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Abstract

Plant-parasitic nematodes devastate a wide range of plant species across the world
including many economically important crops such as coffee. Determining the
mechanisms that underpin nematode entry and parasitism of the root is of great interest

for the design of control strategies.

The first aspect of crop protection is to accurately and reliably diagnose the nematode
species of concern. A molecular pipeline is described in this thesis that utilises PCR to
rapidly detect and quantify the major Meloidogyne and Pratylenchus nematode species
that are capable of parasitising coffee. This methodology assessed the prevalence of
these species across the major coffee growing regions in Brazil, Vietnam and Indonesia.
Distinct profiles of Meloidogyne species were detected across the regions whereas
congruent Pratylenchus species were associated with coffee in all three countries.
Furthermore, the pathogens were more numerous around intercropped plants such as
banana and black pepper compared to coffee, suggesting that these crops may
aggravate the issue. There was a high abundance of Meloidogyne in soil in which
Pratylenchus was low, suggesting that the success of one genus may deter another.
There is a clear widespread, yet differential nematode problem within coffee plantations
that is likely to be effecting production and the issue is compounded by local practices
and choices of intercrops. The global scale of the problem and the cost to coffee

production could be elucidated with wider application of the approach.

Plant-nematode interactions must be defined in order to act upon diagnoses from the
field. As obligate plant parasites, Meloidogyne and Pratylenchus nematodes must be
able to locate and feed from their host in order to survive. The plant cell wall provides
protection and support to plant cells and is a major barrier that the nematode must
overcome to initiate feeding. This projects shows that Pratylenchus coffeae, a key
species detected in the field, regulates the expression of selected cell-wall degrading
enzyme genes relative to the abundance of substrate in root exudates, thereby tailoring
gene expression to maximise the chances of successful parasitism. Treatment with the
substrates directly or with root exudates deficient in the substrates conferred a specific
gene expression response with no effect on expression of another cell wall degrading
enzyme gene. This indicates that host-specific gene expression in this plant-parasitic
nematode is influenced by cell wall components that derive from plant secretion or
degradation of root tissue. The illustrated transcriptional plasticity may have evolved as
an adaptation for recognition and increased root invasion of a wider range of host

species.
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Chapter 1. Introduction

1.1. Coffee consumption

Approximately two billion cups of coffee are consumed worldwide every day (The British
Coffee Association, 2018). The United Kingdom consumes the 45" highest amount of
coffee (2.8 kg/capita/year), far lower than the top consumers; Finland
(12 kg/capita/year), Norway (9.9 Kkg/capita/year) and Iceland (9 kg/capita/year)
(International Coffee Organisation, 2018a). The majority of consumers in the UK (77 %)
buy instant coffee, rather than speciality coffee, to drink at home. This is notably higher
than the proportion of instant coffee consumed in other countries such as Finland (4 %),
Italy (6 %) and France (4 %), reflecting the varying coffee cultures (International Coffee
Organisation, 2016). Consumption of coffee increased by approximately 1 % from 2016-
2017 and is approximately equivalent with coffee production (International Coffee
Organisation, 2018b). Instability between harvests could severely impact global
availability, especially if consumption continues to increase (International Coffee
Organisation, 2018b). The worldwide availability of the beverage is due to the

widespread and established production pipeline, described below.

1.2. Coffee biology and production

1.2.1. The coffee plant

Coffea is a genus within the family Rubiaceae and includes 103 species of which only
Coffea arabica and C. canephora are economically important (Davis et al., 2006). Coffea
species are perennial plants that occur in tropical and subtropical regions at altitudes up
to 2500 m. Higher altitudes of 1000 - 2500 m favour C. arabica growth due to the cooler
climate of 15 - 24 °C. In comparison, C. canephora grows optimally in altitudes < 600
m, at temperatures of 24 - 30 °C (Willson, 1985). Coffea arabica and C. canephora can
grow to approximately 10 m but they are often pruned to assist harvesting. Both species
fruit berries, each containing two seeds, for approximately 50 years. Plant yield is based
upon total bean weight and can vary between cropping systems, with C. arabica
production ranging between 300 - 4500 kg beans/ha compared to 600 - 6000 kg
beans/ha from C. canephora (Jurgen and Janssens, 2010). These beans are then used

to produce the beverage (Ponte, 2002).

Other coffee species such as C. liberica and C. dewevrei are grown on subsistence farms
but are not favourable for commercial development due to their lower yield and height of

over 10 m, which extends harvesting time in larger plantations.



1.2.2. Coffee production

Coffea arabica and C. canephora constitute approximately 74 % and 24 %, respectively,
of total coffee production worldwide (Hobhouse et al., 2004). The preference to cultivate
C. arabica over C. canephora results from its commercially popular taste deriving from
the balance of several compounds within the bean. C. arabica, compared to C.
canephora, has a higher abundance of acetaldehyde, pyrazines and sucrose and a lower
concentration of chlorogenic acids, caffeine and sulphur-containing compounds,
resulting in a commercially preferred aroma and taste (Sanz et al., 2002, Farah, 2012).
Subsequently, C. arabica is sold for a higher price and is often used in blends that contain

different compositions of both beans.

Sixty countries produce coffee with approximately 60 % of global production deriving
from Central/South America, 25 % from Asia, 14 % from Africa and 1 % from the Pacific
Islands (Villain, 2008). Approximately a third of total global coffee comes from Brazil, the
world’s largest coffee producer (Figure 1-1) (Council and Hanrahan, 2006).
Coffea arabica represents 74 % of Brazilian coffee production and the majority is
cultivated in the south-eastern states, in particular Minas Gerais, Rio de Janeiro, Sao
Paulo, Parana and Bahia, due to the cooler climate. C. canephora represents 26 % of

Brazilian coffee production and is cultivated in the states of Espirito Santo and Rondénia.

Vietnam supplies only 18 % of the world’s total coffee production but accounts for 42 %
of the global output of C. canephora (Wiryadiputra, 2008). The Central and Western
Highland regions account for 85 % of the country’s total coffee production. Coffea arabica
is less common due to its increased susceptibility to Hemileia vastatrix, coffee leaf rust,
which causes mass defoliation, reduced berry production and even plant death (Silva et
al., 2006, Avelino et al., 2004). However, some growers prefer to cultivate C. arabica
due to its higher retail value. The geography of Vietham promotes cultivation of both
species as the Central and Southern provinces have a tropical, warm and humid climate

compared to the milder northern regions.

Coffea arabica and C. canephora are often referred to as arabica and robusta coffee,

respectively. These terms will be used throughout the rest of this thesis.

1.2.3. Coffee berry harvesting and processing

Harvesting seasons vary with the variety and the regional climate. This task employs
approximately 50 % of the man-hours required by the crop, making it the most time

consuming part of production (Vieira, 2008).
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Figure 1-1: Largest producers of coffee as percentage of world production, 2007-
2011. (Data source: International Coffee Organisation, 2018)



The berries are sent through washing channels where any debris or unripe berries will
float and are subsequently removed. The outer layers of the ripe berries are then
removed by machine to release the beans inside (National Coffee Association, 2015).
The mechanical input into these processes is largely influenced by the value of the coffee
market (Coffee Research Institute, 2006).

At this point the beans are sold by the growers and industrial companies roast and grind
the beans. Roasting is a process of slowly heating the beans to approximately 230 °C
so that the compounds responsible for the commercially preferred aromas and flavours
are formed, such as the caramelisation of sucrose and breakdown of chlorogenic acids
(Moon et al., 2009). As the final composition is unique to each roaster there are many
different roasting protocols. A higher sucrose content generally results in greater

caramelisation and therefore results in a ‘darker roast’ (Farah et al., 2005).

Coffee production, research and markets have widespread effects upon each other
worldwide. In 2001 there was a 30 year price low which resulted in the application of
intensive farming methods and a decrease in farm maintenance, affecting future disease
and pest control (International Trade Centre, 2011). In 2011, coffee prices reached a 34
year high due to unfavourable weather conditions pressuring the market. This promoted
expansion of the industry in several countries, such as Vietham, and incentives for new
cultivation methods that provide stability to the market (Wiryadiputra, 2008, International
Trade Centre, 2011).

1.3. Pests and pathogens of coffee

There are several major pests and pathogens which have an impact on coffee
production. Coffee leaf rust, coffee berry borer and plant-parasitic nematodes are
amongst the most widely known and well-documented. These pathogens have been
detected in key coffee growing regions and control is attempted through agricultural and

chemical applications.

1.3.1. Coffee leaf rust

Hemileia vastatrix, commonly referred to as coffee leaf rust, is a fungal pathogen that is
estimated to be responsible for in excess of US$1 billion in coffee losses, annually
(McCook, 2006). The fungus is found in all coffee producing areas as a result of wind
dispersion and transportation of infected material (Talhinhas et al., 2017). Spores land
on the underside of the leaf, colonise the leaf through stomata and result in symptomatic
yellow-orange spots. Infection reduces the nutrients within the leaf whilst also preventing

photosynthesis, resulting in an overall reduction in plant vigour (Zambolim, 2016). The



pathogen is capable of infecting vast areas due to the high level of genetic variability,
resulting in over 50 races. Additionally, the limited genetic variation of coffee reduces the
possibility of natural resistance (Zambolim, 2016). Temperature, humidity, rainfall and
field arrangements can all impact the success and speed of infection (Zambolim, 2016,
Talhinhas et al., 2017). This has led to varying virulence of H. vastatrix between regions,
with the fungus eradicating coffee production in Sri Lanka and Vietnam but producing
yield losses of 30 - 90 % in Brazil and Central America (Capucho et al., 2013,
Vandermeer et al., 2010, Zambolim, 2016). The damage potential may increase in the
coming years due to predicted climate change potentially shortening the life cycle and

increasing infection.

1.3.2. Coffee berry borer

Hypothenemus hampei, commonly referred to as the coffee berry borer, is a significant
pest of coffee and causes worldwide annual losses of over US$500 million (Oliveira et
al., 2013). The insect enters the coffee berry where it feeds on tissue and lays eggs. The
eggs then hatch, mating occurs and the females fly to neighbouring berries to continue
the cycle. This pathogen is difficult to eradicate from plantations as it spends most of its
life within the berry and protected from control methods (Damon, 2000). The independent
mode of dispersal and poor quarantine has resulted in the introduction of H. hampei to
all coffee-producing countries (CABI, 2018). A variety of control methods can succeed in
reducing populations, such as increasing shade trees to promote natural predators and
application of insecticides/parasitic wasps (Aristizabal et al., 2012, Aristizabal et al.,
2016).

1.3.3. Plant-parasitisic nematodes

Nematodes are very abundant in soils and many are pathogens of below-ground plant
tissue (Groombridge, 1992, Hunt et al., 2005). Plant-parasitic nematodes (PPN) are
obligate parasites that are capable of parasitising a vast range of plants, including many
important crops (Trudgill and Blok, 2001). Their pathogenicity affects many physiological
processes of plants and has led to reported global agricultural losses of an estimated
US$157 billion per annum (Abad et al., 2008). PPN survive by feeding on the cytoplasm
of plant cells and can be broadly classified as migratory ectoparasites, migratory
endoparasites or sedentary endoparasites. Ectoparasites remain on the outside of the
root and ingest cytosolic material from the host via a stylet. Migratory endoparasites
penetrate the root and feed destructively during migration. Sedentary endoparasites
enter the root as a juvenile and establish a feeding site where they remain and from

which they acquire nutrients for the rest of their life cycle (Palomares-Rius et al., 2017).



Coffee is a known host of both the migratory Pratylenchus and sedentary Meloidogyne
endoparasites that are responsible for up to 15 % of coffee losses worldwide (Carneiro
et al., 2004, Gaitan, 2008, Trinh et al., 2009, Villain et al., 2013, Wiryadiputra, 2008,
Campos, 2005).

1.3.3.1. Pratylenchus: Root-Lesion Nematodes

Life cycle

Root-lesion nematodes (RLN) are of the genus Pratylenchus and are the third most
economically important PPN of global agriculture (Jones et al.,, 2013). The genus
Pratylenchus includes over 70 species that are capable of infecting a vast range of plants
(Jones and Fosu-Nyarko, 2014, Jones et al., 2013).

As a migratory endoparasite, all juvenile and adult Pratylenchus life stages can enter
and leave roots (Figure 1-2). The egg hatches to release a second-stage juvenile that
locates the roots by detecting gradients of ions, CO, and pH within the rhizosphere of
growing plants (Jones and Fosu-Nyarko, 2014). When the host is identified, root invasion
can occur along the entire root surface. Root invasion is achieved by thrusting the stylet,
a hollow protrusion from the mouth, to mechanically disrupt epidermal and sub-epidermal
cells and gain entry into the root (Quist et al., 2015). Root entry is aided by secretion of
several gene products, such as effectors, from the pharyngeal gland cells through the
stylet and into the host (Jones et al., 2013). Effectors are defined as molecules or
proteins that alter host cell structure or function (Haegeman et al., 2012). Cell wall
degrading enzymes, generally classed as effectors, are a feature of PPNs that break
down the plant cell wall to enable nematode migration through host tissue (Fosu-Nyarko
and Jones, 2016b). A range of these enzymes have been identified in Pratylenchus
species and show a high similarity to bacterial enzymes, suggesting that they were
acquired by horizontal gene transfer (Nicol et al., 2012, Dorris et al., 1999, Jones and
Fosu-Nyarko, 2014). The nematode migrates intracellularly along the root whilst feeding
from root cells. This disruptive movement/feeding results in necrotic lesions and often
leads to the development of disease complexes such as secondary infection with
Fusarium and Verticillium species (Fosu-Nyarko and Jones, 2016b, Saeed et al., 1998).
The nematode moults during migration and matures into an adult. Adult females lay eggs
singly, lacking an enclosing matrix, either in the root or in the nearby soil (Jones et al.,
2013). Males are often not produced as many Pratylenchus species are parthenogenetic
(Moens and Perry, 2009).
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Figure 1-2: Life cycle of a Pratylenchus nematode. The second-stage juvenile enters the root by breaking down the epidermal cells via
mechanical disruption and secretion of proteins (1). The nematode ingests cytoplasmic material as it migrates intracellularly. This leads to necrotic
lesions visible from the exterior of the root (2). During migration and feeding, the nematode moults and matures into an adult. All vermiform stages
of development can leave and re-enter the root (3). Adult females lay eggs, lacking an enclosing matrix, either within the root or in the nearby soil
(4). The eggs then hatch to release second-stage juveniles that repeat the cycle (5). The migration pattern within the root leads to extensive
necrotic areas that can result in disease complexes and death of the host (5). Males are often not produced as many Pratylenchus species are

parthenogenetic.



Coffee and Root-Lesion Nematodes

Pratylenchus species are highly destructive towards coffee, however their economic
importance is probably underestimated due to the non-specific symptoms (Herve et al.,
2005, Villain, 2008). There are eight known species that parasitise both commercial
coffee species, with P. brachyurus and P. coffeae the most frequently reported (Table
1-1) (Campos and Silva, 2008, Villain et al., 2002, Villain, 2008, Campos, 2005). These
two species are widely distributed and extremely damaging to coffee in Brazil (Villain,
2008, Tomazini et al., 2009, Inomoto et al., 2007). In Vietnam, Pratylenchus spp are the
main plant-parasitic nematode threat to coffee and are found across the North-western
and Central Highland regions where coffee production is concentrated (Trinh et al.,
2009).

Management of Pratylenchus species in coffee plantations

The correct diagnosis of root-lesion nematode infection is important in order to apply
appropriate management practices. These practices vary greatly according to the host
crop but are focused on either eradication, protection or resistance. The rudimentary
control method is to rotate the field each year between host and non-host crops. Non-
host crops reduce the field nematode population before the host crop is planted again.
This method minimizes the detrimental effect of the nematodes on overall field yield,
however for coffee, the perennial and slow-growing nature of the crop makes this method

impractical.

Up until the late 20th century, fumigant and non-fumigant nematicides were used
worldwide in to attempts to supress nematode populations (Nyczepir and Thomas,
2009). These chemicals, in particular fumigants, were successful in reducing nematode
populations and reducing yield losses; however after prolonged use their effectiveness

diminished (Nyczepir and Thomas, 2009).

Nematicides have been applied to coffee nurseries and are capable of reducing
nematode populations, however they do not assure nematode-free plantlets and the
spread of nematodes from nurseries to plantations represents a significant issue for the
industry (Abrego, 1974). Application of nematicides throughout plantations could
potentially limit nematode infection, however these products need to be regularly applied
to be efficient on coffee, and thereby significantly increase expenditure (Castillo and
Vovlas, 2007, Villain, 2008). Application of nematicides in coffee plantations in
Guatemala was shown to suppress RLN populations only until the second year after

planting, therefore becoming ineffective before first harvest (Villain, 2000).



Table 1-1: Coffee-parasitising Pratylenchus spp. Pratylenchus species that have

been reported to parasitise coffee and their described locations.

Coffee-parasitising Reported countries

Pratylenchus spp.

P. brachyurus Australia, Brazil, Japan, Peru, South Africa, Turkey, West Africa,
USA, Vietnam
P. coffeae Brazil, Costa Rica, Dominican Republic, El Salvador, Guatemala,

India, Indonesia, Madagascar, Tanzania, Venezuela, Vietnam

P. goodeyi Tanzania

P. loosi Sri Lanka

P. panamaensis Costa Rica, Guatemala, Oman, Panama
P. pratensis India

P. vulnus Brazil

P. zeae Brazil, Columbia
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However, in field trials in Brazilian coffee plantations nematicide treatments can be
efficient at increasing coffee yields by 28 % through reducing P. coffeae populations
(Villain, 2008, Figueroa, 1978). The factor determining efficacy is unclear and could be
the nematode population in each country or the application methodology. Although some
nematicides can be effective in coffee plantations, many are a concern to both
environmental and human health and have therefore been removed from the market

(Nyczepir and Thomas, 2009).

Biological methods for nematode control have been trialled, however the low efficacy
and cost effectiveness have resulted in minimal applications in coffee plantations
(Castillo and Vovlas, 2007, Timper, 2014). Fungal controls can successfully reduce
P. coffeae levels after the first year of use, however, after the second year infection
returns to the initial rate (Villain et al., 2000). Regular treatments make the control too
expensive for smallholders and consequently the majority of coffee plantations (Fairtrade
Foundation, 2018). The species-specificity of each method reduces its applications as
several nematode species are usually present (Timper, 2014). Many of these controls
also increase the infection of other Pratylenchus species, reducing overall effectiveness
of the application (Villain, 2008).

The aforementioned control methods aim to reduce the field nematode populations in
order to reduce the economic impact. However, the development of resistant plants that
suppress nematode growth would be the most cost-effective and environmentally
sustainable strategy. No naturally resistant arabica cultivars have been found, however
resistant robusta trees have been identified and their rootstocks grafted with arabica to
successfully reduced plant mortality rates from nematodes from 25 — 56 % to 6 % in
Guatemala (Villain et al., 2001, Villain et al., 2000). There has been mixed success with
grafting for resistance in other countries, showing the diversity of different RLN
populations and the need for a worldwide control method (Villain, 2008). The genetic
basis of resistance has not yet been described. Overall, coffee resistance provides the
best hope for Pratylenchus species control and must be better characterised (Villain,
2008). Once the mechanisms behind natural resistance are understood they can be
identified and introduced into other cultivars. No work has been carried out to produce
transgenic coffee resistant to RLNs even though the introduction of such cultivars would

have widespread effects.

Currently the only effective control is to exclude all infected coffee seedlings from

Pratylenchus-free fields and properly enforce all regulatory restrictions (Campos and
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Silva, 2008). This emphasises the urgency for development of effective control methods,

in particular RLN-resistant cultivars.

1.3.3.2. Meloidogyne: Root-Knot Nematode

Root-knot nematodes (RKN) are of the genus Meloidogyne and are regarded as the most
economically important PPN (Jones et al., 2013). The genus includes 97 species that
are distributed across tropical and subtropical countries, parasitising many species of
higher plants (Moens et al., 2009, Castagnone-Sereno et al., 2013, Trudgill and Blok,
2001).

Life cycle

The root-knot nematode life cycle is summarised in Figure 1-3. The second-stage
juvenile (J2) emerges from the egg into the soil and finds the host by detecting gradients
of ions, CO; and pH within the rhizosphere of growing plants (Wyss et al., 1992). When
the host is identified, root invasion occurs primarily behind the root tip at the zone of
elongation (Wyss and Grundler, 1992). The nematode uses its stylet, a hollow protrusion
from the mouth, to mechanically disrupt epidermal and sub-epidermal cells and gain
entry into the root (Wyss and Grundler, 1992, Jones et al., 2013). Like Pratylenchus,
several RKN species secrete a range of cell wall degrading enzymes that are understood
to be acquired via horizontal gene transfer due to their high similarity with bacterial
orthologues (Paganini et al.,, 2012). The unprecedented number of these genes
compared to other nematodes could explain the wide host range of the genus
(Opperman et al.,, 2008). In contrast to Pratylenchus nematodes, RKN J2s move
intercellularly, without damaging the root cells, towards the vascular cylinder (Wyss et
al., 1992). Here, the nematode establishes a sophisticated nutritional interaction with the
host by inducing unique feeding structures. The nematode stimulates the differentiation
of protophloem and protoxylem cells into ‘giant cells’ through oesophageal gland

secretions injected via the stylet (Berg et al., 2009).

Giant cells are multinucleate with volumes approximately 100-fold greater than un-
parasitised protophloem/xylem root cells (Moens et al., 2009). These are created by the
induction of multiple rounds of mitosis whilst preventing cytokinesis by arresting cell
division at the formation of the cell plate. In the regular cell cycle, cell plate precursor
vesicles align at the midpoint between the two groups of chromosomes. However, in
giant cells the vesicles are dispersed before they can form a cell wall; therefore
preventing cell division and producing a multinucleate cell after several repetitions (Jones
and Payne, 1978, Abad et al., 2009). Each nematode induces 4-7 giant cells which

remain metabolically active throughout infection (Moens et al., 2009). These metabolites
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Figure 1-3: Life cycle of a Meloidogyne nematode. The infective second-stage juvenile hatches from the egg and identifies the host by
detecting signals from the plant. The nematode uses the stylet to disrupt the epidermis and enter the root where it then migrates intercellularly to
the vascular cylinder (1). The nematode establishes a feeding site by inducing the formation of multinucleate cells, termed giant cells (2). The
sedentary juvenile now remains in the feeding site as it matures into an adult, obtaining nutrients from the giant cells (3). Adult females lay eggs

within an enclosing matrix on the exterior of the root (4). The eggs then hatch to release infective second stage juveniles (5).
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are withdrawn from the cells via the nematode stylet, to sustain growth and reproduction
(Williamson and Gleason, 2003). Feeding occurs sequentially across each giant cell and
is observed by head movement and stylet insertion (Wyss and Grundler, 1992). Upon
giant cell formation, proliferation of surrounding cortical and vascular tissue results in the
symptomatic large galls (Castagnone-Sereno et al., 2013). These large galls result in the

common name for the genus, ‘root-knot nematode’.

The J2 moults three times to reach the adult stage. Adult males regain motility and leave
the root whilst adult females remain and lay 30 - 40 eggs per day into a gelatinous matrix
that is deposited on to the surface of the galled root (Williamson and Gleason, 2003).
This protects the eggs from environmental extremes and soil pathogens (Moens et al.,
2009). The J1 inside the egg will develop and moult to a J2 and remain at that stage until
stimulated to hatch. Hatching of the egg is dependent upon temperature, soil moisture
and root diffusates. The life cycle normally takes 20 - 45 days depending on conditions
and is then repeated.

Effects of root-knot nematodes upon coffee

RKN are estimated to account for the majority of coffee losses through PPN as they are
widespread across the main coffee producing countries in Central/Southern America
(Herve et al., 2005, Campos, 2005). The nematode-plant interaction damages the roots
and disrupts water and nutrient uptake. This retards growth and splits the roots which
can lead to root rot. Subsequently, this promotes secondary infection by other
pathogens, resulting in a wider range of symptoms (Bertrand et al., 2000). Parasitism
causes non-specific symptoms in the host such as chlorosis, leaf loss and stunting which
reduces plant yield (Barbosa et al., 2004). Virulence of Meloidogyne species to coffee
plants varies and thereby modulates the extent of yield loss and can sometimes result in
plant death (Bertrand and Anthony, 2008). Perennials, such as coffee, are exposed to
soil parasites for a longer period of time than annuals, increasing the chances of infection

and severity of symptoms.

There are 18 Meloidogyne species that have been found to parasitise coffee plants
(Table 1-2) (Carneiro and Cofcewicz, 2008). In Brazil, Meloidogyne coffeicola, M. exigua,
M. hapla, M. incognita, M. javanica and M. paranaensis have been detected on both
arabica and robusta plants (Ferraz, 2008, Barros et al., 2014). Meloidogyne exigua, M.
incognita and M. paranaensis have been identified as key species of concern as they
greatly reduce yields across a wide geographical area (Campos, 2005). In Vietnam, the
second largest producer of coffee, M. incognita has been detected in several plantations
in both arabica and robusta plants (Trinh et al., 2009, Wiryadiputra, 2008).
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Table 1-2: Coffee-parasitising Meloidogyne spp. Meloidogyne species that have been

reported to parasitise coffee plants and their described locations.

Coffee-parasitising

Reported countries

Meloidogyne spp.

M. africana Kenya, Zaire

M. arabicida Costa Rica

M. arenaria Cuba, El Salvador, Jamaica

M. coffeicola Brazil

M. decalineata Tanzania, Sao Tome and Principe

M. exigua Bolivia, Brazil, Colombia, Costa Rica, Dominican Republic, EIl
Salvador, French Guiana, French West Indies, Guatemala,
Honduras, India, Nicaragua, Panama, Peru, Suriname, Trinidad
and Tobago, Venezuela.

M. goldi Tanzania, Zaire, India, Kenya, Congo, Guatemala, El Salvador

M. hapla Brazil, Congo, Guatemala, El Salvador, India, Kenya, Tanzania,
Zaire.

M. incognita Brazil, Costa Rica, Cote d'lvoire, Cuba, El Salvador, India,
Guatemala, Jamaica, Nicaragua, Tanzania, USA (Hawaii),
Venezuela

M. inornata Guatemala

M. javanica Brazil, Cuba, El Salvador, India, Sao Tome and Principe, Tanzania,
Zaire

M. kikuyensis Kenya

M. konaensis USA (Hawaii)

M. mayaguensis Costa Rica, Cuba, Guatemala

M. megadora Angola, Uganda, Sao Tome and Principe

M. oteifae Zaire

M. paranaensis Brazil, Guatemala, USA (Hawaii)
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The wide distribution of the genus alongside the prominence of Brazil and Vietnam in

coffee production increases the impact of Meloidogyne on coffee production.

Management of Meloidogyne species in coffee plantations

Control methods for RKN are very similar to those discussed previously for RLN. Crop
rotation is impractical and nematicides are being restricted due to environmental
concerns (Nyczepir and Thomas, 2009). Restrictions and lack of novel products have
resulted in a diminishing role for nematicides in crop protection (Starr et al., 2002). The
prohibition of many chemical controls has led to the use of biological control methods in
coffee plantations. Several bacterial and fungal pathogens and antagonists of RKN have
been described that affect specific stages of the nematode life cycle. These are known
to parasitise on the nematode, degrade root exudates, release toxins or produce
enzymes that interfere with plant-nematode recognition. Pasteuria penetrans has been
noted to be effective against M. exigua,; infecting 21 — 65 % of M. exigua J2s in a Brazilian

coffee plantation and reducing infection of the crop (Maximiniano et al., 2011).

Also, arbuscular mycorrhizal fungi have been shown to decrease nematode parasitism
on coffee plants (Alban et al., 2013). Mycorrhizal treatment increased available
phosphorus and nitrogen within the soil which can be taken into the roots and used to
lignify the cell walls, thereby strengthening the roots. This strengthened barrier reduced
M. exigua root invasion and stabilised plant growth, even when the fungi were added
post-infection (Alban et al., 2013). Although biological controls have potential, many
control organisms are extremely difficult to culture, have limited host ranges and require
large quantities for an effect. As a result of this, the very few commercial biological

products that exist are very expensive (Hallman et al., 2009).

Natural resistance to Melodiogyne is of great interest for crop protection and its
application has been largely focussed in Brazil. Although few rootstocks are available,
grafting these can yield over three times as much as non-grafted plants and provide
resistance to a wide range of nematode species (Campos and Silva, 2008). However,
reports from growers have raised concerns about the efficacy of these rootstocks once

applied in the field (personal communication with growers).

The development of resistant plants that suppress nematode growth is the most
promising aspect for controlling Meloidogyne, as discussed for Pratylenchus previously.
Robusta coffee has increased resistance to certain Meloidogyne species in comparison
to arabica cultivars, however so far only one resistance gene has been identified, Mex-

1, which confers resistance to M. exigua by inducing a hypersensitive response (Noir et
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al., 2003). Breeding the resistance into arabica cultivars has been achieved in the past
but no stable lines have been generated (Bertrand et al., 2001, Bertrand and Anthony,
2008). Resistance genes for other Meloidogyne species have not been found in any

Coffea species.

Currently the only effective control, as stated previously for Pratylenchus, is to exclude
all infected coffee seedlings from Meloidogyne-free fields and properly enforce all

regulatory restrictions.
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1.4. Project aims

Plant-parasitic nematodes are a major concern for the coffee growing industry, therefore
additional insights into their distributions and interactions with the host are desirable. This
will direct further research into control strategies towards the species of concern and
assist the characterisation of the plant-nematode interactions that occur during

parasitism.
The aims of this project were to:

1. Design a nematode diagnostic tool that offers rapid and reliable identification and

guantification of nematode species from coffee plantations.

2. Apply the diagnostic method to a range of coffee plantations in locations that are
economically important to the coffee industry.

3. Investigate the responses of Pratylenchus coffeae towards root exudates from
different plants.

4. Determine how the nematode may perceive and respond to root exudate signals.
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Chapter 2. General Materials and Methods

2.1.

2.1.1. Plants

2.1.2.

O

O

O

@)

Biological material

Arabidopsis thaliana

Col-0

glzl (NASC ID: N16279)
mur3 (NASC ID: N8566)
rswl-1 (NASC ID: N6554)

Banana — Musa acuminata ‘Cavendish’

Coffee — Coffea arabica

Carrot - Daucus carota ‘Kelly’

Maize - Zea mays Earlibird’

Potato - Solanum tuberosum ‘Désirée’

Tomato — Solanum lycopersicum ‘Ailsa craig’

Nematodes

Root-knot nematodes

O

O

O

O

O

Meloidogyne exigua

Meloidogyne hapla

Meloidogyne incognita (populations: VW6, Africa and Brazil)
Meloidogyne javanica

Meloidogyne paranaensis

Root-lesion nematodes

O

O

O

O

O

Pratylenchus brachyurus

Pratylenchus coffeae (populations: Ghana, Guatemala, Japan

Uganda)
Pratylenchus loosi
Pratylenchus thornei

Pratylenchus zeae

Burrowing nematode

O

Radopholus similis

and
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2.1.3. Plant maintenance and nematode infection

2.1.3.1. Growth of plants in soll

Banana (Musa acuminata), coffee (Coffea arabica), tomato (Solanum lycopersicum var.
Ailsa craig) and maize (Zea mays) plants were grown in 50:50 sand/loam mix in a
glasshouse at 23 — 25 °C with supplementary lighting to provide 16:8 hr light:dark
conditions. Carrot (Daucus carota) and potato (Solanum tuberosum var. Désirée) were

grown similarly at 19 — 22 °C. All plants were watered as necessary.

Arabidopsis thaliana seeds (Col-0, rswl-1 (NASC ID: N6554), glz1 (NASC ID: N16279)
and mur3 (NASC ID: N8566) were surface sterilised by soaking in 20% v/v household
bleach for 20 min at room temperature on a rotational mixer. All work following bleach
treatment was carried out in a laminar flow hood to prevent re-contamination. The seeds
were then washed 5-7 times in sterile H20 by centrifugation at 3000 g for 30 s to remove
all traces of bleach. Sterile seeds were then incubated for growth at 22 °C on % strength
sterile Murashige and Skoog medium containing 1 % sucrose and 1 % plant agar. When
required, maize and potato plants were also grown in CYG growth pouches (Mega
International, USA) at 22 °C.

2.1.3.2. Preparation of plant root exudate

For exudate collection, roots were washed, separated intact from above ground tissue
and soaked in water (80 g/L) in darkness for 24 h at 4 °C. Root exudates were then filter
sterilised (0.22 ym) and stored at 4 °C. The above method was used to prepare root

exudate from all plants.

2.1.3.3. Maintenance of nematode populations

Stocks of Meloidogyne hapla, M. incognita, M. javanica and M. paranaensis species
were maintained on tomato plants. Four week-old tomato plants were potted into 18 cm
pots containing compost and an even spread of chopped roots from previously infected
tomato plants. The roots contained mature M. incognita females carrying egg masses.
The newly-infected plants were then grown for a period of eight weeks before being used
to infect new tomato plants. During this time roots were checked for galls to ensure

infection had taken place.

Stocks of Pratylenchus brachyurus, P. coffeae, P. loosi, P. thornei, P. zeae and
Radopholus similis were maintained on carrot discs. Fresh carrots were washed, peeled
and sterilised with a 10 % bleach solution for 30 min. Carrots were washed five times
with sterile water and then cut into disks approximately 1 cm deep. Three disks were

placed, root end down, onto a 1 % water agarose (Sigma, US) plate. Nematodes were
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collected from previously infected carrot disks and sterilised with 0.1 % kanamycin (30
min), 0.1 % streptomycin (30 min), 50 ug/ml amphotericin B (30 min) and 0.1 %
Cetrimonium bromide (5 min). These nematodes were washed five times with sterile tap
water and then 30 individuals were placed at the base of each carrot disc. Plates were
sealed with Parafilm, wrapped in foil and incubated at 26 °C. Nematodes were placed

onto fresh plates every eight weeks.

2.1.3.4. Extraction of nematodes

Mobile nematodes of Meloidogyne and Pratylenchus were extracted from roots eight
weeks post-infection. Plant roots were removed from the bottom of the stem, washed to
remove excess soil and chopped into small pieces. Roots were laid on sections of nylon
mesh held over funnels and placed in a misting chamber. A warm mist of tap water
encouraged egg hatching and the movement of second stage juveniles out of the root,
through the mesh and into 50 ml collection tubes. The collection tubes were changed
every day for three days and the roots were then removed and autoclaved as waste.
Collected nematodes were stored at 10 °C in tap water and washed before use if
required.

Nematodes were extracted from 100 g of the soil sample using the tray method
(Whitehead and Hemming, 1965a). Soil was spread across a single layer of paper tissue
that was supported in a wire basket. This was placed inside a plastic tray and water was
added until the soil was damp but not waterlogged. Water containing nematodes was
collected from the tray after 24 hours. Nematodes were recovered using a 25 pm sieve

and concentrated by centrifugation at 3000 g for 3 min, or by leaving to settle overnight.

2.1.3.5. Infection of plants

Four 1 ml pipette tips were inserted into the soil around the stems of banana, carrot,
coffee, maize and potato plants to a depth of approximately 3 cm. A total of 1000 J2
Meloidogyne or 500 Pratylenchus/Radopholus of mixed life stages were applied to the
roots through the pipette tips and washed through with 1 ml water. Plants were kept in
the same conditions as stated previously and successful infection was confirmed by acid

fuchsin staining.

2.1.3.6. Staining of nematodes in root with acid fuchsin

Acid fuchsin was used to visualise nematodes in root tissue. Roots were removed from
soil and soaked in sodium hypochlorite with 1 % available chlorine for three minutes. The
roots were then washed in tap water and transferred to boiling acid fuchsin (0.035 %

(w/v) acid fuchsin, 2.5 % (v/v) glacial acetic acid) for three minutes. After further washes
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in tap water, the roots were placed in acidified glycerol (1 drop glacial acetic acid per

100 ml glycerol) to de-stain. Nematodes could then be visualised under a microscope.
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2.1.4. Molecular protocols

2.1.4.1. DNA extraction from nematodes

Nematodes were suspended in 100 pl of lysis buffer (100 mM NaCl, 10 mM Tris pH8,
10 mM EDTA, 1 % SDS, 1 % B-mercaptoethanol, 100 pgml? proteinase K (Adam et al.,
2007)) for DNA extraction. Nematodes were then incubated at -20 °C for at least 30 min,

60 °C for one hour and 90 °C for 10 min to lyse cells and release DNA.
2.1.4.2. PCR

Template DNA was extracted as above from a range of reference nematode populations
throughout the project: Pratylenchus coffeae, P. brachyurus, P. zeae, P. vulnus, P. loosi,
P. thornei, Meloidogyne exigua, M. paranaensis, M. incognita, M. hapla, M. javanica and
Radopholus similis. PCR was carried out with MyTagq™ polymerase (Bioline, UK) with
0.5 pl DNA in a 20 pl reaction according to the manufacturer’s requirements under the
following conditions: 94 °C 60 s, x40 cycles 0of 94 °C 10s, X °C*30s, 72 °C 30 s and 72
°C 5 min (X °C* specific annealing temperature for each primer pair is given in
appropriate chapters).

Approximately 10 % of the reaction was visualised by agarose gel electrophoresis. The
gel was formed from 1 % w/v agarose (Sigma) added to TAE buffer (40 mM Tris, 20 mM
acetic acid, 1 mM EDTA) and dissolved by microwaving on full power for 2 minutes. DNA
was visualised by addition of GelRed (Cambridge Bioscience, Cambridge, UK) to the
agarose, before it set, at a concentration of 1:20,000. The gel was electrophoresed at

100 volts for sufficient time to resolve the relevant bands.

2.1.4.3. Total RNA extraction from nematodes

Total RNA was prepared from nematode samples using an RNeasy® Plant Mini Kit
according to the manufacturer’s protocol including DNase treatment (Qiagen, UK).
Samples were frozen and 100 ul RLT extraction buffer was added. Samples were then
ground using a sterile, RNase-treated pestle in 1.5 ml micro-centrifuge tubes. Total
ground-nematode suspension was then used for RNA extraction. RLT extraction buffer
(300 pl) with 10 pl/ml B-mercaptoethanol was added to the ground suspension and then
centrifuged through a QIAShredder spin column. Ethanol was added to the supernatant
and then this solution was applied to an RNeasy Spin Column. DNase | digestion was
performed to remove DNA before elution. The column was washed in buffers RW1 and
RPE to remove contaminants and RNA was then eluted in 30 pl RNase-free water. RNA

was stored at -80 °C.
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2.1.4.4. Reverse transcription

A Nanodrop ND-1000 spectrophotometer (Nanodrop Technologies) was used to
estimate the the concentration of RNA from a 1.5 ul sample at a wavelength of 260 nm
and purity at 230 and 280 nm. RNA (750 ng) was then used in a reverse transcription
reaction to create cDNA using iScript™ cDNA Synthesis Kit (Biorad, UK) according to
the manufacturer’s instructions. iScript reaction mix (4 pl), containing oligo(dT) primers
and dNTPs, and iScript Reverse Transcriptase was added to the RNA in a volume of 20
pl. The RNA was incubated at 25 °C for 5 min (priming), 42 °C for 20 min (reverse
transcription) and 95 °C for 1 min (Reverse transcriptase inactivation). This protocol
produces single stranded cDNA that is complementary to the mRNA within the sample.

2.1.4.5. Quantitative -PCR

Analysis of gene expression by gPCR was carried out using a CFX Connect Real-Time
PCR detection System (Biorad, UK) and Brilliant 11l Ultra-Fast SYBR® Green Master Mix
containing buffer, MgCl,, dNTPs, polymerase and SYBR Green |. Each well of a 96-well
polypropylene plate contained 12.5 pl Brilliant 1l Ultra-Fast SYBR® Green Master Mix,
1 pl combined primer set (7.5 pm each), 5 pl cDNA and 6.5 pl deionised water. Plates
were sealed with optical quality sealing film and centrifuged briefly before starting the
reaction. A two-step amplification profile was used for all reactions: initial denaturation of
95 °C for 10 min followed by 40 cycles of 95 °C for 30 sec and 60 °C for 10 sec. At each
60 °C stage fluorescence was recorded. Dissociation curves were constructed for each
reaction by measuring fluorescence of each well throughout a temperature increase of
60 °C to 95 °C. Each sample was run in technical triplicate and negative controls,

containing no cDNA, were included to test for contamination.

All primer sets were tested for their amplification efficiency prior to running experimental
samples. This was conducted by generating a standard curve with five 10-fold dilution
standards of cDNA. The number of peaks on the primer dissociation curve was used to
determine the number of PCR products and therefore the primer specificity. Expression
levels of target genes were calculated by normalising samples to the housekeeping gene

Elongation Factor 1 and calibrating against control samples.

CFX Manager™ Software (Biorad, UK) was used to determine the cycle number at which
threshold fluorescence is reached (C: number). An increase in C; value of 1 indicates two
times as much transcript abundance. These values were then used to calculate fold
change by the 222CT method: 2”- (Experimental sample: Target gene C;- Elongation

Factor 1 Cy) - (Control sample: Target gene C: - Elongation Factor 1 C;). One-way ANOVA
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with a Student-Newman-Keuls post hoc test was used to determine significant

differences between groups unless otherwise stated.
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Chapter 3. A high throughput molecular pipeline
reveals the diversity in prevalence and abundance
of Pratylenchus and Meloidogyne species in

coffee plantations

3.1. Introduction

3.1.1. Identification of Meloidogyne and Pratylenchus parasites of coffee through
morphological and biochemical methods

Reliable and accurate identification of nematodes in the field supports targeted
application of control measures towards areas with nematodes of concern. The
nematode species and/or genera that parasitise coffee can be identified by analysing
morphological features such as body length, stylet length, the number of lip annules and
tail shape (Onkendi et al., 2014, Carneiro et al., 2004, Handoo et al., 2005). This method
requires a high level of expertise and identifying a large number of individuals is time-

consuming.

Isozyme phenotyping is an alternative identification method that detects differences in
the biochemical properties of enzymes, such as non-specific esterases and malate
dehydrogenase. Comparing the results to a range of known profiles can identify several
Pratylenchus and Meloidogyne species (Esbenshade and Triantaphyllou, 1990, Sirias,
2011, Yu, 2012). The method is restricted to adult female nematodes as expression of
the given gene product may alter during the life cycle (Onkendi et al., 2014).

Identifying and differentiating distinct inter-specific boundaries is becoming increasingly
difficult as new species are reported (Onkendi et al., 2014). In addition, some nematode
species display intra-specific variation in both morphology and isozyme phenotypes,
which can undermine the results (Esbenshade and Triantaphyllou, 1990, Yu, 2012, Hunt
and Handoo, 2009). Although sometimes unreliable, the results from morphological and
biochemical techniques have provided a basis for future methods and can complement
an integrated approach (Yu, 2012). Integrating approaches can enhance differentiation
of nematode populations and provide further evidence for the classification. For example,
Meloidogyne paranaensis was identified as M. incognita for many years in Central and
Southern America by using morphological identification, however enzyme phenotyping
then revealed that these samples were distinct and M. paranaensis was classified as a

new species (Carneiro et al., 1996, Carneiro et al., 2004).
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3.1.2. Nematode identification through molecular methods

A simple, quick and reliable identification method would allow targeted nematode
management and conceivably reduce costs associated with coffee production. The
development of molecular techniques has resulted in the identification of nematodes by
the polymerase chain reaction (PCR). Identification by PCR-based methods has been
shown to be consistent with results from morphological and biochemical techniques,
sometimes offering further discrimination, and can be beneficial as they can be carried
out on a single nematode from any life stage (Yu, 2012, Carneiro et al., 2004). All PCR
based methods centre around amplifying genomic markers that are unique to a species.

3.1.2.1. Ribosomal DNA as a genetic marker

Ribosomal DNA contains numerous regions that are repeated several hundred times
throughout the genome and are conserved in different individuals of the same
species/genus. The 18S and 28S rDNA sequences have been used to create phylogeny
models for nematodes, including Meloidogyne and Pratylenchus, that provide greater
discrimination than models based on previous identification methods (De Ley et al.,
2002, Al-Banna et al., 1997, Blok, 2009, Floyd et al., 2002).

In addition to phylogeny, these regions can also be utilised to identify nematode
populations from the field by analysing sequence length, by gel electrophoresis, or
sequence structure (Blok et al., 1997, Blok, 2009, De Luca et al., 2011, Yan et al., 2008).

More rapid species differentiation can be obtained by designing species-specific primers
based on these sequences which amplify unique products for the species. These have
been used to identify both Pratylenchus and Meloidogyne species and can be used in
mixed-genera samples (Uehara et al., 1998, Saeki et al., 2003, Machado et al., 2007).
However, as with previous methods there can still be inconsistency due to variation
within marker regions (Duncan et al., 1999, Al-Banna et al.,, 1997, Nguyen, 2010).
Homology within a genus can also be an issue, such as the high level of sequence
similarity between the 18S rDNA regions of M. incognita, M. javanica and M. arenaria
(Kiewnick et al., 2014).

Obtaining markers that can quickly and reliably differentiate between species and

populations can be of great use in field analysis.

3.1.2.2. Sequence Characterised Amplified Region (SCAR) primers for species
identification
Random Amplified Polymorphic DNA PCR (RAPD-PCR) has often been used to find

novel variable sequences between nematode species. This uses several short primers
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to produce multiple PCR products from genomic DNA. The products are visualised by
gel electrophoresis and a species-specific product is identified, cloned and sequenced.
This sequence is then used as a template for SCAR primers that are specific to the
species. This method has been applied to develop primers that identify coffee
parasitising nematodes (Tigano et al., 2010, Randig et al., 2002a, Correa et al., 2013,
Akyazi and Felek, 2013, Zijlstra, 2000, Meng et al., 2004). The key benefit of these primer
sets is that the PCR product does not need to be sequenced, it provides binary
positive/negative results for species identification. Combining genus- and species-
specific primers in a diagnostic key reduces the time and cost of sample diagnosis for
Meloidogyne nematodes (Adam et al., 2007). No such diagnostic method has been
described for Pratylenchus species and the creation of a method that identifies both

genera would be greatly beneficial.

3.1.2.3. Application to the field

Very little assessment of these molecular methods for diagnosis of Pratylenchus or
Meloidogyne in coffee fields has been reported (Carneiro et al., 2005, Carneiro et al.,
2004, Sirias and Cristina, 2011). A rapid, reliable and sensitive method for assessing the
plant-parasitic nematode community would enable greater understanding of the soail
fauna and highlight the major species of concern, not just for coffee but for other crops
grown on the farms. Intercropping systems are common throughout coffee production
and have many benefits to the grower (Jassogne et al., 2013). Two commonly grown
intercrop plants are banana and black pepper but both are susceptible to nhematode
species that damage coffee (Gowen et al., 2005, Thuy et al., 2012). The impact of these
hosts on nematode diversity in coffee fields is previously unexplored and increases the
complexity of coffee nematode management. Accurate diagnosis of nematode
prevalence and distribution in the soil of a plantation is important for pest management

and will underpin future control efforts.
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Aims

. To confirm species-specificity of new and published primer sets towards

species of Meloidogyne and Pratylenchus. Consequently, combine the
primer sets with a procedure for soil sampling and DNA preparation to form

a diagnostic method that offers a rapid and reliable output.

. Apply the diagnostic method to a range of soil samples from coffee

plantations in Brazil, Vietnam and Indonesia.

3. Establish a method for quantifying nematodes and apply to field samples.

. To investigate the associations between the incidence and abundance of

Meloidogyne and Pratylenchus species in coffee plantations.
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3.3. Methods

3.3.1. Testing the species-specificity of PCR primers
3.3.1.1. Standard PCR

Primer sets for identification of several Pratylenchus and Meloidogyne species were
obtained from published sources (Table 3-1) and tested for specificity through PCR
screening with target and non-target DNA. Primer sets were chosen from the literature
that successfully amplify from different nematode populations of the same species.
Template DNA was extracted as above (section 2.1.4.1) from a range of reference
nematode populations: Pratylenchus coffeae (populations from Ghana), P. brachyurus
(USA), P. zeae, P. vulnus (USA), P. loosi (Japan), P. thornei (USA), Meloidogyne exigua
(Brazil), M. paranaensis (Brazil), M. incognita (Brazil), M. hapla (USA), M. javanica
(Turkey) and Radopholus similis (Uganda). This DNA was used in PCR as described
above (section 2.1.4.2) with primer pair and annealing temperature specified in (Table
3-1). The results prompted the design of new species-specific primers for P. coffeae,
PC28sF/PC28sR Table 3-1, based upon 28S rDNA sequence data obtained from
GenBank (Accession Number KY424281). This primer set was tested as stated

previously.

3.3.1.2. Quantitative PCR

Quantitative PCR primer pairs RKNf/r and Mh-f/r were confirmed to be specific for
M. incognita and M. hapla respectively by testing with target and non-target DNA in
gPCR (Toyota et al., 2008, Watanabe et al., 2013). Primer pairs were designed to be
specific for P. brachyurus (PbgF/R), P. coffeae (PcelqF/R), M. exigua (MeqF/R) and
M. paranaensis (MpgF/R) based upon sequences present in GenBank (Accession
Numbers KF537388.1, EU176871, AF435796, AF435798) (Primer information in Table
3-2). DNA was extracted from triplicate batches of 200, 100, 50, 20 and 5 individuals
from each nematode species, as described above. These were used as standards in
gPCR using SsoAdvanced™ Universal SYBR® Green Supermix (BioRad) to construct

calibration curves of nematode number vs C; values.

3.3.2. Field sampling

The overall workflow of methods is outlined in Figure 3-1.

Soil samples were taken from six coffee fields in Minas Gerais, Brazil (06/2016), 14
coffee fields in Dak Lak, Vietham (03/2017) and eight coffee fields in Lampung, Sumatra,
Indonesia (03/2017) (Figure 3-2, Figure 3-3). In Brazil, 71 samples were obtained from

soil surrounding the roots of coffee plants in monoculture plantations. In Vietnam,
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samples (numbers in parentheses) were obtained from soil around the upper roots of
coffee (82), plus those of two intercrops: black pepper (40) and banana (10). Similarly,
in Indonesia, soil samples were taken from around coffee (42), black pepper (7) and
banana (23). Each individual sample consisted of three 30 (deep) x 2.5 (diameter) cm
soil cores that were taken from halfway between the stem and edge of the canopy of a
single plant and pooled into one bag (Manzanilla-Lopez, 2012). The sampling depth
should obtain a large proportion of Meloidogyne and Pratylenchus nematodes in the
rhizosphere (Manzanilla-Lopez, 2012). The main aim was to detect nematode presence
and therefore plants that showed signs of damage from some cause were selected
where available (Manzanilla-Lopez, 2012). The Whitehead and Hemming (1965) tray
extraction method was then applied and yielded vermiform nematodes from soil samples
in 24 hours (Whitehead and Hemming, 1965b).

3.3.3. Application of diagnhostic PCR primer sets to field sample nematode DNA

3.3.3.1. PCR

Generic nematode-specific primers (SSU18A/SSU26R, (Blaxter et al., 1998)) (Table 3-1)
were utilised in PCR with a template DNA volume of 0.5 ul, as above, to determine the
success of nematode DNA extraction from soil samples. Genus-specific primer sets were
then used to identify the presence of Pratylenchus or Meloidogyne spp within a sample
(Blok et al., 1997, Waeyenberge et al., 2000). Species-specific primer sets then detected
the presence of P. brachyurus (Machado et al., 2007), P. coffeae (this work), P. zeae
(Berry et al., 2008), P. loosi (Uehara et al., 1998), P. vulnus (Al-Banna et al., 2004), P.
thornei (Al-Banna et al., 2004), M. javanica (Zijlstra et al., 2000), M. incognita (Meng et
al., 2004), M. hapla (Wishart et al., 2002), M. paranaensis (Randig et al., 2002a) or M.
exigua (Randig et al., 2002a).

3.3.3.2. Quantitative PCR

gPCR with species-specific primer sets was then applied to each field sample DNA with
three technical replicates to obtain sample C; values. These C; values were aligned to
the corresponding species callibration curve to obtain an estimate of nematode number

per sample.

3.3.4. Data analysis

Data were analysed using t-test and Oneway-ANOVA for comparison of two and three
means respectively in SPSS (SPSS v24; IBM Corporation Armonk, New York, USA).

Correlations were determined using correspondence analysis in SPSS.
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Soil samples obtained from coffee plantations

}

Nematode extraction performed in laboratory near
sampling sites

}

Nematodes transported to Leeds in
1.5 ml microcentrifuge tubes

}

Nematode lysis to release DNA ]

}

DNA used in PCR/gPCR

}

Identification/quantification of

coffee-parasitising nematode species

Figure 3-1. Workflow to obtain the identification and quantification of coffee-

parasitising nematodes present within soil samples from coffee plantations.



Figure 3-2: Field locations (A) in (A) Minas Gerais, south-eastern Brazil, (B) Buon Ma Thuot, central-highlands Vietnam and (C)
Lampung, southern Sumatra island, Indonesia. Regions are in white and circles represent Lavras, Buon Ma Thuot and Bandar Lampung
cities in the respective regions. Scale bar 100 km.
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Figure 3-3: Representative images of sampling locations in Brazil (A), Vietnam (B)

and Indonesia (C).
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Table 3-1: Primer sequences used for the identification of Pratylenchus and
Meloidogyne species, alongside the annealing temperatures, product sizes and

sources.
. Product Forward / reverse sequence
Target Primer set Ta . Reference
size (5 ->3)
SSU18A AAAGATTAAGCCATGCATG
Nematode sp. 52 1000 Blaxter et al. (1998)
SSU26R CATTCTTGGCAAATGCTTTCG
P18sF TTGATTACGTCCCTGCCCTTT Waeyenberge et al.
Pratylenchus sp. 62 800-1500
P18sR GGAATCATTGCCGCTCACTTT (2000)
18sF TTGATTACGTCCCTGCCCTTT
P. brachyurus 57 267 Machado et al. 2007
ACM7R GCWCCATCCAAACAAYGAG
PC28sF CCGTGAGGGAAAGTTGAAAA .
P. coffeae 62 530 This study
PC28sR GCTCCTAACGGAAACGTTCA
18sF TTGATTACGTCCCTGCCCTTT
P. zeae 57 250 Berry et al. 2008
Praty-R CTGCATTGGAAGCGCGCTTG
. PL1 CAGTCAGCTAGCTGCTGGAT
P. loosi 65 668 Uehara et al. 1998
PL2 TGAGAGCATAGTCGCTGTG
D3B TCGGAAGGAACCAGCTACTA
P. vulnus 67 287 Al-Banna et al. 2004
PVULF GAAAGTGAACGCATCCGCAA
. D3B TCGGAAGGAACCAGCTACTA
P. thornei 67 288 Al-Banna et al. 2004
PTHO GAAAGTGAAGGTATCCCTCG
. 194 TTAACTTGCCAGATCGGACG
Meloidogyne sp. 50 700/720 Blok et al. (1997)
195 TCTAATGAGCCGTACGC
. . Fjav CAGGCCCTTCAGTGGAACTATAC .
M. javanica ) 64 720 Zijlstra et al. (2000)
Rjav CTCTGCCCAATGAGCTGTCC
. . MI-F GTGAGGATTCAGCTCCCCAG
M. incognita 62 999 Meng et al. (2004)
MI-R ACGAGGAACATACTTCTCCGTCC
JMV1 GGATGGCGTGCTTTCAAC .
M. hapla 50 440 Wishart et al. (2002)
JMVHapla AAAAATCCCCTCGAAAAATCCACC
. par-CO9F GCCCGACTCCATTTGACGGA _
M. paranaensis 63 208 Randig et al. (2002)
par-CO9R CCGTCCAGATCCATCGAAGTC
. Ex-D15-F CATCCGTGCTGTAGCTGCGAG .
M. exigua 63 562 Randig et al. (2002)

ex-D15-R CTCCGTGGGAAGAAAGACTG
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Table 3-2: Primer sequences used for the quantification of Pratylenchus and

Meloidogyne species, alongside the annealing temperatures and product sizes.

Target Primer set Ta Product size Forward / reverse sequence (5’ -> 3’) Reference
PbgF CTGTGTGATAGATTATGGGCGAC .
P. brachyurus 60 106 This study
PbgR ACATCGTCTTTGATCAACATCAAC
PcelqF TGCCCAAAACCACAAAAGCC .
P. coffeae 61 73 This study
PcelgR GTTCGGATTGGAGCCATATTGC
. . RKNf GCTGGTGTCTAAGTGTTGCTGATAC
M. incognita 61 185 Toyota et al. (2008)
RKNr GAGCCTAGTGATCCACCGATAAG
Mh-f ATGTTGGTACGCAGCGATTTGTA
M. hapla 61 87 Watanabe et al (2013)
Mh-r CAGCGGGTGATCTCGACTGA
. MpgF AGACCGTGAGGGAAAGTTGC .
M. paranaensis 61 85 This study
MpgR CCGACTCTATCCGTTTCCACC
. MexqF GTGGGGATTTCTGAGACAGAT .
M. exigua 62 129 This study

MexgR

CAATCTATCTGACGCACGTAGG
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3.4. Results

3.4.1. Testing the specificity of species-specific primers

Nematode 18S ribosomal DNA is highly conserved across the phylum. Therefore, primer
sets for this region were selected as an indicator of successful nematode recovery from
soil. If the samples amplified with this primer set, but not for the species of concern for
coffee, the data would suggest an absence of Pratylenchus and Meloidogyne in the
sample and not failure of the extraction method. PCR was carried out with primer set
SSU18A/SSU26R to amplify nematode 18S ribosomal DNA from reference populations
of P. coffeae, P. brachyurus, P. zeae, P. vulnus, P. loosi, P. thornei, M. exigua,
M. paranaensis, M. incognita, M. hapla, M. javanica and Radopholus similis (Figure 3-4).

This confirmed the efficacy of the primers on selected nematodes.

Primer sets specific to both Pratylenchus and Meloidogyne were then obtained (Table
3-1) and tested for specificity. All primer sets, apart from P. coffeae, were confirmed to
be specific for the species (Figure 3-5, Figure 3-6). New primers for P. coffeae (PC28sF
/ PC28sR, Table 3-1) were designed based on 28S rDNA sequence and were shown to
amplify a 530 bp product from P. coffeae DNA with no amplification for any other species
tested (Figure 3-7a). The broad utility of the primer set was verified following
amplification of the species-specific product from DNA of six different P. coffeae

populations from diverse geographic locations and multiple hosts (Figure 3-7hb).

3.4.2. Nematode detection in field samples

The Whitehead and Hemming (1965) tray extraction method vyielded vermiform
nematodes from soil samples in 24 hours. Following lysis steps these samples were then
used immediately for identification. Presence of a species-specific PCR product
established the detection of the plant-parasitic nematode species within the samples
(Figure 3-8). The following results should not be interpreted as reflecting nationwide
status of each nematode although, for simplicity, values are identified below by their
country of origin. A total of two Pratylenchus species and four Meloidogyne species were
detected in soil samples from Brazil, Vietnam and Indonesia (Table 3-3). Pratylenchus
brachyurus and P. coffeae were detected in all three countries from soil surrounding
coffee as well as the intercrops of black pepper and banana. Pratylenchus was detected
in 6 fields in Brazil which were monocultures of coffee plants. Meloidogyne exigua, M.
paranaensis and M. incognita were detected in samples from the coffee plantations in
Brazil whereas M. incognita and M. hapla were identified in Vietnam from soil

surrounding the roots of coffee and black pepper. Nematodes of both genera occurred
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in 5 of the 6 Brazilian fields and 9 of the 14 Vietnamese fields. No Meloidogyne species

were detected in samples from the Indonesian coffee fields.

Plant-parasitic nematodes from the genera Meloidogyne and Pratylenchus were
detected in 75 % of the total samples obtained from coffee fields in Minas Gerais, Brazil
(Table 3-4). P. brachyurus was present in more samples than P. coffeae (37 % and 7 %
respectively). The frequency of detection for M. exigua, M. paranaensis and M. incognita
was 35 %, 27 % and 17 % of samples respectively. P. coffeae was the more frequently
detected species of that genus in Buon Ma Thuot, Vietham and detected in 23 % and
35 % of samples taken from soil around coffee and black pepper, respectively.
M. incognita was detected in 53 %, 53 % and 60 % of soil samples associated with
coffee, black pepper and banana, respectively (Table 3-4). P. brachyurus and P. coffeae
were present in 32 % and 34 % of samples from coffee in Indonesia and 26 % and 35 %
of samples from banana. For black pepper, P. coffeae occurred in 29 % of soil samples
but P. brachyurus was not detected. Another economic nematode, Radopholus similis

was not detected in any sample from the three countries.

3.4.3. Evaluation of primers for quantification

Primer sets for the quantification of P. brachyurus, P. coffeae, M. exigua,
M. paranaensis, M. hapla and M. incognita (Table 3-2) were tested, and confirmed, for
species-specificity (Figure 3-9, Figure 3-10). An increase in fluorescence was observed
in wells with target DNA as a result of amplification. Lack of amplification with non-target

DNA confirmed the species-specificity of the primers.

Calibration curves were generated from the C; values of standards made from known
numbers of nematodes (Figure 3-11). These displayed the expected negative correlation
between C; value and the number of nematodes (R?> 0.95 for all primer sets). This
provided the linear calibration from which the number of nematodes can be established

from field samples.

3.4.4. Quantification of plant-parasitic nematode species in field samples

Pratylenchus was detected in only 44 % of 71 samples obtained in Brazil but in the range
of 54 - 482 individuals / 100 g soil per sample when present (Figure 3-12a). In fields in
Vietnam the nematode was detected in only 25 % of the 82 samples from soil around
coffee roots but when present ranged from 15 - 102 individuals / 100 g soil. In Indonesia,
Pratylenchus was detected in 63 % of the 43 samples from soil around coffee roots in
the range of 19 - 493 individuals/ 100 g soil. One or more Meloidogyne sp was present
in 69 % of samples for the 5 Brazilian fields in which the genus was recorded at a range

of 11 - 529 Meloidogyne/ 100 g soil (Figure 3-12b). Only M. incognita and M. hapla were
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detected in Vietham with a prevalence of 58 % of samples obtained from coffee in the
range of 14 - 274 Meloidogyne/ 100 g soil.

The damage threshold is the number of nematodes per 100 g soil where the plant is
negatively affected by the pest. This can be a measure of severity for field pathogens. In
samples from the three countries, the mean population densities of detected species in
soil around coffee plants were considerably greater than previously suggested damage
thresholds for P. brachyurus (0), P. coffeae (0), M. exigua (25) and M. incognita (200) on
coffee (Trinh etal., 2011, Oliveira et al., 1999, Rodrigues and Crozzoli, 1995, Vovlas and
Di Vito, 1991) (Figure 3-13).

The densities of both Pratylenchus species were higher on coffee in Brazil than Vietnam
or Indonesia (Figure 3-13) (P<0.05, t-test). Both Pratylenchus species were similarly
abundant in the sampled fields in Brazil and Vietnam, however P. coffeae was more
numerous than P. brachyurus in Indonesian fields (P<0.05, Oneway ANOVA).
Meloidogyne incognita was more abundant than M. hapla in samples obtained from
coffee (P<0.01, t-test). Nematode populations were at higher densities in soil associated
with black pepper and banana plants than coffee in both Vietnam and Indonesia (Figure
3-13) (P<0.05, t-test and Oneway ANOVA for comparison of two and three means

respectively).

3.4.4.1. The relationship between Pratylenchus and Meloidogyne abundance in
soil samples

There was a significant negative correlation between numbers of Pratylenchus and
Meloidogyne for 96 samples associated with coffee or black pepper for fields in which
both genera were detected (R =-0.225; P<0.05, 2-tailed test). Correspondence analysis
was then used to provide a graphical representation of the relationship (Figure 3-14). A
significant summary 2 (23.5, P<0.001) was obtained and the resultant biplot represents
24 % of the variation in the data with most of that value (21%) represented by the
horizontal axis of the graph. Therefore, the plot suggests that in fields where both genera
were detected there is an association of high numbers of Meloidogyne where
Pratylenchus was not detected. This is indicated by the proximity of the relevant data

points in the horizontal axis (Mn and Pnq Figure 3-14).
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1000bp
800bp

Figure 3-4: Testing of primers that amplify nematode 18S sequence. Primers
SSU18A/SSU26R were used to amplify from DNA derived from different nematode
species: Pratylenchus coffeae (PC), P. brachyurus (PB), P. zeae (PZ), P. vulnus (PV),
P. loosi (PL), P. thornei (PT), Meloidogyne exigua (ME), M. paranaensis (MP), M.
incognita (MI), M. hapla (MH), M. javanica (MJ) and Radopholus similis (RS). M signifies
HyperLadderlkb. PCR was carried out on 0.5 pul of DNA from DNA of known nematode
identity.
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M PCPBPZ PV PLPT MEMP MI MH MJ RS M PBPCPZPVPLPTME MPMI MH MJ RS

1000bp
800bp

400bp

200bp

M PL PCPBPZ PVPTMEMP MI MHMJRS M PZPC PB PV PLPTME MP MI MH MJ RS

800bp

600bp 400bp

200bp

M PV PCPBPZ PL PT ME MP MI MH MJ RS

400bp

200bp

Figure 3-5: Testing of primers specific to Pratylenchus spp. Testing the specificity
of primers to Pratylenchus (A, primers P18SF/P18SR), P. brachyurus (B, 18SF/ACM7R),
P. loosi (C, PL1/PL2), P. zeae (D, 18SF/Praty-R) and P. vulnus (E, D3B/PVULF). In (A)
template DNA was obtained from Pratylenchus coffeae (PC), P. brachyurus (PB), P.
zeae (PZ), P. vulnus (PV), P. loosi (PL), P. thornei (PT), Meloidogyne exigua (ME), M.
paranaensis (MP), M. incognita (MI), M. hapla (MH), M. javanica (MJ) and Radopholus
similis (RS). The target species is always in lane 1 M signifies HyperLadderlkb. PCRs
were carried out in triplicate with 0.5 pl template DNA, however a single product is shown
in the gel images.



41

M MH MJ MI ME MP PC PB PL PV PZPTRS M ME MH MJ MI MP PC PB PL PV PZPTRS

200bp

C D

M MHMJ MI ME MP PC PB PL PV PZPT RS M MI MHMJ ME MP PC PB PL PVPZPTRS

S0p 1000bp

400bp

M MP MHMJ Ml ME PC PB PLPVPZPTRS

200bp

Figure 3-6: Testing of primers specific to Meloidogyne species. Testing the
specificity of primers to Meloidogyne (A, primers 194/195), M. exigua (B, Ex-D15F/Ex-
D15R), M. hapla (C, JMV1/JMVHapla), M. incognita (D, MI-F/MI-R), M. javanica (E,
Fjav/iRjav) and M. paranaensis (F, Par-CO9F/Par-C0O9R). In (A) template DNA was
obtained from Meloidogyne hapla (MH), M. javanica (MJ), M. incognita (M), M. exigua
(ME), M. paranaensis (MP), Pratylenchus coffeae (PC), P. brachyurus (PB), P. zeae
(PZ), P. vulnus (PV), P. loosi (PL), P. thornei (PT) and Radopholus similis (RS). The
target species is always in lane 1 M signifies HyperLadder1lkb. PCRs were carried out in
triplicate with 0.5 pl template DNA, however a single product is shown in the gel images.
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A M PC PB PZ PY PL PT ME MP MI MH MJ RS

600bp

400bp

600bp

400bp

Figure 3-7: Testing of primers specific to Pratylenchus coffeae. (A) Specificity test
of primers PC28sF/PC28sR on DNA derived from different nematode species:
Pratylenchus coffeae (PC), P. brachyurus (PB), P. zeae (PZ), P. vulnus (PV), P. loosi
(PL), P. thornei (PT), Meloidogyne exigua (ME), M. paranaensis (MP), M. incognita (Ml),
M. hapla (MH), M. javanica (MJ) and Radopholus similis (RS). (B) PC28sF/PC28sR were
tested on DNA from six populations of P. coffeae that were recovered from different hosts
and locations: taro, Japan (lane 1), sweet potato, Japan (2), coffee, Guatemala (3),
coffee, Guatemala (4), coffee, Uganda (5), unknown host, Ghana (6). Lane 7 is the no
template control. M signifies HyperLadderlkb. PCRs were carried out in triplicate with
0.5 pl template DNA however a single product is shown in the gel images.
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200 bp

Figure 3-8: Identification of plant-parasitic nematodes in field samples. This is a
representative gel image of the PCR-based identification methodology that resulted in
the data displayed in Table 3-3. (A) PCR to detect Meloidogyne incognita was carried
out with primers MI-F/MI-R on DNA from M. incognita (Ml, positive control), field samples
originating from plantations in Brazil (1-7) and a no template control (N). This resulted in
the detection of M. incognita in all of the tested field samples. (B) PCR to detect
Meloidogyne exigua was carried out with primers Ex-D15F/Ex-D15R on DNA from
M. exigua (ME, positive control) field samples originating from plantations in Brazil (lanes
1-6) and a no template control (N). This resulted in the detection of M. exigua in samples
1, 2, 3 and 4 and the absence of the species in sample 5 and 6. M signifies
HyperLadderlkb. PCRs were carried out in triplicate with 0.5 ul template DNA however
a single product is shown in the gel images.
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Table 3-3: The Pratylenchus and Meloidogyne species detected in coffee
plantations. Nematodes detected in soil surrounding coffee (C), black pepper (BP) and
banana (B) crops in the 28 fields sampled, as determined by PCR identification.
Percentage values indicate the proportion of field samples that yielded positive detection
for P. brachyurus (PB), P. coffeae (PC), M. exigua (ME), M. paranaensis (MP), M.
incognita (MI) and M. hapla (MH) respectively.

Proportion (%)?

nen Field crop PB PC ME MP M MH
c B C BP B c c C BP B c  BP
— 1 C 67 33
g 2 c 42 58
o
§ 3 c 25 63
g 4 c 57 57
9 5 c 21 79 76
= 6 c 14 71 15
7 C 40 50 10
8 c 40 70 10
9 c 60 50 20
10 C,BP 67 50 33 75 16 25
§ 11 C,BP 100 100 80 60 20 40
.g 12 C,BP 40 40 80 60 60
= 13 C,BP 40 40 60 60
2 14 C,BP 40 20 40 60 20
g 15 C,BP 40 20
5 16 C,BP 20 20 40 20
@ 17 c.B 100 67
18 C,BP 60 80
19 C.B 60 40
20 c 70
21 C.B 60 50
P 22 C.B 60 50 20 50
4 23 C,BP 40 100 50
g 24 C.B 0 75 40 25
S 25 c.B 40 50 20 25
é 26 C,B 20 25 40
5 27 C,B 20 80 75
28 C,BP,B 40 25 60 25 25

@ Percentage values indicate the proportion of field crop samples that yielded positive detection for the
species. P Types of crops sampled.



Table 3-4: The Pratylenchus and Meloidogyne species detected in total samples. Percentage of total samples obtained from soil around
the roots of coffee, black pepper and banana in Minas Gerais (Brazil), Buon Ma Thuot (Vietnam) and Lampung (Indonesia) that contained each
nematode species. PB, PC, ME, MP, Ml and MH correspond to P.brachyurus, P. coffeae, M. exigua, M. paranaensis, M. incognita and M. hapla

respectively.
Country Crop sampled Samples with nematode detected (%)
Total PB PC ME MP Ml MH Any*
Brazil Coffee 71 37 7 35 27 17 0 75
Vietnam Coffee 82 2 23 0 0 53 8 56
Black pepper 40 0 35 0 0 53 18 61
Banana 10 0 0 0 0 60 0 60
Indonesia  Coffee 43 32 34 0 0 0 0 63
Black pepper 7 0 29 0 0 0 0 29
Banana 23 26 35 0 0 0 0 65

a Number of total crops sampled.

b Any of the six species detected.

v
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Figure 3-9: Testing of gPCR primers specific to Pratylenchus. Amplification of P.
brachyurus DNA (A, primers PbgF/PbgR) and P. coffeae DNA (B, PcelgF/PcelgR) is
represented by the sigmoidal curve (green), with amplification resulting in the
accumulation of fluorescence. Curves represent three biological replicates. Non-target
template DNA from reference populations of P. coffeae, P. vulnus, P. zeae, P. thornei,
Meloidogyne exigua, M. paranaensis, M. incognita, M. hapla, M. javanica and
Radopholus similis are displayed by the straight curve, showing no amplification (red
line).
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Figure 3-10: Testing of gPCR primers specific to Meloidogyne. Amplification of M.
exigua (A, primers MexgF/MexgR), M. hapla (B, Mh-F/Mh-R), M. incognita DNA (A,
RKNf/RKNr) and M. paranaensis (D, MpgF/MpgR) is represented by the sigmoidal curve
(green), with amplification resulting in the accumulation of fluorescence. Curves
represent three biological replicates. Non-target template DNA from reference
populations of P. coffeae, P. brachyurus, P. vulnus, P. zeae, P. thornei, Meloidogyne
exigua, M. paranaensis, M. hapla, M. javanica and Radopholus similis are displayed by
the straight curve, showing no amplification (red line).
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Figure 3-11: Calibration curve of C; values vs log>. number of nematodes for
quantification of P. brachyurus, P. coffeae, M. exigua, M. paranaensis, M. hapla
and M. incognita. Error bars represent standard error of the mean for three biological
replicates. Data points are larger than error bars in some instances.
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Figure 3-12: Percentage of samples and the range of densities per 100 g soil
sample. Data for fields in Brazil, Vietham and Indonesia where (A) Pratylenchus or (B)
Meloidogyne were detected. The bar charts are based on 160 samples for Pratylenchus
and 123 for Meloidogyne.
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Figure 3-13: Mean species abundance per 100 g soil obtained from each crop. Data
for samples from Minas Gerais, Brazil (A), Buon Ma Thuot, Vietham (B) and Lampung,
Indonesia (C). Letters note significant difference for a species between crops. Error bars
represent SEM (absence indicates less than three samples contained the nematode
species).
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Figure 3-14: Correspondence analysis showing association between Pratylenchus
and Meloidogyne abundance. Data represent values for soil from coffee or black
pepper for 96 samples from fields in Brazil and Vietnam in which both genera were
detected. Association is indicated by proximity of data points for the three categories.
Account should be taken of the relative contributions to the overall variation in the data
that is explained in dimension 1 (21.0 %) and dimension 2 (3.7 %) of Pratylenchus (P)
and Meloidogyne (M) nematodes/ 100 g soil that were i) not detected in a sample (Pnd
and Mng), i) moderate (Pm 12-51 and Mz11-111) and iii) high (Pn 52-486 and My 112-
529).
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3.5. Discussion

This results within this chapter demonstrate a molecular pipeline for rapid identification
and estimation of soil populations of Pratylenchus and Meloidogyne nematode species

that commonly damage coffee crops.

This study confirmed the ability of the Whitehead and Hemming tray method to extract
high numbers of mobile Pratylenchus and Meloidogyne nematodes from soil, promoting
the use of non-destructive sampling (Rodriguez-Kabana and Pope, 1981). The non-
destructive approach is more favourable to growers and so may gain wide acceptance
for routine screening for management decisions, particularly where crops with sensitive
roots such as black pepper are grown. Usual practice is to take root samples and
therefore cause harm to the plant by direct damage and exposing sites for secondary
infection (Manzanilla-Lopez, 2012). Nematode extraction required minimal preparation
time and equipment and the lysis method for DNA extraction provided sufficient extract
for approximately 100 reactions and avoided the time-consuming DNA preparations of
much previous work (Adam et al., 2007, Castagnone-Sereno et al., 1995, Stanton et al.,
1998).

This is the first molecular-based study to assess the plant-parasitic nematode community
within coffee fields by sampling multiple crop plants in three major coffee producing
countries. The assay revealed that P. brachyurus and P. coffeae were similarly abundant
in Brazil whereas P. coffeae was the more numerous species of the genus in Indonesia.
Both of these species are known pathogens of coffee in these countries and can cause
great damage to coffee roots and result in reduced plant growth (Oliveira et al., 1999,
Trinh et al, 2011, Wiryadiputra, 2008). This study detected M. exigua and
M. paranaensis in Brazil where they are widespread parasites of coffee plants (Barbosa
et al., 2004, Carneiro et al., 1996, Salgado et al., 2015, Muniz et al., 2008). Meloidogyne
incognita was detected in both Brazil and Vietham where it is prevalent in coffee
plantations (Carneiro et al., 2004, Trinh et al., 2009). This study reports the first detection
of M. hapla in Vietnam, where it may have been previously identified as a different
species or introduced through movement of cultivars. Although it has been reported in
Hawaii, Guatemala, El Salvador, Brazil, India and several countries in Africa, the species
is not widespread in coffee plantations (Campos, 2005, Handoo et al., 2005, Villain et
al., 2013, Lordello, 1982). Although the presence of any parasitic-nematode species
capable of damaging coffee is of interest, M. hapla has not been reported as widespread

and it results in relatively low damage to coffee roots (Villain et al., 2013). Consequently
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it may not represent as major a concern for the growers as some other species of this

genus.

Genetically distinct populations of M. incognita, M. paranaensis and M. exigua are
present in Central and South America, suggesting that genetic divergence has resulted
in multiple species types (Carneiro et al., 2004, Randig et al., 2002a). The chances of
false negatives due to genetic divergence is reduced as several primer sets used in this
report have previously been applied to samples from widespread locations (Devran and
Sogut, 2009, Hu et al., 2011, Randig et al., 2002b). Further molecular analysis could help
elucidate the origins of populations detected in this study, map their distributions and
assist in developing management strategies based on resistant cultivars. No
Meloidogyne spp. were detected for the Indonesian samples which was unexpected
given the abundance of the genus in Brazilian and Viethamese samples and its known
wide international distribution and polyphagy. Presence of M. incognita has been
reported on other crops in the country, therefore it is of utmost importance that coffee
fields are protected from introduction of the pathogen (Tuminem. et al., 2015). The lack
of Meloidogyne species may also be due to the less structured farming system observed
in Indonesia, compared to fields sampled in Brazil and Vietnam (personal observation
during field sampling) (Figure 3-3). The irregular nature of planting may have had a
negative impact on the establishment and spread of Meloidogyne throughout a field,
whereas this may not prove to be as important for Pratylenchus that can migrate through
soil at a greater rate than Meloidogyne second-stage juveniles (Njezic et al., 2014),

thereby possibly allowing them to locate hosts at a greater distance.

The occurrence of the target nematodes in soils associated with intercrops at similar or
higher densities than around coffee roots justifies re-consideration of appropriate crops
to favour marginal or non-hosts. Furthermore, the greater abundance of several
nematode species on the intercrop compared to the main crop raises the concern that
an intercrop may not only be a suitable host, but it may provide tissue for nematode
populations to increase in the field relative to densities associated with coffee plants.
Predominance of P. coffeae in Vietham may arise from conversion of fields from banana
to coffee as both crops are hosts (Trinh et al., 2009). Currently there is an increase in
the cropping of black pepper within Brazilian coffee fields due to its drought tolerance
and high value (Terazono, 2017). This will influence the relative abundance of different
nematodes present in the plantations, particularly as black pepper is not a known host

for P. brachyurus and was also not indicated as such in this study.
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The distribution of nematode field populations can frequently be described by negative
binomial expression (Herve et al., 2005, Nyczepir, 2009). A balance is needed between
the time and cost of taking many samples against the risk of not detecting a population
that is present. The negative binomial suggests that 10 samples per field, as in this study,
will reliably record a population if extensive sampling established that 40 % or more
samples are expected to contain the target species. Therefore, the sampling strategy
should reliably record the occurrence of a target species from a plantation. Sampling
close to coffee plants that look damaged reduces the likelihood of reaching a false
negative conclusion and more extensive sampling could be considered if the population

is not detected but confidence in that outcome is important.

Although several nematode species were detected within fields there was an association
of high numbers of Meloidogyne in soil samples in which Pratylenchus were low or not
detected. Soil type, topography and climatic factors have a differential effect on
P. coffeae and M. exigua on coffee roots in Costa Rica (Avelino et al., 2009). That work
also indicated competition between the two species in the roots of coffee plants, resulting
in negative correlation between their populations. An association of high Meloidogyne
spp. populations and low density of P. coffeae was also reported previously in the roots
of coffee in Costa Rica using correspondence analysis (Herve et al., 2005). Previous
work on peach, onion, mung bean, sugarcane and barley roots has demonstrated
competition between both genera of nematode with the effect and scale of effect differing
with the host (BieYun, 2008, Fontana et al., 2015, Nyczepir, 2009, Pang et al., 2009,
Umesh et al., 1994). It is of interest that the competition is observed in samples from
both Brazil and Vietnam in this study, indicating its importance in global coffee farming
systems. Intergeneric competition will affect the success of each species and therefore
impact the entire nematode community with consequences on field output. Further
analysis is required to determine the effects of coffee cultivars on the scale of

competition.

The status of nematodes on coffee is often assessed by sampling roots, thereby
disturbing the plants. However assessments are also made on soil populations (Barros
et al., 2014, Herrera et al., 2011, Trinh et al., 2012). Additionally the presence of
Pratylenchus species known to damage coffee is reason enough to initiate a
management programme without considering its population level (Villain, 2008). Coffee
growers should also be advised to remain vigilant for the presence of root-knot

nematodes in their plantations (Campos and Silva, 2008).



55

Soil sampling of established coffee plants indicated similar mean soil densities for
P. brachyurus and P. coffeae on coffee in all three countries. Alarmingly these densities
are above the damage thresholds for these species on coffee, indicating that the crop is
negatively affected by this genus. There is evidence that M. exigua in Brazil is severely
damaging to coffee and the densities found in the samples reveal the frequent severity
of infestations (Rodrigues and Crozzoli, 1995). More work is required in Vietnam to
determine how often populations of M. incognita and M. hapla damage coffee and the
damage thresholds of species complexes in different environments. The current work
provides a rapid approach that can be applied with support from any competent
molecular laboratory and therefore enables inexpensive widespread evaluation for many
coffee plantations. It indicates that Pratylenchus may be widely damaging to coffee
plantations whereas species of Meloidogyne have more limited distributions. Work is
planned to relate results from the rapid estimation of soil populations to damage severity
and thresholds for each nematode in a range of growing conditions. Additional primers
could be designed to detect further species that occur in these countries, but not in the
regions sampled in this study, such as P. jaehni (Inserra et al., 2001). Alongside the work
studied here, this will underpin global efforts to manage populations and support

selection of appropriate resistant cultivars for different localities.
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Summary

A high abundance of Pratylenchus and Meloidogyne were extracted from
soil allowing for non-destructive sampling

Molecular methods identified varying incidence and abundance of six
coffee-parasitic nematode species in the regions sampled.

Nematode species were present in higher abundance in soil surrounding
intercrops, compared to coffee plants.

Meloidogyne individuals were detected in high quantities in samples where
Pratylenchus were low or not detected, suggesting possible competition

between both genera on the host plant.
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Chapter 4. Identification and characterisation of
genes encoding cell wall degrading enzymes in

Pratylenchus coffeae

4.1. Introduction

4.1.1. The plant cell wall

The plant cell wall is a rigid structure that maintains cell shape, provides a defensive
barrier and facilitates cell-to-cell and cell-to-environment interactions (Carpita and
Gibeaut, 1993). The primary cell wall is largely composed of cellulose, hemicellulose and
pectin (Sticklen, 2008) (Figure 4-1). Over 2000 genes are suggested to be involved in
the assembly and regular remodelling of the structure throughout growth and
development of the plant cell (Hematy et al., 2009, Carpita et al., 2001). Cell wall
components and their relative proportions are known to vary between plant species, cell
types, developmental stages of tissue and in response to environmental stimuli
(Sorensen et al., 2010, Zhong and Ye, 2015). Previously the structure was generally
classified as ‘Type I', which has more xyloglucan (a hemicellulose) and pectin, or ‘Type
II” which has more of the hemicellulose glucuronoarabinoxylan (Carpita and Gibeaut,
1993). However, plant species have been described that do not fit the models and now
prevent the generalisation of plant cell walls based on phylogeny (Fry et al., 2008). In
many cell types a secondary cell wall, much thicker than the primary, is formed after the
cell reaches its final size and shape. It provides structural reinforcement to the cell and
is common in xylem tissue that needs to resist pressure during water transport (Hofmann,
2017). The composition of the secondary cell wall also varies, for example woody tissue
contains a higher lignin content whereas collenchyma contains more cellulose (Kumar
et al., 2016).

4.1.2. Pathogen attack on the plant cell wall

Both primary and secondary cell walls provide a defence against an array of soil-borne
pathogens, such as bacteria, viruses, fungi and nematodes (Brisson et al., 1994). All of
these pathogens must overcome this obstacle in order to reproduce on the host. The
structure not only provides defence as a physical barrier, it is also involved in inducing

defence responses after detection of pathogen attack.



58

Pectin

Middle
Lamella i

Cellulose
Microfibril
Primary
Cell Wall 5
Plasma [ ~— Hemicellulose
Membran;[

Soluble
Protein

Figure 4-1: Schematic diagram to show the cell wall structure containing cellulose,
hemicellulose, pectin and soluble proteins (Sticklen, 2008).
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Pathogen associated molecular patterns (PAMPS) or damage associated molecular
patterns (DAMPs, e.g. products of cell wall damage) are detected by the plant and induce
responses by initiating defence pathways (Malinovsky et al., 2014). The defence
responses at the cell wall can vary depending on the pathogen, however they all aim to
limit progression into the host (Hematy et al., 2009). The PAMP signals of plant-parasitic
nematodes (PPN) are ill-defined, however they are better-characterised for fungi and
insect pathogens. For example, the polysaccharide chitin is present in the cell walls of
fungi and exoskeletons of insects and is recognised on plant cell surfaces, leading to
secretion of chitinases to degrade the pathogen (Malinovsky et al., 2014). Detection of a
pathogen at the cell surface can also lead to defence responses throughout the cell, such
as production of reactive oxygen species and cell death. Infection of plant roots by
nematodes can result in production of reactive oxygen species and changes in gene
expression (Wondafrash et al., 2013). Furthermore, nematode-derived proteinaceous
secretions are capable of inducing PAMP-triggered immunity (Mendy et al., 2017). A
receptor for these secretions has been detected but the exact component of the secretion
is still unknown (Mendy et al., 2017). Another report has found that nematodes produce
ascarosides that are capable of inducing pattern-triggered immunity (PTI), however in

this case a plant-receptor is not defined (Manosalva et al., 2015).

Enhanced resistance to PPN has also been shown to correlate with overproduction of
compounds that reinforce the cell wall, thereby preventing mechanical disruption via the
nematode stylet (Holbein et al., 2016, Hofmann et al., 2010). Deposition of lignin,
phenolic compounds and callose, a polysaccharide, at sites of attempted pathogen

penetration strengthen the structure to resist pathogen entry (Voigt, 2014).

4.1.3. Invasion of roots by plant-parasitic nematodes

Invasion of the root is vital for the survival of endo-parasitic nematodes. Root invasion
requires the production of a variety of cell wall degrading enzymes that break down the
aforementioned cell wall constituents. The inability to degrade one or more cell wall
component may result in failure to enter the root and death of the nematode. These
enzymes are secreted into root tissue through the nematode stylet from the pharyngeal
glands (Bohlmann and Sobczak, 2014). There is no indication that these enzymes are
released in sequential order, as is observed in fungi where pectin degrading enzymes

are usually secreted first (Bohlmann and Sobczak, 2014).

Several studies have identified cell wall degrading enzymes in a wide range of cyst, root-
knot and migratory nematode species. The most commonly found genes are involved in

the degradation of cellulose (beta-1,4-endoglucanases), xylan (beta-1,4-endoxylanases)
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and pectin (alpha-1,4-galacturonan lyase) (Ali et al., 2017). Beta-1,4-endoglucanases,
commonly referred to as cellulases, have been identified in the most economically
important genera of PPN: Meloidogyne, Globodera, Heterodera and Pratylenchus
(Rosso et al., 1999, Smant et al., 1998, Goellner et al., 2000, Fanelli et al., 2014). The
high similarity of these genes to bacterial sequences suggests that they are derived from
horizontal gene transfer events (Jones et al., 2005). Recent ‘omics studies suggest that
Pratylenchus coffeae has a reduced number of genes encoding cell wall degrading
enzymes compared to other nematodes such as M. incognita or G. pallida (Burke et al.,
2015, Haegeman et al., 2011b, Cotton et al., 2014, Abad et al., 2008). The reduced
complement of these genes has been attributed to the smaller genome of the species
(Burke et al., 2015).

Cell wall degrading enzyme genes are often expressed in the pharyngeal gland cells of
PPN for secretion into the host, however expression of some has also been detected in
the intestine, suggesting involvement in digestion of plant material (Rosso et al., 1999,
Smant et al., 1998, Goellner et al., 2000, Fanelli et al., 2014). Highest expression of beta-
1,4-endoglucanases is found within adult life stages of migratory species, presumably
for increased migration to obtain sufficient food for reproduction (Fanelli et al., 2014). In
contrast to this, expression of orthologous transcripts in sedentary nematodes decreases
when feeding initiates as migration through plant tissue is no longer required (Gao et al.,
2004, Wubben et al., 2010).

Further characterisation of these genes in Pratylenchus coffeae is necessary to
investigate the mechanisms for parasitism and the role of the limited repertoire of cell

wall degrading enzymes in this species.
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Aims

. To assemble transcriptomic and genomic data available for Pratylenchus

coffeae and identify a range of cell wall degrading enzymes.

. Characterise the genes by determining the spatial and temporal

expression of each transcript in the nematode.
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4.3. Methods

4.3.1. Identification of cell wall degrading enzyme genes in P. coffeae

Raw genome and transcriptome sequencing data were downloaded from NCBI
(BioProject Accession: PRINA276478 and PRINA79895 respectively). Both groups of
reads were trimmed and assembled, separately, using GS De Novo Assembler (Roche)
using default parameters to produce two assemblies. Sequence redundancy in the
transcriptome assembly was reduced by using CD-HIT (Fu et al.,, 2012a). The
transcriptome contigs were then submitted to the Carbohydrate Active Enzymes (CAZy)
database to identify sequences related to cell wall degradation. CAZy hits were mapped
on to the genome assembly using GS Reference Mapper to obtain genomic sequence
data.

4.3.2. Producing alignments

Nucleotide sequences were translated to protein sequences using ExPASy. Alignments
between amino acid sequences was performed using the multiple-sequence alignment
tool Clustal Omega, found at www.ebi.ac.uk/Tools/msa/clustalo/ (Sievers et al., 2011).

4.3.3. Signal peptide prediction

Translated transcript sequences were used with SignalP V4.1 to predict the presence of
N-terminal signal peptides (Petersen et al., 2011). SignalP is available at

www.chs.dtu.dk/services/SignalP/.

4.3.4. Phylogenetic trees

Phylogenetic relationships for orthologous sequences in different PPN species were
generated from Clustal Omega aligned sequence using TOPALI v2.5 (PhyML, WAG
substitution model, bootstrap value: 500) (Milne et al., 2009). Topali v2.5 is available to

download at www.topali.org/. PPN sequences were obtained from Genebank.

4.3.5. In situ hybridisation

Single-strand digoxygenin-labelled anti-sense DNA probes were synthesised with DIG
DNA labelling mix (Roche, Germany) from 50 ng cDNA fragments (150-250 bp) amplified
by template specific primers (Table 4-1). Sense probe controls were synthesised in
separate reactions. These probes were denatured (10 mins 99 °C) and used for in situ
hybridisation to determine spatial expression patterns for Pc-eng-1, Pc-eng-2, Pc-eng-3,
Pc-eng-4, Pc-xyl and Pc-pel-1 (de Boer et al., 1998). Approximately 2000 mixed stage
P. coffeae were fixed in 2% paraformaldehyde in M9 buffer for 18 hr at 4 °C followed by 4
hr at 22 °C. Fixed nematodes were cut into 2-3 pieces with a razor blade before washing

with M9 buffer and proteinase-K treatment (0.5 mg/ml for 30 mins at 22 °C). Nematodes
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were frozen and dehydrated with methanol for 1 min followed by acetone for 1 min before
rehydration in RNase-free water. Treated nematodes were hybridised with the denatured
probes overnight at 50 °C and then washed three x 15 minutes with 4x Saline Sodium
Citrate (SSC) and three x 20 minutes with 0.1x SSC/ 0.1 % SDS at 50 °C. Nematodes
were incubated at 22 °C in 1 % blocking reagent in maleic acid buffer (Roche, Germany)
for 30 min and labelled for 2 hr with anti-digoxigenin-AP Fab fragments 1:1000 in 1 %
blocking reagent. After three x 20 minute washes in maleic acid buffer the nematodes were
stained overnight at 4 °C with 337 pg/ml nitroblue tetrazolium and 175 pg/ml 5-bromo-4-
chloro-3-indolyl phosphate. Stained nematodes were washed in 0.01 % Tween-20 before
viewing under the microscope (Olympus, BH2). Images were captured with a Qlcam

camera (Qlmaging) and Q-Capture software.

4.3.6. Gene expression analysis throughout nematode development

Triplicate groups of 100 eggs, juveniles, females and males of P. coffeae were
individually selected from a mixed nematode pool, and total RNA was extracted to
determine expression of genes at different nematode life stages. A sequence for
P. coffeae elongation factor was selected from the genome assembly as the reference
gene. All primers had an amplification efficiency of 95-100% (primer sequences in Table
4-1). The 2(22¢) method was used to calculate relative expression between control and
experimental samples from three technical and three biological replicates. One-way
ANOVA with a Student-Newman-Keuls post hoc test was used to determine significant

differences between groups unless otherwise stated.

4.3.7. Confirming cellulase activity of identified beta-1,4-endoglucanase genes

Total homogenate was prepared from 500 P. coffeae mixed stage individuals by crushing
with an Eppendorf pestle in 500 pl autoclaved tap water. Stylet secretions were also
collected for the same number of nematodes by soaking in 500 ul of 0.4 % resorcinol
(Sigma-Aldrich, US) for 4 h at 22 °C, then filtering the solution through a 0.22 um syringe
filter to remove the nematodes. Resorcinol induces the secretion in another plant-parasitic
nematode, M. incognita (Bellafiore et al., 2008). Flow through was then confirmed for

absence of nematodes under the microscope.

Primers were designed to amplify the desired coding sequences of the beta-1,4-
endoglucanse genes with the addition of restriction enzyme sites to facilitate direct cloning
in to a vector for protein expression in Escherichia coli. Each PCR was carried out using
template cDNA using primers with Ndel and BamHI sites, detailed in Table 4-2. PCR was
performed as described in section 2.1.3.2 but with Phusion High fidelity DNA polymerase
(NEB). Each PCR product was then purified, subsequently digested with the relevant
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restriction enzymes and purified again (QIAquick Gel Extraction Kit, Qiagen). Fragments
were then ligated into a digested pPET28(b) vector and transformed into E. coli BL21 DE3
cells. Colonies selected on kanamycin plates (50 pg/ml) were screened by PCR (see
section 2.1.4.2) using gene specific primers to isolate positive transformants. These were
transferred to 5 ml LB media containing 50 pg/ml kanamycin. Protein expression as
induced by the addition of IPTG to a final concentration of 1 mM and returning to a shaking

incubator for three hours at 37 °C.

To determine the cellulase activity, 5 pl of the homogenate and secretion solutions were
applied to a 1 % carboxymethylcellulose (Sigma-Aldrich, US) plate and incubated at 37 °C
for 16 h. Similarly, 5 pl of the media containing the induced-protein were applied to the
plate. Plates were then stained with 0.1 % Congo Red solution for 30 min followed by
washing with 5 M NaCl until a clear zone could be differentiated around application sites.

A negative control with E. coli harbouring an empty pPET28(b) plasmid was included.

4.3.8. Gene expression analysis in the nematode post-removal from the host

Nematodes were collected from plant roots as described in section 2.1.2.4, washed three
times in sterile tap water and kept in sterile tap water until required. After 12, 48, 48 96
and 192 hours post-removal from the host nematodes were frozen for RNA extraction
and gPCR analysis of the Pc-eng-1, -2, -3 and -4 genes as described previously. This

was performed in biological triplicate.
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Table 4-1: Primer sequences used for the temporal and spatial analysis of
selected P. coffeae sequences. Each of the primers was designed to be
sequence-specific, using the sequence data obtained from genome and
transcriptome assembilies.

Code Purpose Forward / Reverse primer sequences
Pc-eng-1q gPCR GCTTTGGTGCAAACCGTCAT/
CAGGCAATATGGCTCCAATCCG
Pc-eng-2q gPCR CACAAATGAATACACCGACTGG/
TCGGATTGCCTTAAAAATGAAT
Pc-eng-3q gPCR CTCACTTTGTTCAACGCAGTCT/
ACCAATTTGTGCTACACCCTTC
Pc-eng-4q gPCR CAAATGCCATTACAGGCAGC/
CATTCGGTTTTGGTTTTGATTC
Pc-xylg-is gPCR/ in situ GCGTGTGGATGCGACCTATA/
CTGCTGGTAATATGCGGGGT
Pc-pelg-is gPCR/ in situ TTCCAACACAATGGCAAGGG/
CGCGCATATTGGTTCTCACA
Pc-EFq gPCR CAAGGAGGCCAAGCAATTCAC/
AGAGATTTGACCCGGGTGATTC
Pc-eng-1-is In situ GCTCACCCTTCTATACGGCC/
TGGAGCCATATTGCTTGGCA
Pc-eng-2-is In situ CAGGCGGTCTCATTCTTCTC/
TAGCCAGTAATGGGGTTTGC
Pc-eng-3-is In situ ATTGTGGGCTCAAGTGGTTC/
CTTTTGTGGTTTTGGGCATT
Pc-eng-4-is In situ CCATTTTCGCCATTCACTTT/

CCTGCTGAATCCACGATTTT
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Table 4-2: Primer sequences for the cloning of P. coffeae beta-1,4-endoglucanase
coding regions for expression in E. coli. Restriction sites are underlined. Each of the
primers was designed to be sequence-specific, using the sequence data obtained from

genome and transcriptome assemblies.

Code Forward / Reverse primer sequence Restriction
enzyme
Pc-eng1l-orf ACACATATGATGGGCTCGTGGATTGG/ Ndel/BamHI

TGTGGATCCTCACGCTCACAACCGTCACAG

Pc-eng2-orf ACACATATGATGATTGGCACGAGACG/ Ndel/BamHI
TGTGGATCCAAAACTATTTATAATCAAATGTGC

Pc-eng3-orf ACACATATGATGTGGATGTGGCGGCAAA/ Ndel/BamHI
TGTGGATCCTCAGATTATAAATTATTTTCACA

Pc-eng4-orf ACACATATGATGAACGAATGGGGTGA/ Ndel/BamHI
TGTGGATCCTTACAAAAATTAATTTATTCTC
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4.4. Results

4.4.1. Identification of cell wall degrading enzymes in P. coffeae

Transcriptome data were assembled into 17,136 contigs with an N50 value of 1225
(Table 4-3). The genome assembly consisted of 62,672 contigs with an N50 value of
1127.

The contigs were searched against the Carbohydrate-active Enzyme database (CAZy),
which identified numerous cell wall degrading enzyme genes from the transcriptome.
These were filtered to identify four beta-1,4,-endoglucanase (cellulase) genes, one beta-
1,4-endoxylanase (xylanase) gene and three alpha-1,4-galacturonan lyase (pectate
lyase) genes that would be studied further (Table 4-4). The sequences of contig03393,
contig05153 and contig07620 were identical and therefore these were classed as one
beta-1,4,-endoglucanase gene in all future analysis. All of the predicted sequences
contained Pfam domains consistent with their CAZyme designation. Homology with other
PPN beta-1,4-endoglucanase sequences led to the naming of genes described in Table
4-4, The Pc-eng-1, -2, -3 and -4, Pc-xyl and Pc-pel-1 sequences were used for further
analysis. Sequences were then mapped onto the genome assembly to obtain genomic
sequence data. This resulted in full genomic and coding regions for all sequences. All
transcripts, apart from Pc-eng-4, were predicted to encode proteins with N-terminal

signal peptides.
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Table 4-3: Transcriptome and genome assembly comparisons between

published data and this study. De novo assemblies had to be built during this

study as only the raw reads were available from the referenced papers. Some

scores were not available (NA) from the published studies.

Assembly Reference Contigs N50 G+C %
Transcriptome PRINA276478 Kyndt 25,987 NA NA
et al 2012
Transcriptome This study 17,136 1,225 41.50
Genome PRJINA276478 5,821 10,000 38.10
Burke et al 2015
Genome This study 62,672 1,127 36.43




Table 4-4: CAZy search output identifying cellulase, xylanase and pectate lyase genes in the transcriptome of Pratylenchus

coffeae. The submitted transcriptome assembly (query) and was aligned to the corresponding match in the database (subject) to

provide description of the enzyme family. Protein family domains are used to identify the sequence based on protein function. The

three types of proteins are classified as either Glycoside Hydrolase (GH) or Polysaccharide Lyase (PL) enzymes.

Query Subject

CAZy family Gene name
SequencelD Pfam domain Subject ID Pfam domain Organism
contig11796 Cellulase AER27790.1 Cellulase Pratylenchus vulnus GH5 Pc-eng-2
contig06163 Cellulase ADM72857.1 Cellulase Rotylenchulus reniformis GH5 Pc-eng-4
contig07712 Cellulase ACB38289.1 Cellulase Radopholus similis GH5 Pc-eng-3
contig03393 Cellulase ABX79356.1 Cellulase Pratylenchus coffeae GH5
contig05153 Cellulase ABX79356.1 Cellulase Pratylenchus coffeae GH5 Pc-eng-1
contig07620 Cellulase ABX79356.1 Cellulase Pratylenchus coffeae GH5
contig05172 Xylanase ABZ78968.1 Xylanase Radopholus similis GH30 Pc-xyl
contig06098 Pectate lyase AAS88579.1 Pectate_lyase Meloidogyne incognita PL3 Pc-pel-1
contig08457 Pectate_lyase AAM74954.1 Pectate_lyase Heterodera glycines PL3 Pc-pel-2
contig01475 Pectate_lyase ADW77534.1 Pectate_lyase Heterodera glycines PL3 Pc-pel-3

99
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4.4.2. Enzyme activity of beta-1,4-endoglucanase genes from P. coffeae

Four beta-1,4-endoglucanase genes were identified from P. coffeae which is one more
than reported by Burke et al 2015. Also, Pc-eng-4 was the only one predicted to lack a
N-terminal signal peptide. Therefore, cellulase functionality of the encoded proteins was
tested by expressing the coding regions in E. coli and growing the resulting bacteria in
the presence of a cellulose substrate. All four of the coding regions were individually
expressed in pPET28(b) vectors and transformed into E. coli BL21 DES3. The cell
suspension, expressing the protein, was then administered to a cellulose-containing
plate and secreted activity was detected by staining. Each of the four expressed proteins
showed the predicted enzyme activity evidenced by clear ‘halos’ around the inoculated
cells, indicating lack of cellulose (i.e. degradation) (Figure 4-2). Total nematode
homogenate and nematode stylet secretions also showed cellulase activity, indicating
that the nematode secretes one or more of these gene products. A negative control of

E. coli harbouring an empty plasmid showed no activity.

4.4.3. Relationship between beta-1,4-endoglucanase genes from P. coffeae and

different plant-parasitic nematode species

The relationship between the beta-1,4-endoglucanase sequences from P. coffeae and
the identified orthologues in other PPN is described by a maximum likelihood
phylogenetic tree (Figure 4-3). Pc-ENG-1 and Pc-ENG-3 cluster together with
orthologues in Pratylenchus spp. Pc-ENG-2 clusters with orthologues in Pratylenchus
and Radopholus. Pc-ENG-4 does not exhibit close homology to any PPN sequences,
however the closest match is ENG-2 from Meloidogyne incognita, which is also an
outlier.

4.4.4. Relationship between the beta-1,4-endoxylanase gene from P. coffeae and

different plant-parasitic nematode species

Beta-1,4-endoxylanase genes are poorly characterised in PPN, compared to beta-1,4-
endoglucanases. Subsequently fewer sequences could be used to investigate
phylogeny. Therefore, only the amino acid sequences identified from P. coffeae and
orthologues in Radopholus similis and Meloidogyne incognita could be described by a
phylogenetic tree (Figure 4-4). Pc-XYL clusters with that of another migratory

endoparasite, R. similis, whilst the M. incognita sequences form a second clade.

4.4.5. Relationship between the alpha-1,4-galacturonan Iyase genes from

P. coffeae and different plant-parasitic nematode species

A phylogenetic tree was generated from the amino acid sequences for known alpha-1,4-

galacturonan lyases in PPN (Figure 4-5). This suggests that Pc-PEL-1 and Pc-PEL-3 are
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more closely related to orthologues in Meloidogyne species than those in cyst nematode
species, whereas for Pc-PEL-2 the reverse is true. The sequence of Pc-PEL-1 was used

for further work in this thesis.
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Figure 4-2: Enzyme activity of P. coffeae homogenate (A), P. coffeae secretion (B),
Pc-ENG-1 (C), Pc-ENG-2 (D), Pc-ENG-3 (E) and Pc-ENG-4 (F) on 05 %
carboxymethyl cellulose agar. Hydrolytic activity in the substrate is visualised as a
clear halo by a Congo red stain. Nematode secretions were induced by 0.4 % resorcinol
and recombinant nematode beta-1,4-endoglucanase (C-F) genes were expressed in
Escherichia coli from the plasmid pET-28a. E. coli cell suspension was used as the
application. No halo could be detected following application of E. coli harbouring the

empty plasmid (G). White circles indicate where suspension was applied.
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Figure 4-3: Phylogenetic tree of the relationship between beta-1,4-endoglucanase
genes from different plant-parasitic nematode species. Red boxes represent
P. coffeae sequences. Sequences from Meloidogyne incognita (Mi), M. arenaria (Ma),
M. javanica (Mj), Pratylenchus penetrans (Pp), P. neglectus (Pn), P. vulnus (Pv),
P. pratensis (Pprat), P. coffeae (Pc), Ditylenchus africanus (Da), Globodera tabacum
(Gt), G. rostochiensis (Gr), Heterodera glycines (Hg), H. schachtii (Hs) and Radopholus
similis (Rs) are also included. Maximum likelihood phylogeny using predicted protein

alignments. Bootstrap values for 500 iterations are labelled on nodes. Scale bar

represents branch times.
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Figure 4-4: Phylogenetic tree of the relationship between beta-1,4-endoxylanase
genes from different plant-parasitic nematode species. The red box represent
P. coffeae sequences. Sequences from Meloidogyne incognita (Mi), Pratylenchus
coffeae (Pc), and Radopholus similis (Rs) are also included. Maximum likelihood
phylogeny using predicted protein alignments. Bootstrap values for 500 iterations are

labelled on nodes. Scale bar represents branch times.
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Figure 4-5: Phylogenetic tree of the relationship between alpha-1,4-galacturonan

lyase genes from different plant-parasitic nematode species. Red boxes represent

P. coffeae sequences. Sequences from Meloidogyne incognita (Mi), M. exigua (Me),

M. javanica (Mj), M. graminicola (Mg), Pratylenchus coffeae (Pc), Ditylenchus destructor
(Dd), Globodera tabacum (Gt), G. rostochiensis (Gr), G. pallida (Gp), Heterodera

glycines (Hg), H. schachtii (Hs), Bursaphalenchus xylophilus (Bx) and Bursaphalenchus

mucronatus (Bm) are also included. Maximum likelihood phylogeny using predicted

protein alignments. Bootstrap values for 500 iterations are labelled on nodes. Scale bar

represents branch times.
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4.4.6. Spatial expression of cell wall degrading enzyme genes from P. coffeae

In situ hybridisation was undertaken to determine the spatial expression of the four
P. coffeae transcripts in the nematode. Each of the probes was designed to be
sequence-specific, using the sequence data obtained from genome and transcriptome
assemblies. Each of Pc-eng-1, Pc-eng-2 and Pc-eng-3 were found to be expressed in
the region of the nematode where the pharyngeal gland cells are located (Figure 4-7, B,
C, F). This is an indicator in PPN that the gene products are secreted through the stylet
into the root. Expression of the Pc-eng-4 transcript was observed from the pharyngeal
gland cells towards the posterior of the nematode (Figure 4-7, G, H, I). This is indicative
of the intestine region. Expression of Pc-xyl and Pc-pel-1 transcripts were detected in
the pharyngeal gland cells, again indicating secretion into the root (Figure 4-8, Figure

4-9). No hybridisation was observed with the negative control probes.

4.4.7. Temporal expression of cell wall degrading enzyme genes from P. coffeae

Analysis by gRT-PCR established that the four Pc-eng genes are expressed throughout
different development stages of P. coffeae (Figure 4-10). Relative to eggs, the
expression of Pc-eng-1 and Pc-eng-3 significantly increased as the nematode developed
(P<0.05). The level of expression reached its maximum at the adult stage and did not
differ significantly between males and females. The expression of Pc-eng-2 showed a
steady decrease throughout development, however there was no significant difference
between values obtained. The expression of Pc-eng-4 increased from eggs to juvenile
stages (P<0.05) and then remained the same as the nematode developed into female or
male. Pc-eng-2 expression was lower than the other Pc-eng genes throughout
development.

The transcripts of Pc-xyl and Pc-pel-1 were also expressed in all stages studied and

increased in expression as the nematodes developed (Figure 4-11).

4.4.8. Expression of beta-1,4-endoglucanase genes from P. coffeae post-removal

from host tissue

The expression of cellulase sequences was investigated to determine the effect of
prolonged absence of a host. Expression of all four sequences decreased post-removal
from the host, with sharp declines until 24 h (Figure 4-6). A baseline level of expression
as then observed throughout the remaining time points. The degree of down-regulation

was different for each transcript, with Pc-eng-1 decreasing the most.
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Figure 4-6: Expression of beta-1,4-endoglucanase genes from P. coffeae post-
removal from host roots. Pratylenchus coffeae were removed from the roots of carrot
and left in tap water for a period of eight days. Nematodes were removed at intervals
and gene expression of beta-1,4-endoglucanase genes was determined by gPCR.
Values are means + SEM (n =3 pools of individuals) and the curves represent regression

analysis.
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Figure 4-7: In situ hybridisation of Pc-eng-1, Pc-eng-2, Pc-eng-3 and Pc-eng-4.
Schematic representation of the anterior section of a plant-parasitic nematode (A).
Digoxigenin-labeled anti-sense probes of Pc-eng-1 (B), Pc-eng-2 (C) and Pc-eng-3 (F)
reveal that expression of these genes is localised to the pharyngeal gland cells, posterior
to the median bulb (black arrow). Probes of Pc-eng-4 indicated expression in the
intestine (G, H, I, blue arrow indicates tail of nematode). No corresponding staining
occurred when the negative control probes were used (D, E, J and K for Pc-eng-1, -2, -

3 and -4 respectively). Scale = 50um.
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Figure 4-8: In situ hybridisation of Pc-xyl. Schematic representation of the anterior
section of a plant-parasitic nematode (A). A digoxigenin-labeled anti-sense probe of Pc-
xyl (B) reveal that expression of this gene is localised to the pharyngeal gland cells,
posterior to the median bulb (arrowed). No corresponding staining occurred when the
negative control probe was used (C). Scale = 50um.
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Figure 4-9: In situ hybridisation of Pc-pel-1. Schematic representation of the anterior
section of a plant-parasitic nematode (A). A digoxigenin-labeled anti-sense probe of Pc-
pel-1 (B) indicate that expression of this gene is localised to the pharyngeal gland cells,

posterior to the median bulb (arrowed). No corresponding staining occurred when the
negative control probe was used (C). Scale = 50um.
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Figure 4-10: Expression of Pc-eng-1, Pc-eng-2, Pc-eng-3 and Pc-eng-4 for
selected life stages of P. coffeae. Expression was normalised to Elongation Factor and
presented relative to expression in eggs for each gene. Values are means = SEM (n =3
pools of individuals) with different letters indicating significant differences between egg,

juvenile, female and male life stages for each gene (P<0.05 One-way ANOVA, SNK

test).
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Figure 4-11: Expression of Pc-xyl (A) and Pc-pel-1 (B) for selected life stages of
P. coffeae. Expression was normalised to Elongation Factor and presented relative to
expression in eggs. Values are means £ SEM (n =3 pools of individuals) with different
letters indicating significant differences between between egg, juvenile, female and male
life stages (P<0.05 One-way ANOVA, SNK test).
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45. Discussion

For many years cell wall degrading enzymes have been a well-studied component of the
arsenal of genes that plant-parasitic nematodes possess to assist plant invasion. To
characterise this interaction in P. coffeae, a range of cell wall degrading enzyme genes
were identified. The results describe the relationship between these genes and

orthologues in other PPN and characterise their spatial and temporal expression.

The genome and transcriptome data for P. coffeae (Burke et al., 2015, Haegeman et al.,
2011b) represent a wealth of resources for elucidating plant-nematode interactions,
therefore they were utilised in this thesis. Unfortunately only the raw sequence files are
publicly available for both ‘omics studies, therefore a draft genome and transcriptome
were assembled de novo for the purpose of this study. The genome and transcriptome
assemblies constructed in this study allowed the identification of several cell wall
degrading enzyme genes. When using files obtained from repositories it is important to
bear in mind that there are many sources of error that could have been introduced in the
production of these sequence files by the primary researcher. The data is reliant on the
accurate classification of sample material, efforts to minimise contamination and

obtaining sample material with low allelic variation.

This study identified and characterised four beta-1,4-endoglucanase, one beta-1,4-
endoxylanase and one alpha-1,4-galacturonan lyase sequences. The genome study
suggested that Pratylenchus coffeae has three beta-1,4-endoglucanase/beta-1,4-
endoxylanase genes with another three genes encoding pectate lyases (Burke et al.,
2015). Four beta-1,4-endoglucanase genes were identified in this work, including one
previously cloned by Haegeman et al 2008 (Pc-eng-1), which is one more than reported
in the genome study. Even so, this is a small number considering the wide host range of
the species and the larger array of orthologues in host-limited nematode species such
as the cyst nematodes G. pallida and G. rostochiensis (Cotton et al., 2014, Eves-van
den Akker et al., 2016). Due to the disparity with the genome study, the cellulase activity
of the encoded products of these genes was confirmed in E. coli using an established
method (Figure 4-2) (Ledger et al., 2006, Zhang et al., 2013, Gao et al., 2004, Yan et al.,
2001). Each expressed protein possessed clear cellulose-degrading activity, which may
be unexpected due no cell lysis or protein purification step. The addition of bacterial cells
expressing the protein onto the substrate was sufficient to result in substrate
degradation. Cellulose-degrading gene products have previously been found to be
secreted from E. coli upon treatment with IPTG and cDNA libraries can be screened for

beta-1,4-endoglucanases simply by growing the E. coli expressing library with CMC
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overlays (Yan et al., 2001). One possible explanation is the close similarity of nematode
endoglucanase genes to bacteria which may allow for their recognition, translation and
secretion in the bacterial system (Yan et al.,, 2001). An alternative explanation is that
the CMC agarose or overlay may induce lysis of the bacterial colony. As the assay was
not quantitative, it was not possible to determine the relative differences in activity
between the four enzymes. Although in contrast to previous work, this reinforces the
sequence assembly and annotation in this study to reveal four genes with cellulase
function. These sequences, apart from Pc-eng-4, cluster with Pratylenchus cellulase
genes from other species (Figure 4-3), have signal peptides and are expressed in the
pharyngeal gland cells (Figure 4-7). The nucleotide sequences are of sufficient
divergence to imply that these are separate, distinct sequences and not the same.
Furthermore, each transcript maps to a separate genome contig and has differing intron
sequences and positions. The activity and localisation of data infers that Pc-ENG-1, -2
and -3 proteins are secreted into the host roots in order to break down the cell wall
structures and facilitate migration. The expression of Pc-eng-1 and -3 increased as the
nematode developed, promoting the suggested function in parasitism and root entry, as
all vermiform stages can enter, leave and re-enter the root. Expression of these genes
peaked at adult stages, presumably due to the higher fuel requirement for reproduction,
as seen for females of Radopholus similis (Zhang et al., 2012). In contrast to R. similis,
expression of cellulases is high in males of P. coffeae, suggesting that males of this
species have a more active role in parasitism (Smant et al., 1998, Haegeman et al.,
2008, Zhang et al., 2012).

Pc-ENG-4 was found to separate as an outlying group within the phylogenetic tree and
has closer homology to bacterial sequences than nematode cellulases. This is similar to
Meloidogyne incognita ENG-2 (also an outlier in the phylogenetic tree Figure 4-3)
(Ledger et al., 2006). Beta-1,4-endoglucanases have been suggested to have arisen
through horizontal gene transfer, which is defined as the asexual movement of genetic
material between species and is common in bacteria but extremely rare between
microorganisms and animals (Haegeman et al., 2011a). The acquisition of genes through
this phenomena is suggested to have two roles in the nematode: assisting invasion of
the host and digesting plant-derived products during feeding (Danchin et al., 2016).
Cellulase genes are conserved across PPN in Clade 12 of the nematode phylogeny,
which includes the most economically important genera (Meloidogyne, Globodera,
Heterodera, Pratylenchus and Radopholus). It is suggested that these genes derived
from a single or few horizontal gene transfer events that then led to expansion of the

clade (Haegeman et al., 2011a). Although it is difficult to confirm horizontal gene transfer,



85

there are suggested incidents in different PPN (Danchin, 2011). The acquired genes
provide functional advantages to the nematode and therefore are maintained in the
population (Haegeman et al., 2011a). The bacterial similarity of Pc-ENG-4 and Mi-ENG-
2 may suggest limited divergence from their bacterial origins or that they derive from a
separate, more recent horizontal transfer event. In contrast to the other identified
cellulase genes in P. coffeae, the predicted Pc-eng-4 gene lacks a signal peptide and is
expressed in the intestine (Figure 4-7). The gene data looks complete however it may
lack an N-terminal region which facilitates secretion into the intestine, similar to cysteine
proteases (Neveu et al., 2003). The expression pattern of Pc-eng-4 is similar to that of
Pratylenchus vulnus eng-5 which is suggested to be involved in the later stages of
development when the individual is required to feed in order to fuel reproduction (Fanelli
et al., 2014). This is supported within this study as expression of Pc-eng-4 increased
from eggs to vermiform stage but was stable from juveniles to female/males (Figure
4-10).

The above data has shown that cellulase genes are present in P. coffeae and suggested
to be involved in parasitism throughout the life cycle. Due to their likely role in assisting
migration through the root, expression patterns were analysed post-removal of the
nematodes from the host. Expression of all four Pc-eng genes decreased rapidly 24 h
post-removal from the root and then reached a stable level. A range of nematode genes
are known to increase in expression in the presence of host root exudate (Teillet et al.,
2013) and when the individual initiates parasitism (Cotton et al., 2014, Eves-van den
Akker et al., 2016). This is the first report to look at genetic responses to the removal of
a host and consequential down-regulation of parasitism genes, supporting their
requirement in host-nematode interactions. It is of interest that each gene decreases to
a different base level. This indicates either the requirement of these products in the
nematode even in the absence of a root or the differential increase in these genes in the

presence of a host.

A beta-1,4-endoxylanase gene, encoding a product that degrades the hemicellulose
xylan, was identified in P. coffeae and there are orthologues in R. similis and
Meloidogyne spp but not cyst nematodes (Haegeman et al., 2009, Mitreva-Dautova et
al., 2006, Danchin et al., 2010, Eves-van den Akker et al., 2016, Fosu-Nyarko et al.,
2016). The incidence of a xylanase in Pratylenchus and Meloidogyne suggests a gene
loss in cyst nematodes due to a conserved last common ancestor in these lineages
(Danchin et al., 2010). Sequence data for Pc-xyl show closer homology to the orthologue
in R. similis than M. incognita (Figure 4-4). This is unexpected due to the clustering of

Pratylenchus and Meloidogyne spp in Clade 12 of the nematode phylogeny (Megen et
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al., 2009). The sequences Pc-xyl and Rs-xyl are suggested to have derived from bacteria
due to the inclusion of a carbohydrate binding domain (CBM), which are common in
bacterial orthologues (Mitreva-Dautova et al., 2006). The three Mi-xyl genes are very
similar and at least one lacks a CBM, suggesting they probably originated from the same
ancestral gene through duplications and have lost the CBM through evolution
(Haegeman et al., 2009, Mitreva-Dautova et al., 2006). Targeting the CBM of Rs-xyl with
dsRNA significantly reduced the infection of individuals on Medicago truncatula roots,

indicating that this domain has an important role in parasitism (Haegeman et al., 2009).

Pectate lyase genes are present in multiple plant-parasitic nematode genera and cluster
with orthologues in bacteria, in comparison to plants and fungi (Dubey et al., 2010). The
enzymes cleave pectin to assist in cell wall degradation and are the first class of enzymes
produced by fungi during plant infection (Bohlmann and Sobczak, 2014, Alghisi and
Favaron, 1995). Nematodes also regulate expression of pectate lyases but the
mechanism behind this control is not known. For example, expression of pel-2 in
G. rostochiensis occurs in J2s in response to root exudate. This differs from Gr-pel-1
expression which increases in eggs when rehydrated with tap water (Kudla et al., 2007).
Pectate lyase genes were identified in each of P. zeae, P. thornei and P. penetrans with
expression localised to the gland cells in the latter, as observed in P. coffeae in this work
(Vieira et al., 2016, Fosu-Nyarko et al., 2016, Nicol et al., 2012). Similar spatial
expression patterns are observed in Meloidogyne (Haegeman et al., 2013, Huang et al.,
2005, Doyle and Lambert, 2002). Orthologues are expressed in the juvenile stages of
Meloidogyne but not adult females, suggesting that the gene product assists migration
of the J2 nematodes (Huang et al., 2005). This role is indicated here for P. coffeae and

the aforementioned cell wall degrading enzyme genes discussed in this chapter.

Pratylenchus coffeae produces a range of cell wall degrading enzymes in order to match
the structural complexity of the plant cell wall to facilitate root entry and proliferation of
the species. Better characterisation of the arsenal of genes the species possesses will
allow understanding of the characteristics that render plant roots susceptible to these

pathogens.
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Summary

Four beta-1,4-endoglucanases, one beta-1,4-endoxylanase and three
alpha-1,4-d galacturonan lyase genes were identified in P. coffeae.

The enzyme activity of the four beta-1,4-endoglucanases was confirmed
and expression of these genes decreased post-removal of the nematode
from host roots.

Expression of Pc-eng-1, -2, -3, Pc-xyl and Pc-pel-1 was localised to the
gland cells whereas Pc-eng-4 was expressed in the intestine.

Expression of Pc-eng-1, -3, Pc-xyl and Pc-pel-1 increased throughout
development of the nematode whereas Pc-eng-2 decreased and Pc-eng-

4 was stable throughout vermiform stages.
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Chapter 5. Pratylenchus coffeae respond to root
exudate signals with  host-specific gene

expression patterns

5.1. Introduction

Plant pathogens must recognise and respond to host signals in order to survive, with
root exudates particularly important for those that are soil-borne (Badri and Vivanco,
2009, Hawes et al., 2000, Walker et al., 2003). Root exudates contain up to 20% of the
plant’s photosynthetically fixed carbon in the form of sugars, amino acids, organic acids,
proteins and carbohydrates, with the composition varying between plant species (Barber
and Martin, 1976, Bertin et al., 2003). The polysaccharide components of exudates form
a mucilaginous layer along the root, often gathering at the root tip (Badri and Vivanco,
2009). These components are released through the degradation of epidermal cells or
secreted by root cap, root hair and root epidermal cells (Hawes et al., 2000, Walker et
al., 2003). Transfer of these compounds across the cellular membrane has been
suggested to occur through vesicular trafficking and/or ATP-binding cassette transporter
proteins (Baetz and Martinoia, 2014, Walker et al., 2003). Although costly for the plant,
constant communication with the rhizosphere is important in order to detect and respond
to the presence of pathogens. It also sustains root-soil contact by altering the properties
of the rhizosphere, contributing to root growth and plant survival (Walker et al., 2003).
To prevent unnecessary energy loss, the biosynthesis and secretion of compounds is
tightly regulated (Baetz and Martinoia, 2014). For example, some defence-related
compounds are constitutively expressed (Vaughan et al., 2013), whereas others are

induced when the roots are under pathogen attack (Lanoue et al., 2010).

Root exudates play an important role in host-pathogen interactions and may positively
affect one organism whilst negatively effecting another (Hawes et al., 2000). Root
exudates have been used in many studies to understand the effects of host plants on
the nematode. Reports have shown that exudates induce nematode hatching and
thrusting of the stylet, suggesting that nematodes prepare for root entry in response to
these plant-signals (Grundler et al., 1991, Gaur et al., 2000, Pudasaini et al., 2008).
Some host-selective nematodes are suggested to hatch only in exudate from host plants,
indicating that nematodes can respond to host-specific signals present in exudate
(Curtis, 2008). Plant parasitic nematodes (PPN) also orientate to plant roots in response

to chemical gradients provided by root exudates (Yang et al.,, 2016). The effect of
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exudates on nematode behaviour can be host- and tissue-dependent. Meloiogyne
incognita juveniles were differentially attracted to the exudates from root epidermal and
root tip exudates from different legume species (Zhao et al., 2000). The components of
exudates that induce these responses in the nhematode are ill-defined, however recent
studies have found that reduced sugar exudation by tomato plants reduces the stylet

thrusting and attraction of M. incognita juveniles (Warnock et al., 2016).

Infective stages of Pratylenchus are known to secrete a range of proteins that have
putative roles in host/pathogen interactions such as facilitating cell wall degradation,
reducing host defences and targeting regulation and signalling pathways (Fosu-Nyarko
and Jones, 2016a). Several cell wall degrading enzyme genes were identified in Chapter
4 of this thesis. Secretion of these proteins requires either induced transcription of the
corresponding genes, or triggered release of stored proteins, upon nematode contact
with signals from the host. There is some evidence that changes in gene expression
occur in response to host signals. Pre-parasitic J2s of the sedentary plant-parasitic
nematode M. incognita differentially express genes (currently unannotated) in response
to Arabidopsis thaliana roots and root exudate compared to when not exposed to a host
(Teillet et al., 2013). Also, expression of a beta-1,4-endoglucanase in the foliar nematode
Aphelenchoides fragariae decreases after change of food source from plant to fungal
culture (Fu et al., 2012b). This indicates that nematodes regulate expression of genes
involved in parasitism, however the effect of different host plants/exudates on

transcription of these genes is unexplored.

Differential gene expression in response to various hosts is observed in other organisms
such as aphids, bacteria and fungi. Transcriptional plasticity of multigene clusters
underpins the ability of the peach potato aphid Myzus persicae to colonise diverse plant
species rapidly and may contribute to the success of the generalist pathogen (Mathers
et al., 2017). Non-pathogenic symbionts can also respond to particular plant partners. In
Pseudomonas aeruginosa, the expression of genes responsible for metabolism,
chemotaxis and protein secretion is differentially altered post-exposure to exudates from
different varieties of Beta vulgaris (Mark et al., 2005). This is similar in arbuscular
mycorrhizal fungi, which exhibit host-dependent expression of secreted proteins to
control symbiotic efficiency in Medicago truncatula, Nicotiana benthamiana and Allium
schoenoprasum (Zeng et al., 2018). These modulations in gene expression can be linked
to host success in the various organisms and similar mechanisms could be present in
PPN.
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Consequently, these reports encouraged the work in this chapter to determine if
expression of P. coffeae cell wall degrading enzyme genes is modulated by root
exudates and if there is an additional differential effect of the host species from which
the root exudate is derived. Any such observations could help rationalise the reduced
complement of cell wall degrading enzymes found in P. coffeae compared to other PPN

species (Burke et al., 2015).
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Aims

Investigate the expression of cell wall degrading enzyme genes in hematodes
recovered from different host roots

Determine if exudates from different host roots affect expression of cell wall
degrading enzymes

Identify components of root exudates that induce responses in nematodes

Use RNA-interference to determine the importance of selected cell wall
degrading enzymes in root penetration
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5.3. Materials and Methods

5.3.1. Stylet thrusting assay

Mixed stage nematodes of P. coffeae were removed from carrot disc cultures and
washed multiple times. Groups of 100 mixed life stage P. coffeae nematodes then
soaked in either 100 pl sterile tap water, 5 mM 5-hydroxytryptamine (5-HT) or a root
exudate for 1 h (Teillet et al., 2013). Ten nematodes per treatment were observed at a
magnification of 80x and stylet thrusts of each nematode were counted for 30 seconds
in triplicate to obtain an average count for each nematode. A single movement of the
stylet forwards and then backwards to its original position was counted as a single stylet
thrust. The complete experimental protocol was replicated three times to account for

possible variation between batches of exudates and nematodes.

5.3.2. Gene expression analysis

5.3.2.1. Nematodes in host roots

Potato, banana, carrot, coffee and maize roots were infected with P. coffeae as
described in section 2.1.2.5. Plants were grown for 8 weeks to allow for sufficient
nematode infection and reproduction. The nematodes were recovered from the infected
roots as described in section 2.1.2.4, with the exception of retrieving collected
nematodes after 6 hours. Although fewer nematodes were obtained after this time point,
there was sufficient numbers for analysis. These nematodes were immediately pelleted

and frozen for RNA extraction and gPCR analysis, as described in section 2.1.3.5.

5.3.2.2. Post-exposure to host root exudates

Mixed stage nematodes of P. coffeae were removed from carrot disc cultures and washed
multiple times. Samples of 500 mixed stage nematodes were left in water for 48 hours
before exposure to either 500 pl of host root exudate or fresh tap water for 4 hours. Total
RNA was extracted immediately and gPCR was carried out to obtain gene expression
values, as described in section 2.1.3.5. This was carried out four times for each treatment,

with different pools of nematodes.

5.3.2.3. Treatment of nematodes with cellulose and xylan

Sets of 500 mixed stage P. coffeae were extracted from carrot discs, washed and
maintained in water for 48 hours, as above. These nematodes were treated with a range
of cellulose (0 - 18 pg/ml) or xylan (0 - 1.2 pg/ml) solutions (Sigma-Aldrich, US) for 4 hours.
Concentration ranges were chosen based on respective polysaccharide concentrations

detected in root exudates, described later. This was carried out four times per



93

concentration treatment and then total RNA was extracted for cDNA synthesis and qPCR

analysis, as described in section 2.1.3.5.

5.3.3. Quantification of cellulose and xylan in root exudates

Root exudates were collected as described previously (Chapter 2.1.3.2).

Cellulose was quantified in root exudates by a colormetric assay (Updegraff, 1969). 1 mi
of root exudates, prepared as described in section 2.1.2.2, were centrifuged at 10 000
rom for 5 min and supernatant removed. 0.3 ml acetic/nitric reagent (8:1:2, acetic
acid:nitric acid:water) was added. Samples were incubated for 30 min at 90 °C and then
centrifuged again before washing the pellet with 0.5 ml water. Pelleted samples were
resuspended in 0.5 ml sulfuric acid (67 %) and vortexed before mixing with 1 ml of cold
anthrone reagent (0.2 % anthrone (Sigma-Aldrich, US) in sulfuric acid) and incubated at
90 °C for 16 min. Samples were then left to stand at 22 °C for 10 min before reading
absorbance at 620 nm using a ELx800 microplate reader (Bio-tek instruments Inc.). The
optical densities were used to generate cellulose equivalents using a standard curve.

Three technical and four biological replicates of each exudate were assayed.

The monoclonal antibody LM11 was used in an enzyme-linked immunosorbent assay to
detect xylan in the root exudates (McCartney et al., 2005). 200 ul of each exudate was
incubated overnight at 4 °C with phosphate-buffered saline (PBS; Severn Biotech) to
ensure efficient coating of microtitre plate wells. Samples were diluted fivefold in PBS
prior to plate coating to ensure final absorbance readings in the range 0.1 - 1.0 optical
density. Three technical and four biological replicates of each exudate were assayed.
Plates were then blocked with 5 % w/v milk powder (Marvel) in PBS for two hours at 22
°C before incubation with LM11 (1 in 10 dilution) in 5 % blocking solution at 22 °C for 1
hour. The wells were then washed with tap water 9 times and then incubated with a
horseradish peroxidase (HRP)-linked anti-rat secondary antibody (A9552; Sigma-
Aldrich, US) diluted 1:1000 in PBS/5 % milk powder. To detect antibody binding, 100 pl
HRP-substrate was added to each well (0.1 M sodium acetate buffer pH 6, 1% (v/v)
tetramethyl benzidene, 0.006 % (v/v) H2O,). After 8 minutes 2.5 M sulphuric acid was
added to stop the reaction. The absorbance values measured at 450 nm were used to
calculate xylan concentration of the original root exudate samples using a standard curve
constructed from xylan solutions in the range 0.2 — 1.2 pg/ml. Three technical and five

biological replicates of each exudate were assayed.

5.3.4. RNA interference of Pc-eng-1 and Pc-xyl
Complementary DNA (cDNA) from P. coffeae was used to amplify of 320 bp and 281bp

templates for production of double-stranded RNA (dsRNA) complementary to Pc-eng-1
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and Pc-xyl, respectively (Table 5-1). PCR was performed as described in section 2.1.3.2
but with Phusion High fidelity DNA polymerase (NEB). A green fluorescent protein (GFP)
sequence (Haseloff et al., 1997) was amplified as a non-nematode gene for synthesis of
a control (Roderick et al., 2018).

The DNA fragments were cloned between the Xbal and Xhol sites of the vector L4440
(pPD129.36 (Timmons and Fire, 1998)) using restriction sites present in the primer
sequences. Complementary single-stranded RNAs (ssRNAs) were synthesised from T7
promoters in the L4440 constructs post-independent digestion with Xbal and Xhol. The
synthesis of ssSRNAs and subsequent production of double-stranded RNA (dsRNA) used
a Megascript T7 RNAI kit (Invitrogen), according to the manufacturer’s instructions. A
total of 500 mixed stage P. coffeae nematodes were treated with 100 pg/ml dsRNA in
M9 buffer for 16 hours at 25 °C. A control treatment was applied with no dsRNA. Three-
hundred individuals were used for RNA extraction and cDNA synthesis, as described in
section 2.1.3.3 and 2.1.3.4, to assess the reduction in target gene expression by qPCR.
One-hundred of the treated nematodes were infected on to the roots of 8 day old maize
or potato plantlets, grown in soil-free pouches described in section 2.1.2.1. The 100
nematodes were distributed between five root tips on the root system to reduce the
chances of nematodes penetrating together. Each treatment was replicated six times.
After 72 hours, root tissue was stained with acid fuchsin (Byrd et al., 1983) to visualise

and count nematodes that had successfully invaded the roots.
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Table 5-1. Primer sequences used for dsRNA construct cloning. Restriction sites

are underlined.

Code Forward / Reverse primer sequence

ATCGTCTAGAGCTCACCCTTCTATACGGCC/

Pe-engl-RNA ATCGCTCGAGTGCCAAGCAATATGGCTCCA
Pc-xvI-RNAI ATGCTCTAGAGACACGAACCTGGGACCAAT/

d ATGCCTCGAGTGGAAATCTTTTTGCTGCTGGA
GEP-RNA ATCGTCTAGAGCACTATTGCGGACTTGAAACA/

ATCGCTCGAGCCATATTACGCGCTCCAGTT
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5.4. Results

5.4.1. Host root exudates stimulate a stylet thrusting response

Exposure to root exudate is known to stimulate thrusting of the stylet in some plant-
parasitic nematodes (Teillet et al., 2013) although the response of Pratylenchus spp. has
not been reported. Pratylenchus coffeae has a wide host range including both monocot
and dicot plants from >30 different genera (Das and Das, 1986). Therefore, initial tests
determined if root exudates from five different plants across its host spectrum (coffee,
banana, maize, carrot and potato) induce stylet thrusting in this species. Incubation in root
exudates of all five hosts stimulated a significant increase in stylet thrusting of mixed stages
of P. coffeae by 9 fold relative to a very low frequency in water (Figure 5-1a). The proportion
of nematodes showing any frequency of stylet thrusting also significantly increased and
almost doubled for all root exudate treatments relative to water (Figure 5-1b, Oneway
ANOVA, SNK, P<0.001). All root exudates induced the same response regardless of plant
identity. As a positive control, P. coffeae were incubated in 5 mM 5-HT, which is known to
stimulate stylet thrusting in plant-parasitic nematodes, including the related species
Pratylenchus penetrans (Han et al., 2017). Exposure to 5-HT induced an even higher rate
of thrusting (Figure 5-1a; Oneway ANOVA, SNK, P<0.001) but no significant, further

increase to the high proportion of nematodes responding to root exudate (Figure 5-1b).

5.4.2. Expression of Pc-eng, Pc-xyl and Pc-pel-1is influenced by the host plant

Quantitative PCR was utilised to determine if the cell wall degrading enzyme genes
identified previously were upregulated when P. coffeae is in host tissue and if that
expression is influenced by host plant identity. A mixed population of life stages of
P. coffeae showed significantly different expression of all Pc-eng, Pc-xyl and Pc-pel-1
genes when extracted from roots of banana, carrot, coffee and maize than from roots of
potato (Figure 5-2). The four Pc-eng genes each had different expression patterns in
response to the different hosts (Figure 5-2a). Relative to expression in nematodes from
roots of potato, Pc-eng-1 expression was at a higher level when recovered from banana
and maize and greatest when recovered from roots of carrot and coffee. Highest
expression of Pc-eng-2 and Pc-eng-3 was observed in nematodes from maize roots whilst
the lowest level of expression was seen in nematodes from the roots of carrot. Pc-eng-4
was equally expressed during parasitism of all plant roots apart from carrot, when it was
significantly lower. Pc-xyl expression for nematodes parasitising roots of maize was at a
higher level than that for nematodes from roots of other plants studied (Figure 5-2b).
Expression of Pc-xyl was also greater for individuals extracted from banana, carrot and

coffee compared to nematodes from roots of potato. Highest expression of Pc-pel-1 was
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observed in nematodes from the roots of coffee, followed by maize with the lowest level of

expression in nematodes from the roots of banana, carrot and potato (Figure 5-2c).

Differential induction of gene expression was not dependent on contact of the nematodes
with host roots. When extracted nematodes cultured on the same host were maintained in
water for 48 hours, subsequent exposure to different root exudates was sufficient to induce
broadly similar expression profiles of Pc-eng, Pc-xyl and Pc-pel-1 as root parasitism
(Figure 5-3).

Pc-eng expression in mixed life stages of P. coffeae was significantly greater after
incubation in any of the host exudates than in water (Figure 5-3a). The four Pc-eng genes
each had different expression patterns in response to exudates from the different hosts.
The magnitude of the increased expression of Pc-eng-1 followed the pattern observed
previously for nematodes extracted from host roots, carrot/coffee > banana/maize > potato
(Figure 5-2a). The expression of Pc-eng-2, -3 and -4 varied slightly from that observed in
roots. Expression of Pc-eng-2 was higher in nematodes treated with maize root exudate
and at the lowest level in nematodes treated with carrot root exudates. Expression of Pc-
eng-3 was greatest in nematodes treated with exudate from banana/maize roots and at
the lowest level when treated with root exudates from potato/carrot. Pc-eng-4 was equally
expressed in nematodes exposed to exudate from the roots of potato/banana/maize but at

a significantly lower level in those in exudates of coffee and carrot.

Pc-xyl expression in nematodes treated with root exudates followed a trend similar to that
observed previously for nematodes extracted from host roots (Figure 5-3b, previous data
for nematodes in root can be found in Figure 5-2b). Expression was greater in exudates
from all plants compared to water. Highest expression was observed in nematodes
exposed to exudates from the roots of maize. Expression of Pc-xyl was at a significantly
lower level in nematodes treated with carrot/coffee exudates, but still greater than

nematodes treated with root exudates from banana and potato.

Expression of Pc-pel-1 was significantly greater upon exposure to any plant root exudate,
compared to water. Highest expression was found in nematodes from the roots of coffee
and lowest level of expression in nematodes from the roots of banana/potato/carrot (Figure
5-3c).
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Figure 5-1. Effect of host root exudates on the stylet activity of P. coffeae. Root
exudates from the hosts banana, carrot, coffee, maize and potato were evaluated for
their effects on the rate of stylet thrusting in individuals of mixed life stages (A) and the
proportion of individuals of mixed life stages thrusting their stylets (B). H,O and 5 mM 5-

HT were used as negative and positive controls, respectively. Values are means + SEM
with different letters indicating significant differences between treatments P<0.01 (One-
way ANOVA, SNK test, n = 30).
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Figure 5-2. Relative expression of Pc-eng genes (A), Pc-xyl (B) and Pc-pel-1 (C) in
P. coffeae recovered from host roots of potato, banana, carrot, coffee or maize.
Values are means + SEM (n = 8 pools of mixed stages) relative to nematodes recovered
from potato with different letters indicating significant differences between treatments
P<0.05 (One-way ANOVA, SNK test).
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Figure 5-3. Expression of Pc-eng, Pc-xyl and Pc-pel-1in P. coffeae after exposure
to host root exudates of banana, carrot, coffee, maize or potato for 4 hours. Values
are means + SEM (n = 4 pools of mixed stages) with different letters indicating significant
differences between treatments P<0.05 (One-way ANOVA, SNK test).
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5.4.3. Pc-eng-1 and Pc-xyl expression correlates with cellulose and xylan
guantities exuded by plant roots

It was hypothesised that the host-related expression levels of Pc-eng and Pc-xyl genes
might reflect relevant differences in root exudate composition. Therefore, cellulose
(substrate for beta-1,4-endoglucanase) and xylan (substrate for beta-1,4-endoxylanase)
were quantified in each exudate. Overall there was a linear regression between the
quantity of cellulose in the exudates and the expression level of Pc-eng-1 (P<0.05,
R?=0.89; Figure 5-4a). The expression of Pc-eng-2, -3 and -4 did not correlate with the
cellulose content of the exudates. A linear relationship was also evident in the parallel
experiment with increasing amounts of xylan inducing significantly increased expression
of Pc-xyl (P<0.01, R?=0.988; Figure 5-4b). There was not a significant rank correlation
coefficient (Spearman test) for increased expression of the two genes by plant species
because carrot and maize exudates had different ranks for concentration of the two

substrates (Figure 5-4).

Mutant Arabidopsis plants deficient in either cellulose or xylan were used to provide further
evidence that concentrations of these cell wall components in root exudate specifically
regulate expression of Pc-eng-1 and Pc-xyl. Initial analysis confirmed that the reported
cellulose deficiency of rswl mutant plant tissue (Peng et al., 2000) and the xylan deficiency
of glz1 plants (Lee et al., 2007) was reflected in reduced accumulation of these molecules
in root exudates (Figure 5-5). Transcript abundance of both Pc-eng-1 and Pc-xyl increased
relative to expression in water after exposure of nematodes to root exudate from wildtype
Arabidopsis plants (Figure 5-6). Expression of Pc-eng-1 was only reduced significantly (P
<0.01; oneway ANOVA) from this level when the nematodes were exposed to exudates of
the rswl mutant line that is deficient in cellulose. A similar specific effect was obtained for
Pc-xyl expression when the root exudate was obtained from glz1 mutant plants deficient
in xylan (P <0.01; oneway ANOVA). The specificity of the response was confirmed by
analysing a pectate lyase encoding gene (Pc-pel-1) and an additional Arabidopsis mutant
(mur3). Pc-PEL-1 does not degrade cellulose or xylan and was therefore predicted to not
respond to varying abundance of the two polysaccharides. The mur3 mutant plants are
deficient in fucose and galactose sidechains on the hemicellulose xyloglucan, thereby
providing no changes to cellulose or xylan abundance but altering the cell wall structure.
The expression of Pc-pel-1 was upregulated in response to Arabidopsis root exudate but
did not differ among the exudates from wildtype and mutant plants. The expression of all

three genes studied was unaffected when the exudate was from the roots of mur3 plants.
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Figure 5-4. Relationship between exudate induced Pc-eng-1 (A) and Pc-xyl (B)
expression with exudate cellulose and xylan content, respectively. Linear
regression establishes a significant relationship for both Pc-eng-1 (P<0.05) and Pc-xyl
(P<0.01). Values are means + SEM (n = 4 pools of mixed stage P. coffeae).
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Figure 5-5. Quantification of cellulose (A) and xylan (B) in Arabidopsis
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Figure 5-6. Expression of Pc-eng-1, Pc-xyl and Pc-pel-1 in P. coffeae after 4 hours
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=4 pools of mixed stage P. coffeae) with different letters indicating significant differences
between treatments P<0.05 (One-way ANOVA, SNK test).
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5.4.4. Cellulose and xylan specifically up-regulate expression of Pc-eng-1 and Pc-
xyl, respectively.

Pure solutions of cellulose or xylan were investigated to determine if they could induce
expression of the nematode genes. Exposure of batches of mixed stages of P. coffeae to
a range of cellulose solutions resulted in a significant linear increase in expression of Pc-
eng-1 but not Pc-xyl or Pc-pel-1 (Figure 5-7a, P<0.05, R?=0.975). A parallel experiment
with a range of xylan concentrations resulted in a linear increase in Pc-xyl expression
(Figure 5-7b, P<0.05, R?=0.955) but not the other two genes.

5.4.5. RNA interference of Pc-eng-1 and Pc-xyl reduces infection of P. coffeae

RNA interference was used to establish if the induced expression of the P. coffeae
endoglucanase and endoxylanase genes was required for successful invasion of host
roots (Figure 5-8). Two different hosts were tested: potato and maize. Potato was selected
as its exudates contain the least cellulose and xylan whilst maize exudate has the highest
xylan content. In the absence of RNAI, maize roots proved to be more readily invaded: a
significantly greater number of nhematodes were present in maize than potato roots after
allowing a 72 hours period for root invasion (Figure 5-8, P <0.01; oneway ANOVA).
Treatment of mixed stages of P. coffeae with a dsRNA solution targeting Pc-eng-1 reduced
expression of this gene by 76 % (Figure 5-9a). The number of dsPc-eng-1-treated
P. coffeae detected in maize or potato plants after access to their roots for 72 hours was
reduced significantly by 62.4 + 5.1 and 54.4 + 4.8 % respectively relative to those
nematodes pre-treated with M9 buffer only (Figure 5-8) (P<0.001 in both cases, SNK,
oneway ANOVA). A dsRNA targeting Pc-xyl reduced expression of this gene by 79 %
(Figure 5-9b). Targeting this gene reduced nematode numbers in maize and potato roots
by 68.2 + 6.1 and 41.1 + 6.7 % respectively (Figure 5-8) (P<0.001 in both cases, SNK,
oneway ANOVA). A control dsRNA treatment that targeted a gfp sequence not present in

the nematodes was without effect on root invasion or expression of either gene.
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Figure 5-7. Effect of incubation in cellulose (A) and xylan (B) solutions for 4 hours
on expression of Pc-eng-1 (), Pc-xyl (W) and Pc-pel-1 (A) by P. coffeae. Values
are means = SEM (n = 4 pools of mixed stage P. coffeae). Polynomial regression
analysis establishes a significant increase in expression of Pc-eng-1 and Pc-xyl with
cellulose (A) and xylan (B) concentrations, respectively (P< 0.01 R’= 0.96 and P<0.001

and R2= 0.98, respectively).
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Figure 5-8. Infection of potato and maize roots by P. coffeae after treatment in
solutions designed to induce RNAI. The dsRNA molecules targeted Pc-eng-1 or Pc-
xyl with control dsRNA against GFP (a gene that is absent from the nematode) plus
incubation in M9 buffer only. Values are means + SEM (n = 3 pools of mixed stage
P. coffeae) with different letters indicating significant differences between treatments
P<0.05 (One-way ANOVA, SNK test).
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treatments P<0.05 (One-way ANOVA, SNK test).
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5.5. Discussion

The results establish that expression of a number of genes encoding cell wall modifying
enzymes is upregulated in P. coffeae both post-invasion of roots and post-exposure to
exudates from host roots. Furthermore, the data demonstrates that this response is host-
specific: exposure to root exudates from different host plants confers a differential gene
response in this plant-parasitic nematode. The five host plants tested could be divided
into significant groups with respect to their induction of expression of the beta-1,4-
endoglucanase genes. These groupings were similar for Pc-eng-2 and -3 whilst Pc-eng-
1 and -4 were distinct. For example, Pc-eng-1 showed similar, significant expression
groups for nematodes recovered from the host roots and nematodes exposed to the root
exudates: (coffee and carrot) > (maize and banana) > potato. The groupings of all four
Pc-eng genes were similar between analysis of hematode expression in root and in
response to root exudates, suggesting that same or similar inducers are present in both.
The Pc-eng-1, -2 and -3 genes contain N-terminal signal peptides and show expression
in the pharyngeal glands, suggesting secretion out of the stylet (Chapter 4). On the other
hand Pc-eng-4 was found to be expressed in the intestine and lacked an N-terminal
signal peptide (Chapter 4). As Pc-eng-4 does not appear to be involved in root invasion
and migration, the upregulation by root exudates may be in preparation to breakdown
cell wall products that may be ingested. The stable expression patterns in the mobile life
stages (Chapter 4) also suggests this function. Three different groups were also
established for both Pc-xyl and Pc-pel-1 expression for nematodes recovered from the

host roots and nematodes exposed to root exudates.

The host-specific abundance of both Pc-eng-1 and Pc-xyl in response to root exudate
was linearly related to the level of cellulose and xylan respectively, with potato exudates
having lower concentrations of both complex carbohydrates. The remaining Pc-eng
genes did not relate to the concentration of cellulose within the exudate, thereby
suggesting that another factor/s or mechanism contributes to the differential expression
of these genes. As Pc-eng-4 was found to be intestinal it may be only regulated by the
amount of substrate that reaches this portion of the nematode, therefore not relating to
concentrations in the observed exudates. The linear relationship for Pc-eng-1 and Pc-
xyl with cellulose and xylan led to further study on both of these genes throughout the
chapter. The transcriptional responses were established as specific as the expression of
Pc-eng-1 increased with the concentration of cellulose but not xylan with a vice versa
effect when Pc-xyl expression was measured. It would be of interest to look at the other
Pc-eng gene in response to pure solutions of cellulose. This would determine if Pc-eng-

4 is also regulated by the component at concentrations that reach the intestine.
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The expression of a pectate lyase gene (Pc-pel-1) was unaltered by exposure to either of
these two complex carbohydrates, presumably due to the gene-product exhibiting no
activity on either substrate. Pectate lyase catalyses the cleavage of unmethylated pectin
and the nematode enzymes are predicted to aid in softening of the cell wall middle lamella
so facilitating migration (Wieczorek, 2015). Determining whether or not individual exudate
components have specific or broad effects on nematode gene expression is relevant to
understanding the mechanism behind the response in not just P. coffeae but other plant-
parasitic nematodes that upregulate genes in response to root exudates (Teillet et al.,
2013). There is no indication that these enzymes are released in sequential order by the
nematode, as observed in fungi which usually secrete pectin degrading enzymes first
(Bohimann and Sobczak, 2014).

Use of mutant lines of A. thaliana confirmed the specificity of the effect as expression of
Pc-eng-1 was reduced only when the nematode was exposed to exudate from a mutant
deficient in cellulose (Arioli et al., 1998) and Pc- xyl only when exposed to exudate from
a mutant deficient in xylan (Lee et al., 2007). Tissue from these mutants contains <50%
of cellulose and xylan wild-type levels respectively (Brown et al., 2007, Arioli et al., 1998,
de Azevedo Souza et al., 2017). A third mutant, deficient in fucose and galactose
sidechains on the hemicellulose xyloglucan, has no effect on the expression level of
either gene, confirming that any variation in cell wall composition per se do does not
necessarily incur changes in expression in the nematode. The use of root exudates from
additional mutant lines, coupled with a panel of nematode genes, provides the
opportunity to further analyse exudate components that elicit specific or broad responses

in the nematode.

RNAI of Pc-eng-1 and Pc-xyl caused reduction of its invasion on maize and potato roots
establishing the importance of both gene products for the penetration of both hosts. This
reflects the previously identified importance of cell wall degrading enzymes in parasitism
of PPN (Rehman et al., 2016). The dsRNA was designed to be sequence-specific
therefore should not have affected the expression of the other three Pc-eng genes. If Pc-
eng-4 is indeed expressed in the intestine then reducing transcript level through RNAI
may have a different effect compared to the other Pc-eng genes: it may impair feeding
and consequently reproduction rather than root invasion. An alternative approach could
be to silence all Pc-eng genes simultaneously through one construct, thereby impacting
the different roles of each Pc-eng gene and determining the effects of the gene family,

as done previously for proteases in M. incognita (Antonino-de-Souza et al., 2014).
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The polysaccharide components of exudates form a mucilaginous layer along the root,
often accumulating at the root tip (Badri and Vivanco, 2009). These components are
released through the degradation of or active-secretion by root epidermal cells (Hawes
et al., 2000, Walker et al., 2003, Baetz and Martinoia, 2014). Transfer of polysaccharides
across the cell membrane has been suggested to occur through vesicular trafficking
and/or ATP-binding cassette transporter proteins (Baetz and Martinoia, 2014, Walker et
al., 2003). Although costly for the plant, constant communication with the rhizosphere is
important in order to detect and respond to the presence of pathogens (Badri and
Vivanco, 2009). However, in this study it was found that these compounds may also be
reliable indicators of close proximity of roots and so induce preparation of P. coffeae for
root invasion. Expression of Pc-eng-1 and Pc-xyl by all life stages studied is also
appropriate as all mobile stages of this nematode invade roots during development. The
host-specific concentration of these compounds is perceived by the nematode and
consequently induces transcriptional shifts. This distinctive reaction to non-host specific
complex carbohydrates may be an adaptation for plant invasion due to the polyphagous
nature of P. coffeae.

Transcriptional plasticity in response to different plant hosts is known to occur for the
generalist aphid Myzus persicae (Mathers et al., 2017) and may also be important for
other polyphagous plant-feeding arthropods (Grbic et al., 2011). This project extends this
response to a generalist plant-feeding nematode, suggesting it may be a common
adaptation to tailor gene expression to a particular host plant. It would be interesting to
investigate which nematode species and genera that are capable of such perception and
determine if this relates to host generalisation rather than specialisation. Mitotic asexual
species of Meloidogyne cause complex adaptive changes in plant cells, forming feeding
sites as well as having wide host ranges. Their polyphagy is considered to relate to the
plasticity afforded by their large, duplicated genomes (Blanc-Mathieu et al., 2017). This
approach is an interesting contrast with that of Pratylenchus. This genus does not modify
plant cells but achieves a wide host range while having the smallest genome of any
nematode studied to date (Burke et al., 2015). Attempting to establish in any plant root
encountered seems to be a beneficial adaptation given the nematode’s limited
locomotory range in soil. Subsequent success in feeding and reproduction may be
determined after initial invasion of a potential host. The recent sequencing of the
P. coffeae genome may enable genes involved in those aspects of the host/parasite
interaction to be defined (Burke et al., 2015).

Direct chemoreception of carbohydrate polymers is not a commonly reported ability.

Intracellular fluctuations in transcription factor binding due to external cellulose or xylan
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have been reported for filamentous fungi (Coradetti et al., 2012). Transcription factors
CLR-1 and XLR-1 in Neurospora crassa bind to promoters of genes encoding cellulases
and xylanases, respectively, with binding enrichment observed for both when grown in
cellulose or xylan conditions (Craig et al., 2015). Similar responses may occur in plant-
parasitic nematodes that regulate the differential expression of cell wall-degrading
enzyme genes. However, it is unclear from the fungal studies whether or not the polymer
itself is detected, or if the observed effects occur in response to the presence of

breakdown products.

Plants can perceive cellulose-derived oligomers as damage-associated molecular
patterns (DAMPSs) as a means to survey cell wall integrity and then respond by activating
a signalling cascade that leads to induction of defence-related genes (de Azevedo Souza
et al., 2017). Monosaccharides are also known to induce the upregulation of several
genes, including an endoxylanase, in fungi (de Vries et al.,, 1999, Sun et al., 2012).
Detection of these breakdown products by P. coffeae in root exudates may result in the
host-specific expression of Pc-eng-1 and Pc-xyl. Monosaccharides are present in root
exudates and influence nematode chemo-attraction and stylet activity (Kamilova et al.,
2006, Warnock et al., 2016). In the field, such breakdown products could arise from the
activities of soil microbes or be generated in proximity to the nematode through the action
of its own secreted enzymes. Given that sterile solutions of cellulose and xylan elicited
similar induction of gene expression as root exudate-containing equivalent
concentrations, it seems likely that soil microbes are not playing an important role in this
case. Both Pc-eng-1 and Pc-xyl were expressed at detectable basal levels when
P. coffeae was maintained in water and the nematodes exhibited a low rate of stylet
thrusting in these conditions. This activity might supply sufficient amounts of the enzymes
to release soluble inducers from the carbohydrate polymers associated with the roots,
as proposed for fungi (Amore et al., 2013). As for other typical B-1,4-endoglucanases,
Meloidogyne incognita ENG-1 has been shown to cleave cellulose into glucose
dimers/trimers rather than monosaccharides (Bera-Maillet et al., 2000). The
conservation of GH5 cellulases suggests that the enzymes of other Clade 12 nematode
species, such as P. coffeae, likely have similar activity (Kikuchi et al., 2017). The
breakdown of these small glucose chains requires B-glucosidase, which have not been
identified as being encoded in the genome or transcriptome data for P. coffeae. This
suggests a system based on detection of either the cellulose polysaccharide or the short
chain cellobiose/cellotriose breakdown products, rather than monosaccharides. A
parallel effect is known for filamentous fungi which do not require the breakdown of

oligosaccharides into glucose monomers for induction of B-1, 4-endoglucanase genes
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(Znameroski et al., 2012). This data presents new insights into pathogen detection of
carbohydrate polymers and its importance in the parasitism of an economically important

nematode species.
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Summary

Root exudates from host plants induces stylet thrusting and upregulation
of four beta-1,4-endoglucanases, one beta-1,4-endoxylanase and one
alpha-1,4-d galacturonan lyase genes in P. coffeae.

The concentration of cellulose and xylan within the exudate determined
the level of Pc-eng-1 and Pc-xyl upregulation, respectively.

Treatment of P. coffeae with cellulose or xylan or with root exudates
deficient in cellulose or xylan conferred a specific gene expression
response of Pc-eng-1 or Pc-xyl respectively with no effect on Pc-pel.
RNA interference confirmed the importance of regulating these genes as

lowered transcript levels reduced root penetration by the nematode.
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Chapter 6. Neuronal inhibition of P. coffeae

responses to host root exudates

6.1. Introduction

6.1.1. Host perception

Plant-parasitic nematodes (PPN) are obligate parasites that must sense the host and
migrate through the soil towards it. Previous work in Chapter 5 showed that Pratylenchus
coffeae exhibits host-specific gene expression patterns that are linked to the
polysaccharide components of root exudates. It is currently unknown precisely how PPN
detect and respond to different host factors and any insight into this area could reveal

targets for novel control strategies.

The neuronal system of Caenorhabditis elegans, the model nematode species, is
involved in sensing food and coordinating movement. Neurotransmitters are released
into the synapse between two neurons in order to activate receptors on the post-synaptic
membrane (Rand, 2007). Several kinds of neurotransmitters are involved in signal
transduction such as acetylcholine, y-Aminobutyric acid (GABA), glutamate, dopamine,
serotonin, tyramine, octopamine and neuropeptides. The role of neurotransmitters in
particular responses can be deduced by applying exogenous neurotransmitters or their
agonists/antagonists and by determining the effect of mutants with decreased synthesis

or perception.

Acetylcholine is an excitatory neurotransmitter in approximately 115 of the 302 neurons
in the nervous system of C. elegans (Rand et al., 2000). There are different classes of
receptors for this neurotransmitter, such as nicotinic acetylcholine receptors and G-
protein coupled receptors. Neurons of this class are involved in movement, egg laying
and sensory perception (Rand, 2007). The body wall muscle of C. elegans is innervated
by cholinergic and inhibited by GABAnergic neurons (Mclntire et al., 1993). Levamisole
is a cholinergic agonist that binds specifically to nicotinic acetylcholine receptors, leading
to the hypercontraction of body wall muscle, causing paralysis and usually death (Lewis
et al.,, 1980). The levamisole-sensitive nicotinic acetylcholine receptor is the main
excitatory receptor at the neuromuscular junctions of C. elegans (Lewis et al., 1980).
Due to similar effects on parasitic nematode species, it is commonly used as an
anthelmintic compound. Uptake of levamisole is suggested to occur by absorption across
the cuticle and transport along neurons of parasitic nematode species, such as the plant

parasites Globodera pallida and Heterodera glycines (Ho et al., 1994, Winter et al.,
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2002). Fluorescent tagging of a levamisole-mimetic peptide suggests uptake by the cilia
of nematode chemoreceptive neurons before undergoing retrograde transport to their
neuronal cell bodies. It is postulated that it then exerts its effect at the synapses of
cholinergic interneurons (Wang et al., 2011). Pre-soaking juveniles in the mimetic
peptide reduced root invasion of H. glycines in roots of aduki bean, indicating a role of
these neurons in modulating behaviours vital for parasitism (Liu et al., 2005). Enhanced
resistance to levamisole has been observed in plant-parasitic nematodes (ECso for
paralysis of 19.7 mM for G. pallida) compared to C. elegans (ECso for paralysis of 9 uM)
and may be attributed to the difference in receptor composition (Marvin, 2015, Qian et
al., 2008). Although PPN have a greater resistance to paralysis, the agonist can disrupt
the chemoreceptive response at a much lower concentration of 1 nm, suggesting
complex and possibly concentration-dependant roles for levamisole in PPN behaviour
(Winter et al., 2002). The disruption of movement and/or perception rationalises the
reduction in root invasion in roots that express and secrete the mimetic peptide (Liu et
al., 2005).

Atropine is known to disrupt acetylcholine signalling by selectively binding to muscarinic
acetylcholine receptors and consequently effecting the linked G-proteins (Lee et al.,
1999b). These receptors are expressed in sensory neurons towards the anterior end of
the nematode, such as head neurons (Lee et al., 2000b). Signalling through these
receptors is thought to play a key role in pharyngeal muscle activity in C. elegans (Steger
and Avery, 2004). Furthermore, muscarinic receptor-signalling is known to activate the
mitogen-activated protein kinase (MAPK) pathway and this has the potential to affect
protein phosphorylation and gene expression. The pathway is involved in food sensing
in C. elegans and can be blocked by Atropine, indicating that muscarinic acetylcholine
receptors are vital for nematode responses to food (You et al., 2006). Atropine has been
shown to inhibit hatching of G. pallida, thereby revealing the presence of these receptors
in PPN (Palomares-Rius et al., 2013).

5-hydroxytryptamine (5-HT), commonly referred to as serotonin, is a neurotransmitter
that modulates behaviour in C. elegans. Exogenous serotonin is known to inhibit
locomotion and stimulate egg laying and pharyngeal pumping (Chase and Koelle, 2007).
The monoamine is synthesised in motor neurons with sensory endings in the lumen of
the pharynx, therefore they are predicted to detect food sources and to coordinate
movement (Chase and Koelle, 2007). The receptors that bind serotonin are
characterised as either G-protein coupled receptors or serotonin-gated chloride channels
(Olde and McCombie, 1997, Ranganathan et al., 2000). Globodera pallida is predicted

to have two G-protein coupled 5-HT receptors and one 5-HT-gated ion channel (Cotton
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et al., 2014). As with acetylcholine, there are compounds that selectively block the
signalling of 5-HT across the synapse. Reserpine acts by selectively blocking the activity
of the vesicular serotonin transporters and therefore the serotonergic neurotransmission
(Erickson et al., 1992, Reckziegel et al., 2015). Methiothepin has been shown to have
affinity towards 5-HT receptors on the post-synaptic membrane and affect nematode
behaviour, such as stylet activity in G. pallida (Hobson et al., 2003, Kearn, 2015).
However, stylet activity is not dictated entirely by 5-HT as it is also regulated by
cholinergic signalling (Kearn, 2015). 5-HT is known to increase the release of
acetylcholine onto the pharyngeal muscle in C. elegans, therefore highlighting the
presence of multiple neurotransmitters in food-signalling pathways (Song and Avery,
2012).



6.2.
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Aims
Investigate the mechanisms involved in host-perception in Pratylenchus

coffeae.

Determine the effects of anthelmintic drugs on the responses of P. coffeae
to host root exudates.

Determine the effects of serotonin on P. coffeae.
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6.3. Methods

6.3.1. Determining the ECsofor paralysis with levamisole

Groups of one hundred mixed stages of Pratylenchus coffeae nematodes were treated
with 100 pl of varying concentrations of levamisole dissolved in water for one hour at
22 °C. A water control was also set up and all treatments were conducted in triplicate.
Nematodes were then observed under a compound microscope at 40x magnification and
the number of paralysed individuals were counted. This data was plotted and the
concentration at which 50 % of the population were paralysed was calculated (ECso

value).

6.3.2. Elucidating the effect of compounds that disrupt neuronal signalling in

nematodes

Groups of mixed life stages of P. coffeae nematodes were soaked in 100 pl of either
1 nM levamisole (concentration used on PPN in (Winter et al., 2002)), 1 uM methiothepin
(concentration used on PPN in G. pallida (Kearn, 2015)), 5 uM reserpine (concentration
used on PPN in G. pallida (Kearn, 2015)), 10 mM atropine (concentration chosen for
effectiveness on C. elegans in (You et al., 2006)) or sterile tap water for 1 h. The
nematodes were then pelleted and washed three times in sterile tap water. Pre-treated
nematodes were then soaked in either 100 pl sterile water, 5 mM 5-hydroxytryptamine

(5-HT) or a root exudate.

6.3.2.1. Stylet thrusting assays

After 1 h of treatment with 100 pl 5 mM 5-HT (Kearn, 2015), root exudate or water control
for 1 h at 22 °C, ten nematodes per treatment were observed at a magnification of 80x
and stylet thrusts of each nematode were counted for 30 seconds in triplicate to obtain
an average count for each nematode. A single movement of the stylet forwards and then

backwards to its original position was counted as a single stylet thrust.

6.3.2.2. Expression of Pc-eng-1
After 4 h of treatment with 100 ul 5 mM 5-HT, root exudate or water for 4 h at 22 °C, total
RNA was then extracted and gPCR was carried out to obtain gene expression values, as

described previously in section 2.1.3.3. This was carried out four times for each treatment.
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6.4. Results

6.4.1. ECsx for paralysis for P. coffeae

The ECso is the concentration at which 50 % of individuals displayed paralysis. This
parameter was calculated to determine the response of P. coffeae to the agonist. The

ECso of levamisole in P. coffeae is 9.1 mM (Figure 6-1).

6.4.2. Levamisole inhibits stylet thrusting in P. coffeae

Levamisole was used to determine if nicotinic acetylcholine receptors are involved in 5-
hydroxytryptamine (5-HT) and root exudate induced stylet thrusting, identified in Chapter
5. Pre-treatment with 1 nm levamisole for one hour significantly reduced stylet thrusting
induced by 5-HT or root exudates (Figure 6-2) (P>0.01 oneway ANOVA). The reduced
rate was similar to that observed in nematodes treated with water controls. Nematodes
were inspected under a microscope and were otherwise visually unaffected by the

agonist (data not shown).

6.4.3. Nicotinic acetylcholine receptor agonists inhibit the upregulation of Pc-eng

in response to root exudates in P. coffeae

Exudates from the roots of host species were found to induce an upregulation of Pc-eng
in P. coffeae, as identified in Chapter 5. This was again observed in P. coffeae mixed life
stages treated with exudate from the roots of coffee plants (control treatment, Figure
6-3). As acetylcholine receptor agonists are known to affect nematode parasitism and
stylet thrusting (Liu et al., 2005)(Figure 6-2), their effects on induced gene expression
were investigated. The agonists levamisole and LEV-1-7.1 (Liu et al., 2005), a
levamisole-mimetic peptide previously shown to reduce nematode root penetration, were

found to inhibit the upregulation of Pc-eng in response to root exudates (Figure 6-3).

6.4.4. Atropine inhibits nematode responses to root exudates

Atropine is an agonist of muscarinic acetylcholine receptors, which are intracellularly
coupled with G-proteins. Due to the effects of G-proteins on intracellular signalling the
effect of atropine on root exudate induced stylet thrusting and gene expression was
investigated. As observed previously, treatment with coffee root exudate induced a
significant increase in both stylet thrusting and expression of Pc-eng-1 (Figure 6-4)
(P>0.01 oneway ANOVA). Pre-treatment with 10 mM atropine prevented both increased
stylet thrusting and increased gene expression, compared to the expression level in
nematodes treated with water controls. Nematodes were inspected under a microscope

and were otherwise visually unaffected by the agonist (data not shown).
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6.4.5. Serotonin signalling is involved in the stylet thrusting and gene induction
response to root exudates

5-HT was observed to induce stylet thrusting of P. coffeae and is a common positive
control for stylet thrusting assays. Stylet thrusting and gene expression were previously
found to be inhibited by levamisole, therefore the role of 5-HT in gene induction was
investigated. 5-HT at 5 mM was found to significantly upregulate expression of Pc-eng-
1 in mixed stages of P. coffeae after two hours (Figure 6-5a). Expression was
significantly greater after three hours exposure to 5-HT (P>0.05 oneway ANOVA). Due
to the impact of 5-HT on stylet thrusting and gene expression, two inhibitors of the
signalling pathway were utilised: reserpine and methiothepin. Both of these inhibited the
induction of stylet thrusting in response to coffee root exudate (Figure 6-5B). Reserpine
was found to have no effect on 5-HT induced stylet resulting whereas methiothepin
significantly reduced this response (Figure 6-5b) (P>0.01 oneway ANOVA).

Similar effects were observed on the induction of Pc-eng-1 expression of mixed life
stages of P. coffeae (Figure 6-5c). Expression of the gene was upregulated after
exposure to coffee root exudate, as observed in previous controls. However, pre-
treatment with reserpine or methiothepin inhibited this response. Additionally, 5-HT
induced upregulation of the gene. Reserpine pre-treatment led to a significant reduction
in the upregulation response. Methiothepin resulted in a stronger reduction in gene

expression.
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Figure 6-1. Effect of levamisole on Pratylenchus coffeae individuals. The
percentage of paralysed individuals at varying concentrations established the EC50 of

9.1 mM by log(agonist) vs response calculations. Error bars represent SEM from 3
biological replicates and are smaller than the data points.
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Figure 6-2. Effect of host root exudates on the stylet activity of
P. coffeae. Levamisole was evaluated for its effect on 5-hydroxytryptamine (5-HT) and
root exudate induced rate of stylet thrusting in individuals of mixed life stages (A) and
the proportion of individuals of mixed life stages thrusting their stylets (B). Water and 5
mM 5-HT were used as negative and positive controls, respectively. Values are means
+ SEM with different letters indicating significant differences between treatments P<0.01
(One-way ANOVA, SNK test, n = 10).
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Figure 6-3. Expression of Pc-eng in P. coffeae after pre-treatment with
acetylcholine receptor agonists and subsequent exposure to host root exudates
of potato, banana, carrot, coffee or maize for 4 hours. 1 nM levamisole (A) and 1 nM
LEV-1-7.1 (B) were used for pre-treatments of 4 hours. Values are means + SEM (n =4
pools of mixed stages) with different letters indicating significant differences between
treatments P<0.05 (One-way ANOVA, SNK test). Water and coffee root exudate without
levamisole pre-treatment were used as controls.
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Figure 6-4. Effect of 10 mM atropine on the root exudate induced stylet thrusting
(A) and Pc-eng-1 upregulation (B). Water and coffee root exudate (CRE) without
atropine pre-treatment were used as controls. Values are means + SEM (n = 4 pools of
mixed stages) with different letters indicating significant differences between treatments
P<0.05 (One-way ANOVA, SNK test).
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Figure 6-5. Evaluating the influence of the 5-hydroxytryptamine (5-HT) signalling
pathway on stylet thrusting and expression of Pc-eng-1 in P. coffeae. Expression
of Pc-eng-1 was determined in response to 5 mM 5-HT treatment over time (A).
Nematodes were pre-treated with 5 uM reserpine (res) and 1 pM methiothepin (met) and
exposed to 5 mM 5-HT or coffee root exudate (CRE) to determine the effects on stylet
thrusting (B) and Pc-eng-1 upregulation (C). Water and CRE with no pre-treatments
were used as negative and positive controls respectively. Values are means + SEM with
different letters indicating significant differences between treatments P<0.05 (One-way
ANOVA, SNK test).
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6.5. Discussion

6.5.1. Plant-parasitic nematodes are more resistant to levamisole than C. elegans

Plant-parasitic nematodes (PPN) are known to have increased resistance to levamisole
compared to C. elegans (Marvin, 2015). The ECso for paralysis in response to levamisole
was found to be 9.1 mM for P. coffeae which is much higher than C. elegans (9 uM), but
varies from that observed for Globodera pallida (19.7 mM) and G. rostochiensis (5.6
mM) (Marvin, 2015, Qian et al., 2008). This indicates that the resistance differs across
PPN genera (Marvin, 2015).

Levamisole is suggested to permeate through the cuticle of Globodera (Marvin, 2015).
The cuticle protects the nematode, maintains body shape, aids locomotion and secretes/
absorbs molecules in its environment (Davies and Curtis, 2011, Ho et al., 1994). Plant
derived compounds, present in exudates, are known to trigger changes in the nematode
cuticle that can also have influences on nematode behaviour. The dynamic cuticle may
play a role in the permeability to levamisole and varying ECso values could reflect
differences in cuticles between PPN (Marvin, 2015). Another possibility for enhanced
resistance in PPN is the conformation of the levamisole-receptors. This was suggested
to dictate enhanced resistance in Globodera and these receptors may be conserved
through Pratylenchus (Marvin, 2015). The recent genome study allows further analysis
of the receptors in P. coffeae (Burke et al., 2015), however initial analysis has been held
back by fragmented contigs resulting in sequences of uncertain annotation (data not

shown).

6.5.2. Cholinergic signalling is involved in mediating P. coffeae responses to host

root exudates

Levamisole and atropine were utilised to determine if acetylcholine receptors are
involved in 5-HT and root exudate induced stylet thrusting. Levamisole and atropine
inhibit the signalling through nicotinic and muscarinic acetylcholine receptors,
respectively and both were found to inhibit stylet thrusting responses in P. coffeae. The
treatment had no other visible effects on the nematode, such as movement (data not
shown). The apparent enhanced resistance to levamisole-induced paralysis coupled with
reduction in stylet thrusting at low concentrations may indicate that levamisole enters the
nematode through other systems in addition to the cuticle. The amphids are anterior,
innervated sensory invaginations that are involved in host-recognition. They are
suggested to secrete components that capture and transport chemotactic stimuli to the
sensory neurons for detection (Curtis, 2007b). These sensory neurons are postulated to

take-up levamisole and transport it along the neurons where it then can accumulate in
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the central nerve ring (Winter et al., 2002, Wang et al.,, 2011). It is suggested that
transport along the neurons takes the agonist from non-cholinergic neurons in the
amphids towards cholinergic neurons in the nerve ring, where it may have an effect
(Wang et al., 2011). Low concentrations of levamisole are suggested to be taken-up by
this mechanism and affect the orientation of G. pallida to plant roots (Wang et al., 2011).
It is logical that orientation and stylet thrusting responses may originate from the same
signalling source as they are vital for feeding. Atropine may be transported in a similar
manner. In C. elegans the drug is known to bind to G-protein coupled receptors in the
anterior sensory neurons (Lee et al., 2000b, Lee et al., 1999a, Lee et al., 2000a). This
class of receptor contributes to pharyngeal pumping in C. elegans and egg laying in PPN,
therefore rationalises the inhibition observed in stylet thrusting in P. coffeae (Steger and
Avery, 2004, Palomares-Rius et al., 2013). The inhibition of stylet thrusting by both drugs
suggests both receptor types are involved in the response. It is unknown whether or not

they both occur locally to the stylet or sequentially along the neuronal network.

Both levamisole and atropine were also found to inhibit the upregulation of Pc-eng-1 in
response to root exudate. There is a lack of information regarding the control of gene
expression in PPN, however the mitogen-activated protein kinase (MAPK) pathway is
initiated by acetylcholine G-coupled protein receptors in C. elegans and could be a
possible mechanism for PPN in this instance (You et al., 2006). The pathway is involved
in initiating pharyngeal pumping in C. elegans and therefore could be linked with stylet
activity in PPN (You et al., 2006). It is logical to assume a link between the expression
of effectors and the mechanism that secretes them from the individual, the stylet. MAPK
is known to induce the expression of cellulases in a fungal plant-pathogen and has a
pivotal role in the rate of infection (Lev and Horwitz, 2003). Transcription factors have
been identified in fungi that specifically regulate cellulase expression, therefore the
activation of these by the MAPK pathway is a possible explanation (Craig et al., 2015).

6.5.3. Serotonin induces responses in P. coffeae

5-HT (serotonin) was found to induce stylet thrusting in P. coffeae, as previously
observed in other nematode species (Kearn, 2015, Masler, 2007, Mcclure and
Vonmende, 1987, Han et al., 2017). This reinforces the proposal that the
neurotransmitter is involved in feeding in nematodes. The rate of activity is much higher
than that induced by root exudates, indicating that root exudate-stimulated activity may
use either the 5-HT signalling pathway but with a lower efficiency, or an independent
pathway. The inhibition of stylet thrusting in response to 5-HT and root exudates by
levamisole suggests that either the signalling pathways require acetylcholine receptors

in order to operate or that levamisole could be inducing its effects at the final
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neuromuscular junction that controls stylet thrusting. 5-HT signalling can result in
acetylcholine release and increase the rate of pharyngeal pumping, thereby suggesting

that both receptor types can be involved in behavioural responses (McKay et al., 2004)

Reserpine and methiothepin were used to analyse further the role of 5-HT and root
exudates in stylet thrusting. Reserpine blocks the vesicular transport of endogenous 5-
HT into the synapse whereas methiothepin prevents the binding of 5-HT to the post-
synaptic receptor (Kearn, 2015). Reserpine had no effect on stylet thrusting when
nematodes were treated with 5-HT as the vesicular transporter is not required under
exogenous application of serotonin. However, when treated with root exudates,
reserpine blocked the stylet thrusting response, indicating that 5-HT is not present within
the exudates but that serotonergic neurotransmission is required by a plant-inducible
compound for stylet thrusting activity. Methiothepin inhibited the stylet thrusting activity
of P. coffeae after both 5-HT or root exudate application. This reinforces that the
neurotransmitter is involved in feeding and parasitism in PPN. The use of both of these
compounds suggests presence of 5-HT receptors in the stylet thrusting induction
pathway. The option to target specific receptors with specific drugs, is a future option
that could reveal additional insights into the receptors regulating stylet activity.
Furthermore, it has been shown that chloride-gated 5-HT channel receptors are specific
to nematodes and therefore a good target for nematicide development (personal
communication with Dr C J Lilley). Antibody staining of endogenous 5-HT revealed
localisation to the nerve ring in Pratylenchus penetrans (Han et al., 2017). It is difficult to
identify the neurons in Pratylenchus due to the lack of literature, however it was
suggested that neurons similar to the ADF neurons in C. elegans showed antibody
staining. These modulate feeding in C. elegans and so may also have similar roles in
Pratylenchus (Han et al., 2017).

Incidence of serotonin-staining around the nerve ring in Pratylenchus (Han et al., 2017)
indicates that these receptors may impact other neurons that induce downstream effects.
These effects may result in upregulation of pharyngeal gland genes, as observed in this
thesis. The upregulation of Pc-eng-1 in nematodes treated with 5-HT suggests that this
compound may play the role of root exudate by initiating responses. Reserpine partially
reduced this response, whereas methiothepin inhibited it completely. This suggests that
5-HT signals are involved in mediating the gene upregulation and that in this instance
reserpine reduces the effects of exogenous 5-HT, which is unexpected. This may infer
that reserpine penetrates the nematode further than 5-HT and thereby effects areas

where exogenous 5-HT cannot.
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As these results discuss the induction of both behavioural and molecular responses, it
would be of interest to determine if they occur sequentially or independently. Stylet
thrusting provides mechanical disruption of plant tissue (Wyss and Zunke, 1986), thereby
playing a role without the assistance of secretions. However, the gland cell products are
required to be secreted in order to provide a function. Stylet activity itself may play a role
in nematode perception and this may feedback to the gland cells and have
consequences on expression of effectors. If transformation of PPN becomes common-
place it would be of interest to analyse genes encoding receptors for neuronal
transmission through reporter and knockout lines. These lines can be utilised to
determine the full behavioural and molecular effects of a host root exudate on the
nematode.
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Summary

Levamisole inhibits the stylet thrusting and gene upregulation response in
P. coffeae in response to root exudates.

Similar to other plant-parasitic nematodes, P. coffeae has a greater
resistance to levamisole compared to C. elegans.

Muscarinic, as well as nicotinic, acetylcholine receptors are indicated to
play a role in inducing stylet activity and gene upregulation in P. coffeae in
response to root exudates.

Responses to root exudates are mediated through serotonin signalling.



132

Chapter 7. General Discussion

Plant-parasitic nematodes (PPN) of coffee must be able to locate and feed from their
host in order to survive. The aims of this study were to identify the nematode pests of
coffee that are prevalent in economically important fields and to determine the molecular
and behavioural responses of the nematode in response to a host. Determining the
mechanisms that underpin the wide host ranges of many of these nematodes is of great

concern for the design of novel control strategies and selection of resistant varieties.

7.1. Improving field-based identification methods

The molecular pipeline designed in Chapter 2 was applied to several key economically
important coffee regions and identified several nematode species across different crops.
The non-destructive, high-throughput procedure and minimal technical requirements are
likely to promote its acceptance by growers and local laboratories. Other accepted
sampling techniques directly disturb the roots, thereby unnecessarily impacting plant
health (Manzanilla-Lopez, 2012).

PCR-based assays as used in this work are common in nematode identification however
the application of new technologies could progress this approach and provide further
accuracy, precision and reliability. Digital PCR is re-emerging as a practical technique
for DNA quantification. Partitioning the sample and detecting the number of positive
partitions can provide absolute quantification for an extremely small number of target
molecules without a standard curve (Morley, 2014, Pinheiro et al., 2012). This technology
has been shown to be effective at detecting nematode species such as Ascaris
lumbricoides, a parasitic nematode of humans, from the field (Acosta Soto et al., 2017).
An alternative method is loop-mediated isothermal amplification (LAMP) which is a single
tube technique for amplification of DNA and does not require a thermal cycler or gel
electrophoresis, promoting its use for field conditions (Notomi et al., 2000). LAMP can
be applied to identify plant-parasitic nematodes directly from infected root tissues (Peng
et al., 2017, Kikuchi et al., 2009). The isothermal methodology has promoted its use for
field diagnosis of human diseases and has allowed it to be developed as a point-of-care,
hand-held and disposable system to detect the Zika virus in the field (Nicolini et al., 2017,
Eboigbodin et al., 2016, Song et al., 2016). Hand-held devices are increasingly common
in diagnosis of human diseases and present an extremely quick and useful advancement
in the field. Hand-held real-time PCR devices have allowed for detection of minute
gquantities of the Ebola virus and the simplicity and size of such devices allows for

distribution in large numbers (Ahrberg et al., 2016). These equipment are becoming
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increasingly affordable for large scale studies (Mendoza-Gallegos et al., 2018) and
optimisation can drastically reduce the run times, for example E. coli can be detected in

7 minutes (Furutani et al., 2016).

In addition to diagnosing the presence of nematodes, soil-nematode identification
requires the isolation and/or preparation of nematode DNA from the soil, presenting an
additional step that must remove components that may inhibit the sensitive equipment.
DNA of Spongospora subterranean, a fungus that causes powdery scab disease of
potato, can be extracted and quantified from soil or roots by combining a portable
magnetic bead-based DNA preparation kit with a portable real time PCR machine
(DeShields et al., 2018). This removes the requirement of lab-based equipment and
although sensitivity is 10 times lower than that of conventional lab-based PCR, the
portable technique can still detect very low quantities of target DNA in soil and roots
(DeShields et al., 2018). Uptake of this technology for widespread diagnostics of
nematodes could reduce costs associated with a diagnostic team/equipment whilst
allowing a greater number of areas to be sampled in a shorter amount of time by

distributing the devices directly to the growers.

As well as detecting the presence and quantity of a pathogen, recent advances have
allowed sequencing data to be collected whilst in the field. The MinlON (Oxford
Nanopore Technologies) enables real-time next-generation sequencing in the field and
has been shown to be effective at detecting human, as well as plant, viruses (Wang et
al., 2015, Batovska et al., 2017, Adams et al., 2017). Although it is capable of sequencing
nematodes (Tyson et al., 2018), uptake of this method has been held back, compared to
portable real-time PCR devices, due to the associated price (Donoso and Valenzuela,
2018). The application of a field-based soil-nematode extraction kit with a portable
sequencer could allow relatively quick identification of nematodes whose high level of
genomic sequence identity reduces the precision of PCR-based methods. Isolating DNA
of sufficient quality for sequencing may prove an issue with this approach, however there
methods used for providing DNA for PCR that could be optimised for this technique
(DeShields et al., 2018). Obtaining sequence data from field populations would also
reveal the similarity with populations cultured in laboratories for multiple years. This
would indicate the shift in the genomes of field populations and ultimately the field-

relevance of studies conducted on inbred lines cultured in laboratory conditions.

7.2. Predicting shifts in nematode distribution

Replication of the method conducted in this thesis could not only diagnose nematode

populations but could help to determine the effects of different climates on the
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abundance of each nematode genus/species. This can assist the current efforts to model

changes in the distribution of key plant-parasitic nematode species.

Global temperatures and precipitation have changed dramatically in the past century and
models predict that this will continue (Hansen et al., 2006). Growers of annual crops
have the flexibility to select crops suited to their location every year. The selection can
take into consideration the markets and changes in climate and pathogen-risk. In
contrast, growers of coffee and other perennial crops have to remain with the same
crop for numerous years in order to obtain plentiful harvests (Laderach et al., 2017).
The prolonged delay until harvests increases these risks. Over 50% of the current
robusta and arabica growing regions are predicted to be unsuitable for the crop by
2050 due to climate change (Magrach and Ghazoul, 2015). In Minas Gerais Brazil, the
region sampled in Chapter 3, climate variability is the main factor contributing to the
oscillations in coffee yield and it is predicted to become unsuitable for coffee production
by 2070 (Camargo, 2010). Similarly, increasing temperature and shifts in precipitation
in Dak Lak, Vietham, are predicted to render the region unsuitable for Robusta
production by 2050 (Laderach, 2012).

In addition to affecting the growth of the crop, changes in climate can influence pests
and pathogens. Nematodes are among the most sensitive animals in soil ecosystems
(Ruess et al., 1999). Changes in temperature and moisture of the soil influence the
morphology, locomotion, reproduction and survival of plant-parasitic nematode species
(Ruess et al., 1999). In vitro studies have indicated intraspecific variance in optimal
temperatures for Meloidogyne and Pratylenchus nematodes (Thompson et al., 2015,
Fourie et al.,, 2003, Khan et al., 2014, Bird and Wallace, 1965). The differential
responses of species to changes in temperature may accelerate the distribution of
specific PPN throughout the soil ecosystem as climates change, posing risks for
previously uninfected regions (Somasekhar et al., 2010). Furthermore, increasing
temperatures can lead to a rapid proliferation of other pathogens of coffee such as leaf
rust (Toniutti et al., 2017). In other PPN species climate change has been predicted to
severely affect survival and potentially induce a shift in distributions (Jones et al.,
2017). If this is reflected in Meloidogyne/Pratylenchus in coffee plantations then there
could be redistribution of these pathogens towards cooler regions. This could severely
impact the more susceptible C. arabica cultivars that are grown in these climates. The
method described in this thesis could be applied to a range of coffee fields within different
climates, thereby providing data to predict the possible shift in nematode fauna.
Sampling a range of climates could help infer the temperature ranges of these pests to

supplement in vitro data and map their future potential distributions, thereby enabling
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control measures to be targeted to current and future nematode concerns. This would
assist the recommendation to breed and plant coffee varieties to suit the predicted

climates (Laderach et al., 2017).

Furthermore, the shift in nematode fauna would not only affect coffee but could have
wider implications for other crops grown in coffee plantations of which these nematode
species are pathogens. Climate change may restrict the range of crops to be grown in a
field thereby reducing the possibility of selecting crops for nematode tolerance or
resistance.

7.3. Nematodes adapting to host exudates

The correct conditions can be significant, but the foremost influence on nematode
reproduction is the presence of a host and the identity of that host. One of the key
nematode species detected in the field sampling within this thesis, P. coffeae, has a vast
host range that includes many economically important crops. This is reflected by its
presence in soil surrounding banana, black pepper and coffee plants. Although
Pratylenchus species are polyphagous there are distinct host preferences between the
individual species (Wilson, 2008). These preferences may arise through the differential
response to the recognition of host-signals, the activity of effectors on different hosts, the
ability to suppress host defences or through other means. The data in this thesis would
suggest that the appropriate regulation of key genes that facilitate nematode entry into
the root, such as those encoding cell wall degrading enzymes, may play a role. As
discussed previously, it is seemingly beneficial for the nematode to regulate these key
genes to enhance parasitism. Nematodes can distinguish a good from a poor host,
through root exudate, and migrate accordingly (Reynolds et al., 2011). The selection of
a good host and the preparation of enzymes to facilitate root entry is beneficial as the
nematode has a finite lipid reserve that cannot be restored until feeding begins (Jones
and Fosu-Nyarko, 2014). Migrating towards any plant and secreting enzymes that are

not required at that instance would be counterproductive towards nematode success.

Behavioural responses to host root exudates are a widely reported ability in plant-
parasitic nematodes and several genera respond to exudates by hatching (Gaur et al.,
2000, Pudasaini et al., 2008, Forrest and Farrer, 1983), stylet thrusting (Grundler et al.,
1991, Telllet et al., 2013), migration (Grundler et al., 1991) and upregulation of genes
(Teillet et al., 2013, Duceppe et al., 2017). Regulation of specific genes by plant-derived
signals has not been previously reported. Pratylenchus and Meloidogyne have
previously been noted to show no variation in migration towards good or poor hosts when

presented separately (Balhadere and Evans, 1994, Mcclure et al., 1974, Linsell et al.,
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2014). However, when presented with both types of root simultaneously, nhematodes
from these genera will preferentially migrate towards the susceptible root (Linsell et al.,
2014, Griffin and Waite, 1971).

Root exudates from naturally resistant crops contain components that deter the
nematode or susceptible plants secrete more compounds that make them attractive.
Understanding the attraction of nematodes to roots is a large aspect of the design of
resistant crops. The secretion of a chemo-disruptive peptide from the roots of transgenic
plants may interfere with nematode chemoreception in the near rhizosphere and
rhizoplane and subsequently reduce root invasion (Winter et al.,, 2002). The same
peptide, which was selected for its binding to nicotinic acetylcholine receptors, was found
to inhibit gene upregulation in P. coffeae in response to root exudates (Chapter 6). It is
unclear if the peptide interferes with perception of roots or disrupts mechanisms used in

transcriptional regulation.

In addition to host-status of a plant, exudate signals may also infer the health and age of
the host and whether or not it is the best, current target for the nematode. For example,
exudates of younger potato plants (< 3 weeks old) induce greater hatching of the potato
cyst nematode, G. pallida (Rawsthorne and Brodie, 1986). The reduced carbon
allocation to below ground tissue with increasing age (Badri and Vivanco, 2009, Andreas
and Lutz, 2000) may provide a basis for this and indicate that these aging roots are not
optimal for nematode parasitism. Nematode responses to younger plants may be
beneficial to ensure that reproduction can occur before plant death. Exudation of a range
of sugars is known to increase under higher temperatures and decrease upon root-
detection of pathogens (Vancura, 1967, Koroney et al., 2016). This could suggest that
sugars are indicators of plant growth/health or that the plant reduces exudation to try and
avoid the attraction of additional pathogens. Meloidogyne incognita exhibits a decrease
in stylet activity and attraction towards exudates from the roots of tomato plants that
exude reduced amounts of sugars (Warnock et al., 2016), indicating that the detection
of sugars by the nematode may be a mechanism to detect a healthy and developing
host. It would be of interest to determine the effect of plant age and nematode infection

on exudation of the two polysaccharides studied in this thesis.

A future aim would be to limit the material exuded by the host in the attempt to reduce
the signals perceived by the nematode. However, fluctuations in exudate composition
would have widespread effects on the soil ecosystem due to the complex plant-
rhizosphere interactions. Exudates yield positive interactions for the plant, such as

inducing herbivore resistance, root-root communication and plant-growth promoting
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bacteria/mycorrhizae, therefore lack of these would negatively impact plant health
(Walker et al., 2003, Duffy and Défago, 1999). The presence of sugars in root exudates
were shown to increase production of antimicrobial compounds by Pseudomonas
fluorescens in the rhizosphere (Vacheron et al.,, 2013, Duffy and Defago, 1999).
Attempting to block the secretion of plant signals from roots needs careful consideration

for the effects on root-beneficial organisms.

7.4. Transcription alteration in insects towards different plants

The colonisation of a diverse array of plant species by the generalist aphid Myzus
persicae is suggested to be assisted by the transcriptional plasticity of clusters of genes
(Mathers et al., 2017). Plasticity allows individuals of a genotype to rapidly adapt to
diverse environmental conditions and provides a major source of variation within
populations (Sultan and Spencer, 2002, Sultan, 1995). Adaptive population
differentiation may influence ecotypes and ultimately result in speciation (Sultan, 2000).
Transcriptional plasticity may be more beneficial in aphids due to their greater range of
travel, compared to an individual nematode that may only encounter roots of a single
host species in its lifetime. This may indicate that although the nematode has the
capacity to quickly tailor gene expression, in the field this does not drastically alter during
a single life cycle. Over time this regulation may have distinct effects on the nematode
species. Pratylenchus coffeae, shown to have plastic gene regulation, is a broad species
classification and often stated to be a ‘species complex’ that consists of multiple
subspecies (Mizukubo et al., 2003, Duncan and Moens, 2013, Jones and Fosu-Nyarko,
2014). If some of these subspecies are genetically similar then divergence may have

arisen through differential transcriptional regulation.

Differential expression of intestinal genes has been suggested to contribute to the fitness
of plant-feeding insects by neutralizing host-plant defences (Anathakrishnan et al., 2014,
Herde and Howe, 2014). The regulation of transcription in the gut is also suggested to
adapt to different host nutritional values (Zhong et al., 2017). For example, the
expression of ribosomal genes has been shown to alter in insects feeding on different
hosts and suggested to counteract plant-derived ribosomal-inactivating proteins, thereby
influencing the fitness of the pest (Zhong et al., 2017). Fitness on a new host is linked to
transcriptional alteration in the guts of herbivores and the degree of adjustments can be
linked to success (Roy et al., 2016, Yu et al., 2016). Therefore, if P. coffeae does not
migrate far enough within a life cycle to reach a second host, the ability would enable it

to rapidly colonise new locations when dispersed through other means, e.g. movement
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of infected material. In turn, this may contribute to the wide geographical area of the

pathogen and the species complex.

Differential expression may also occur in the intestine of P. coffeae when feeding in order
to adapt to the host defences and nutrients in different host cytoplasm. Analysing the
intestine of nematodes through broad techniques such as RNA sequencing would reveal
such transcriptional adjustments and how they may attribute to fithess on the host.
Analysis of a cathepsin B cysteine protease gene in the intestine of Aphelenchoides
besseyi shows a 6.9 fold increase in expression in a population isolated from strawberry
compared to a population from rice (Wang et al., 2018). The greater expression has been
suggested to play a role in the quicker life cycle on strawberry (approximately 19 times).
This analysis would be of additional interest as the intestine is a prime target for novel

control measures as it is exposed to ingested xenobiotic compounds.

7.5. Nematode perception of host roots involves complex mechanisms

Understanding of nematode feeding has come mainly through the study of C. elegans,
the bacterivorous model species. In this species feding is regulated by the presence and
quality of food. When starved, nematodes seek food by increasing movement. Neuronal
signalling mediates some of these changes in behaviour by activating mitogen-activated
protein kinase (MAPK) pathways through muscarinic receptors (You et al., 2006). This
pathway induces pharyngeal pumping to prepare the nematode for encountering food,
similar to the stylet activity observed in P. coffeae in recognition of root signals (Chapter
5). In addition to this, C. elegans will preferentially seek out higher-quality food (defined
by the ability to support growth) and this is enhanced in individuals that have previously
experienced high-quality food (Shtonda and Avery, 2006). When satiated, C. elegans
stop eating (observed through the lack of pharyngeal pumping), stop migrating and often
become dormant. Dormancy is reversed upon starvation by suggested signals from the
intestine (You et al., 2008). Sedentary plant-parasitic nematodes either form a feeding
site in the root and remain in place to complete their life cycle, or the site fails and they
die. Therefore, the switch between starvation-satiation may not arise. Migratory
nematodes, such as Pratylenchus, may undergo such phases as they have the ability to
enter, leave and re-enter the root throughout their lives. The individuals that do leave the
root, may have a higher success at perceiving, migrating towards and re-entering the
root upon starvation due to their previous experience of feeding. The limited knowledge
on the neurons of PPN restricts the possible candidates for controlling these responses,
whereas in C. elegans the AlY neuron has been attributed to controlling the roaming

behaviour that allows new food sources to be identified (Shtonda and Avery, 2006).
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As plant-parasitic nematodes are obligate parasites of plants it is difficult to observe
feeding and select them at specific time points, as was done to isolate satiated
C. elegans (Shtonda and Avery, 2006). If satiated Pratylenchus could be isolated then
the effects on root parasitism, general movement and reproduction could be determined.
It may be that these individuals do not respond to root exudates, in particular the cellulose
and xylan components studied in Chapter 5, to the same extent as starved or freshly
hatched nematodes as used in this project. The ability of C. elegans to preferentially
move towards a higher quality food source may be reflected in Pratylenchus migrating
out of the root and towards the rhizosphere as the plant becomes invaded by other
organisms and the food source degrades (Mugniéry and Phillips, 2007). The recognition
of new host-signals and starvation may be required to initiate movement through the soil
towards a different root.

Caenohabditis elegans uses chemosensation to detect a wide variety of volatile and
water-soluble signals associated with food, other animals and harmful environments
(Bargmann, 2006). A large proportion of its nervous system is involved in
chemosensation, primarily the neurons located within the amphids. Neurons penetrate
the cuticle to expose their sensory cilia to the environment, with each neuron expressing
a specific set of receptor genes to detect a set of attractants, repellents or pheromones
(Ward et al., 1975). Sixty percent of the ~100 chemoreceptors are expressed in the
chemosensory neurons of the amphids (Bargmann, 2006). Although plant-parasitic
nematodes are thought to use chemoreceptors to locate hosts and mates, it is an ill-
defined area. The amphids are a conserved structure across PPN and contain the
primary chemosensilla, however chemoreceptors are also thought to be located as far
back as the pharyngeal gland ducts (Perry, 1996). It has been suggested that PPN,
similar to insects, secrete proteins from the amphids that bind to attractants and transport
them towards the receptors for recognition by the individual, before being degraded to
prevent repeated stimulation (Perry, 1996). Such activity would seem logical and would
give rise to nematode attraction along gradients towards the host (Reynolds et al., 2011).
A basal expression of xylanase and cellulase in P. coffeae, as observed in Chapter 5,
may act to degrade these signals to prevent repeated stimulation. A neuron in C. elegans
can express several chemoreceptor genes, whereas each mammalian olfactory neuron
usually only expresses one (Bargmann, 2006). The receptor types and number are
unknown in PPN and the recognition of cellulose and xylan, discussed in this thesis, may
occur at one or several. Recognition of plant signals through these receptors may occur

to assist in migration towards the root and also selection of feeding sites within root
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tissue, for sedentary nematodes (Curtis, 2007a). Therefore, the characterisation of such

receptors are of upmost importance for crop protection strategies.

In conclusion, this study determined that plant-parasitic nematode species are prevalent
and abundant in coffee plantations sampled in widespread and distinct locations. Certain
species, such as P. coffeae, were found in several locations whereas others, such as M.
hapla, were detected in a limited number of plantations. Nematode abundance was
determined to be significantly higher around intercrops rather than coffee, suggesting
that this practice may be negatively effecting the field through increasing the plant-
parasitic nematode populations. Exudates from the roots of several plants, including
coffee, were found to increase the rate of stylet thrusting and expression of cell wall-
degrading enzyme genes. Presumably the nematode can detect host cues present in
root exudates and respond to these in a manner that promotes the chances of gaining
access to the root, feeding and reproducing. The expression of these genes were found
to be effected by gene-specific cues present in the exudates and these responses could

be inhibited by impairing aspects of the nematode’s neuronal system.
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