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Abstract 

Cyst nematodes are economically important plant pathogens that induce vast subcellular 

changes in host root cells to form a specialised feeding site, the syncytium. Previously 

characterised changes to the plant secretory pathway during syncytial formation include 

the proliferation of the endoplasmic reticulum (ER) and Golgi apparatus, and the 

replacement of the large central vacuole with numerous smaller vacuoles. To further 

characterise the plant secretory pathway in plant-cyst nematode interactions, novel dual 

fluorescence marker constructs were developed. Each construct contained a Golgi 

marker fused to YFP and an additional plant secretory pathway marker fused to RFP. 

Stable Arabidopsis marker lines expressing these constructs were infected with the beet 

cyst nematode Heterodera schachtii to provide a model host-cyst nematode system.  

Fluorescence microscopy evidenced small vacuoles throughout the syncytium as 

expected. However, all other plant secretory markers within the dual fluorescence lines 

were undetectable in syncytia, suggesting disruption to the plant secretory pathway. To 

support this, gene expression analysis of a subset of plant secretory pathway genes was 

conducted using published RNA-seq data. Results from this suggest the altered 

regulation of genes involved in the early secretory pathway and post-Golgi trafficking, 

validating the fluorescence microscopy observations.  

Another aim of this work was to identify novel cyst nematode effectors containing a single 

C-terminal transmembrane domain (TMD), that are predicted to localise to the ER. For 

this, a multi-step bioinformatics pipeline was created, using the proteomes of Heterodera 

schachtii and the potato cyst nematode Globodera pallida. Eight screened nematode 

cDNAs were cloned, with tobacco leaf epidermal cells transformed to analyse subcellular 

localisation, and in-situ hybridisations conducted to validate gland cell expression 

indicative of effector activity. From this, five novel putative effector genes were identified, 

localising to varied subcellular compartments, including the ER, nucleus, and 

peroxisomes. This effector screen has contributed to growing evidence that plant 

pathogen effectors can have transmembrane domains, and if studied further, these 

genes could provide cyst nematode target genes for RNA interference.  
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Chapter 1 General Introduction 

1.1 Nematoda 

Nematodes, also known as roundworms, comprise the Nematoda phylum. This is 

amongst the most numerous animal phyla, with over 28,000 species described, identified 

in almost every habitat on earth (Hodda, 2022; Bongers and Ferris, 1999; Hodda et al, 

2009). This phylum is broadly categorised into two groups; free-living nematodes and 

parasitic nematodes. Free-living nematodes feed on bacteria, algae, fungi, dead 

organisms and living tissues, whereas parasitic nematodes depend on animal or plant 

hosts for survival, inducing disease or mortality. Free-living nematodes have large 

ecological benefits within aquatic and terrestrial environments, including the 

decomposition of organic matter, nutrient cycling in the soil and disease suppression 

(Neher, 2010; Moens et al, 2013). Contrastingly, parasitic nematodes pose a large threat 

to human, animal and plant health (Jones et al, 2013; Jasmer et al, 2003).  

1.1.1 Plant Parasitic Nematodes (PPNs) 

The global crisis in food security has been driven by various factors, including 

exponential population growth and changing diets (Godfray et al, 2010; Tilman et al, 

2011). To solve this crisis, food production will need to increase by an estimated 50-70% 

by 2050 (Bruce, 2010). Thus, it will be essential to improve crop productivity through 

reducing crop losses. This includes reducing losses to pests and disease, which account 

for a loss of 20-40% of global crop yields each year (Teng and Krupa 1980; Oerke, 2006; 

Savary et al, 2019). Plant parasitic nematodes (PPNs) are major crop pests, causing 

annual global yield losses worth $80 billion (Nicol et al, 2011). PPNs are associated with 

most agriculturally important crop species (Jones et al, 2013). Moreover, the extent of 

the global impact of PPNs is likely to be an underestimation. This is due to many factors, 

such as lack of awareness, the microscopic size of PPNs, and the symptoms resembling 

those induced by water and nutrient deficiency (Oka et al, 2000). Concerningly, the 

damaging effects of PPNs may increase with climate change, with some species 

predicted to increase in abundance and distribution (Franco et al, 2019; Ghini et al, 

2008).  

Several sustainable PPN control strategies have been developed. This includes resistant 

crop varieties (Ali et al, 2017), biological control agents (Davies and Spiegel, 2011), crop 

rotation (Rashidifard et al, 2021) and cover crops (Chauvin et al, 2015). Yet despite these 

current strategies, PPNs still remain a large problem. The development of novel control 

strategies, such as HD-RNAi (host delivered RNA interference), have been facilitated by 

an increased molecular understanding of the plant-nematode interaction. HD-RNAi 
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supresses essential nematode genes, through the delivery of double-stranded RNAs 

(dsRNAs) into feeding PPNs (reviewed in Joshi et al, 2022; Banerjee et al, 2017). 

Therefore, increased knowledge on the molecular mechanisms underlying PPN 

pathogenicity will identify novel target genes for RNAi, and potentially enable the 

development of additional control strategies.  

1.1.2 Sedentary endoparasitic PPNs 

PPNs display a wide range of feeding strategies. Some are migratory ectoparasites, 

which never enter the host, feeding externally on host root tissue as they move through 

the soil (Wyss, 1981). Other PPNs are migratory endoparasites, entering the host and 

migrating through host root tissue as they feed (Moens and Perry, 2009). Contrastingly, 

some PPNs are sedentary endoparasites, which are the most economically important 

group of PPNs, thus are the most important to control (Jones et al, 2013). Sedentary 

endoparasitic PPNs are the most evolved and successful group of nematodes, forming 

complex interactions with their hosts. These nematodes exploit key host developmental 

and physiological pathways to establish specialised feeding sites within the root 

(Siddique and Grundler, 2018). Sedentary PPNs become immobile after feeding site 

formation, using specialised feeding cells as their sole source of nutrients for the rest of 

their life (Wyss and Grundler, 1992). Therefore, one of the main targets for PPN control 

is feeding site development (Tytgat et al, 2000).  

The feeding sites formed by sedentary endoparasitic PPNs are unique and specialised 

organs within the host root. Different types of feeding sites are formed by different 

sedentary endoparasitic PPNs, with those formed by root-knot nematodes and cyst 

nematodes being the best studied (reviewed in Kyndt et al, 2013). Root-knot nematodes 

form giant cells within the host root. These consist of a group of 4-8 multinucleate, 

hypertrophied ‘giant’ cells within the root, formed through repeated rounds of cell division 

and growth in the absence of cytokinesis (Jones and Payne, 1978). Contrastingly, cyst 

nematodes form syncytia within host roots that consist of large, multinucleate cells 

formed through partial cell wall dissolution and protoplast fusion (Jones and Northcote, 

1972).  

1.1.3 Cyst nematodes  

Cyst nematodes are one of the most economically important groups of plant parasitic 

nematodes, with species belonging to Heterodera and Globodera genera impacting 

globally important crops (Jones et al, 2013). For instance, the soybean cyst nematode 

H. glycines reduces soybean yields in the US by over $1.5 billion per year (Wrather et 

al, 2001), the sugar beet cyst nematode H. schachtii results in a crop loss worth $95 

million in EU countries each year (Müller, 1999), and potato cyst nematodes, G. 
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rostochiensis and G. pallida, result in an annual crop loss of $80 million in the UK 

(Haydock and Evans, 1998).  

Cyst nematodes develop intimate and prolonged relationships with their hosts (Figure 

1.1). They hatch from their eggs as infective second stage juveniles, J2s, and locate host 

roots in the soil via chemotaxis (Clemens et al, 1994). J2s enter the host preferentially 

behind the root tip in the elongation zone, and intracellularly migrate towards the vascular 

cylinder (Holtmann et al, 2000). Once within the vascular cylinder, cyst nematodes 

initiate the formation of the specialised feeding site, the syncytium. Following syncytial 

formation, J2s moult three times to reach the J3, J4 then adult life stages. Shortly before 

the moult into J3, sexual differentiation occurs. After the J3 phase, the male stops 

feeding, and the adult male begins to develop within the J4 cuticle. During the moult into 

the adult phase, the males regain their veniform shape and become motile to enable 

mating. Contrastingly, the adult female remains sedentary, producing eggs at the end of 

the feeding stage. The female then dies, forming a protective case around the eggs. 

Cysts can contain hundreds of eggs (Sipes et al, 1992), and in the absence of a host, 

these can remain dormant for many years (Evans and Stone, 1977).   
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1.1.4 The cyst nematode feeding site, the syncytium 

The syncytium is initiated from a single cell (Golinowski et al, 1996). This is usually 

located within the inner cortex, pericycle or parenchyma (Golinowski et al, 1996; Jones 

and Northcote, 1972; Sijmons et al, 1991). Once the initial syncytial cell (ISC) has been 

selected, the nematode uses its stylet to pierce the ISC cell wall (Endo, 1991). 

Esophageal gland secretions are then released from the stylet. These are hypothesised 

to reach the host’s cell cytoplasm through a small pore in the plasma membrane, located 

at the stylet’s orifice (Sobczak et al, 1999). Cyst nematode secretions contain a vast 

range of effector molecules that trigger the re-differentiation of the ISC and surrounding 

cells (Ali et al, 2018). Plasmodesmata of the ISC widen to create cell wall openings, 

followed by protoplast fusion of the ISC with adjacent cells (Bohlmann and Sobczak, 

Figure 1. 1. Schematic representation of the life cycle of a cyst nematode. The life cycle begins 
as infective stage juveniles (J2) hatch from eggs. J2s enter the root behind the root tip, and 
migrate intracellularly until they reach the vascular cylinder. The initial syncytial cell is chosen, 
as the J2 starts to feed and the syncytium develops. The J2 becomes immobile, moulting into J3 
then J4 stages. Adult males leave the root to mate with adult females, who remain sedentary. 
The adult female then dies to form a cyst filled with eggs. For each parasitic life stage, an 
estimated time frame is given in days post infection (dpi), using information based on 
Heterodera glycines (Thapa et al, 2019). Diagram is not drawn to scale. 
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2014). Partial cell wall dissolution and protoplast fusion then occurs in surrounding cells 

to create a large, multinucleate feeding site (Ohtsu et al, 2017). After maturation, syncytia 

induced by adult cyst nematodes consist of around 200 cells, although those induced by 

females are typically larger than those induced by males (Goverse et al, 2000). Despite 

this, the ultrastructure of male and female syncytia are similar (Sobczak et al, 1997). 

During syncytial formation, root cells are reprogrammed into highly metabolically active 

feeding cells to provide the nematode with lipids, carbohydrates, vitamins and other 

nutrients that are essential for its survival (Goheen et al, 2013). The high metabolic status 

of syncytial cells is evidenced by their ultrastructure. For instance, within 24 hrs of 

infection, syncytial cells have a dense and granular cytoplasm (Hussey and Grundler, 

1998), containing abundant mitochondria (Melillo et al, 1990), lipid bodies (Golinowski et 

al, 1996), and plastids (Jones and Northcote, 1972).  

In addition to aspects of high metabolic activity, root cells undergo a range of other 

subcellular changes during syncytial formation (Figure 1.2). This includes large changes 

to the host cell wall composition. For example, cell wall ingrowths appear in syncytial 

cells next to xylem vessels, increasing the surface area for solute transfer (Hoth et al, 

2008; Rodiuc et al, 2014). Also, the outer cell wall of the syncytium is thickened to cope 

with the increased turgor pressure (Doucet et al, 2004). Another remarkable 

ultrastructural feature of syncytial cells is the enlargement of the nucleus and nucleolus 

(Sobczak and Golinowski, 2009; Burrows, 1992). Changes to nuclei in syncytial cells are 

in conjunction with large changes to host transcription. For example, over 7000 

Arabidopsis genes are differentially regulated upon infection with H. schachtii (Szakasits 

et al, 2009). Changes to the cell cytoskeleton are also essential for syncytial formation, 

with strong disruption to actin and tubulin cytoskeletons observed (Engler et al, 2004). 

Finally, large changes to plant secretory pathway organelles occur during syncytial 

formation. This includes the replacement of the large central vacuole with numerous 

smaller vacuoles (Doucet et al, 2004), and proliferation of the ER and Golgi apparatus 

(Jones and Northcote, 1972).  
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Figure 1. 2. The ultrastructure of a syncytium induced by a male J3 Heterodera schachtii within 
Arabidopsis. Syncytial cells are labelled with an asterisk. Images A and B show a dense cytoplasm 
within syncytial cells, containing abundant endoplasmic reticulum (ER), mitochondria (M) and 
plastids (PI). A. Small vacuoles have replaced the large central vacuole. The nucleus (Nu) is 
hypertrophied and lobed, with the nucleolus (No) darkly stained. Abundant paramural bodies 
(arrows) and multivesicular bodies (arrow heads) are present in neighbouring cells. Cell wall 
(Cw) openings, labelled with an open arrow, are rare within syncytial cells. B. The ER is arranged 
in parallel rows or concentric swirls. Fully differentiated sieve tubes (Se) and xylem elements 
(Ax) are abundant surrounding the syncytium. Scale bars represent 3 µm. Figure modified from 
Sobczak et al. (1997).   
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1.2 The plant secretory pathway  

1.2.1 Overview  

The plant secretory pathway consists of a network of organelles that are responsible for 

the synthesis, processing and transport of cargo — including proteins, lipids and 

polysaccharides — to various subcellular locations (Foresti and Denecke, 2008). This 

pathway is essential for many biological processes, including cell wall formation and 

maintenance (Kim and Brandizzi, 2014), plant development (Philippe et al, 2022; Preuss 

et al, 2004) and responses to abiotic and biotic stress (Sampaio et al, 2022; Wang et al, 

2020b; Kwon et al, 2008a). 

The conventional plant secretory pathway starts at the ER, where cargo is assembled 

and exported to the Golgi (Figure 1.3). From the Golgi, cargo is transported to the trans-

Golgi network (TGN) which is the final pit stop for secreted proteins before the plasma 

membrane (Wang et al, 2018; Hu et al, 2021). Secretion at the plasma membrane is the 

default secretory pathway route in the absence of sorting signals or retention signals 

(Denecke et al, 1990). An alternative destination for proteins of the secretory pathway is 

the vacuoles, mediated by the presence of vacuolar sorting signals (Hadlington and 

Denecke, 2000). Vacuolar cargo is sorted at the TGN, where it is trafficked to the 

prevacuolar compartments (PVCs) which mature into late PVCs (LPVCs) before fusing 

with the vacuole. There are two types of vacuoles within plant cells, lytic vacuoles and 

protein storage vacuoles (PSVs) (Zhang et al, 2021b; Hara-Nishimura et al, 1998a). Lytic 

vacuoles typically receive material from the conventional vacuolar trafficking route, and 

can store ions and metabolites that are involved in several cellular processes, including 

homeostasis, degradation and stress responses (Zhang et al, 2014; Marty, 1999). These 

are found in almost all plant vegetative tissues. Contrastingly, PSVs receive cargo 

directly from the ER or Golgi as an alternative trafficking route (Hara-Nishimura et al, 

1998b; Jiang et al, 2000; Figure 1.3). This type of vacuole stores nutrients such as 

proteins and lipids, with specialised roles in seed development and maturation (Marty, 

1999).  

In addition to secretion and vacuolar sorting, endocytosis is another key trafficking 

pathway within the plant endomembrane system (Fan et al, 2015). During endocytosis, 

extracellular material is captured at the plasma membrane then trafficked in the 

retrograde direction to the TGN (Lam et al, 2007). From the TGN, endocytosed cargo 

can be trafficked to the lytic vacuoles via the PVCs, or it can be recycled back to the 

plasma membrane (Reyes et al, 2011). Retrograde trafficking within the endomembrane 

system is also essential for the recycling of receptors, and the targeting of proteins to 

their resident organelles (Johannes and Popoff, 2008).  
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Figure 1. 3. An overview of the plant secretory pathway. Red arrows represent anterograde 
transport, which includes the classical secretory pathway. This starts at the Endoplasmic 
Reticulum (ER), before reaching the Golgi Apparatus, then the Trans-Golgi Network (TGN). From 
the TGN, cargo can be secreted at the plasma membrane, or progress to the Prevacuolar 
Compartments (PVCs). The PVCs then mature into late PVCs (LPVCs), before fusing with the 
vacuoles, which are often lytic. Anterograde transport also describes the transport of cargo 
from the ER or TGN to protein storage vacuoles. Contrastingly, blue arrows represent retrograde 
transport, which includes the endocytic pathway. Endocytosed cargo is captured at the TGN, to 
either be recycled back to the cell surface, or transported to the lytic vacuole via the PVCs. 
Retrograde transport also allows for escaped proteins and lipids to be recycled back to their 
resident compartment, and allows for the recycling of receptors. The genes listed in green are 
characterised markers for the respective organelle. 
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1.2.2 The conventional plant secretory pathway in more detail 

The conventional plant secretory pathway begins as proteins are synthesised within the 

ribosomes and co-translationally enter the ER (Walter and Lingappa, 1986). The N-

terminal signal peptide is removed as the protein emerges into the ER lumen (Vitale et 

al, 1993). Protein folding and assembly occurs in the ER lumen, in addition to 

modifications such as N-linked glycosylation and disulphide bond formation (Vitale et al, 

1993). Proteins are exported from the ER at endoplasmic reticulum export sites (ERES; 

Hanton et al, 2007), and packaged into COPII-coated vesicles which fuse with cis-Golgi 

cisternae, located closest to the ER (Barlowe and Brandizzi, 2013). Within the cis-Golgi 

cisternae, ER resident proteins are recognised and recycled back to the ER. This can 

occur via the presence of a tetrapeptide H/KDEL ER retention signal, that binds to the 

transmembrane receptor protein ERD2 (ER retention defective 2) at the cis-Golgi. 

Binding to ERD2 initiates the packaging of ER resident proteins into COPI-coated 

vesicles, to be recycled back to the ER (Silva-Alvim et al, 2018).  

The Golgi is the hub of the endomembrane system, receiving material from the ER and 

sorting proteins destined for secretion from those destined for the vacuoles. Moreover, 

the Golgi is also an important biosynthetic compartment, responsible for the synthesis of 

carbohydrates and complex cell wall polysaccharides (Nebenführ and Staehelin, 2001), 

and post-translational modifications such as glycosylation and phosphorylation (Stanley, 

2011). Proteins destined for secretion or vacuolar sorting progress from cis- to trans- 

Golgi cisternae. There are two models proposed for Golgi cisternal formation and 

maintenance. The first model is cisternal progression, with the cis-Golgi cisternae 

maturing to become medial, then trans cisternae. Here, Golgi stacks are maintained 

through the continuous de-novo formation of cis-Golgi cisternae and disassembly of 

trans-Golgi cisternae (Hawes and Satiat-Jeunemaitre, 2005). Contrastingly, the vesicular 

transport model proposes that Golgi cisternae are permanent, stable structures, with 

proteins shuttling between the cisternae in vesicles (Rothman, 1981). The cisternal 

progression model for Golgi maintenance is currently the most accredited (Robinson, 

2020). However, evidence to support and constrain both models within plants exists 

(Glick and Luini, 2011).  

Once at the trans-most Golgi cisternae, proteins progress to the trans-Golgi network 

(TGN). The TGN is hypothesised to be formed through the maturation of trans-Golgi 

cisternae (Renna and Brandizzi, 2020; Kang et al, 2011). This organelle has distinct 

characteristics, such as its low pH (Demaurex et al, 1998), despite being located a few 

µm from the Golgi (Foresti and Denecke, 2008). The TGN plays a key role in the 

secretory pathway, being a hub for endocytosis, secretion and vacuolar sorting. Proteins 

destined for secretion are packaged into secretory vesicles, which bud off from the TGN 

to fuse with the plasma membrane. Endocytosed proteins are packaged into clathrin-
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coated vesicles (CCVs) at the plasma membrane, which traffic to the TGN (McMahon 

and Boucrot, 2011).  

For vacuolar sorting at the TGN, two models have been proposed. These hypothesise 

how vacuolar cargo reaches the prevacuolar compartment (PVC). The first and most 

supported model describes the presence of vacuolar sorting receptors (VSRs) at the 

TGN, such as BP80. VSRs bind to vacuolar sorting signals that are present in pro-

peptides, including sporamin and aleurain (Matsuoka and Nakamura, 1991; Di 

Sansebastiano et al, 2001), to induce the sorting of vacuolar cargo into CCVs that fuse 

with the PVC (Sanderfoot et al, 1998). Within the PVCs, VSRs dissociate from the cargo 

and are recycled back to the TGN (Foresti et al, 2010). Contrastingly, the second model 

for vacuolar trafficking from the TGN hypothesises that vacuolar sorting occurs in a 

receptor independent manner. This model describes the TGN maturing into PVCs, rather 

than cargo shuttling between the two organelles within vesicles (Niemes et al, 2010). 

However, this model doesn’t explain how secretory cargo is segregated from vacuolar 

proteins at the TGN.  

Nevertheless, once within the PVCs, cargo destined for the lytic vacuoles is sequestered 

into intraluminal vesicles via the presence of ESCRT (endosomal sorting complexes 

required for transport) degradation signals (Cai et al, 2014). The PVCs then mature into 

LPVCs which fuse with the tonoplast to release cargo into the vacuole, via the sequential 

action of Rab5 and Rab7 GTPases (ras-related in brain guanosine triphosphatases; 

Bottanelli et al, 2011 & 2012).  

A key aspect of the conventional plant secretory pathway is vesicular transport. Cargo is 

selected and packaged into vesicles that form through the self-assembly of coat proteins 

at the donor organelle membrane (Bonefacino and Glick, 2004; Sanderfoot and Raikhel, 

1999). Vesicles are then trafficked along the cytoskeleton to the target membrane 

(Boutté et al, 2007). Vesicle fusion to the target membrane is facilitated by various 

proteins including Rab GTPases, tether factors and SNAREs (soluble N-ethylmaleimide-

sensitive factor attachment receptor proteins; Bonifacino and Glick, 2004; Figure 1.4). 

SNAREs play a crucial role in vesicle fusion (Martiniere and Moreau, 2020; Kim and 

Brandizzi, 2012). They are categorised into vesicle associated SNAREs (R-SNAREs) 

and target membrane associated SNAREs (Q-SNAREs). R-SNAREs interact with Q-

SNAREs, forming a trans-SNARE complex that catalyses vesicle fusion to the target 

membrane (McNew et al, 2000). Following this, SNARE recycling machinery, such as α-

SNAP proteins, mediates the disassembly of the trans-SNARE complex (Marz et al, 

2003; Figure 1.4). 
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Figure 1. 4. Schematic representation of SNARE-mediated membrane fusion. a. Vesicle and 
target membrane tethers interact with the aid of Rab GTPases. b. Vesicle tethering is followed 
by the formation of a quaternary-α-helical trans-SNARE complex, consisting of the vesicle 
associated R-SNARE and the target membrane associated Q-SNARE complex. Zippering of the 
trans-SNARE complex occurs, pulling the vesicle membrane towards the target membrane. c. 
Membrane fusion occurs, allowing for the contents of the vesicles to be released. d. After 
membrane fusion, all SNAREs reside on the target membrane, referred to as the cis-SNARE 
complex. e. The adaptor protein α-SNAP binds to the cis-SNARE complex and recruits the ATPase 
NSF from the cytosol, which disassembles the cis-SNARE complex. f. R-SNAREs are recycled back 
to their original membrane to enable future membrane fusion events. 
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1.2.3 Unconventional Protein Secretion Pathways  

The importance of unconventional secretion pathways (UPS pathways) in plants is 

beginning to be unravelled. By definition, these pathways bypass one or more pit stops 

of the conventional secretory pathway (Davis et al, 2016). Most proteins that undertake 

UPS are ‘leaderless secretory proteins’ (LSPs), lacking a signal peptide. These peptides 

cannot co-translationally enter the ER, and often bypass the Golgi (Davis et al, 2016). A 

significant portion of the proteins within the plant secretome are predicted to be LSPs 

(Alexandersson et al, 2013). Thus, UPS likely plays a large role within the plant 

endomembrane system.  

Several UPS pathways in plants have been described (reviewed in Robinson et al, 2016; 

Ding et al, 2014). These pathways are categorised into non-vesicular and vesicular 

routes (Ding et al, 2014). Non-vesicular routes describe the direct translocation of 

cytosolic proteins across the plasma membrane (Nickel, 2010). Vesicular routes can be 

independent of the ER and/or the Golgi (Cheng et al, 2009), and can also include the 

direct fusion of the PVCs with the plasma membrane (Meyer et al, 2009). Another 

vesicular UPS route is the EXPO pathway. This route describes protein transport from 

the ER to the Golgi, then to the exocyst-positive organelle (EXPO), a double-membrane-

bound organelle that tethers secretory vesicles to the plasma membrane (Poulsen et al, 

2014; Robinson et al, 2016). UPS is generally associated with stress in yeast and 

mammalian cells (Cohen et al, 2020; Rabouille, 2017). Evidence supports this within 

plants, with the EXPO pathway involved in abiotic stress including salt stress (Hayashi 

et al, 2001), oxidative stress (Zhou et al, 2011) and cold temperature stress (Gupta and 

Deswal, 2012), and in response to pathogen infection (reviewed in Ruano and 

Scheuring, 2020).  

1.3 The plant secretory pathway during pathogen infection 

1.3.1 The ER and Golgi 

The plant secretory pathway is crucial in the response to plant pathogens such as fungi 

(reviewed in Yun et al, 2016), oomycetes (reviewed in Hardham et al, 2007) and bacteria 

(reviewed in Ivanov et al, 2010). The ER is a key organelle involved in plant immune 

responses. This organelle is highly active during pathogen infection, due to the increased 

synthesis and folding of defence related proteins (Wang et al, 2005). Consequently, 

various ER chaperones, involved in ER quality control and protein folding, are involved 

in resistance to various pathogens. For example, the expression of heat shock protein70 

binding proteins (BiPs) and lectin-type calreticulins (CRTs) are required for tomato 

resistance to Cladosporium fulvum fungus (Liebrand et al, 2012). Additionally, protein 

disulfide isomerases (PDIs) NbERp57 and NbP5 and the calreticulins NbCRT2 and 

NbCRT3 are required for resistance in Nicotiana benthamiana against tobacco mosaic 
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virus (Caplan et al, 2009). Increased activity of the ER during pathogen infection can 

trigger ER stress to activate the unfolded protein response (UPR; Eichmann and Schäfer, 

2012). UPR is a cellular stress response that functions to increase the folding capability 

of the ER and to reduce the number of unfolded or misfolded proteins (Read and 

Schröder, 2021). UPR is also associated with the induction of defence responses such 

as programmed cell death (PCD) in resistance to several types of plant pathogens 

including viruses and bacteria (Manghwar and Li, 2022; Kørner et al, 2015).  

Thus unsurprisingly, some pathogens have adapted to disrupt the ER during infection. 

For example, within Arabidopsis infected by the fungi Golovinomyces orontii, restricted 

intraluminal ER transport, evidenced by swollen ER, is observed surrounding fungal 

haustoria (Micali et al, 2011; Tolley et al, 2008). Moreover, some plant pathogens have 

adapted to inhibit ER-stress, to prevent the downstream induction of plant defence 

responses. For example, several pathogen effectors, such as the oomycete 

Phytophthora infestans Pi03192 effector, the bacteria Pseudomonas syringae HopD1 

effector, and the fungi Bremia lactucae BLR05 and BLR09 effectors bind to ER-localised 

NAC transcription factors to prevent the downstream activation of PCD (McLellan et al, 

2013; Block et al, 2014; Meisrimler et al, 2019).  

Another organelle key to plant-pathogen interactions is the Golgi. This organelle plays a 

key role in the biosynthesis, modification and trafficking of defence related compounds. 

This includes the N-glycosylation and secretion of cell wall components (Wan et al, 

2021), antimicrobial compounds (Lin et al, 2020) and pattern recognition receptors 

(Häweker et al, 2010). Golgi-mediated trafficking is also altered during plant pathogen 

infection. For example, the conserved oligomeric Golgi (COG) membrane protein 

complex is involved in plant pathogen resistance, such as barley resistance to the fungi 

Blumeria graminis (Ostertag et al, 2013). The COG is hypothesised to act as a tether for 

retrograde vesicles within intra-Golgi trafficking (Blackburn et al, 2018). Another Golgi 

related trafficking component altered during plant pathogen infection includes the ADP-

ribosylation factor (ARF) GTPase ARF1, which is involved in the formation of COPI 

vesicles (Yang et al, 2002) and Golgi assembly (Nakai et al, 2013). ARF1 functions in 

tobacco resistance to tobacco mosaic virus, triggering cell death via the activation of 

MAPK signalling cascades (Coemans et al, 2008). ARF1 is also target of pathogen 

effectors, including the red clover necrotic mosaic virus p27 protein, shown within 

Nicotiana benthamiana (Hyodo et al, 2013). This further supports the role of Golgi related 

subcellular trafficking in plant-pathogen interactions.  

1.3.2 Intermediate organelles: the TGN and PVCs  

Post-Golgi organelles including the TGN are important in plant-pathogen interactions. 

For example, during immune responses, vacuolar defence related compounds such as 

hydrolytic enzymes are sorted at the TGN (Hatsugai et al, 2018). Moreover, the 
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exocytosis of defence related compounds from the TGN to the PM plays a key role in 

plant-pathogen interactions, evidenced by the role of TGN-PM trafficking components in 

resistance. For example, the Q-SNAREs Syp61, Syp121 and the R-SNARE VAMP722 

contribute to Arabidopsis resistance to Blumeria graminis fungi (Drakakaki et al, 2012). 

In addition to exocytosis, TGN-mediated endocytosis is important within plant pathogen 

responses. Endocytosis enables the recycling of cell surface immune receptors, such as 

FLS22, upon binding to pathogen effectors (Spallek et al, 2013). However, endocytosis 

can act to deliver pathogen effectors into the plant cell to support pathogen infection, as 

observed within plant-fungal and plant-oomycete interactions (Leborgne-Castel et al, 

2010).  

Several plant pathogen effectors have been identified which target TGN mediated 

trafficking components, such as RabA GTPases and SNAREs. For example, the 

Phytophthora infestans effector RxLR24 binds to the Rab GTPase RABA1a in potato 

and Arabidopsis. This inhibits the trafficking of two antimicrobial compounds — the 

pathogenesis-related PR1 and defensin PDF1.2 — from the TGN to the plasma 

membrane (Tomczynska et al, 2018). Additionally, the oomycete Phytophthora sojae 

effector, PsAvh181, interacts with the soybean SNARE GmSNAP-1 to disrupt the 

exocytosis of defence related compounds such as the pathogenesis-related proteins 

P69B and PR1 (Wang et al, 2021b).  

In addition to the TGN, the PVC plays a large role within responses to plant pathogens. 

During plant pathogen infection, increased endocytic trafficking to the lytic vacuoles can 

occur. This functions to balance the increased secretion (Zhang et al, 2019b), to degrade 

membrane materials damaged during oxidative defence (An et al, 2006b), and to 

degrade internalised cell surface immune receptors (Gu et al, 2017). Additionally, there 

is evidence of increased unconventional fusion of the PVCs with the PM during plant 

pathogen infection, as observed within barley in response to the fungus Blumeria 

graminis (An et al, 2006a), and within Arabidopsis in response to the bacterium 

Pseudomonas syringae (Wang et al, 2014a). PVCs in these interactions 

unconventionally fuse with the plasma membrane to secrete defence related compounds 

to the site of pathogen entry (An et al, 2006a; Wang et al, 2014a). The importance of 

PVCs in plant pathogen responses is also evidenced by the role of the Arabidopsis LYST 

INTERACTING PROTEIN 5 (LIP5) within immune signalling. LIP5 positively regulates 

PVC biogenesis and is required in Arabidopsis for basal resistance to Pseudomonas 

syringae (Wang et al, 2014a).  

1.3.3 Vacuoles  

The vacuoles have a prominent role in plant immune responses, mainly due to the 

presence of antimicrobial and hydrolytic compounds inside the vacuole that can trigger 

rapid cell death upon disruption of the vacuolar membrane (Hara-Nishimura and 
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Hatsugai, 2011). This is shown within tobacco against tobacco mosaic virus (Hatsugai 

et al, 2004) and within Arabidopsis in response to the Fusarium moniliforme fungus 

(Kuroyanagi et al, 2005). Hydrolytic compounds in vacuoles include nucleases (Ito and 

Fukada, 2002) and cysteine proteases (Rojo et al, 2004) that are involved in cell death. 

Antimicrobial compounds in vacuoles include albumins, kunitz proteinase inhibitors, 

lectins, glycine-rich proteins, vicilins, patatins, tarins, and ocatins (de Souza Cândido et 

al, 2011).  

1.3.4 The exocyst  

The exocyst positive organelle (EXPO), and its associated trafficking pathway, plays a 

role within plant immunity. For instance, key exocyst subunits are associated with 

immunity to bacteria, as within Arabidopsis-Pseudomonas syringae, and within fungi, as 

observed within Arabidopsis-Hyaloperonospora arabidopsidis (Stegmann et al, 2013), 

barley-Blumeria graminis (Ostertag et al, 2013), and rice-Magnaporthe oryzae 

interactions (Hou et al, 2020). Defence related compounds including cell wall material 

and antimicrobial proteins are trafficked from the Golgi to the exocyst, which fuses 

directly with the plasma membrane (Poulsen et al, 2014; Robinson et al, 2016). The 

EXPO pathway has a characterised role in the formation of cell wall appositions during 

pathogen infection, as observed within Arabidopsis infected with the Pseudomonas 

syringae bacterium and the Blumeria graminis fungus (Pecenková et al, 2011). 

Counteractively, exocysts are manipulated by pathogen effectors, including the 

Magnaporthe oryzae fungus Avr-Pii effector which targets two rice Exo70 genes (Fujisaki 

et al, 2015), that are key members of the exocyst complex (Zhao et al, 2018).  

1.3.5 Changes to the plant secretory pathway during nematode 

feeding site formation  

1.3.5.1 Changes to the early secretory pathway: the ER and Golgi  

Vast changes to the plant secretory pathway occur during cyst nematode feeding site 

formation, including large changes to the ER. For example, during early stages of 

syncytial development, rough endoplasmic reticulum (RER) is proliferated and arranged 

in concentric layers. This is observed within the susceptible Arabidopsis- H. schachtii 

and soybean- H. glycines interactions (Golinowski et al, 1996; Kim et al, 1987; Bleve-

Zacheo and Zacheo, 1987) and the resistant soybean- H. glycines interaction (Kim et al, 

2012). Proliferation of the RER suggests high levels of protein synthesis occurs during 

early syncytial formation. This is supported by increased transcriptional activity of protein 

synthesis genes within syncytia of Arabidopsis-H. schachtii (Szakasits et al, 2009) and 

tomato- G. rostochiensis (Filipecki et al, 2021). Moreover, as syncytia develop, tubular 

smooth ER (SER) increases in abundance (Kim et al, 1987; Golinowski and Magnusson, 
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1991). This is a feature of both susceptible and resistant soybean- H. glycines 

interactions (Kim et al, 2012). Increased SER may reflect increased lipid and 

carbohydrate synthesis, detoxification or Ca2+ signalling (Chen et al, 2012).  

The increased activity of the ER within syncytia may result in ER stress, which is involved 

within plant immune signalling (Kørner et al, 2015). This is supported by observations of 

dilated RER cisternae, an indicator of ER stress, within soybean resistance to H. glycines 

(Kim et al, 2012; Endo, 1991; Vitale and Boston, 2008). ER stress triggers the unfolded 

protein response (UPR) to trigger immune signalling cascades, resulting in PCD (Simoni 

et al, 2022). UPR genes are upregulated within soybean cultivars resistant to H. glycines 

(Kandoth et al, 2011), and PCD is involved in resistance within several plant-cyst 

nematode interactions, such as soybean- H. glycines (Wang et al, 2020b), potato- G. 

pallida (Sacco et al, 2009) and Arabidopsis- H. schachtii interactions (Matuszkiewicz et 

al, 2018). This supports the role of the ER within plant resistance to cyst nematodes.  

The Golgi is an important organelle within plant responses to cyst nematodes. Golgi 

proliferate during syncytial formation and display structural evidence of high biosynthetic 

activity observed in both susceptible and resistant plant-cyst nematode interactions 

(Fudali et al, 2007; Endo, 1991; Melillo et al, 1990). Golgi are responsible for the 

synthesis and secretion of cell wall matrix polysaccharides (Driouich et al, 2012), that 

are abundant in the cell walls of syncytial cells. For example, xyloglucan, methyl-

esterified homogalacturonan and pectic arabinan are abundant in potato syncytia 

induced by Globodera pallida and soybean syncytia induced by Heterodera glycines 

(Zhang et al, 2017c). Additionally, wheat syncytia induced by Heterodera avenae and 

Heterodera filipjevi contain abundant feruloylated xylan and arabinan residues (Zhang et 

al, 2017c). Therefore, the increased abundance of Golgi in syncytia may function to 

increase its biosynthetic output to enable the alteration of cell wall composition during 

syncytial formation. Additionally, Golgi-mediated trafficking is also involved in the plant 

response to cyst nematodes. For example, the conserved oligomeric golgi (COG) 

complex contributes to soybean resistance to H. glycines (Klink et al, 2022; Klink et al, 

2021; Lawaju et al, 2020). The COG complex plays a key role in glycosylation within the 

Golgi (Smith and Lupashin, 2008), maintaining Golgi structure (Rui et al, 2020), and 

retrograde trafficking (Tan et al, 2016), implicating that these functions are involved in 

plant defence responses to cyst nematodes. 

1.3.5.2 Changes to post-Golgi organelles: the TGN and PVC 

Although ultrastructural evidence of the TGN is unavailable within syncytia (Baranowski 

et al, 2019), this organelle is likely involved in the response to cyst nematodes. As with 

responses to other pathogens, the TGN is probably involved with the trafficking of 

antimicrobial compounds, immune receptors, and cell wall components to the cell 



17 
 

 

surface (LaMontagne and Heese, 2017). This is supported by the role of TGN mediated 

trafficking components within cyst nematode resistance (see section 1.4.3).  

Abundant PVCs, described as multivesicular bodies, are observed within Arabidopsis 

syncytia induced by H. schachtii. These are associated with strongly lobed and 

subdivided vacuoles, suggesting fusion of the LPVCs with fragmented vacuoles 

(Golinowski et al, 1996). Additionally, unconventional fusion of PVCs with the plasma 

membrane may occur within syncytia, as is typical during the response to other plant 

pathogens. This is supported by the observation of paramural bodies, vesicles located 

between the plasma membrane and cell wall, in the syncytia of susceptible Arabidopsis- 

H. schachtii, and tomato- G. rostochiensis interactions (Golinowski et al, 1996; Fudali et 

al, 2007), and also within syncytia of the resistant soybean- H. glycines interaction (Riggs 

et al, 1973). Paramural bodies arise from the fusion of PVCs with the plasma membrane 

(Marchant and Robards, 1968). This suggests that the secretion of defence related 

compounds into the apoplast, as observed in several plant-pathogen interactions 

(Nielsen et al, 2012; Böhlenius et al, 2010; Meyer et al, 2009; An et al, 2006a), also 

occurs in plant-cyst nematode interactions. 

1.3.5.3 Changes to the vacuoles  

Loss of the large central vacuole, and the formation of numerous smaller vacuoles during 

early syncytial formation is observed in both susceptible and resistant plant-cyst 

nematode interactions (Kim et al, 1987). This is a feature of cells with high metabolic 

activity (Rodiuc et al, 2014) and hasn’t been observed during infection with any plant 

pathogens other than cyst nematodes. It is hypothesised that small vacuoles are formed 

de novo through the widening of ER cisternae during early syncytial development. As 

the syncytia mature, larger vacuoles are hypothesised to form through the fusion of 

vesicles/tubules surrounding organelle free pre-vacuole regions (Baranowski et al, 

2019). Lytic vacuoles within syncytia may function in programmed cell death. Some of 

these vacuoles are lytic, as described during Arabidopsis infection with H. schachtii 

(Baranowski et al, 2019). In syncytia, lytic vacuoles may induce PCD through the release 

of antimicrobial and hydrolytic compounds into the cytoplasm (Hara-Nishimura and 

Hatsugai, 2011). During cell death, increased lytic vacuole size occurs (Van Doorn, 

2011). Cell death is a common feature of cyst nematode resistance (Wang et al, 2020b; 

Ali et al, 2015a), and ultrastructural evidence suggests that vacuoles are larger within 

syncytia resistant to cyst nematodes. This is shown within barley- H. avenae (Aditya et 

al, 2015), radish- H. schachtii (Wyss et al, 1984), potato-G. rostochiensis (Bleve-Zacheo 

et al., 1990), wheat- H. avenae (Williams & Fisher, 1993). Thus, the increased vacuole 

size observed in resistance to cyst nematodes could be associated with PCD.  
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In addition to their role in PCD, vacuoles may function to alter osmoregulation, nutrient 

availability, detoxification and indole metabolism within syncytia. Vacuole-mediated 

osmoregulation may support syncytial development. For example, tonoplast aquaporins 

are downregulated within syncytia (Baranowski et al, 2019; Szakasits et al, 2009). These 

aquaporins regulate water balance within the cell (Johansson et al, 2000); their 

downregulation hypothesised to increase turgor pressure during syncytial formation 

(Baranowski et al, 2019; Böckenhoff and Grundler 1994). Additionally, vacuolar nutrient 

transporters may support syncytial development. For example, the vacuolar amino acid 

transporters AAP6 and AAP8 are upregulated within Arabidopsis syncytia induced by H. 

schachtii (Szakasits et al, 2009). This may increase the transport of amino acids from 

the vacuoles into the cytoplasm, to enhance nutrient uptake by the nematode. Moreover, 

vacuolar transport of auxin may also support syncytia. For instance, downregulation of 

the Arabidopsis auxin transporter WAT1 is associated with resistance to H. schachtii 

(Chopra et al, 2021). WAT1 downregulation decreases the export of indole from the 

vacuoles into the cytoplasm, resulting in failed syncytial development (Chopra et al, 

2021). Also, vacuole mediated detoxification, through fragmentation of the large central 

vacuole, may be a resistance response within syncytia. Fission of the large central 

vacuole into several smaller vacuoles increases the total vacuolar surface to volume ratio 

within the plant cell, allowing for a more efficient removal of toxic metabolic compounds 

from the cytoplasm (Martinoia et al, 2007).  

1.3.5.4 Changes to the exocyst  

The exocyst-positive organelle is associated with cyst nematode resistance. The 

expression of 27 exocyst genes were studied in soybean in response to H. glycines 

infection. 14 of these were expressed exclusively during parasitism, suggesting a role of 

this organelle within cyst nematode resistance (Sharma et al, 2020). During plant 

defence responses, trafficking of antimicrobial compounds and cell wall material to the 

plasma membrane via the exocyst is often observed (Du et al, 2018; see section 1.3.4), 

with cargo trafficked from the TGN to the exocyst before fusing with the plasma 

membrane (Žárský et al, 2013). This further supports the role of the plant secretory 

pathway in the secretion of defence related compounds in syncytia. 

1.3.5.5 Altered vesicle trafficking in resistance to cyst nematodes  

Vesicle trafficking in the endomembrane system likely facilitates immune responses to 

cyst nematodes, such as hormone signalling and the secretion of defence related 

compounds. For example, two soybean Qa SNAREs, SYP22-3 and SYP22-4, are 

associated with resistance to H. glycines (Aljuaifari et al 2019). SYP22 proteins, typically 

involved in PVC to vacuole transport (Uemura et al, 2010), are hypothesised to control 
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the cell surface brassinosteroid hormone receptor BRI1 (Zhu et al, 2019), thus may 

control brassinosteroid signalling within syncytia to enhance resistance.  

Most research on vesicle trafficking within syncytia is based on the soybean Rhg1 major 

resistance quantitative trait locus (QTL) which confers resistance to H. glycines (Kandoth 

et al, 2011). Within this QTL, the α-SNAP adaptor protein GmSNAP18 is the strongest 

candidate gene conferring resistance (Liu et al, 2017). α-SNAP proteins are essential to 

vesicle trafficking, mediating the binding of NSF to SNARE protein complexes (Choi et 

al, 2018, see section 1.2.2). GmSNAP18 within the Rhg1 QTL has impaired binding to 

wildtype NSF (Bayless et al, 2018). Instead, GmSNAP18 binds to an atypical NSF 

protein, NSFRan07, which is also associated with the Rhg1 locus (Bayless et al, 2018). 

Therefore, defective vesicle trafficking within the host may function in resistance to cyst 

nematodes.  

SNARE proteins that interact with the Rhg1 GmSNAP18 have been identified, all of 

which are involved in the secretion of defence related compounds. Yeast two-hybrid 

assays have identified two t-SNAREs, Syn12, Syn16, which interact with GmSNAP18 to 

confer H. glycines resistance (Dong et al, 2020). Within Arabidopsis, Syn12 is involved 

in callose deposition in Arabidopsis resistance to Plectosphaerella cucumerina fungus 

(Gamir et al, 2018). Additionally, Nicotiana benthamiana Syn16 traffics pathogenesis-

related proteins to the cell wall (Kalde et al, 2007). The atypical GmSNAP18 is also co-

expressed with other SNAREs, including the Qa-SNARE PEN1, the v-SNAREs 

VAMP721, VAMP722, the t-SNARE SNAP33 and the regulatory protein sec11. PEN1 

forms a SNARE complex with VAMP721, VAMP722 and SNAP33 (Kwon et al, 2008), 

which interacts with Sec11 to enable recycling of the SNARE complex (Karnik et al, 

2015). This SNARE complex is involved in post-Golgi trafficking to the plasma 

membrane, and is associated with immune responses, including callose deposition and 

the release of antimicrobial compounds in response to fungal and oomycete pathogens 

(Kwon et al, 2008). RNAi and overexpression confirms the role of each of the above 

genes in resistance to H. glycines (Sharma et al, 2016). Therefore, this SNARE complex 

may also be involved in the deposition of callose and the secretion of antimicrobial 

compounds in the defence against cyst nematodes.  

Contrary to the soybean α-SNAP resistance mechanism, altered regulation of a different 

SNAP protein within the soybean wild relative Glycine soja contributes towards 

nematode susceptibility. The major resistance QTL within G. soja, cqSCN-006, encodes 

a γ-SNAP (Butler et al, 2021), which acts in synergy with α-SNAP to recruit NSF (Bitto 

et al, 2007). Only G. soja lines susceptible to H. glycines showed increased γ-SNAP 

expression upon nematode infection, suggesting a role of this protein within nematode 

susceptibility (Butler et al, 2021). 
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1.4 Cyst nematode effectors 

1.4.1 Cyst nematode effector secretion and delivery 

Cyst nematodes secrete effector proteins into the host to suppress immune responses 

and initiate or maintain syncytia (Siddique and Grundler, 2018). Although some cyst 

nematode effectors are secreted from the amphids (Eves-van den Akker et al, 2014) and 

the hypodermis (Jones et al, 2004), most are secreted from the esophageal glands. 

These are enlarged, specialised cells consisting of two subventral glands and one dorsal 

gland (Endo, 1984; Figure 1.4). Generally, effector proteins are synthesised in the 

nucleus of the esophageal gland cells, with the presence of an N-terminal signal peptide 

allowing for their translocation across the gland cell ER membrane and into the secretory 

pathway. Once within the nematode secretory pathway, effectors are packaged into 

membrane-bound secretory granules, which bud off from the TGN (Mitchum et al, 2013; 

Hussey and Mims, 1990). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1. 5. Diagram of the anterior portion of a cyst nematode J2, showing the position of the 
dorsal and subventral pharyngeal glands. Secretory granules from the dorsal pharyngeal gland 
are loaded into the ampulla, which is emptied upon stylet protrusion into the host cell. Diagram 
taken from Lilley et al. (2005). 
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Effector containing membrane-bound granules accumulate within the ampulla of cyst 

nematode esophageal gland cells (Wyss and Grundler, 1992). Expanding of the ampulla 

valve membranes allows for the release of the granules into the nematode’s stylet, which 

is a hollow and protrusible needle-like structure. Nematode secretions from the stylet 

start during the J2 stage, mostly from the subventral glands (Tytgat et al, 2002; Wyss 

and Zunke, 1986). This is supported by a peak in the expression of subventral gland cell 

effector genes within J2s (Thorpe et al, 2014). This suggests that subventral gland cell 

effectors have a role in root invasion, intracellular migration and other early parasitic 

processes. Contrastingly, dorsal gland cell secretions are observed later on in infection, 

during the nematode’s sedentary phases (Tytgat et al, 2002; Wyss and Grundler, 1992), 

as supported by expression analyses of dorsal gland cell effector proteins (Thorpe et al, 

2014). This suggests that dorsal gland effectors are involved in syncytial induction and 

maintenance. 

As the cyst nematode stylet perforates the ISC cell wall but not the plasma membrane 

(Sobczak et al, 1999), multiple modes of effector delivery are hypothesised. Effectors 

may be delivered directly into the apoplast (Eves-van den Akker et al, 2014). 

Alternatively, effectors may be translocated across the plasma membrane and into the 

cytoplasm via a small pore in the plasma membrane at the stylet’s orifice (Hussey et al, 

1992). Evidence for direct translocation into the host cell cytoplasm are cyst nematode 

CLE effectors. These function within the apoplast, binding to extracellular receptors. To 

reach the apoplast, cyst nematode CLE effectors enter the host cell cytoplasm where 

they post-translationally enter the host ER to be transported through the secretory 

pathway (Wang et al, 2021a). Other indirect evidence of cyst nematode translocation 

across the plasma membrane into the cytoplasm is the diverse host subcellular targets 

of cyst nematode effectors which have been identified, including the nucleus (Elling et 

al, 2007) and peroxisomes (Thorpe et al, 2014).  

1.4.2 Cell biology of nematode effectors  

Cyst nematode effector proteins target important host molecular components or 

pathways to promote infection (Vieira and Gleason, 2019). Many cyst nematode effectors 

have been described to date. These manipulate processes such as plant developmental 

pathways, immune responses, and other key cellular processes (summarised in Table 

1.1). 
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Table 1. 1. A list of previously characterised cyst nematode effectors that target diverse cellular processes. The name of each effector/effector family is given, in 
addition to the species of cyst nematodes they have been characterised from, their in planta subcellular localisation, targeted cellular process and publication. 
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Cyst nematode effectors that manipulate plant hormone and development pathways 

include CLE peptides. These mimic the endogenous B-type CLE peptide hormone to 

promote the proliferation of procambial meristem cells during syncytial formation (Guo et 

al, 2017). Additionally, the H. schachtii effector HsTyr encodes a tyrosinase which 

modulates hormone homeostasis, promoting plant growth and altering root architecture. 

RNAi of HsTyr results in decreased syncytial cell size (Habash et al, 2017a). Another 

example is the H. glycines and H. schachtii effector 19C07, which manipulates the plant 

hormone auxin. 19C07 interacts with the Arabidopsis auxin influx transporter LAX3 to 

increase auxin influx. This stimulates cell wall hydrolysis to support syncytial 

development (Lee et al, 2011). In addition to hormone signalling pathways, cyst 

nematode effectors target other key cellular processes, such as redox homeostasis. For 

example, the H. schachtii effector HsPDI encodes a disulfide isomerase, which alters the 

redox status within syncytia (Habash et al, 2017b), to decrease the production of reactive 

oxygen species (ROS) that are toxic to cyst nematodes.  

Several cyst nematode effectors which suppress host immune responses have been 

identified. This includes the H. schachtii effector Hs32E03, which modifies histone 

acetylation to suppress the expression of genes involved in plant immunity (Vijayapalani 

et al, 2018). SPRY domain-containing effector proteins from G. rostochiensis also 

suppress plant immunity, some interacting with nucleotide-binding leucine-rich repeat 

(NB-LRR) receptors to prevent the induction of effector-triggered immunity (Sacco et al, 

2009).  

1.4.3 PPN effectors which interact with the plant secretory pathway  

Limited cyst nematode effectors have been identified that target the plant 

endomembrane system. However, a H. glycines SNARE-like protein, HgSLP-1, has 

been identified which alters vesicle trafficking (Bekal et al, 2015). Interestingly, HgSLP-

1 is highly similar to a protein from the bacterium Paenibacillus dendritiformis. Both 

proteins contain a SNARE domain characteristic of bacterial t-SNARE-like effectors 

(Bekal et al, 2015; Delevoye et al, 2008). Thus, HgSLP-1 may act similarly to bacterial t-

SNARE-like effectors, mimicking host t-SNAREs to bind to host v-SNAREs, 

subsequently suppressing defence related membrane fusion. However, HgSLP-1 may 

also function as an avirulence protein. HgSLP-1 co-localises with the Rhg1-associated 

dysfunctional α-SNAP protein, GmSNAP18 (Bekal et al, 2015). GmSNAP18 largely 

contributes towards resistance against H. glycines (Liu et al, 2017). Therefore, in the 

absence of GmSNAP18, HgSLP-1 may manipulate membrane fusion to promote 

virulence (Bekal et al, 2015).  
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Another cyst nematode effector which targets the secretory pathway is the H. schachtii 

effector 4E02. This effector induces the re-localisation of the Arabidopsis vacuolar 

papain-like cysteine protease RD21A from the vacuole to the nucleus and cytoplasm. 

RD21A plays a key role in vacuole-mediated PCD (Lampl et al, 2013). Thus, the effector 

induced re-localisation of this protein may prevent or delay vacuole-mediated PCD within 

syncytia (Pogorelko et al, 2019). Another cyst nematode effector which targets the plant 

secretory pathway is the H. avenae effector HaCRT1. This effector encodes a calreticulin 

protein which localises to the ER via a HDEL signal. HaCRT1 is hypothesised to 

modulate calcium levels within the ER lumen to suppress the cell death response (Liu et 

al, 2020). A calreticulin effector protein has also been identified within the root-knot 

nematode Meloidogyne incognita. This effector, Mi-CRT, is hypothesised to suppress 

ER stress pathways to prevent the triggering of downstream immune responses (Jing 

and Wang, 2020).   

The ER is a key target of effectors from other plant pathogens to prevent the downstream 

induction of defence responses. For example, the oomycete Phytophthora sojae effector 

PsAvh262 interacts with soybean BiPs involved in UPR to prevent the downstream 

induction of cell death (Jing et al, 2016). Also, the PcAvr3a12 effector from Phytophthora 

capsica binds to the Arabidopsis PPIase protein involved in UPR (Fan et al, 2018). 

Moreover, effectors from bacteria and oomycete species target ER-localised NAC 

transcription factors, which are involved in the induction of plant defence signalling 

pathways (Breeze et al, 2020; Meisrimler et al, 2019; Block et al, 2014; Mclellan et al, 

2013). Therefore, it is likely that additional unidentified cyst nematode effectors target 

various key components of the ER to enhance host susceptibility.  

Several plant pathogen effectors which target the endoplasmic reticulum have been 

identified from oomycetes including Phytophthora infestans (Breeze et al, 2020). These 

contain a single C-terminal transmembrane domain (TMD). As proteins containing 

transmembrane domains have been discounted from previous cyst nematode effector 

screens (Thorpe et al, 2014; Gardner et al, 2018; Mitchum et al, 2013), the screening of 

proteins containing a single C-terminal TMD could identify novel cyst nematode effectors 

that target the ER. 
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1.5 Research gaps  

1.5.1 The plant secretory pathway during syncytial formation 

To further understand the role of the plant secretory pathway within syncytia, research 

gaps need to be addressed. The ER is suggested to play a key role within plant immune 

responses. Therefore, more research is required to understand the role of the ER within 

syncytia, especially the role of ER stress within defence responses, to support 

ultrastructural and transcriptional evidence. Also, more information on the trafficking 

between organelles of the secretory pathway is required. This includes transport 

between the ER and Golgi, and post-Golgi trafficking to support the role of exocytosis in 

defence, and to further elucidate vacuolar sorting mechanisms underlying replacement 

of the large central vacuole with smaller vacuoles. Currently, a large amount of evidence 

on subcellular trafficking within syncytia is based on the soybean major resistance QTL, 

Rhg1, within resistance to H. glycines. Thus, there is a need for further characterisation 

of the secretory pathways within other hosts, including the model host-cyst nematode 

system, Arabidopsis- H. schachtii. Additionally, more information is needed on the 

manipulation of the secretory pathway by cyst nematodes, with the need to identify 

effectors targeting the endomembrane system. 

1.5.2 Cyst nematode effectors  

Despite the characterisation of cyst nematode effectors targeting diverse subcellular 

processes (Table 1.1), there has been limited characterisation of effectors targeting the 

secretory pathway. Although evidence suggests that cyst nematodes target similar plant 

secretory pathway components to other biotrophic plant pathogens, such as fungi, 

oomycetes and bacteria, further research is needed to prove this hypothesis. 

Additionally, there have been no published cyst nematode effectors containing TMDs, 

despite increasing evidence to support the existence of transmembrane effector proteins 

from fungi and oomycetes (Breeze et al, 2020). As the majority of characterised 

transmembrane fungal and oomycete effectors target the endoplasmic reticulum, future 

cyst nematode effector screens that include transmembrane proteins could help to 

further unravel how the ER, an essential component of the secretory pathway, is 

manipulated by cyst nematodes.  
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1.6 Aims and objectives  

Aim: To provide novel information on the plant secretory pathway during cyst nematode 

infection.  

Objectives:  

 Develop a set of novel dual fluorescence Arabidopsis lines that express plant 

secretory pathway markers.  

 Image syncytia within dual fluorescence Arabidopsis lines that have been 

induced by the model cyst nematode species H. schachtii.  

Aim: To identify novel cyst nematode transmembrane effector proteins that are 

hypothesised to target the ER, which is a key component of the plant secretory pathway. 

Objectives: 

 Design and conduct a bioinformatics pipeline on the H. schachtii and G. pallida 

proteomes to identify potential ER-targeting effectors containing a C-terminal 

transmembrane domain (TMD).  

 Conduct subcellular localisation and in-situ hybridisation analyses of screened H. 

schachtii and G. pallida proteins. 
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Chapter 2 Materials and Methods 

2.1  Nematode cyst collection and hatching 

G. pallida cysts from the “Lindley” population, pathotype Pa2/3, were obtained from the 

soil of infected potato cv. Désirée) plants. H. schachtii cysts were collected from infected 

cabbage cv. Golden Acre plants. The soil was kept at 4 °C for a minimum of 3 months 

for diapause before cysts were collected. Cyst collection was conducted using the 

fenwick can method (Camacho et al, 2018; Fenwick, 1940). For sterilisation, cysts were 

placed in 0.5 mg/ml CTAB and 0.1 % v/v chlorhexidine digluconate for 30 min, then 

washed with sterile water. To stimulate J2 hatching, G. pallida cysts were exposed to 

potato root diffusate at 20 °C (Jones et al, 1996). To stimulate H. schachtii hatching, 

cysts were placed in 3 mM ZnCl2 at 20 °C (Sijmons et al, 1991).    

2.2 Arabidopsis infection with H. schachtii in tissue culture  

Arabidopsis seeds were sterilised in 20 % bleach for 20 min. Following three washes, 

the seeds were placed at 4 °C in sterile water overnight. After stratification, Col-0 wildtype 

Arabidopsis seeds were plated onto square ½ MS10 plates, and grown vertically for 2 

weeks before infection. Transgenic T2 Arabidopsis seeds were plated onto ½ MS10 

medium containing kanamycin (50 µg/ml) for approximately 2 weeks to allow for 

transgenic seed selection. Following this, seedlings were transferred onto square plates 

containing ½ MS10 media without kanamycin shortly before infection.  

For infection, H. schachtii J2s were surface sterilised in a solution containing CTAB (0.5 

mg/ml) and chlorhexidine digluconate (0.1 % v/v) for 30 min, followed by 3 washes in 0.1 

% v/v Tween-20. The sterilised J2s were diluted to approximately 1 nematode per µl in 

the Tween solution, then 30 µl was used to infect each Arabidopsis plant, distributed 

across multiple sites on the roots. Plates were left to dry before being sealed with 

micropore tape and placed vertically. All plants were grown at 22 °C, with a 16 hr 

photoperiod. 

2.3 Media  

2.3.1 Luria-Bertani LB Growth Medium 

10 g/l Tryptone 

5 g/l NaCl 

5 g/l Yeast extract  

1 % bacteriological agar (w/v) was added for bacterial plate media 
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2.3.2 ½ MS 10 Media  

2.15 g/l Murashige and Skoog medium with vitamins 

10 g/l sucrose  

5.75 g/l plant agar 

pH 5.6 

2.3.3 0.5 X TBE Buffer  

0.54 g/l Tris  

2.75 g/l boric acid 

1 mM EDTA pH 8.0 

2.3.4 Tobacco leaf infiltration buffer  

50 mM MES 

0.5 % glucose 

2 mM Na3PO4 

100 mM acetosyringone  

pH 5.6 

2.4 Molecular Cloning Techniques 

2.4.1 Transformation of competent Escherichia coli cells 

The Escherichia coli strain DH5α was used for E. coli transformations (Hanahan, 1985). 

For this, 1 µl of ~100 ng/µl DNA was added to 100 µl competent E. coli cells. These were 

placed on ice for 30 min, then placed at 42 °C for 2 min. After this, 1 ml of LB was added, 

followed by incubation at 37 °C for 1 hr. Cells were poured onto LB agar plates containing 

the relevant antibiotic selection and incubated at 37 °C overnight.  

2.4.2 Transformation of competent Agrobacterium tumefaciens 

Gv3101 cells 

DNA plasmids were transferred into the Agrobacterium tumefaciens strain Gv3101. This 

strain carries the helper plasmid pBBR1MCS5-VIRG-N54D, encoding the mutated virG 

gene, virGN54D (van der Fits et al, 2000). To transform the Agrobacterium, the freeze-

thaw method was used (Xu and Qingshun, 2008). 1 µl ∼100 ng/µl DNA was added to 45 

µl competent Agrobacterium cells. This was placed at -80 °C for 15 min, followed by 37 

°C for 4 min. 1 ml LB was then added to the transformed cells, with a 2-4-hour incubation 

at 28 °C with shaking at 200 rpm. Cells were poured onto LB plates then incubated at 28 
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°C for 2-3 days. LB liquid medium and agar for Agrobacterium growth contained 

rifampicin (100 µg/ml) in addition to the antibiotic selection relevant to the plasmid.  

2.4.3 Colony PCRs  

To screen E. coli and A. tumefaciens colonies for the presence of the desired gene, 

colony PCRs were conducted. For this, a single colony was suspended in 100 μl sterile 

distilled H2O. 2 μl of this suspension was used as a template within the PCR. For the 

reaction, Mytaq (Bioline) was used according to the manufacturer’s instructions. 

Reaction conditions are described in section 2.4.10, with an additional 5 minute 99 °C 

incubation step added prior to the initial denaturation step to lyse the bacterial cells. 

2.4.4 DNA minipreps 

Each construct was transformed into E. coli as described in section 2.4.1. A single 

colony was used to inoculate 5 ml LB containing the relevant antibiotic selection. The 

suspended colony was incubated at 37 °C overnight under constant agitation. Following 

this, minipreps were performed using the EZNA Plasmid DNA Mini Kit I (Omega Bio-tek), 

according to the manufacturer’s instructions.  

2.4.5 Preparative and qualitative restriction digests 

Preparative restriction digests were conducted to cut DNA plasmids prior to ligations. 

Preparative restriction digests held a 50 µl total volume, containing 10-20 µl DNA, 1 µl 

restriction enzyme, 5 µl restriction buffer (10 X cutsmart or NEB buffer 3.1, supplied by 

NEB) and d.H2O. This was incubated at 37 °C for 1 hr. For preparative digests, 1 µl 

samples were taken at 0 min, 20 min and 40 min, and ran on a 0.8 % agarose gel at 100 

V to check that the samples had digested. Following this, DNA fragment isolations were 

performed as described in section 2.4.8. 

Qualitative digests were conducted to check DNA preparations following minipreps. 

These held a 10 µl total volume, containing 1 µl DNA, 2 µl restriction enzyme, 1 µl 

restriction buffer (10 X cutsmart or NEB buffer 3.1, supplied by NEB), and d.H2O. 

Samples were incubated at 37 °C for 1 hr, then ran on a 0.8 % agarose gel at 100 V. 

2.4.6 Filling sticky ends 

DNA polymerase I, large (Klenow) fragment (NEB) was used on digested DNA to remove 

the 3’ overhang and fill in the 3’ recessed end. Following a preparative digest, 33 µM of 

each dNTP was added to the tube, in addition to 1 unit of Klenow DNA polymerase I 

(NEB) per µg of DNA. This was incubated at 25 °C for 15 min. Following this, DNA was 

purified using the Wizard® SV Gel and PCR Clean-Up System (Promega) according to 

the manufacturer’s instructions. 
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2.4.7 Dephosphorylation of 5’ ends 

The 5’ end of digested DNA was dephosphorylated to prevent self-ligation. Following a 

preparative digest, 10 µl calf intestinal phosphatase (CIP) enzyme (NEB) was added, 

along with 10 µl 10 X CIP buffer (NEB), and the total volume was brought to 100 µl with 

d.H2O. The reaction was incubated at 37 °C for 30 min. Column purification of the 

dephosphorylated DNA was conducted using the Wizard® SV Gel and PCR Clean-Up 

System (Promega) according to the manufacturer's instructions. 

2.4.8 DNA fragment isolations 

The isolation of fragments from constructs was performed using a preparative double 

restriction digest. Digested DNA was loaded onto a 1.2 % agarose gel containing 0.5 X 

TBE buffer, then ran at 50 V until the DNA fragments had separated. The DNA fragment 

was visualised and cut out of the agarose gel using the M-10 benchtop UV 

transilluminator (UVP). The isolated fragment was then purified from the gel using the 

Wizard® SV Gel and PCR Clean-Up System (Promega) according to the manufacturer’s 

instructions. 

2.4.9 Ligations 

Isolated fragments were ligated into cut, dephosphorylated vectors using an approximate 

molar ratio of 2 : 1 cut vector. The ligation was set up in a total volume of 20 µl with 1 µl 

T4 DNA Ligase (NEB), 2 µl 10 X T4 DNA Ligase buffer (NEB), the appropriate amount 

of fragments and vector, and d.H2O. Two controls were used, the first contained all 

reagents excluding T4 DNA ligase, to test for improperly cut vectors. The second control 

contained all reagents excluding the DNA fragment, to test for improperly 

dephosphorylated vectors. The ligation mix and the two controls were incubated at 25 

°C for 1 hr, then 5 µl of this mixture was used to transform into E. coli. Transformed E. 

coli cells were poured onto LB agar plates containing the relevant antibiotic selection and 

incubated overnight at 37 °C. Several colonies from the plates were selected and 

inoculated in 5 ml LB medium to prepare for minipreps. 

2.4.10 Polymerase Chain Reaction (PCR) 

PCRs were conducted using the relevant primers, according to the manufacturer’s 

instructions. For the cloning of effector genes, the proof-reading Phusion® DNA 

polymerase (ThermoFisher Scientific) was used. For colony PCRs and in-situ PCRs, 

Mytaq™ DNA polymerase (Bioline) was used. For in-situ single stranded probe synthesis 

PCRs, Onetaq® DNA polymerase (NEB) was used. All PCRs were conducted according 

to the manufacturer’s instructions, with the conditions listed in Table 2.1. 
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2.4.11 Sanger Sequencing  

All DNA minipreps were verified using sanger sequencing, with samples sent to Genewiz 

for Azenta life sciences. Samples were prepared according to the company instructions. 

2.5 Arabidopsis transformation by floral dip 

Arabidopsis Col-0 plants were grown in pots of compost at 22 °C under a 16 hr 

photoperiod. 4-week-old plants were transformed using the floral dip method (Clough 

and Bent, 1998). For this, constructs were transformed into A. tumefaciens Gv3101 using 

the method as previously described. For this, a single A. tumefaciens colony was 

inoculated into 20 ml LB containing spectinomycin (100 µg/ml), streptomycin (300 µg/ml) 

and rifampicin (100 µg/ml), then incubated at 28 °C overnight under constant agitation. 

This culture was then added to 200 ml LB containing the same concentrations of 

antibiotics, and incubated at 28 °C under constant agitation, until an O.D.600 of 0.5-0.8 

was reached. The bacterial cells were pelleted by centrifugation at 2,500 g then 

resuspended in a 5 % sucrose solution containing 0.01 % Silwet L-77. Arabidopsis stems 

with multiple unopened flower buds were dipped into the solutions for 2 min, then plants 

were placed horizontally into trays with a propagator lid, at 22 °C with a 16 hr photoperiod 

to maintain high levels of humidity. After 24 hr, the propagator lid was removed and the 

plants were placed upright. 

Table 2. 1. The PCR conditions for each DNA polymerase enzyme used. 
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2.6 Agrobacterium-mediated transient gene expression within 

tobacco 

4-week-old Nicotiana tabacum cv. Petit Havana plants, grown in a glasshouse at 21 °C, 

were used for Agrobacterium-mediated tobacco leaf infiltrations. Tobacco leaves were 

infiltrated with A. tumefaciens Gv.3101, which had been cultured overnight at 28 °C in 

Luria Bertani (LB) medium containing the relevant antibiotic selection. 

Prior to infiltration, overnight Agrobacterium cultures were washed in infiltration buffer 

and resuspended to O.D.600 0.1. For co-infiltrations, a 1:1 ratio of each construct was 

used. The Agrobacterium resuspension inoculated the lower epidermis of tobacco leaves 

using a 1 ml syringe without a needle (Brandizzi et al, 2002; Sparkes et al, 2006). After 

48 hr, infiltrated tobacco leaves were imaged using confocal microscopy (section 2.6). 

To prepare infiltrated tobacco leaf samples for confocal microscopy, leaf rectangles 

(approx. 1 cm X 0.5 cm) were mounted onto a microscope slide with tap water, with the 

lower epidermis facing the cover slip. For each construct imaged, leaves across a 

minimum of three plants were infiltrated. Over 100 cells across these plants were then 

viewed under the confocal microscope, to ensure the cells imaged gave a reliable 

representation of marker expression. 

2.7 Confocal Laser Scanning Microscopy (CLSM) 

Confocal microscopy was performed using the Zeiss LSM 880 laser scanning 

microscope (Zeiss). Excitation lines of an argon ion laser of 514 nm for YFP and GFP, 

and 594 nm for RFP and mCherry were used, with the pinhole set to 1 Airy unit. Zen 

black software version 2.3 (ZEISS) was used to capture images. For post-acquisition 

image processing, Zen blue lite version 2.4 (ZEISS) was used. Although laser power and 

detection gain were dependent on the fluorescence of the cells, a maximum laser power 

of 10 mW and detection gain of 1000 was used to ensure cells could be imaged without 

photobleaching occurring, and to avoid saturation and/or signal interference with 

background fluorescence.  
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Chapter 3 The development of dual fluorescence reporter 

constructs to monitor the plant secretory pathway 

3.1 Introduction 

Fluorescence live cell imaging is a useful approach for characterising cellular processes 

such as the plant secretory pathway. This approach involves the translational fusion of 

localisation tags to fluorescent proteins (Van de Meene et al, 2017; Hanton and 

Brandizzi, 2006). Fluorescence microscopy can provide information on organelle 

dynamics and protein interactions and also allows the subcellular localisation of novel 

proteins to be characterised (Hanton and Brandizzi, 2006; Dixit et al, 2006). Both 

transient and stable expression systems are used to express fluorescent markers within 

cells. Transient expression offers rapid and highly efficient expression, allowing for large-

scale genetic analyses (Sparkes et al, 2006). However, this technique is limited to 

specific tissue types, such as tobacco leaf epidermal cells and protoplasts (Denecke et 

al, 2012).  

Alternatively, stable plant transformation can be used to study whole plant tissues. 

Although this technique is more time consuming than transient expression, efficient 

transformation protocols have been developed for several model plant species including 

crops (Gelvin, 2003). Transient expression is often used to validate marker constructs 

prior to their use for plant stable transformation (Jelly et al, 2014). Conveniently, binary 

vectors containing fluorescent markers can be used for both stable and transient 

expression, using Agrobacterium-mediated techniques (Hwang et al, 2017). Therefore, 

sets of organelle marker constructs are a valuable resource for fluorescence imaging, 

useful for both transient and stable expression systems. 

Although marker sets for the plant secretory pathway exist (Nelson et al, 2007; Geldner 

et al, 2009), no sets of double-fluorescent markers for these subcellular compartments 

are available. Double-fluorescent markers are advantageous, enabling combinatorial 

analysis (Geldner et al, 2009). Here, a set of dual fluorescence constructs have been 

developed using validated plant secretory pathway markers. Each construct contains the 

cis-Golgi marker ERD2b fused to yellow fluorescent protein (secYFP). secYFP consists 

of a signal peptide followed by a short sequence that harbours a glycosylation site (sec), 

added onto the N-terminus of the YFP protein for insertion into the ER (Foresti et al, 

2006). ERD2b (ER retention defective 2b) is a H/KDEL binding receptor that associates 

with the cis-Golgi cisternae membranes via its transmembrane regions (Silva-Alvim et 

al, 2018).  
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Each construct also contains another plant secretory pathway marker fused to red 

fluorescent protein (RFP), to label the ER, TGN, PVCs, LPVCs, vacuoles and tonoplast. 

For this, two different ER markers were used: the conventional HDEL ligand fused to the 

C-terminus of RFP (Gomord et al, 1997), and p24δ5, which belongs to the p24 protein 

family. p24δ5 is involved in COPI and COPII cycling between the ER and Golgi. Secreted 

RFP (secRFP) was fused to the transmembrane region of the p24δ5 protein, which is 

solely responsible for the association of this protein with COPI and COPII components 

(Montesinos et al, 2012).  

The post-Golgi organelle markers included RFP fused to the TGN marker syntaxin 61 

(SYP61), a Q-SNARE involved in TGN to PM trafficking (Drakakaki et al, 2012) and the 

PVC marker BP80 (binding protein of 80 kD), a vacuolar sorting receptor that traffics 

between the Golgi and PVCs (daSilva et al, 2006). The LPVC marker used was Rha1, 

the Arabidopsis Rab5 homologue which is a C-terminally lipid anchored GTPase 

involved in PVC maturation (Bottanelli et al, 2012). For the vacuoles, a vacuole lumen 

marker, aleurain, and a tonoplast marker, CBL6 were used. Aleurain is a thiol protease 

obtained from barley, its localisation mediated by the vacuolar sorting receptor BP80 

(daSilva et al, 2006). CBL6 (calcineurin B-like protein 6) is a calcium binding protein that 

localises to the tonoplast membrane via N-terminal S-acylation (Zhang et al, 2017a). 

Additionally, two BP80 mutants were used within the RFP fusions. These two mutations 

were of the YXXΦ motif in BP80’s cytosolic tail that is responsible for vacuolar sorting. 

One of the mutants contained a substitution of the tyrosine for alanine, which re-directs 

BP80 to the TGN. The other mutant was the substitution of leucine in the cytosolic tail 

for alanine, which redirects BP80 to the LPVCs (Foresti et al, 2010; daSilva et al, 2006).  

Following the development of each construct, the subcellular localisation of each marker 

was validated using tobacco leaf Agro-infiltrations. Subsequently, these constructs have 

been transformed into the model plant species Arabidopsis. Segregating T2 generation 

transgenic lines were then developed, with transgene expression screened within the 

root and cotyledon epidermal cells.  

3.2 Methods  

3.2.1 Organelle markers within the double fluorescent constructs  

The dual fluorescent reporter constructs developed are listed in Table 3.1. Each 

construct expresses the cis-Golgi marker secYFP-ERD2b, plus an additional organelle 

marker fused to RFP. Each construct was developed from pTASH2, which is a modified 

version of a secYFP-ERD2b construct developed by F. Alvim (Silva-Alvim et al, 2018).  
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3.2.2 Promoters used for marker expression 

The promoters used to express the marker genes within each construct are listed in 

Table 3.1. The TR2 mannopine synthase promoter from Agrobacterium tumefaciens was 

used to express secYFP-ERD2b. This promoter has intermediate levels of expression, 

stronger than the nopaline synthase promoter, pNOS (Velten et al, 1984), but weaker 

than the strong constitutive cauliflower mosaic virus promoter, 35S (Sanger et al, 1990). 

The 35S promoter was used for the expression of most RFP-marker fusions. However, 

for the LPVC marker Rha1, the weak pNOS promoter was used to avoid merging of the 

PVCs with the LPVCs (Bottanelli et al, 2012). Also, for the PVC marker BP80, three 

constructs were developed, under the control of either 35S, TR2 or pNOS. Promoters 

with varying strengths were used to express RFP-BP80 due to evidence that high levels 

of overexpression is toxic within the plant (Foresti et al, 2010). 

 

 

 

Table 3. 1. A list of the double fluorescence organelle marker constructs developed. pTASH2 
expresses the cis-Golgi marker secYFP-ERD2b alone. The subcellular localisation of the markers 
within each construct is given, in addition to the promoters for each gene and the publication 
from which the marker fragment was developed. All marker fragments were obtained from the 
Denecke lab group. 
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3.2.3 DNA plasmid construction 

pTASH1 was developed as a precursor to pTASH2. This was created through filling in 

the EcoRI restriction site of the TR2:secYFP-ERD2b:3’NOS construct pTFLA25 (Silva-

Alvim et al, 2018; Figure 3.1). To achieve this, a restriction digest was performed on 

pTFLA25 using the EcoRI restriction enzyme. After this, the sticky ends were filled using 

Klenow polymerase, then the vector was self-ligated. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To create pTASH2, the 3’NOS terminator sequence of pTASH1 was removed and 

replaced by a 3’ADH terminator sequence followed by a polylinker sequence (Figure 

3.2). The polylinker sequence that was introduced with the 3’ADH fragment contained 

several restriction sites, including EcoRI, BamHI and HindIII, which were unique to the 

plasmid (Figure 3.3). As the additional RFP-marker fragments to be added into pTASH2 

to generate further constructs contained the 3’NOS sequence, the 3’ADH terminator 

sequence was used for secYFP-ERD2b to avoid homologous recombination of repeated 

sequences. The DNA fragment containing the 3’ADH terminator sequence was obtained 

from a construct developed by L. Adams, named pLA30. To isolate the 3’ADH sequence, 

pLA30 was cut at the BamHI and HindIII restriction sites. pTASH1 was also cut with 

Figure 3. 1. The development of pTASH1, a precursor to pTASH2, which is the backbone for all 
dual reporter constructs made. The pTASH1 construct was developed by filling in the EcoRI 
restriction enzyme site of pTFLA25, expressing secYFP-ERD2b. For this, a two-step process was 
used: A. pTFLA25 was cut with EcoRI to generate sticky ends. B. The sticky ends were filled with 
Klenow to remove the EcoRI restriction site. 
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BamHI and HindIII to allow for the ligation of the 3’ADH fragment into the cut pTASH1 

vector (Figure 3.2). The properties of pTASH2 are shown in Figure 3.3. This plant 

transformation vector contains ampicillin resistance for bacterial selection and 

kanamycin resistance for plant selection. pTASH2 also contains many unique restriction 

sites located throughout the plasmid, allowing for easy plasmid manipulation using 

restriction cloning (Figure 3.3).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. 2. The development of pTASH2, a backbone construct for all pTASH dual fluorescence 
constructs. For this, the terminator sequence of secYFP-ERD2b, 3’NOS, was replaced with 
3’ADH. This was achieved using the BamHI and HindIII restriction enzymes, in the three following 
steps: A. pTASH1 was cut with the BamHI and HindIII restriction enzymes, with the restriction 
sites positioned at either side of the 3’NOS terminator sequence. B. The construct pLA30 was 
cut with BamHI and HindIII, which has restriction sites flanking the 3’ADH terminator sequence. 
C. The 3’ADH fragment from pLA30 was ligated into the cut pTASH1 vector to generate pTASH2.
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Figure 3. 3. pTASH2 plasmid features. In addition to TR2:secYFP-ERD2b:3’ADH, this plasmid contains a kanamycin resistance gene (KanR) as the plant selectable 
marker, an aadA gene (aadA) conferring spectinomycin and streptomycin resistance, a ColE1 origin of replication sequence (ColE1) and an ampicillin resistance gene 
(AmpR). Unique restriction sites in pTASH2 are labelled, showing their position and sequence. Restriction sites flank the TR2 promoter, secYFP, ERD2b and 3’ADH 
terminator sequences, allowing for plasmid modifications using restriction cloning. 
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To make each double fluorescent construct, a plant secretory pathway marker fused to 

RFP was inserted into the backbone vector pTASH2, containing secYFP-ERD2b. For 

this, pTASH2 was cut at the EcoRI and HindIII restriction sites (Figure 3.4). Constructs 

containing the RFP-marker were also cut with EcoRI and HindIII, to allow for ligation into 

the cut pTASH2 vector. All constructs containing the RFP-marker fusions were obtained 

from the Denecke lab (Table 3.1). Following the development of each construct, 

qualitative EcoRI-HindIII and NheI restriction digests were performed, in addition to 

sanger sequencing. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. 4. The development of the dual reporter construct pTASH3, used to demonstrate 
how all dual fluorescence constructs were created. A. To create all constructs, pTASH2 was cut 
with EcoRI and HindIII restriction enzymes. This excised a small fragment following the 
TR2:secYFP-ERD2b:3’ADH sequence. B. Plasmids containing the RFP-marker fragment have
EcoRI and HindIII restriction sites at either side of the promoter:RFP-fusion:terminator 
sequence. This includes pTCM72 containing the LPVC marker RFP-Rha1. C. pTASH3 was 
developed by ligating the pTCM72 fragment into the cut pTASH2 vector. 
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3.2.4 Primers for sequencing 

A 100 ng/µl sample of each pTASH construct was sent to Genewiz for sanger 

sequencing, using primers listed in Table 3.2. When sequencing the plasmids, each of 

the primers were used singularly, in separate reactions. Together, this provided 

overlapping sequence reads of the promoter-FP-marker-terminator sequences and their 

flanking vector backbone regions. 

 

 

 

 

 

 

 

 

 

 

 

3.2.5 The selection of primary transformants   

T1 Arabidopsis seeds were sterilised in 20 % bleach for 20 min, washed with sterile water, 

then stratified at 4 °C overnight. Stratified seeds were grown on half strength Murashige 

and Skoog medium (1/2 MS10) agar plates containing cefotaxime (300 µg/ml) and 

kanamycin (50 µg/ml). Plates were grown under sterile conditions, at 22 °C under a 16 

hr photoperiod. After 2 weeks, seedlings resistant to kanamycin were selected and 

transferred to compost. To screen transgene expression, T2 seeds were collected from 

each T1 plant. These were sterilised and placed onto ½ MS10 plates containing 

kanamycin, and placed under growth conditions as previously described.  

3.2.6 Screening transgene expression using confocal microscopy 

To select the best expressing transgenic lines, T2 seedlings grown on ½ MS10 media 

containing kanamycin were selected after two weeks. The phenotypic traits of selected 

marker lines were qualitatively assessed, to ensure that there were no mutational 

consequences of genetic transformation that could affect marker localisation. Following 

this, whole seedlings were transferred onto a microscope slide containing water to 

Table 3. 2. Primer sequences used for the DNA sequencing of pTASH constructs. F and R 
represent forward and reverse respectively, and the primer name represents the region which 
the primer was specific to. All primer sequences were used to sequence the dual fluorescence 
constructs. However, for pTASH1 and pTASH2, vector-F, secYFP-F, ERD2b-F and vector-R were 
used. 
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ensure live cell imaging was conducted. The root and cotyledon epidermal cells of each 

transgenic line was imaged using confocal microscopy, using settings as described 

in Chapter 2.7. For each construct, at least three T2 lines showing strong 

transgene expression in both the roots and cotyledon epidermal cells were selected. 

3.3 Results 

3.3.1 Qualitative restriction digests 

Following the development of each construct, qualitative restriction digests were 

performed to verify the sequence and quality of the plasmids. A double restriction digest 

for samples of each construct is shown, using the EcoRI and HindIII restriction enzymes 

(Figure 3.5). EcoRI-HindIII restriction digests produced two DNA fragments from each 

construct, with the presence of a single EcoRI restriction site following the 3’ ADH 

sequence, and a single HindIII restriction site following the 3’ NOS sequence. A second 

fragment was not observed for the digest of the positive pTASH2 sample, due to its small 

size of 47 base pairs. The positive pTASH13 sample failed to be cut with both enzymes 

on the occasion shown, yet displayed the correct band sizes when the digest was 

repeated for this sample (Figure 3.5).  

Additional qualitative restriction digests, including a NheI restriction digest, were also 

performed to identify positive DNA preparations for each construct (Figure 3.6). NheI 

digestion of pTASH2 produced three fragments, as two NheI restriction sites are present 

within the vector backbone, and another is present within the 3’NOS sequence. The NheI 

restriction digest of the double expression constructs, excluding pTASH10, produced 

four fragments, due to an additional NheI restriction site within the RFP sequence. 

However, this NheI restriction site is not present within pTASH10, therefore only three 

DNA fragments were observed from the digest of this construct (Figure 3.6). Following 

the identification of positive samples using qualitative restriction digests, DNA 

sequencing was performed. Full sequences of the promoter- reporter- terminator regions 

within each construct have been obtained. 
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Figure 3. 6. Qualitative NheI restriction digest performed on the pTASH constructs. A. The positions of the NheI restriction sites within the double expression 
constructs, with pTASH4 used as an example. The expected fragment sizes (bp) from the NheI digest of pTASH4 are: 6376, 4763, 2976, 2216. B. A gel image of the 
restriction digest, with the lanes representing pTASH construct numbers. Fragments were separated on a 0.8 % agarose gel, using phage lambda DNA digested with 
Pst vcxI as the marker (M). 

Figure 3. 5. Qualitative EcoRI-HindIII restriction digests performed on the pTASH constructs. A. The positions of the of the EcoRI and HindIII restriction sites within 
the double fluorescent constructs, using pTASH3 as an example. The expected band sizes (bp) from the EcoRI-HindIII digest of pTASH3 are 14,233 and 2096. B. A gel 
image of the restriction digest, with the lanes representing pTASH construct numbers. Fragments were separated on a 0.8 % agarose gel, using phage lambda DNA 
digested with PstI as the marker (M). 



43 
 

 

3.3.2 Subcellular localisation of the double fluorescent reporter 

constructs 

pTASH2, the vector backbone expressing the Golgi marker secYFP-ERD2b 

Each double expression construct contains the Golgi marker ERD2b fused to yellow 

fluorescent protein (secYFP) as a common marker, and an additional plant secretory 

pathway marker fused to red fluorescent protein (RFP). To verify that the subcellular 

localisation of each marker was as expected when co-expressed with secYFP-ERD2b, 

Agrobacterium-mediated tobacco leaf infiltrations were conducted. Confocal microscopy 

of infiltrated tobacco leaf epidermal cells showed that for pTASH2 expressing secYFP-

ERD2b alone, punctate secYFP-ERD2b dots were observed within the cytosol (Figure 

3.7). This supports secYFP-ERD2b localisation within the Golgi. Punctate secYFP-

ERD2b dots were also consistently observed within tobacco leaf epidermis cells 

expressing each double expression construct (Figures 3.8 to 3.18).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. 7. Tobacco leaf epidermal cells infiltrated with pTASH2, expressing the Golgi marker 
secYFP-ERD2b alone. A. The central focal plane of an infiltrated cell, showing secYFP-ERD2b 
punctae within the cytoplasm. The large central vacuole takes up the majority of the space within 
the cell. B. A focused view of the cortical cytoplasm, showing punctate secYFP-ERD2b dispersed
throughout the cytoplasm. Scale bars represent 10 µm. 
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pTASH3 co-expressing the LPVC marker RFP-Rha1 

The double expression construct pTASH3 co-expresses the Golgi marker secYFP-

ERD2b with the LPVC marker RFP-Rha1. Within infiltrated tobacco leaf epidermis cells, 

punctate secYFP-ERD2b and RFP-Rha1 dots were observed, which did not co-localise 

(Figure 3.8C). This supports the localisation of secYFP-ERD2b within the Golgi, and 

RFP-Rha1 within the LPVCs. RFP-Rha1 leakage to the vacuole was also suggested 

within infiltrated cells, with labelling of the tonoplast observed (Figure 3.8A&B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. 8. pTASH3, co-expressing the Golgi marker secYFP-ERD2b and the LPVC marker RFP-
Rha1, within infiltrated tobacco leaves. A. The central focal plane of a cell, demonstrating the 
partial localisation of RFP-Rha1 to the tonoplast. White arrows label transvacuolar strands. B. A 
magnified view of the central focal plane, showing RFP-Rha1 punctae and tonoplast localisation. 
C. The cortical cytoplasm of a cell, showing RFP-Rha1 and secYFP-ERD2b punctae which do not 
co-localise. Scale bars represent 10 µm. 
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pTASH4, pTASH5 and pTASH6, co-expressing the PVC marker RFP-BP80 under 

the control of different promoters  

The double expression constructs pTASH4, pTASH5 and pTASH6 express RFP-BP80 

under the control of three promoters with varying strengths, due to reports of RFP-BP80 

toxicity under high levels of overexpression (daSilva et al, 2005). pTASH4 expresses 

RFP-BP80 under the control of the 35S promoter, and pTASH5 and pTASH6 express 

RFP-BP80 under the control of the pNOS and TR2 promoters respectively. The pNOS 

and TR2 promoters drive weaker constitutive expression in comparison to the 35S 

promoter. When infiltrated into tobacco leaves, all three constructs co-expressed 

punctate secYFP-ERD2b and RFP-BP80 dots. Partial co-localisation was suggested 

between secYFP-ERD2b and RFP-BP80 for all three constructs (Figures 3.9 to 3.11). 

This supports that secYFP-ERD2b localises to the Golgi and RFP-BP80 localises to the 

PVC when the two markers are co-expressed. Partial co-localisation could reflect the 

transient localisation of RFP-BP80 within the Golgi. Within infiltrated tobacco leaf 

epidermis cells, 35S:RFP-BP80 (pTASH4) and pNOS:RFP-BP80 (pTASH5) also 

labelled the tonoplast and vacuoles (Figures 3.9 and 3.10). However, within pTASH6, 

expressing RFP-BP80 under the control of the TR2 promoter, no additional tonoplast or 

vacuole localisation was observed (Figure 3.11).  
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Figure 3. 9. pTASH4, co-expressing the Golgi marker secYFP-ERD2b and the PVC marker RFP-
BP80 under the control of the 35S promoter, within infiltrated tobacco leaves. A. The central 
plane of tobacco leaf epidermal cells, showing the partial localisation of 35S:RFP-BP80 to the 
tonoplast. B. A magnified view of the centre of an infiltrated cell, showing 35S:RFP-BP80 in the 
tonoplast, evidenced by a transvacuolar strand which is labelled with a white arrow. C. The 
cortical cytoplasm of an infiltrated tobacco cell. Some secYFP-ERD2b punctae are closely 
associated with 35S:RFP-BP80 punctae (white arrowhead). Vacuolar localisation of 35S:RFP-
BP80 is also observed. Scale bars represent 10 µm. 
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Figure 3. 10. Tobacco leaf epidermis cells infiltrated with pTASH5, co-expressing the Golgi 
marker secYFP-ERD2b and the PVC marker pNOS:RFP-BP80. A. The central focal plane of an 
infiltrated cell, showing the partial localisation of pNOS:RFP-BP80 to the tonoplast. B. A 
magnified view of an infiltrated cell, supporting pNOS:RFP-BP80 localisation within the 
tonoplast. A transvacuolar strand is labelled with a white arrow, containing punctate secYFP-
ERD2b dots that are in transit through the transvacuolar strand. C. The cortical cytoplasm of an 
infiltrated tobacco leaf epidermal cell, showing the punctate secYFP-ERD2b and RFP-BP80 dots. 
Although most secYFP-ERD2b punctae don’t colocalise with pNOS:RFP-BP80, some are closely 
associated (white arrow). Scale bars represent 10 µm. 
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Figure 3. 11. pTASH6, co-expressing the cis-Golgi marker secYFP-ERD2b and the PVC marker 
TR2:RFP-BP80, within infiltrated tobacco leaves. A. The centre of an infiltrated cell, showing 
punctate TR2:RFP-BP80 and secYFP-ERD2b which do not co-localise. For TR2:RFP-BP80, no 
additional tonoplast or vacuole localisation is observed. B. The cortical cytoplasm of an 
infiltrated tobacco leaf cell, showing the punctate secYFP-ERD2b and RFP-BP80 dots which do
not co-localise, although some punctae are closely associated (white arrow). Scale bars 
represent 10 µm. 



49 
 

 

pTASH7, co-expressing the ER marker RFP-HDEL 

When the ER marker RFP-HDEL was co-expressed with the cis-Golgi marker secYFP-

ERD2b, ER localisation was not observed. Instead, RFP-HDEL punctae were shown, 

which completely co-localised with secYFP-ERD2b punctae (Figure 3.12). This 

suggests that co-expression with secYFP-ERD2b results in Golgi localisation of RFP-

HDEL.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. 12. pTASH7, co-expressing the Golgi marker secYFP-ERD2b and the ER marker RFP-
HDEL within infiltrated tobacco leaf epidermis cells. A. The cortical cytoplasm of an infiltrated 
cell, showing RFP-HDEL punctae, rather than a network of cisternae and tubules typical of the 
ER. B. A magnified view of A., showing the co-localisation of secYFP-ERD2b with RFP-HDEL. Scale 
bars represent 10 µm. 
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pTASH8, co-expressing the ER marker secRFP-p24aTM 

The construct pTASH8 was developed to co-express the Golgi marker secYFP-ERD2b 

with the ER marker, secRFP-p24aTM. Within tobacco leaf epidermis cells infiltrated with 

pTASH8, secRFP-p24aTM labelled the ER network (Figure 3.13). secYFP-ERD2b 

punctate dots were also expressed, in close proximity to the labelled ER network. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. 13. pTASH8, co-expressing the Golgi marker secYFP-ERD2b and the ER marker secRFP-
p24aTM within infiltrated tobacco leaf epidermis cells. A. The central focal plane of an 
infiltrated cell, showing secRFP-p24aTM localised within the cytoplasm, with the large central 
vacuole occupying the majority of the cell. B. The cell surface of an infiltrated tobacco leaf 
epidermis cell, showing secRFP-p24aTM labelling the ER network. Punctate secYFP-ERD2b dots 
are in close proximity to the labelled ER network. C. A magnified image of the infiltrated tobacco 
leaf epidermis cell shown within B, further illustrating the close proximity of the punctate 
secYFP-ERD2b dots to the labelled ER network. Scale bar represents 10 µm. 
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pTASH10, co-expressing the TGN marker RFP-SYP61 

The double expression construct pTASH10 co-expresses the Golgi marker secYFP-

ERD2b with the TGN marker RFP-SYP61. pTASH10 expression within infiltrated 

tobacco leaf epidermis cells showed punctate secYFP-ERD2b and RFP-SYP61 dots 

within the cytosol (Figure 3.14B&C). secYFP-ERD2b and RFP-SYP61 dots localised to 

separate compartments, yet yellow merged dots were shown within some infiltration 

images. This indicates a close association with secYFP-ERD2b and RFP-SYP61, 

supporting secYFP-ERD2b localisation within the Golgi, and RFP-SYP61 expression 

within the closely located TGN. Leakage of RFP-SYP61 to the plasma membrane was 

also observed within infiltrated tobacco leaf epidermis cells (Figure 3.14A). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. 14. pTASH10, co-expressing the Golgi marker secYFP-ERD2b and the TGN marker RFP-
SYP61 within infiltrated tobacco leaves. A. The centre of an infiltrated cell, showing the partial 
localisation of RFP-SYP61 to the plasma membrane. B. The cortical cytoplasm of an infiltrated 
cell, showing punctate RFP-SYP61 dots which do not co-localise with secYFP-ERD2b. C. A 
magnified image of the cortical cytoplasm, further demonstrating no co-localisation between 
RFP-SYP61 and secYFP-ERD2b. Scale bars represent 10 µm. 



52 
 

 

pTASH9 and pTASH11, co-expressing the two BP80 mutants, RFP-BP80(Tyr) and 

RFP-BP80(Leu) respectively 

The double expression constructs pTASH9 and pTASH11 were developed to co-express 

secYFP-ERD2b with two RFP-BP80 mutants, RFP-BP80(Tyr) and RFP-BP80(Leu) 

respectively. Both mutations are present within the YMPL motif of the cytosolic tail of 

BP80, which is responsible for vacuolar sorting (daSilva et al, 2006). However, the 

mutants have different subcellular localisations; the tyrosine mutant, RFP-BP80(Tyr), 

has previously been characterised to re-direct RFP-BP80 from the PVC to the TGN, with 

leakage to the plasma membrane also observed (Foresti et al, 2010). Tobacco leaf 

epidermis cells infiltrated with pTASH9 expressed punctate RFP-BP80(Tyr) dots which 

did not co-localise with the punctate secYFP-ERD2b dots (Figure 3.15B&C). This 

supports RFP-BP80(Tyr) localising to the TGN. RFP-BP80(Tyr) leakage to the plasma 

membrane was also observed within infiltrated tobacco leaf epidermis cells (Figure 

3.15A). The other BP80 mutant construct, pTASH11, co-expresses secYFP-ERD2b with 

RFP-BP80(Leu). RFP-BP80(Leu) has previously been shown to localise to the LPVCs, 

with tonoplast localisation also observed (Foresti et al, 2010). This was validated by 

tobacco leaf epidermis cells infiltrated with pTASH11 (Figure 3.16). 
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Figure 3. 15. pTASH9, co-expressing the Golgi marker secYFP-ERD2b with the TGN marker RFP-
BP80(Tyr) within infiltrated tobacco leaf epidermis cells. A. A magnified image of the cell 
periphery, showing the partial localisation of RFP-BP80(Tyr) to the plasma membrane. B. The 
cortical cytoplasm of an infiltrated tobacco cell, showing RFP-BP80(Tyr) punctae which do not co-
localise with secYFP-ERD2b. C. A magnified view of B, to further show that RFP-BP80(Tyr) and 
secYFP-ERD2b do not co-localise. Scale bars represent 10 µm. 
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Figure 3. 16. pTASH11, co-expressing the Golgi marker secYFP-ERD2b with the LPVC marker 
RFP-BP80(Leu) within infiltrated tobacco leaf epidermis cells. A. The centre of an infiltrated 
cell, showing the partial localisation of RFP-BP80(Leu) to the tonoplast. Transvacuolar strands 
are shown, labelled with a white arrow. secYFP-ERD2b punctae are present within the 
cytoplasm, and through the transvacuolar strand. B. A magnified view of A, further showing the 
partial localisation of RFP-BP80(Leu) within the tonoplast. C. The cortical cytoplasm of an 
infiltrated tobacco leaf epidermis cell, expressing punctate secYFP-ERD2b dots which do not co-
localise with the punctate RFP-BP80(Tyr) dots. Scale bars represent 10 µm. 
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pTASH12, co-expressing the vacuole marker Aleu-RFP 

The double expression construct pTASH12 was developed to co-express the Golgi 

marker secYFP-ERD2b with the vacuole marker Aleu-RFP. Within the central focal plane 

of infiltrated cells, negative Aleu-RFP staining of the nucleus was observed, supporting 

localisation to the large central vacuoles (Figure 3.17A). In addition to labelling the 

vacuole, punctate Aleu-RFP dots were also expressed within infiltrated tobacco leaf 

epidermis cells, which did not co-localise with the punctate secYFP-ERD2b dots (Figure 

3.17B&C). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. 17. pTASH12, co-expressing the Golgi marker secYFP-ERD2b with the vacuole marker 
Aleu-RFP within infiltrated tobacco leaf epidermis cells. A. The centre of an infiltrated cell, 
showing Aleu-RFP labelling the large central vacuole, which takes up most of the cell. B. A 
magnified view of A, with Aleu-RFP showing negative staining of the nucleus. Additional Aleu-
RFP punctae are also observed (white arrow). C. The cortical cytoplasm of an infiltrated cell, 
showing Aleu-RFP punctae which do not co-localise with secYFP-ERD2b. Scale bars represent 10 
µm. 



56 
 

 

pTASH13, co-expressing the tonoplast marker CBL6-RFP 

The double expression construct pTASH13 was developed to co-express the Golgi 

marker secYFP-ERD2b with the tonoplast marker CBL6-RFP. Infiltrated tobacco leaf 

epidermis cells supported the localisation of secYFP-ERD2b within the Golgi, and CBL6-

RFP localisation within the tonoplast. Transvacuolar strands were suggested to be 

labelled by CBL6-RFP, with punctate secYFP-ERD2b dots located within these strands 

(Figure 3.18A). A corrugated tonoplast membrane was observed, illustrating where the 

tonoplast wraps around different organelles, including the nuclear envelope. CBL6-RFP 

punctate dots were also shown, suggesting CBL6-RFP localises to an additional 

subcellular compartment (Figure 3.18B&C). Most CBL6-RFP punctae did not co-localise 

with secYFP-ERD2b, however, some were closely associated.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. 18. pTASH13, co-expressing the Golgi marker secYFP-ERD2b and the tonoplast marker 
CBL6-RFP within infiltrated tobacco leaves. A. The central focal plane of an infiltrated tobacco 
cell, showing the labelling of CBL6-RFP to the tonoplast. A CBL6-RFP transvacuolar strand is 
shown (white arrow), which contains secYFP-ERD2b punctae. B. A magnified view of the cell 
periphery, showing the CBL6-RFP labelled tonoplast membrane of two adjacent cells. C. An 
infiltrated tobacco leaf epidermis cell expressing punctate secYFP-ERD2b and CBL6-RFP dots, 
some of which co-localise (white arrow). Scale bars represent 10 µm. 
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6.3 Selection of primary transformants  

Primary transformed (T1) seeds were plated onto ½ MS10 media containing cefotaxime 

and kanamycin. After two weeks, seedlings resistant to kanamycin were observed 

(Figure 3.19). Despite attempting selection of the seeds from approximately ten 

transformed plants, no transgenic seedlings were identified for pTASH4 lines expressing 

35S:RFP-BP80 (Figure 3.19), and also for the constructs expressing the two BP80 

mutants, RFP-BP80(Tyr) and RFP-BP80(Leu). Following the growth of transgenic 

seedlings, typically, 24 transgenic primary transformants for each construct were 

selected to be transferred to compost. To select the best expressing primary 

transformant lines, T2 seeds were collected from each T1 plant.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

6.4 Screening the expression of primary Arabidopsis transformants 

T2 generation seeds collected from each T1 plant were plated onto ½  MS10 

media containing kanamycin. T2 seedlings resistant to kanamycin were 

transferred onto media without antibiotics and grown for two weeks before 

analysing transgene expression with confocal microscopy. The root and 

cotyledon tissues of T2 seedlings were imaged to select three lines for each 

Figure 3. 19. Primary transformed, T1 seedlings grown on ½ MS10 plates containing kanamycin 
and cefotaxime, after two weeks of growth. A. T1 seedlings collected from Arabidopsis 
transformed with pTASH13, which co-expresses the Golgi marker secYFP-ERD2b with the 
tonoplast marker, CBL6-RFP. Some T1 seedlings are resistant to kanamycin. B. T1 seedlings 
collected from Arabidopsis transformed with pTASH4, which co-expresses the Golgi marker 
secYFP-ERD2b with RFP-BP80, under the control of the 35S promoter. No T1 seedlings are 
resistant to kanamycin. Scale bars represent 1 cm. 
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construct. Confocal images of the best expressing line for each construct are 

shown, for the roots (Figures 3.20 and 3.21) and cotyledons (Figures 3.22 and 

3.23). 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 3. 20. Confocal images of the roots of selected T2 transgenic lines. A. pTASH2 expresses 
the cis-Golgi marker secYFP-ERD2b alone. All other constructs express secYFP-ERD2b with an 
additional organelle marker fused to RFP. B. pTASH3 co-expressing the LPVC marker RFP-Rha1. 
RFP-Rha1 labelled punctate structures, with vacuole localisation also observed. C and D. pTASH5 
and pTASH6 co-express the PVC marker RFP-BP80 under the control of different promoters. With 
pTASH5, expressing pNOS:RFP-BP80, more punctae are labelled, some of which are closely 
associated with secYFP-ERD2b (white arrow). pTASH6, expressing TR2:RFP-BP80, shows stronger 
leakage to the vacuoles, with less punctae visible. Scale bars represent 10 μm. 
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Figure 3. 21. Continued confocal images of root cells of the best expressing T2 transgenic lines.
A. pTASH10 expresses RFP-SYP61, which localises to the TGN, with additional plasma membrane 
localisation observed. Some RFP-SYP61 punctae are closely associated with secYFP-ERD2b 
punctae (white arrows). B. pTASH12 expresses Aleurain-RFP, which localises to the vacuoles, 
with no additional punctae shown. C. pTASH13 expresses CBL6-RFP, which localises to the 
tonoplast. Scale bars represent 10 μm. 
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Figure 3. 22. Confocal images of the cotyledons of selected T2 transgenic Arabidopsis lines. A.
pTASH2 expresses punctae within the cytoplasm, as is characteristic of this marker. B. pTASH3
expresses the LPVC marker RFP-Rha1 as punctae, with no vacuole or tonoplast localisation 
observed. C. Within pTASH5, pNOS:RFP-BP80 is expressed as punctae, with strong vacuole 
leakage also observed. D. For pTASH6, TR2:RFP-BP80 shows strong vacuole localisation, with
few punctae observed. Although, some punctae are labelled with a white arrow. Scale bars 
represent 10 μm. 
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Figure 3. 23. Continued confocal images of the cotyledons of selected T2 transgenic lines. A. 
pTASH10 expresses RFP-SYP61, with punctae which do not co-localise with secYFP-ERD2b. 
Partial plasma membrane localisation is also observed. B. pTASH12 expresses Aleurain-RFP, 
localising to the vacuoles. No punctae are observed. C. pTASH13 expresses CBL6-RFP, which 
localises to the tonoplast. The labelled tonoplast membrane is convoluted, with transvacuolar 
strands shown. Scale bars represent 10 μm. 
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The cis-Golgi marker, secYFP-ERD2b, showed consistent subcellular localisation 

between the stable and transient expression systems. As shown in pTASH2, which 

expresses this marker alone, bright punctae were dispersed throughout the cytoplasm, 

as is characteristic of the Golgi (Figures 3.20 and 3.22). This was consistent for all of 

the dual fluorescence constructs developed. However, differences in the localisation of 

other markers were observed between the expression systems. This includes pTASH3, 

which expresses the LPVC marker RFP-Rha1. For this marker, weak vacuole 

localisation was observed within the roots of T2 lines (Figures 3.8 and 3.20), but not the 

cotyledon tissue (Figure 3.22). Also, a unique feature of RFP-Rha1 expression within 

infiltrated tobacco leaf epidermal cells was the strong tonoplast localisation, rather than 

vacuole localisation (Figure 3.8).  

pTASH5, expressing the PVC marker pNOS:RFP-BP80, showed different localisations 

in the stable and transient expression systems. For example, pNOS:RFP-BP80 partially 

localised to the vacuoles in Arabidopsis tissue, yet in tobacco leaf epidermal cells, also 

partially localised to the tonoplast (Figures 3.10, 3.20 and 3.22). Differences were also 

observed between the two types of Arabidopsis tissues. Within the roots of T2 lines, close 

association of secYFP-ERD2b and pNOS:RFP-BP80 punctae were observed (Figures 

3.10 and 3.20). However, this wasn’t observed in cotyledon cells, which showed weaker 

expression of RFP-BP80 punctae (Figure 3.22).  

Differences were also observed for the other RFP-BP80 construct, pTASH6, that 

expresses this marker under the control of the stronger TR2 promoter. pTASH6 showed 

stronger leakage to the vacuoles and had less PVC punctae within screened Arabidopsis 

tissue, compared to pNOS:RFP-BP80 (Figures 3.20 and 3.22). This supports that the 

higher expression of RFP-BP80 results in stronger leakage to the vacuoles. However, 

tobacco leaf infiltrations of pTASH5 and pTASH6 showed conflicting results, with hardly 

any vacuole localisation observed for TR2:RFP-BP80 (Figure 3.11).  

Within pTASH10 T2 lines co-expressing the TGN marker RFP-SYP61, expression was 

comparable between the different expression systems, showing partial plasma 

membrane localisation, plus punctae which closely associated with secYFP-ERD2b 

(Figures 3.14, 3.21 and 3.23). However, differential expression of the pTASH12 

construct was observed, which expresses the vacuole marker Aleu-RFP. Within T2 lines 

expressing this construct, the large central vacuole was labelled within root and 

cotyledon cells, with no Aleu-RFP punctae observed (Figures 3.21 and 3.23). This was 

in contrast to infiltrated tobacco leaf cells, which expressed Aleu-RFP punctae that 

localised to an unidentified subcellular compartment (Figure 3.17). Differential marker 

localisation was also observed for pTASH13, that expresses the tonoplast marker CBL6-

RFP. In T2 lines, the tonoplast was labelled, with no CBL6-RFP punctae observed 
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(Figures 3.21 and 3.23). This contrasted the transient expression of pTASH13 in 

tobacco leaf epidermal cells, showing CBL6-RFP punctae that did not co-localise with 

secYFP-ERD2b (Figure 3.18). 

Perhaps the most notable difference in marker localisation between the expression 

systems was for pTASH8, which expresses the ER marker secRFP-p24aTM. Within the 

roots of pTASH8 T2 lines, partial localisation of secRFP-p24aTM to the vacuoles was 

observed (Figure 3.24). However, this was not observed in the cotyledon cells of the 

same T2 lines, or within tobacco leaf epidermal cells infiltrated with this construct (Figure 

3.13). Additionally, within both the roots and cotyledon cells of pTASH8 T2 lines, spindle-

shaped ER bodies were labelled, which are a common feature of Arabidopsis epidermal 

cells (Figure 3.24).  
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Figure 3. 24. Confocal images of the roots and cotyledons of selected T2 generation transgenic 
lines expressing pTASH8. This construct expresses the cis-Golgi marker secYFP-ERD2b with the 
ER marker secRFP-p24aTM. A. A root cell expressing pTASH8, showing secRFP-p24aTM 
localisation within the ER network, with localisation in the vacuoles also observed. B. A 
magnified image of a root cell expressing pTASH8, showing spindle-shaped ER bodies (white 
arrows) that is typical within plants belonging to the Brassicales order. C. A cotyledon cell 
showing the localisation of secRFP-p24aTM within the ER only. D. A magnified view of secRFP-
p24aTM expression within a cotyledon cell, showing the labelling of ER bodies (white arrows). 
Scale bars represent 10 μm. 
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3.4 Discussion 

3.4.1 Construct Design 

This set of double fluorescent reporter constructs were developed to provide a novel and 

customisable resource to monitor the plant secretory pathway. The use of the cis-Golgi 

marker secYFP-ERD2b was an effective common marker across all constructs, apart 

from the construct co-expressing the ER marker RFP-HDEL. For strong and constitutive 

marker expression, most marker genes were expressed under the 35S promoter. 

However, some marker genes were expressed under weaker promoters, to avoid the 

toxic effects of overexpression and to reduce leakage to other subcellular compartments. 

For example, with the PVC marker BP80, RFP fusions under the control of three 

constitutive different promoters were developed, including 35S, TR2 and pNOS. BP80 

expressed under the control of the 35S promoter produced toxic effects on Arabidopsis 

plants, with higher levels of BP80 expression also producing different subcellular 

localisations (see section 3.4.2.3). This supports that high levels of RFP-BP80 

expression is toxic, causing strong inhibition of BP80-mediated vacuolar sorting through 

competition with wildtype BP80 (da Silva et al, 2005). The weak pNOS promoter was 

used for RFP-Rha1 expression to avoid defects in PVC maturation (Bottanelli et al, 

2012). As no lethal effects of RFP-Rha1 stable expression were observed, with no 

defects in marker localisation, pNOS was a suitable promoter for RFP-Rha1. 

3.4.2 Agrobacterium-mediated tobacco leaf infiltrations and 

transgenic Arabidopsis lines 

Agrobacterium-mediated tobacco leaf infiltrations were conducted to rapidly observe the 

subcellular localisation and the marker expression levels prior to the stable 

transformation of Arabidopsis. Constructs transiently expressed in tobacco leaf 

epidermal cells generally showed higher levels of expression than when stably 

expressed in Arabidopsis T2 root and cotyledon cells. This is supported by artefacts of 

overexpression observed within infiltrated tobacco cells, which were not observed in root 

or cotyledon cells of Arabidopsis lines. This includes the partial tonoplast localisation of 

RFP-Rha1 and RFP-BP80, and the punctate structures that were labelled by the vacuole 

marker Aleu-RFP and the tonoplast marker CBL6-RFP. Artefacts of overexpression have 

previously been shown for the markers secYFP-ERD2b, RFP-BP80 and RFP-Rha1 

(Silva-Alvim et al, 2018; Foresti et al, 2010; Bottanelli et al, 2012). This suggests that 

these markers are inducing stress on the secretory pathway, by saturating trafficking 

machinery to interfere with the function of the endogenous versions of the Arabidopsis 

genes. Moreover, with the simultaneous expression of two fluorescent secretory pathway 
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markers, the stress induced on the secretory pathway could be expected to be greater 

than when expressing the markers alone. However, within the transgenic Arabidopsis 

lines, all markers — with the exception of the ER marker secRFP-p24aTM — localised 

to their intended subcellular compartment. This suggested that the co-expression of the 

markers did not cause major changes to the plant secretory pathway. However, to 

confirm this, phenotypic characterisation of the transgenic lines should be conducted, as 

phenotypic changes including altered plant growth and development would be expected 

with disruption to the secretory pathway (Bassham et al, 2008). This further phenotypic 

characterisation is required to help validate the use of these marker lines to study the 

secretory pathway during infection with cyst nematodes in Chapter 4. 

The method of transformation that was used to develop the Arabidopsis lines could also 

cause disruption to marker localisation. The floral dip method results in random T-DNA 

insertion into the Arabidopsis genome, with the inability to control the number of 

transgene copies and the site of insertion. Consequently, transgenes are often inserted 

into or near functional gene sequences (Dinh et al, 2014). This could result in unwanted 

genetic mutations that could affect cellular processes including the secretory pathway, 

which would reduce the validity of the use of these Arabidopsis lines in future research. 

Therefore, future work could be conducted to sequence the selected Arabidopsis lines, 

to verify that the sites of T-DNA insertions aren’t causing mutations to functional genes. 

Future work could also include the use of methods for targeted DNA insertion to develop 

fluorescent Arabidopsis lines (Dong and Ronald, 2021).  

3.4.2.1 pTASH2, expressing only the cis-Golgi marker secYFP-ERD2b 

Confocal laser scanning microscopy (CLSM) supports that secYFP-ERD2b localises to 

the Golgi, with punctae observed throughout the cytoplasm (Silva-Alvim et al, 2018). This 

confirms that the fusion of secYFP to the N-terminus of ERD2b does not localise to the 

ER, in contrast to C-terminal fluorescent protein ERD2b fusions (Silva-Alvim et al, 2018). 

Also, importantly, the localisation of secYFP-ERD2b was consistent when co-expressed 

with all RFP-marker fusions developed, supporting its use as common marker in this set 

of constructs. 

3.4.2.2 pTASH3, co-expressing the LPVC marker RFP-Rha1 

When pTASH3 was transiently and stably expressed, RFP-Rha1 punctae did not co-

localise with secYFP-ERD2b, supporting LPVC localisation (Foresti et al, 2010). This 

also supports that even under high levels of expression, Rha1 does not partially localise 

to the Golgi (Bottanelli et al, 2012). However, differences in expression across the 

Arabidopsis tissues was observed, with leakage to the vacuoles in root cells of T2 lines, 

yet not cotyledon cells. Cotyledon expression appeared to be lower than root expression, 
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which could result in less leakage of RFP-Rha1 to the vacuoles, below the RFP detection 

threshold.  

Contrastingly, strong labelling of the tonoplast was observed in tobacco leaf epidermal 

cells infiltrated with pTASH3. Tonoplast localisation hasn’t previously been documented 

for fluorescent Rha1 fusions (Bottanelli et al, 2012; Foresti et al, 2010). However, this 

could reflect a saturation of Rha1 recycling machinery, with Rha1 present in LPVCs 

which fuse with the tonoplast (Lee et al, 2004). This is likely an artefact of RFP-Rha1 

overexpression, as this was not observed within the roots or cotyledons of T2 Arabidopsis 

lines showing lower levels of expression. However, previous FP-Rha1 fusions such as 

Venus-Rha1, are expressed under the control of the stronger TR2 promoter, which show 

no tonoplast localisation when infiltrated into tobacco leaf epidermal cells (Bottanelli et 

al, 2012; Foresti et al, 2010).  

3.4.2.3 pTASH4, 5 and 6, co-expressing the PVC marker RFP-BP80 

pTASH 4, 5 and 6, expressing RFP-BP80 under the control of different strength 

promoters, all support the predominant localisation of RFP-BP80 to the PVCs when 

expressed transiently (Foresti et al, 2010). Of the three promoters, 35S provided the 

strongest expression, followed by pNOS, with TR2 showing the weakest expression. This 

was evidenced by leakage to the vacuoles observed for infiltrations with the 35S and 

pNOS constructs, compared to TR2, which showed little to no vacuole localisation. This 

could reflect saturation of the receptors which mediate BP80 recycling under higher 

levels of expression (da Silva et al, 2005). However, the weakest expression of BP80 

observed for the TR2 promoter was unexpected, as pNOS is generally considered to be 

the weakest promoter of the three (Angenon et al, 1989). 

Partial tonoplast localisation was also observed in infiltrations using the 35S and pNOS 

promoters. Although no tonoplast localisation has previously been shown for fluorescent 

BP80 fusions (da Silva et al, 2006; Paris et al, 1997), this may result from the presence 

of BP80 within LPVCs which fuse with the tonoplast, due to saturation of BP80 recycling 

machinery. This was not observed for infiltrations with the lower expression provided by 

TR2, suggesting that partial tonoplast localisation of RFP-BP80 is an artefact of 

overexpression. A commonality between infiltrated tobacco cells for all three RFP-BP80 

constructs was the close association of punctae with secYFP-ERD2b. Although co-

localisation of fluorescent BP80 fusions with a Golgi marker has not been observed in 

transfected protoplasts (da Silva et al, 2005), BP80 has been detected in the Golgi using 

immunogold electron microscopy (Paris et al, 1997). This supports the cycling of BP80 

from the Golgi to the PVCs (da Silva et al, 2006).  
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The reported toxic effects of RFP-BP80 overexpression (da Silva et al, 2005) were 

confirmed in this work as it was not possible to generate transgenic Arabidopsis lines 

expressing 35S:RFP-BP80. However, transgenic lines expressing RFP-BP80 under the 

weaker promoters, pNOS and TR2, were able to grow. In contrast to the infiltrations, no 

tonoplast localisation was observed for pNOS-directed expression of RFP-BP80 in 

Arabidopsis root or cotyledons. This supports the hypothesis that the partial tonoplast 

localisation in infiltrated leaves was an artefact of overexpression. Also contrary to the 

infiltrations, TR2:RFP-BP80 Arabidopsis lines showed stronger vacuole leakage in root 

and cotyledon cells than those expressing pNOS:RFP-BP80. This is consistent with 

previous observations that the TR2 promoter is stronger than the pNOS promoter. Also 

importantly, hardly any RFP-BP80 punctae were imaged for TR2:RFP-BP80 Arabidopsis 

lines. This indicates that the stable expression of RFP-BP80 induced by the TR2 

promoter is too high, resulting in almost complete leakage to the vacuoles. The pNOS 

promoter still induced high leakage of RFP-BP80 to the vacuoles, but there was also 

abundant punctae in the cytoplasm of the cells, supporting that these lines can still be 

used as a PVC marker.  

3.4.2.4 pTASH7 and pTASH8, co-expressing ER markers 

For pTASH7, which co-expresses the ER marker RFP-HDEL, co-localisation with 

secYFP-ERD2b at the Golgi was observed. This is despite FP-HDEL proteins, when 

expressed alone, localising to the ER (Pain et al, 2019). The co-localisation at the Golgi 

may be due to secYFP-ERD2 competing with endogenous ERD2. When transiently 

expressed in N. benthamiana protoplasts, secYFP-ERD2 is a non-functional form of 

ERD2, unable to recycle HDEL ligands back to the ER (Silva-Alvim et al, 2018). 

Therefore, secYFP-ERD2b prevent the recycling of HDEL ligands, resulting in the Golgi 

localisation of RFP-HDEL. As RFP-HDEL expressed in pTASH7 didn’t localise to its 

predicted compartment, Arabidopsis lines expressing this construct were not developed. 

Dual fluorescent constructs expressing HDEL could still be developed in the future, with 

the use of an alternative Golgi marker that doesn’t disrupt the function of ERD2-mediated 

recycling. For example, GFP-HDEL maintains ER localisation when co-expressed with 

the trans-Golgi marker ST-mRFP (Osterrieder et al, 2017).  

The other ER marker used, secRFP-p24aTM, localised to the ER network as expected 

within tobacco leaf infiltrations (Langhans et al, 2008). No co-localisation with secYFP-

ERD2b was observed, despite the hypothesis that p24 proteins traffic between the ER 

and Golgi within COPI and COPII vesicles (Langhans et al, 2008). However, secRFP-

p24aTM also localised to the vacuoles within Arabidopsis T2 lines. This may be an 

artefact of overexpression specific to root cells. As p24δ5 cycles between the ER and 

Golgi (Montesinos et al, 2012), saturation of the COPI-mediated recycling to the ER may 
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result in the transport of this protein to the vacuoles for degradation. In both the roots 

and cotyledons of the screened Arabidopsis lines, secRFP-p24aTM localised to spindle-

shaped ER bodies. These are common within Arabidopsis and other plants of the 

Brassicales order. ER bodies contain abundant β-glucosidases, therefore are suggested 

to have a role in pathogen attack and herbivory (Nakano et al, 2014).  

3.4.2.5 pTASH10, co-expressing the TGN marker RFP-SYP61 

For pTASH10 expressing the TGN marker RFP-SYP61, punctae and partial plasma 

membrane localisation was observed in both transient and stable expression systems. 

Partial plasma membrane localisation has previously been shown under high levels of 

RFP-SYP61 expression within infiltrated tobacco leaves (de Marcos Lousa et al, 2016). 

SYP61 is a vesicle-associated Q-SNARE, hypothesised to cycle between the TGN and 

plasma membrane (Drakakaki et al, 2012). This supports the partial plasma membrane 

localisation of RFP-SYP61 and enables the use of this construct also as a plasma 

membrane marker.  

Additionally, some RFP-SYP61 punctae were closely associated with secYFP-ERD2b 

within tobacco leaves infiltrated with pTASH10. This likely reflects the close proximity of 

the TGN and Golgi compartments, rather than partial localisation of RFP-SYP61 to the 

Golgi. Previously, YFP-SYP61 was not shown to co-localise with RFP-TM-ERD2, yet 

partial overlap between the two fluorescence signals has been observed due to transient 

close encounters between the two subcellular compartments (Silva-Alvim et al, 2018). 

3.4.2.6 pTASH9 and 11, co-expressing the two BP80 mutants, RFP-

BP80(Tyr) and RFP-BP80(Leu) 

The two RFP-BP80 mutants, RFP-BP80(Tyr) and RFP-BP80(Leu) localise to the 

expected subcellular compartments when infiltrated into tobacco leaves. For example, 

RFP-BP80(Tyr) localised to the TGN, with leakage to the plasma membrane. RFP-

BP80(Tyr) punctae did not co-localise with secYFP-ERD2b, consistent with previous 

observations that GFP-BP80(Tyr) does not co-localise with the Golgi marker ST-RFP in 

tobacco leaf infiltrations (Foresti et al, 2010). Weak vacuole localisation of RFP-

BP80(Tyr) was also observed, which could be due to the cleavage and subsequent 

vacuolar processing of RFP (da Silva et al, 2006). Weaker vacuole localisation was 

observed within the RFP-BP80(Tyr), compared to the pTASH constructs (pTASH4, 5 

and 6) expressing RFP-BP80. This is supported by less GFP-core fragment detected in 

the vacuoles of tobacco leaf protoplasts expressing GFP-BP80(Tyr) compared to GFP-

BP80 (daSilva et al, 2005). The weaker vacuole localisation of RFP-BP80(Tyr) compared 

to RFP-BP80 could reflect impaired trafficking from the Golgi to the PVC.  
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The other BP80 mutant used, RFP-BP80(Leu), accumulated in punctae which did not 

co-localise with secYFP-ERD2b, supporting LPVC localisation. Leakage of RFP-

BP80(Leu) to the vacuoles was also observed, as previously has been shown (Foresti 

et al, 2010). This could reflect the more efficient transport of RFP-BP80(Leu) from the 

Golgi to the PVC, or defective recycling. Increased vacuole leakage is expected for RFP-

BP80(Leu) compared to RFP-BP80(Tyr) and RFP-BP80 (da Silva et al, 2006). However, 

this was not visible within infiltrated cells, which could be due to the lack of sensitivity of 

confocal microscopy. Moreover, tonoplast localisation of RFP-BP80(Leu) when 

expressed from pTASH11 was observed, which hasn’t previously been documented. 

This could be due to the presence of RFP-BP80(Leu) in LPVCs which fuse with the 

tonoplast. Some RFP-BP80(Leu) punctae overlap with secYFP-ERD2b punctae, 

although previous co-localisation of GFP-BP80(Leu) with the Golgi marker ST-RFP has 

not been shown (Foresti et al, 2010). This could reflect the transit of RFP-BP80(Leu) 

through the Golgi, or the close proximity of the labelled Golgi and LPVCs. 

No transgenic lines Arabidopsis lines could be generated for either of the BP80 mutant 

constructs. This may be due to the toxicity of RFP-BP80(Tyr) and RFP-BP80(Leu). This 

contrasts with both mutants displaying reduced competition for wildtype BP80, therefore 

the toxicity of these mutants was expected to be reduced (Foresti et al, 2010). However, 

the defects of RFP-BP80(Tyr) on vacuolar sorting and the defects of RFP-BP80(Leu) on 

receptor recycling between the Golgi and PVCs, could be causing of the lethal effect of 

transgene expression. To overcome this, constructs expressing these markers under the 

control of weaker promoters, such as pNOS and TR2, could be developed.  

3.4.2.7 pTASH12, co-expressing the vacuole marker Aleu-RFP 

pTASH12 co-expresses Aleu-RFP, which labelled the large central vacuole of infiltrated 

tobacco leaf epidermal cells, as expected from previous observations (Flückiger et al, 

2003). However, punctae were also observed, which did not co-localise with secYFP-

ERD2b. These may represent the LPVCs, which has previously been observed under 

high levels of Aleu-RFP overexpression (Foresti et al, 2010). Aleu-RFP punctae were 

not observed in the transgenic Arabidopsis lines, which show lower levels of expression, 

to support that LPVC localisation is an artefact of overexpression. Aleurain is a thiol 

protease, suggested to be trafficked to the lytic vacuoles via the PVCs. This is evidenced 

by the localisation of Aleu-GFP to the PVCs under the treatment of tobacco BY-2 cells 

with wortmannin (Miao et al, 2008). Therefore, it is plausible for Aleu-RFP to transiently 

localise to the LPVCs.  
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3.4.2.8 pTASH13, co-expressing the tonoplast marker CBL6-RFP 

CBL6-RFP, expressed within pTASH13, localised to the tonoplast as previously 

characterised (Bottanelli et al, 2012). However, CBL6-RFP punctae were also observed 

within pTASH13 tobacco leaf infiltrations. Some punctae co-localised with secYFP-

ERD2b, and some localised to separate subcellular compartments. This localisation may 

reflect the trafficking of CBL6-RFP through the Golgi and post-Golgi organelles to the 

tonoplast. However, CBL6 was previously suggested to reach the vacuole via a COPII-

independent pathway, being insensitive to sec12 overexpression (Bottanelli et al, 2011), 

which inhibits COPII transport (Hanton et al, 2007). CBL6 is also suggested to bypass 

the Golgi and post-Golgi compartments, its localisation insensitive to the Rab mutants 

Rha1, ara6, and Rab7 (Bottanelli et al, 2011). Instead, CBL6 is suggested to be 

synthesised in the cytosol, then targeted to the vacuoles via an N-terminal tonoplast 

targeting signal (Zhang et al, 2017a). Therefore, CBL6-RFP punctae which occur under 

high levels of expression localise to an unidentified compartment, which may not be the 

post-Golgi organelles. CBL6-RFP punctae were not observed in pTASH13 Arabidopsis 

lines which have lower levels of expression than the infiltrated tobacco leaves. Thus, 

expressing CBL6-RFP under the control of a weaker promoter, such as TR2 or pNOS, 

within transient expression assays could prevent the occurrence of punctae within 

transient expression systems.  
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Table 3. 3. A summary of the localisation of each marker gene across the transient and stable expression systems. The predicted localisation for each 
marker is given, in addition to the observed localisation within infiltrated tobacco leaves compared to the cotyledon and root tissue of stable Arabidopsis 
T2 lines. 
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3.4.3 Conclusions 

In conclusion, the set of dual fluorescence constructs and Arabidopsis lines has 

successfully been developed. The subcellular localisations of each marker across the 

expression systems and tissue types are listed in Table 3.3.  

The development of dual fluorescence secretory pathway markers, across transient 

and stable expression systems has shown: 

 Consistent marker expression of the Golgi marker secYFP-ERD2b and the TGN 

marker RFP-SYP61 across the expression systems and tissue types  

 Altered localisation of the ER marker RFP-HDEL when co-expressed with the 

Golgi marker secYFP-ERD2b 

 Variable localisation of the ER marker secRFP-p24aTM between different 

Arabidopsis tissues  

 Variable marker localisation of the PVC marker RFP-BP80, the LPVC marker 

RFP-Rha1, the vacuole marker Aleu-RFP and the tonoplast marker CBL6-RFP 

when transiently or stably expressed 

 Possible lethal effects of the PVC marker 35S:RFP-BP80, in addition to the two 

RFP-BP80 mutants, RFP-BP80(Tyr) and RFP-BP80(Leu) in Arabidopsis 

In summary: 

 The dual fluorescence Arabidopsis lines developed, when used as a set, monitor 

all major compartments of the secretory pathway, including the ER, Golgi, TGN, 

PVCs, LPVCs, vacuoles, tonoplast and plasma membrane 

 However, the discrepancies between marker localisation in transient and stable 

expression systems, and the different types of plant tissues, highlights the need 

for the characterisation of the plant secretory pathway within more varied 

experimental systems 

 A summary of the most suitable dual fluorescence constructs to be used to study 

the secretory pathway in Arabidopsis roots is given in Table 3.4 
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Table 3. 4. A summary of the stable transgenic lines that were selected for use in Chapter 4.  
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Chapter 4 Imaging syncytia within fluorescent Arabidopsis 

marker lines 

4.1 Introduction 

Large changes to the plant secretory pathway are described during cyst nematode 

infection, including the proliferation of the ER and Golgi, fusion of the PVCs with the 

plasma membrane and the fragmentation of the large central vacuole (Sobczak et al, 

1997). So far, this knowledge has largely been provided by 2D electron microscopy (EM) 

techniques, such as transmission EM (Grundler et al, 1998; Kim et al, 2010; Sobczak et 

al, 1997) and scanning EM (Jones and Dropkin, 1975). Although more advanced EM 

techniques could provide 3D images of syncytia, such as serial block-face (SBF) and 

focused ion beam (FIB) milling scanning EM, these require fixed and inanimate cell 

samples, which limits the information that could be provided on subcellular trafficking 

(van Weering et al, 2010). Additionally, these techniques are expensive and labour 

intensive (Reigoto et al, 2021; de Jonge and Peckys, 2016).  

Therefore, alternative techniques focused on live-cell imaging, such as fluorescence 

microscopy, may be better suited to characterise the plant secretory pathway within 

syncytia. Despite this, there has been limited use of fluorescence microscopy to study 

these feeding sites. Thus far, examples in syncytia include the imaging of fluorescent 

proteins fused to markers for sugar transport (Juergensen et al, 2003), the actin 

cytoskeleton (de Almeida Engler et al, 2004) and cytokinin signalling pathway (Siddique 

et al, 2015). Therefore, the use of fluorescent organelle markers within syncytia is a 

relatively unused technique which could provide novel insight into the cell biology of host-

cyst nematode interactions.  

Here, fluorescent organelle markers are used to further characterise the plant secretory 

pathway within syncytia. The set of dual fluorescence Arabidopsis lines developed in 

Chapter 3 were infected with the beet cyst nematode Heterodera schachtii to provide a 

model plant-cyst nematode interaction (Sijmons et al, 1991). The Arabidopsis marker 

lines infected with H. schachtii collectively label key compartments of the plant secretory 

pathway. For example, syncytia were imaged in transgenic roots co-expressing the cis-

Golgi marker secYFP-ERD2b with either a ER, TGN, PVC, LPVC, vacuole or tonoplast 

marker fused to RFP. Syncytia were also examined within a GFP-HDEL Arabidopsis 

marker line due to the partial vacuole localisation of secRFP-p24aTM observed within 

the roots.  

Syncytia induced by J3 and J4 stage female H. schachtii were imaged. At these life 

stages, previously characterised changes to the secretory pathway during syncytial 
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formation are predicted to have already occurred. This includes the replacement of the 

large central vacuole, formation of PVCs and proliferation of the ER, which have been 

documented within the first 48 hours of syncytial formation (Golinowski et al, 1996). The 

imaging of syncytia within Arabidopsis marker lines could validate previous descriptions 

of organelle ultrastructure within syncytia, such as ER proliferation and vacuole 

fragmentation (Golinowski et al, 1996). Imaging the expression of these constructs within 

syncytia could also provide further information on post-Golgi trafficking, such as 

secretion via the TGN and unconventional secretion via the PVCs. Additionally, novel 

information could be provided on vacuolar sorting, including PVC maturation and LPVC 

fusion with the tonoplast. 

To complement the confocal microscopy of syncytia in fluorescent Arabidopsis marker 

lines, a bioinformatics approach was taken to understand the dynamics of plant secretory 

pathway gene expression during syncytial development. This used previously published 

gene expression data from Arabidopsis syncytia induced by H. schachtii (Siddique et al, 

2021). Genes selected for analysis were obtained from a previously published list of plant 

secretory pathway genes (Rojo and Denecke, 2008). This was hypothesised to provide 

novel information on the secretory pathway, including mechanisms of ER-Golgi 

trafficking, vacuolar sorting and secretion. 

In addition to this set of genes, those involved in ER stress were selected for analysis, 

to support previous EM observations of swollen and proliferated ER in syncytia (Kim et 

al, 2012). For the Golgi, COG complex genes were chosen, due to evidence that this 

complex is involved in soybean resistance to H. glycines (Klink et al, 2021). Genes 

relating to vacuole function were also selected, including vacuolar processing enzymes, 

due to evidence that H. schachtii may suppress vacuole-mediated cell death in 

Arabidopsis (Pogorelko et al, 2019). Also, tonoplast intrinsic proteins were selected, as 

these have previously been shown to be downregulated in Arabidopsis syncytia to 

support cyst nematode parasitism (Baranowski et al, 2019). In addition to these genes, 

the marker genes used for fluorescence microscopy, p24δ5, ERD2, SYP61, Rha1, BP80, 

aleurain and CBL6 were selected, to support the confocal microscopy observations 

within syncytia.  

4.2 Methods  

4.2.1 Arabidopsis marker lines infected with H. schachtii  

To image syncytia, several transgenic T2 Arabidopsis lines developed in Chapter 3 were 

used. This included pTASH12, co-expressing the vacuole marker Aleu-RFP, pTASH13 

co-expressing the tonoplast marker CBL6-RFP, pTASH10 co-expressing the TGN 
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marker RFP-SYP61, pTASH3, co-expressing the LPVC marker RFP-Rha1, and pTASH5 

co-expressing the PVC marker RFP-BP80 under the control of the pNOS promoter. 

Additionally, an Arabidopsis line expressing the ER marker GFP-HDEL was imaged, 

which was obtained from the Nottingham Arabidopsis Stock Centre (NASC; Nelson et 

al, 2007). This was to provide additional information on the ER within syncytia, due to 

the ER marker secRFP-p24aTM partially localising to the vacuoles of Arabidopsis roots 

(see section 3.3.2). 

4.2.2 Confocal microscopy of Arabidopsis syncytia  

To prepare samples for confocal microscopy, root sections containing syncytia were cut 

from the plants, then transferred from the growth media onto a microscope slide 

containing water. Uninfected Arabidopsis lines of a similar age were imaged as controls. 

Both uninfected and infected roots were imaged at varying focal planes, including the 

epidermis, cortex and vascular cylinder. At the syncytium, tile scans at a X 20 

magnification were taken. Tile scans were stitched together to provide an overview of 

the infected root; showing syncytia in addition to the adjacent uninfected root cells. 

Following this, the tile scans were cropped to provide enlarged images of the centre of 

the syncytium and the adjacent cells.  

For each marker line, multiple syncytia at varying time points between 8 and 18 dpi were 

imaged. At least five syncytia from different plants were imaged, with no visible difference 

between those induced across the different timepoints, or those induced by male or 

female cyst nematodes. Therefore, the images processed into figures are representative 

of all syncytia imaged.  

4.2.3 The analysis of secretory pathway related genes in Arabidopsis 

syncytia  

To analyse gene expression in syncytia, previously published RNA-seq data for 

Arabidopsis syncytia induced by H. schachtii was used (Siddique et al, 2021). This 

published dataset contained normalised expression values for each gene, with three 

biological replicates for control and infected roots at each time point: 10 hpi, 48 hpi, 12 

dpi female, 12 dpi male and 24 dpi female. In this obtained data set, the differentially 

expressed (DE) genes were also listed (log2 fold change > 0.5, adjusted p-value ≤ 0.01). 

To analyse the expression of the plant secretory pathway genes in this chapter, the log2 

fold change (log2FC) was calculated for each gene, using the published normalised 

expression values for control and infected samples.  

Plant secretory pathway-related genes of interest were chosen from the available gene 

expression data (Siddique et al, 2021) based on Arabidopsis genes with characterised 

roles in secretory pathway trafficking (Rojo and Denecke, 2008), and genes that are 

relevant to secretory pathway-mediated immune responses (Table 4.1). This included 
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key genes involved in the ER stress response, such as heat shock 70 proteins and 

calreticulins, and genes involved in downstream UPR signalling, including IRE1a and 

IRE1b, and the bZIP genes bZIP17, bZIP28 and bZIP60 (Howell, 2021), and genes 

involved in trafficking between the ER and Golgi. For the Golgi, genes comprising 

subunits of the conserved oligomeric Golgi (COG) complex were selected, in addition to 

genes involved in post-Golgi trafficking to both the plasma membrane and vacuoles. For 

the vacuoles, vacuolar processing enzymes and tonoplast membrane proteins were 

chosen. To further the gene expression analysis in this chapter, these genes selected 

for analysis were manually grouped into clusters based on similar expression profiles. A 

summary of the names of the plant secretory pathway genes chosen for expression 

analysis are listed in Table 4.1.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4. 1. The names of the plant secretory pathway genes selected for expression analysis, 
and the reason why they were selected.   
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4.3 Results 

4.3.1 Expression analysis of secretory pathway related genes in 

Arabidopsis syncytia  

To complement the confocal microscopy of syncytia in fluorescent Arabidopsis marker 

lines, the gene expression of 98 secretory pathway-related genes was analysed using 

available transcript abundance data (Siddique et al, 2021). Genes selected for analysis 

were manually separated into clusters based on their expression over the various 

parasitic life stages measured. From this, five clusters were identified, incorporating 48 

out of the 98 genes (Figure 4.1). All genes that were significantly differentially expressed 

between uninfected and infected samples (log2FC > 0.02, adjusted p-value > 0.05) were 

present in these clusters, and genes that weren’t selected had low levels of expression 

across the parasitic life stages.  

The first cluster in Figure 4.1 was labelled ‘Early Infection’. This included genes that 

were only upregulated at the early infection time points, 10 hpi and 48 hpi, then were 

downregulated at all further timepoints, being the most downregulated at the 12 dpi 

female life stage (Figure 4.1A). Contrastingly, the next two clusters described genes that 

were only upregulated during later stages of infection. However, the ‘Late Infection 1’ 

cluster described genes that were most upregulated at the 12 dpi male and female life 

stages (Figure 4.1B), whereas the ‘Late Infection 2’ cluster described genes that were 

most upregulated at the 12 dpi female and 24 dpi female life stages (Figure 4.1C). The 

fourth expression cluster included genes that had log2FC values peaking at 10 hpi, 12 

dpi female and 24 dpi (Figure 4.1D), and the fifth expression cluster described genes 

that were downregulated across all life stages ('Downregulated'; Figure 4.1E). Genes in 

this category were most downregulated at 12 dpi female. To complement Figure 4.1, the 

expression of all genes studied is shown in Tables 4.2 to 4.7.  

4.3.1.1 ER stress related genes

ER stress response genes were analysed to support previous claims of ER stress in 

Arabidopsis syncytia and to further elucidate the function of the ER in plant-cyst 

nematode interactions. Nine out of the 18 ER stress response genes were assigned to 

expression clusters. This includes bZIP17, EBS1, IRE1a and HSP70T-2, which were 

assigned to the two ‘Late Infection’ clusters (Figure 4.1B and C). Although none of these 

were significantly differentially expressed, all genes were downregulated at 10 hpi and 

also 48 hpi, then upregulated at all other life stages, with upregulation peaking at 12 dpi 

female. Other ER stress response genes were assigned to the early infection cluster, 

including bZIP60, BIP2, CRT1, CRT2 and HSP70 (Figure 4.1A), all of which apart from 

HSP70 were significantly differentially expressed. These five ER stress response genes 

in the ‘Early Infection’ cluster were upregulated during early infection and downregulated 
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at 12 dpi female. Of the ER stress response genes not included in the graphs, most were 

downregulated at 10 hpi and 48 hpi (Table 4.2). 
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Figure 4. 1. The expression clusters of plant secretory pathway genes in Arabidopsis syncytia induced by H. schachtii, across various parasitic life stages. Of the 
98 genes analysed, 48 were manually assigned to five expression clusters. A. The ‘Early Infection’ cluster, describing genes upregulated during early infection, at 10 
hpi and 48 hpi. B. The ‘Late Infection’ cluster, describing genes only upregulated from later on during infection, peaking at the 12 dpi life stages. C. The ‘Late Infection 
2’ cluster. This differs from B. in that the 12 dpi male log2FC values are lower than the female 12 dpi and 24 dpi life stages. Log2 fold change (log2FC) values were 
calculated from previously published normalised expression values (Siddique et al, 2021). Differentially expressed genes (log2FC > 0.2; adjusted p-value > 0.05) are 
indicated with an asterisk (*) in the figure legends. 



82 
 

 

4.3.1.2 ER-Golgi and COG trafficking genes 

Genes involved in trafficking between the ER and Golgi were analysed to support the 

fluorescence microscopy of these two organelles in syncytia. The three COPI coatomer 

subunits analysed, α1-COP, α2-COP, γ1-COP, were assigned to the ‘Late Infection 2’ 

cluster (Figure 4.1C). α1-COP and γ1-COP were significantly differentially expressed. 

Although α2-COP wasn’t, this gene had a similar expression profile to the other two COPI 

subunits analysed: upregulated the most at 12 dpi female (α1-COP: 0.41, α2-COP: 0.44, 

γ1-COP: 4.99). Additionally, all three COPI subunit genes were upregulated at 48 hpi, 12 

dpi male and 24 dpi. However, α1-COP and α2-COP were downregulated at 10 hpi (α1-

COP: -0.73, α2-COP: -0.52), but γ1-COP had no expression in either the control or 

infected roots at this time point (Figure 4.1C).  

Five genes involved in trafficking between the ER and the Golgi were assigned to the 

‘Early Infection’ cluster (Figure 4.1A): SEC22, SAR1B, ERD2, ERD2b and p24δ5. 

Although, p24δ5 was the only ER-Golgi trafficking gene significantly differentially 

expressed in this cluster. These five genes were upregulated at 10 hpi (0.24-0.79), with 

low log2FC values at 48 hpi (-0.09 to 0.06), and were downregulated at all further life 

stages, with downregulation peaking at 12 dpi female (-0.50 to -0.20; Figure 4.1A). 

However, the ER-Golgi trafficking gene SARA1A was assigned to the ‘10 hpi, 12 dpi 

female and 24 dpi’ cluster, with the highest upregulation at the 10 hpi time point (1.26; 

Figure 4.1C).   

Seven COG subunit genes were chosen due to previous evidence that COG subunit 

genes are involved in soybean resistance to the cyst nematode H. glycines (Lawaju et 

al, 2020). Of the seven COG genes analysed, only one, COG5 was significantly 

differentially expressed. However, COG2, COG3 and COG7 followed similar expression 

patterns, downregulated at 10 hpi (< -0.03), and upregulated the most at 12 dpi female 

(0.18-0.54), with COG5 the having the highest log2FC at this time point. The other two 

COG genes, COG1 and COG8 followed different expression patterns (Table 4.4).  

4.3.1.3 Post-Golgi trafficking genes  

Genes involved in post-Golgi trafficking to the plasma membrane were assigned to 

several clusters (Figure 4.1). Of these genes, RABA1e was significantly differentially 

expressed, assigned to the ‘Early Infection’ cluster (Figure 4.1A). RABA1e was 

upregulated at 10 hpi (0.59), then downregulated at all subsequent time points, with 

downregulation peaking at 12 dpi female (-1.61). Additionally, six genes involved in post-

Golgi trafficking to the PM were assigned to the early infection cluster (Figure 4.1A). 

However, none of these genes were significantly differentially expressed. Additionally, 

SYP61 and RABA1f were assigned to the ’10 hpi, 12 dpi female and 24 dpi’ expression 
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cluster, although SYP61 was upregulated across all time points, and RABA1f was only 

upregulated at 10 hpi and 12 dpi female (Figure 4.1D).   

4.3.1.4 Vacuolar trafficking genes and other vacuole-related genes  

Genes related to vacuolar trafficking, or other vacuole-related functions, were the most 

differentially regulated out of all of the gene categories studied (Figure 4.1E; Tables 4.6 

and 4.7). All tonoplast membrane proteins studied apart from αTIP3;1 and δ-TIP2;1 had 

similar expression profiles, assigned to the ‘Downregulated’ cluster (Figure 4.1E). These 

genes were downregulated at all life stages, with downregulation peaking at 12 dpi 

female (-1.32 to -3.38). CBL6 was the least downregulated of these genes at 12 dpi 

female, and was the only gene out of all tonoplast membrane genes in the 

‘Downregulated’ category that wasn’t significantly differentially expressed.  

Of the vacuolar trafficking genes analysed, GRV2 was significantly differentially 

regulated and assigned to the ‘Late Infection 1’ expression cluster (Figure 4.1B). GRV2 

was the most downregulated gene in the whole cluster at 10 hpi (-0.89) and 48 hpi (-

0.34). This gene was then upregulated at all further life stages, gradually increasing from 

12 dpi female to 12 dpi male and 24 dpi female (0.27-0.34). Three other vacuolar 

trafficking genes were assigned to another cluster, ‘Early Infection’ (Figure 4.1A). These 

were MAG1, Rha1 and SYP21. Although only MAG1 and Rha1 were significantly 

differentially expressed, SYP21 had a similar expression profile, upregulated at 10 hpi 

(MAG1: 0.15, Rha1: 0.08, SYP21: 0.69), and downregulated at all other time points, with 

downregulation peaking at 12 dpi female (MAG1: -0.53, Rha1: -0.50, SYP21: -0.49).  

For the vacuolar processing enzymes (VPEs), three genes were assigned to different 

expression clusters: β-VPE to the ‘Late Infection 1’, δ-VPE to ‘Late Infection 2’, and γ-

VPE to ’10 hpi, 12 dpi female and 24 dpi’ (Figures 4.1B to D). At 10 hpi, δ-VPE had no 

expression, and the other two VPEs assigned to clusters were downregulated at this time 

point (β-VPE: -0.47, γ-VPE: -0.26). Although the three VPEs had differing expression 

profiles, assigned to different expression clusters, all genes were also upregulated at 12 

dpi female. However, δ-VPE was the only significantly expressed VPE, much higher 

upregulated at 12 dpi female (7.42), compared to β-VPE (0.68) and γ-VPE (0.07). The 

only VPE analysed that wasn’t assigned to an expression cluster, α-VPE, was 

downregulated at all time points other than 10 hpi (Table 4.7).  
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Tables 4. 2 to 4. 7- The expression of secretory pathway-related genes in syncytia formed in Arabidopsis roots. The log2 fold changes (log2FCs) for 
each gene are given across the various time points: 10 hours post infection (hpi), 48 hpi, 12 days post infection (dpi) female and male, and 24 dpi 
female. The log2FC for each gene was calculated using previously published RNA-seq data (Siddique et al, 2021). Asterisks (*) represent genes which 
were significantly differentially expressed between the control and infected samples at any of the time points. A heat map is presented for the log2FC 
values, with red representing positive values and blue representing negative values.  

Table 4. 2. The expression of ER-related genes in Arabidopsis syncytia. 
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Table 4. 3. The expression of ER and Golgi trafficking components in Arabidopsis syncytia.  

Table 4. 4. The expression of Golgi-related trafficking genes in Arabidopsis syncytia.  
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Table 4. 5. The expression of genes related to post-Golgi trafficking to the plasma membrane (PM) in Arabidopsis syncytia.  
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Table 4. 6. The expression of vacuolar trafficking genes in Arabidopsis syncytia. Collectively, these genes are involved in trafficking between the Golgi, 
trans-Golgi network (TGN), prevacuolar compartment (PVC), late prevacuolar compartment (LPVC) and the vacuoles.  
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Table 4. 7. The expression of vacuolar processing genes and tonoplast membrane proteins in Arabidopsis syncytia.  
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4.3.2  Confocal imaging of syncytia in fluorescent Arabidopsis lines  

Images of one representative syncytium for each Arabidopsis marker line are presented 

below. For each line, the pattern of expression was consistent regardless of the age of 

the syncytium, from 8 dpi to 18 dpi. Each figure shows a single syncytium and its 

surrounding root cells, with an overview image of the infected root, in addition to 

magnified images of the syncytium and its adjacent cells. The boundaries of the 

syncytium are marked on the brightfield channels of each image, the demarcations the 

same within each figure, regardless of image magnification. As a control, the epidermal, 

cortical and vascular cells of uninfected roots from the same line are also presented.  

4.3.2.1 General limitations associated with the imaging of fluorescent 

Arabidopsis lines  

Certain features associated with the confocal imaging of Arabidopsis syncytia were 

observed. This includes limitations of the confocal microscope, with marker resolution 

reduced with increased tissue depth, from the epidermis to the vascular region. 

Examples of this are shown in uninfected control cells for the common cis-Golgi marker 

(Figure 4.8), the ER marker GFP-HDEL (Figure 4.4) and the tonoplast marker (Figure 

4.8). As syncytia were typically beneath the epidermis, within the cortical and vascular 

region, this limited the resolution of the syncytial cells imaged. Variable marker 

expression also impeded imaging for all marker lines, with inconsistent fluorescence in 

cells of the same root. For example, secYFP-ERD2b expression was inconsistent within 

uninfected roots, with regions of no expression or autofluorescence in cells at the same 

focal plane (Figure 4.2). Therefore, obtaining syncytia with optimal marker expression 

was not always possible. Consequently, some of the infected roots imaged showed poor 

expression of the common cis-Golgi marker secYFP-ERD2b, in cells within and 

surrounding the syncytium (Figures 4.7 and 4.9).  

Root structure also impeded imaging. For instance, due to the cylindrical shape of roots, 

imaging the cortical cytoplasm within cells beneath the epidermis was challenging. This 

impeded marker visualisation of the ER network in GFP-HDEL lines, which extends 

throughout the cortical cytoplasm (Figure 4.4). Moreover, the presence of the large 

central vacuole in uninfected roots often impeded marker visualisation. Strong leakage 

of fluorescent protein to the large central vacuoles was observed in several of the 

Arabidopsis marker lines, including the ER marker secRFP-p24aTM (Figure 4.2), the 

PVC marker RFP-BP80 (Figure 4.14) and the LPVC marker RFP-Rha1 (Figure 4.12). 

Consequently, the intended subcellular compartment for each marker could not be 

imaged with clarity.  
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4.3.2.2 Expression of the cis-Golgi marker secYFP-ERD2b in all dual 

fluorescence Arabidopsis lines  

Common features of the cis-Golgi marker secYFP-ERD2b expression were observed 

across the Arabidopsis marker lines imaged. In uninfected roots of all lines, the cis-Golgi 

marker secYFP-ERD2b labelled punctate structures as expected. Within infected roots, 

punctate secYFP-ERD2b structures were also observed in cells directly surrounding the 

syncytium (Figures 4.3, 4.11, 4.13). However, in all marker lines imaged, no secYFP-

ERD2b expression was detected in the syncytium, even at increased laser power and 

detection gain (Figures 4.3 and 4.11).  

4.3.2.3 pTASH8, co-expressing the ER marker secRFP-p24aTM 

Within uninfected pTASH8 Arabidopsis roots, secRFP-p24aTM partially localised to the 

large central vacuoles, as previously shown during T2 line screening (Figure 3.24). 

secRFP-p24aTM expression was mostly vacuolar in cells directly bordering the 

syncytium (Figure 4.3B). In some of these cells, secRFP-p24aTM punctae were visible 

(Figure 4.3B), which could indicate vacuolar fragmentation. Within the syncytium, the 

expression of secRFP-p24aTM was hardly detected (Figure 4.3A), even under 

increased laser power and detection gain (Figure 4.3C). Consequently, syncytia within 

another Arabidopsis ER marker line, GFP-HDEL, were also imaged.  
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Figure 4. 2. The uninfected control roots of pTASH8 Arabidopsis lines, expressing the ER 
marker secRFP-p24aTM with secYFP-ERD2b. A. The root epidermis, showing secRFP-p24aTM 
expression mostly within the vacuoles, with some ER network labelled. secYFP-ERD2b 
expression is poor. B. Root cells just beneath the root epidermis, showing labelling of the ER 
network and weak vacuole localisation. secYFP-ERD2b punctae are present in some cells 
towards the centre of the root. C. The focal plane of the vascular cylinder, showing secRFP-
p24aTM expression within the vacuoles of cells, with little ER detected. secYFP-ERD2b punctae 
are not present in the vascular cylinder cells.    
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Figure 4. 3. 8 days post infection (dpi) syncytia induced by H. schachtii within Arabidopsis roots 
expressing pTASH8. A. A tile scan of the whole section of infected root, showing the syncytium 
to the right of the feeding H. schachtii (white arrow). No secRFP-p24aTM or secYFP-ERD2b 
expression is observed in the syncytium. B. A magnified image of the region to the right of the 
syncytium, showing secRFP-p24aTM expression in the vacuoles (white arrow heads) and the 
presence of secRFP-p24aTM punctae (white arrow) in cells directly bordering the syncytium. C.
A magnified image of syncytial cells, with a higher laser power and detection gain. Poor marker 
resolution is observed, with no definite subcellular compartment labelled by secRFP-p24aTM. 
However, cells directly bordering the syncytium still show secRFP-p24aTM within the vacuoles 
(white arrows). In each image, the dashed lines demarcate the syncytium. 
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4.3.2.4 The ER marker GFP-HDEL expression within syncytia  

In contrast to secRFP-p24aTM, no leakage of GFP-HDEL to the vacuoles was observed 

in uninfected roots (Figure 4.4). Additionally, spindle-shaped structures were observed 

which may represent ER bodies (Figure 4.4A and B). Also contrasting to secRFP-

p24aTM, GFP-HDEL was expressed in syncytial cells (Figure 4.5). As the large central 

vacuole was not present in syncytia, GFP-HDEL occupied a large volume in syncytial 

cells, also appearing to be continuous across the syncytium, which is likely due to the 

partial cell wall dissolution and protoplast fusion of syncytial cells (Figure 4.5C). 

Additionally, GFP-HDEL expression appeared to be brighter in certain regions of the 

syncytium (Figure 4.5B), which could indicate region-specific increased abundance of 

ER in syncytia. Also, importantly, no movement of GFP-HDEL could be observed in 

syncytial cells.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. 4. Uninfected Arabidopsis roots expressing the ER marker GFP-HDEL. A. and B. Cells 
at the root epidermis and root cortex respectively, showing GFP-HDEL expression in the ER, 
although no tubular or cisternal ER network is observed, due to the large central vacuoles 
occupying most of the space within the cell. Vesicle shaped GFP-HDEL structures are observed, 
which may be ER bodies (white arrows). C. GFP-HDEL expression within vascular cells, showing
a diffused GFP signal throughout the vascular region. 
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Figure 4. 5. 13 dpi syncytia induced by H. schachtii in Arabidopsis lines expressing GFP-HDEL. A. An overview of the syncytium, showing the female H. schachtii
(white arrow), with the syncytium to the right of the worm. GFP-HDEL expression is present in syncytial cells, with expression appearing to be brighter and more 
abundant compared to non-syncytial cells to the left of the worm. B. A magnified view of the syncytium. The large central vacuole is not present in syncytial cells, 
instead the labelled ER network occupies most of the cell. Two brighter regions of GFP-HDEL are observed in the syncytium (white arrowheads). C. Cells to the left
of the nematode (white arrow). GFP-HDEL occupies the majority of the syncytial cells, due to the lack of a large central vacuole. In each image, the dashed lines 
demarcate the syncytium. 
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4.3.2.5 pTASH12, co-expressing the vacuole marker Aleu-RFP  

High Aleu-RFP expression was observed in the epidermis, cortex and vascular cylinder 

of uninfected cells, with bright labelling of the large central vacuoles (Figure 4.6) 

Additionally, in some cells at all tissue depths imaged, autofluorescence was also 

observed as thin ‘stripes’ running across cells. Within infected roots, several small Aleu-

RFP labelled vacuoles were present in the syncytium (Figure 4.7). Interestingly, 

vacuoles appeared larger towards the outer edges of the syncytium. In cells directly 

bordering the syncytium, large central vacuoles were present (Figure 4.7B and C). 

However, some cells bordering the syncytium also contained small vacuoles (Figure 

4.7C).  

 

 

 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. 6. pTASH12 expression within uninfected Arabidopsis root cells. A. Expression of 
pTASH12 in the epidermis, showing the presence of Aleu-RFP in the large central vacuoles. Linear 
stripes of Aleu-RFP expression across root cells are observed (arrows), which may be artefacts 
of overexpression, or autofluorescence. secYFP-ERD2b is expressed as bright punctae within the 
cytoplasm of the cells. B. pTASH12 expression in the root cortex. Although Aleu-RFP expression 
varies, consistent labelling of the vacuoles is observed. secYFP-ERD2b expression also varies 
across the cells, with some cells expressing very weak punctae, and some cells expressing 
punctae with additional cytoplasm localisation, which may be autofluorescence. C. The 
expression of pTASH12 in the vascular cylinder. Aleu-RFP is brighter in the vascular region than 
surrounding cells and Aleu-RFP stripes are also observed across the cells (white arrows). 
Negative staining of the nucleus is observed for Aleu-RFP, supporting vacuole localisation. There 
is poor secYFP-ERD2b expression, with only autofluorescence detected in the cytoplasm of cells.
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Figure 4. 7. 10 dpi syncytia in pTASH12 Arabidopsis roots. A. An overview of the syncytium 
induced by a female J3 H. schachtii (white arrow), showing the presence of small vacuoles and 
the absence of the large central vacuole within syncytial cells. No secYFP-ERD2b expression is 
visible in the syncytium or the surrounding cells, only autofluorescence is detected. B. A 
magnified view of the syncytium, showing Aleu-RFP vacuoles of varying sizes in the syncytium. 
A region in the syncytium containing no vacuoles was present (white arrow). C. An image of cells 
to the right of the syncytium, showing Aleu-RFP within the large central vacuoles of non-
syncytial cells. In each image, the dashed lines demarcate the syncytium. 
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4.3.2.6  pTASH13, co-expressing the tonoplast marker CBL6-RFP 

CBL6-RFP consistently labelled the tonoplasts of uninfected roots (Figure 4.8). Within 

infected roots, there was strong CBL6-RFP expression in cells surrounding the 

syncytium (Figure 4.9A and C). This appeared as a strong diffused signal across the 

whole of the cell resembling an out of focus tonoplast. This was also observed in 

uninfected roots (Figure 4.8), and supports the presence of the large central vacuoles in 

cells surrounding the syncytium. In syncytial cells, no CBL6-RFP expression was 

observed, even with higher laser power (Figure 4.9B). However, in cells at the periphery 

of the syncytium, fragmented CBL6-RFP labelled vacuoles were imaged (Figure 4.9B 

and C).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. 8. pTASH13 expression in uninfected Arabidopsis root cells. A. Expression in the 
epidermis, with CBL6-RFP labelling the tonoplasts and secYFP-ERD2b expressed as punctae in the 
cytoplasm. Strong levels of expression of CBL6-RFP and secYFP-ERD2b are shown. B. pTASH13 
expression in the root cortex, showing lower levels of CBL6-RFP and secYFP-ERD2b expression. 
CBL6-RFP can appear diffused in the cells depending on the focal plane. secYFP-ERD2b expression 
is undetectable in some cells. C. The expression in the vascular cylinder, showing reduced clarity 
of both markers. 
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Figure 4. 9. The expression of pTASH13 within Arabidopsis syncytia induced by H. schachtii, at 
17 dpi. A. An overview of the syncytium, showing CBL6-RFP expression in the tonoplast of 
uninfected roots to the left of the syncytium and no CBL6-RFP expression in the syncytium. 
secYFP-ERD2b expression is undetectable in the root, in both uninfected and infected regions. 
The nematode is labelled with a white arrow. B. A magnified image of the syncytium. In cells at 
the periphery of the syncytium, some fragmented CBL6-RFP labelled vacuoles are observed 
(white arrows). C. A magnified image of cells to the left of the syncytium, further showing the 
small CBL6-RFP vacuoles (white arrows) at the syncytium’s periphery. In each image, the dashed 
lines demarcate the syncytium. 
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4.3.2.7 pTASH10, co-expressing the TGN marker RFP-SYP61 

The expression of the TGN marker RFP-SYP61 was comparable in uninfected cells of 

infected and control roots: only weak punctae were visible, and RFP-SYP61 also partially 

localised to the plasma membrane (Figures 4.10 and 4.11), which appeared as a 

diffused RFP signal when imaging the cell surface (Figure 4.10A and C). However, no 

RFP-SYP61 punctae were visible in cells directly bordering the syncytium, with only 

plasma membrane fluorescence observed (Figure 4.11A and C). In contrast to 

uninfected cells, no RFP-SYP61 expression was detected in the syncytium (Figure 

4.11B).  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. 10. The expression of pTASH10 in uninfected Arabidopsis root cells. A. Expression in 
the epidermis. For RFP-SYP61, although some weak punctae are visible (white arrows), a strong 
RFP signal is diffused throughout cells. For secYFP-ERD2b, weak expression is observed, with 
auto fluorescence in the cytoplasm due to high laser power. B. Expression in the root cortex. For 
RFP-SYP61, punctae are weak (white arrows), with partial localisation to the plasma membrane. 
C. Expression at the centre of the root. For RFP-SYP61, strong plasma membrane localisation of 
is observed (white arrows). secYFP-ERD2b punctae are expressed, with YFP auto fluorescence 
observed due to high laser power. Punctae are less visible at the centre of the root, compared 
to cortical and epidermal cells. 
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Figure 4. 11. The expression of pTASH10 within Arabidopsis syncytia induced by H. schachtii, 
at 12 dpi. A. An overview of the syncytium, showing the nematode to the right of the root (white 
arrow). B. A magnified image of the syncytium, showing two regions containing no marker 
expression (white arrows). In cells surrounding these marker-free regions, marker expression is 
typical of uninfected cells, with secYFP-ERD2b localising to punctae and RFP-SYP61 diffused 
across the whole cell, indicating plasma membrane localisation. C. A magnified image of cells to 
the left of the syncytium, with marker expression typical of uninfected cells. In each image, the 
dashed lines demarcate the syncytium. 
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4.3.2.8 pTASH3, co-expressing the LPVC marker RFP-Rha1 

The expression of RFP-Rha1 was variable in uninfected pTASH3 roots. For example, in 

epidermal and cortical cells, RFP-Rha1 labelled punctate structures, in addition to the 

large central vacuoles and tonoplasts (Figure 4.12A and B). Within infected roots, cells 

surrounding syncytia had RFP-Rha1 expression comparable to that of uninfected cells, 

with large central vacuoles and punctate structures labelled (Figure 4.13A and B). 

Within the syncytium itself, no RFP-Rha1 expression was imaged, apart from punctae at 

the periphery of the syncytium which resembled fragmented vacuoles (Figure 4.13C).  

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. 12. The expression of pTASH3 in uninfected Arabidopsis root cells. A. Expression in 
the epidermis. For RFP-Rha1, LPVC punctae are present in the cytosol, with also strong vacuolar 
leakage and weak tonoplast localisation observed. There is consistent secYFP-ERD2b expression 
across the cells, with abundant punctae in the cytoplasm. B. Expression in the root cortex. For 
both markers, expression is similar to that in the epidermis. RFP-Rha1 punctae are visible, with 
additional vacuole and tonoplast localisation, and abundant secYFP-ERD2b punctae. C.
Expression at the centre of the root. For RFP-Rha1, only a diffused RFP signal in the vacuoles is 
imaged, with no punctae visible. For secYFP-ERD2b, expression is weaker compared to the 
cortex and the epidermis. Although some punctae are visible, there is a diffused YFP signal 
present in the cytoplasm of cells.  



102 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. 13. The expression of pTASH3 within Arabidopsis syncytia induced by H. schachtii, at 
18 dpi. A. An overview of the syncytium induced by a female J4 worm (white arrow). Due to the 
difference in focal planes, marker expression in the root cells next to the syncytium is unable to 
be visualised. B. A magnified image of the syncytium, showing no marker expression in syncytial 
cells. In some cells directly bordering the syncytium, there are punctate secYFP-ERD2b (stars). 
In cells at the periphery of the syncytium, RFP-Rha1 punctae are present, and there are no 
secYFP-ERD2b punctae (arrows). C. A magnified image of cells surrounding the syncytium, 
further showing marker expression typical of uninfected cells directly bordering the syncytium 
(star). At the syncytium’s periphery, cells with fragmented RFP-Rha1 but no secYFP-ERD2b 
expression are shown (arrows). In each image, the dashed lines demarcate the syncytium.  
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4.3.2.9 pTASH5, co-expressing the PVC marker RFP-BP80 

In the uninfected roots of pTASH5 lines, RFP-BP80 was only visualised in the vacuoles. 

No punctate structures, typical of PVC localisation, were visualised at the three tissue 

depths (Figure 4.14). This was also true for non-syncytial cells in infected roots, including 

those directly next to the syncytium (Figure 4.15A and C). Despite the vacuole 

localisation of RFP-BP80 in uninfected roots, no punctate structures resembling 

fragmented vacuoles were observed in the syncytium (Figure 4.15B).  

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

Figure 4. 14. The expression of pTASH5 in the roots of uninfected Arabidopsis. A. Expression in 
the epidermis. RFP-BP80 is expressed in the vacuoles, with no PVC punctae observed. secYFP-
ERD2b expression appears as normal, with punctae in the cytoplasm. B. Expression in the root 
cortex. RFP-BP80 is consistently expressed in the vacuoles of the cells. secYFP-ERD2b is weak, 
with autofluorescence visible in the cytoplasm of cells. C. Expression at the centre of the root. 
RFP-BP80, expressed in the vacuoles, shows brighter expression at the vascular cylinder. secYFP-
ERD2b expression was similar to the cortical cells, showing weak expression of punctae and 
autofluorescence in the cytoplasm. 
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Figure 4. 15. The expression of pTASH5 within Arabidopsis syncytia induced by H. schachtii, at 
13 dpi. A. An overview of the syncytium induced by a J3 worm (arrow). RFP-BP80 is only 
expressed in the vacuoles of uninfected root cells at either side of the syncytium. B. A magnified 
image of the syncytium. RFP-BP80 is expressed in the vacuoles of cells to the right of the worm
(triangle), although there are no secYFP-ERD2b punctae visible. Within the syncytium, there is 
no expression of RFP-BP80, although there is secYFP-ERD2b autofluorescence (star). The worm 
lies on top of the root (arrow), blocking marker visualisation in some syncytial cells. C. A 
magnified image of cells to the right of the syncytium, to further show marker expression in 
uninfected cells. RFP-BP80 is expressed in the vacuoles, and secYFP-ERD2b punctae are present. 
In each image, the dashed lines demarcate the syncytium.   
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4.4 Discussion 

4.4.1 General observations using fluorescence microscopy in 

Arabidopsis syncytia  

General observations could be made for the confocal microscopy of Arabidopsis 

syncytia, including weaker marker resolution in deeper tissues such as the vascular 

region, compared to cortex and epidermal cells, which are discussed below.  

4.4.1.1 Poor marker resolution at increased tissue depths 

In contrast to the preliminary T2 line screening in Chapter 3, this chapter aimed to obtain 

a more accurate depiction of the marker expression within the roots of each marker line. 

Decreased image resolution was observed in the cortical and vascular regions of the 

roots compared to the epidermis. This was a limitation of the confocal microscopy 

techniques used. To overcome this, tissue clearing and other fluorescent microscopy 

techniques such as two-photon excitation microscopy could be attempted (Musielak et 

al, 2016). For example, the tissue clearing solution ClearSee and two-photon microscopy 

have previously been used to image the cell walls in soybean syncytia induced by H. 

glycines (Ohtsu et al, 2017). Imaging transverse sections of the root could be another 

method to increase marker resolution in the vascular region. This has been used for the 

fluorescence microscopy of syncytia using cell wall antibodies, with high resolution 

observed throughout the syncytium (Levin et al, 2020; Zhang et al, 2017c). Therefore, 

the sectioning and clearing of infected root tissue within pTASH Arabidopsis lines should 

be conducted in future experiments to improve the resolution of the secretory pathway 

markers.  

4.4.1.2 Regions of no marker expression in the syncytia 

For all marker lines imaged apart from the ER marker line GFP-HDEL and the vacuole 

marker line Aleu-RFP, there was undetectable expression within the syncytium. This was 

a significant result, suggesting that key aspects of subcellular trafficking, such as COPI 

and COPII cycling, secretion and vacuolar sorting were altered within syncytia. However, 

for some lines, weak marker expression was detected not only in syncytia but in the 

whole root system of the plant. This reflects the variability in marker expression within 

plants of the same T2 line and could be solved with imaging syncytia across a larger 

number of plants, as syncytia from only five plants was used in the analysis. However, 

the sample size was limited due to issues with contamination of the H. schachtii J2s in 

tissue culture. Not only did microbial contamination limit sample sizes, but it could also 

influence the secretory pathway of Arabidopsis roots. Therefore, to improve the sample 
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size and increase the validity of marker expression, aseptic culturing of H. schachtii 

should be conducted in future experiments. 

Regions of no marker expression observed only in syncytia, with normal expression 

throughout the rest of the root, was unlikely to be due to decreased promoter activity in 

syncytial cells compared to uninfected root tissue. The CaMV35S promoter is the best 

studied of those used here in relation to syncytial expression. There is conflicting 

information on the activity of this promoter in syncytia. Although several studies report 

detectable expression of genes controlled by 35S in syncytia induced by J3 and J4 stage 

H. schachtii (Siddique et al, 2015), there are also reports of downregulation within 

syncytial cells at these time stages. For example, 35S:GFP in Arabidopsis syncytia 

induced by H. schachtii showed a significant decrease in fluorescence between 7 and 

25 dpi (Urwin et al, 1997). Furthermore, undetectable expression of 35S:gusA was 

observed after 10 dpi in Arabidopsis syncytia induced by H. schachtii (Goddijn et al, 

1993). However, the CaMV35S promoter controlled the expression of several markers 

that were imaged, including Aleu-RFP and GFP-HDEL, which showed detectable 

expression in the syncytium. This disproves the hypothesis that downregulation of the 

35S promoter inherently caused a lack of fluorescence in syncytia.  

There is less information on the syncytial activity of the two other promoters used within 

the marker lines, TR2 and pNOS. The TR2 promoter controlled the expression of the 

common cis-Golgi marker secYFP-ERD2b, and the pNOS promoter controlled the 

expression of the PVC marker RFP-BP80. However, the expression of TR2:GFP was 

observed in potato roots infected with G. rostochiensis at up to 13 dpi (Goverse et al, 

1998), and pNOS:GUS expression was detectable in Arabidopsis syncytia induced by 

H. schachtii at 6 dpi (Barthels et al, 1997). Nevertheless, alternative promoters to the 

TR2 and pNOS promoters could be used to generate further fluorescent Arabidopsis 

lines. For instance, the promoter regions of the Arabidopsis genes AtSUC2 (Juergensen 

et al, 2003; Hofmann and Grundler, 2006) and Pdf2.1 (Siddique et al, 2011) have shown 

high levels of expression in syncytia.  

4.4.2 The ER and Golgi in syncytia  

4.4.2.1 The expression of the ER marker GFP-HDEL  

GFP-HDEL was expressed in syncytia, supporting the high abundance of ER observed 

using EM (Golinowski et al, 1996). A potentially significant result was the inability to 

image the movement of GFP-HDEL in syncytial cells. The ER is a highly dynamic 

organelle, with the remodelling of tubules and cisternae essential to many cellular 

processes, including immune responses to fungi and oomycetes (Hardham et al, 2008). 

Therefore, cyst nematodes may disrupt ER remodelling in syncytia to suppress immune 
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responses. This may occur via disruption to rapid bulk streaming along the actin 

cytoskeleton (Lichtscheidl and Url, 1990), with disorganisation of the actin network 

previously documented in syncytia (de Almeida Engler et al, 2010). To confirm and 

further characterise changes to the ER dynamics in syncytia, the imaging software 

AnalyzER (Pain et al, 2019) could be used on Arabidopsis GFP-HDEL lines over the time 

course of syncytial formation. 

Additionally, ER bodies were observed in both syncytial and uninfected cells. ER bodies 

are induced upon wounding and contain high levels of β-glucosidases that are involved 

in plant defence (Yamada et al, 2020). PYK10, the gene encoding the most abundant β-

glucosidase in Arabidopsis ER bodies, is highly upregulated at 10 hpi and 48 hpi in 

syncytia induced by H. schachtii (Siddique et al, 2021). This suggests that these 

structures may increase in abundance during early infection as a response to wounding 

caused by nematode migration. These structures have not been described by previous 

EM studies of Arabidopsis syncytia induced by H. schachtii. However, most 

ultrastructural studies of Arabidopsis syncytia were carried out before the first reports of 

ER bodies in plant cells (Grundler et al, 1998; Golinowski et al, 1996; Sobczak et al, 

1997; Gunning, 1998; Matsushima et al, 2003). Nevertheless, more recent 2D EM 

studies of Arabidopsis syncytia have identified dilated regions of ER within syncytia, 

which could represent ER bodies (Baranowski et al, 2019).  

To confirm the presence of ER bodies in syncytia, fluorescence microscopy techniques 

that can image increased tissue depths, such as two-photon microscopy are required. 

Not only would this technique identify ER bodies, it would confirm previous EM 

observations of the ER including proliferated ER membranes and the wrapping of the 

ER around the nematode’s stylet. The proliferation of the ER is hypothesised to be a 

mechanism of ER stress during plant defence responses (Eichmann and Schäfer, 2012), 

and the aggregation of the ER around the stylet is hypothesised to be a feature of 

pathogenicity to directly provide the nematode with essential proteins and lipids 

(Grundler and Böckenhoff, 1997). Therefore, further microscopy would provide more 

information on the ultrastructure and dynamics of the ER, to help to uncover the complex 

role of this organelle within plant-cyst nematode interactions. 

4.4.2.2 secRFP-p24aTM expression in syncytia 

As discussed in the previous chapter, the ER marker secRFP-p24aTM labelled both the 

ER and the vacuoles in the roots of Arabidopsis lines. As the large central vacuole 

occupied the majority of space in non-syncytial imaged cells, this hindered the ability to 

visualise the ER network. However, even in the absence of a central vacuole, there was 

no distinct labelled ER network in the syncytium, which could be caused by a defect in 
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the trafficking of p24δ5. This protein is a cargo receptor that traffics between the ER and 

Golgi within COPI and COPII vesicles (Montesinos et al, 2014). Therefore, defects in 

COPI and COPII cycling may occur in syncytia.  

4.4.2.3 secYFP-ERD2b expression in syncytia 

EM studies of syncytial cells have described the presence of abundant Golgi which have 

ultrastructural evidence of high biosynthetic activity (Fudali et al, 2007; Endo, 1991; 

Melillo et al, 1990). This may reflect increased synthesis of cell wall components and 

antimicrobial compounds within infected cells. However, in all marker lines imaged, there 

was no secYFP-ERD2b expression within syncytia. Therefore, this fluorescent marker 

was unable to support previous EM evidence of increased Golgi bodies. In some cases, 

a lack of secYFP-ERD2b expression was also detected in cells bordering the syncytium. 

In these cells, the large central vacuoles were labelled. This could suggest that 

alterations in subcellular trafficking, such as COPI and COPII cycling, occur in cells 

bordering the syncytium, despite no changes to vacuole morphology yet occurring. Other 

changes such as mitosis are suggested to occur in cells prior to their incorporation into 

the syncytium (de Almeida Engler et al. 1999). Therefore, it is plausible that subcellular 

changes altering the trafficking or functioning ERD2b could also occur outside the 

syncytium.  

4.4.2.4 The expression of ER and Golgi related genes in syncytia  

ER stress  

ER stress has been hypothesised in syncytia from the increased expression of protein 

synthesis genes and observations of dilated ER cisternae (Kim et al, 2012; Endo, 1991; 

Vitale and Boston, 2008). ER stress related genes, BIP2, CRT1 and CRT2 were 

significantly differentially expressed in syncytia and followed a similar expression pattern; 

upregulated only during early infection. These three genes encode ER-resident protein 

folding chaperones. This suggests that ER stress may be an early response during 

infection, which coincides with previous ultrastructural evidence of ER proliferation at 24 

hpi (Golinowski et al, 1996). Furthermore, the downregulation of calreticulins CRT2 and 

CRT3 as syncytia develop could be a feature of pathogen manipulation, with these two 

genes also having a role in Ca2+ homeostasis, and subsequent plant defence responses 

associated with calcium signalling (Michalak et al, 1999). Calreticulin function is 

modulated by another cyst nematode species, H. avenae. This species secretes a 

calreticulin effector protein, HaCRT1, that is hypothesised to modulate calcium levels 

within the host ER lumen to suppress the cell death response (Liu et al, 2020). Therefore, 

H. schachtii effectors may act similarly to HaCRT1 to suppress ER-induced plant cell 

death.  
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Other ER stress response genes showed varied expression patterns within syncytia, 

including those that were downregulated during early infection then upregulated during 

later stages of infection. This includes EBS1, which is involved in the sensing of 

misfolded proteins (Deng et al, 2013), and bZIP17 and IRE1a, which are components of 

UPR signalling (Kim et al, 2018). This could suggest that the induction of UPR occurs 

during syncytial development, as a result of increased protein synthesis.  

Although the marker lines used in this chapter were unable to quantify ER stress, the 

fluorescent dye Proteostat® could be used in future experiments. Proteostat® has 

previously been used to detect ER stress in Arabidopsis roots, with the dye intercalating 

with mis-folded or polyubiquitinated proteins to emit fluorescence (Cho and Kanehara, 

2017). Additionally, chemical treatments could be used to test the role of ER stress in 

syncytia. For example, tunicamycin could be used, which is a N-glycosylation inhibitor 

that induces ER stress, resulting in PCD and the production of reactive oxygen species 

including H2O2 (Yang et al, 2014; Watanabe and Lam, 2008). Although tunicamycin has 

mostly been used to study the role of the ER in abiotic stress, such as photooxidative 

stress (Beaugelin et al, 2020) and salt stress (Aydemir et al, 2020), it has been used to 

elucidate the role of ER stress in response to several plant pathogens, including the 

fungal pathogen Colletotrichum lagenarium (Sticher and Metraux, 2000). Therefore, 

tunicamycin could be used to study role of ER stress related defence responses in 

resistance to cyst nematodes.  

ER-Golgi trafficking  

As previously mentioned, the lack of secRFP-p24aTM and secYFP-ERD2b expression 

in Arabidopsis syncytia could reflect altered COPI and COPII vesicle trafficking between 

the ER and Golgi. This is supported by the gene expression analysis of several COPI 

and COPII trafficking components. For example, the COPI coatomer subunits α1-COP 

and γ1-COP were significantly differentially expressed, with these two genes and the 

other COPI coatomer subunit, α2-COP, having a similar expression pattern. These 

genes were upregulated the most during late infection, with log2FC values peaking at 12 

dpi female. A second cluster of ER-Golgi trafficking genes followed a different expression 

pattern, upregulated at 10 hpi, with downregulation at all further life stages, the most 

downregulated at 12 dpi female. Genes within this cluster include p24δ5 and ERD2b, 

supporting altered regulation of COPI and COPII cycling in syncytia, which could explain 

the lack of secRFP-p24aTM and secYFP-ERD2b expression. However, the contrasting 

expression patterns of COPI coatomer subunits and other ER-Golgi trafficking genes 

requires further investigation, to more thoroughly understand the role of the early 

secretory pathway during cyst nematode infection.  
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COG genes  

To further elucidate the role of Golgi-mediated trafficking in syncytia, the expression of 

COG subunits were studied. The COG has several roles in plant cells, involved in 

glycosylation (Smith and Lupashin, 2009), Golgi structure (Rui et al, 2020), and 

retrograde trafficking (Tan et al, 2016). Although the COG complex is involved in 

soybean resistance to H. glycines (Klink et al, 2022; Klink et al, 2021; Lawaju et al, 2020), 

the role of the COG is yet to be investigated in susceptible plant-cyst nematode 

interactions such as Arabidopsis- H. schachtii. Therefore, the eight COG subunits were 

chosen for gene expression analysis. 

Of the COG subunit genes analyzed, COG5 was significantly differentially expressed, 

and COG2, COG3 and COG7 followed a similar expression pattern to this gene. These 

four COG subunits were downregulated during early infection then upregulated at the 12 

dpi female and male life stages. This supports the role of the COG within late stages of 

syncytial development in Arabidopsis, and provides temporal expression of these genes 

throughout syncytial development, which hasn’t before been analysed.  

4.4.3 Post-Golgi organelles in syncytia: the TGN, PVCs and LPVCs 

4.4.3.1 The expression of the TGN marker RFP-SYP61  

No RFP-SYP61 expression was detected in syncytia, despite expression observed in 

surrounding cells. Consequently, no characterisation of the structure or abundance of 

the TGN in syncytia could be provided. This organelle has previously been unable to be 

characterised using EM (Baranowski et al, 2019). Nevertheless, the lack of RFP-SYP61 

within the syncytium could indicate altered subcellular trafficking. Similar observations 

have also been made for cyst nematode resistance genes in soybean. For instance, the 

localisation of Syp61-mCherry was shown to become diffused when co-infiltrated with 

the soybean α-SNAP protein GmSNAP18, which confers resistance to H. glycines 

(Bayless et al, 2016). GmSNAP18 has been hypothesised to disrupt vesicle trafficking in 

the host to promote resistance (Bekal et al, 2015). Similarly, an Arabidopsis SNAP 

protein has been identified, AtSNAP2, which is the target of a H. schachtii effector, 

HsSNARE1 (Zhao and Liu, 2022). This supports that altered vesicle trafficking may occur 

within Arabidopsis infected with H. schachtii, which could account for the disruption to 

the localisation of RFP-SYP61 in the syncytium. 

4.4.3.2 The PVC and LPVC markers in Arabidopsis syncytia 

Roots imaged in this chapter showed complete vacuole localisation of the PVC marker 

RFP-BP80. This was in contrast to the roots imaged for the transgenic line screening in 

Chapter 3, with PVC punctae in addition to vacuole localisation observed. The roots 
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imaged in this chapter were several weeks older than those imaged in Chapter 3, 

therefore the complete vacuole localisation of RFP-BP80 could be due to increased cell 

stress as the plants matured. As RFP-BP80 is synthesised in the ER (Niemes et al, 

2010), overexpression of this marker, in addition to environmental stress, may induce 

ER-phagy and subsequently result in vacuole localisation of the fluorescent marker.  

No RFP-BP80 labelled vacuoles were observed in the syncytium. As RFP-BP80 is 

trafficked through the conventional ER-Golgi-TGN-PVC vacuolar trafficking route 

(Niemes et al, 2010), alterations to the trafficking between any of these compartments 

could prevent RFP-BP80 from localising to the vacuoles. This could support previous 

evidence of unconventional fusion of the PVCs with the plasma membrane in syncytia 

within EM studies; indicated from the presence of paramural bodies (Golinowski et al, 

1996). PVC fusion with the plasma membrane is a common plant immune response 

against biotrophic pathogens to secrete defence-related compounds (Wang et al, 2014a; 

An et al, 2006b). Therefore, in syncytial cells, PVC markers may be trafficked to the 

plasma membrane rather than the vacuoles, preventing their recycling back to the Golgi 

(daSilva et al, 2006). This could be tested further with the use of alternative PVC markers 

such as ARA7 and SYP22 (Cui et al, 2016; Nodzyński et al, 2013). Additionally, 

alternative imaging techniques such as 3D electron tomography or immunogold EM 

could be used to complement the fluorescence microscopy. 

4.4.3.3 The expression of the LPVC marker RFP-Rha1 in syncytia 

In uninfected roots, RFP-Rha1 localised to punctae, in addition to the tonoplast and 

vacuoles. However, within the syncytium, RFP-Rha1 labelled structures which 

resembled small vacuoles that were present only at the periphery. As RFP-Rha1 is 

hypothesised to traffic between PVCs and the tonoplast (Lee et al, 2004), lack of RFP-

Rha1 expression in the syncytium could indicate altered vacuolar trafficking, which could 

be due to the unconventional fusion of the PVCs with the plasma membrane.  

4.4.3.4 The expression of post-Golgi trafficking components in syncytia 

Golgi-PM trafficking 

Trafficking between the Golgi and PM may function in syncytia to increase the secretion 

of defence related or cell wall related compounds. To test this hypothesis, the expression 

of several Golgi-PM trafficking components was analysed, including syntaxins, RABA1 

GTPases and adaptin proteins. Syntaxins in particular have a previously characterised 

role in plant defence (Robatzek, 2007), with SYP121 upregulated in a resistant soybean 

line infected with H. glycines (Kandoth et al, 2011). Similarly, SYP61 was upregulated at 

12 dpi female, which could support a role of syntaxins in a defence response to H. 
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schachtii. However, all other Golgi-PM trafficking genes assigned to clusters were 

upregulated during early infection, then subsequently downregulated. This included the 

significantly differentially expressed RABA1e and non-significant genes such as 

RABA1a, BS14A, the syntaxins, SYP71, SYP122 and SYP132, and SYP121. This 

contrasts the upregulation of SYP121 in soybean resistance to H. glycines (Kandoth et 

al, 2011), and could suggest the initiation of defence responses during early infection 

that are subsequently suppressed by the pathogen as infection progresses.  

Vacuolar sorting components  

With the loss of the large central vacuole in syncytial cells, it was hypothesised that 

subcellular components involved in vacuolar sorting would be differentially expressed in 

syncytia. MAG1 and Rha1 were significantly differentially expressed, although SYP21 

also had a similar expression pattern to these two genes; upregulated at 10 hpi then 

downregulated at all other life stages. This suggests that vacuolar sorting decreases as 

syncytia develop, which is in line with loss of the large central vacuole in syncytial cells. 

However, GRV2 was a significantly differentially expressed gene with an opposing 

expression profile to the other vacuolar sorting genes, downregulated during early 

infection then upregulated from 12 dpi onwards. GRV2 contributes towards vacuolar 

morphology, with mutants displaying enlarged vacuoles (Silady et al, 2008). Therefore, 

this gene may function in syncytia to support vacuole fragmentation. 

4.4.4 The vacuoles in syncytia 

4.4.4.1  The expression of the vacuole marker Aleu-RFP 

Aleu-RFP labelled abundant small vacuoles within syncytia, supporting several 

ultrastructural studies using EM (Baranowski et al, 2019; Golinowski et al, 1996). 

Although lytic vacuoles have been identified in syncytia using immunogold EM 

(Baranowski et al, 2019), further investigation is required to understand the abundance 

of lytic vacuoles in comparison to protein storage vacuoles (PSVs) in syncytia. As PSVs 

are a nutrient storage compartment for the cell, their characterisation would provide more 

insight into the metabolic state and subcellular trafficking processes within syncytia. 

Additionally, further investigation into vacuole morphology during early syncytial 

development is required. Although fragmented vacuoles have been observed in syncytia 

as early as 24 hpi (Golinowski et al, 1996), the dynamics of vacuolar changes during 

early syncytial development are yet to be characterised, with changes potentially 

occurring prior to incorporation of cells into the syncytium.  

This is supported by the observation of small vacuole-like structures at the periphery of 

the syncytium in several of the marker lines. Additionally, the confocal images suggested 

that larger vacuoles were present on the periphery of the syncytium, with smaller 
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vacuoles closer to the centre. Such spatial cellular differences have not previously been 

documented within syncytia and should be investigated further. This could suggest that 

a gradual reduction in vacuole size occurs as syncytial cells mature, with younger, newly 

incorporated syncytial cells present on the periphery.  

4.4.4.2 The expression of the tonoplast marker CBL6-RFP 

Within the syncytia, CBL6-RFP labelled small vacuoles, only at the periphery of the 

syncytium. These were a similar size to the Aleu-RFP labelled vacuoles. The lack of 

CBL6-RFP expression throughout the syncytium, in contrast to Aleu-RFP expression, 

could reflect the smaller surface area that the tonoplast occupies compared to the 

vacuole lumen. Other fluorescent tonoplast markers, such as the lytic vacuole marker 

γTIP1 and the general vacuole marker V-ATPase subunit E have been used for 

immunogold transmission EM in syncytia (Baranowski et al, 2019). These have 

evidenced the presence of tonoplast membranes throughout the syncytium.  

4.4.4.3 The expression of vacuole-related genes in syncytia 

From the fragmentation of the large central vacuole, it was hypothesised that vacuole 

and tonoplast related genes would be differentially regulated in Arabidopsis syncytia. For 

this, the expression of various vacuole-related genes was analysed, including vacuolar 

processing enzymes and tonoplast intrinsic proteins (TIPs). Two vacuolar processing 

genes were upregulated during later stages of infection, β-VPE and δ-VPE, which were 

significantly differentially expressed. β-VPE is involved in the maturation of PSVs 

(Shimada et al, 2003), supporting the presence of this type of vacuole within the syncytia. 

δ-VPE is associated with cell death (Hatsugai et al, 2015), which could indicate the 

activation of this defence response in syncytia.  

Several TIPs were significantly differentially expressed in syncytial cells, downregulated 

across all timepoints. This includes δ-TIP2;2, δ-TIP2;3, γTIP1;1 and εTIP4;1. As γTIPs 

mostly localise to lytic vacuoles (Ma et al, 2004) and δ-TIPs mostly localise to PSVs 

(Jauh et al, 1998), it can be hypothesised that the downregulation of TIPs affects both 

types of vacuoles. The downregulation of these proteins in syncytia may be a feature of 

pathogen manipulation, as the mutation of γ-TIP;1 in Arabidopsis increased susceptibility 

to H. schachtii (Baranowski et al, 2019). The downregulation of TIPs in Arabidopsis 

syncytia is hypothesised to restrict the water loss in syncytial cells, increasing turgor 

pressure and possibly increasing the osmosis of sugars from the phloem into the 

syncytium (Baranowski et al, 2019). Additionally, another tonoplast membrane protein, 

the calcium sensor CBL6, was downregulated in Arabidopsis across all life stages. As 

the vacuole is the largest subcellular storage compartment for Ca2+, alterations in CBL6 

expression could affect calcium signalling to potentially alter plant defence responses. 
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This is supported by the role of other CBL proteins, including CBL10, in plant resistance 

(Sardar et al, 2017). Therefore, the downregulation of CBL6 in Arabidopsis may be 

induced by the pathogen to suppress calcium-mediated defence responses.  

4.4.5 Conclusions 

The fluorescence microscopy of Arabidopsis syncytia across the marker lines, combined 

with the expression analysis of secretory pathway genes has provided novel insight into 

the endomembrane system during cyst nematode infection.  

The key findings of this chapter include: 

 No fluorescent Golgi, TGN, PVCs or LPVCs were detected in Arabidopsis 

syncytia, which could reflect altered subcellular trafficking  

 The fragmented vacuoles labelled by Aleu-RFP support previous EM 

observations of vacuole morphology 

 Gene expression analysis supports altered COPI and COPII cycling, altered post-

Golgi trafficking to the plasma membrane and altered vacuolar sorting in syncytia  

 Gene expression analysis has also identified novel genes and pathways which 

could be further studied in Arabidopsis syncytia, including ER stress and vacuole-

mediated cell death  
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Chapter 5 Identifying novel cyst nematode effectors containing 

C-terminal transmembrane domains 

5.1 Introduction 

5.1.1 ER-targeting pathogen effectors containing a C-terminal TMD 

The endoplasmic reticulum (ER) is the gateway of the secretory pathway (Hawes et al, 

2015; Vitale and Denecke, 1999); a dynamic and pleomorphic network of tubules and 

cisternae. This organelle has several critical functions in the cell, including the 

production, folding and quality control of proteins, lipid biosynthesis, carbohydrate 

metabolism and calcium signalling (Hawes et al, 2015; Jacquemyn et al, 2017; Brandizzi 

et al, 2003). The ER is in close contact with several organelles including the nucleus, 

Golgi, endosomes, mitochondria and the plasma membrane, and extends into adjacent 

cells via plasmodesmata (Friedman and Voeltz, 2011; Levine and Loewen, 2006; Barton 

et al, 2011). Thus, the ER is essential for cellular homeostasis.    

Unsurprisingly, the ER is critical for the response to plant abiotic and biotic stresses (Park 

and Park, 2019). Several ER-targeting plant pathogen effectors have been identified, 

each containing a C-terminal transmembrane domain (TMD). Tail-anchored (TA) 

proteins containing a single C-terminal TMD are a diverse and functionally important 

group of proteins (Lee et al, 2020). The C-terminal TMD of TA proteins has features that 

are responsible for its localisation to the target membrane. For example, the length and 

hydrophobicity of the TMD has been shown to distinguish transmembrane proteins 

targeting the ER, Golgi, plasma membrane and nucleus (Singh and Mittal, 2016). This 

has allowed the prediction of ER-targeting plant pathogen effectors containing a C-

terminal TMD. 

Screening plant pathogen effector proteins containing C-terminal TMDs with certain 

characteristics has successfully identified effectors that target the ER. For example, 9 

out of 15 screened Phytophthora infestans RxLR effectors containing a single C-terminal 

TMD localised to the ER, with the rest localising to the Golgi or the mitochondria (Breeze 

et al, 2020). So far, the only identified binding partners of ER-targeting tail-anchored 

effectors are NAC transcription factors (TFs). NAC TFs relocalise from the ER to the 

nucleus during plant pathogen responses, to induce the transcription of defence-related 

signalling pathways (Bian et al, 2021). Currently, the set of identified C-terminal TMD 

effectors from Phytophthora spp. target NAC TFs within the ER, preventing their 

relocalisation to the nucleus. One example is the Pi03192 effector from Phytophthora 

infestans, which interacts with the potato NAC TFs NTP1 and NTP2 (McLellan et al, 

2013). Similarly, the BLR05 and BLR09 effectors from the oomycete Bremia lactucae 
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bind to the potato NAC transcription factor LsNAC069 and prevent its nuclear localisation 

(Meisrimler et al, 2019). However, in addition to their interaction with NAC TFs, tail-

anchored effectors may have other functions within the ER. For example, many ER-

localised tail-anchored effectors from the oomycete species Phytophthora infestans, 

Plasmopara halstedii and Hyaloperonospora arabidopsidis did not bind to any of the 

studied Arabidopsis NAC TFs (Breeze et al, 2020).  

5.1.2 Evidence of ER-targeting effectors in cyst nematodes  

The ER is likely to be crucial for the plant response to cyst nematodes, with evidence of 

increased ER activity in syncytia (Kim et al, 2012; Kandoth et al, 2011). This could reflect 

the increased synthesis of defence-related compounds, or the increased metabolic 

activity in syncytia. Increased ER activity in the syncytial cells is hypothesised to induce 

ER stress, which is supported by the observation of proliferated ER membranes, and 

transcriptomic evidence (Kim et al, 2012; Sobczak et al, 2009; Magnusson et al, 1991). 

ER stress leads to the induction of plant immune responses including plant cell death 

(Kørner et al, 2015), which has been shown to contribute towards resistance to H. 

glycines in soybean (Wang et al, 2020b).  

There is evidence that cyst nematodes secrete ER-targeting effectors to suppress ER-

mediated immune responses. For example, the Heterodera avenae effector HaCRT1 is 

a calreticulin protein that localises to the ER via a HDEL signal. HaCRT1 is hypothesised 

to modulate calcium levels within the host ER lumen to suppress the cell death response 

(Liu et al, 2020). However, it is currently unknown how nematode proteins containing ER 

retention signals could exit the ER of the gland cell to be secreted into the host.  

A feature of other ER-localised cyst nematode effectors may be the presence of a C-

terminal transmembrane domain (TMD), as is characteristic of Phytophthora spp. 

effectors targeting this organelle (Breeze et al, 2020; McLellan et al, 2013; Meisrimler et 

al, 2019). However, proteins containing TMDs are discounted from cyst nematode 

effector predictions that use the typical bioinformatic pipelines (Thorpe et al, 2014; 

Gardner et al, 2018; Mitchum et al, 2013). This is likely because less is known about the 

secretion of transmembrane proteins (Gee et al, 2018). However, as transmembrane 

proteins are still trafficked through the TGN (Packdel and von Blume, 2018), cyst 

nematode transmembrane proteins may be packaged into secretory granules at the 

TGN, as is typical of effector proteins (Mitchum et al, 2013; Hussey and Mims, 1990). 

Therefore, the bioinformatic analysis of nematode proteins containing TMDs could 

identify novel effectors. As the length of TMDs has been shown to be unique to the target 

subcellular compartment (Singh and Mittal, 2016), screening TMDs of a specific length 

could identify cyst nematode proteins that target the ER.  
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Therefore, work described in this chapter aimed to identify novel ER-localised cyst 

nematode effectors, based on the presence of a predicted signal peptide and C-terminal 

TMD (Breeze et al, 2020). The list of putative effectors were narrowed based on 

expression data. Genes of interest were then studied further using in-situ hybridisation 

to test for gland cell expression, with tobacco leaf infiltrations also conducted for the 

analysis of in planta subcellular localisation.  

5.2 Materials and Methods  

5.2.1 Effector screen pipeline 

A schematic overview of the effector screen pipeline is shown in Figure 5.3 

5.2.1.1 Identification of secreted proteins with C-terminal TMDs  

The predicted proteomes of G. pallida and H. schachtii were obtained from previously 

published genome and transcriptome data (Cotton et al, 2014; Siddique et al, 2021). The 

proteins from both sets of species were screened for the presence of a predicted signal 

peptide, using SignalP v5.0 software, that uses a deep neural network-based prediction 

method (Armenteros et al, 2019). The resulting proteins were screened for the presence 

of a C-terminal TMD. This was performed using the TMHMM v2.0 prediction software, 

which uses the Hidden Markov Model to predict TMDs (Krogh et al, 2001). To identify 

potential ER-localised transmembrane proteins, TMDs with a length of 17-22 residues 

and a maximum C-terminal tail of 30 residues after the predicted TMD were selected, 

based on Breeze et al. (2020).  

5.2.1.2 Gene expression analysis  

To identify putative effectors, gene expression cluster analysis was conducted on H. 

schachtii and G. pallida proteins containing a signal peptide and a C-terminal TMD. For 

this, normalised expression data for H. schachtii was obtained from Siddique et al, 

(2021), and the normalised expression data for G. pallida was obtained from Cotton et 

al, (2014). Genes with mean normalised expression values below 10 across all life 

stages were not assigned to a cluster. For H. schachtii, genes were separated into six 

clusters: J2, J2 and male, early infection (J2 to 48 hpi), female (12 dpi female and 24 

dpi), late infection (12 to 24 dpi) and constant expression. Clusters most likely to contain 

effector proteins were J2, early infection and J2 and male.  

For G. pallida, genes were separated into eight clusters: J2, early infection (J2 to 7 dpi), 

egg, egg/J2 and male, late infection (21 to 35 dpi), and adult male. Clusters which were 

deemed most likely to contain putative effector genes were early, egg/J2 and Male, and 

J2. The cluster expression graphs were created using R-studio, plotting the normalised 
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expression of each gene across the life stages. To visualise the trend in expression for 

each cluster, the locally weighted smoothing (LOESS) method was performed using the 

geom_smooth function from the R studio package ggplot2.  

5.2.1.3 Additional analysis to identify putative H. schachtii and G. pallida 

effectors 

Following gene expression analysis, several other parameters were used to narrow the 

effector screen (Figure 5.3). This includes the analysis of gene annotations, H. schachtii 

gland cell expression data, G. pallida DOG box analysis, and use of the subcellular 

localisation prediction software, WoLF PSORT. Genes within suitable expression 

clusters, in addition to fitting within one of these parameters, were selected for further 

analysis.  

For the gene annotations of G. pallida and H. schachtii genes, those which were 

annotated as a ‘putative effector’, a ‘esophageal gland secretory protein’ or an effector 

homologue were selected for further analysis. For the H. schachtii gland cell expression 

data, genes upregulated in the gland cells at 10 hpi were identified. For this, 10 hpi gland 

cell expression data was obtained from Dr Sebastian Eves-van den Akker. This data was 

compared to the H. schachtii expression data collected from the whole worm tissue 

(Siddique et al, 2021), to identify genes that were highly upregulated in the gland cells 

during early parasitism. For G. pallida, the number of dorsal gland (DOG) promoter 

element motifs present in the gene promoter sequences were analysed, using previously 

published data (Eves-van den Akker et al, 2016). From this, many genes predicted to 

have dorsal gland expression had two or more DOG box motifs, ‘ATGCCA’, within 500 

bp upstream of the gene’s start codon (Eves-van den Akker et al, 2016). As a final 

parameter, a subcellular localisation prediction software, WoLF PSORT, was used to 

analyse the predicted subcellular localisations of the screened genes (Horton et al, 

2007). This was to identify genes with predicted ER localisation.  

Following selection of the genes, conserved features of each protein sequence were 

analysed using the protein domain structure visualisation software, DOG version 2.0 

(Ren et al, 2009). Additionally, BLAST searches were performed to identify similar 

sequences from other organisms using the NCBI database, and the WormBase ParaSite 

database (Howe et al, 2017), as this is a more comprehensive resource for nematode 

genomics. 
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5.2.2 Gene cloning  

Following the identification of putative effectors containing C-terminal TMDs, gene 

models were visualised using the genome browsers JBrowse (https://jbrowse.org/) or 

Apollo (http://genomearchitect.github.io/) to validate the gene sequence predictions 

against the mapped RNA-seq data. Gene model predictions were also compared against 

those of existing homologues and orthologues for further validation. To clone putative 

effectors, total RNAs were extracted from J2s using an RNeasy Mini Kit (Qiagen). This 

was converted to cDNA using Superscript II reverse transcriptase (Life Technologies) 

according to the manufacturer’s instructions. The full-length coding sequences of the 

selected genes were amplified using primers listed within Table 5.1, using the 

proofreading DNA polymerase enzyme Phusion™ (Thermo Fisher Scientific). These 

genes were cloned into pGEM®-T Easy vectors after the addition of ‘A-tails’ (Promega), 

following the manufacturer’s instructions. A map of the pGEM®-T Easy vector is shown 

in Figure 5.1. For GPLIN_000854400, the full length gene sequence cloned into the 

pGEM®-T Easy vector was provided by M. Coke within the P.E. Urwin lab. Following 

cloning, the construct sequences were validated with qualitative restriction digests and 

Sanger sequencing. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 5. 1. The forward (F) and reverse (R) primers used to amplify each gene from the cDNA.
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Figure 5. 1. A plasmid map of the pGEM®-T Easy vector. H. schachtii and G. pallida genes 
amplified from the cDNA were cloned into this vector. The map was obtained from Promega. 



121 
 

 

5.2.3 In-situ hybridisation 

5.2.3.1 Probe Synthesis 

In-situ hybridisation was conducted to confirm oesophageal gland expression of the 

selected genes, using labelled single-stranded DNA probes to bind to the mRNA of 

interest. To generate the probe, firstly a short double-stranded template of 200-250 bp 

was amplified, towards the 3’ end of each gene from the corresponding pGEM®-T Easy 

clone. This PCR was conducted using Mytaq, as described in section 2.3.10, using 

primers listed in Table 5.3. Prior to primer design, gene sequences were BLAST 

searched against other G. pallida or H. schachtii genes to ensure that probes were 

specific to the gene of interest.  

To generate the single-stranded in-situ probes, asymmetric PCR was conducted on the 

double-stranded probe template using Onetaq (New England Biolabs). This reaction was 

carried out according to the manufacturer’s instructions, although DIG DNA labelling Mix 

(Roche) was added to incorporate Digoxigenin-11-dUTP, to label the probe. The reaction 

conditions are described in Table 5.2. As this was an asymmetrical PCR reaction to 

generate a single-strand probe, each reaction contained only a forward or reverse 

primer, the same used to generate the probe template (Table 5.3). The reverse primer 

generated a single-strand probe that was complementary in sequence to the mRNA of 

interest. Contrastingly, the forward primer was used as a negative control, generating a 

single-stranded probe unable to bind to the target mRNA. Following synthesis, probes 

were checked using agarose gel electrophoresis, with an increase in band size of the 

probe compared to the probe template verifying the incorporation of DIG dUTP.  
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Table 5. 2. In-situ probe synthesis reaction conditions using the Onetaq polymerase enzyme 
(New England Biolabs). 

Table 5. 3. The forward (F) and reverse (R) primers used to generate in-situ probes. 
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5.2.3.2  Fixation, cutting, permeabilisation and hybridisation  

For the J2 in-situ hybridisations, a previously published protocol was used for fixation of 

the worms (de Boer et al, 1998). However, for later parasitic stage in-situ hybridisations, 

which were performed by Mirela Coke, cabbage roots at 15 days post infection with H. 

schachtii were thoroughly cleaned, then cut into approximately 2 cm lengths before being 

briefly blended in water to facilitate efficient fixation. For fixation, blended roots were 

placed in 10 % formaldehyde for 3 days at room temperature. To collect the parasitic 

stage worms, the fixed root mixture was rinsed through 63 and 150 μm mesh sieves. 

The roots were blended again to help release fixed nematodes, which were collected on 

sieves of the same size. Following this, sucrose gradient centrifugation was performed 

on the collected worms, for the removal of root debris (40 % w/v; Acedo and Dropkin, 

1982). In-situ hybridisation for both J2 and parasitic stage worms were then conducted 

according to de Boer et al. (1998).  

After fixation, the worms were cut to allow for probe entry. For this, the worms were 

placed in a 10 % fixative solution and cut using a razor blade. For permeabilisation, 

proteinase K (0.5 mg/ml for J2s, 2 mg/ml for parasitic stages; Roche) diluted in M9 buffer 

(Sigma-Aldrich) was used, having an incubation of 30 min at room temperature. 

Following this, worms were washed in M9 buffer and pelleted on deep frozen ice for 15 

min, before being re-suspended in –20 °C methanol for 30 secs. Subsequently, worms 

were suspended in –20 °C acetone for 1 min on deep frozen ice, before being rehydrated 

with RNAse free water. The next steps were three washes in the hybridisation buffer (de 

Boer et al, 1998). After this, for pre-hybridisation, worms were placed in fresh 

hybridisation buffer and incubated at 50 °C for 15 min. For hybridisation, probes were 

denatured at 99 °C for 10 min, then added to the pre-hybridised worms, with an overnight 

incubation at 50 °C.  

5.2.3.3 Detection and image acquisition 

After probe hybridisation, several wash steps were conducted. This included 3 X 15 min 

washes in 4 x SSC buffer, followed by 3 X 20 min washes with 200 µl 0.1 X SSC / 0.1 % 

SDS buffer, at 50 °C. Worms were then washed with maleic acid buffer (Roche), before 

incubation in 1 % blocking reagent (Roche) in maleic acid buffer for 30 min at room 

temperature. Following the wash steps, worms were incubated in alkaline-phosphatase 

conjugated anti-digoxigenin antibody (Sigma-Aldrich), diluted 1:1000 in 1 % blocking 

reagent (Roche) in maleic acid buffer (Roche) for 2 hours at room temperature. To 

remove the anti-digoxigenin antibody, 3 X 15 min washes in maleic acid buffer with 0.01 

% Tween-20 were conducted, followed by a brief wash in alkaline-phosphatase detection 

buffer (Roche). For staining, worms were incubated in NBT (337 µg/ml; Sigma-Aldrich) 
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and X-phosphate BCIP (175 µg/ml; Sigma-Aldrich) in alkaline phosphatase detection 

buffer (Roche) at 4 °C overnight. To stop the staining reaction, worms were washed twice 

in 0.01 % Tween-20, diluted in sterile H2O. 

To image worms after in-situ hybridisation, stained worms were washed three times with 

sterile water then mounted onto a microscope slide, the coverslip sealed with clear nail 

polish. Images were taken using the Zeiss Axio Scope A1 microscope, with the 20 X or 

40 X objective lens. Images were processed using the Zen Blue software, version 2.3 

(Zeiss). To verify gland cell expression, the distance from the stained gland cell to the 

base of the nematode’s stylet was measured using the ImageJ software (Java; 

https://imagej.nih.gov/). 

5.2.4 Subcellular localisation analysis  

5.2.4.1 eGFP-fusion construct development 

For subcellular localisation analysis, gateway cloning was used to generate N- and C- 

terminal GFP fusion constructs of putative effectors. Effector coding regions, without their 

signal peptides, were amplified from their respective pGEM®-T Easy plasmid using 

Phusion™ polymerase (Thermo Fisher Scientific), according to the manufacturer’s 

instructions. The primers for these PCR reactions are listed in Table 5.4. For the C-

terminal fusion constructs, the forward primer sequences were designed to add a Kozak 

sequence with a start codon, ‘AAACAATG’, onto the 5’ end of the amplified gene product 

to initiate translation. Also, the reverse primer sequences for the C-terminal GFP 

constructs were designed to omit amplification of the stop codon at the end of the gene 

sequence.  

Amplified putative effector gene fragments were inserted into the pCR™8/GW/TOPO™ 

Gateway entry vector by TA cloning, according to the manufacturer’s instructions 

(Invitrogen). To generate GFP fusion constructs, the binary expression vectors 

pK7WGF2 (N-terminal GFP) and pK7FWG2 (C-terminal GFP) were used as destination 

vectors, expressing enhanced green fluorescent protein (eGFP; Karimi et al, 2002). 

Recombination of the entry and destination vectors was achieved using LR clonase™ 

(Invitrogen) following the manufacturer’s instructions. The integrity of all clones were 

checked by Sanger sequencing using primers listed in Table 5.4. Plasmid maps for the 

pGEM®-T Easy vector, the entry pCR™8/GW/TOPO™ vector and the destination 

vectors, pK7WGF2 (N-terminal GFP) and pK7FWG2 (C-terminal GFP), are given in 

Figure 5.2.
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Table 5. 4. The sequences of the forward (F) and reverse (R) primers used to clone each gene into the pCR™8/GW/TOPO™ gateway entry vector. Different
PCR™8/GW/TOPO™ constructs, requiring different primers, were generated for the gateway reaction, for recombination with either N- or C- terminal eGFP 
destination constructs. 
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Figure 5. 2. Plasmid maps for the entry and destination gateway constructs, which were used to develop the N- and C- terminal GFP fusions. The map for the 
entry vector, pCR™8/GW/TOPO™ , was obtained from ThermoFisher. The maps for the two destination vectors, pK7WGF2 and pK7FWG2, were obtained from the 
Heven Sze lab. 
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5.2.4.2 Tobacco leaf infiltration of GFP constructs   

Tobacco leaf infiltrations were conducted as previously described (section 2.4). To 

predict the subcellular localisation of each gene, each construct was infiltrated alone. To 

help decide which organelle markers to co-infiltrate with each GFP construct, subcellular 

prediction software was used, including PSORTII (Horton and Nakai, 1997), MultiLoc2 

(Blum et al, 2009) and MULocDeep (Jiang et al, 2021). These different prediction 

software were used in tandem to enhance the predictability.  

5.2.4.3 Additional marker constructs used  

To test the subcellular localisation of the putative effector genes, the GFP fusion 

constructs were co-infiltrated into tobacco leaf epidermal cells with the relevant organelle 

marker. This included markers for the cytoplasm, ER, Golgi, nucleus, peroxisome, 

mitochondria and plasmodesmata. The nucleus, peroxisome and mitochondria markers 

used for co-infiltrations were obtained from Addgene, developed in Ivanov and Harrison 

(2014). This includes the peroxisome marker mCherry-SKL. For this, the peroxisomal 

targeting sequence SKL was fused to the C-terminus of mCherry. For the mitochondria 

marker, ScCox4-mCherry was used, containing the signal peptide (the first 29 amino 

acids) of the yeast Saccharomyces cerevisiae Cytochrome C Oxidase Subunit 4 gene 

(ScCox4) fused to the N-terminus of mCherry. For the nucleus marker, the first 15 amino 

acids of the tobacco C2 polypeptide were fused to the N-terminus of mCherry. All 

constructs from Addgene were expressed under the control of the strong constitutive 

Arabidopsis AtUBQ10 promoter (Grefen et al, 2010). For the plasmodesmata marker, 

p35S::mCherry-PDCB1 was used (Benitez-Alfonso et al, 2013). Free GFP, 35S:GFP, 

was used as a control. This was obtained from the P. E. Urwin group.  
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5.3 Results  

5.3.1 Overview of the effector screen pipeline  

To identify putative novel cyst nematode effectors containing C-terminal TMDs, the 

predicted proteomes for H. schachtii and G. pallida were obtained from previously 

published data. The H. schachtii proteome contained 26,739 predicted proteins 

(Siddique et al, 2021), and the G. pallida proteome contained 16,403 predicted proteins 

(Cotton et al, 2014). Protein sequences from these two species were screened for the 

presence of a signal peptide using the SignalP software, and the presence of a C-

terminal TMD using the TMHMM software. The length of the C-terminal TMD and C-

terminal tail was also screened, consistent with previous a effector screen that identified 

ER-targeting plant-pathogen effectors (Breeze et al, 2020). From the effector screen in 

this chapter, 271 H. schachtii and 140 G. pallida proteins were identified (Figure 5.3).  

From the set of H. schachtii and G. pallida proteins containing a predicted signal peptide 

and C-terminal TMD, an effector homologue search was conducted using known effector 

sequences from all cyst nematode species. This identified just two H. schachtii and three 

G. pallida proteins. These low numbers were not surprising, as effector-finding pipelines 

have typically discarded any proteins with TMDs. To identify further putative effectors, 

cluster analysis was performed on the expression profiles of the genes to identify those 

with temporal expression indicative of effector activity. This identified 68 H. schachtii and 

56 G. pallida genes. Additional screening steps were conducted to narrow this list of 

putative effectors for further analysis. For example, the annotation of the proteins was 

analysed, in addition to the presence of DOG box sequences upstream of G. pallida 

genes, the predicted ER localisation, and enrichment in the gland cell transcriptome of 

H. schachtii at 10 hpi. This further reduced the list to fifteen H. schachtii and nine G. 

pallida genes of interest. The gene models for these were analysed to validate the 

sequences. From this, six H. schachtii and three G. pallida genes were cloned and used 

for further analysis (Figure 5.3). 
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Figure 5. 3. A schematic of the effector screen pipeline. For this screen, the H. schachtii 
proteome, containing 26,739 predicted proteins, and the G. pallida ‘Lindley’ proteome, 
containing 16,403 proteins, were used. The identification of proteins containing signal peptides 
and C-terminal TMDs: from the predicted H. schachtii and G. pallida proteomes, proteins with 
predicted signal peptides and a C-terminal TMD were identified. Putative effector 
identification: Following this, several parameters were used to identify putative nematode 
effectors, including the analysis of gene expression, gene annotations, G. pallida DOG box 
promoter motifs, prediction of subcellular localisation, H. schachtii gland cell expression, and 
the analysis of similar sequences from other cyst nematode species. Gene model validation was 
conducted on the 15 H. schachtii and 9 G. pallida genes identified from this analysis. Of these 
genes, 7 H. schachtii and 5 G. pallida genes failed the gene model validation step. Gene 
characterisation: Gene cloning was performed, with two H. schachtii and one G. pallida cDNAs 
failing to be cloned. Consequently, a set of 6 H. schachtii and 3 G. pallida genes was used for 
analysis, with in-situ hybridisations and tobacco leaf infiltrations conducted. 
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5.3.2 Cluster analysis for the expression of tail-anchored cyst 

nematode proteins containing signal peptides 

From the list of 271 H. schachtii and 140 G. pallida proteins containing a signal peptide 

and C-terminal TMD, gene expression cluster analysis was performed to identify genes 

with temporal expression resembling that of effector proteins. This was achieved using 

available transcriptome datasets (Siddique et al, 2021; Cotton et al, 2014). For H. 

schachtii, 238 out of 271 screened genes were assigned to eight clusters based on 

differential expression across the parasitism time course (Figure 5.4). The other 33 

screened H. schachtii genes were not assigned to clusters due to low levels of 

expression. A large portion of the genes were assigned to the ‘Male’ cluster (104 genes), 

peaking at the adult male life stage. Genes expressed highest during early parasitism 

(Early; 44 genes) formed the second largest cluster, followed by genes expressed during 

late parasitism (Late; 25 genes). The ‘Female’ cluster (22 genes) was similar in size, with 

genes peaking in expression at the 12 dpi and 24 dpi female life stages. Interestingly, 15 

genes peaked at both the J2 and male stages (J2 + Male). The three smallest clusters 

included genes that were exclusively expressed in the parasitic stages (Parasitic; 10 

genes), genes with constant expression (Constant; 9 genes), and genes with expression 

that peaked at the J2 stage (J2; 9 genes). To identify putative effector proteins, gene 

clusters that were predicted to have likely functions in early parasitism were identified. 

These were the ‘J2 + Male’, ‘J2’ and the ‘Early’ clusters (Figure 5.4). 

For the set of screened G. pallida proteins, 105 of 140 G. pallida genes had adequate 

levels of expression, and were assigned to six expression clusters (Figure 5.5). Similar 

to the H. schachtii cluster analysis, G. pallida genes expressed highest at the male life 

stage formed the largest cluster (Male; 33 genes). This was followed by genes expressed 

most highly in the egg/J2 and the male stage (Egg/J2 and Male; 25 genes), then genes 

most highly expressed in early parasitism (Early; 20 genes), genes peaking at the J2 

stage (J2; 11 genes), genes expressed most highly in late parasitism (Late; 10 genes), 

and genes that peaked at the egg life stage (Egg; 6 genes). Gene clusters which were 

selected to most likely contain putative effector proteins were the ‘J2’, ‘Early’, ‘Egg/J2 

and Male’ clusters (Figure 5.5).  
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Figure 5. 4. The gene expression clusters of H. schachtii genes containing a signal peptide and 
a C-terminal TMD. In total, 271 genes were used for this analysis, manually assigned into eight 
different clusters, which included: genes with constant expression (9 genes), J2 and male (15 
genes), Female (12 dpi female and 24 dpi; 22 genes), Late (12 - 24 dpi; 25 genes), Parasitic (10 
hpi onwards; 10 genes), Male (12 dpi male; 104 genes) J2 (9 genes) and Early (J2 - 48 hpi; 44 
genes). Clusters that are most likely to contain candidate effectors are outlined in red, including 
J2 and Male, J2 and Early. The mean normalised expression of each gene in each cluster is 
presented across the life stages. Each plot contains a red trendline that was fitted using the 
LOESS smoothing method. 
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Figure 5. 5. The gene expression clusters of G. pallida genes containing a signal peptide and a 
C-terminal TMD. In total, 140 genes were used for this analysis, manually assigned into six 
clusters, that included: Early (J2 - 7 dpi; 20 genes), Egg (6 genes), Egg/J2 and Male (25 genes), 
J2 (11 genes), Late (21 dpi - male; 10 genes), and Male (33 genes). Clusters that are most likely 
to contain putative effector genes are outlined in red, including Early, Egg/J2 and Male, and J2. 
The mean normalised expression of each gene in each cluster is presented across the life stages. 
The red line in each cluster represents a trendline that was fitted using the LOESS smoothing 
method.  
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5.3.3 Genes chosen for further analysis  

Genes either annotated as effectors, or belonging to the expression clusters indicative 

of effector function were chosen for further analysis. Those genes identified as having a 

temporal expression pattern of interest were further triaged to narrow the list as shown 

in Figure 5.3. An effector homologue search was conducted on screened H. schachtii 

and G. pallida proteins, using known effector sequences across all cyst nematode 

species. From this, three effector homologues were identified; the H. schachtii gene 

Hsc_gene_10206, a homologue of the H. avenae effector Ha-acp1, the H. schachtii gene 

Hsc_gene_14672, a homologue of G. rostochiensis and G. pallida SPRY-SEC effectors, 

and the G. pallida gene GPLIN_000933000, a homologue of the H. glycines effector 

G17G01 (Table 5.5).  

In addition to effector homologues, several other parameters were used to identify 

putative effector genes (Figure 5.3). This included the analysis of protein annotations, 

H. schachtii gland cell expression data, G. pallida DOG box analysis, and the prediction 

of ER localisation. From this, four H. schachtii and one G. pallida genes were identified 

(Table 5.6). This included Hsc_gene_19069, annotated as ‘putative oesophageal gland 

cell secretory protein 28’, Hsc_gene_15040, suggested to be upregulated in the gland 

cells at 10 hpi, Hsc_gene_19059 and Hsc_gene_2739, two proteins with predicted ER 

localisation, and GPLIN_001269700, containing two DOG promoter element motifs 

within 500 bp upstream of the gene.  

After gene model validation, this led to the cloning of six H. schachtii and three G. pallida 

genes from cDNA. Protein domain prediction and BLAST searches were conducted for 

each of the nine genes (Tables 5.5 and 5.6). In-situ hybridisations were then conducted 

to test for gland cell expression, and the in-planta subcellular localisation was inferred 

from the fusion of coding regions with GFP, and subsequent tobacco leaf infiltrations. 
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Table 5. 5. The selection of H. schachtii and G. pallida genes containing a signal peptide and C-terminal TMD, identified as homologues of cyst nematode effectors.
The gene name is listed, in addition to the name of the homologous effector gene under the ‘Selection Criterion’ column. Additionally, the gene’s expression cluster, 
its predicted conserved domains, and its top NCBI BLAST hit are listed. The two G. pallida genes, GPLIN_000854400 and GPLIN_000933000, contain multiple TMDs 
including a C-terminal TMD, although all other proteins chosen for further analysis contain a single C-terminal TMD. 

Table 5. 6. The selection of H. schachtii and G. pallida genes containing a signal peptide and C-terminal TMD. Multiple parameters were used to select these 
genes, which are listed under the ‘Selection Criterion’ column. Additional information about each gene is also presented, including the expression cluster that the 
gene was assigned to, its predicted conserved domains, and its top NCBI BLAST hit. 
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5.3.4 Subcellular localisation prediction for each gene 

Subcellular localisation prediction of the nine H. schachtii and G. pallida proteins was 

conducted, to help select organelle markers for co-infiltrations. For this, the sequences 

without their signal peptides were used, as this is predicted to be cleaved in the 

nematode gland cells prior to secretion into the plant. Following the tobacco leaf 

infiltrations of each putative effector gene-GFP construct, labelled structures such as the 

cytoplasm, ER and nucleus were readily identifiable prior to co-infiltration with organelle 

markers. However, punctate structures were observed in tobacco leaf epidermal cells 

infiltrated with several different constructs. These punctae could represent endosome, 

Golgi, mitochondria or peroxisome localisation. Therefore, the results from three different 

sub-cellular prediction tools (PSORTII, MultiLoc2 and MULocDeep) were combined to 

select the most appropriate organelle marker(s) to be co-infiltrated with each GFP 

construct. However, the localisation predictions of each server widely varied (Table 5.7), 

challenging the prediction of subcellular localisation. 
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Table 5. 7. The subcellular localisation prediction of each protein, using the three servers 
PSORTII, MultiLoc2 and MULocDeep. % likelihood of localisation is given for each predicted 
compartment. Highlighted in red are the subcellular markers that were used for co-infiltrations, 
based on the infiltration of the GFP constructs alone.  
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5.3.5 The positive control gene GPLIN_000854400 

GPLIN_000854400 contains multiple TMDs in addition to a predicted signal peptide 

(Figure 5.6C). Although this gene did not fit the prerequisite of a single TMD at the C-

terminus, it was chosen as a positive control as it is a previously characterised effector, 

that localises to the ER (unpublished) and contains a C-terminal TMD. This gene is a 

predicted homologue of the H. glycines 16H02 effector. 

J2 in-situ hybridisations for GPLIN_000854400 suggested dorsal gland cell expression 

(Figure 5.6B), which has previously been observed (Thorpe et al, 2014). For the 

subcellular localisation analysis, both N- and C- terminal GFP fusions with 

GPLIN_000854400 showed strong ER localisation; labelling the nuclear envelope at the 

central focal plane of the cell, and the ER network in the cortical cytoplasm (Figures 5.7 

and 5.9). ER localisation was validated by the complete co-localisation of both GFP 

fusions of GPLIN_000854400 with the ER marker secRFP-p24aTM (Figures 5.8 and 

5.10). 

Although the subcellular localisation prediction server MULocDeep predicted the ER (61 

%) as the most likely localisation, the other two servers, PSORTII and MultiLoc2, 

predicted the ER to be the third most likely localisation of this gene, reporting 17 % and 

5 % likelihood of ER localisation, respectively (Table 5.7).  
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Figure 5. 6. The analysis of GPLIN_000854400, the ER-localised 16H02 effector used as a 
positive control. A. The expression of GPLIN_00854400 across the various life stages. For each 
life stage, the mean expression is shown, with error bars representing the standard deviation. 
Expression was highest at the egg and J2 stage, with a small peak also in the males. B. A 
longitudinal drawing of a H. glycines J2, to show the relative positioning of the dorsal and 
subventral esophageal glands below the metacorpal bulb (metacorpus). Image to be used as a 
reference for in-situ hybridisations, taken from Ali et al. (2017). C. J2 in-situ hybridisation, 
showing potential dorsal gland expression (DG). Scale bars represent 100 µm. The metacorpal 
bulb (M) is labelled. D. Protein domain structure prediction, with a signal peptide (SP) and three 
transmembrane domains (TMDs). 
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Figure 5. 7. Tobacco leaf epidermal cells Agro-infiltrated with GFP-16H02. A. An overview of 
infiltrated cells, showing GFP-16H02 labelling the ER network. B. A view of the centre of an 
infiltrated cell, showing the GFP-16H02 labelled ER in close association with the nuclear envelope 
(white arrow). C. GFP-16H02 labelled ER is dispersed throughout the cortical cytoplasm. Scale 
bars represent 10 µm. 

Figure 5. 8. Tobacco leaf epidermal cells co-infiltrated with GFP-16H02 and the ER marker 
secRFP-24aTM. A. An overview of infiltrated cells, showing the co-localisation of GFP-16H02 and 
secRFP-p24aTM. B. A view of the centre of an infiltrated cell, showing the labelling of both 
fluorescent protein fusions around the nuclear envelope (white arrow), as is expected with ER 
localisation. secRFP-p24aTM also is present in the nucleoplasm, but not the nucleolus. C. A view 
of the cortical cytoplasm, showing GFP-16H02 and secRFP-p24aTM labelled ER. Scale bars 
represent 10 µm. 
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Figure 5. 9. Tobacco leaf epidermal cells Agro-infiltrated with 16H02-GFP. Expression was 
lower than that of GFP-16H02, however, the C-terminal 16H02 GFP fusion still localised to the 
ER network. A. An overview of infiltrated cells. B. A view of the centre of an infiltrated cell, 
showing the nuclear envelope (white arrow). C. A view of the cortical cytoplasm to show the 
labelled ER network. Scale bars represent 10 µm. 

Figure 5. 10. Tobacco leaf epidermal cells co-infiltrated with 16H02-GFP and the ER marker 
secRFP-p24aTM. 16H02-GFP co-localises with secRFP-p24aTM. A. An overview of infiltrated 
cells. B. A view of the centre of an infiltrated cell, showing the nuclear envelope labelled by both 
fluorescent protein fusions (white arrow). secRFP-p24aTM also labelled the nucleoplasm, 
although 16H02-GFP did not. C. A view of the cortical cytoplasm. Scale bars represent 10 µm. 
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5.3.6 Hsc_gene_15040 

Although Hsc_gene_15040 has no annotation, this gene was chosen due to its higher 

expression in the gland cells compared to other worm tissues at 10 hpi. This gene has a 

predicted coiled coil domain, and a KKXX-like motif KGVV in the C-terminal tail, which 

are likely responsible for ER localisation (Figure 5.11D). No similar proteins to 

Hsc_gene_15040 were identified with the NCBI BLAST search. However, with the 

WormBase BLAST search, two hits were found, the H. schachtii gene Hsc_gene_24973 

(73.7 % amino acid identity, e-value 9.1e-30) and the H. glycines gene Hetgly10582 

(70.1 % identity, e-value 0.0002). Hsc_gene_24973 and Hetgly10582 also had a signal 

peptide and a single, C-terminal TMD. Additionally, Hsc_gene_24973 had a similar 

expression profile to Hsc_gene_15040, peaking at 48 hpi. This gene was expressed in 

the gland cells (361 ± 95.6) at similar levels to Hsc_gene_15040 (321 ± 60.7). However, 

due to similarity in sequence and expression, Hsc_gene_24973 was not selected for 

further analysis. 

The expression of Hsc_gene_15040 was indicative of effector activity, peaking at 48 hpi 

(115.5 ± 36.9), with a small second peak at 12 dpi male (19.4 ± 5.5). The mean 

normalised expression at all other life stages was below 4.5 (Figure 5.11A). This gene 

had moderate expression in the gland cells at 10 hpi (321 ± 60.7), compared to low 

expression for the RNA collected from the whole worm at this time point (14.3 ± 13.7). 

Despite this, the J2 in-situ hybridisation was unsuccessful, with no staining detected in 

the worm (Figure 5.11B). Parasitic stage in-situ hybridisations were subsequently 

conducted due to low J2 expression. These in-situs showed staining of the dorsal gland 

(Figure 5.11C).   

For both N- and C- terminal GFP fusions, Hsc_gene_15040 ER localisation was 

suggested; with labelling of the nuclear envelope observed at the central focal plane of 

the cell, in addition to the tubular ER network being labelled in the cortical cytoplasm. 

The ER marker secRFP-p24aTM was co-infiltrated with both the N- and C- terminal 

Hsc_gene_15040 GFP constructs, with co-localisation observed (Figures 5.13 and 

5.15). However, as the nucleoplasm was also labelled by both GFP fusions with 

Hsc_gene_15040, cytoplasm localisation was also hypothesised (Figures 5.12 and 

5.14).  
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Figure 5. 11. The analysis of Hsc_gene_15040, a H. schachtii gene with no annotation. A. The 
normalised expression of Hsc_gene_15040 across the various life stages. For each life stage, the 
mean expression is shown, with error bars representing the standard deviation. Expression 
peaked at 48 hpi, with little expression at the other life stages. B. J2 in-situ hybridisation, 
showing no staining in the worms for the antisense or sense probe. Scale bars represent 100 
µm. The metacorpal bulb is labelled (M). C. Parasitic stage in-situ hybridisation, with staining of 
the dorsal glands shown (DG). Scale bars represent 10 µm. D. Protein domain structure 
prediction, with a coiled coil domain (Coils) present before the transmembrane domain (TMD) 
and a KKXX-like motif, ‘KGVV’ in the C-terminal tail. SP= signal peptide. 
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Figure 5. 12. Tobacco leaf epidermal cells Agro-infiltrated with the N-terminal GFP fusion for 
Hsc_gene_15040. From these images, this gene was predicted to localise to the ER. A. An 
overview of infiltrated cells. B. A view of the centre of an infiltrated cell, showing nucleoplasm 
and faint nuclear envelope localisation (white arrow). C. A view of the cortical cytoplasm to show 
the labelled ER network. Scale bars represent 10 µm. 

Figure 5. 13. Tobacco leaf epidermal cells co-infiltrated with GFP-Hsc_gene_15040 and the ER 
marker secRFP-p24aTM. A. An overview of infiltrated cells. B. A view of the centre of an 
infiltrated cell. The nuclear envelope was labelled by both constructs, with localisation also in 
the nucleoplasm for GFP-Hsc_gene_15040 (white arrow). C. A view of the cortical cytoplasm to 
show GFP-Hsc_gene_15040 and secRFP-p24aTM labelling the ER network. Scale bars represent 
10 µm. 
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Figure 5. 14. Tobacco leaf epidermal cells Agro-infiltrated with the C-terminal GFP fusion of
Hsc_gene_15040. Both the N- and C- terminal GFP fusions for Hsc_gene_15040 were predicted 
to localise to the ER. A. An overview of infiltrated cells. B. A view of the centre of an infiltrated 
cell, showing localisation to the nucleoplasm and nuclear envelope (white arrow). C. A view of 
the cortical cytoplasm to show the ER labelled network. Scale bars represent 10 µm. 

Figure 5. 15. Tobacco leaf epidermal cells co-infiltrated with Hsc_gene_15040-GFP and the ER 
marker secRFP-p24aTM. A. An overview of infiltrated cells. B. A view of the centre of an 
infiltrated cell. Both constructs label the nuclear envelope (white arrow). C. A view of the cortical 
cytoplasm to show Hsc_gene_15040-GFP and secRFP-p24aTM labelling the ER network. Scale 
bars represent 10 µm. 
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5.3.7 Hsc_gene_2739 

Although Hsc_gene_2739 has no annotation, this gene was chosen as it had predicted 

ER localisation using the WoLF p-SORT subcellular localisation software. In addition to 

the predicted signal peptide and C-terminal TMD of Hsc_gene_2739, this gene had a 

predicted 4 residue pattern ‘pat4’ nuclear localisation signal present at the C-terminus 

(Figure 5.16C). With the NCBI BLAST search, no matches were identified. However, 

with the WormBase BLAST search, 40 hits were found. All hits were for genes belonging 

to cyst nematode species, H. schachtii, H. glycines and G. rostochiensis and G. pallida.  

Hsc_gene_2739 was expressed highest in the early parasitic stages, from the J2 life 

stage through to 48 hpi (Figure 5.16A). The mean normalised expression was highest 

at the J2 (888.9 ± 52.1) and 10 hpi stages (801.6 ± 297.9), decreasing at 48 hpi (331.9 

± 89.8). Also indicating effector activity, Hsc_gene_15040 J2 in-situ hybridisations 

showed staining of the subventral glands (Figure 5.16B). The presence of the predicted 

nuclear localisation signal was consistent with localisation of the N- and C- terminal 

Hsc_gene_2739 constructs to the nucleus (Figures 5.17 and 5.19). The nucleoplasm 

and the nucleolus were labelled in tobacco leaf infiltrations of both N- and C- terminal 

constructs. However, the nucleolus had brighter fluorescence than the surrounding 

nucleoplasm. No fluorescence was observed in any other subcellular compartment. Co-

localisation of both the N- and C- terminal Hsc_gene_2739 constructs with the nucleus 

marker NLS-mCherry was observed, although the nucleus marker only labelled the 

nucleoplasm, with no labelling of the nucleolus (Figures 5.18 and 5.20).  
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Figure 5. 16. The analysis of Hsc_gene_2739, a H. schachtii protein with no annotation. A. The 
normalised expression of Hsc_gene_2739 across the various life stages. For each life stage, the 
mean expression is shown, with error bars representing the standard deviation. Expression 
peaked at the J2 life stage, although expression remained considerable at 10 hpi, to decrease at 
48 hpi. Expression at all other life stages was 0. B. J2 in-situ hybridisation, showing dark staining 
around the subventral glands (SvG), with the metacorpal bulb (M) also labelled. Scale bars 
represent 100 µm. C. Protein domain structure prediction, with the presence of a 4 residue 
pattern nuclear localisation signal (pat4 NLS). SP= signal peptide, TMD= transmembrane domain.
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Figure 5. 17. Tobacco leaf epidermal cells Agro-infiltrated with GFP-Hsc_gene_2739. Nucleus
localisation was observed, with stronger fluorescence in the nucleolus compared to the 
nucleoplasm. A. An overview of infiltrated cells. B. A view of the centre of an infiltrated cell, 
showing the nucleus at greater detail. Scale bars represent 10 µm. 

Figure 5. 18. Tobacco leaf epidermal cells co-infiltrated with GFP-Hsc_gene_2739 and the 
nucleus marker NLS-mCherry. Co-localisation of the two markers was observed. A. An overview 
of infiltrated cells. B. A view of the centre of an infiltrated cell, showing the nucleus in greater 
detail. GFP-Hsc_gene_2739 showed stronger fluorescence in the nucleolus, although NLS-
mCherry only localised to the nucleoplasm. Scale bars represent 10 µm. 
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Figure 5. 19. Tobacco leaf epidermal cells Agro-infiltrated with Hsc_gene_2739-GFP. Nucleus 
localisation was observed in both the N- and C- terminal fusions of this gene. A. An overview of 
infiltrated cells. B. A view of the centre of an infiltrated cell, showing the nucleus in greater 
detail. As was observed for the N-terminal GFP fusion, fluorescence was stronger in the 
nucleolus than the nucleoplasm. Scale bars represent 10 µm. 

Figure 5. 20. Tobacco leaf epidermal cells co-infiltrated with Hsc_gene_2739-GFP and the 
nucleus marker NLS-mCherry. The images show the centre of an infiltrated cell, focusing on the 
nucleus. Both markers co-localise, although NLS-mCherry fluorescence was not present in the 
nucleolus. Scale bars represent 10 µm. 
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5.3.8 GPLIN_001269700 

GPLIN_001269700 was an unannotated gene, chosen due to the presence of two DOG 

box promoter element motifs within 500 bp upstream of the gene. This protein had no 

predicted domains, other than the prerequisite signal peptide, C-terminal TMD and two 

localisation signals present in the signal peptide (Figure 5.21C). Despite this, 48 NCBI 

BLAST hits were found to match GPLIN_001269700. The most similar were two 

unnamed protein products from the root-knot nematode Meloidogyne enterolobii, sharing 

47 % sequence identity (e-values 4e-99 and 5e-99). Other hits included genes from other 

cyst nematode species, including H. glycines, several root-knot nematode Meloidogyne 

spp., in addition to genes from mycophagous and animal parasitic nematode species. 

The expression of GPLIN_001269700 could indicate effector activity (Figure 5.21A). For 

instance, expression peaked at the J2 stage (17.4 ± 0.4), although expression was also 

high at the egg stage (13.6 ± 0.005), and had a small peak at the male stage (5.6 ± 2.8). 

However, this gene had low levels of expression relative to other G. pallida genes of the 

same dataset, with expression being no higher than 17 throughout all life stages 

measured. J2 in-situ hybridisation of this gene showed dorsal gland localisation (Figure 

5.21B).  

The N-terminal GFP construct, GFP-GPLIN_001269700, likely had cytoplasm 

localisation. This was indicated through labelling of the nucleoplasm but not the 

nucleolus. Weak ER localisation was also suggested from images of the cortical 

cytoplasm of cells infiltrated with GFP-GPLIN_001269700 (Figure 5.22). When co-

infiltrated with the ER marker secRFP-p24aTM, co-localisation was observed (Figure 

5.23). The C-terminal GFP fusion for GPLIN_001269700 also showed weak cytoplasm 

localisation, with faint staining of the nucleoplasm (Figure 5.24). Possible ER localisation 

may also have been observed, with partial co-localisation with the ER marker secRFP-

p24aTM (Figure 5.25). However, as the expression of GPLIN_001269700-GFP was 

very weak, this was not confirmed. Additionally, in contrast to the N-terminal GFP 

construct for GPLIN_001269700, the C-terminal GFP fusion localised to punctae within 

infiltrated tobacco leaf cells (Figure 5.25). No additional organelle marker was co-

infiltrated with this gene. Although, from the subcellular localisation prediction servers, 

markers for the Golgi, endosomes, peroxisomes and mitochondria could be used for 

future infiltrations (Table 5.7).  
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Figure 5. 21. The analysis of GPLIN_001269700, a G. pallida gene with no annotation. A. 
Expression of GPLIN_001269700 across the various life stages. For each life stage, the mean 
expression is shown, with error bars representing the standard deviation. Expression is highest 
at the egg and J2 life stages, with a smaller peak present in adult males. There is very little 
expression at all other life stages. B. J2 in-situ hybridisation, showing staining in the dorsal gland 
(DG). The metacorpal bulb is also labelled (M). Scale bars represent 100 µm. C. Protein domain 
structure prediction, with a predicted XXRR-like motif, LRRL, and a predicted mitochondrial 
presequence cleavage site, RRL|NV, at the N-terminus prior to the predicted signal peptide. SP= 
signal peptide. TMD= transmembrane domain. 
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Figure 5. 22. Tobacco leaf epidermal cells Agro-infiltrated with GFP-GPLIN_001269700.
Cytoplasm and possible weak ER localisation was observed. A. An overview of infiltrated cells. B.
A view of the centre of an infiltrated cell, showing GFP-GPLIN_001269700 labelling the 
nucleoplasm (white arrow), with no nuclear envelope localisation observed. C. The cortical 
cytoplasm of a cell, showing cytoplasmic localisation, with possible localisation in some ER 
tubules (white arrow), although these might be cytoplasmic strands. Scale bars represent 10 µm.

Figure 5. 23. Tobacco leaf epidermal cells co-infiltrated with GFP-GPLIN_001269700 and the 
ER marker secRFP-p24aTM. GPLIN_001269700 appeared to localise to the cytoplasm rather 
than the ER. A. An overview of infiltrated cells. B. A view of the centre of an infiltrated cell, 
showing GFP-GPLIN_001269700 labelling the nucleoplasm (white arrow), while secRFP-p24aTM 
labelled the nuclear envelope. C. The cortical cytoplasm of a cell. For secRFP-p24aTM, a distinct 
ER pattern was observed. However, for GFP-GPLIN_001269700, a much more diffused signal was 
visualised. Scale bars represent 10 µm. 
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Figure 5. 24. Tobacco leaf epidermal cells Agro-infiltrated with GPLIN_001269700-GFP. Weak 
cytoplasm localisation was observed, in addition to punctate structures and possible weak ER 
localisation. A. An overview of infiltrated cells. B. A view of the centre of an infiltrated cell, 
showing GPLIN_001269700-GFP labelling the nucleoplasm and nuclear envelope (white arrow). 
C. The cortical cytoplasm of a cell, showing ER or cytoplasmic strands, with punctae. Scale bars 
represent 10 µm. 

Figure 5. 25. Tobacco leaf epidermal cells co-infiltrated with GPLIN_001269700-GFP and the 
ER marker secRFP-p24aTM. Although GPLIN_001269700-GFP expression was much weaker 
than secRFP-p24aTM expression, co-localisation between the two constructs was observed. A.
An overview of infiltrated cells. B. A view of the centre of an infiltrated cell, showing 
GPLIN_001269700-GFP and secRFP-p24aTM labelling the nuclear envelope (white arrow). C. A 
cell showing GPLIN_001269700 labelling very weak punctae (white arrows). Scale bars represent 
10 µm. 
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5.3.9 Hsc_gene_19069 

Hsc_gene_19069 was chosen due to its annotation “putative esophageal gland cell 

secretory protein 28". In addition to the prerequisite signal peptide and C-terminal TMD, 

Hsc_gene_19069 contained a predicted EGF-like (epidermal growth factor-like) domain. 

Also, subcellular localisation motifs were identified in the sequence, including a C-

terminal KKXX-like motif KAPR (Figure 5.26C).  

Several BLAST hits for Hsc_gene_19069 were identified. For the WormBase BLAST 

search, this included the H. schachtii protein, Hsc_gene_1528, which had the same 

annotation to Hsc_gene_19069, and shared 96.8 % identity (e-value 1.9e-123). This 

gene also has a similar expression profile to Hsc_gene_19069, although the expression 

at the J2 stage (453.7 ± 57.1) was lower than that for Hsc_gene_19069 (520 ± 44.1). In 

addition to this paralogue, 53 other WormBase BLAST hits were identified, which only 

included genes belonging to cyst nematode and root-knot nematode species. The most 

similar G. pallida gene was GPLIN_000231600, which has the same structure as 

Hsc_gene_19069, containing a predicted signal peptide and C-terminal TMD. With 

GPLIN_000231600, expression also peaked at the J2 stage. Other NCBI BLAST hits 

included the tenascin-R gene from the migratory plant root nematode Ditylenchus 

destructor (46.9 % identity; e-value 3e-57) and the Acp-5 gene from the leaf nematode 

Aphelenchoides besseyi (43.8% sequence similarity; e-value 1e-42) that has predicted 

phosphatase activity.  

The expression of Hsc_gene_19069 could potentially indicate a role in parasitism. This 

gene peaked at the J2 (520.1 ± 44.1), 12 dpi female (702.8 ± 37.1), 12 dpi male (841.5 

± 63.1) and 24 dpi female life stages (453.1 ± 16.6). The mean normalised expression 

was below 250 for all other life stages. Additionally, J2 in-situ hybridisations suggested 

that this gene was expressed in the subventral glands (Figure 5.26B). The subcellular 

localisation of the N- and C- terminal Hsc_gene_19069-GFP constructs appeared to be 

the same, labelling the cytoplasm and punctate structures (Figures 5.27 and 5.29). Both 

GFP fusion constructs were co-infiltrated with the mitochondria marker ScCOX4sp-

mCherry, as mitochondria was the best predicted localisation of the punctate structures 

(Table 5.7). However, no co-localisation was observed between ScCOX4sp-mCherry 

and the N- and C- terminal Hsc_gene_19069 GFP constructs (Figures 5.28 and 5.30).  
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Figure 5. 26. The analysis of Hsc_gene_19069 (putative esophageal gland cell secretory protein 
28). A. The expression of Hsc_gene_19069 across various time points. Expression peaked at J2, 
12 dpi female, 12 dpi male and 24 dpi. hpi= hours post infection, dpi = days post infection. B. J2 
in-situ hybridisations, showing staining where the subventral glands (SvG) were expected to be. 
The metacorpal bulb (M) is also labelled. Scale bars represent 100 µm. C. Protein domain 
structure prediction of Hsc_gene_19069. A predicted mitochondrial presequence cleavage site 
(ARF|FS) was located in the signal peptide. This protein also contained a predicted epidermal 
growth factor (EGF) domain, which was followed by a C-terminal transmembrane domain (TMD) 
and a KKXX-like motif ‘KAPR’ in the C-terminal tail. SP= signal peptide.  
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Figure 5. 27. Tobacco leaf epidermal cells Agro-infiltrated with GFP-Hsc_gene_19069.
Cytoplasm and punctae localisation was observed. A. An overview of infiltrated cells. B. A view 
of the centre of an infiltrated cell, showing GFP-Hsc_gene_19069 label numerous punctate 
structures and the cytoplasm. C. The cortical cytoplasm of a cell, showing the labelled punctae 
in more detail. Scale bars represent 10 µm. 

Figure 5. 28. Tobacco leaf epidermal cells co-infiltrated with GFP-Hsc_gene_19069 and the 
mitochondria marker ScCOX4sp-mCherry. No co-localisation between the two markers was 
observed. A. An overview of infiltrated cells, with both constructs showing fluorescence in the 
nucleoplasm (white arrow). B. A view of the centre of an infiltrated cell. Due to weak expression, 
no punctae are observed for GFP-Hsc_gene_19069. C. The cortical cytoplasm of a cell, showing 
labelled GFP-Hsc_gene_19069 punctae which do not co-localise with ScCOX4sp-mCherry (white 
arrows). Scale bars represent 10 µm. 
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Figure 5. 29. Tobacco leaf epidermal cells Agro-infiltrated with Hsc_gene_19069-GFP. 
Cytoplasm and punctae localisation was observed, similar to the N-terminal fusion. A. An 
overview of infiltrated cells. B. A view of the centre of an infiltrated cell, showing 
Hsc_gene_19069-GFP within the cytoplasm and punctae. C. The cortical cytoplasm of a cell, 
showing the labelled punctae in more detail. Scale bars represent 10 µm. 

Figure 5. 30. Tobacco leaf epidermal cells co-infiltrated with Hsc_gene_19069-GFP and the 
mitochondria marker ScCOX4sp-mCherry. No co-localisation between the two FP-gene fusions 
was observed. A. An overview of an infiltrated cell, showing punctae labelled by both constructs, 
which do not co-localise. B. A view of the centre of an infiltrated cell, showing both FP-gene 
fusions labelling the nucleoplasm (white arrow). C. The cortical cytoplasm of a cell, showing the 
labelled punctae in more detail. Scale bars represent 10 µm. 
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5.3.10 Hsc_gene_19059 

Although Hsc_gene_19059 had no annotation, it had predicted ER localisation using the 

subcellular localisation prediction software WoLF pSORT. No NCBI BLAST hits were 

found for this gene, and the WormBase BLAST hits were only uncharacterised genes 

from other cyst nematode species, H. glycines, G. rostochiensis and G. pallida. 

Hsc_gene_19059 was expressed at the cyst stage (145.8 ± 47.8), yet was the highest 

at the J2 (184.1 ± 32.8), 10 hpi (418.9 ± 71.8) and 48 hpi (546.1 ± 55.6) life stages. The 

mean normalised expression was below 40 for all other life stages (Figure 5.31A). The 

J2 in-situ hybridisations for Hsc_gene_19059 were unsuccessful, with no staining 

detected in any region of the worms (Figure 5.31C). As the expression of 

Hsc_gene_19059 was almost three times higher at 48 hpi compared to the J2 life stage, 

early parasitic stage in-situ hybridisations would be useful to test for gland cell 

expression. 

This gene had two predicted subcellular localisation signals, a bipartite nuclear 

localisation signal prior to the C-terminal TMD, and a KKXX-like motif, GKAA, in the C-

terminal tail, which is associated with ER retention (Figure 5.31C). Both the N- and C- 

terminal GFP fusions for Hsc_gene_19059 showed localisation to the nucleus and 

punctate structures of tobacco leaf cells, with brighter labelling of the nucleolus 

compared to the nucleoplasm (Figures 5.32 and 5.34). As the peroxisome was predicted 

to be the most likely subcellular localisation of the punctate structures, the peroxisome 

marker mCherry-SKL was co-infiltrated with both N- and C- terminal GFP fusion 

constructs for Hsc_gene_19059. Interestingly, for GFP-Hsc_gene_19059, the punctae 

completely co-localised with the peroxisome marker (Figure 5.33). However for the C-

terminal GFP fusion some, but not all, of the abundant punctae present in the cytoplasm 

co-localised with the peroxisome marker (Figure 5.35). As the subcellular prediction 

servers also predicted mitochondria and Golgi localisation (Table 5.7), markers for these 

organelles could be co-infiltrated with Hsc_gene_19059 to help identify the localisation 

of the additional punctate structures. Moreover, as C-terminal TMDs are features of both 

peroxisome and mitochondria targeting proteins (Costello et al, 2017), the mitochondria 

may be a likely localisation of the punctate structures. 
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Figure 5. 31. The analysis of Hsc_gene_19059 (no annotation). A. The normalised expression of 
Hsc_gene_19059 across various time points. Expression peaked at 10 and 48 hours post infection 
(hpi) for this gene. Low expression was observed at the cyst and J2 life stages, and from 12 days 
post infection (12 dpi) onwards. For each life stage, the mean expression is shown, with error 
bars representing the standard deviation. B. J2 in-situ hybridisation of Hsc_gene_19059. There 
was no visible staining of any structures. The metacorpal bulb is labelled (M). Scale bars 
represent 100 µm. C. Protein domain structure prediction, showing a signal peptide (SP), 
followed by a bipartite nuclear localisation signal (bipartite NLS), a C-terminal transmembrane 
domain (TMD), and a KKXX-like motif ‘GKAA’. 
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Figure 5. 32. Tobacco leaf epidermal cells Agro-infiltrated with GFP-Hsc_gene_19059.
Localisation to the nucleus and punctae was observed. A. An overview of infiltrated cells. B. A 
view of the centre of an infiltrated cell, showing punctae and weak cytoplasm localisation. C. A 
close up image of the nucleus, showing brighter fluorescence of GFP-Hsc_gene_19059 at the 
nucleolus. Scale bars represent 10 µm. 

Figure 5. 33. Tobacco leaf epidermal cells of GFP-Hsc_gene_19059 co-infiltrated with the 
peroxisome marker mCherry-SKL. Co-localisation between GFP-Hsc_gene_19059 and mCherry-
SKL was observed. A. A close up image of a GFP-Hsc_gene_19059 labelled nucleus. B. The 
cortical cytoplasm of a cell, showing co-localisation between GFP-Hsc_gene_19059 and the 
peroxisome marker. C. A close up image of the cortical cytoplasm to further show the co-
localisation. Scale bars represent 10 µm. 
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Figure 5. 34. Tobacco leaf epidermal cells Agro-infiltrated with Hsc_gene_19059-GFP.
Localisation to the nucleus and punctae was observed, similar to the N-terminal GFP fusion. A.
An overview of infiltrated cells. B. A close up of a labelled nucleus, showing brighter fluorescence 
at the nucleolus, and punctae around the periphery of the nucleoplasm. C. Labelled punctae 
dispersed through the cortical cytoplasm of a cell. Scale bars represent 10 µm. 

Figure 5. 35. Tobacco leaf epidermal cells co-infiltrated with Hsc_gene_19059-GFP and the 
peroxisome marker mCherry-SKL. Although some Hsc_gene_19059-GFP punctae are closely 
associated with mCherry-SKL punctae (white arrows), there were many more Hsc_gene_19059-
GFP punctae in the cells than mCherry-SKL, with several punctae which did not co-localise. Scale 
bars represent 10 µm. 
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5.3.11 Hsc_gene_14672 

Hsc_gene_14672 was selected due to its similarity to the cyst nematode SPRY-SEC 

effectors. This gene had a predicted B30.2/SPRY domain and a predicted mitochondrial 

presequence cleavage site KRA|EI following the signal peptide (Figure 5.36C). Ninety-

nine NCBI BLAST hits for Hsc_gene_14672 were identified, all G. pallida genes. BLAST 

hits included Ran-Binding proteins and SPRY domain containing proteins. One of the 

BLAST hits identified was the G. pallida SPRY-SEC effector RBP-1, sharing 34.47 % 

sequence identity (e-value 3e-25). This protein induces effector triggered immunity 

through binding to the potato cell surface receptor, Gpa2 (Sacco et al, 2009). BLAST hits 

were also identified for the G. rostochiensis SPRY-SEC effectors GrSPRYSEC-4 (34.74 

% identity, e-value 3e-23), GrSPRYSEC-18 (40.11 % identity, e-value 1e-26), and 

GrSPRYSEC-19 (43.02 % identity, e-value 2e-24), all of which suppress plant cell death 

(Ali et al, 2015). Using the WormBase genome database, similar BLAST hits were 

identified, although SPRY domain containing proteins from cyst nematode species other 

than G. pallida were identified: H. schachtii, H. glycines and G. rostochiensis.  

The expression of Hsc_gene_14672 was consistently low across the early parasitic 

stages, disputing effector activity of this gene (Figure 5.36A). For example, the mean 

normalised expression values for the cyst, J2, 10 hpi and 48 hpi life stages were below 

50. This increased at the 12 dpi female stage (77.9 ± 15.4), to peak at the 12 dpi male 

stage (227.9 ± 9.1), and the 24 dpi stage (147.4 ± 18.8). In line with this, no staining was 

detected for the J2 in-situ hybridisations (Figure 5.36B). Also, contrasting subcellular 

localisations were identified for the N- and C- terminal Hsc_gene_14672 GFP fusions. 

For GFP-Hsc_gene_14672, weak cytoplasm localisation was observed (Figure 5.37). 

35S:GFP was infiltrated on its own to use as a comparison for cytoplasm localisation 

(Figure 5.38). Labelling of the nucleoplasm was observed for both GFP-

Hsc_gene_14672 and 35S:GFP, in addition to weak cytoplasmic strands and a diffused 

signal across the cortical cytoplasm. Contrastingly, for Hsc_gene_14672-GFP, the 

cytoplasm was labelled in addition to punctate structures (Figure 5.39). As the 

peroxisome was the most likely predicted punctate structure for Hsc_gene_14672-GFP, 

mCherry-SKL was used for co-infiltrations, although no co-localisation was observed 

(Figure 5.40). Instead, these punctae could localise to the mitochondria, as predicted by 

the PSORTII and MultiLoc2 servers (Table 5.7), and the presence of a mitochondrial 

pre-sequence cleavage site. 
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Figure 5. 36. The analysis of Hsc_gene_14672, the Ran binding protein-1. A. The normalised 
expression of Hsc_gene_14672 across the various life stages. For each life stage, the mean 
expression is shown, with error bars representing the standard deviation. Expression was highest 
in 12 dpi males and 24 dpi females. Hpi = hours post infection, dpi = days post infection. B. J2 in-
situ hybridisation, with no staining detected in any part of the worm for the antisense or sense 
probe. Scale bars represent 100 µm. The metacorpal bulb is labelled (M). C. Protein domain 
structure prediction, showing a predicted mitochondrial presequence cleavage site ‘KRAEI’ 
following the signal peptide, and a predicted B30.2/SPRY domain in the mid-portion of the gene. 
SP= signal peptide. TMD= transmembrane domain. 
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Figure 5. 37. Tobacco leaf epidermal cells Agro-infiltrated with GFP-Hsc_gene_14672.
Cytoplasm localisation was predicted, with labelling of the nucleoplasm and a diffused GFP signal 
present in the cytoplasm. A. An overview of infiltrated cells. B. Infiltrated cells showing the 
labelled nucleoplasm and weak fluorescence diffused throughout the cytoplasm. C. A close up 
of a labelled nucleoplasm, with no fluorescence visible in the nucleolus. Scale bars represent 10 
µm. 

Figure 5. 38. Tobacco leaf epidermal cells Agro-infiltrated with 35S:GFP, used a control for 
cytoplasm localisation. A. An overview of infiltrated cells. B. An overview of two cells, showing 
the labelled nucleoplasm, and weak fluorescence diffused throughout the cytoplasm. C. A close 
up of a labelled nucleoplasm, with no fluorescence visible in the nucleolus, and cytoplasmic 
strands visible. Scale bars represent 10 µm. 
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Figure 5. 39. Tobacco leaf epidermal cells Agro-infiltrated with Hsc_gene_14672-GFP. 
Cytoplasm and potentially weak ER localisation was predicted, in addition to the visualisation 
of punctae. A. An overview of infiltrated cells. B. The central focal plane of a cell, showing the 
labelled nuclear envelope (white arrow). Due to weak expression, no punctae were visible in 
this cell. C. A close up of a cell, showing punctae and a diffused fluorescence across the cortical 
cytoplasm. Scale bars represent 10 µm. 

Figure 5. 40. Tobacco leaf epidermal cells co-infiltrated with Hsc_gene_14672-GFP and the 
peroxisome marker mCherry-SKL. No co-localisation between Hsc_gene_14672-GFP and the 
peroxisome marker was observed. A. The central focal plane of a cell, showing the labelled 
nuclear envelope (white arrow). B. The cortical cytoplasm of a cell, showing Hsc_gene_14672-
GFP punctae which do not co-localise with mCherry-SKL punctae (white arrows). In both A and 
B, there was much more mCherrySKL punctae than Hsc_gene_14672-GFP punctae. Scale bars 
represent 10 µm. 
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5.3.12 Hsc_gene_10206 

Hsc_gene_10206 was selected due to its annotation as a putative effector. In addition to 

the prerequisite N-terminal signal peptide and C-terminal TMD, a predicted histidine acid 

phosphatase domain and a leucine zipper pattern were identified at the N-terminus. A 

bipartite nuclear localisation signal was also predicted (Figure 5.41D). Using NCBI 

BLAST, 99 hits were identified for Hsc_gene_10206, all containing histidine acid 

phosphatase domains. These BLAST hits included genes from varied species, including 

plant parasitic and animal parasitic nematodes.  

The expression of Hsc_gene_10206 was high throughout the parasitic stages (Figure 

5.41A). This gene was moderately expressed at the cyst (75.4 ± 8.2) and J2 stages 

(216.8 ± 28.1), with expression increasing at 10 hpi (794.5 ± 130.8), to peak at 48 hpi 

(1129.7 ± 134.2). Expression was comparable at the 12 dpi female (940.4 ± 84.7) and 

24 dpi female (938.5 ± 142.8) stages, and was lower at the 12 dpi male stage (605.6 ± 

27.9) compared to the two female stages. From the J2 in-situ hybridisations, no staining 

was detected in the worms (Figure 5.41B). However, due to low expression at the J2 

stage, parasitic stage in-situs were conducted. From this, staining of the intestines was 

observed, in addition to the staining of an adult male (Figure 5.41C). 

The N- and C- terminal GFP fusion constructs of Hsc_gene_10206 showed different 

subcellular localisations. GFP-Hsc_gene_10206 showed cytoplasm localisation, with 

labelling of the nucleoplasm observed, but not the nucleolus. ER localisation was also 

suggested, with tubules visualised in the cortical cytoplasm, and the nuclear envelope 

was labelled (Figure 5.42). However, for Hsc_gene_10206-GFP, in addition to 

cytoplasm localisation, there were punctate structures at the plasma membrane and 

fluorescence in the apoplast (Figure 5.43). Consequently, the plasmodesmata marker 

PDCB-mCherry was co-infiltrated with Hsc_gene_10206-GFP. However, no co-

localisation was shown (Figure 5.44). Instead, the punctae shown to be labelled by 

Hsc_gene_10206-GFP could be plastid autofluorescence.  
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Figure 5. 41. The analysis of Hsc_gene_10206, predicted to be a homologue for the H. avenae 
effector Ha-acp1. A. The expression of Hsc_gene_10206 across the various life stages. For each 
life stage, the mean expression is shown, with error bars representing the standard deviation. 
Hsc_gene_10206 expression was shown to be high across all parasitic life stages. B. J2 in-situ 
hybridisations, showing no staining in worms with the antisense or sense probe. Scale bars 
represent 100 µm. The metacorpal bulb is labelled (M). C. Parasitic stage in-situ hybridisations, 
the image on the left showing staining of the intestinal regions. The image on the right shows a 
stained male inside a J4 cuticle. Scale bars represent 10 µm. The metacorpal bulb is labelled M. 
D. Protein domain structure prediction, showing a predicted leucine zipper pattern and histidine 
acid phosphatase domain following the signal peptide (SP). A predicted bipartite nuclear 
localisation signal was also predicted, prior to the C-terminal transmembrane domain (TMD).  
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Figure 5. 42. Tobacco leaf epidermal cells Agro-infiltrated with GFP-Hsc_gene_10206.
Cytoplasm and weak ER localisation was observed. A. An overview of infiltrated cells. B. The 
cortical cytoplasm of a cell, showing the labelled ER network. C. The central focal plane of a cell, 
showing the labelled nucleoplasm and nuclear envelope. Scale bars represent 10 µm. 

Figure 5. 43. Tobacco leaf epidermal cells Agro-infiltrated with Hsc_gene_10206-GFP.
Cytoplasm and apoplast localisation was observed, in addition to structures at the plasma 
membrane which were predicted to be plasmodesmata. A. An overview of infiltrated cells, 
showing bright patches of fluorescence between the cells to indicate apoplast localisation. B. A 
close up image of the labelled nucleoplasm, characteristic of cytoplasm localisation. C. A close 
up of the plasma membrane, showing the labelling of spherical structures. Scale bars represent 
10 µm. 
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Figure 5. 44. Tobacco leaf epidermal cells co-infiltrated with Hsc_gene_10206-GFP and the 
plasmodesmata marker PCDB-mCherry. A. The central focal plane of a cell, showing 
Hsc_gene_10206-GFP label the nucleoplasm in addition to the apoplast (arrowheads). Punctate 
GFP labelled structures are also observed, which do not co-localise with PDCB-mCherry (arrows). 
B. and C. show two close up images of the plasma membrane, showing punctate PDCB-mCherry 
labelled plasmodesmata along the plasma membrane (arrows) which aren’t labelled by 
Hsc_gene_10206-GFP. Plastid auto-fluorescence was also observed in both channels (arrow 
head), as shown in B. Scale bars represent 10 µm. 
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5.3.13 GPLIN_000933000 

Although GPLIN_000933000 had three predicted TMDs rather than one, it was chosen 

due to its annotation as an effector homologue (Figure 5.45C). The homologous 

sequence was the H. glycines effector G17G01, sharing 74 % sequence identity with 

GPLIN_000933000 (e-value 2e-16). In addition to G17G01, seven other NCBI BLAST 

hits were identified for GPLIN_000933000. Two of these were hypothetical proteins, the 

Meloidogyne graminicola Mgra_00006293 (e-value 1e-04), and Mgra_00009757 (e-

value 0.001). The other five BLAST hits were uncharacterised proteins from Meloidogyne 

enterolobii. Contrastingly, the WormBase BLAST search retrieved 75 hits, all of which 

were uncharacterised proteins from the cyst nematode species G. pallida, G. 

rostochiensis, H. glycines and H. schachtii.  

Despite GPLIN_000933000 being an effector homologue, the expression of this protein 

peaked at the male stage (2789 ± 890.3). Much lower expression was observed at the 

egg (1.3 ± 0.2), J2 (1.2 ± 0.2), 7 dpi (89.7 ± 9.3),14 dpi (16.8 ± 3.2), 21 dpi female (5.5 ± 

0.4), 28 dpi female (2.9 ± 1.1) and 35 dpi female (4.7 ± 0.9) life stages (Figure 5.45A). 

Additionally, the J2 in-situ hybridisation was unsuccessful for this gene, with no staining 

detected in the worms (Figure 5.45B). 

The N- and C- terminal GFP fusions with GPLIN_000933000 appeared to have the same 

subcellular localisation; labelling the ER and punctate structures. A network of tubules 

resembling the ER was observed in the cortical cytoplasm, and the nuclear envelope 

was labelled in the central focal plane of the cell, for both GFP constructs (Figures 5.46 

and 5.49). ER localisation was supported by the co-infiltration of both GFP constructs 

with the ER marker secRFP-p24aTM (Figures 5.48 and 5.51). However, for both 

constructs, punctate structures were also observed which did not co-localise with the ER 

marker. As the Golgi was identified as the most likely subcellular localisation of the 

labelled punctate structures using the subcellular localisation prediction software (Table 

5.7), both N- and C- terminal fusions of GPLIN_000933000 were co-infiltrated with the 

Golgi marker RFP-MNS3. However, no co-localisation was observed (Figures 5.47 and 

5.50). Instead, this gene may localise to the mitochondria, with the presence of a 

predicted mitochondrial pre-sequence cleavage site. This was supported by the 

prediction of mitochondrial localisation using the PSORTII and MultiLoc2 servers (Table 

5.7). 
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Figure 5. 45. The analysis of GPLIN_000933000, the H. glycines G17G01 effector homologue.
A. The expression of GPLIN_000933000 across the various life stages. For each life stage, the 
normalised mean expression is shown, with the error bars representing the standard deviation. 
The expression of this gene had a slight peak at 7 dpi (days post infection), although expression 
levels were much higher in males than any other life stage. B. J2 in-situ hybridisation, showing 
no specific staining of any structures in worms hybridised with the antisense or sense probe. 
Scale bars represent 100 µm. The metacorpal bulb is labelled (M). C. Protein domain structure 
prediction, showing a XXRR-like motif, RDFV, and a predicted mitochondrial presequence 
cleavage site ERL|CG at either side of the signal peptide (SP). Three predicted transmembrane 
domains (TMDs) were present in the sequence, with a short C-terminal tail following the final 
TMD. 
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Figure 5. 46. Tobacco leaf epidermal cells Agro-infiltrated with GFP-GPLIN_000933000.
Localisation to the ER and punctate structures was observed. A. An overview of infiltrated cells.
B. A close up image of the labelled nuclear envelope. C. The cortical cytoplasm, showing the 
labelled ER network and punctae. Scale bars represent 10 µm. 

Figure 5. 47. Tobacco leaf epidermal cells co-infiltrated with GFP-GPLIN_000933000 and the 
Golgi marker RFP-MNS3. No co-localisation was observed A. An overview of an infiltrated cell. 
B. An image of the cortical cytoplasm, showing GFP-GPLIN_000933000 punctae which did not 
co-localise with RFP-MNS3 punctae, although some transiently were shown to be in close 
proximity to each other (arrows). Scale bars represent 10 µm. 
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Figure 5. 48. Tobacco leaf epidermal cells co-infiltrated with GFP-GPLIN_000933000 and the 
ER marker secRFP-p24aTM. A. The cortical cytoplasm of a cell, showing both GFP-
GPLIN_000933000 and secRFP-p24aTM labelling the ER network. B. The cortical cytoplasm of a 
cell, showing weaker ER localisation of GFP-GPLIN_000933000. Several punctate structures 
labelled by GFP-GPLIN_000933000 are also shown in both A and B. Scale bars represent 10 µm. 

Figure 5. 49. Tobacco leaf epidermal cells Agro-infiltrated with GPLIN_000933000-GFP. As 
with the N-terminal GFP fusion, GPLIN_000933000-GFP localised to the ER and punctate 
structures. A. An overview of infiltrated cells. B. A close up of a labelled nuclear envelope. 
Resolution of this image was poor, with high laser power used as a result of low expression. C.
The cortical cytoplasm, showing bright punctate structures and the ER network. Scale bars 
represent 10 µm. 
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Figure 5. 50. Tobacco leaf epidermal cells co-infiltrated with GPLIN_000933000-GFP and the 
Golgi marker RFP-MNS3. No co-localisation was observed. A. The cortical cytoplasm, showing 
GPLIN_000933000-GFP punctae which do not co-localise with RFP-MNS3 punctae (arrows). B.
Another image of the cortical cytoplasm, highlighting the low expression of GFP-
GPLIN_000933000 which often impeded the imaging of punctate structures. Scale bars 
represent 10 µm. 

Figure 5. 51. Tobacco leaf epidermal cells co-infiltrated with GPLIN_000933000-GFP and the 
ER marker secRFP-p24aTM, showing co-localisation. A. and B. are two images of the cortical 
cytoplasm, showing GPLIN_000933000-GFP co-localising with secRFP-p24aTM. Scale bars 
represent 10 µm. 
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5.4 Discussion 

This effector screen aimed to identify novel putative cyst nematode effectors containing 

a C-terminal TMD, and to test if these had ER localisation. From this screen, a set of six 

H. schachtii and three G. pallida proteins was selected for further analysis. For each 

gene, an overview of the analysis is provided, discussing the annotation, protein domain 

prediction, BLAST hits, expression profiles, in-situ hybridisations and tobacco leaf 

infiltrations to validate effector activity of the genes, and to infer potential functions in the 

host.  

5.4.1 Putative ER-targeting cyst nematode effectors 

5.4.1.1 The positive control gene, GPLIN_000854400  

The previously characterised G. pallida ‘16H02’ effector, GPLIN_000854400, was used 

as a positive control, with tobacco leaf infiltrations confirming ER localisation, and in-situ 

hybridisations confirming dorsal gland expression. As this gene was expressed most 

highly at the egg and J2 stage, later parasitic stage in-situ hybridisations weren’t 

conducted. However, the expression of this gene across all life stages was low. 

Additionally, the dorsal gland expression of this gene contrasts the peak in expression 

at the J2 life stage, as higher dorsal gland activity has previously been observed during 

sedentary parasitic stages rather than J2 (Hussey et al, 1990). However, the expression 

of GPLIN_000854400 may be highest between the J2 and 7 dpi time points measured. 

Therefore, the expression should be analysed at more regular time points through early 

syncytial formation.  

This effector protein has previously been shown to bind to potato NAC transcription 

factors, using yeast two-hybrid screening and YFP bimolecular fluorescence 

complementation (M. Coke, personal communication). Binding of GPLIN_000854400 to 

the potato NAC TFs was hypothesised to prohibit their translocation from the ER to the 

nucleus, to prevent the activation of genes involved in defence responses. This is a novel 

function of cyst nematode effectors, and the first example of a cyst nematode effector 

containing TMDs. Due to this, future effector screens should include proteins with several 

TMDs.  

5.4.1.2 Hsc_gene_15040, localising to the ER and cytoplasm 

Hsc_gene_15040 was a putative effector localising to the ER and cytoplasm. Although 

C-terminal TMDs have previously been shown to be responsible for the ER localisation 

of plant pathogen effectors (Breeze et al, 2020), a C-terminal KKXX-like motif identified 

in Hsc_gene_15040 may also contribute towards ER localisation, as this motif has a 
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characterised role in ER retrieval (Vincent et al, 1998). Hsc_gene_15040 was suggested 

to be an effector due to its upregulation in the gland cells at 10 hpi, which was further 

supported by the dorsal gland expression observed in the parasitic stage in-situ 

hybridisations. The dorsal gland expression of Hsc_gene_15040 suggests a role of this 

gene in syncytial formation rather than migration and invasion, supported by the peak in 

expression in early parasitism. The structure of this gene, including a coiled-coil domain, 

could allude to one of several functions typical of this domain, including membrane 

fusion, protein folding and microtubule dynamics (Burkhard et al, 2001). However, no 

cyst nematode effector proteins containing a coiled-coil domain have previously been 

identified, suggesting that this gene has a novel function in the host.  

5.4.1.3 GPLIN_001269700, localising to the ER, cytoplasm and punctae 

GPLIN_001269700 was identified as a putative effector due to the presence of two DOG 

boxes upstream of the gene and the dorsal gland expression suggested from the J2 in-

situ hybridisations. However, as dorsal gland effector proteins are typically involved in 

parasitic stages (Thorpe et al, 2014; Hussey et al, 2019), this contrasts the lack of 

expression that was observed from the J2 stage onwards. This further highlights the 

need for additional time points to measure the expression of the G. pallida genes 

between the J2 and 7 dpi life stage. The subcellular localisation of GPLIN_001269700 

also requires further investigation. For instance, in addition to the ER and cytoplasm 

localisation of the N-terminal GFP fusion, additional punctate structures were labelled by 

the C-terminal GFP fusion.  

5.4.2 Putative effectors targeting other subcellular compartments 

5.4.2.1 Hsc_gene_2739, targeting the nucleus  

Hsc_gene_2739 was identified as a putative effector targeting the nucleus. The 

localisation of this gene could be due to the presence of the pat 4 NLS, which should be 

tested by mutation of this signal and subsequent fusion of the gene to GFP. In the host, 

Hsc_gene_2739 may act similarly to other nucleus-targeting cyst nematode effectors, 

which alter host transcription to promote syncytial development. This includes the H. 

schachtii 30D08 effector secreted by the dorsal gland. 30D08 interacts with an auxillary 

spliceosomal protein, SMU2, to alter the pre-mRNA splicing of Arabidopsis genes 

involved in transcription, development, and hormone signalling (Verma et al, 2018). 

Another nuclear-targeting H. schachtii effector is 32E03, which inhibits histone 

deacetylases that modulate host chromatin. In turn, this effector epigenetically regulates 

gene expression to promote parasitism (Vijayapalani et al, 2018).  
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The sequence analysis of Hsc_gene_2739 did not allude to any potential functions of 

this gene. Additionally, the BLAST searches for Hsc_gene_2739 did not identify any 

previously characterised proteins similar in sequence. This supports that 

Hsc_gene_2739 is specific to cyst nematodes, with a potential novel role in parasitism. 

The subventral gland staining from the J2 in-situ hybridisation also supports that this 

gene is a putative effector. However, other nucleus-targeting cyst nematode effectors 

are associated with dorsal gland expression (Verma et al, 2018; Vijayapalani et al, 2018).  

5.4.2.2 Hsc_gene_19069, localising to the cytoplasm and punctae  

Hsc_gene_19069, “putative esophageal gland cell secretory protein 28”, was validated 

as a putative effector protein. This gene was suggested to be expressed within the 

subventral glands, and had high expression at the J2 and later parasitic life stages, 

supporting a role of this gene in parasitism. Hsc_gene_19069 contained an EGF-like 

domain which can be found in a large variety of eukaryotic proteins.  

In animals, EGF-like proteins are cell surface receptors with roles in calcium signalling 

and mitogenesis (Villalobo et al, 2000; Engel, 1989). As cyst nematode effectors 

including the H. avenae effector HaCRT1 alter calcium signalling in host cells (Liu et al, 

2020), and G. pallida secretions alter mitogenic activity in tobacco leaf protoplasts 

(Goverse et al, 1999), effectors such as Hsc_gene_19069 could act as calcium signalling 

receptors to induce mitogenic activity in the host to enable cell proliferation. However, 

despite this evidence, rather than localising to the cell surface, Hsc_gene_19069 

localised to the cytoplasm and punctae, which is atypical of animal proteins containing 

EGF-like domains. Therefore, Hsc_gene_19069 could have a similar role to plant EGF-

like proteins. In plants, these domains are present within several plant vacuolar sorting 

receptors (Ahmed et al, 2000; Shimada et al, 1997). Therefore, Hsc_gene_19069 could 

mimic plant EGF-like proteins to manipulate vacuolar sorting. To test this, markers for 

the post-Golgi organelles could be co-infiltrated with this gene.  

5.4.2.3 Hsc_gene_19059, localising to the nucleus, peroxisomes and 

punctae  

Hsc_gene_19059 was another gene identified as a putative effector expressed during 

early parasitism, although gland cell expression was not confirmed with J2 in-situ 

hybridisations. This gene localised to the nucleus and peroxisomes, with the C-terminal 

GFP fusion localising to additional punctate structures. Although the nucleus is a 

common subcellular target of cyst nematode effectors, only two peroxisome targeting 

cyst nematode effectors have been identified, the G. pallida GPLIN_000662500 and 

GPLIN_000457000, which are yet to be functionally characterised (Thorpe et al, 2014). 

The dual localisation of Hsc_gene_19059 to the nucleus and peroxisomes could infer its 
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function in the cell. Localisation to both the nucleus and peroxisomes has been observed 

for catalase proteins, which translocate from the peroxisomes to the nucleus to regulate 

the transcription of genes associated with H2O2 production (Zhang et al, 2015). 

Therefore, Hsc_gene_19059 may similarly translocate from the peroxisomes to the 

nucleus to alter the expression of H2O2 related genes.  

5.4.3 Proteins discounted as putative effectors 

5.4.3.1 Hsc_gene_14672, localising to the cytoplasm, ER and punctae 

Hsc_gene_14672 is a SPRY-SEC protein annotated as ran-binding protein-1. SPRY-

SEC proteins have varied roles in the cell, mediating protein-protein interactions (Diaz-

Granados et al, 2016), suggesting many potential roles of Hsc_gene_14672. The 

similarity of Hsc_gene_14672 to several SPRY-SEC effectors could suggest a role for 

this gene in parasitism. However, this gene was discounted as a putative effector for 

several reasons. This includes its subcellular localisation, which was within the 

cytoplasm, or ER and punctae, for N- and C- terminal GFP fusions respectively. This 

contrasts the localisation of previously characterised SPRY-SECs, which localise to the 

cytoplasm, nucleus and nucleolus (Carpentier et al, 2012; Jones et al, 2009; Rehman et 

al, 2009). Additionally, the expression profile and J2 in-situ hybridisations suggested that 

this gene is not a putative effector, with a suggested role in adult development rather 

than establishment or maintenance of the syncytium. 

5.4.3.2 Hsc_gene_10206, localising to the cytoplasm, ER, apoplast and 

punctae  

Hsc_gene_10206 was chosen due to its similarity to the H. avenae effector Ha-acp1 (Liu 

et al, 2014). Acid-phosphatase effectors are also secreted by other plant-parasitic 

nematode species, including Meloidogyne incognita (Huang et al, 2003), hypothesised 

to have a digestive role in the host cells. However, acid phosphatase genes are also 

common housekeeping genes, present across nematodes with varying feeding 

strategies (Rigden, 2008). Hsc_gene_10206 had subcellular localisations resembling 

that of an acid phosphatase, which typically localise to the lysosomes, extracellular 

space and cytoplasm (Veeramani et al, 2009; Rigden, 2008). For this Hsc_gene_10206, 

cytoplasm and ER localisation, or cytoplasm, apoplast and punctae localisation was 

observed for the N- and C- terminal GFP fusions respectively. Due to the digestive role 

of acid phosphatases, the punctate structures labelled by Hsc_gene_10206-GFP may 

represent the lysosomes, which should be tested with future tobacco leaf infiltrations.  

The intestinal expression, suggested from the parasitic stage in-situ hybridisations, 

discounts this gene as a putative effector and could indicate a role of this gene in 

digestive processes. This is supported by the histidine acid phosphatase, pho-1, being 
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expressed in the intestines of the C. elegans nematode, having a role in digestion (Beh 

et al, 1991). The in-situ hybridisations of Hsc_gene_10206 also contrasts those for the 

H. avenae effector Ha-acp1, which showed staining in the subventral glands (Liu et al, 

2014). 

5.4.3.3 GPLIN_000933000, localising to the ER and punctae  

GPLIN_000933000, the G17G01 effector homologue, localised to the ER and punctae. 

This gene was specific to sedentary plant-parasitic nematodes, which could indicate a 

role in parasitism. However, this gene was discounted as a putative effector, due to the 

lack of gland cell staining observed in the J2 in-situ hybridisations, and the expression 

of this gene peaking in 12 dpi males. This contrasts the expression of the H. glycines 

effector G17G01, which was upregulated in J2s prior to soybean infection (Klink et al, 

2009).  

5.4.4 The efficacy of the effector screen  

5.4.4.1 Limitations of the in-situ hybridisations 

In-situ hybridisations suggested that four out of the eight screened G. pallida and H. 

schachtii genes were expressed in the gland cells. Although to confirm this, microscope 

images with higher resolution of the nematode’s anatomy should be obtained. For the 

other four genes, the in-situ hybridisations were unable to show the staining of any 

structures. This could occur for several reasons. For instance, gland cell expression may 

still be present, but it could be below the detection threshold for the staining method that 

was used. To help solve this, fluorescence in-situ hybridisations could be conducted, as 

this technique has been shown to improve the sensitivity of RNA detection in nematode 

tissues (Ruark-Seward et al, 2019).  

Additionally, suboptimal probe design could account for the unsuccessful in-situ 

hybridisations. As only one probe was used for each gene, the number of probes tested 

on the worms could be increased to help improve the success of the in-situ 

hybridisations. These additional probes could be designed to hybridise to different 

regions of the RNA transcript, and could have shortened lengths to improve permeability 

into the worms (Kud et al, 2019). Another limitation of the in-situ hybridisations was the 

use of J2s, as these were the most convenient life stage to use. However, several of the 

screened genes had higher levels of expression during parasitic life stages. This includes 

Hsc_gene_19059, which had the highest expression at 10 hpi and 48 hpi, 

Hsc_gene_14672, which had the highest expression at 12 dpi male and 24 dpi female, 

and GPLIN_000933000, which peaked at the adult male life stage. Therefore, further in-

situ hybridisations for these genes should be conducted at these parasitic life stages to 
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increase the likeliness of probe detection. Finally, to help to further validate the in-situ 

hybridisations, in planta immunolocalisation within infected plant roots should also be 

conducted. This would verify the secretion of the genes from the nematode gland cells 

into the syncytium.  

5.4.4.2 Limitations of the gene expression analysis  

RNA-seq data was used to analyse the expression of the screened G. pallida and H. 

schachtii genes (Siddique et al, 2021; Cotton et al, 2014). However, protein levels within 

a cell often poorly correlate with transcript levels (Fukao, 2015). Therefore, the RNA 

transcript abundance that was inferred from the RNA-seq data may not accurately reflect 

gene expression at the different nematode life stages. To validate the RNA-seq data, 

methods for protein quantification, including selected reaction monitoring (SRM) mass 

spectrometry could be used, which has previously quantified protein abundance in 

animal parasitic nematode species (Wang and Gasser, 2021). Another limitation of the 

RNA-seq data was the need for more frequent time points to be measured. For example, 

with the H. schachtii data set, no time points between 48 hpi and 12 dpi were obtained 

(Siddique et al, 2021), and for the G. pallida data set, no time points between the J2 and 

7 dpi life stages were obtained (Cotton et al, 2014). As effector genes may only be 

expressed during early parasitic time points that weren’t measured in these datasets, 

this may have resulted in effectors being missed from the screen.  

5.4.4.3 Limitations of the subcellular localisation prediction  

None of the cloned genes displayed sole ER localisation, other than the previously 

identified 16H02 gene that was used as a control. This contrasts evidence that 

transmembrane domains between 17-22 residues in length are associated with ER 

localisation in plant cells (Brandizzi et al, 2002). Also, the results from this screen are 

contrasted by the localisation of seven out of fifteen Phytophthora infestans effectors 

only to the ER, when the same screening parameters were used (Breeze et al, 2020). 

Additionally, the subcellular localisation prediction servers used in this effector screen, 

PSORTII, MuLocDeep and MultiLoc2, gave conflicting and inaccurate results. This 

contrasts evidence that these severs can accurately predict the subcellular localisations 

of plant, animal and fungi species (Horton and Nakai, 1997; Blum et al, 2009; Jiang et 

al, 2021). This may be due to the removal of the signal peptide from the cloned nematode 

proteins, as the N-terminal portion of the protein is part of the subcellular localisation 

prediction algorithms used by each of the servers (Horton and Nakai, 1997; Blum et al, 

2009; Jiang et al, 2021).  

Streamlined cyst nematode effector identification may be achieved from the 

development of effector prediction software. This has already been developed for fungal 
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and oomycete effectors. Named EffectorP 3.0, this software can distinguish between 

apoplastic and cytoplasmic effectors (Sperschneider and Dodds, 2022). EffectorP 3.0 

screens proteins based on the presence of an RxLR motif that is responsible for the 

secretion of fungal and oomycete effectors into host cells (Liu et al, 2019). However, cyst 

nematode effectors don’t contain this motif or any similar protein coding region. 

Therefore, EffectorP 3.0 wouldn’t be suitable for the identification of cyst nematode 

effectors, highlighting the need for the development of a cyst nematode specific effector 

prediction software. Also, the EffectorP 3.0 software excludes transmembrane proteins 

(Sperschneider and Dodds, 2022), thus wouldn’t be suitable for the identification of plant 

pathogen effectors containing C-terminal TMDs.  

5.4.4.4 Limitations of the tobacco leaf infiltrations  

Tobacco leaf infiltrations were conducted to infer the in planta subcellular localisation of 

the screened cyst nematode proteins. Although this is the standard method for the 

subcellular localisation analyses of cyst nematode effector proteins (Jones et al, 2009), 

there are limitations associated with this technique. For example, the correct localisation 

of cyst nematode effectors may require the presence of genes that are specific to the 

host species, and root tissue. Therefore, as tobacco isn’t a host for G. pallida or H. 

schachtii, the screened nematode proteins may be unable to localise to their target 

compartment. Thus, to validate the subcellular localisation analyses, 

immunolocalisations could be performed on the roots of transgenic host lines 

overexpressing the putative effectors (Vijayapalani et al, 2018). 

Another limitation of the subcellular localisation analysis was the addition of fluorescent 

protein tags including GFP. This can alter the localisation of the protein of interest, 

through interfering with its binding activity, subcellular trafficking or stability (Palmer and 

Freeman, 2004). To test this, both N- and C- terminal GFP constructs were developed 

for each screened cyst nematode gene. Four of the genes, Hsc_gene_15040, 

Hsc_gene_2739, Hsc_gene_19069 and GPLIN_000933000, displayed the same 

subcellular localisation when GFP was fused to the N- and C- terminus. However, for the 

four other genes, GPLIN_001269700, Hsc_gene_19059, Hsc_gene_14672 and 

Hsc_gene_10206, additional subcellular structures were observed when GFP was fused 

to the C-terminus. As these proteins contain C-terminal TMDs that were predicted to act 

as tail anchors, adding a GFP onto the C-terminus could be expected to alter the ability 

of the transmembrane region to anchor to the target membrane, thereby altering the 

localisation. Therefore, the subcellular localisations of the N-terminal GFP constructs for 

these genes were hypothesised to be the most reliable.   

Another limitation of the tobacco leaf infiltrations was the expression of the genes without 

their signal peptides, due to the assumption that these are cleaved in nematode 

esophageal glands (Mitchum et al, 2013). To further validate this, immunoblots could be 
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conducted using antibodies specific to the screened putative effectors, with and without 

their signal peptides. This would further confirm that the signal peptide is cleaved within 

the gland cells prior to secretion (Chen et al, 2015). 

5.4.5 Conclusions  

This effector screen aimed to identify a set of novel putative effectors from the model 

cyst nematode species H. schachtii, and the economically important potato cyst 

nematode, G. pallida. This screen also aimed to test if these genes would localise to the 

ER, as was previously shown with Phytophthora effectors (Breeze et al, 2020). The set 

of screened cyst nematode proteins had varying subcellular localisations, contradicting 

the hypothesis of putative effectors containing C-terminal TMD proteins typically 

localising to the ER. However, this screen has provided further evidence that cyst 

nematode effectors can have TMDs. This screen has also shown that the use of 

subcellular localisation prediction servers retrieves variable results, and aren’t an 

accurate predictor for the subcellular localisation of cyst nematode proteins lacking a 

signal peptide, acting outside of their synthesising cell.  

Putative effector proteins, from the in-situ hybridisations and expression data: 

 The ER targeting Hsc_gene_15040 and GPLIN_001269700 

 The nucleus targeting Hsc_gene_2739 

 Hsc_gene_19069, the EGF-like protein with an unidentified subcellular 

localisation 

 The nucleus and peroxisome targeting Hsc_gene_19059, although further in-situ 

hybridisations are required to verify gland cell expression 

Non-likely effector proteins, with low expression during parasitism and 

unsuccessful J2 in-situ hybridisations:  

 Hsc_gene_14672, a putative ran-binding protein with an unidentified subcellular 

localisation 

 Hsc_gene_10206, a putative histidine acid phosphatase with an unidentified 

subcellular localisation 

 GPLIN_000933000, the H. glycines G17G01 homologue localising to the ER and 

an unidentified subcellular compartment 
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Chapter 6 General Discussion 

There are two main parts to the work described; the characterisation of the plant 

secretory pathway in Arabidopsis syncytia induced by H. schachtii, and the identification 

of novel putative cyst nematode effector proteins containing a C-terminal TMD, which 

may target the endoplasmic reticulum. The increased knowledge of the plant secretory 

pathway in plant-cyst nematode interactions that has been gained from this work could 

be used to identify potential host susceptibility genes, and potential cyst nematode genes 

as targets for RNAi.   

6.1 Dual fluorescence reporters provide new insight into the 

plant secretory pathway 

The set of dual fluorescence organelle marker constructs has been developed for use in 

both transient and stable expression assays. These are novel, as no dual fluorescence 

constructs labelling the full secretory pathway have previously been published. These 

constructs are also customisable, sharing a common vector system containing a large 

choice of restriction sites. This allows for easy construct modification using traditional 

restriction cloning (Bertero et al, 2017), with the ability to change the promoter, 

fluorescent protein, marker gene and terminator sequence.  

Tobacco leaf infiltrations of the dual fluorescence organelle markers has furthered 

knowledge on the plant secretory pathway. For instance, the ER marker RFP-HDEL was 

unexpectedly retained in the Golgi when co-expressed with the Golgi marker secYFP-

ERD2b. This finding could be used to uncover novel information about K/HDEL mediated 

ER retention via the ERD2 receptor protein. Also, the comparison of marker expression 

in traditional transient expression assays vs stable expression in Arabidopsis has 

provided novel information on the plant secretory pathway in different expression 

systems and tissue types. One key observation was the localisation of the ER marker 

secRFP-p24aTM in the vacuoles of Arabidopsis roots but not Arabidopsis cotyledon 

cells, or tobacco leaf epidermal cells. This could suggest altered vacuolar sorting or ER-

Golgi trafficking mechanisms specific to plant roots. Several other differences in marker 

expression were observed between the different expression systems. This includes the 

presence of punctae for the tonoplast marker CBL6-RFP and the vacuole marker Aleu-

RFP only in the tobacco leaf infiltrations, and the unexpected lack of punctate PVC 

localisation for the PVC marker TR2:RFP-BP80, only when stably expressed in 

Arabidopsis tissue. This indicates that aspects of the plant secretory pathway differ 

across different expression systems, species and tissue types.  

This work has highlighted the need to characterise plant secretory pathway markers in 

varied cellular contexts. So far, knowledge on the plant endomembrane system has 
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mostly relied on transient expression assays in tobacco leaf epidermal cells, although 

stable marker expression has been analysed in seeds (Ichino et al, 2020; Galili and 

Herman, 1997) pollen tubes (Grebnev et al, 2017), and root hairs (Grierson et al, 2014). 

However, this work describes the first study of plant secretory markers in primary root 

tissues, highlighting areas requiring further research, including the root-specific vacuole 

localisation of the ER marker secRFP-p24aTM. However, despite the differences 

observed in marker localisation, each organelle marker apart from the ER marker 

secRFP-p24aTM and the PVC marker TR2:RFP-BP80 was suggested to localise to their 

intended subcellular compartment in both transient and stable expression systems. 

Therefore, the set of dual fluorescence constructs and Arabidopsis lines are a valid novel 

resource that could be used to further knowledge on the plant secretory pathway across 

different tissue types, developmental contexts or in response to biotic or abiotic stresses.  

6.2 Common aspects of the plant secretory pathway across 

plant-pathogen interactions 

Cyst nematodes are economically important plant pathogens that induce vast subcellular 

changes in their host during syncytial formation. The dual fluorescence Arabidopsis lines 

were infected with syncytia to further knowledge on the plant secretory pathway during 

cyst nematode infection, which so far has relied on 2D electron microscopy. Previously 

published Arabidopsis RNA-seq data was used to complement fluorescence microscopy 

observations. To support the hypotheses developed from this work, knowledge on the 

plant secretory pathway in response to other biotrophic pathogens can be used, due to 

similarities in plant defence responses, and common pathways being targeted by plant 

pathogen effectors. This can support the suggested endomembrane trafficking pathways 

identified to be involved in plant-cyst nematode interactions, and could also be used to 

postulate future experiments.  

6.2.1 The early secretory pathway reveals features of both plant 

defence and susceptibility  

Gene expression analysis identified downregulated ER stress related genes, bZIPs and 

calreticulins in Arabidopsis syncytia, which are commonly involved in plant defence 

responses to biotrophic plant pathogens (Moreno et al, 2012; Qiu et al, 2012; Caplan et 

al, 2009). This suggests that cyst nematodes target ER stress pathways involved in 

defence responses. This is supported by the identification of plant pathogen effectors 

targeting BIPs and calreticulins. For example, the oomycete Phytophthora sojae effector 

PsAvh262 binds to BIP to suppress the activation of ER stress and programmed cell 

death (Jing et al, 2016), and there are several plant-parasitic nematodes effectors from 

H. avenae (Liu et al, 2020), Meloidogyne incognita (Jaouannet et al, 2013), and 

Radopholus similis (Li et al, 2015) that mimic calreticulins. Similarly, H. schachtii could 



184 
 

 

secrete effectors which target BIPs or calreticulins to suppress the induction of ER 

stress-induced PCD. 

Disruption of ER-Golgi trafficking was suggested from the fluorescence microscopy and 

gene expression analysis of Arabidopsis syncytia, and could also indicate a common 

feature of pathogen manipulation. This includes the downregulation of SEC22, 

previously characterised in the resistant plant-cyst nematode interaction soybean-H. 

glycines (Sharma et al, 2016), and the downregulation of SAR1B, that contributes to 

basal defence against biotrophic pathogens (Wang et al, 2007). However, other ER and 

Golgi trafficking components, including COPI coatomer subunits and COG subunits, 

were progressively upregulated in response to cyst nematodes. These are also involved 

in defence to other plant pathogens. For example, γ1-COP and COG subunit genes are 

involved in barley resistance to the fungi Blumeria (Ostertag et al, 2013). However, with 

the progressive downregulation of ER stress and ER-Golgi trafficking genes in syncytia, 

the role of the early secretory pathway is likely to be a complex amalgamation of plant 

defence responses and mechanisms of pathogen manipulation.  

6.2.2 Atypical secretion and vacuolar sorting occurs across plant-

pathogen interactions 

Golgi-PM trafficking components that are involved in resistance to biotrophic plant 

pathogens were progressively downregulated in Arabidopsis syncytia. This includes the 

syntaxins SYP71, SYP122 and SYP132 (Liu et al, 2016; Zhang et al, 2008; Kalde et al, 

2007). The downregulation of these genes in Arabidopsis syncytia could reflect a 

mechanism of the pathogen to suppress secretion. This is supported by the 

downregulation of RABA1A in Arabidopsis syncytia, as this gene is also targeted by the 

RxLR24 effector secreted by the oomycete Phytophthora brassicae (Tomczynska et al, 

2018). There is also evidence that cyst nematode effectors can interact with subcellular 

trafficking components involved in secretion. For instance, the CLE effectors secreted 

by Heterodera spp. are hypothesised to be delivered into the plant cell, then use the 

plant subcellular trafficking machinery to be secreted to the apoplast (Wang et al, 2021a). 

This mechanism hasn’t been reported for any other plant pathogen effectors. For post-

Golgi trafficking to the vacuoles, fluorescence microscopy and downregulated trafficking 

components could indicate that unconventional fusion of the PVCs with the plasma 

membrane occurs, as in the response to fungi (An et al, 2006) and bacteria (Wang et al, 

2014). The fusion of PVCs with the PM in Arabidopsis syncytia is also supported by EM 

observations (Golinowski et al, 1996). Therefore, evidence suggests that post-Golgi 

trafficking plays common roles in plant responses to pathogens including cyst 

nematodes, displaying features of both plant defence and susceptibility. This is to be 

expected, as secretion is key to delivering antimicrobial or cell-wall related compounds 

to the site of the invading pathogen. 
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6.2.3 The vacuoles of syncytia have both unique and common 

features to other plant-pathogen interactions 

A unique aspect of cyst nematode infection is the fragmentation of the large central 

vacuole, which was confirmed with fluorescence microscopy. Rather than a common 

response to plant pathogens, fragmented vacuoles are often observed in cells with high 

biosynthetic activity (Rodiuc et al, 2014). This coincides with the proliferation of the ER 

and Golgi in syncytia, that are also features of highly metabolically active cells (Ferrero 

et al, 2015; Abiodun and Matsuoka, 2013). Therefore, the ultrastructural changes to the 

ER, Golgi and vacuoles during syncytial formation could reflect a unique pathogenic 

mechanism of cyst nematodes to increase nutrient and metabolite production in syncytial 

cells. Despite this, the expression of vacuole-related genes in Arabidopsis syncytia is 

comparable to that within other plant-pathogen interactions. For example, TIPs are 

targeted by root-knot nematode Meloidogyne incognita Mi8D05 effector (Xue et al, 

2013), and are downregulated in response to the fungus Fusarium oxysporum (Gupta et 

al, 2017). Additionally, the upregulation of vacuolar processing enzymes (VPEs) is 

shown in response to several biotrophic pathogens, including bacteria (Zhang et al, 

2010), fungi (Kumar et al, 2015) and oomycetes (Misas‐Villamil et al, 2013), and is 

hypothesised to be associated with PCD. Therefore, despite the unique ultrastructure of 

vacuoles, the downregulation of TIPs in Arabidopsis syncytia could reflect a common 

mechanism of susceptibility, while the upregulation of VPEs could be induced as part of 

a conserved plant defence response.  

6.2.4 A novel model for the plant secretory pathway in syncytia  

From the live fluorescence microscopy and gene expression analysis in Arabidopsis 

syncytia, and the conclusions drawn from the comparison against different plant-

pathogen interactions, a model for the changes to the secretory pathway during infection 

with cyst nematodes is presented in Figure 6.1.  

 

 

 

 

 

 

 

 

 



186 
 

 

 

 

 

 

 

Many aspects of the secretory pathway were hypothesised to be suppressed by H. 

schachtii in Arabidopsis syncytia, to prevent the activation of immune responses. This 

includes the suppression of components of ER stress, ER-Golgi trafficking, exocytosis, 

vacuolar trafficking and vacuole-mediated calcium signalling (Figure 6.1). These 

changes were suggested by the downregulation of genes that are related to these 

processes, which are typically upregulated in response to plant pathogens. This was also 

supported the lack of fluorescence of the ER marker secRFP-p24aTM, Golgi marker 

secYFP-ERD2b, TGN marker RFP-SYP61, PVC marker RFP-BP80 and LPVC marker 

RFP-Rha1 in syncytial cells. Contrastingly, this work highlighted aspects of the plant 

secretory pathway that may be activated in syncytia to support host defence responses. 

This was evidenced by the upregulation of genes involved in Golgi-ER trafficking, the 

COG complex and vacuole-mediated programmed cell death.  

This new model for subcellular trafficking in Arabidopsis syncytia has helped to unravel 

the complex interplay between mechanisms of plant defence and pathogen manipulation 

within susceptible plant-cyst nematode interactions. Future experiments should be 

conducted to confirm this model and to help close the research gaps on the secretory 

pathway within syncytia. This could include further work to validate the roles of this set 

of secretory pathway genes in syncytia, in addition to further advanced microscopy to 

understand how the structure of organelles in syncytia, such as the proliferation of the 

ER, Golgi and the fragmentation of vacuoles relates to the hypothesised alterations in 

Figure 6. 1. A novel model for the plant secretory pathway in Arabidopsis syncytia induced by 
H. schachtii. Novel hypotheses include the nematode-induced suppression of ER stress, in 
addition to the suppression of components of ER-Golgi trafficking, secretion, vacuolar trafficking 
and vacuole function, which all typically function in plant pathogen responses. Contrastingly, 
other components involved in ER-Golgi trafficking and vacuole mediated immune responses 
were suggested to be activated in syncytia, as part of defence responses against H. schachtii.  
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subcellular trafficking. Additionally, the ultrastructure of post-Golgi organelles including 

the TGN, PVC and LPVCs should be characterised to support the hypothesis that 

vacuolar sorting is suppressed in syncytia, and to support previous claims of 

unconventional secretion in Arabidopsis syncytia (Golinowski et al, 1996).  

6.3 Nematode effectors target diverse subcellular 

compartments in the host  

The effector screen identified a set of H. schachtii and G. pallida proteins containing 

signal peptides and C-terminal TMDs, due to increasing evidence that plant pathogen 

effectors can contain TMDs (Fungi- Carreón-Anguiano et al, 2020; oomycetes- Breeze 

et al, 2020). Novel putative effectors identified from this screen had various subcellular 

localisations, including the ER, cytoplasm, nucleus, peroxisomes, and unidentified 

subcellular compartments. If studied further, these proteins could reveal novel host 

pathways targeted by cyst nematodes. Comparison of these putative effector proteins 

with other characterised plant pathogen effectors could be used to the infer subcellular 

targets of the screened putative effectors, to aid future experiments. Also from this work, 

effector screens could be conducted to identify additional effectors that contain TMDs. 

These screens could be conducted across several plant pathogen species, as 

transmembrane proteins have typically been discounted from the effector screens in 

plant-parasitic nematodes (Thorpe et al, 2014; Haegeman et al, 2012), fungi and 

oomycetes (Sperschneider et al, 2015 & 2016).  

6.3.1 ER-targeting cyst nematode effectors reveal conserved and 

potentially unique functions 

GPLIN_000854400, used as a control in the effector screen, evidences that cyst 

nematode effectors target similar host signalling pathways to other biotrophic plant 

pathogen effectors. GPLIN_000854400 interacts with potato NAC transcription factors in 

the ER to prevent their relocalisation to the nucleus (unpublished), which is similar to 

effectors containing TMDs from the oomycetes Phytophthora infestans, 

Hyaloperonospora arabidopsidis and Plasmopara halstedii, which also bind to host NAC 

transcription factors (Breeze et al, 2020; Mclellan et al, 2013). These effectors have been 

hypothesised to suppress the expression of plant defence-related genes. All screened 

putative effectors apart from Hsc_gene_2739 and Hsc_gene_19069 partially localised 

to the ER. However, the different subcellular localisation of these genes suggests a 

different mechanism of action to GPLIN_000854400 and other plant pathogen effectors 

that bind to NAC TFs. Therefore, the functional characterisation of these proteins could 

identify novel mechanisms of pathogenicity.  
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6.3.2 A putative H. schachtii effector with potential ROS-modulating 

function 

The localisation of Hsc_gene_19059 was unique amongst other previously characterised 

cyst nematode effectors, with GFP-Hsc_gene_19059 localising to the nucleus and 

peroxisomes, and Hsc_gene_19059-GFP localising to an additional unidentified 

subcellular compartment. Although two G. pallida peroxisome targeting effectors have 

previously been identified, these don’t contain a TMD and only localise to the 

peroxisomes (Thorpe et al, 2014). Interestingly, other plant pathogen effectors have dual 

nucleus and peroxisome localisation, including those from the bacteria Phytophthora 

sojae, the cucumber mosaic virus, and the fungus Blumeria graminis, that bind to 

peroxisome localised catalases. This induces the translocation of effector-bound 

catalases to the nucleus, and alters the transcription of genes associated with PCD 

(Yuan et al, 2021; Zhang et al, 2015; Inaba et al, 2011; Murota et al, 2017). Using 

evidence from other plant pathogen effectors, the unidentified subcellular compartment 

of Hsc_gene_19059-GFP was most likely predicted to be the mitochondria. Tail 

anchored proteins commonly localise to both the peroxisomes and mitochondria 

(Costello et al, 2017), therefore, it is plausible for Hsc_gene_19059 to localise to both 

organelles. As the peroxisomes and mitochondria have closely linked roles in ROS 

production (Marthur et al, 2018), Hsc_gene_19059 may function to suppress the 

expression or activity of ROS-related genes.  

6.3.3 A putative H. schachtii effector hypothesised to target host 

gene expression 

The putative effector Hsc_gene_2739 localised to the nucleus, which is a common target 

of cyst nematode effectors (Elling et al, 2007) and other plant pathogen effectors, 

including fungi (de Mandal and Jeon, 2022), oomycetes (Fabro, 2022) and bacteria 

(Canonne and Rivas, 2012). However, no nucleus-targeting plant pathogen effectors 

containing TMDs have been previously identified. Non-transmembrane, nucleus-

targeting effectors from H. schachtii have similar functions to other plant pathogen 

effectors targeting this organelle, including root-knot nematodes, bacteria, fungi and 

oomycetes. These functions include the suppression of plant defence-related genes 

through: DNA binding (Barnes et al, 2018; Zhang et al, 2015; Kim et al, 2008; Song et 

al, 2015; Ahmed et al, 2018), interaction with pre-mRNA splicing machinery (Verma et al 

2018; Mejias et al, 2021; Tang et al, 2022; Huang et al, 2017), and modification of histone 

acetylation (Vijayapalani et al, 2018; Miller et al, 2010; Kong et al, 2017; Chen et al, 

2022). Therefore, the common targets of plant pathogen nuclear-targeting effectors 

could be used to identify the function of Hsc_gene_2739. Although, the presence of a C-

terminal TMD could suggest a novel function of this gene within the nucleus.  
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6.3.4 Putative effectors potentially targeting COPII and COPI cycling, 

or vacuolar sorting 

Putative cyst nematode effectors were identified that localised to the ER, plus an 

additional subcellular compartment predicted to be the Golgi or a post-Golgi organelle. 

This includes GPLIN_001269700; with the C-terminal GFP fusion of this gene localising 

to punctate structures predicted to be the Golgi. Dual ER and Golgi localisation has been 

identified for other plant pathogen effectors containing a C-terminal TMD, including five 

effectors from the oomycete Phytophthora infestans, although these are yet to be 

functionally characterised (Breeze et al, 2020). Non-transmembrane plant pathogen 

effectors localising to both of these organelles have been identified which disrupt COPI 

and COPII vesicle trafficking, including those from the red clover necrotic mosaic virus 

(Hyodo et al, 2014). Therefore similarly, GPLIN_001269700 may function to disrupt 

COPI and COPII cycling. 

Another screened cyst nematode protein, Hsc_gene_19069, had predicted ER and Golgi 

or post-Golgi organelle localisation, due to the presence of an EGF-like domain which is 

involved in plant vacuolar sorting. Many other plant pathogen effectors have been shown 

to manipulate vacuolar sorting, including those secreted by oomycetes (Bozkurt et al, 

2011), fungi (Schmidt et al, 2014) and bacteria (Nomura et al, 2006). Although no plant 

pathogen effectors have been identified containing EGF-like domains, altered subcellular 

trafficking is involved in soybean resistance to the cyst nematode H. glycines (Bayless 

et al, 2018). Therefore, it is plausible that cyst nematode effectors, such as 

Hsc_gene_19069, manipulate vacuolar trafficking to suppress plant defence.  

6.3.5 Research gaps on plant pathogen effector delivery  

The analyses of putative cyst nematode effectors in this work was based on the 

assumption that the signal peptides of the effectors were cleaved in the nematode gland 

cell, as they entered the conventional secretory pathway at the ER. The effectors were 

then hypothesised to travel through the nematode’s secretory pathway and exit the gland 

cell via exocytosis (Liu et al, 2018; Mitchum et al, 2013). Evidence to support this model 

for effector delivery in cyst nematodes has been provided by immunodetection studies; 

with the mature versions of effectors lacking a signal peptide being detected in the 

nematode’s gland cells (Chen et al, 2015). Moreover, in addition to cyst nematodes, this 

is thought to be the conventional mode of effector delivery for other biotrophic plant 

pathogens, including root-knot nematodes, fungi and oomycetes (Rizzo et al, 2020; Lee 

et al, 2011).  

However, this model for effector delivery currently doesn’t explain how the 

transmembrane effectors are able to insert themselves into the membrane of the 

secretory vesicles, to then dissociate from the membrane once within the host cell and 



190 
 

 

reach their target membranes. Thus, alternative mechanisms of effector delivery may 

explain the trafficking of transmembrane effectors into host cells. Unconventional effector 

delivery has been suggested across several plant pathogens, from the identification of 

effector proteins that lack signal peptides from root knot nematodes, fungi and 

oomycetes (Qin et al, 2021; Liu et al, 2014). Additionally, the signal peptide of the H. 

avenae effector HaEXP2 isn’t cleaved in the nematode; instead it is required within the 

host cell for its correct subcellular localisation and function (Liu et al, 2016).  

An alternative model for the delivery of effectors could be extracellular vesicles (EVs). 

These are secreted by various plant pathogens including bacteria, fungi and oomycetes 

(Zhou et al, 2022; Rizzo et al, 2020). Recently, EVs from several animal pathogen 

species and the plant pathogenic fungi Ustilago maydis have been found to contain 

mRNAs that encode pathogen virulence genes (Lécrivain and Beckmann, 2020; Kwon 

et al, 2021). Therefore, EVs secreted by cyst nematodes may contain the mRNAs of 

effector proteins that are translated and processed within the host, rather than within the 

pathogen. This could explain how plant pathogen effectors containing transmembrane 

effectors, including those studied in this work, are trafficked into host cells, which could 

be confirmed with immunoblotting experiments. Therefore, studying this set of putative 

cyst nematode transmembrane effectors further would help to close the research gaps 

on plant pathogen effector delivery, while furthering knowledge on the mechanisms of 

cyst nematode parasitism. 

6.4 Conclusions  

The role of the plant secretory pathway in plant-pathogen interactions is beginning to be 

unravelled, emerging as an exciting, up-and-coming field of research. Here, fluorescence 

microscopy and gene expression analysis in syncytia identified components of the 

endomembrane system that may be involved in host defence or pathogenicity, which are 

common to other plant-pathogen interactions. This includes the potential suppression of 

defence related genes involved in ER stress, ER-Golgi trafficking, secretion and vacuolar 

trafficking. Contrastingly, other plant defence related genes were upregulated in 

Arabidopsis syncytia, including COPI coatomer subunits, COG subunits and VPE genes, 

suggesting the role of the early secretory pathway and vacuole-mediated cell death in 

plant defence during cyst nematode infection. When studied further, the role of these 

differentially expressed genes in syncytia could deepen understanding of the plant 

secretory pathway in plant-pathogen responses, and could identify potential cyst 

nematode resistance genes to be introduced into economically important crops.  

Another main aim of this work was to identify novel putative cyst nematode effectors 

containing a C-terminal TMD. From this screen, several putative cyst nematode effectors 

were identified, which targeted various subcellular compartments. Although some of 

these didn’t target the ER as predicted, this set of putative effectors has provided further 
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evidence to suggest cyst nematode effectors can contain TMDs, which could aid the 

identification of novel effectors across plant pathogen species. These effectors targeted 

subcellular compartments such as the nucleus, which is unique to other characterised 

plant pathogen effectors containing TMDs. Some screened putative effectors also had 

multiple subcellular localisations, including the nucleus, peroxisomes, and potentially the 

mitochondria, which is unique amongst characterised plant pathogen effectors. 

Therefore, the functional characterisation of these proteins could identify novel host 

mechanisms targeted by plant pathogen effectors to enhance understanding of plant-

pathogen interactions. In turn, this could help to identify genes for silencing in the 

pathogen, via commonly used RNAi strategies.  
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