLWSVGCIFAELILARILFHGTTLATQWKLENEVLGTPDLKFLDSLGVKETNKQ 287
GP11840contigl SYDKKVDLWSVGCIFAELILARILFHGTTLATQWKLENEVLGTPDLKFLDSLGVKETNKQ 300
GP11840contig2 SYDKKVDLWSVGCIFAELILARILFHGTTLATQWKLENEVLGTPDLKFLDSLGVKETNKQ 300
B R R R R I S S S S S
GP11840pred IVMDMPKRESADWTQMIADNAVPKLISDYLTK-—-—————————-—-—-——————————————— 319
GP11840contigl IVMEMPKRESADWTOMIADNAVPKLISDYLTIENVRALLSSMLVLDPAQRTSAEQALKNA 360
GP11840contig2 IVMDMPKRESADWTOMIADNAVPKLISDYLTIENVRALLSSMLVLDPAQRTSAEQALKNA 360
***:***************************
GP11840pred = W —omm e e e 319
GP11840contigl YFDIYRGYLSANLLATPQKVYCTEEFKQLMKDNNIDHFKEKILEQIATFKTKL 413
GP11840contig2 YFDIYRGYLSANLLATPQKVYCTEEFKQLMKDNNIDHFKEKILEQIATFKTKL 413

Figure 3.16 GP11840 sequence alignments. The amino acid sequences corresponding
to the cloned genes were largely similar to the predicted protein sequence, with a
mismatched region in the centre and an additional 83 amino acids at the C-terminus.

The serine/threonine-protein kinase active site is highlighted in yellow.
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Figure 3.17 Predicted GP11984 amino acid sequence compared with the cloned

GP02405 sequence. The two sequences are similar enough that attempted amplification
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MVQYKLYYFDLRGIGEPIRLLLHYVGQQFEDVRFGKEEWPTKYKSKEFEFYGKAPVLEVDGK
MVQYKLYYFDLRGIGEPIRLLLHYVGQQFEDVRFGMEEWPTKYKSKEFEFYGKAPVLEVDGK
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GP12030seq MFLLRRPTILIAALTAEAEAEAVRVKRDWPWEWIGKQACKTSANCKCSDGKNWAKCVKSE 60
GP12030seq GYAASNCCDKNYVWACCGKKPKH 83

SignalF-4.1 prediction (euk networks): GP12030seqcDMNA
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oo WHHTHTHTTTT AT T,
MFLLRRPT | LI AALTA EA EA EAV RV KRDWPWEW| GHKRAC KT SANC KOS DGKNWA KGVKS EGYAASNCGD K
0 10 20 30 40 50 60 70
Position
# Measure Position Value Cutoff signal peptide?
max. C 23 0.425
max. Y 23 0.518
max. S 10 0.771
mean S 1-22 0.631
D 1-22 0.579 0.450 YES

Cleavage site between pos. 22 and 23: AEA-VR D=0.579 D-cutoff=0.450

Figure 3.18 GP12030 sequence and signal peptide prediction. A 23-a.a. likely signal

peptide was identified with SignalP4.1 software (Petersen et al., 2011).
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3.45 Quantification of expression in Dazomet-treated second-stage juveniles

17 genes of interest were investigated by qPCR, to confirm their up-regulation and
evaluate the fold-change values given by the RNAseq analysis — GP02984 was excluded
from the analysis as no satisfactory CDS sequence could be confirmed. 12 out of 17
genes were confirmed to be significantly up-regulated in Dazomet-exposed G. pallida
J2s (Figure 3.19). The difference between fold-change values given by RNAseq and gPCR
were inconsistent across genes: RNAseq analysis overestimated up-regulation response

to Dazomet exposure in most cases (Table 3.3).
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Figure 3.19 Fold change in gene expression in G. pallida second-stage juveniles
following exposure to Dazomet.Differential gene expression was measured by qPCR
comparing J2s exposed to 0.12 uM Dazomet for 24 h with J2s incubated only with 0.5 %
DMSO. The blue bars represent a fold change of 1, no change in expression. Error bars
give the standard error. Significance levels are indicated by data labels above each bar:
*, P<0.05; **, P<0.01; *** P<0.001; **** P<0.0001.



Table 3.3 Comparison of the fold changes reported by RNAseq and qPCR. Of
the 17 genes measured with both techniques, RNAseq overestimated the fold-
changes in expression of 14 of the genes and underestimated the fold-change
of two. There was no correlation between the magnitude of the fold-change
reported by RNAseq and the discrepancy between the expression changes
reported by the two techniques.

Ratio

Gene RNAseq gPCR gPCR:RNAseq

GP01278 14.07654 18.16045 1.290122
GP02040 9.543149 1.07682 0.112837
GP02405 17.59692 21.07513 1.19766
GP03693 5.518074 4.192492 0.759774
GP04700 12.78629 9.281929 0.725928
GP04723 14.11655 3.52291 0.249559
GP04777 8.529677 1.063041 0.124629
GP07079 9.336028 3.495806 0.374443
GP08126 90.01018 4.49 0.049928
GP08879 11.7083 0.941272 0.080394
GP09707 96.10079 11.29 0.117441
GP10083 32.04867 6.27 0.19576
GP10467 12.88022 7.842178 0.608854
GP10686 10.1236 2.616015 0.258408
GP11840 27.63534 33.0807 1.197043
GP11984 62.01283 10.97279 0.176944
GP12030 16.6988 1.818418 0.108895
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35 Discussion

3.5.1 Genesimplicated in Globodera pallida xenobiotic metabolism
A number of genes likely involved in the detoxification of methyl isothiocyanate (as the

bioactive breakdown product of Dazomet) were identified.

The principal candidates for identification as phase Il xenobiotic metabolism enzymes
are GP02405 and GP11984. GP2405 had strong homology to the M. incognita gst-1
gene, which was further supported by InterPro analysis identifying the protein as
belonging to the sigma class of GSTs; this coupled with its strong up-regulation in
response to Dazomet suggest that GP02405 is a glutathione S-transferase, congruent
with the idea that GSTs are the principal breakdown route of ITCs (Jiao et al., 1996, Jones
et al., 2013b, Kolm et al., 1995, @verby et al., 2015, Zhang, 2000). GP11984 was strongly
homologous to GP02405, such that amplification of the CDS proved difficult, suggesting
the possibility of errant duplication of GP02405 in the genome assembly. However, gPCR
primers designed for GP11984 resulted in a differential fold change in expression in
response to Dazomet, indicating that it may exist as a paralogue of GP2405 with a similar

role.

Identification of GP09707 as a methyltransferase could imply a role in xenobiotic
metabolism, however the presence of an S-adenosylmethionine binding site and its
homology to C. elegans phosphoethanolamine methyltransferase 2 (PMT-2) indicate
that it is more likely involved in phosphocholine biosynthesis (Palavalli et al., 2006).
C. elegans with PMT-2 production suppressed by RNAi are unviable, due to the essential
role the enzyme plays in phospholipid membrane maintenance (Palavalli et al., 2006). A
host defence-suppressive role for PMT was identified in filarial nematodes, in which
phosphocholine was conjugated to proteins to be secreted into the host (Lovell et al.,
2007). As phosphocholine biosynthesis is essential to proper cell function and division,
PMTs have been investigated as potential drug targets for control of nematodes, though
the targeting of plant-parasitic nematode PMTs has not been studied directly
(Bobenchik et al., 2011). Any future development of PMTs as a control target in PPN
would depend on sufficient divergence of the pmt genes of target nematodes with other
soil organisms and humans, to ensure biosafety. As a putative S-adenosylmethionine

synthetase, GP04700 is likely involved in producing the substrate for PMTs (Markham
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and Pajares, 2009); it is logical that up-regulation of an S-adenosylmethionine-
dependent methyltranferase would be accompanied by a similar up-regulation of an S-
adenosylmethionin synthetase, as well as other enzymes involved in the
phosphocholine synthase pathway. The up-regulation of PMT in response to cytotoxic
isothiocyanates could be related to the roles of PMTs in signalling or modulation of gene
expression (Bobenchik et al., 2011), or simply as a mechanism for repairing damaged

phospholipid membranes.

GP03693, identified as a carboxylesterase, could play a role in phase | xenobiotic
metabolism. Carboxylesterases have a range of catalytic activities, principally cleavage
of carboxyesters (RCOOR’) into their constituent carboxylic acids and alcohols (RCOOH
and R’OH) but also including esterification and hydrolysis reactions with a wide substrate
range (Aranda et al., 2014). The potential role of carboxylesterases in xenobiotic

metabolism is considered overlooked in comparison to CYPs (Laizure et al., 2013).

Identification of GP01278 as a putative tyrosine aminotransferase (TAT) does not
suggest a role in xenobiotic metabolism, as TATs form part of the breakdown pathway
for tyrosine (Mehere et al., 2010). However, studies on C. elegans TAT identified a role
for tyrosine and tyrosine breakdown products in cell-signalling (Ferguson et al., 2013),
such that indicators of cell damage could be communicated to neighbouring cells via

metabolism of TAT.

The proteins likely encoded by GP07079, GP08126 and GP12030 were identified as
potential effectors, based on sequence homology and presence of signal peptides. While
poor sequence homology prevents identification of putative roles for the genes,
production of effectors in response to what could be host defence compounds is
congruent with the role of many effectors in suppression of host defence (Quentin et
al., 2013). The cellular stress caused by Dazomet-exposure could be interpreted by
G. pallida as the stress induced by contact with the host’s defences. Similarly, in
response to general stress, GP10686 encodes a protein involved in sugar metabolism. If
stress is associated with entry into the host tissues, up-regulation of genes GP10686
could aid in energy metabolism and prepare the parasite for contact with the food
source. GP11840, encoding a serine/threonine kinase, could have multiple roles in

response both to biotic stress and to contact with a host plant. Serine/threonine kinases
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are implicated in a number of signal transduction pathways (Motley and Lory, 1999).
Further investigation of GP11840 could elucidate a role in signalling and activation of
xenobiotic metabolism, especially given its high up-regulatory response to Dazomet.
GP10083 is a putative sodium/nucleoside transporter, implied by sequence homology
and prediction of several transmembrane domains. These are concentrative co-
transporters that import nucleosides in an energy dependent manner, and are
implicated in facilitation of intracellular signalling, as nucleosides are recruited as

important signal molecules (Parkinson et al., 2011).

Metallocarboxypeptidases, as encoded by GP10467, are typically involved in protein
processing within the cell, cleaving specific C-terminal residues from nascent proteins to
allow proper folding and functionality (Gomis-Ruth, 2008). The increase in expression of
GP10467 could therefore indicate a role in post-translational modification of proteins

involved either in xenobiotic metabolism or in repairing cellular damage.

Of the examined genes, three were found to have no change in expression when
measure with gPCR: GP02040, GP04777 and GP08879. Cysteine/methionine
metabolism-related pyridoxal transferases, as encoded by GP02040, are involved in the
biosynthesis of cysteine from methionine, and as such contribute to amino acid and
protein turnover in the cell (Noji and Saito, 2003). Lipocalin and lipocalin-related
proteins (GP04777) are extracellular enzymes typically involved in intracellular signalling
(Flower, 1996). GP08879 appears to be a malonate decarboxylase enzyme subunit,
which forms part of a complex that catalyses the turnover of malonate to acetate
(Chohnan et al., 1998); interestingly, the sequence has strongest homology to genes of
bacterial origin, possibly indicating incorporation into the nematode genome though
horizontal transfer, as identified for a number of genes present in the genomes of
Globodera and Heterodera species (Danchin et al., 2016, Danchin et al., 2010, Noon and
Baum, 2016). The likely roles of these proteins and their apparent lack of up-regulation
when checked with gPCR indicated that they are unlikely to be directly involved in

xenobiotic metabolism.

3.5.2 lIdentification of genes through exposure to known xenobiotics
The approach taken in this chapter has been to expose a plant-parasitic nematode to a

known toxin that mimics the activity of biofumigation, in an effort to identify genes



84

involved in defence against that toxin. Elucidation of the mechanisms by which G. pallida
detoxifies isothiocyanates is important towards fully understanding how biofumigation
affects nematodes in the soil. Additionally, by subjecting nematodes to a specific
stressor, genes involved in important biological processes, that may be crucial to survival
of the parasite in the host environment, can be identified and designated as potential

targets for control.

Further study of the genes identified in this chapter could focus on knockdown of the
genes by RNAI, to assess what impact this has on viability and parasitism. Investigation
of the regulation of these genes through a system such as a yeast 1-hybrid assay (ref)
could elucidate the transcription factors associated with the activation of xenobiotic
metabolism in G. pallida, which could then be investigated as potential targets for

control.

3.5.3 Potential for RNAi-based control of G. pallida

As discussed in the introduction to this chapter, RNAi has good potential for providing
target-specific control localised to the point of contact that the parasite has with the
plant host. Of the genes analysed here, those with the greatest potential for control of
G. pallida as delivered by plant roots are the putative GSTs GP02405 and GP11984, due
to their role in detoxification, the PMT GP09707, due to its essential role in cell
maintenance, and the putative effectors, GP07079, GP08126, and GP12030. By
disrupting either the defences of the parasite, its basic cellular processes, or the
methods by which it communicates with and manipulates its host, the maintenance of

the host-parasite interaction could be detrimentally perturbed.

3.5.4 Differences in fold-change observed from RNAseq and qPCR data

The fold changes observed in genes when analysed by gPCR differed greatly from those
identified by RNAseq, with most of the observed genes having a reduced up-regulatory
response relative to the RNAseq data. This could be due to differences in sensitivity and
specificity between the two protocols (ref), and highlights the need to validate
observations gleaned from one method before biological significance can be conferred

to the result.
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3.5.5 Conclusions

Analysis of gene regulation in response to exposure to xenobiotic compounds has been
identified as a method for investigating the xenobiotic metabolism response of plant-
parasitic nematodes to known stressors. A number of genes elucidated in this study
were predicted to have important roles, in direct detoxification of the applied
xenobiotics, to essential cellular processes, and also in more general response to biotic
stress. Investigation of gene expression modulation in response to xenobiotic
compounds is therefore posited as a potential tool for the identification of novel control
targets for important agricultural pests. This framework can be applied to other plant

and animal parasites.
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3.6 Summary

e Anumberof genesimplicated in G. pallida were identified by RNAseq analysis
and analysis of sequence data.

e Strong candidates for glutathione S-transferases involved in detoxification of
isothiocyanates in G. pallida were identified, GP02405 and GP11984.

e Investigation of changes in gene regulation in response to biotic stress is
revealed as a useful tool for the elucidation of genes involved in xenobiotic
metabolism.

e Future work targeting the regulation of genes identified here could provide

novel methods of control of potato cyst nematodes.
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4 Utilising C. elegans reporter lines to identify

xenobiotic activity in plants

4.1 Introduction

Biofumigation as an agricultural practice is associated with the use of brassicas, and
frequently centres on the use of a small subset of plants of the brassicaceae, typically
cultivars of those already used in agriculture such as Brassica juncea, B. oleracea or
Sinapis alba (Aires et al., 2009, McSorley, 2011, Meyer et al., 2011). The effectiveness of
each tested cultivar varies, however, as demonstrated by the great variation in
biofumigation efficacy observed in the literature (see Chapter 1.3.5 for review). Among
the Brassicaceae, the glucosinolate profile and leaf concentration may vary considerably
between species and cultivars (Fahey et al., 2001). Outside of the brassicas, a number of
plant species are purported to have nematicidal effects, including marigolds,
Tagetes spp. (Ploeg, 2002), and lupins, Lupinus spp. (Yildiz, 2011). Given the time, effort,
and cost associated with testing the ability of green manures to suppress plant-parasitic
nematodes, development of a simple method to assess the potential of a plant to act as
a biofumigant would allow for the rapid screening of various plant accessions for their
biofumigation potential. A quick, affordable assessment of biofumigation potential
could hasten and reduce wastage in the process of trialling crop species for

biofumigation.

Caenorhabditis elegans is a nematode model organism for which a broad range of
research techniques is available, and was the first multicellular organism to have a full
genome published (The C. elegans Sequencing Consortium, 1998). Study of C. elegans
as a model organism for metazoan development and neurobiology has continued since
it first began in the 1960s (Ankeny, 2001), and a number of techniques developed
through this process have had far-reaching outcomes for biological research, such as the
use of green fluorescent protein (GFP) as a marker for biological processes in animal
models (Chalfie et al., 1994). The up-regulation of genes implicated in specific stress
responses can be used as an indicator of particular stimuli: by generating transgenic
nematodes with markers, such as GFP, under the control of promoters associated with

such responses, their activation can be quickly visualised. This has been used to indicate
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toxic levels of heavy metals for monitoring of environmental hazards (Wah Chu and
Chow, 2002), and combined with RNAi to investigate the regulatory processes
associated with activation of genes implicated in xenobiotic metabolism (Jones et al.,

2013b).

Reporter organisms that respond to stimuli associated with biofumigation, such as the
presence of bioactive isothiocyanates, can be used as a marker for biofumigant activity.
A number of reporter lines generated previously in the lab have the potential to be used
in this manner, in particular a gfp::gst-31 line that produces GFP when induced by
Dazomet, a methyl isothiocyanate liberator (Jones et al., 2013b). Gst-31 encodes a
glutathione S-transferase (GST) enzyme — as discussed in Chapter 3, GSTs are the
principal route by which isothiocyanates are detoxified in a eukaryotic cell (Shapiro et
al., 2001). The response of ITC-specific reporter lines to exposure to a given plant extract
can therefore be used as an indicator of the presence or absence of ITCs in that extract.
However, given the differential response of different nematode species both to
biofumigants and to specific isothiocyanates (see Chapter 1.3.5), the inferences that can
be drawn from C. elegans reporters to other species are limited. Methodologies that
incorporate both the test species and C. elegans have been demonstrated in the past,
with the roles of Globodera spp. heat shock proteins investigated alongside their
equivalents in C. elegans (Jones et al., 2018b). Where an experiment requires a tractable
model organism such as C. elegans, efforts must be made to bridge the gap between the

model and the species of interest.

With transgenic model organisms, it is possible to incorporate genes and their regulatory
elements from a test species into a model system for which there are more techniques
available for investigation of their functions. Transcription factor binding for
homologous genes is frequently conserved across distantly related species, such that
the expression profile of a gene in one species can be inferred from expression of a
homologous gene in another (Hemberg and Kreiman, 2011). Transgenic C. elegans
carrying reporter genes under control of promoters for genes implicated in G. pallida
xenobiotic metabolism may therefore act as reporters for potato cyst nematode-specific

responses to stresses. Development of such a tool would also allow for investigation of
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the regulatory apparatus associated with those genes, as demonstrated with RNAI

performed on reporters for C. elegans xenobiotic metabolism (Jones et al., 2013b).

Further to generating C. elegans lines carrying genetic material from species such as
G. pallida, it would be preferable to develop tools for direct study of plant-parasitic
nematodes. Model organisms are studied in place of species of interest due to
experimental tractability and the availability of forward- and reverse-genetic techniques
(Ankeny and Leonelli, 2011). Caenorhabditis elegans is a convenient model system, well-
suited to in vitro study, and has been studied at the forefront of both research into
nematodes and into animal life more broadly (Ankeny, 2001). However, there are
drawbacks to focusing on model organism research: C. elegans is a specialised organism
and is therefore divergent in many ways from the organisms it is used to study (Ankeny
and Leonelli, 2011). It has been suggested that many model organisms may become
obsolete within 30 years, as the sophistication of molecular biological techniques
advances (Hunter, 2008); therefore, the organism of interest should be studied directly
whenever possible. Attempts to generate transgenic plant-parasitic nematodes have
been so far unsuccessful. One advantage of C. elegans is that the majority of its
reproduction is through hermaphroditic self-fertilisation — stable transgenic lines can
therefore be established from a single transgenic individual. Globodera spp. are ill-
suited to transgenesis as they reproduce sexually and have a lengthy life cycle requiring
both a suitable host and a long period of dormancy (see Chapter 1.2.4). The related
Southern root-knot nematode Meloidogyne incognita, may prove to be a better
candidate for transformation: M. incognita reproduces through apomictic
parthenogenesis, resulting in clonal offspring (Trudgill and Blok, 2001) — any successfully
transformed individual should then also have the potential to produce a clonal
transgenic line. The broad host range of M. incognita (Trudgill, 1997) would also be of
benefit, as transgenic individuals could be used to infect transgenic host plants, allowing
for investigation of specific interactions between parasite and host. It could therefore
be of merit to attempt to generate transgenic Meloidogyne incognita to advance the

study of plant-parasitic nematodes.
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4.2  Aims

1. Investigate the use of transgenic Caenorhabditis elegans reporter lines as indicators

of potential biofumigant activity.

2. Develop transformation vectors and attempt to generate transgenic C. elegans lines
expressing fluorescent proteins under control of promoters implicated in

Globodera pallida xenobiotic metabolism.

3. Attempt to transform Meloidogyne incognita, potentially leading to the development

of a new model system.
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4.3  Materials & methods

4.3.1 Source of reporter lines
The C. elegans reporter line gst-31::gfp was obtained from Dr Laura M Jones (Jones et
al., 2013b). Nematodes were maintained according to the methods set out in Chapter

2.2.

4.3.2 Toxicity of isothiocyanates to C. elegans

To determine the range of isothiocyanate concentrations at which up-regulation of GFP
would occur in reporter lines, toxicity tests were performed. For each concentration,
wells in a 96-well plate were set up in triplicate each containing 50-100 adult C. elegans
N2 in 200 pl sterile M9 buffer. Nematodes were exposed to concentrations of 500 uM,
100 uM, 50 uM and 10 uM of a number of isothiocyanates and Dazomet in DMSO over
a 16h time period, and the number of active nematodes counted to give a percentage
viability score; DMSO-only and non-treatment controls were performed alongside
chemical exposures. The concentrations chosen were based on the concentration of
Dazomet that elicited an up-regulatory response in gst-31::gfp reporters (Jones et al.,
2013b). Table 4.1 gives the isothiocyanates used in chemical exposures throughout this

chapter, with their chemical structures and respective sources.

4.3.3 Reporter line chemical exposures

Reporter nematodes (gst-31::gfp reporters and those transformed lines generated as in
method 4.3.10) were exposed to 10 uM allyl isothiocyanate and 10 uM Dazomet as
above, and fluorescence measured after 1 h, 2 h, 4 h, 8 h and 16 h. Subsequent
exposures were performed with a full range of isothiocyanates (Table 4.1) over 16 h,
after which nematodes were imaged and fluorescence intensity calculated. To compare
the fluorescence induced by methyl isothiocyanate and Dazomet, reporters exposed to
a 10-fold dilution series (from 0.1 uM to 1 mM, based on observed toxicities) over 16 h

were imaged and fluorescence quantified.

4.3.4 Imaging fluorescent nematodes
Nematodes were mounted on glass microscope slides with an agar pad. A 5% agar
solution was autoclaved, to which sodium azide was added to give a final concentration

of 10 mM. A drop of this solution was pipetted onto a clean glass slide and pressed down
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with a second glass slide to give an agar pad approximately 0.4 mm thick. These pads
were used soon after being made, to prevent drying. Nematodes to be imaged were
removed from the 96-well plate into 0.6 ml maximum recovery microcentrifuge tubes
and placed on ice for 5 minutes to settle. A 10 pl aliquot was then pipetted from the
bottom of the tube onto an agar pad, and a glass coverslip was placed over this. Slides
were viewed on a Leica DMRB microscope (Leica, Germany) illuminated by a mercury
vapour bulb and images were captured using a Qlmaging QICAM Fast 1394 CCD and

QCapture software.

4.3.5 Quantification of GFP response

Images were analysed using FlJI, an Imagel package (Schindelin et al., 2012, Schneider
et al., 2012). To quantify GFP response, the body of an individual nematode was isolated
using the ‘Freehand selections’ tool and the pixel intensity measured. The average pixel
intensity for the nematode was used as a measure of the level of fluorescence due to
GFP, and the value from a number of nematodes from each treatment was averaged to

give a representative figure.

4.3.6 Generating leaf extracts

Leaf extracts were generated according to a method used previously in the lab (Lord et
al.,, 2011). Tomato (Solanum lycopersicum), cotton (Gossypium hisutum), wheat
(Triticum aestivum), Indian mustard (Brassica juncea), white mustard (Sinapis alba), dog
mustard (Erucastrum gallicum), and shield mustard (Biscutella didyma) were grown for
6-8 weeks in compost, in 20 °C green houses with watering three times per week, before
sampling. From each plant, 3-5 leaves were taken and immediately snap-frozen in liquid
nitrogen. Samples were kept at -80 °C before being freeze-dried in a vacuum chamber.
Each sample was then ground with a mortar and pestle to a fine powder. To produce
the extract, 30 mg of tissue powder was then transferred to a 15 ml centrifuge tube
containing 15 ml sterile tap water, which was then incubated at 37 °Cand 200 rpomon a
rotary incubator for 200 min. Extracts were then sterilised by filtration through a
0.22 um syringe filter to remove insoluble tissue debris. This resulted in a 2 mg/ml leaf

tissue extract that could then be stored at -20 °C for later use.



93

4.3.7 Plant tissue extract exposures

Reporter nematodes were exposed to plant tissue extracts over a period of 16 h. 50-100
adult C. elegans gst-31::gfp reporters were added to wells of a 96-well plate in 20 ul M9
buffer, to which was added 180 pul of plant tissue extract. After incubation for 16 h in the

dark at 20 °C, nematodes were mounted on slides and imaged as above.

4.3.8 Generation of transformation vectors for nematode bombardment

For transformation of C. elegans unc-119 mutants, the pJM119 vector backbone
(Figure 4.1) was used. This had been developed by Dr Jess Marvin from the pPD95_75
vector (Figure 4.2) by insertion of a C. briggsae unc-119 sequence that acts as a rescue
gene (pPD95_75 was a gift from Andrew Fire (Addgene plasmid # 1494)). The rescue
gene acts to restore mutant nematodes to wild-type phenotype. Vector maps were
generated using ApE (A plasmid Editor, M. Wayne Davis, 2018). The unc-119 gene from
C. briggsae completely rescues unc-119 phenotype C. elegans (Maduro and Pilgrim,
1996), and is used preferentially to the native gene in transformation vectors as it is
more compact (Maduro, 2015). Promoter regions from G. pallida genes of interest
identified in Chapter 3 were cloned using primers designed to amplify the region 1-3 kb
upstream of each gene’s predicted start codon. Primers were designed to fit the criteria
of being at least 18 nt in length, having Tm 60 * 4 °C and GC content 235 %, after which
appropriate restriction sites were added to the 5" end of each primer with 4 random
bases upstream of this (Table 4.1). Where possible, the reverse complement primer was
designed with an Mscl restriction site rather than a Kpnl site, to preserve the artificial
intron present upstream of the GFP sequence. Primers were checked with BLAST to
ensure specificity to the desired region. Following amplification of the target region,
double restriction digests were set up of both the insert and the pJM119 vector,
digesting a molar ratio of at least 3:1 insert:vector. Digests were performed in a 50 pl

reaction volume, using restriction enzymes from New England Biolabs, as follows:
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50.0 ul Total reaction volume

5.0 ul  CutSmart® buffer
X pl 5 restriction enzyme (to give 20 U)
y ul 3’ restriction enzyme (20 U)
Zul DNA>1mg

(45-x-y-z) ul  Sterile water

Following the restriction digest, agarose gel electrophoresis was performed with the
digested vector, in order to separate the backbone from the fragment to be replaced by
the insert, and to separate the DNA from restriction enzymes. After electrophoresis, the
fragment of gel containing the band for the backbone was excised and gel extraction
was performed using the EZNA® MicroElute Gel Extraction kit (Omega Bio-Tek, D6294).
The insert DNA reaction volume was heated to 95 °C for 30 min to heat inactivate the

restriction enzymes.
Ligation reactions were performed with T4 DNA ligase (New England BioLabs, M0202):

10.0 pl Total reaction volume

1.0 ul  CutSmart® buffer

X il Vector DNA (>100 ng)

y ul  Insert DNA (23x molar mass of vector)
0.5 ul T4 DNA ligase

(8.5-x-y) pl  Sterile water

The reaction volume was incubated at 16 °C overnight to allow complete ligation. An
aliquot of 5 ul of the ligation mixture was added to 50 pl ultra-competent E. coli DH5a
(Method 2.4.1) and the cells were spread on LB-Agar plates with 100 pg/ml carbenicillin.
After overnight incubation at 37 °C, colony PCR was performed to identify colonies that
carried the vector with the desired insert (Method 2.4.7), using an insert-specific

forward primer and the GFP frame check reverse primer (Table 4.1).
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Inserting fragments into the pPDmCh vector was performed in the same manner,
utilising appropriate restriction site (Figure 4.2) and the mCherry frame check reverse

primer for colony PCR.

Promoter regions were amplified using Phusion High-Fidelity DNA Polymerase (New

England BioLabs, M0530) as per Method 2.4.6.

Restriction digests were performed simultaneously, using the enzymes appropriate to

the primer pair and the desired insertion site in the vector.

The vector pPDmCh was generated by cloning the mCherry sequence from pBCN22 (a
gift from Ben Lehner (Addgene plasmid # 26302) (Semple et al., 2010)) with added
restriction sites and inserting the fragment into the pPD95_75 (Fire, 1995) backbone

with the GFP sequence removed

4.3.9 Preparation of vector for transformation of nematodes

Gold beads were first prepared for the binding of DNA by suspending 30 mg 0.3-3.0 um
gold particles (Chempur, Karlsuhe, Germany) in 1 ml sterile 70 % ethanol in a sterile
1.6 ml microcentrifuge tube, then mixing at 1800 rpm for 5 min in an Eppendorf
MixMate vortex mixer. The particles were then left to settle for 15 min, centrifuged
briefly to pellet, and the supernatant removed by pipette. The pellet was then re-
suspended in 1 ml 70 % ethanol, vortexed at 1800 rpm for 1 min, settled for 1 min, then
centrifuged briefly to pellet. The supernatant was then removed and the process
repeated a further two times. After the final removal of the supernatant, the particles
were re-suspended in 500 pl sterile 50 % glycerol. Gold particles prepared in this way

could be stored at 4 °C for up to 2 months.

The transformation plasmid was linearised before binding to the gold particles. A 35 pl
restriction digest was prepared, with 2.5 ul restriction enzyme (appropriate to the
plasmid to be linearised), 3.5 ul 10X digest buffer (appropriate to the enzyme), x ul
plasmid DNA (where X is a volume that give ~7 ug total plasmid DNA) and
(29 — x) ul ddH20; this was incubated at 37 °C for 2 h. Before binding, the gold particles
were re-suspended by vortexing at 1800 rpm for 20 min. For each bombardment, 70 ul
gold particles in glycerol were added to a 1.6 ml maximum recovery microcentrifuge

tube, kept on the vortex mixer to prevent settling. 30 ul of the digested plasmid was
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added to the gold suspension after which two separate aliquots of 150 pl 2.5 M CaCl;
and an aliquot of 112 pl spermidine were added, drop-wise, to each tube. Each tube was
vortexed at 1800 rpm for 5 min to ensure even coating of the gold beads, then briefly
centrifuged to form a pellet. The supernatant was removed and the gold re-suspended
in 800 ul 70 % ethanol, then pelleted once more, and re-suspended in 70 pl absolute

ethanol. The gold was then kept in suspension on the vortex mixer.

4.3.10 Bombardment protocol

C. elegans were grown in 50 ml liquid culture (according to Method 2.2) until they
reached a population density of approximately 1000 young adult nematodes per
millilitre. For transformation with a rescue plasmid, unc-119 mutant nematodes were
grown. Each culture was poured into a sterile 50 ml centrifuge tube and set in a rack,
allowing the nematodes to settle for 10 min at room temperature. The juvenile
nematodes remain in suspension while the young adults settle out. The supernatant was
then poured into a second 50 ml centrifuge tube and placed on ice; after settling for 20

min the settled worms could be used to seed a new liquid culture.

The system used for bombardment was the PDS-1000/HE Biolistic® Particle Delivery
System (Bio-Rad) with Hepta™ Adaptor (Bio-Rad). The procedure was performed in a
laminar flow hood, and all equipment was sterilised with 70 % ethanol where not
otherwise specified. For each bombardment, approximately half of the total volume of
settled young adult C. elegans from a single 50 ml culture was distributed evenly

between seven target regions on a 9 cm NGM-lite plate, seeded with E. coli HT115.

DNA-coated gold beads were applied evenly between seven macrocarrier discs (Bio-
Rad), which had been cleaned by immersion in isopropanol and allowed to dry
beforehand. After the gold had dried, the macrocarrier discs were inserted into the
macrocarrier holder with the stopping screen and this was placed in the microcarrier
launch assembly. A rupture disc (1350 psi, Bio-Rad) was briefly immersed in isopropanol
and inserted into the retaining cap of the Hepta™ Adaptor, which was then screwed into
place in the bombardment chamber. The microcarrier launch assembly was then put
into place, and rotated so that the openings in the holder aligned with the openings in
the Hepta™ Adaptor. The plate with C. elegans young adults was then placed in the

chamber on the target shelf, aligning the seven patches of C. elegans with the
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macrocarrier discs and the adaptor. The lid of the C. elegans plate was then removed.
The chamber was sealed and evacuated to 27 inHg, and the bombardment was fired.
Plates were checked for evidence of the delivery of the gold beads and 1 ml sterile M9
buffer was added, to rehydrate the nematodes. After resting for 30 min, 4 ml M9 buffer
was added to each plate, and the resulting suspension of nematodes distributed across

8 seeded 9 cm NGM-lite plates.

4.3.11 Selection of positive transformants

In the case of unc-119 mutants, transformants were selected based on the rescue of the
unc-119 phenotype. This could either be performed by identifying rescued individuals
and picking them individually onto fresh, seeded NGM-lite plates, or by allowing plates
to starve for 4-5 weeks following bombardment, after which rescued worms will enter
into the dauer stage, and placing a chunk of NGM-lite taken from a separate seeded
plate onto the starved plate. Rescued nematodes will exit dauer arrest and move onto
the chunk of seeded media, from which they can be picked individually onto fresh
seeded plates. These plates were then monitored for the presence of nematodes that
reverted to the unc-119 mutant phenotype, as this indicates that the line of
transformants is not stable. Stable transformants were kept and non-stable

transformants discarded.

4.3.12 Double plasmid bombardment protocol

A protocol was developed for transformation of wild-type C. elegans, and for selection
of transformants in the absence of an obvious differential phenotype. For this, a pair of
transformation plasmids were used in each bombardment. A plasmid expressing red
fluorescent protein (RFP) under the control of promoter of the constitutively expressed
myo-2 gene was developed and named pPDmCh, designed to act as a marker for

selection of transformed nematodes.

4.3.13 Data analysis
One-way ANOVA with post-hoc Student-Newman-Keuls analyses were used to
determine the significance of groupings in Figures 4.4 and 4.7, based on a confidence

level of P<0.05.
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M13-rev 6544..6564

LacO 6516..6538

ColE1 origin 5494..6176

chraunc-11919..2232

pJr119

{
( G639 bp

2200 Xmal (2)
2215 BamHI (2)
2227 Xbal (1)

2246 Mscl (1)
artificial intron 2264..2305
2320 Kpnl (1)

Figure 4.1 Annotated schematic of the pJM119 vector backbone with restriction sites
in the multiple cloning site highlighted. The vector conveys resistance to ampicillin and
carbenicillin, allowing for growth of transformed bacteria on selective media. The
Cbr-unc-119 gene rescues C. elegans unc-119 mutants, allowing for phenotypic selection
of transgenic animals. The multiple cloning site contains an artificial intron that
enhances expression of GFP. The GFP sequence carries the S65C alteration, enhancing

brightness relative to wild-type GFP (Reichel et al., 1996).
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25 ¥bal (1)

44 Mscl (1)
artificial intron 62..103
M13-rev 4363..4383 118 Kpnl (1)

ColE1 origin 3313..3995

pPD95 75 original 1033 EcoRI (1)

4508 bp

Figure 4.2 pPD95_75 vector backbone with restriction sites highlighted. The basic
structure is identical to that of pJM119 without the Cbr-unc-119 gene and with
different availability of restriction sites in the multiple cloning site.
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mCherry 6162..6869

8xC183 5762.5089
pBCMZ22

ccdB 1548..1853

7401 bp

Figure 4.3 Structure of plasmid pBCN22. The plasmid carries an mCherry sequence
under control of a promoter construct consisting of 8 repeats of the C183 pharynx-
specific promoter enhancer upstream of a minimal myo-2 promoter region, to drive
high, pharynx-specific expression (Semple et al., 2010, Thatcher et al., 1999). The
plasmid is designed for use in Gateway cloning, and the ccdB region acts as a negative
selection element for bacterial cells transformed with the plasmid without the desired
insert. The ccdB region encodes a toxin that kills cells by interacting with DNA gyrase to
induce double-strand DNA breaks (Bernard, 1996, Bernard and Couturier, 1992). The
plasmid was used as a source of the mCherry sequence and the myo-2 promoter region.
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Table 4.1 Isothiocyanates used in ITC-screens with C. elegans reporter lines

Isothiocyanate | IUPAC name Molar Structure
mass
(Abbreviation) (g mol?)
Methyl Methylisothiocyanate 73.12 _ N -
~
(MITC) H3C C-:'S
Allyl 3-isothiocyanato-1- /\/ N%
9915 | & Cx

(AITC) propene = S
Benzyl Isothiocyanatomethyl- NCS

149.21
(BITC) benzene

- . N\\
Phenethyl (2-isothiocyanatoethyl)- 163.24 C\\
(PhITC) benzene S
Propyl l-isothiocyanatopropane 101.17 H C/\/ NCS
(PrITC) 3
2-methylbutyl 1-isothiocyanato-2- 129.23 /\]/\NQ:,
(2MBITC) methylbutane C-.?QS
3-(methylthio) 1-isothiocyanato-3- /S\/\/ NCS
propyl (methylthio)propane 14726 | HaC
(3(MT)PITC) yinio)prop
- NCS
4-(methylthio) 1-isothiocyanato-4-
phenyl 181.28
(methylsulfanyl)benzene
(4(MT)PITC)
H3CS

Sources: 2, Sigma-Aldrich, MO, USA; °, Alfa Aesar MA, USA; ¢, Fluorochem, UK.
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Table 4.2 Primers used for generating and checking promoter constructs

Primer Sequence 5'-3'
mCherryframechkR TCGCCCTTGCTCACCAT
GFPframechkR GAAAAGTTCTTCTCCTTTACTCAT
GP02405promoterF TCTCAAAATCTCATATCCGCG
GP02405promoterR GACCATTTTGGATATTGATTG
GP03693promoterF CGAGCATATCGTCCGTTG
GP03693promoterR CAATTTTGGTGCCATAATGAA
GP09707promoterF CAGTCTCAGTACCGGATAGCTC
GP09707promoterR CCGAGTTGTCTGCTCGTC
GP11840promoterF CGATAAAGTGTTTATTGAGGAGG
GP11840promoterR AGGCAAAATCCGTAGTTAATCC
GP11984promoterF CAACTCGTTTGCGCCTCC
GP11984promoterR TGTTGCAATAAAGCAACTCG
GpGAPDHpromoterF AACTCGGAAGTCGGAATTACC
GpGAPDHpromoterR TTTTGCTATGTTTAGCAGGAAAAT

ATATGGATCCGATATCGAATTCCTGCAGGC
ATATAAGCTTGGTCGAGGGTTAAAATGAAAAGT
ATTAGTTGATTGGAAGAAG
AGTGGTTTCACTGAAACTATAA

CeminPmyo-2BamHiF
CeminPmyo-2HindIlIR
CeGST31promoterF
CeGST31promoterR

Where necessary to facilitate restriction digests and ligations, appropriate restriction
sites were added to the 5’ end of each primer
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4.4  Results

4.4.1 Toxicity of isothiocyanates to C. elegans N2 adults

Differential toxicity of a number of isothiocyanates was observed. The isothiocyanates
with the highest activity were allyl ITC, benzyl ITC, 4-(methylthio)-phenyl ITC and methyl
ITC (MITC), while all tested isothiocyanates were found to have greater bioactivity than

Dazomet at concentrations > 50 uM (Figure 4.4).

4.4.2 gst-31::gfp reporter lines

4.4.2.1 GFP induction from exposure to Dazomet and isothiocyanates
Reporter lines for gst-31 exposed to Dazomet and AITC showed greatest fluorescence at
16 h exposure, after which fluorescence declined (Figure 4.5). Exposures were
performed over 16 h thereafter. Dose-dependent induction of GFP was also observed,
though sufficiently high MITC concentration resulted in no fluorescence, as nematodes
were killed before a response could be induced (Figure 4.6). When exposed to a range
of ITCs of the same concentration, differential induction of GFP was observed (Figure

4.7).

4.4.2.2 Up-regulation of gst-31 in response to plant leaf extracts

Having confirmed the response of the reporter line to pure isothiocyanates, nematodes
were exposed to plant tissue extracts of a range of plant leaf extracts. Response was
specific to brassicaceous leaf extracts, with tomato, cotton and wheat extracts inducing
no up-regulation of gst-31 (Figure 4.8). Induction of GFP was dose-dependent, indicating
that the intensity of fluorescence observed may be indicative of the isothiocyanate
concentration of the extract and therefore glucosinolate content of the extract (Figure
4.9). Differential responses to leaf extracts of the same concentration from different
brassicas could therefore be indicative of the total glucosinolate content of the leaves

of tested plants.
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Figure 4.4 Viability of C. elegans N2 adults after 16h exposure to isothiocyanates.
Isothiocyanates in DMSO were added to N2 adults in M9 buffer and viability was
assessed after 16h at room temperature, 150 rpm. Dazomet was included for
comparison, and two control conditions of DMSO-treated and non-treated nematodes
were included. No loss of viability was observed in the no-treatment control. Wells were
made up in triplicate, n =54 £ 8, error bars =+ 1 SD. Letters above bars indicate groups
that were not significantly different from one another; groups are based on a Student-

Newman-Keuls analysis, P < 0.05
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Figure 4.5 Quantification of GFP response in allyl isothiocyanate and Dazomet-
exposed gst-31::gfp reporters over time.C. elegans gst-31::gfp reporters exposed to
10 uM allyl isothiocyanate and 10 uM Dazomet. Greatest GFP induction was observed
in 16h exposures. Exposures were performed in triplicate. For each time point, 5
individual nematodes were analysed and mean pixel intensity calculated. Polynomial
trendlines are plotted. Error bars = +SD reporters exposed to 10 uM allyl isothiocyanate
and 10 uM Dazomet. Greatest GFP induction was observed in 16h exposures. Exposures
were performed in triplicate. For each time point, 5 individual nematodes were analysed

and mean pixel intensity calculated. Polynomial trendlines are plotted. Error bars = £SD
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Figure 4.6 (continues on next page) Dose-dependent response of C. elegans gst-
31::gfp reporters to methyl isothiocyanate and Dazomet. A, Chemical exposures
induced dose-dependent responses in reporter worms after 16 h — no fluorescence
was observed at 1000 uM methyl isothiocyanate as all trialled individuals were killed,
error bars = + SEM.
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Figure 4.6 (continued) Dose-dependent response of C. elegans gst-31::gfp reporters to
methyl isothiocyanate and Dazomet. B, Representative images of MITC and Dazomet-
exposed reporters, scale bar = 150 um. Exposures were performed in triplicate. For each
concentration, 5 representative individuals were imaged and mean pixel intensity was

calculated.
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Figure 4.7 (continues on next page) Differential sensitivity of gst-31::gfp reporters to
isothiocyanates. Reporters exposed to the 10 uM of a range of isothiocyanates and
Dazomet for 16h demonstrated a differential up-regulation of gst-31. Letters indicate
values that do not differ significantly from one another, based on a Student-Newman-

Keuls analysis, P < 0.05.
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Figure 4.7 (continued) Differential sensitivity of gst-31::gfp reporters to
isothiocyanates. False colour fluorescence images of representative individuals: A,
Dazomet; B, methyl ITC; C, allyl ITC; D, benzyl ITC; E, phenethyl ITC; F, propyl ITC; G, 2-
methylbutyl ITC; H, 3-(methylthio)propyl! ITC; I, 4-(methylthio)phenyl ITC; and J, DMSO.

Scale bars = 150 um.
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Figure 4.8 Non-brassicaceous leaf extracts induced no up-regulation of gst-31. Leaf
extracts of A, tomato (Solanum lycopersicum); B, wheat (Triticum aestivum); and C,
cotton (Gossypium hirsutum) induced no production of GFP in gst-31::gfp reporters

when exposed to 1.8 mg/ml leaf extract over 16h. Scale bars = 150 um.
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Figure 4.9 (continues on next page) Brassicaceous leaf extracts induce a dose-
dependent up-regulation of gst-31. A, The intensity of GFP-induction correlated with
the concentration of brassicaceous leaf extract that C. elegans gst-31::gfp reporters
were exposed to after 16h incubation. Exposures were performed in triplicate and at
least 5 representative images from each repeat were measured for pixel intensity. B,
gst-31::gfp reporters responded to exposure to a number of brassicaceous tissue

extracts at 1.8 mg/ml.
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Brassica juncea Sinapis alba  Erucastrum gallicum  Biscutella didyma

Figure 4.9 (continued) Brassicaceous leaf extracts induce a dose-dependent up-
regulation of gst-31. B, gst-31::gfp reporters responded to exposure to a number of

brassicaceous tissue extracts at 1.8 mg/ml. Scale bars = 150 um.
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4.4.3 Transforming C. elegans with GFP under control of exogenous promoters

443.1 Transformation vectors

A modified pPD95_75 vector, with mCherry in place of GFP, was generated (Figure 4.10).
Transformation vectors were generated with GFP and RFP under control of a number of
G. pallida promoters (Table 4.3). The presence of the correct insert in each plasmid was

confirmed by sequencing.

4.4.3.2 Results of bombardments

Nematodes that had been successfully transformed with vectors carrying GFP under
control of G. pallida promoters were identified by rescue from the unc-119 mutant
phenotype. When exposed to 10 mM Dazomet or 10 mM MITC, no induction of GFP was

observed in any of the transgenic lines.

4.4.4 Transforming C. elegans by microparticle bombardment with two vectors

Double bombardments were performed with three pairings of transformation vectors,
and any resulting transgenic animals were recorded (Table 4.4), each bombardment
consisted of approximately 50,000 adult C. elegans. For bombardments with the
pJM119-Gp02405 plasmid and pPDmCh-Ce-myo-2, unc-119 mutants were bombarded,
and rescue of the phenotype taken to indicate successful incorporation of the pJM119
plasmid while observed red fluorescence indicated incorporation of the pPDmCh
plasmid. An example of a doubly transformed juvenile is given in Figure 4. . pBCN22 x
pPD95 75-Ce-myo-2 bombardment was similarly scored on fluorescence, with
successful pBCN22 incorporation resulting in red fluorescence and pPD95_75-ce-myo-2
incorporation resulting in green fluorescence. Fluorescence was observed shortly after
bombardment in juvenile nematodes; later observation and attempts to isolate
fluorescent individuals revealed that transgenic animals had seemingly died, as no

fluorescence was observed.
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Table 4.3 Transformation vectors generated for each vector backbone

pJM119 pPDmCh pPD95_75
Gp-02405 Gp-02405 Ce-gst-31
Gp-03693 Gp-03693 Gp-GAPDH
Gp-09707 Gp-09707

Gp-11840 Ce-minPmyo-2*

Gp-11984

Ce-gst-31

The inserts successfully ligated into each plasmid backbone are listed.

* cloned from the pBCN22 vector
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pPD95_75 pBCN22

EcoRl C —
oPDI5._ 75 CATGG CTTAA

Figure 4.10 Schematic diagram of the generation of pPDmCh. A, the GFP sequence is
removed from pPD95 75 by restriction digest. B, mCherry is amplified with added
restriction sites and digested. C, the mCherry amplicon is ligated into the empty

pPD95 75 backbone, forming pPDmCh.
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Figure 4.11 C. elegans unc-119 mutants bombarded simultaneously with pPDmCh-
myo-2 and pPD95_75-Ce-myo-2 showed red and green fluorescence in the pharynx.
GFP and mCherry expressed under control of the myo-2 promoter were visible under
fluorescence microscopy in double-bombarded nematodes. Green autofluorescence is

observed in the bacteria on the plate.
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Table 4.4 Rates of transformation and of inheritance in subsequent generations

following double bombardment.

Vector pair

Attempts

Single

transformants

Double

transformants

Stable lines

pPDmMCh-

Ce-myo-2

pPDJM119-
Gp02405

pBCN22

pPD95_75-

Ce-myo-2

pPDmMCh-

Ce-myo-2

pPD95_75-
Ce-gst-31

pPDmMCh-
Ce-myo-2
X

pPD95_75-

Ce-myo-2
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44,5 Attempts to transform Globodera pallida and Meloidogyne incognita

Fluorescence was not observed following attempted bombardment of G. pallida
juveniles. In one instance, with M. incognita eggs bombarded with pPD95_75-
GpGAPDH]1, a single fluorescent egg was observed (Figure 4.12). The egg was observed
daily over the course of a week: no change in fluorescence was observed, though it
initially appeared that the cells in the transgenic egg were active and that embryogenesis
was progressing. Isolation of the single fluorescent egg from the total bombarded
population proved difficult. A week after bombardment, no fluorescence was observed

in any egg in the bombarded population.
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Figure 4.12 Transgenic Meloidogyne incognita egg with GFP under control of a

G. pallida GAPDH1 promoter. Bright field and false-colour fluorescent images are given,

followed by a composite. Scale bar = 100 um
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4.5 Discussion

45.1 C. elegans reporter lines as reporters of biofumigant activity

Transgenic nematodes expressing marker proteins under control of reporters for
xenobiotic metabolism has been demonstrated to allow detection of indicative
bioactivity in plant tissue extracts. Quantification of fluorescence intensity has
previously been used to indirectly count cells (Wilson et al., 2018) and to measure gene
expression in transgenic C. elegans (Mendenhall et al.,, 2015), as fluorescence is
proportional to protein copy number, therefore acting as a proxy measurement of gene
expression (Soboleski et al., 2005). Therefore, though the accurate quantification of the
constituents of a given solution is not trivial using C. elegans reporters, they can be used

to differentiate between leaf extracts or chemical solutions of varying strengths.

Reporter lines responded to isothiocyanates in a dose-dependent manner (figure 4.7),
indicating a dose-dependent regulatory response of C.elegans to contact with
isothiocyanates. Up-regulation of a glutathione S-transferase in response to
isothiocyanate exposure is in line with previous studies that suggest that GSTs are the
principal route of ITC detoxification (Shapiro et al., 2001). The differential effect
between isothiocyanates observed, both in compound toxicity and in the up-regulation
of gst-31 (figure 4.6 and 4.7), did not correlate: where Dazomet was the least bioactive
of the compounds trialled, it generated strong GFP expression; conversely, 4-
(methylthio)phenyl isothiocyanate and phenethyl isothiocyanate demonstrated high
toxicity to C. elegans adults at 10 uM but did not cause a strong up-regulation of gst-31
relative to the other compounds tested. This may indicate a level of specificity of
response that cannot be represented by gst-31::gfp reporters alone: different
isothiocyanates may induce specific up-regulatory responses including any number of

genes.

The dose-dependent, brassica-specific response of gst-31::gfp reporters to leaf extracts
suggest that reporter nematodes can be employed as a screen for biofumigation
potential. The differential response of reporters to B. juncea and S. alba leaf extracts
(figure 4.9) correlates with the higher toxicity to G. pallida J2s previously observed with
extracts generated with the same method (Lord et al., 2011). Owing to the response of

the reporter line to all tested isothiocyanates, and the differential response to various
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compounds, the glucosinolate profile of a plant cannot be inferred from up-regulation
of gst-31. However, given the broad-spectrum toxicity of isothiocyanates (see Chapter
1.3.5), the potential for bioactivity from a given brassica should roughly correlate with
the response of reporter lines to leaf extracts from that plant. Reporters for genes that
respond to other stimuli (such as thiabendazole, imidacloprid and chloroquine (Jones et
al., 2013b)) could prove useful for screening of plant tissue extracts for various
xenobiotic modes of action. Expanding the toolset of available reporters may therefore
allow for the screening of myriad plant extracts for a broad range of end uses, limited

only by the scope of stimuli for which C. elegans demonstrates an inducible response.

4.5.2 Generation of C. elegans reporters for G. pallida xenobiotic metabolism

No induction of GFP was observed in worms that were successfully transformed with
GFP under control of G. pallida promoters. Transgenic C. elegans expressing GFP under
control of M. hapla promoters for orthologous genes have been generated by
microinjection (Gordon et al., 2015). The promoters drove expression of GFP, but not
according to the expected pattern based on the function of the orthologous gene. The
authors posit that high divergence in promoter regions over time may have resulted in
“resurfacing” of regulatory elements through turnover, resulting in the apparent
mismatch in gene expression patterns — they also suggest that a mismatch of cis-
regulatory elements (promoters and enhancers in the genome) with non-native trans-
regulatory elements (genes encoding transcription factors) could result in unexpected
gene expression in transgenic animals (Gordon et al., 2015). The evolutionary
divergence between C. elegans and G. pallida, both of regulatory elements and of genes
involved in xenobiotic metabolism, could therefore explain the lack of gene expression
observed in the transgenic animals generated in this study. The promoters used drove
expression of proteins with conserved sequences and functions (Gordon et al., 2015),
which cannot be said for the G. pallida genes that were investigated here (see Chapter

3).

4.5.3 Double bombardment of C. elegans
The two major methods for transformation of C. elegans, before the recent
development of CRISPR-Cas9 (Dickinson and Goldstein, 2016), were microinjection

(Mello et al., 1991) and microparticle bombardment (Praitis et al., 2001). Microinjection
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involves the direct injection of DNA into the cytoplasm of the distal arm of the gonad —
the transgene is then incorporated into newly formed embryos, usually in the form of
high copy-number extrachromosomal arrays, though integration can be encouraged by
irradiating transformed animals with UV or gamma radiation (Evans, 2006). Advantages
of microinjection are quick turnaround and the high success rate, with the majority of
injections generating transgenic animals within 10 days of microinjection (Evans, 2006,
Mello et al., 1991). The potential disadvantages of the technique are low integration
rate, germline silencing of extrachromosomal arrays and the high copy-number of
transgenes possibly confusing interpretation of fluorescence (Praitis et al., 2001, Gordon
et al., 2015). Bombardment occurs as described in the Materials & Methods section of
this chapter, usually involving transformation of unc-119 mutants with a plasmid
carrying a rescue gene (Schweinsberg and Grant, 2013). The major advantages of
bombardment are that many thousands of individuals can be subjected to
transformation and that successful transformation frequently results in low-copy
integration of the transgene, but the efficiency of transformation is poor (Schweinsberg
and Grant, 2013). It is this poor efficiency that encourages the use of selection markers
such as unc-119 rescue (Praitis, 2006). Drug-based selection using puromycin resistance
genes have been developed recently, in order to simplify the process of selection

following bombardment (Semple et al., 2010).

Co-injection of transformation vectors is frequently used when micro-injecting
C. elegans, as this enables simple combination of transgenes of interest with marker
genes, without having to incorporate several elements into a single plasmid; injections
can consist of different forms of DNA, including plasmids and PCR products (Evans,
2006). An extensive search of the literature reveals no published articles in which
transformation of C. elegans by bombardment with more than one transformation
construct has been attempted. As negative data is rarely published (Weintraub, 2016),
the lack of published data on the subject represents a gap in knowledge when it comes
to transgenesis of nematodes. The generation of co-transformed animals was
demonstrated here, though stable integration was not observed. The low recovery of
transgenic animals and the absence of stable transgenic lines is consistent with poor

transformation efficiency previously observed — a principal methods paper generated
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58 transgenic lines from a total of 110 bombardments, of which 27 were stable lines, a
ratio of 0.25 stable lines per bombardment, with efficiency varying between different
constructs (Praitis et al., 2001). As co-bombardment with two constructs was only
attempted 3 times, future work should look to develop the technique further — the
identification of co-transformation in all transgenic animals is encouraging. The ability
of the technique to potentially generate stable transgenic lines carrying independent
reporters for two genes, or incorporating gene fusions that take advantage of
techniques such as fluorescence complementation (Shyu and Hu, 2008, Zhang et al.,

2004), could prove to be a useful method for C. elegans research.

4.5.4 Transgenesis of plant-parasitic nematodes

Where no fluorescence was observed in C. elegans transformed with G. pallida
promoters, transgenic M. incognita eggs expressed fluorescent proteins under control
of a promoter from G. pallida. Both M. incognita and G. pallida are sedentary
endoparasites belonging to the superfamily Tylenchida, more closely related to one
another than to C. elegans (Decraemer and Hunt, 2013). This may account for the ability
of a G. pallida promoter to drive expression in M. incognita cells. GAPDH is considered
a “housekeeping gene,” required for fundamental cellular processes and therefore
assumed to be constitutively expressed (Barber et al., 2005). As such, it might be
assumed that regulatory elements controlling expression of orthologous genes in
related species are conserved, or that expression of housekeeping genes might not
depend on specificity of promoter regions. The latter assumption is supported by
reduced sequence conservation observed in housekeeping genes that drive expression
throughout the body of an animal, attributed to a simpler mechanism of gene regulation
(Farré et al., 2007). A lack of specificity in regulation of G. pallida GAPDH expression

could therefore lend itself to expression in related species.

45.5 Conclusions

Caenorhabditis elegans reporter lines expressing GFP under control of native promoters
are well-documented. Here, their potential to be employed practically has been
demonstrated, echoing previous use of reporters to detect toxins in wastewater (Wah
Chu and Chow, 2002). The novel development shown here is the use of reporter lines

for screening of plant tissue extracts, which could be further developed, incorporating a
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broad range of xenobiotic metabolism reporters for various chemical stimuli, to create
a screening pipeline to assess suitability of plant tissues for further study as biofumigants

across a range of activities beyond the production of isothiocyanates.

Generation of C. elegans reporters for G. pallida genes proved unsuccessful. Whether
this was due to inherent incompatibility between cis- and trans-regulatory elements
across the two species or to some fault in the transformation procedure is unclear.
Transgenic C. elegans expressing GFP under control of M. hapla promoters suggest that
generation of reporters for G. pallida genes could be possible, but doubts about
correctly representing gene expression patterns across distant phyla (Gordon et al.,
2015) could suggest that such reporters would be poor models for G. pallida xenobiotic

metabolism.

Development of double bombardment as a technique for transforming C. elegans could
boost the available tools for study of intracellular processes in nematodes, but more

work is needed to determine how useful the technique could be.

A more promising development for study of plant-parasitic nematodes would be the
successful generation of stable transgenic M. incognita lines. As discussed in the
introduction to this chapter, M. incognita has many traits suited to use as a “model
organism,” and expression of GFP under a non-native promoter has been demonstrated
here. Further work on transgenesis of Meloidogyne spp. could form the basis of a future

project with scope to greatly influence the study of plant-parasitic nematodes.
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4.6  Summary

e Reporters for C. elegans xenobiotic metabolism were shown to be useful in
detecting biofumigant activity of plant tissues extracts.

e Generation of C. elegans reporters with GFP under control of G. pallida
promoters was unsuccessful.

e Double bombardment has potential for use in generating transgenic
C. elegans that express multiple reporter genes.

e Future work with Meloidogyne incognita could lead to the stable
development of transgenic lines, providing a powerful tool for research into

plant-parasitic nematodes.
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Chapter 5 Investigating the volatile emissions of

brassicas as a source of pest management

5.1 Introduction

Emission of volatile compounds by plants is a well-documented phenomenon, and the
role of volatile compounds in plant defence has been the subject of a number of studies.
Plants have been shown to actively release volatiles in response to biotic stress in a dose-
dependent manner or to stresses such as insect herbivory or pathogenic fungi
(Niinemets et al., 2013). Damage caused by leaf herbivores can induce systemic volatile-
release responses (Rostds and Eggert, 2008); these have been observed to deter
herbivore egg-laying, as well as acting as attractants for predators of leaf-feeding
herbivores such as predatory insects (Kessler and Baldwin, 2001) or entomopathogenic
nematodes (Rasmann et al., 2005). Systemic responses have also been observed in root
systems that have been attacked by herbivorous beetle larvae, resulting in systemic
release of (E)-B-caryophyllene (Hiltpold et al, 2011), an attractant for
entomopathogenic nematodes such as Heterorhabditis megidis (Turlings et al., 2012).
Herbivory-induced defences may also lead to release of defence elicitors into the soil,
causing neighbouring plants to release their own defensive volatiles (Dicke and Dijkman,
2001). The direct impact of plant volatile emissions on soilborne pathogens and

herbivores is less well understood, however (Pierik et al., 2014).

Plants of the Brassicaceae have been previously observed to emit methyl bromide, a
potent ozone depleting agent that has previously been used as a soil fumigant for
nematode-infested fields. It has been estimated that global production of oilseed rape,
Brassica napus, accounts for a notable proportion of methyl bromide sources in the
atmosphere: a 1998 analysis suggested that 6.6 + 1.6 Gg/yr of methyl bromide comes
from oilseed, with 0.4 +0.2 Gg/yr coming from cabbage growth (Gan et al., 1998);
analysis of trends from 1961-2003 found that 5.12 + 0.85 Gg/yr methyl bromide was
produced by oilseed in 2003, and predicted that this would only increase year on year,
as production of oilseed also increases (Mead et al., 2008). The latter analysis highlights
a potential issue with the monitoring of atmospheric methyl bromide, as the global

budget isn’t balanced: known sinks of methyl bromide outweigh known sources, both
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anthropogenic and biogenic, leading to uncertainty about where methyl bromide is
coming from, and hindering efforts to monitor compliance with the Montreal Protocol
(Mead et al., 2008). Under the Montreal Protocol on Substances that Deplete the Ozone
Layer, ozone-depleting compounds such as methyl bromide are restricted in use, and
their atmospheric concentrations must be monitored in order to ensure compliance
(UNEP, 2002). A recent example of this comes from a reported 13 + 5 Gg/yr increase in
atmospheric CFC-11 since 2012, coming from somewhere in east Asia (Montzka et al.,
2018), despite there being no reported production since 2006 (UNEP, 2012), pointing to
un-regulated production of CFC-11. This increase was detected as the global budget of
CFC-11 is accounted for, with no biogenic sources; such an increase in methyl bromide
emissions may not be readily detected, and whether or not its source is anthropogenic
may not be easily determined. It is therefore important to identify and quantify sources
of methyl bromide emissions. As growth of brassicas increases both as a cash crop and
for purposes such as biofumigation, it will therefore be necessary to consider what

impact these increases will have on global halide budgets.

Previous analyses of the volatile emissions from brassicas are based on production of
methyl bromide over 24 h from whole young plants in soil (Gan et al., 1998, Mead et al.,
2008). Measurements from rice paddies throughout a growing season have shown that
emissions of methyl bromide and methyl iodide differ according to growth stage
(Redeker et al., 2000). Methyl iodide has been investigated as a possible replacement
for methyl bromide in soil fumigation, due to its similar broad spectrum toxicity without
the environmental impacts associated with methyl bromide (Pelley, 2009). Other
bioactive compounds known to be released from land plants include methyl chloride
(Yokouchi et al., 2000), which is recognised as a potential ozone-depleting agent but is
not monitored as it is largely biogenic in origin (UNEP, 2012); methane thiol (Saini et al.,
1995); and dimethyl sulphide (Bentley and Chasteen, 2004). The production of the
methyl halides and methane thiol by plants has been suggested as a way to eliminate
halide and HS ions from cells (Saini et al., 1995). Atmospheric dimethyl sulphide flux
comes principally (> 90 %) from the oceans, and is thought to contribute to global

climate cooling (Stefels et al., 2007).
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Where the impacts of these compounds on the atmosphere have been calculated on
regional and global scales, no such analysis has been made on the effects of such plant-
emitted volatile compounds on a local scale. As a result of restrictions on pesticide use,
particularly of soil fumigants, natural sources of nematode control have been the subject
of much recent research (see Chapter 1.3 for review). An analysis into the gaseous
emissions of three brassica species was made over the course of growth from vegetative
growth to senescence, and the toxicity of these emissions to soilborne nematodes was

assessed.
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52 Aims

1. Determine the quantities of bioactive compounds released by brassicas into the soil

and atmosphere.

2. Examine the potential of these compounds for control of soilborne nematodes, such

as Globodera pallida.

3. Estimate the atmospheric impacts of brassicaceous volatile emissions.
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5.3 Materials & methods

5.3.1 Growth of plants for volatile sampling

A number of commonly used biofumigant plant species were grown for sampling of
volatiles, including: vyellow mustard (Brassica juncea cv. 1SCI99); radish
(Raphanus sativus cvs. WeedCheck and Diablo); and rocket (Eruca sativa cv. Nemat).
Seeds were surface sterilised with 1 % sodium hypochlorite and then germinated in
sterile 90 mm petri dishes on filter paper moistened with autoclaved tap water. After
germination, 8-12 seedlings were transferred to a pot. Plants were allowed to grow for
7 days, watering every other day with %-strength Hoagland’s No. 2 solution, before
transferring individually to 15 cm @, 1 litre pots. In order to facilitate removal of soil from
the root systems of the plants when sampling, the plants were grown in a 9:1
sand:compost mix throughout their lifecycle. Plants were watered three times a week
with a modified Hoagland’s No.2 Solution (6.5 mM potassium nitrate, 4.0 mM calcium
nitrate, 2.0 mM ammonium dihydrogen phosphate, 2.0 mM magnesium sulphate,
4.6 uM boric acid, 0.5 uM manganese chloride, 0.2 uM zinc sulphate, 0.1 uM
ammonium heptamolybdate, 0.2 uM copper sulphate, and 45 uM iron(lll) chloride;
supplemented with 50 mM sodium chloride, 0.5 mM sodium bromide, and 0.05 mM
potassium iodide). The addition of chloride, bromide, and iodide salts was intended to

prevent depletion of the halides from the soil in the pots.

5.3.2 Sampling plant volatiles

In order to sample the airspaces of the above and below-ground parts of each plant, a
two-chambered sampling box was used (Figure 5.1). The lower chamber was formed of
an opaque PVC base with a clear acrylic lid, with a total volume of 10.01 L; the clear
acrylic upper chamber gave a sampling volume of 27.25 L. Plants were checked for
physical damage or visible signs of disease or malnourishment, and only those plants
that were outwardly healthy were sampled. Plants were carefully removed from pots
and the roots were washed of soil, taking care not to damage root tissue. The roots were

then patted dry and the fresh weight of each plant was recorded.

Plants were first placed into the root sampling chamber, with the roots kept in a pot of
water to prevent wilting. A silicone septum was placed around the root-shoot junction

and silicone vacuum grease was used to create an airtight seal. The temperature within
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the chamber was recorded, using a probe inserted through a hole in the lid of the
chamber. Samples were taken 2 minutes, 11 minutes, and 20 minutes after placing the
plant into the root chamber by affixing a canister to the glass-coated, stainless steel
sampling line, via a length of sampling line filled with Ascarite, and turning the valve to
open the canister, allowing air within the chamber to be drawn by pressure differential.
The Ascarite trap was constructed using a short length of glass-lined steel tubing filled
with Ascarite Il Adsorbent, 20-30 mesh sodium hydroxide-coated silica granules (Sigma-
Aldrich, 223921), with a piece of coiled silver wire blocking each end, and served to
remove moisture and carbon dioxide from the sampled gas as it was drawn into the

sampling canister.

The upper chamber was then placed on top of the root chamber, enclosing the
aboveground biomass of the plant within. The glass-coated sampling line and Ascarite
trap were once more affixed to the sampling port and a temperature probe was inserted
through a separate hole on the top of the chamber. Sampling followed the same
procedure as with the root chamber, with the chamber temperature recorded at the

time of each sampling. The ambient temperature was also noted throughout sampling.

After sampling, the plants were dried and the root and aboveground biomass
components were separated and placed in paper bags in a 65 °C incubator to dry. After
4 days in the incubator, plant roots and shoots were separately weighed and returned
to the incubator. Samples were weighed again after 24 hours, and if the mass had not
changed through subsequent drying, this was recorded as the dry biomass of that

sample.
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Figure 5.1 Plant volatile sampling chamber. The sampling chamber is depicted in use:
A, the assembled sampling chamber set up to sample volatiles from the aboveground
biomass of the plant; B, sampling volatiles from the belowground biomass, with the
canister and Ascarite trap in place. The hole through which the roots of the plant are
separated from the aboveground biomass is covered with a silicon pad and sealed with

silicone vacuum grease, to ensure separation of sampling.
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5.3.3 Analysis of volatile samples and calculation of flux

The concentrations of gases in the canisters were analysed on an HP GC/MSD fitted with
a PoraPlot Q column (25 m, 0.32 ID, 5 um thickness; Restek, Bellefonte, PA), as used in
previous studies measuring plant methyl halide emissions (Redeker and Cicerone, 2004,

Redeker et al., 2000).

Once the peaks of each compound of interest had been integrated, these could be used
to calculate the concentration of the compound in a sample. The amount of CFC-11
(trichlorofluoromethane) in the sample was used as an internal standard, due to its well-
mixed, nearly constant concentration in the atmosphere. This allowed samples to be
compared directly and for more precise calculation of the concentration of each
compound in each sample. The reading for CFC-11 was set at 240 ppt (parts per trillion),
as this represents the global tropospheric average (Hoffmann et al., 2014). Changes in

compound concentration over time are then used to calculate the flux according to the

equation: Fluxy = %, where A[X] gives the change in concentration of a given

compound X over the time period At. This provides a calculated flux in grams of

compound per gram dry biomass (above- and belowground) per day (g/g biomass/day).

5.3.4 Estimating contributions of brassicas to global methyl bromide budgets

The global reported yield values for mustard seed for the year 2016 was taken from the
Food and Agricultural Organisation Statistical Database (FAOSTAT, 2017), converted into
total dry biomass based on the average proportion taken from a study on mustard
responses to different fertiliser treatments (Banerjee et al., 2012). Yield of radishes was
given as 7 Mt/yr (Dixon, 2006); this was converted to dry mass by according to the
percentage dry mass:fresh mass taken from plants sampled at flowering stage. These
dry masses were then divided into above and belowground biomass balues based on
the proportions observed in sampled plants. Assuming constant output of methyl
bromide over an 8 week growing season and consistent growth of the each plant from

seed to harvest, an estimate was then produced.

No harvest data specific to Eruca sativa was available.
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5.3.5 \Volatile toxicity assays
Toxicity assays were performed with methyl iodide, dimethyl sulphide and chloroform.
The remaining compounds were gaseous at room temperature so were considered

unsuited to the assay.

The toxicity of compounds to nematodes in a closed environment was assayed using a
nested dish system (Figure 5.2). Initial experiments with C. elegans N2 adults assessed
the difference in toxicity of methyl iodide applied directly in solution with the
nematodes to that of methyl iodide pipetted into the surrounding dish, so that only
volatilised compound would come into contact with the nematodes. Subsequent assays
applied compounds only to the outer dish. Compounds were pipetted into the dish in
3 ul aliquots, diluted where necessary with absolute ethanol, and with control
treatments of 3 pl absolute ethanol and with no addition of any compound. Where two
compounds were applied to one dish, this was applied as two 3 pl aliquots, diluted as

above, with a 6 pl absolute ethanol control treatment.

Before application of compounds, both the total number of nematodes in each dish and
the number of those nematodes that were dead or inactive was counted in triplicate.
Following application of the compounds, the number of inactive or dead nematodes was
counted at set timepoints. From these numbers, the percentage lethality or inactivity

was calculated for each dish.

A further nested-plate assay was conducted with cysts. The values from the single
cultivar that had the highest methyl iodide and dimethyl sulphide flux from the
belowground biomass were used, and applied at 1x, 7x and 49x doses from the
equivalent of 1 g dry biomass, to give values for 1 day, 7 days, and 7 weeks exposure.
After 24 h incubation, cysts were crushed and the eggs were collected and stained with
0.001 % Meldola’s blue dye: eggs were incubated for 4 h at room temperature, then
washed by centrifugation, removal of the supernatant and resuspension in sterile
distilled water, repeated 3 times. Egg suspensions were then made up to 10 ml volume
and subsampled (as in Chapter 2.2.3). The total number of nematodes per counting slide

was counted as well as the number of stained individuals.
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Figure 5.2 The nested dish system used to assay toxicity of volatile compounds. The
lower half of a 35 mm petri dish is sealed to the inside of the lid of a 90 mm petri dish
using vacuum grease and a hole (A) is burned into the upper section of the larger, outer
dish. A known quantity of nematodes is pipetted into the smaller, central dish in a 2 ml
aliquot of sterile water, and the larger dish is closed and sealed with vacuum grease. The
compound to be tested is pipetted through the hole (A), which is quickly sealed with

vacuum grease.
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Table 5.1 Compounds investigated in this chapter

Compound IUPAC name Abbreviation | Formula | Molar
mass (g
mol?t)

Methyl Chloromethane MeCl CHsCl 50.49

chloride

Methane thiol | Methanethiol MeSH CHsSH 48.11

Methyl Bromomethane MeBr CHsBr 94.94

bromide

Methyl iodide | lodomethane Mel CHsl 141.94

Dimethyl (Methylsulfanyl)methane | DMS (CHs3)2S | 62.13

sulphide

Chloroform Trichloromethane CHCIs CHCIs 119.37

Abbreviations used in the text are given
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5.3.6 Statistical analyses

Data was analysed for statistical significance using IBM SPSS Statistics 24. Analysis of
variance (ANOVA) was performed with post-hoc Student-Newman-Keuls multiple
pairwise comparison to identify groups of variables that significantly differed from one

another.
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5.4  Results

5.4.1 Gaseous compounds emitted by brassicas in a closed environment

The gases produced by the above and below-ground parts of four brassica cultivars were
examined for their potential to contribute to pest control. The tested brassicas were
found to produce methyl chloride, methyl bromide and methyl iodide, as well as
dimethyl sulphide, and chloroform. The growth stage of each plant at the time of
sampling was found to have an effect on both the flux of compound per gram of dry
biomass, and therefore on the total flux of compound per plant. A one way-ANOVA
found significant interaction (P<0.005) between growth stage and the flux of compound
across all cultivars for methyl bromide (P=0.001) and methyl iodide (P=0.003)
(Table 5.3), while a further analysis found a significant effect (P<0.05) of cultivar on the
total output of compound per plant (flux*biomass), again for methyl bromide (P=0.049)

and methyl iodide (P=0.029) (Table 5.4).
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Table 5.2 One-way ANOVA of compound fluxes against growth stages (vegetative,
flowering and senescent) across all cultivars.

Sum of
Squares df Mean Square F Sig.
MeCl Between Groups .000 2 .000 .384 .683
Within Groups .000 75 .000
Total .000 77
MeSH Between Groups .000 2 .000 1.929 .154
Within Groups .000 60 .000
Total .000 62
MeBr Between Groups .000 2 .000 7.670 .001**
\Within Groups .000 75 .000
Total .000 77
Mel Between Groups .000 2 .000 6.356 .003**
Within Groups .000 75 .000
Total .000 77
DMS Between Groups .000 2 .000 2.510 .088
\Within Groups .000 75 .000
Total .000 77
CHCIl; Between Groups .000 2 .000 3.494 .036*
\Within Groups .000 73 .000
Total .000 75

*P<0.05 ; **P<0.005; n = 3 in all cases except flowering stage WeedCheck, where n =5
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Table 5.3 One-way ANOVA comparing flux of compounds against cultivar (ISCI99,

WeedCheck, Nemat, Diablo) across all growth stages.

Sum of
Squares df Mean Square F Sig.
MeCl Between Groups .000 2 .000 611 .545
Within Groups .000 75 .000
Total .000 77
MeSH Between Groups .000 2 .000 1.979 147
\Within Groups .000 60 .000
Total .000 62
MeBr Between Groups .000 2 .000 3.130 .049*
Within Groups .000 75 .000
Total .000 77
Mel Between Groups .000 2 .000 3.724 .029*
Within Groups .000 75 .000
Total .000 77
DMS Between Groups .000 2 .000 231 794
\Within Groups .000 75 .000
Total .000 77
CHCl3 Between Groups .000 2 .000 .574 .566
\Within Groups .000 73 .000
Total .000 75

*P<0.05; n =3 in all cases except flowering WeedCheck, where n =5




141

54.1.1 Brassica juncea cultivar 1ISCI99’

The average dry mass of plants sampled varied according to growth stage, with root
mass increasing from vegetative (0.15 £ 0.02 g) to flowering (0.96 + 0.06 g) stage and
then decreasing from flowering stage to senescence (0.76 * 0.05 g); ANOVA gave a
between groups significance of P < 0.001, with Tukey’s test finding the same level of
significance except in the pairwise comparison of flowering and senescent stage roots,
where P =0.047. Shoot masses increased with each growth stage: vegetative (0.85 *
0.11 g) to flowering (3.42 £ 0.43 g, P=0.0021) and flowering to senescent (8.15 +1.73 g,
P=0.028); ANOVA gave P = 0.007 for between groups significance, with Tukey’s test
finding significant differences in pairwise comparisons with senescent aboveground

biomass (P = 0.257).

The profile of gases emitted by the Indian mustard cultivar ‘ISCI99’ was found to change
with the growth stage of the plant (figure 5.3). The flux of methyl chloride from the roots
decreased over successive growth stages, while from the aboveground biomass it went
from a negative flux during vegetative growth to a positive flux during flowering, then
returned to a negative flux in senescence (figure 5.3A). Methane thiol fluxes varied from
sample to sample but were generally positive, and increased from the roots in senescent
plants (figure 5.3B). The output of methyl bromide was generally positive, decreasing
over successive growth stages from the roots, and peaking in production from the
aboveground biomass in the flowering stage, at 0.51 + 0.02 ug/g dry biomass/day (figure
5.3). Methyl iodide (figure 5.3D) production from the roots fell after the vegetative stage
from 2.63 + 0.82 pg/g biomass/day to 71.61 + 0.37 ng/g biomass/day in flowering and
154.67 + 69.31 ng/g biomass/day in senescence; flux from the aboveground biomass
was highest in the vegetative stage (12.48 + 0.68 pg/g biomass/day), falling to less than
half that value when flowering (5.73 + 0.45 ug/g biomass/day), and then reducing
further in senescence (79.42 + 28.3 ng/g biomass/day). Dimethyl sulphide fluxes (figure
5.3E) were negative in the vegetative plant stage, showed high variation in flowering
plants, and became positive in senescent roots but with high variability (1.06 + 0.76 pg/g
biomass/day). Output of chloroform (figure 5.3F) appeared high from vegetative stage

roots, but with high variation (39.40 + 74.15 pg/g biomass/day), falling and stabilising in
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flowering (8.09 + 4.20 pg/g biomass/day) and senescent roots (11.89 +2.04 ug/g
biomass/day).



143

1.00 MecCl 0.05 MeSH
0.50 0.04
>
3 0.00
7 0.03
©
E -0.50
2 0.02
%2-1.00
£ 0.01
> -1.50
3
(==
2.00 0.00
-2.50 -0.01
0.60 MeBr 14.00 Mel
0.50 12.00
&
o 10.00
7 0.40
g 8.00
2 030
0 6.00
S~
% 0.20
=0 4.00
=
Y
0.10 2.00
0.00 0.00
2.00 DMS 150.00 CHCI3
1.50
% -
A 1.00 100.00
@ 0.50
5
o 0.00 50.00
oo
?-o.so .
X -1.00 0.00 - il
o=
-1.50
-2.00 -50.00
1R 1ABG 2R 2ABG 3R 3ABG 1R 1ABG 2R 2ABG 3R 3ABG

Figure 5.3 Gas fluxes from Brassica juncea cv. ‘ISCI99’ roots and aboveground biomass
over 3 growth stages. The change in concentration of gases over a 20 minute period was
extrapolated to give a value of micrograms flux per gram plant dry biomass per day
Horizontal axis markers indicate growth stage (1 = vegetative growth, 6 weeks; 2 =
flowering, 12 weeks; 3 = senescence, 18 weeks) and section of plant (R = roots; ABG =

aboveground biomass). Error bars give + 1 standard error.
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54.1.2 Raphanus sativus cultivar ‘WeedCheck’

Biomass values for ‘WeedCheck’ radish increased with growth stage. Root biomass
increased from 0.23 £+ 0.037 g in vegetative plants to 7.14 £ 1.38 g in flowering and
7.78 £2.86 g in senescence: differences between growth stages were significant
(ANOVA, P = 0.037), though Tukey’s test separately grouped vegetative and flowering
root biomasses and flowering and senescent root biomasses. Shoot biomass also
increased with growth stage (vegetative: 1.45+0.20 g; flowering: 16.03+1.48 g;
senescent: 17.90 + 3.07 g). ANOVA suggested a significant difference between groups
(P =0.001), with pairwise comparison grouping flowering and senescent biomasses

together.

Figure 5.4 gives the fluxes of tested compounds recorded from R. sativus cv.
‘WeedCheck’. Production of methyl chloride by WeedCheck was variable in the roots of
vegetative stage plants (0.31+0.64 pg/g dry biomass/day) but stable in the
aboveground biomass. Methane thiol emissions were on the nanogram scale in all
samples apart from vegetative stage roots, where there was high variation. Methyl
bromide production in the aboveground biomass peaked in flowering plants
(0.49 £ 0.04 pg/g dry biomass/day); root production peaked in senescence (0.08
0.07 ug/g dry biomass/day). Methyl iodide production was highest per gram biomass in
the vegetative stage and declined thereafter. A similar trend was observed in the
production of DMS from roots, whereas a negative flux observed in the aboveground
biomass of vegetative plants became positive in later stages. Production of chloroform
was principally observed in the roots of vegetative plants (59.87 + 14.05 pg/g dry
biomass/day).
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Figure 5.4 Gas fluxes from Raphanus sativus cv. ‘WeedCheck’ roots and aboveground
biomass over 3 growth stages. The change in concentration of gases over a 20 minute
period was extrapolated to give a value of micrograms flux per gram plant dry biomass
per day. Horizontal axis markers indicate growth stage (1 = vegetative growth; 2 =
flowering; 3 = senescent) and section of plant (R = roots; ABG = aboveground biomass).

Error bars give + 1 standard error. n = 3 for growth stages 1 and 3; n =5 for the flowering

stage.
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5.4.1.3 Raphanus sativus cultivar ‘Diablo

Raphanus sativus cv. ‘Diablo’ root biomass increased from vegetative (0.42 £ 0.19 g) to
flowering (11.01 £+ 4.24 g) before decreasing slightly in senescent plants (10.77 + 3.09 g);
ANOVA gave a between groups significance figure of 0.08, indicating that the groups
were not significantly different from another. Post-hoc analyses indicated significant
differences between vegetative stage root mass and the masses of roots at the later
stage (P < 0.05). Aboveground biomass followed the same trend (vegetative: 2.53 £ 0.90
g; flowering: 14.78 + 2.78 g; senescent: 13.32 £ 0.38 g), with ANOVA producing a
between groups significance figure of P = 0.004; Tukey’s test found that flowering and

senescent biomass did not significantly differ.

The trends observed in R. sativus cv. ‘Diablo’ were similar to those in “‘WeedCheck,” with
some notable differences (Figure 5.5). A negative methyl chloride flux was observed in
vegetative stage roots, while the aboveground biomass reported positive fluxes at all
stages. Methane thiol levels were low in all stages, with high variability. Methyl bromide
production peaked in flowering stage plants at nearly double the value observed in
‘WeedCheck,” but with high variability (1.16 +0.43 pug/g dry biomass/day). Methyl
iodide release followed a similar trend to methyl bromide, aboveground biomass
emissions peaking in flowering plants at 30.97 +11.14 ug/g dry biomass/day;
production in the roots was highest per gram biomass in vegetative stage plants
(1.15 £ 0.69 pg/g dry biomass/day). DMS emissions were negative in vegetative roots
but positive in all other samples, with high variability. Chloroform production was again

highest in the roots of vegetative stage plants (53.69 + 28.31 pg/g dry biomass/day).
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Figure 5.5 Gas fluxes from Raphanus sativus cv. ‘Diablo’ roots and aboveground
biomass over 3 growth stages. The change in concentration of gases over a 20 minute
period was extrapolated to give a value of micrograms flux per gram plant dry biomass
per day. Horizontal axis markers indicate growth stage (1 = vegetative growth; 2 =
flowering; 3 = senescent) and section of plant (R = roots; ABG = aboveground biomass).
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5.4.1.4 Eruca sativa cultivar ‘Nemat’

Rocket cv. ‘Nemat’ continued the trend of increased biomass with subsequent growth
stages. Root biomass in vegetative plants was 0.16 + 0.33 g, growing to 1.77 £ 0.38 g in
flowering and 2.18 + 0.65 g in senescent plants (ANOVA P = 0.037); pairwise comparison
of the groups found a significant difference between vegetative and senescent root
biomasses (P = 0.038). Aboveground biomass increased from 0.88 + 0.19 g in vegetative
plants to 6.11 £ 0.49 g in flowering plants, and 7.27 £ 1.76 g in senescence. Between
groups differences were significant (ANOVA P = 0.003), and post-hoc pairwise
comparison with Tukey’s test found that vegetative stage aboveground biomass differed

significantly from the two later growth stages (P < 0.01).

The emissions profiles from Eruca sativa cv. ‘Nemat’ at different growth stages varied
from those observed in B. juncea and R. sativus. Methyl chloride flux was highly variable,
giving error greater than the average value in vegetative and senescent plants, as well
as in the roots of flowering plants. Methane thiol fluxes were in the nanogram range
with high error (a single reading is given for vegetative stage above and belowground
biomass, resulting in no error bars). Methyl bromide production peaked in both roots
and the aboveground biomass at flowering (roots: 0.019 + 0.009 pug/g dry biomass/day;
ABG: 0.29 + 0.18 pg/g dry biomass/day). Methyl iodide production from the roots was
the highest in flowering stage plants of the cultivars tested, at 0.24 + 0.07 pg/g dry
biomass/day — this value was used to generate Figure 5.10; production in the
aboveground biomass peaked at flowering (10.02 + 4.61 pg/g dry biomass/day). DMS
fluxes were generally positive in the roots, and negative or near zero in the aboveground
biomass. The Fluxpms from E. sativa cv. ‘Nemat’ flowering stage roots was also used for
Figure 5.10 (0.66 +0.17 pg/g dry biomass/day). Production of chloroform followed a
similar pattern to that observed in the other tested species: E. sativa vegetative stage

roots gave the highest flux recorded, at 153.68 * 84.74 ug/g dry biomass/day.
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Figure 5.6 Gas fluxes from Eruca sativa cv. ‘Nemat’ roots and aboveground biomass

over 3 growth stages. The change in concentration of gases over a 20 minute period was

extrapolated to give a value of grams flux per gram plant dry biomass per day. A, methyl

chloride; B, methane thiol; C, methyl bromide; D, methyl iodide; E, dimethyl sulphide;

and F, chloroform. Horizontal axis markers indicate growth stage (1 = vegetative growth,

6 weeks; 2 = flowering; 3 = senescent) and section of plant (R = roots; S = aboveground

biomass). Error bars give + 1 standard error.
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5.4.1.5 Total outputs from plants at each growth stage
The fluxes of each compound from the roots and aboveground biomass at each growth
stage were multiplied by the average dry biomass of those sections, to give an estimate

of the average per-plant flux (Table 5.4).

5.4.1.6 Estimating contributions of brassicas to global atmospheric budgets
Available data on the yields of mustard seed and radishes were used to calculate the dry
mass of commercially produced mustard and radishes, and from there estimate a value
for the output of methyl bromide from total commercial production of these crops
(Table 5.5). The vyield data from 2016 was used for estimation of mustard biomass
(FAOSTAT, 2017); the estimate for radish production was taken from a book and gives
only the typical global production of radish per annum, accurate at the time of printing

(Dixon, 2006).



Table 5.4 Total flux per plant, based on average dry biomass

Species Average Flux, pg/day per plant
and Stage Biomass mass, g MeCl + MeSH + MeBr + Mel + DMS + CHCI3 +

8 v BBG 0.147 0.043 0.052 0.001 0.002 0.011 0.005 0.385 0.120 -0.165 0.060 5.778 10.876
§ ABG 0.847 -1.027 0.869 0.010 0.012 0.077 0.036 10.562 0.580 -0.784 0.339 0.051 0.090
= 8 F BBG 0.963 0.182 0.117 0.003 0.004 0.017 0.009 0.069 0.004 -0.067 0.116 7.793 4.042
3 8 ABG 3.420 1.036 0.519 0.006 0.005 1.742 0.077 19.583 1.547 0.469 0.446 0.742 0.805
g - S BBG 0.763 0.012 0.046 0.016 0.013 0.014 0.002 0.118 0.053 0.783 0.578 9.077 1.556
@ ABG 8.150 -0.874 1.654 0.022 0.014 0.229 0.091 0.647 0.231 1.856 1.117 0.052 0.335
Vv BBG 0.233 0.072 0.150 0.053 0.038 0.007 0.001 0.314 0.050 0.231 0.124| 13.969 3.279
« ABG 1.453 0.155 0.098 0.004 0.007 0.274 0.060 15.198 2.078 -0.748 0.081 -0.540 0.112
§ F BBG 7.142 -0.141 0.469 -0.001 0.016 0.044 0.020 0.452 0.098 1.988 1.098 7.926 3.517
Q ABG 16.034 3.680 1.292 0.010 0.007 7.803 0.721] 131.230 20.018 0.615 0.204] 13.441 11.719
(é 3 S BBG 7.783 0.057 0.057 -0.018 0.017 0.616 0.544 0.299 0.345 0.923 0.399 4.824 3.422
g = ABG 17.903 3.241 0.479 -0.003 0.002 6.132 1.745| 108.639  27.902 0.556 0.184 1.474 0.280
2 Vv BBG 0.423 -2.214 1.579 0.002 0.000 -0.076 0.066 0.487 0.291 -0.248 0.150( 22.729 11.984
% ABG 2.533 2.353 2.434 0.000 0.000 0.618 0.105| 22.987 8.106 0.199 0.176| 32.614 18.598
s % F BBG 11.013 0.146 0.027 0.013 0.014 0.021 0.031 1.480 0.581 5.318 5.283 16.024 7.304
g = ABG 14.783 11.018 4.337 -0.014 0.011 17.213 6.430] 457.801 164.669 2.531 1.373 -9.513 8.716
o S BBG 10.773 -0.121 0.065 0.000 0.003 0.052 0.026 0.367 0.058 0.414 0.069 7.048 1.664
ABG 13.317 4.211 1.005 0.000 0.007 6.528 2.291| 48.397 6.405 0.460 0.127 1.431 0.982
v BBG 0.157 -0.244 0.462 -0.005 0.000 -0.001 0.004 0.220 0.134 0.136 0.200| 24.076 13.276
S ABG 0.883 -0.621 1.733 -0.001 0.000 0.014 0.049 0.766 3.417 -1.076 1.253] -21.890 18.098
g ®© F BBG 1.773 0.009 0.102 0.006 0.005 0.033 0.017 0.507 0.116 0.735 0.309| 20.741 7.522
;) QEJ ABG 6.110 1.216 0.288 0.001 0.026 1.790 1.115] 61.230  28.152 -0.176 1.063 0.664 0.888
5 < S BBG 2.180 0.190 0.323 -0.006 0.005 0.003 0.066 0.198 0.227 0.650 0.004 6.966 3.357
w ABG 7.273 -0.297 0.897 -0.003 0.004 0.558 0.859 13.248 3.853 0.097 0.168 1.698 0.418

Stage: V = vegetative, F = flowering, S = senescent; Biomass: BBG = belowground biomass (roots), ABG = abowveground biomass. n = 3 for all sampled plants expect

WeedCheck F stage, where n = 5

€qt
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Table 5.5 Estimates of the global yearly methyl bromide flux due to growth of

mustard and radish as cash crops

Crop Yield Root dry mass | Aboveground | MeBr production
Iyr dry mass /yr | over 8 weeks

Mustard 0.7 Mt/yrt | 475 tlyr 1687 t/yr 0.078 Gglyr

seed

Radish 7 Mt/yr? | 296 t/yr 663 t/yr 0.012 Gglyr

1. (Banerjee etal., 2012, FAOSTAT, 2017)

2. (Dixon, 2006)
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5.4.2 Toxicity of emitted compounds to nematodes

A nested-dish assay was developed to test the toxicity of emitted compounds to
nematodes when in a volatile form. Initial testing compared the toxicity of compounds
applied in solution to nematodes suspended in buffer with compounds applied
separately to the buffer and allowed to volatilise. Following 18h incubation with methyl
iodide, it was found that both treatments resulted in high C. elegans mortality
(97.38+1.27 % in solution, 99.38 + 0.33 % in the outer dish), with no significant
difference between the two (P>0.05); both treatments were distinct from the untreated
control (P<0.001) (figure 5.7). The initial volume of methyl iodide was explorative,

informing subsequent experiments.

To test toxicity for plant-parasitic nematodes, and to investigate any synergistic effect
between compounds, G. pallida J2s were incubated with methyl iodide diluted in
ethanol, with or without an additional aliquot of chloroform (figure 5.8). No statistical
difference between treatments at the same concentration of methyl iodide was

observed. Chloroform tested alone appeared to have no impact on nematode viability.

The toxicity of dimethyl sulphide (DMS) was then assayed with G. pallida J2s (figure 5.9).
All concentrations of DMS appeared to result in near 100 % mortality for nematodes
initially, but some nematodes were able to recover after overnight incubation,
suggesting that some individuals experienced a nematostatic rather than nematicidal
effect. Volumes of DMS applied to nematodes were made to match those of methyl

iodide previously trialled.

The effects of methyl iodide and DMS on encysted eggs was investigated at
concentrations estimated to be of biological relevance, and mortality was measured by
staining of dead nematodes with Meldola’s blue dye (Kroese et al., 2011). Using a dosage
based on the maximum output from 1g dry belowground biomass, toxicity was
observed in eggs exposed to 49 times daily flux (11.91 pg of methyl iodide and 32.49 ug
of dimethyl sulphide, equivalent to 7 weeks cumulative exposure). The effects of DMS
and methyl iodide were additive, such that combined application of a 7-week flux of
dimethyl sulphide and methyl iodide resulted in significantly higher mortality in eggs

than application of dimethyl sulphide alone (Figure 5.10).
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Figure 5.7 Toxicity of methyl iodide to C. elegans N2 adults in applied solution and in
a volatile form. An aliquot of 3 ul (6.84 mg) methyl iodide was applied to each of the
treatments, and the number of dead nematodes counted before and at 0.5, 1, 2, 3 and
18 hours after application. Methyl iodide appears to act more quickly when applied in
solution, but this difference disappeared after overnight incubation. N = 226 + 42;
groups are based on a Student-Newman-Keuls analysis, P < 0.05. A t-test indicated P <

0.001 for the treatments at 18h versus the non-treatment control.



157

100
90
80
70
60
50
40
30
20
10

@E+3ul
chloroform

& - chloroform

Inactivity %

136.80 68.40 34.20 0
Methyl lodide, pug

Figure 5.8 Inactivity in Globodera pallida J2s after 18h incubation with volatile methyl
iodide, with or without additional chloroform. The x-axis displays the total volume of
methyl iodide solution in each treatment, applied diluted with absolute ethanolina 3 pl
aliquot. No statistical difference due to addition of chloroform was detected. Exposures
were performed in triplicate, n=151 + 28. Labels give groups based on Student-

Newman-Keuls analysis.
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Figure 5.9 Inactivity in Globodera pallida J2s after incubation with volatile dimethyl
sulphide. DMS was applied diluted in ethanol in 3 pl aliquots. Nematodes initially
appeared to have been killed outright at all concentrations of applied DMS, but there
was a dose-dependent recovery of some nematodes after overnight incubation.
Exposures were performed in triplicate, n=271 + 8. Groupings are based on a Student-

Newman-Keuls analysis, P < 0.05
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Figure 5.10 Toxicity of methyl iodide and dimethyl sulphide to Globodera pallida
encysted eggs. Cysts suspended in 2 ml sterile distilled water were exposed to volatilised
methyl iodide and dimethyl sulphide, applied in a 14 ul aliquot diluted in ethanol. Doses
were based on the 24h flux from 1 g dry root biomass from flowering stage R. sativus cv.
‘Diablo’: 1 =1 times the daily flux (methyl iodide = 0.243 pug; DMS =0.663 pg); 7 =7 times
the daily flux; and 49 = 49 times the daily flux; M = methyl iodide in ethanol alone; D =
dimethyl sulphide in ethanol alone; X = combined doses of methyl iodide and dimethyl
sulphide in ethanol. Data labels give groupings based on a Student-Newman-Keuls
analysis, P <0.05. Exposures were set up with 3 cysts per plate in triplicate, n =433 + 92

eggs per exposure.
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5.5 Discussion

5.5.1 Brassicas produce bioactive methyl halides and dimethyl sulphide

It was demonstrated that brassicas emit methyl bromide and methyl iodide reliably, and
over the course of their life cycle from seed to senescence. This is in line with previous
studies that have noted the production of methyl bromide from Brassica napus (Gan et
al., 1998, Mead et al., 2008), and methyl iodide from B. oleracea (Saini et al., 1995). The
genes involved in production of methyl halides and methane thiol have been identified
in Arabidopsis thaliana as S-adenosyl-L-methionine (SAM) dependent
methyltransferases termed HOL (Harmless to Ozone Layer) or HTMT (halide/thiol
methyltransferase) genes (Nagatoshi and Nakamura, 2009, Rhew et al., 2003, Saini et
al., 1995, Itoh et al., 2009). Phylogenetic and enzymatic studies have confirmed the
presence of HTMT activity in plant families including Brassicaceae and Poaceae
(including the important food crops wheat, Triticum aestivum; rice, Oryza sativa; and
corn, Zea mays) (Itoh et al., 2009, Rhew et al., 2003) with the highest such activity
observed in brassicas (Saini et al., 1995). The activity of HTMTs has been suggested as a
protective measure, eliminating potentially cytotoxic halide ions from cells (Saini et al.,
1995). In brassicas, a role for HTMTs in glucosinolate metabolism has been suggested,
with AtHOL1 found to be highly reactive with thiocyanate ions (NCS-, a breakdown
product of glucosinolates, see Chapter 1.3.3) and holl mutant seedlings showing

increased susceptibility to Pseudomonas syringae (Nagatoshi and Nakamura, 2009).

The profile of emitted gases changed over the growth period of the plant (Figure 5.3,
5.4, 5.5 and 5.6; Table 5.4). The biomass of plants generally increased with growth
period. The plants with highest biomass therefore produced the greatest quantity of
compounds. Raphanus sativus cv. ‘Diablo’ aboveground biomass generated the highest
total output of methyl chloride, methyl bromide and methyl iodide, while the highest
output of dimethyl sulphide was reported from the roots of the same plants. The highest
flux for chloroform was seen in vegetative stage ‘Diablo’ ABG, and in ‘Nemat’ vegetative

roots.
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5.5.1.2 Negative flux values

A number of negative flux values were observed in a number of the samples, often
accompanied by high error (Figures 5.3, 5.4, 5.5 and 5.6; Table 5.4). Ambient levels of a
compound present in the sampling chambers may decrease over time after the chamber
is sealed in the absence of the plant releasing the compound, but this does not
necessarily imply that the plant is actively taking up the compound. Negative fluxes
observed in the roots are likely due to dissolution of the compound into the water in
which the roots are suspended. In the upper sampling chamber, compounds may be
passively adsorbing onto the plant in the absence of compound emitted from the plant.
The presence of microbes able to metabolise a given compound may also explain some
of the negative fluxes: the large negative flux value for chloroform in E. sativa cv.
‘Nemat’ vegetative aboveground biomass may be related to the high positive flux
observed in the roots (Table 5.4): the abundance of chloroform generated in the roots
could lead to an increase in the population of chloroform-metabolising bacteria (Jugder
et al., 2017), the presence of which on the surface of the aboveground biomass of the

plant would lead to active intake of chloroform.
5.5.2 Atmospheric impacts of brassicaceous crops

Production of methyl bromide has previously been measured in oilseed rape, and the
contributions of oilseed rape production to global methyl halide budgets has been
estimated (Gan et al., 1998), with the most recent analysis giving a value of 5.5 Gg/yr
MeBr from oilseed production, and 0.005 Gg/yr from mustards (Mead et al., 2008). The
value estimated from commercial mustard production presented here is higher than
those previously given, and no such estimate has been made for radish production. As
the tested radish cultivars generated higher fluxes of methyl bromide than mustard,
both per g dry biomass (Figures 5.3, 5.4, and 5.5) and per plant (Table 5.4), this may have

important implications for monitoring of tropospheric methyl bromide.

The calculated values are necessarily inaccurate. Variation of fluxes based on
temperature and varying soil halide concentrations are not factored into the analysis,
and the sampled time points likely only give a snapshot of the variation in fluxes over
the course of the growing period of a crop, and cannot factor in the variations between

different brassica crops and the many cultivars thereof. The differences in emissions
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between the two E. sativa cultivars suggest that there is much intraspecific as well as
interspecific variation. Estimating contributions to atmospheric budgets based on crop
production requires accurate data on the yields of each crop produced per annum. The
UN’s Food and Agricultural Organisation Statistical Database is a valuable resource for
monitoring of crop production, but detail on the varieties of brassicas grown beyond
separation of mustard seed and “cabbage and other brassicas” is unavailable (FAOSTAT,
2017). Emissions from rice paddies analysed over the course of a growing season have
demonstrated variation in output throughout the life of the crop (Redeker et al., 2004).
A more granular sampling approach could therefore be taken to analysis of biofumigant
crops in the field, with more frequent sampling to allow for a model of the flux profile

of a given biofumigant to be generated.

The impacts of biofumigation on atmospheric methyl bromide are impossible to
estimate without reporting on the use of biofumigants. Simple reporting of the
biofumigant crop used and the seeding density should allow for an estimate of the total
dry biomass to be calculated (Doheny-Adams et al., 2018), from which the potential
output of methyl bromide can then be determined. No such reporting currently exists,
meaning that the potential environmental impacts of growing brassicas for
biofumigation or as cover crops are unknown. Future expansion of biofumigation
management practices could therefore contribute to uncertainty in monitoring of

tropospheric methyl bromide, if not considered in environmental analyses.
5.5.3 Toxicity of volatile compounds emitted by brassicas

The compounds emitted by the tested brassica cultivars were found to be toxic to

C. elegans adults and to Globodera pallida juveniles and encysted eggs (Chapter 5.4.2).

Methyl iodide has been investigated as an alternative fumigant to methyl bromide,
apparently preferable because of its low environmental impact, but was rejected in the
USA due to worries about local toxicity (Pelley, 2009). The mechanism of methyl iodide
toxicity in mammalian cells has been suggested to include depletion of glutathione and
disruption of cell membranes (Chamberlain et al., 1999), resulting in severe and long-
lasting neurotoxicity following acute exposure (Nair and Chatterjee, 2010) and with less

severe effects from chronic, low-level exposure (Chamberlain et al., 1999). Methyl
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bromide toxicity represents similarly in mammals (Hustinx et al., 1993), also with effects
from chronic exposure (Yang et al., 1995). The mechanisms by which methyl halides
cause cytotoxicity, namely excess conjugation of glutathione and disruption of cell
membranes, are likely conserved across diverse animal phyla, including nematodes for
which conjugation of glutathione is a known response to xenobiotic compounds (see
Chapter 3). Inhalation of high concentrations of dimethyl sulphide have been shown to
be toxic to humans and mice, both through inducing reduction of available oxygen, and
through disruption of the nervous system (Terazawa et al.,, 1991). Plant-parasitic
nematodes have been shown to endure anoxic states for up to 14 days, in the case of
Bursaphelenchus xylophilus (Kitazume et al., 2018), so this is unlikely to be the mode of

action of DMS.

Toxicity of the trialled compounds was observed in nematodes exposed to high
concentrations of the compounds in a closed environment, poorly mimicking the soil
environment. In soil planted with a given brassica and infested with potato cyst
nematodes, encysted eggs located near to brassicas roots could be exposed to a
constant but low flux of all of the investigated compounds for the entire growth period
of the crop. As the nested-plate assay involved single point applications of compound
doses and require the plate to be sealed airtight, a better understanding could be gained
from development of an assay in which nematodes or cysts are exposed to chronic, low
doses of the compounds emitted by brassicas. Pot and field trials in which G. pallida
cysts are encapsulated in mesh bags placed into the soil in the vicinity of brassicas could
identify if release of compounds from brassica roots into the soil environment

contributes to the control of potato cyst nematodes.

The intractability of methyl chloride, methane thiol and methyl bromide also contributes
some uncertainty to the conclusions of the presented work. Though the methyl
chlorides are known to be broadly bioactive, likely with similar modes of action to
methyl iodide, a system in which gaseous compounds can easily be delivered to
nematodes would allow for investigation of any interactions between the compounds

of interest.
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5.6 Summary

e Crops grown for biofumigation and as cover crops emit bioactive compounds
including methyl halides, methane thiol and dimethyl sulphide

e The release of the ozone-depleting agents methyl bromide and methyl
chloride may have impacts on the atmosphere, and should be considered
when expanding growth of brassicas both as cash crops and for biofumigation

e The compounds emitted from brassicas are toxic to both free-living and plant-
parasitic nematodes in a closed environment. An additive effect was observed

when nematodes were exposed to both methyl iodide and dimethyl sulphide.
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Chapter 6 General Discussion

A review of the published literature on biofumigation reveals that the majority of
research focuses on the effectiveness of biofumigants as a control method, and on
maximisation of the delivery of isothiocyanates into the soil (see Chapter 1.3). The work
presented here addresses some of the gaps in knowledge relating to biofumigation,
including the effects of isothiocyanates on nematode metabolism and the impact of
growing biofumigants on the soil and the environment. An effort was also made to
develop a screening process for biofumigant activity, and to develop transgenic

reporters with direct relevance to plant-parasitic nematodes.
6.1 Investigating xenobiotic metabolism of Globodera pallida

A number of genes were directly implicated in the response of Globodera pallida J2s to
contact with isothiocyanates. Comparison of sequenced cDNA with the genes predicted
in the gene assembly (Cotton et al., 2014) found good overall similarity, with 11 of the
18 investigated genes having strong homology to the predicted sequences; 7 of these
translated to amino acid sequences that had >99 % similarity to the predicted protein
(GP01278, GP02405, GP08126, GP10083, GP10467, GP10686, and GP12030). While
other genes were less well conserved relative to the predicted sequence, only 2 of the
18 genes investigated had poor homology with the predicted gene (GP02984 and
GP08879), indicating that the quality of the gene predictions of the genome assembly is

generally good.

The amino acid sequences encoded by the investigated genes suggest a range of roles,
based on homology to known proteins and to specific domains (see Chapter 3.5.1). A
number of genes are implicated in xenobiotic metabolism. GP02405 and GP11984 were
identified as glutathione S-transferases, the enzymes most closely associated with
detoxification of isothiocyanates (Jiao et al., 1996, Kolm et al., 1995, Zhang, 2000). Given
the strong homology of GP02405 to Mi-gst-1, its identification as a sigma-class GST, and
its apparent role in G. pallida xenobiotic metabolism, it is suggested that it be named as
Gp-gst-1, in-line with suggested naming conventions for parasitic nematode genes (Bird
and Riddle, 1994). Further investigation of GP11984 should confirm its role as a GST.

GP03693 was identified as a carboxylesterase, implicated in phase | biotransformation
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of xenobiotic compounds (Laizure et al., 2013). While carboxylesterases principally
hydrolyse carboxyesters, they have been demonstrated to catalyse hydrolysis of a broad
range of substrates (Aranda et al., 2014), which could include preparing isothiocyanates
for conjugation with reduced glutathione, pending further investigation. Studies on
xenobiotic metabolism of isothiocyanates in the context of cancer prevention have
identified a modulating effect on a number of phase | and Il enzymes, but have largely

focused on CYPs and GSTs (Abdull Razis et al.).

Other genes found to be significantly up-regulated in Dazomet-exposed G. pallida J2s
could have indirect roles in response to contact with isothiocyanates. GP09707 was
identified as a putative phosphoethanolamine methyltransferase (PMT), homologous to
C. elegans PMT-1. PMTs are critical in maintenance of cell membranes such that RNAi
knockdown of C. elegans PMT-2 results in nematodes with arrested growth that are
unable to reproduce (Brendza et al., 2007). GP04700 was predicted as an S-
adenosylmethionine synthetase, an enzyme that generates the substrate for PMTs
(Markham and Pajares, 2009). The simultaneous up-regulation of both GP04700 and
GP09707 suggest that they may be involved in repair of the cell membranes in response
to toxin-induced damage, due to the role of PMT in membrane biogenesis (Bobenchik
et al., 2011). Investigation of the role of GP09707 in G. pallida with RNAi J2s could
determine whether or not it plays a crucial role in maintenance of normal cellular
function, as in C. elegans PMT-1 (Brendza et al., 2007) and PMT-2 (Palavalli et al., 2006).
If such a role is identified, GP09707 could provide a valuable target for control of
G. pallida. PMTs have no homolog in mammals, their equivalent functions being
performed by unrelated methyltransferase enzymes (Schubert et al., 2003); targeting of

nematode PMTs should therefore be a biosafe approach.

Potential roles in signalling were identified in a number of the genes up-regulated in
response to Dazomet. GP01278, as a putative tyrosine aminotransferase (TAT) likely
catalyses the breakdown of tyrosine (Mehere et al., 2010, Rettenmeier et al., 1990), the
breakdown products of which are involved in cellular communication (Ferguson et al.,
2013). GP10083 likely encodes a sodium/nucleoside transporter, facilitators of

intercellular signalling (Parkinson et al., 2011). Cell signalling in response to contact with
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a toxin prepares neighbouring cells for contact with the toxin, in principle, though some

toxins exploit these pathways (Lahiani et al., 2017).

Roles in response to Dazomet could be less reliably predicted for a number of the genes
investigated. GP10686 is predicted to be involved in metabolism of sugar, and GP10467
matches well with metallocarboxypeptidases, involved in protein folding: these could
have roles in mobilising energy and proteins for xenobiotic metabolism, but no such link
was suggested in the literature. One of the genes could not be cloned from cDNA, and 3
of the 17 remaining genes were found not to be up-regulated when analysed by gPCR:

GP02040, GP04777 and GP08879.

Genes identified as putative effectors (GP07079, GP08126 and GP12030) could have a
role in response to host defences, as one of the principal roles ascribed to effectors is
that of host defence suppression (Quentin et al., 2013). A general response to
cytotoxicity in plant-parasitic nematodes could be to up-regulate effectors, as the
nematode could respond to all contact with bioactive compounds as an indicator of
contact with a host plant. While effectors have been identified through transcriptomic
analyses of gene regulation at different life stages (Elling et al., 2009), the stimuli that
induce these regulatory changes are unexplored. As the mechanisms by which
nematodes recognise that they have reached the host and selected an appropriate
feeding site are as yet undescribed (Bohlmann and Sobczak, 2014), contact with
xenobiotic compounds could form part of the likely multifaceted complex of triggers
that lead to feeding site selection, up-regulation of relevant genes, and induction of the

factors that lead to growth and subsequent development of the juvenile nematode.
6.2 Screening plant extracts for biofumigant activity

The use of C. elegans reporter lines to detect biofumigant activity was demonstrated,
with activity reported even from dilute plant tissue extracts. The response of reporters
to several isothiocyanates at low concentrations suggest good sensitivity of the assay,
but poor specificity; low concentrations of isothiocyanate activity in plant extracts can
therefore be detected, but no identification of specific constituent compounds can be
made, and no quantification can be taken from the response. However, relative

guantification, by comparison of the differential response of reporters to dilute plant
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extracts, can be inferred: in two plant extracts of the same concentration, greater
fluorescence observed in the reporters suggests a higher overall concentration of
isothiocyanates in the extract, and therefore of glucosinolates in the tissues of the

plants, as observed in B. juncea and S. alba when diluted (Figure 4.9).

Development of reporter lines for different bioactive compounds could allow for
screening of various bioactivities among plant extracts, beyond the scope of
biofumigation. The study from which the gst-31::gfp lines were derived also
demonstrated reporters that gave a specific up-regulatory response to chloroquine,
imidacloprid and thiabendazole, compounds with distinct modes of action (Jones et al.,
2013b). Screening plant extracts for the response related to these compounds could
identify sources of similar compounds or help to identify novel compounds with similar
activities from plant sources. In the case of chloroquine, an anti-malarial drug for which
resistant strains of malaria now exist (Krafts et al.,, 2012), identification of novel
compounds from plant sources could potentially generate new drugs for treatment of
malaria, for which no resistance has developed. Novel analogues of thiabendazole and
imidacloprid could similarly be identified. As imidacloprid is a neonicotinoid, insecticides
implicated in the decline of bees and other insect pollinators (Tsvetkov et al., 2017,
Woodcock et al., 2017), there is likely little appetite for development of new compounds
of similar activity. Reporter lines that respond to other stimuli, such as nematicides that
have been phased out (see Chapter 1.3.2), could be used to identify plant sources of
compounds that are known to be active against pest nematodes in the field, which could
then be applied in the same fashion as a biofumigant, provided that rigorous testing had

been performed to rule out detrimental effects to the environment.

Reports on the efficacy of biofumigants have observed population reductions from
plants with no glucosinolate content and therefore no release of isothiocyanates into
the soil, such as corn and wheat (Bélair et al., 2016, McSorley, 2011, Vervoort et al.,
2014). The observed effects on population are typically ascribed to mechanical
disturbance during incorporation or to positive impacts on soil quality from the addition
of green manure leading to an increase in organisms that predate or outcompete pests.
Screening of these crops using XME reporters could reveal that there are bioactive

components in the plant tissues that contribute to nematode control.



169

For expansion of the biofumigant toolkit, plant extracts that are screened and show
various different bioactivities could provide a far more robust method of control against
plant-parasitic nematodes and other soilborne pests. Where novel bioactivity is
discovered in a plant species through the use of XME reporter nematodes, new
biofumigant seed mixes could be developed that incorporate a range of plant crops.
These could be designed to deliver a cocktail of bioactive compounds to soilborne pests,
mirroring the approaches taken to overcome bacterial resistance, where multiple drugs
are administered either simultaneously or in phases, in order to target all members of a
population in which resistance to some or all of the drugs exists in separate organisms

(Kim et al., 2014, Pal et al., 2015).

Screening of plants for new sources of isothiocyanate-based biofumigation and for
methods of control based on separate modes of action could prove to be an important
goal for the development of biofumigation as a management practice. The
inconsistencies in biofumigation efficacy observed in the field (Chapter 1.3.5) require
that research continues until methods are developed that can be applied and guarantee
a given result. Expanding the range of traditional and novel biofumigant crops available
will provide a greater range of tools that can be used to answer important research

guestions in the field.
6.3 Developing transgenesis of plant-parasitic nematodes

Attempts were made both to generate C. elegans reporters for G. pallida genes, and to
generate transgenic G. pallida and M. incognita, in order to provide tools to more
directly study cellular processes relating to plant-parasitic nematodes (Chapters 4.4.5
and 4.5.4). Transgenic C. elegans with reporter genes (GFP or mCherry) under control of
G. pallida promoters did not result in expression of the reporter genes, despite
confirmation of the presence of transgenes by PCR. Despite conservation of some gene
functions, e.g. sequence homology between GP09707 and C. elegans PMT-1, this
absence of expression could be explained by divergence between trans- and cis-
regulatory elements between the species. Where coding DNA sequences may be
necessarily conserved across species in order to maintain gene functionality, regulatory
elements may diverge while maintaining function. Cis-regulatory elements are those

regions of non-coding DNA that sit near to transcribed genes within the genome and act
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in some way to regulate expression of those genes, such as promoters and enhancers
(Wittkopp and Kalay, 2011), while trans-regulatory elements are those that act on the
cis-regulatory elements to modulate changes in expression, including transcription
factors and microRNAs (Gonzalez-Barrios et al., 2015). Over time, divergence in the cis-
regulatory elements surrounding a gene will not affect expression as long as those trans-
regulatory elements that control expression maintain the modulation of the genes. This
potential for divergence of regulatory elements was suggested as an explanation of the
unexpected expression patterns observed in C. elegans transformed with GFP under the
control of promoters from M. hapla: promoters for genes of conserved coding sequence
resulted in expression patterns inconsistent with the roles of the genes involved
(Gordon et al., 2015). The evolutionary distance between C. elegans and M. hapla is
similar to that between C. elegans and G. pallida (Blaxter, 2011, Blaxter and
Koutsovoulos, 2015). Therefore, an analogous variation in regulatory elements might be
expected between C. elegans and G. pallida. The expression of genes with specific roles,
such as in xenobiotic metabolism, is necessarily more specifically regulated than genes
with constitutive, or “house-keeping,” roles. Transformation of model organisms such
as C. elegans with reporter genes driven by promoters of plant-parasitic nematode
housekeeping genes may prove more fruitful, but would have limited power for further

investigation.

More reliable driving of gene expression in transgenic animals might be expected when
transgenes are sourced from more closely related animals, such as potato cyst and root-
knot nematodes (Decraemer and Hunt, 2013). Expression of GFP under control of the
G. pallida GAPDH1 promoter was observed in a single transformed M. incognita egg
(Figure 4.12). As discussed in Chapter 4, parthenogenetic Meloidogyne spp. display a
number of features, some of these in common with C. elegans, which suggest they may
be ideal candidates for generation of transgenic plant-parasitic nematodes. For instance,
M. incognita produces clonal offspring (Trudgill, 1997) — which may be an advantage to
generating stable transgenic lines — and can generate hundreds of viable offspring per
adult on a broad range of host plant species within a matter of weeks (Trudgill and Blok,
2001), a longer generation time than C. elegans, but shorter than cyst nematodes

(Turner and Subbotin, 2013). Generation of transgenic M. incognita expressing genes
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under control of root-knot or cyst nematode promoters could therefore be used to
investigate the roles of genes of interest in different life stages of the nematode. As
M. incognita can utilise arabidopsis as a host, experiments in which transgenic plant-
parasitic nematodes are grown within transgenic hosts could be set up, to investigate
plant host-parasite relationships both in a biofumigant context (as arabidopsis is a
brassica) and more generally, for instance utilising bimolecular fluorescence
complementation (Shyu and Hu, 2008) to query host-parasite protein-protein

interactions.

As the results here demonstrate that generation of transgenic M. incognita is both
possible and observable, though difficult, future work should seek to develop the
technique in order to generate a tractable system for the study of plant-parasitic

nematodes and their interactions with their hosts on a level not yet available.
6.4  Bioactivity of volatile compounds released by plants

A number of bioactive compounds were identified and quantified as emitted from
brassicas, including methyl bromide, a regulated soil fumigant that was the principal
chemical for control of plant-parasitic nematodes before its regulation under the
Montreal Protocol (UNEP, 2012). Testing of their bioactivity against C. elegans and
G. pallida revealed that methyl iodide and dimethyl sulphide (DMS) were toxic to all
tested life stages in both liquid and volatile forms (see Chapter 5.4.2). Despite the broad
toxicity of chloroform, including to soilborne nematodes (Sarathchandra et al., 1995),
no bioactivity was detected at any of the tested volumes. Methyl bromide is also known
to be toxic to nematodes (Noling, 2002, Noling and Becker, 1994); however, due to its
low boiling point at atmospheric pressure (3.56 °C) and the hazards associated with
human exposure (Hustinx et al., 1993), it was deemed inappropriate to attempt to
include it in the investigation. Methyl chloride and methane thiol were produced at
lower levels and less consistently across the examined cultivars, and were similarly
unsuited to study in the work presented here, as each is gaseous at room temperature

(with boiling points of -23.8 °C and 5.95 °C respectively).

An additive effect was observed when applying methyl iodide and dimethyl sulphide

concurrently to nematodes in a closed, “nested-plate” system, while combination of
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either methyl iodide or DMS with chloroform resulted in no effect on activity. It was
hypothesised that a synergistic effect, in which the bioactivity of paired compounds
would be greater than the sum of their parts, might be observed when combining
compounds emitted by brassicas, but no such effect was demonstrated. Compound
synergy is sought after in treatment of human infection and disease (Foucquier and
Guedj, 2015, Lewis et al., 2015, Tallarida, 2011), and has been a goal in studies into
combinations of soil treatments for nematode control (Mao et al., 2014, Mao et al.,
2012). Though synergy for nematode control was not observed between three pairings
of the compounds emitted by brassicas, the additive effect between methyl iodide and
DMS suggest that the full profile of gases emitted by brassica root tissues may have an
effect on soil organisms. Further investigation of more complex combinations could
elucidate potential interactions between compounds. Development of a system in
which methyl bromide can be safely assayed for bioactivity would improve

understanding of the impacts brassicas have on the soil environment.

The limitations of the nested-plate assay used here to assess toxicity of volatiles is that
nematodes were exposed to a single point application of each given compound, rather
than a steady dose over a long period of time, and that the experiments took place in a
closed environment. These conditions differ to those experienced by nematodes in the
soil: brassicas are constantly emitting bioactive compounds in a continuous low dose,
into a relatively open environment. The soil airspace surrounding the roots of a brassica
are heterogeneous, porous, moist, and populated with organic matter (O’Brien et al.,
2018). The soil microbiome will vary based on soil type, climate, and other abiotic factors
(Bates et al., 2011), impacting the fate of gaseous compounds in the soil. While the
potential for brassicas to have a controlling effect on soilborne pests has been
demonstrated, the validity of these reactions in field conditions have yet to be assessed.
Assessment of plant volatile toxicity in vitro would be improved by development of a
method that could reliably deliver gaseous compounds to a closed environment, at a
constant dose. This would allow for the chronic effects of exposure to low
concentrations of the compounds to be investigated, while a gas delivery system would
enable methyl bromide, methyl chloride and methane thiol to be incorporated into the

experiment.
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Future work should look to examine the effect of growing brassicas in soil containing
potato cyst nematode cysts without then incorporating the brassicas as a green manure,
as well as examining the gases released into and from the surface of the soil with the
plants in situ. Different soil types and moisture contents should be investigated, to
assess how these factors affect both the release and the ultimate fate of volatile
compounds emitted from brassica roots. Experiments in field conditions could be
performed using cysts contained in mesh bags placed in the soil near to the root systems
of brassicas, which could be harvested after a period of growth and assessed for egg

viability.

The aboveground biomass of brassicas emitted a greater mass of the principal bioactive
emissions observed from the belowground biomass. This is unlikely to have any impact
on soilborne pests, but could impact how aboveground pests select targets for
herbivory. Research into the gaseous emissions of plants largely focus on the release of
volatile organic compounds (VOCs), particularly in response to herbivory (Fiirstenberg-
Hagg et al., 2013, Holopainen and Blande, 2013, Kigathi et al., 2009). Methyl halide
emissions from rice plants have been suggested as a possible defence against herbivory,
though this is unverified (Redeker et al., 2004). Further investigation should therefore
focus on the responses of aboveground herbivores to the gases released by brassicas.
Members of the Lepidopterae have developed nitrile-specifier proteins (NSPs) that
manipulate breakdown of glucosinolates by brassicas to favour harmless nitriles instead
of bioactive isothiocyanates (Wittstock et al., 2004); similar mechanisms of
detoxification for contact with toxic methyl halides may also have arisen in brassica-

specific herbivores.
6.5 Environmental impacts of biofumigation

The levels of methyl bromide emitted from brassicas were calculated to be higher than
previous estimates for brassicas other than B. napus, which remains the greatest source
of atmospheric methyl bromide from brassicas (Gan et al., 1998, Mead et al., 2008), due
to a greater biomass of rapeseed being grown, for a longer growth period, each year
(FAOSTAT, 2017). The need for monitoring of sources of ozone-depleting agents was
outlined in the Montreal Protocol on Substances that Deplete the Ozone Layer, the

treaty that established global monitoring of such compounds and led to the withdrawal
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of methyl bromide and artificial compounds such as CFCs (UNEP, 2012); among the
compounds identified as emitted from brassicas, only methyl bromide is monitored.
Although iodine radicals have strong reactive potential with ozone, iodine compounds
react readily in the lower atmosphere and so never reach the stratosphere (Pelley,
2009). Chlorine atoms also react with ozone in the stratosphere, and methyl chloride
contributes 16% of atmospheric chlorine atoms (WMO, 2014). However, only ~1% of
methyl chloride is thought to be anthropogenic (WMO, 2014), with the remainder
coming from natural sources such as oceans and coastal plant-life (Yokouchi et al.,
2000); methyl chloride is therefore not a scheduled substance under the Montreal
Protocol (UNEP, 2012). Future monitoring of ozone-depleting substances could look to

factor in crop production as an anthropogenic source of methyl chloride.

Where crops grown for produce are reported or can be measured based on trade
outputs (FAOSTAT, 2017). From these reports, the biomass of brassicas grown for
produce can be estimated, and from there the resultant release of methyl bromide into
the atmosphere can be calculated (Chapter 5.4.3). However, no such reporting is made
for growth of cover crops or for biofumigation. Given the need for adequate monitoring
of ozone-depleting compounds (UNEP, 2012), the sources and sinks of such compounds,
termed the atmospheric budget, need to be identified (Butler, 2000). The current known
sinks of methyl bromide outweigh the known sources, meaning the budget is
unbalanced (Mead et al., 2008). While current trends show that atmospheric methyl
bromide is decreasing year on year (WMO, 2014), uncertainty of the sources of methyl
bromide complicate monitoring. An increase in atmospheric CFC-11 was detected in
2018, and could be located to production in East Asia (Montzka et al., 2018), possible
due to the wholly anthropogenic nature of CFC-11. An increase in anthropogenic methyl
bromide may not be detected due to the lack of balance in the atmospheric budget. It is
recommended therefore that biofumigation practices should be reported to

governments for the purposes of improved methyl bromide monitoring.

There remain a number of unanswered questions in the science of biofumigation. The
method of green tissue incorporation is evidently a factor in efficacy (Valdes et al., 2012).
The traditional focus on isothiocyanates as the principal factor in suppressing nematode

populations is undermined by reports on actual isothiocyanate release being far lower



175

than the calculated potential (Morra and Kirkegaard, 2002), and measurement of
isothiocyanates in the soil peaking immediately after incorporation and dissipating
thereafter (Dr Kelly Redeker, personal communication). The work presented here has
identified a number of genes directly implicated in Globodera pallida xenobiotic
metabolism, as well as a gene involved in crucial cellular maintenance. These can be
targeted with techniques such as RNAI to enable control of potato cyst nematodes in a
specific and biosafe manner. A biologically relevant screening process for identification
of biofumigant activity in plant tissue extracts has been developed, and should allow for
the expansion of available biofumigant crops, potentially allowing for the identification
of more effective alternatives to the crops currently employed. The potential for
transgenesis of plant-parasitic nematodes has been demonstrated; development of the
technique will greatly expand the tools available for study of plant-parasitic nematodes.
The gaseous emissions of brassicas have been examined in greater depth than before,
identifying bioactive compounds with demonstrable toxicity to plant-parasitic
nematodes released from both the aboveground and belowground biomass of the
plants. Ozone-depleting agents among these emissions should be considered when
expanding biofumigation practice in future. The results presented here indicate that
there is promise in the continued investigation of brassicas for the control of plant-
parasitic nematodes, but indicate that the focus could shift away from isothiocyanates

to other avenues of study.
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