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Abstract
Plant pathogens secrete effector proteins in order to overcome immunity in plants
stimulated by common microbial patterns. The genomes of oomycete pathogens
including Hyaloperonospora arabidopsidis (Hpa) are predicted to contain a large
number of effectors. These experiments focussed on characterising an interaction
between predicted Hpa effector HaRxL14 and Arabidopsis protein phosphatase type2CA (PP2CA), which functions as a co-receptor in response to the phytohormone
abscisic acid (ABA). This interaction was previously identified in a yeast two-hybrid
screen. Bimolecular fluorescence complementation experiments verified an
interaction in the nucleus. Over-expression of the effector in planta enhances
susceptibility of Arabidopsis to Hpa, although knocking-out PP2CA in the host did
not have a clear effect on infection. Furthermore, a potential role for the interaction
in enhancing host signalling associated with ABA was highlighted from microarray
analysis of Arabidopsis lines over-expressing the effector. The up-regulation of
various ABA-related genes supports previous findings that ABA may disrupt host
response to biotrophic pathogens.
Furthermore, it was hypothesised that phytohormones including jasmonic acid (JA),
ABA, and salicylic acid (SA) could have a role in coordinating host transcription at
the level of chromosome conformation. Progress was made towards optimising a
method for use with Arabidopsis related to chromosome conformation capture (3C).
These experiments began to examine the spatial interactions of JA-induced genes in
Arabidopsis. This method could be used to determine if related genes co-localise at
specialised transcription factories. These transcription factories have previously been
studied in other models including mammals, although their potential role in plants is
currently not well understood. Overall, a Hpa effector was shown to interact with
host protein PP2CA potentially to up-regulate ABA-related genes. It remains to be
established if phytohormones have a role in coordinating transcription through
manipulating spatial interactions of genes.
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1 Introduction
1.1 The diversity of plant pathogens
Plants are infected by a variety of pathogenic microorganisms including viruses,
bacteria, fungi, oomycetes and nematodes (Bebber et al., 2014). In addition, it has
recently been found that plants are capable of taking up prions from infected soil and
that grasses may act as vectors for prion transmission without symptoms of disease
(Pritzkow et al., 2015). Plant pathogens can cause a range of symptoms in their hosts
including late blight in potatoes (Phytophothara infestans, oomycete), cankers on
citrus trees (Xanthamonas axonopodis, bacteria) and stem rusts on wheat (Puccinia
graminis, fungus; Akino et al., 2013; Anderson et al., 2004; Leonard and Szabo,
2005). These pathogens have a range of lifestyles and therefore the progress of
infection can be highly variable, even with similar organisms. For instance, a
minimum of six out of twelve orders of the Dothidiomycete class of fungi are plant
pathogens (Ohm et al., 2012). These include necrotrophic pathogens, which kill and
feed on dead plant tissue as part of their colonisation, including Stagonospora
nodorum which infects wheat (Dangl and Jones, 2001; Ohm et al., 2012). Biotrophic
pathogens depend on living host tissue during their growth and infection, such as
Cladosporium fulvum which infects tomato (Dangl and Jones, 2001; Ohm et al.,
2012). Pathogens may also switch lifestyle, as with hemibiotrophs such as
Phytophthora infestans, which are initially biotrophic but become necrotrophic
during the final stages of infection (Bos et al., 2010). Overall, plant-pathogen
interactions are varied and this is reflected in the substantial complexity of the
molecular pathways in the pathogen and host associated with infection and immunity
respectively.

1.1.1

Plant disease and food security

Globally plant pathogens account for a significant proportion of crop losses, which
has been estimated as 10 to 16% on average annually between 2001 and 2003, based
on various crops and regions (Oerke, 2005). Some of the most devastating pathogens
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include Puccinia graminis, which infects cereal crops and forms a destructive stem
rust in wheat (Anderson et al., 2004). Another pathogen with historic and current
implications for global food security is Phytophothora infestans, the causative agent
of late blight in potatoes and other members of the Solanaceae including tomatoes
(Akino et al., 2013). Recent evidence suggests that plant pathogens are advancing
towards the poles of the Earth (Bebber et al., 2013). This is caused in part by a rise in
average surface temperatures, leading to climates becoming more hospitable and
conducive to the growth of pathogens. Therefore, regions that had not previously
identified specific plant pathogens are beginning to see crop losses to these new
invaders (Bebber et al., 2013). This suggests that future challenges to global food
security are not only likely to include current issues, such as pathogen resistance to
pesticides and loss of resilience in crop varieties, but also expanded environmental
range of pathogens.

1.1.2

Arabidopsis thaliana and Hyaloperonospora arabidopsidis as a model
pathosystem for investigating plant immunity

The small temperate plant Arabidopsis thaliana (subsequently referred to as
Arabidopsis) has in recent decades become a widely studied plant model in genetics
and cell biology (Martienssen, 2000; Meinke, 1998). Extensive sequencing and gene
annotation projects have meant that Arabidopsis is at the heart of extensive resources
for biological research (Arabidopsis Genome Initiative, 2000; Berardini et al., 2015;
Bevan and Walsh, 2005). The short lifecycle and small genome size of Arabidopsis
have meant that the plant has a lot of benefits as an experimental system when
compared to the long growth cycles and field conditions required for crop plants
including wheat (Bressan et al., 2001; Bruce et al., 2015). Arabidopsis (a member of
the Brassicaceae family) is a relative of Brassica crops (including Brassica napus),
which account for 12% of global vegetable oil for human consumption (Martienssen,
2000; Paterson et al., 2001).
Arabidopisis has a range of approximately 750 genetically similar but non-identical
ecotypes that occur across regions including Europe and North America (TAIR
website). This provides a resource for the identification of genes associated with
14

enhanced resistance to pathogen invasion. Arabidopsis is a host for a range of
pathogens, some with economic significance such as Pseudomonas syringae,
Botrytis cinerea and Hyaloperonospora species (Coelho et al., 2012; Denby et al.,
2004; Whalen et al., 1991). The infection of Arabidopsis with oomycete
Hyaloperonospora arabidopsidis (Hpa; formerly Peronospora parasitica) has
become a model pathosystem for pathology research since the 1990s, although this
interaction was initially identified in the 1900s (Coates and Beynon, 2010; Koch and
Slusarenko, 1990; McDowell, 2014).
Hpa is a biotrophic pathogen, which has both sexual and asexual stages in its
lifecycle.

The

pathogen

initiates

infection

of

Arabidopsis

with

asexual

sporangiospores (on leaves) or sexual oospores (on the roots; Caillaud et al., 2012b).
This is followed by formation of an appressorium allowing the penetration of hyphae
into the space between epidermal cells (Coates and Beynon, 2010). This is followed
by the development of haustorial structures with the epidermal cells and eventually
the mesophyll cells as the hyphae grow further through the apoplastic space (Koch
and Slusarenko, 1990). These haustoria are the surface through which the pathogen
absorbs nutrients and water and transfers effector proteins to the host, which interfere
with the host immune response (Coates and Beynon, 2010). Eventually the pathogen
will

produce

asexual

spores

(sporangia)

held

on

branched

structures

(sporangiophores) or sexual oospores when hyphae come into contact (Coates and
Beynon, 2010). These oospores may undergo a period of winter dormancy in leaf
debris in the soil before infection of a new host (Slusarenko and Schlaich, 2003).
This model benefits from the various pathogen isolates with differential ability to
infect Arabidopsis accessions, named according to their location of discovery and an
accession appropriate for propagation (e.g. Emoy2, Location: East Malling,
Accession: Oyctese; Holub, 2008). As a result of coevolution of pathogen isolates
alongside their hosts, these have compatible interactions (i.e. the pathogen is able to
infect the host) with specific Arabidopsis accessions and non-compatible with others
(Coates and Beynon, 2010; Nemri et al., 2010). Therefore, this pathosystem provided
opportunities to map and clone genes associated with resistance, referred to as
Recognition of Peronospora parasitica (RPP) genes, and study the pathways
associated with the proteins more closely (Holub, 2008; Nemri et al., 2010).
15

1.2 The plant immune response
The plant immune system has often been described as a tiered response, meaning that
there are various barriers to infection utilised by the host (Jones and Dangl, 2006).
These modes of host protection are initially non-specific physical barriers but can
also be highly specific molecular interactions if these initial defences are breached.
The layers of the plant immune response can generally be divided into the categories
described in the following sections.

1.2.1

Physical and antimicrobial barriers to infection

Plants have many physical defences to prevent colonisation by pathogens. These
include the waxy cuticle, which covers the surfaces of the leaves. For instance,
Berberis vulgaris, which is an alternative host of Puccinia graminis, is more resistant
to the pathogen in maturity (Leonard and Szabo, 2005). This resistance is likely to be
due the thickening of the waxy cuticle, which inhibits penetration of the basidiospore
germ tube (Leonard and Szabo, 2005). Plants also synthesise defence factors, which
inhibit the growth of pathogens including terpenoids, alkaloids, phytoalexins,
phenolics and defensins (Lacerda et al., 2014). These defensins are short cationic
peptides with antimicrobial properties, which have a crucial role in protecting
developing seeds and seedlings through to various mature cell types and structures
including leaves and flowers (Lacerda et al., 2014). These types of biochemical
defenses are often sufficient to deter potential invaders although some have
necessary adaptations to overcome these general front line defences.

16

Figure 1. Host-pathogen interactions may lead to host susceptibility or resistance.
This illustration is based on the Zig-Zag model (Jones and Dangl, 2006). Upon
recognition of MAMPs or DAMPs through pattern recognition receptors, an immune
response is triggered leading to pattern-triggered immunity (PTI). This host response
may be overcome by pathogen effectors, resulting in effector-triggered susceptibility
(ETS), which is a higher magnitude of response. Recognition of these effectors by
host resistance proteins in turn induces effector-triggered immunity (ETI). A hostpathogen evolutionary arms race may then ensue in which new effectors and
resistance proteins lead to either susceptibility or resistance of the host. Adapted by
permission from Macmillan Publishers Ltd: Nature (Jones and Dangl, 2006),
copyright (2006).

17

1.2.2

Pattern–triggered immunity (PTI)

Plants are able to recognise common features of invading pathogens known as
microbe associated molecular patterns (MAMPs). These MAMPs are highly
conserved structures such as the flagellum of motile bacteria and chitin in fungi,
which initiate a response known as pattern-triggered immunity (PTI, Figure 1). The
detection of these patterns is often dependent on leucine rich repeat receptor-like
kinases (LRR-RLKs) including FLAGELLIN SENSING 2 (FLS2), which interacts
with another LRR-RLK BRASSINOSTEROID INSENSITIVE 1-associated receptor
kinase 1 (BAK1) and initiates a mitogen-activated protein kinase (MAPK) signalling
cascade (Sun et al., 2013; Zipfel et al., 2004). Following stimulation of FLS2 and
BAK1 with flg22 (a peptide representing a conserved active epitope in the amino
terminus) the differential regulation of over 1150 genes (966 of which are upregulated) occurs in the host (Zipfel et al., 2004). Host responses that occur as a
result of MAMP stimulation include the production of reactive oxygen species
(ROS), ion fluxes across the plasma membrane and the production of antimicrobial
peptides. In addition, a large number of up-regulated genes were LRR-RLKs
suggesting that perception of one MAMP leads to higher sensitivity to others (Zipfel
et al., 2004).
Other molecules that initiate a similar response to MAMPs occur as a result of the
damage caused to cells during the process of infection. These damage-associated
molecular patterns (DAMPs) are an alternative mode for plants to detect potential
invaders. For instance, oligogalacturonides (OGs) are released and perceived by
wall-associated kinases during the break down of the cell wall and the stimulated
pathways are interlinked with those associated with MAMPs LRR-RLKs (Ferrari et
al., 2013). These OGs signal potential danger as fungal enzymes degrade the cell
wall in preparation for hyphal penetration (Bartels and Boller, 2015). The outcome is
highly similar to that associated with MAMP stimulation including production of
callose, chitinase and ROS but also includes the modulation of development
pathways (Ferrari et al., 2013).
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1.2.3

Effector-triggered susceptibility (ETS)

1.2.3.1 Pathogen effectors
Pathogens may secrete effector proteins to sabotage this pattern recognition response
and to generally favour survival and reproduction (Figure 1; Jones and Dangl, 2006).
The first effector was identified in P. syringae pv. glycinea when a cosmid library
was transferred between specific race of the pathogen. This led to a change in the
host specificity from virulent to avirulent on the relevant soybean cultivar with the
recipient (Staskawicz et al., 1984). It has since been shown that effector proteins are
common to a range of diverse microorganisms. These include bacteria (Xanthamonas
species), fungi (Cladosporium fulvum), nematodes (Globodera pallida) and
oomycetes (Phytophthora infestans and Hpa; Birch et al., 2009; Boch et al., 2014;
Fabro et al., 2011; Mitchum et al., 2013; Stergiopoulos and de Wit, 2009). Pathogens
may transfer these effectors to the host plant cells through type III secretion systems
in bacteria, via haustoria in oomycetes or the stylet of nematodes (Chisholm et al.,
2006; Feng and Zhou, 2012).
Effectors have evolved to disrupt signalling pathways and immune responses in a
manner conducive to pathogen survival. Examples of effector action include
mimicking transcription factors and the sequestration of chitin to subvert stimulation
of PTI (Canonne and Rivas, 2012; de Jonge and Thomma, 2009). Bacterial
transcription-activator like effectors (TALEs) from Xanthomonas species recognise
and bind to host promoter sequences of targets known as susceptibility genes (Boch
et al., 2014). These effectors were first discovered in Xanthamonas following
identification of two R genes (Bs1 and Bs3) in resistant pepper (Capsicum annuum)
cultivars, which were introduced into a susceptible background to produce near
isogenic lines (Minsavage et al., 1990). This allowed the identification of
incompatible Xanthamonas strains on these pepper cultivars and the effector gene
avrBs3, which is located on a self-transmissable plasmid in X. campestris pv.
vesicatoria, was identified and cloned (Bonas et al., 1989). It was later shown that
AvrBs3 binds to the promoter of the basic helix-loop-helix domain transcription
factor Upa20 which regulates cell size, inducing its expression and leading to
hypertrophy of mesophyll cells (Kay et al., 2007). Other examples of TALE
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effectors include PthXo6 from Xanthomonas oryzae pv. oryzae, initiates the
transcription of a bZIP transcripton factor and following interaction with secondary
targets leads to leaf curling in the host, which favours bacterial proliferation (Boch et
al., 2014).
Effectors from other pathogens can have highly contrasting modes of action, through
manipulation of the host at a protein rather than genetic level. For example, AVR3a
from P. infestans suppresses host cell death in Nicotiana benthamiana through
stabilising an E3 ubiquitin ligase CMPG1, favouring the survival of the
hemibiotrophic pathogen (Bos et al., 2010). Alternatively, P. syringae uses HopX1
to initiate signalling of the plant hormone jasmonic acid through promoting
degradation of the Jasmonate ZIM-domain (JAZ) repressors in Arabidopsis
(Gimenez-Ibanez et al., 2014). These stimulated jasmonic acid pathways antagonise
salicylic acid signalling, which are crucial in host defence against the pathogen
(Gimenez-Ibanez et al., 2014). Overall, investigations examining individual effectors
have produced detailed insights into the diversity of effectors and their host targets.

1.2.3.2 Oomycete RXLR effectors
It has been over a decade since the first Hpa effector Arabidopsis thaliana
Recognised (ATR) 13 was cloned and the interaction of its protein product
characterised with the host resistance protein RPP13 (Allen et al., 2004). The
identification of additional Hpa (ATR1) and Phytophthora (including AVR3a and
AVR1b-1) effectors, enabled initial peptide sequence alignment, which identified a
highly conserved motif termed RXLR for simplicity (followed by a dEER motif;
Armstrong et al., 2005; Rehmany et al., 2005; Shan et al., 2004; Whisson et al.,
2007). Furthermore, a comparison of these cloned effector sequences to the
completed genomes of two Phytophthera species (P. sojae and P. ramorum)
identified 700 putative avirulence genes (Govers and Gijzen, 2006; Tyler, 2006).
Analysis of these candidate avirulence genes alongside the originally cloned
oomycetes effectors also revealed this common RXLR-dEER motif (Govers and
Gijzen, 2006; Tyler, 2006). This motif has since been identified in several hundred
effector candidates in Phytophthora species including 550 in P. infestans (Yu et al.,
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2012). A role in translocation was initially hypothesised due to similarity to a motif
for cross membrane transport of proteins into human erythrocytes from the malaria
parasite (Rehmany et al., 2005; Tyler, 2006). This was experimentally demonstrated
for the oomycete RXLR motif by the autonomous transport of the GFP::RXLRdEER construct (cloned from Avr1b-1) into soybean root cells (Dou et al., 2008). In
general, the RXLR-dEER motif is preceded by a signal peptide for translocation of
the effector from the host and followed by an effector domain, which carries out the
functional host interactions in the host (Figure 2).
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Figure 2. The general structure of an oomycete RXLR-dEER effector protein. These
effectors are generally characterised by three domains with specific functions as
illustrated.
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The identification of the RXLR-dEER motif has been key to the prediction of further
effector candidates from oomycete genome sequences leading to further insights into
their function (Baxter et al., 2010; Coates and Beynon, 2010). The completion of the
genome sequence of Hpa isolate Emoy2 facilitated the prediction of at least 134
putative effectors and more detailed genetic comparisons of oomycetes pathogens
and RXLR effectors (Baxter et al., 2010). Analysis of these putative effectors
highlighted the contrasting evolutionary pressures on oomycetes RXLR effectors. It
was shown that only 36% of these Hpa effectors had significant similarity (i.e.
greater than 30%) to any of the Phytophthora species (Baxter et al., 2010; Jiang et
al., 2008). Despite this apparent low level of similarity at a genetic level, it has since
been demonstrated that these effectors could have structural relatedness at a protein
level. For instance, the effector AVR3a11 (Phytopthora) and a domain from ATR1
(Hpa) were independently shown in separate studies to have similarity to a
cyanobacterial four bundle helix protein (Boutemy et al., 2011; Chou et al., 2011;
Win et al., 2012b).
Overall, the large RXLR family of oomycete effector proteins provides a wealthy
resource to examine their function, host interactors and the role of these targets in
host immunity. Since their identification, many of these oomycetes effectors have
been confirmed and characterised with alternative techniques such as investigating
their effect on hypersensitive response (HR) -like cell death in Nicotiana
benthamiana (Anderson et al., 2012). Large-scale yeast two-hybrid screens with
oomycete effectors alongside contrasting bacterial effectors (P. syringae) revealed an
overlap in the plant protein interactors with repeatedly targeted hubs, despite varying
lifestyles and evolutionary distance (Mukhtar et al., 2011). This suggests that despite
the apparent diversity of effectors, common patterns are likely to unify effector
interactions. Therefore, insights from the study of oomycete RXLR-dEER effectors
have potential applications for a better knowledge of the infection process of
economically significant oomycetes pathogens and towards enhanced understanding
of the plant immune network.

23

1.2.4

Effector-triggered immunity (ETI)

Effectors may enhance host susceptibility without host detection, although plants
have evolved receptors for detection of these pathogenic proteins, triggering an
immune response. The ETI response is of a higher magnitude than PTI and often
induces a hypersensitive response (HR) leading to cell death (Figure 2; Jones and
Dangl, 2006). This is beneficial in the context of defence against biotrophic invaders
in which case tissue death limits the course of infection. Plants detect effectors with
resistance (R) proteins (Dangl and Jones, 2001; Jones and Dangl, 2006; van der
Biezen and Jones, 1998). These proteins often show a cytoplasmic localisation and a
large class comprise of nucleotide binding (NB) and LRR domains similar to PTI
receptors (Dodds and Rathjen, 2010). These NB-LRR proteins (also referred to as
nucleotide-binding adaptor shared by APAF-1, R proteins, and CED-4 or NB-ARC)
are a subclass of the STAND (signal transduction ATPases with numerous domains)
superfamily, which combine varied functions as receptors, switches and response
factors (Takken and Goverse, 2012). Upon detection of a pathogen effector or
disruption to a host target, these proteins have been demonstrated to move from an
auto-inhibited closed to open state (Gabriëls et al., 2007; Takken and Goverse,
2012). This initiating MAPK signalling cascades similar to those stimulated by PTI
receptors and which may be interlinked (Gabriëls et al., 2007; Takken and Goverse,
2012).
A subgroup of NB-LRR proteins are characterised by an N-terminal Toll interleukin
receptor (TIR) domain, which is similar to the Toll receptors identified in Drosophila
(Figure 3; Sinapidou et al., 2004). These TIR-NB-LRR proteins include RPP1 in
Arabidopsis which recognises the Hpa effector ATR1 (Sinapidou et al., 2004). The
functions of Toll and Toll-like receptors (TLRs) in Drosophila include innate
recognition and immune signalling response to pathogenic gram-positive bacteria
and fungi, as well as developmental patterning (Valanne et al., 2011). An alternative
NB-LRR subgroup is characterised by a coiled-coil (CC) domain, which is also
observed in Hpa effector recognition receptors in Arabidopsis proteins including
RPP8 (Figure 3; Sinapidou et al., 2004). It has been shown that the LRR domain is
involved in the detection of effectors or their interactions, as mirrored by the function
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of this domain in RLK-LRRs for recognition of MAMPs (Michelmore and Meyers,
1998; Staskawicz et al., 1995; Zipfel et al., 2004).

Figure 3. The structure and binding of a Toll interleukin receptor (TIR)/ coiled coil
(CC) domain nucleotide binding leucine rich repeat (NB-LRR) protein. Four models
of CC/TIR-NB-LRR receptor interactions with effectors are illustrated (two are
summarised in B). A The effector may interact directly with the receptor. B The
receptor may detect the interaction of the effector with another host target protein,
which is a “guardee” or a “decoy” depending on the nature of its origin. C A sensing
receptor has an “integrated decoy” or “sensing domain” which activates a signalling
receptor.
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Three models of effector interactions with R proteins have been proposed, each
accounting for specific observations (Figure 3). The simplest model involves the
direct perception of an effector by NB-LRRs often referred to as the gene-for-gene
hypothesis (Keen, 1990). This is exemplified by Xanthamonas campestris pv.
vesicatoria effector AvrBs2 (detected by BS2 in Capsicum spp.) which occurs across
strains of the pathogen, the loss of which significantly reduces fitness of the
pathogen leading to robust host resistance (Staskawicz et al., 1995). Alternatively,
the “Guard Hypothesis” (as previously mentioned) explains interactions which do
not occur directly between the NB-LRR and effector but rather the NB-LRR detects
the presence of the effector through its disruption of an effector target in the host
(Dangl and Jones, 2001). A key example of this model is the interaction between
type III effector AvrRpt2 from P. syringae pv. tomato DC3000 which cleaves
membrane associated protein RIN4 in Arabidopsis (Axtell et al., 2002; Chrisholm et
al., 2004). RIN4 has a key role in regulating H+-ATPase activity and hence stomatal
aperture in response to infection (Liu et al., 2009). The cleavage of RIN4 through the
proteolytic activity of AvrRpt2 is detected by NB-LRR RPS2 triggering an immune
response (Axtell et al., 2002; Chrisholm et al., 2004). A contrasting model suggests
that effectors may also interact with a decoy protein that primarily acts as a mimic of
the effector target (van der Hoorn and Kamoun, 2008). A new model has since been
developed termed the “Integrated Decoy” and more recently streamlined as the
“Sensor Domain” hypothesis (i.e. implying that the biochemical function of the
domain may be retained), which proposes that a decoy or sensor domain could be an
effector target fused to an NB-LRR protein, where a second is required to trigger
signalling (Cesari et al., 2014; Wu et al., 2015). For example, it was recently shown
that a WRKY transcription factor domain in the Arabidopsis NB-LRR RRS1-R is
acetylated by Ralstonia solanacearum effector PopP2, which results in DNA
disassociation (Le Roux et al., 2015). RRS1-R is proposed to act as an integrated
decoy, triggering activation of RPS4 mediated immunity via a receptor
recognition/signalling complex formed through the TIR domains of these two NBLRRs (Williams et al., 2014; Le Roux et al., 2015).
The interactions between effectors and R proteins has driven an evolutionary arms
race between pathogens and hosts, as effectors may structurally evolve to avoid
detection, while host R protein must also adapt to reflect these shifts (Figure 1;
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Anderson et al., 2010). The Arabidopsis R gene RPP13 was the most polymorphic
gene identified in Arabidopsis at the time of discovery, highlighting the significant
evolutionary pressure on immune related genes (Rose et al., 2004). It has been
suggested in the birth-and-death model that R genes, which may be clustered at a
genetic level, are “reservoirs of variation” and can be redundant or rapidly evolving
depending on various factors, including the nature of the pathogen population
(Michelmore and Meyers, 1998). This is reflected in the redundancy that is observed
in large oomycetes effector repertoires (Birch et al., 2008). Therefore, effector
evolution in Phytophthora species with multiple hosts is likely to be characterised by
gene duplication events and rapid mutation rates, in order to subvert detection and
ETI.

1.2.5

Hormones and the plant immune system

The plant immune system has close links with hormone signalling. Plant hormones
(also known as phytohormones) regulate a broad diversity of processes, providing a
network of host responses to invasion determined by the type of pathogen
recognised. The following sections discuss the roles phytohormones in disease,
although these are extensive and not limited to the specific hormones and examples
described here.

1.2.5.1 Salicylic acid (SA)
SA has a key role in defence signalling and plants deficient in the hormone have a
much higher susceptibility to a range of pathogens (including viruses, bacteria and
fungi; Delaney et al., 1994). During an ETI response to biotrophic pathogen
effectors, each subclass of NB-LRR receptors induces biosynthesis of SA through
two largely distinct pathways (Vlot et al., 2009). As a general rule, these signal
transduction pathways involve non-race specific disease resistance 1 (NDR1) with
CC-NB-LRRs or enhanced disease susceptibility (EDS) 1 with TIR-NB-LRRs (Aarts
et al., 1998; McDowell et al., 2000; Rustérucci et al., 2001). This is demonstrated by
Arabidopsis RPP2 mediated resistance to Hpa isolate Cala2 (Aarts et al., 1998). The
resistance was strongly suppressed in eds1 lines but not with ndr1 lines, although
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exogenous application of SA could rescue this susceptible state (Aarts et al., 1998).
This highlights the fact that these pathways act upstream of SA signalling during
response to the Hpa infection in Arabidopsis, although it is unclear as to how EDS1
controls the biosynthesis of SA (Janda and Ruelland, 2015).
During pathogen recognition there is also an increase in intracellular calcium
triggered by PRRs and R proteins (Seyfferth and Tsuda, 2014). This stimulates a
calcium dependent signalling response, leading to the transcription of WRKY
transcription factors, which in turn up-regulates key SA biosynthetic enzyme
Isochorismate Synthase (ICS) 1 (Seyfferth and Tsuda, 2014). Additional regulators
of SA during defence include MAPK cascades and interaction with other hormone
pathways including but not limited to jasmonic acid (JA), abscisic acid (ABA) and
ethylene (ET; Vlot et al., 2009). The pathways which link increased cytosolic SA
during immunity to transcriptional response are mainly dependent on SA-induced
conversion of oligomerized (i.e. a complex of four) non-expresser of pathogenesis
related (NPR) 1 to a monomer (Janda and Ruelland, 2015). The monomerized NPR1
crosses the nuclear membrane and induces transcription of defence genes (Janda and
Ruelland, 2015).
As well as having a central role in local immunity, SA synthesised at an infection site
is transported in the phloem as mobile signals including methyl SA (meSA) and
azelaic acid, increasing expression of SA associated genes such as Pathogenesis
Related (PR) 1 in distal structures (Jung et al., 2009; Park et al., 2007; Spoel and
Dong, 2012; Vlot et al., 2009). This systemic acquired resistance (SAR) has been
shown to be a long lasting primed state which defends the plant against further
pathogen attack (Vlot et al., 2009).

1.2.5.2 Jasmonic Acid (JA)
JA is also involved in the coordination of host response to pathogens with a close
association to SA and ET. JA is associated with resistance to necrotrophic pathogens
and defence against wounding caused by pests, such as herbivorous insects
(Carvalhais et al., 2013). In a similar way to SA, there are several routes from
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infection to production of JA. These pathways involve production of intracellular
calcium via PTI and ETI receptors as previously described (Gao et al., 2014b). This
signalling acts antagonistically to SA and the relative balance of each hormone is
important in determining which type of response is favoured (Glazebrook, 2005). For
example, P. syringae strains can secrete phytotoxin coronatine, which acts as a
mimic of active jasmonate and competes for binding with the receptor complex
system (Bender et al., 1999; Katsir et al., 2008). Coronatine stimulates JA associated
pathways and contributes to the suppression of SA signalling, which is crucial for
host resistance to this biotrophic pathogen (Bender et al., 1999).
JA is synthesised through multiple steps involving enzymes including lipoxygenase
(LOX) and allene oxide synthase (AOS) in the chloroplasts and 12-oxophytodienoate
reductase 3 (OPR3) in the peroxisome (Schaller and Stintzi, 2009). The genes
associated with the biosynthesis of JA are up-regulated during exogenous
application, which suggests that JA biosynthesis is characterised by a positive
feedback loop as with SA (Browse, 2009; Acosta and Farmer, 2010). However, an
associated increase in JA is currently not supported by experimental evidence and
there is likely to be post-translational modification of these JA biosynthesis proteins
(Scholz et al., 2015). This means that increased expression of JA biosynthesis
proteins does not necessarily lead to higher cellular JA levels.
The active (+)-7-iso-jasmonoyl-isoleucine (JA-Ile) form is able to interact with
receptor coronatin insensitive 1 (COI1) to regulate the JAZ family of proteins
(Browse, 2009).

Under normal conditions, the JAZ repressor complex inhibits

transcription at the promoters of these JA responsive genes (Kazan and Manners,
2012). The JAZ proteins interact generally with basic helix-loop-helix (bHLH)
family transcription factors including MYC2 (Pauwels and Goossens, 2011). The
JAZ proteins in turn recruit Novel interactor of JAZ (NINJA) and TOPLESS, which
act as co-repressors (Robert-Seilaniantz et al., 2011). A high level of JA-Ile leads to
the targeting of the JAZ proteins for degradation by the 26S proteasome via the SCFCOI1 E3 ubiquitin ligase complex (Robert-Seilaniantz et al., 2011). This causes the
de-repression of JA associated transcription factors inducing a transcriptional
response. The JAZ repressor complex is an additional level at which antagonism and
convergence is observed between hormone the pathways (Kazan and Manners,
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2012). For instance, JAZ proteins also inhibit the ET associated ETHYLENE
INSESITIVE3 (EIN3) and EIN3-Like (EIL) proteins which are key regulators of
ethylene associated genes including those associated with developmental, salt, light
and defence responses (Song et al., 2014 & 2015). These EIN3/EIL proteins are
critical in regulation of ET responsive genes such as ETHYLENE RESPONSE
FACTOR1 (ERF1) through binding to regulatory elements including the EIN3binding site (EBS; Song et al., 2014 & 2015).

1.2.5.3 Abscisic Acid (ABA)
ABA has a key function in coordinating plant development including germination
and flowering, as well as response to abiotic stresses such as drought (Finkelstein,
2013). The hormone was identified in various contexts including from cotton in a
cotyledon abscission assay and from sycamore extract, which acted as an embryo
germination inhibitor in wheat (Cornforth et al., 1965; Cutler et al., 2010; Ohkuma et
al., 1963). In the past half century ABA has become well established as a growth
regulator in plants (Cutler et al., 2010). A large part of ABA biosynthetic pathways
occurs in the chloroplast via carotenoids and the final oxidative steps in the cytosol
through abscisic aldehyde (Finkelstein, 2013). It is thought that the vascular tissue is
the main site of ABA biosynthesis during a dehydration response, with ABA being
transported in the xylem and phloem to the sites of action (Seo and Koshiba, 2011).
A study using ABA-responsive promoters fused to luciferase (LUC) –based
reporters, showed radiation from the vascular tissue during water stress response
towards guard cells in leaves (Christmann et al., 2005). The regulation of ABA is
also known to depend on catabolic enzymes, which allow recovery following stress
(Srivastava, 2002). The 8’-hydroxylation of ABA by cytochrome P450 CYP707A is
a key step during catabolism, which is thought to occur in the ER (Endo et al., 2014).
The ABA agonist pyrabactin successfully identified candidate ABA receptors,
known as the pyrabactin resistance 1/PYR1-like/regulatory components of ABA
receptors (PYR/PYL/RCAR; Park et al., 2009; Santiago et al., 2012). These
receptors bind to ABA via a pocket and in turn inhibit the protein phosphatase type
2C (PP2C) family which negatively regulate ABA pathways via sucrose non30

fermenting-1-related 2 (SnRK2) proteins (Ma et al., 2009; Park et al., 2009; Santiago
et al., 2012). For example, the SnRK2 open stomata 1 (OST1) regulates slow anion
channel 1 (SLAC1), which is associated with stomatal closure during dehydration
(Mustilli et al., 2002).
The hormone has varied significance in the context of plant defence. These roles may
generally arise from the links of the hormone to stress response and developmental
processes, which may in turn have consequences during infection. There are some
clear examples of direct links between ABA induced responses and pathogen
defence. For example, ABA and the FLS2 induced pathways converge on OST1
during a PTI response promoting stomatal closure (Melotto et al., 2006). The
stomata are a major route of entry into the leaf tissue meaning that their closure acts
as a barrier to infection (Melotto et al., 2006). Furthermore, callose deposition is
promoted by the PP2Cs ABA insensitive (ABI) 1 and 4 (Finkelstein, 2013). The
signalling routes via these PP2Cs results in the accumulation of callose at the site of
infection, which has a negative effect on fungal pathogens such as Pythium
irregulare (Adie et al., 2007; Finkelstein, 2013). This callose matrix strengthens the
cell wall and is often associated with accumulation of hydrogen peroxide, phenolics
and antifungal compounds (Flors et al., 2005). This is similarly important during
infection of Arabidopsis with P. syringae pv. tomato DC3000 with a sharp rise in
ABA levels by 18 hours post infection in the host, which is also associated with
attenuated callose deposition (de Torres-Zabala et al., 2007). Furthermore it was
shown that expression of the P. syringae effector avrPtoB in planta resulted in a
substantial rise in ABA levels suggesting a clear link between the hormone and
bacterial infection (de Torres-Zabala et al., 2007).
Further roles of the hormone in defence arise from the cross talk between ABA and
other phytohormone pathways. For instance, during a wounding response both JA
and ABA target the transcription factor MYC2, synergistically promoting a
transcriptional response (Koornneef and Pieterse, 2008). A close link between ABA
and JA is also supported by their mirrored accumulation in Arabidopsis leaves
infected with P. syringae pv. tomato DC3000, with a contrasting initial rise followed
by a sharp decrease in SA (Fan et al., 2009). Therefore, the role of phytohormones is
also likely to be variable over the course of infection.
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1.2.6

Co-expression of hormone-related genes

Hormone-related genes show extensive co-regulation and co-expression, as these are
commonly regulated by key transcription factors which may be antagonised by
multiple hormones (Kuppusamy et al., 2009). These large groups of genes show
similar expression profiles during response to biotic and abiotic stress. The DELLA
proteins are regulated largely by gibberellin (GA) and interact with various
transcription factors, acting as nuclear localised transcriptional regulators of broad
processes such as root growth and response to necrotrophic fungi (Marín-de la Rosa
et al., 2015). Therefore, there could be an additional theme to pathogen interference
with hormone-related genes potentially at a level of spatially unified gene regulation
(Beynon, pers. comm., 2012).

1.3 Transcription factory theory
Considerable recent evidence suggests that gene transcription is a collaborative
rather than isolated process in prokaryotic and eukaryotic cells. Initial observations
identified centres of concentrated DNA in bacteria using DNA staining and
microscopy and these were termed “nucleoids”, reflecting their role similar to that of
the eukaryotic nucleus (Eltsov and Zuber, 2006; Piekarski, 1937). Varied studies
have provided evidence consistent with compartmentalisation of transcription,
including observations of viral infection of eukaryotic cells, which are discussed in
section 1.3.1. Model systems have included Drosophila, yeast and mammalian cell
culture, although plant systems have since emerged in the context of application of
these insights (Feng et al., 2014; Grob et al., 2013; Louwers et al., 2009; Schubert
and Weisshart, 2015; Schubert et al., 2014). A crucial study focussed on RNA
polymerase II (RNAPII), which transcribes mRNAs and small nuclear RNAs in
eukaryotic cells (Wansink et al., 1993; Cramer et al., 2008). The localisation pattern
of labelled nascent transcripts of RNAPII identified over 100 foci (Wansink et al.,
1993). This highlighted a discrepancy between the number of actively transcribed
genes and the distribution of RNAPII within the nucleus, which appeared to be
inconsistent with a model of independent transcription of these genes (Wansink et
al., 1993). Transcription factory theory proposes that genes are translocated to sites
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of preassembled transcriptional components, which may contain roughly 30 active
polymerases, as opposed to independent assembly onto active promoters throughout
the nucleus (Cook, 1994; Jackson et al., 1998; Xu and Cook, 2008). In Arabidopsis
nuclei, super-resolution microscopy showed that these RNAPII was concentrated in
reticulate structures referred to as “transcription networks” (Schubert and Weisshart,
2015; Schubert et al., 2014).
The concept draws parallels to the nucleolus, in which RNA from nucleolar
organiser regions (NORs) across multiple chromosomes is transcribed by RNAPI in
a structured but non-membrane bound compartment (Osborne, 2014). While
transcription factories are not defined by the same scale or composition as the
nucleolus, it has been suggested that these are held on a nuclear substructure or
nucleoskeleton indicating a more fixed rather than transient existence (Sutherland
and Bickmore, 2009). This is exemplified by immunofluorescence experiments with
mouse foetal cells, which showed that following heat shock (inhibiting transcription)
the focal appearance of RNA polymerase I remained stable (Mitchell and Fraser,
2008). This further suggests that these locations of concentrated active RNAPII are
not merely transient aggregations on actively transcribed promoters (Mitchell and
Fraser, 2008). Despite potentially existing as relatively stable structures, transcription
factories are thought to be dynamic centres in which microenvironments of
transcription factors define the genes present (Figure 4; Schoenfelder et al., 2010).
An illustration of a transcription factory is shown in Figure 4.
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Figure 4. The key features of a transcription factory. Chromatin may form loops as
genes associate with transcription factories. These transcription factories contain
transcription factors, RNA polymerase II (RNAPII) and the active genes. These
genes are thought to reel through RNAPII as the transcription factory is anchored to
a nuclear substructure. The association of genes with the transcription factory may be
transient as illustrated by active and inactive genes.
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1.3.1

Evidence for transcription factories from diverse techniques

As previously mentioned, a wealth of cell biology investigations have analysed the
mechanisms of transcription deduced from biochemical studies in an in vivo context.
This led to varied observations that are not consistent with a theory of active
transcription occurring independently throughout the nucleus. For instance, a study
which investigated viral replication in the eukaryotic nucleus showed highly
focussed sites of transcription within the host nucleus, which were termed factories
(Cairns, 1960; Cook, 2010). Replicating DNA during infection of HeLa cells with
vaccinia virus was labelled with H3-Thymidine and visualised with autoradiography
and showed that each viral particle initiates a unit of synthesis of viral DNA, which
progressively grows over time (Cairns, 1960). A possible explanation for this
observation is that the host transcriptional machinery is not evenly dispersed within
the nucleus. Therefore, the observation of these discrete units during viral replication
is an artefact of host transcriptional organisation and architecture.
These techniques for visualisation of transcription by labelling and microscopy were
similarly applied directly to HeLa cells, giving rise to fundamental research that
assisted in consolidating transcription factory theory. Early techniques in HeLa cells
involved immobilising, H3-uridine labelling the nascent RNA, followed by digestion
and removal of DNA, which revealed a network of retained RNA in a structure
consistent with transcription factories (Chakalova and Fraser, 2010; Jackson and
Cook, 1985). This was optimised in further studies which aimed to minimise
disturbance to the cell during the procedure (Chakalova and Fraser, 2010). A system
was developed to encapsulate and bathe S phase cells with biotin-11-dUTP during
transcription, followed by immunolabelling and visualisation by microscopy (Hozák
et al., 1993). This found approximately 150 sites of transcription per cell, which
complemented the findings of the previous study which directly visualised RNAPII
(Hozák et al., 1993; Wansink et al., 1993).
Another style of technique has focussed on characterising the observed looping
structures that have been suggested to be a key feature of chromatin during active
gene transcription (Palstra, 2009). Chromosome conformation capture (3C) and
associated technologies have become core techniques for studying individual gene
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interactions, through to chromosomal arrangements (Dekker et al., 2002). The
technique is based on the fixation of chromosome arrangement using formaldehyde,
which creates a snapshot of transcription through interlinking genes physically close
potentially due to their co-localisation at transcription factories (Dekker et al., 2002).
Insights that have arisen from 3C technology include defining interactions that occur
between the locus control region (LCR) that controls expression of the T helper cell
2 (Th2) cytokine genes in mice (Spilianakis and Flavell, 2004). These cytokines are
spaced over 120 kilobases and have also been shown to involve interaction between
genes on separate chromosomes (Spilianakis et al., 2005). This highlights the
specificity of interactions that occur at transcription factories, which may involve
intra or inter-chromosomal contacts. Since the development of the technique a vast
array of studies have adopted the method to address various questions relating to
gene associations and chromosomal arrangements. The 3C technique and related
methodologies are described in more detail in Chapter 4 of this thesis.

1.3.2

Specialisation of transcription factories?

It has been suggested that groups of genes that are functionally related may be
transcribed at the same transcription factories (Xu and Cook, 2008). However
evidence to support this hypothesis is currently inconsistent (Sutherland and
Bickmore, 2009). It is well established that prokaryotic and eukaryotic chromosomes
are characterised by enhancer and insulator regions that may be separated by large
physical distance from their associated gene promoters, which is particularly the case
in animal models (Blackwood and Kadonaga, 1998; Dandanell et al., 1987; Krivega
and Dean, 2012; Liu et al., 2001; Sipos and Gyurkovics, 2005). The chromatinlooping model suggests that intervening chromatin regions are physically moved
aside during enhancer and promoters interactions (Krivega and Dean, 2012). This
highlights a possible role for specialised transcription factories at which related
genes and associated genetic elements physically associate.
Similarly to the Th2 region, studies have analysed the haemoglobin subunit beta
(Hbb) genes and associated LCR in mice, generally suggesting that these genes may
preferentially localise to the same transcription factories upon activation (Palstra,
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2009). A particular study adopted methods including enhanced-circularized
chromosome conformation capture (4C; for analysis of global physical chromatin
interactions from a defined locus) and RNA fluorescent in situ hybridisation (FISH)
to analyse the association of Hbb genes (Schoenfelder et al., 2010). The Kruppel-like
factor 1 (also referred to as erythroid Kruppel-like factor (EKLF)) mutant klf-1 was
shown to have low expression of Hbb genes, consistent with the role of the
transcription factor in controlling their expression (Nuez et al., 1995; Schoenfelder et
al., 2010). A consistent overlap in fluorescence was observed for probes specifically
hybridising to Hbb genes in RNA FISH (Schoenfelder et al., 2010). Furthermore,
physical contacts were observed in enhanced 4C between the Hbb genes and others
previously found to be regulated by Klf-1 (Schoenfelder et al., 2010). It was
hypothesised that specialisation of transcription factories could be a logical
mechanism of controlling transcription of co-regulated genes. As previously
mentioned, a balance of transcription factors may form a microenvironment for
controlling transcription (Schoenfelder et al., 2010; Sutherland and Bickmore, 2009).
This could enable fine-tuning of gene regulation of groups of specialised genes
(Edelman and Fraser, 2012). This may promote efficient cellular response to
environmental fluctuations for groups of related genes and would facilitate rapid and
unified response to specific stimuli.

1.4 Hormone induced chromatin rearrangements in mammalian cells
Currently there is some evidence to suggest that hormones induce chromatin
reorganisation in mammalian cells on a large scale. Chromatin has been shown to
arrange in highly looped structures based on active or inactive status (Cheutin and
Cavalli, 2014). These are known as topologically active domains (TADs), within
which loci most frequently interact (Dekker et al., 2013). A study in human
mammary epithelial cells (HMEC) found a rapid estradiol-induced association of
genes thought to co-localise to interchromatin granules, in which transcriptional
elongation and pre-mRNA splicing factors are concentrated (Hu et al., 2008).
However, a subsequent investigation using 3D FISH with probes for hormone
associated genes in HMEC and cancer cells found no evidence of spatial association
(Kocanova et al., 2010). A more recent investigation suggested that the activation of
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TADs by hormones resulted in the induction of a large-scale change in chromatin
conformation and higher frequency of contacts between loci within these domain (Le
Dily et al., 2014). Furthermore, the activation of these TADs during treatment
increased DNase I sensitivity suggesting that the chromatin state shifted to a more
open form, which was also correlated with a relative change in interaction frequency
as observed with Hi-C (an enhanced 3C method; Le Dily et al., 2014). Overall, this
evidence suggests that hormones could have a significant effect on spatial gene
regulation and gene interactions.

1.5 A potential role for effectors in targeting transcription factories?
Investigations focussing on pathogen effector interactions have identified targets at
the level of the host transcriptional machinery. For example, it has been shown that a
Hpa effector can interact with the mediator complex subunit MED19a, in order to
manipulate the balance between JA and SA to favour pathogen survival (Caillaud et
al., 2013). Mediator (MED) subunits form a complex acting as an interface between
specific transcription factors and basal transcriptional machinery assembled on a
promoter, facilitating either activation or repression of target genes (Mathur et al.,
2011). Specific combinations of these MED subunits (of which there are thought to
be 34 in plants) are required for genes involved in related processes although
individual subunits can have overlapping roles (Mathur et al., 2011). For instance,
MED2, MED14 and MED16 are involved in cold response in Arabidopsis, although
MED16 also has a role in dark associated genes with a different group of MED
subunits (Hemsley et al., 2014).
Therefore, specialisation of transcription factories could provide a framework to
explain the impact of targeting individual elements of the transcriptional machinery
on the expression of host immune-related genes. The transcriptional machinery in
plants involves the cooperation of various different cofactors, the mediator complex,
RNAPII and transcription factors (Samanta and Thakur, 2015). However, few studies
at the beginning of this project had focussed on understanding chromatin
arrangements and transcription factories in plants (Hövel et al., 2012). If further
evidence supports a model of the spatially co-ordinated expression of related genes,
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then this could raise many questions as to the relevance of this in a pathological
context. During PTI, the host recognises fundamental features of potential pathogens
and capitalises on their inadaptable nature. Therefore, the tables may have been
turned and pathogens could hijack a core feature of eukaryotic gene transcriptional
regulation in order to favour infection.

1.6 Scope of this project
The project aimed to investigate the interaction of a putative Hpa effector with the
host immune network. The effector HaRxL14 has been shown to have multiple
targets in yeast two-hybrid screens (which identify protein-protein interactions). This
effector structurally comprises of an N-terminal signal peptide, RXLR-dEER domain
and a C-terminal effector domain. A specific interaction has been confirmed by yeast
two-hybrid with the host protein phosphatase type-2CA (PP2CA; AT3G11410;
Steinbrenner, Braun and Beynon, pers. comm., 2013), which is involved in ABA and
metabolic signalling. Characterising this interaction was a potentially interesting line
of investigation, given previously reported results suggesting that ABA could have
an important role in host defence.
Additionally, the project focussed on optimising a Hi-C related method (sequence
capture of multiple regions interacting with bait loci; SCRIBL) for use with
Arabidopsis, in which interacting regions of chromatin are enriched and identified
using next generation sequencing (courtesy of Stefan Schoenfelder and Peter Fraser,
Babraham Institute, University of Cambridge). During the initial stages this project,
Arabidopsis had recently become subject to 3C-type analysis. During the course of
the project, the publication of Hi-C in Arabidopsis gave insights into the overall
chromosome conformation in plants (Schubert et al., 2014). This project aimed to
optimise SCRIBL to determine whether response to hormones in plants could
involve changes in the physical environment and the spatial association of coregulated genes. An observed physical association of hormone-related genes could
indicate a role for specialised transcription factories in plants. This could have
relevance to both immune networks and in the context of pathogen effector targets.
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1.7 Overall project aims
•

To confirm and characterise the interaction of Hpa effector HaRxL14 with a
putative Arabidopsis host target PP2CA (AT3G11410), which is involved in
ABA and metabolic signalling.

•

To optimise SCRIBL for use with Arabidopsis in order to examine the effect
of hormone induction on spatial gene interactions.
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2 Materials and methods
2.1 Plant materials and maintenance
2.1.1

Growth and maintenance of Arabidopsis

Arabidopsis seeds were sown at a high density onto Intercept® (Everris) treated
compost and stratified at 4 °C for 2 to 4 days. Trays were transferred to a growth
room with lids to maintain a high humidity, under light conditions of 100 µmol m-2
s-1 at 20 °C and 10 hour light cycles. Seedlings were transplanted into individual
modules at approximately 10 days post germination.
The following previously generated Arabidopsis T-DNA homozygous insertion lines
were used in these experiments (Table 1).

Table 1. The sources of the Arabidopsis T-DNA insertion lines used for analysis.
Arabidopsis T-DNA insertion lines

Background Supplied/Generated by

pp2ca-1

Col-0

Julian Schroeder

pp2ca-2

Col-0

As above

35S::PP2CA

Col-0

As above

35S::HA::GFP

Col-4

Jens Steinbrenner, Matthew
Watson, Tina Payne

35S::HA::HaRxL14 (line 1)

Col-4

As above

35S::HA::HaRxL14 (line 2)

Col-4

As above

35S::HA::HaRxL14 (line 3)

Col-4

As above

35S::HaRxL14

Col-4

As above

fls2

Col-4

Nottingham Arabidopsis
Stock Centre (NASC)

eds1

Ws-0
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As above

2.1.2

Maintenance of Arabidopsis cell suspension culture

2.1.2.1 Preparation of Arabidopsis cell suspension culture media
Arabidopsis cell suspension culture (from Landsberg erecta callus) was a kind gift
from Dr. Alessandra Devoto (Royal Holloway, University of London) and was
maintained with a hormone-supplemented culture medium (Table 2).

Table 2. Materials required for preparation of a litre of Arabidopsis cell suspension
culture medium.
Component

Amount per litre

Murashige and Skoog basal salts with minimal organics 4.4 g
(Sigma-Aldrich)
Sucrose (Sigma-Aldrich)

30 g

1-Naphthylacetic acid 1 mg/mL (Sigma-Aldrich)

500 µL

Kinetin 1 mg/mL (Sigma-Aldrich)

50 µL

The components specified in Table 2 were dissolved in 900 mL deionised (DI) water
and the pH was adjusted to 5.6 to 5.7 at 22 oC with 1 M NaOH. The final volume
was adjusted to a litre with DI water and autoclaved. The media was cooled rapidly
and stored at 4 oC.

2.1.2.2 Growth and sub-culturing of Arabidopsis cell suspension culture
The Arabidopsis cell suspension culture was sub-cultured after periods of 7 days of
growth. In a laminar flow cabinet, 15 mL of 7-day-old culture and 100 mL of
Arabidopsis cell suspension culture medium (as described in section 2.1.2.1) were
transferred into a pre-autoclaved 250 mL Erlenmeyer flask sealed with a quadruple
layer of foil. The opening of the flask and foil cover were sterilised with a flame
during the sub-culturing procedure. The cells were cultured under constant light, a
temperature of 22 °C and shaking at 115 rpm.
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2.1.2.3 Methyl Jasmonate (MeJA) induction of Arabidopsis cell suspension
culture
In a laminar flow cabinet, a 10-day-old culture was sub-cultured with 45 mL of
culture and 300 mL Arabidopsis cell suspension culture medium (as described in
section 2.1.2.1). This was divided into aliquots of 24 mL in 50 mL Erlenmeyer
flasks, ensuring the cells were homogenised by gentle swirling between taking each
aliquot. The flasks were sealed with a quadruple layer of foil. The cultures were
maintained under identical conditions to those previously stated in section 2.1.2.2
with the exception of shaking speed, which was increased to 125 rpm to maintain a
homogenous distribution of the cells in the smaller flasks.
After 3 days, the Arabidopsis cells were treated with a filter sterilised stock
preparation of 10 mM MeJA (Sigma-Aldrich) in absolute ethanol for a final
concentration of 50 µM MeJA, according to conditions described for microarray
experiments in Louwers et al. (2009). Mock treatments were carried out with the
same volume of sterile water in lieu of MeJA in absolute ethanol. The cultures were
harvested at 0 and 7 hours post MeJA and mock treatment. A sample of 4 mL was
taken for RNA extraction, which was filtered through a double layer of miracloth
(Merck Millipore) and flash frozen on liquid nitrogen. The remaining 20 mL was
fixed with formaldehyde for analysis of chromatin interactions (section 2.7).

2.2 Nucleic acid methods
2.2.1

RNA

2.2.1.1 RNA extraction
2.2.1.1.1 Arabidopsis cell suspension culture
Arabidopsis cells were ground with liquid nitrogen in a pre-chilled pestle and mortar,
which were sterilised at 180 °C for at least 4 hours. The RNA was extracted from
100 to 150 mg of ground cells with 1 mL TRIzol® (Life Technologies), which was
mixed with a vortex mixer for twenty seconds, followed by incubation at room
temperature for five minutes. This process was repeated following the addition of
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200 µL chloroform. The phases were separated by centrifugation at 21,000 x g for 15
minutes at 4 °C. The upper phase was carefully removed and mixed with an equal
volume of 70% (v/v) ethanol. This mixture was applied to an RNeasy® spin column
(Qiagen) and purified according to the manufacturer’s protocol. An on-column
DNase treatment was performed and the RNA was eluted in 40 µL nuclease-free
water, which was reapplied to the column to concentrate the eluted RNA. The RNA
concentration was determined with a UV-Vis spectrophotometer (NanoDrop,
Thermo Scientific) and stored at -80 °C.

2.2.1.1.2 Arabidopsis seedlings and mature leaves
Arabidopsis leaves were frozen on liquid nitrogen and ground using a bead beating
method with two 5 mm glass beads per microfuge tube. This consisted of two bursts
at a frequency of 25 hz for 30 seconds with chilled adapters in a mixer mill (Retsch).
The beads were prepared by baking at 180 °C for at least 4 hours and were chilled
with liquid nitrogen. The RNA was extracted from the ground leaf material using the
TRIzol® method previously described in section 2.2.1.1.1.

2.2.1.2 Synthesis of cDNA
The extracted RNA was diluted to a concentration of 1 µg/µL for the reverse
transcription reaction. A reaction with 1µg of RNA was set up for gDNA removal,
followed by cDNA synthesis using the QuantiTect Reverse Transcription Kit
(Qiagen) according to the manufacturer’s protocol. The synthesised cDNA was
stored at -20 oC.

2.2.2

NimbleGen Microarrays

2.2.2.1 Preparation of samples
Two week-old Arabidopsis seedlings were grown for this microarray experiment
according to section 2.1.1. Three replicate modules of seedlings were grown and
harvested with liquid nitrogen for T-DNA insertion Arabidopsis lines according to
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the experimental design in section 3.7.1 without treatment (Table 1). RNA was
extracted according to section 2.2.1.1.2. The quality of the RNA was verified using
an RNA 6000 Nano kit (Agilent) with an Agilent Bioanalyser.

2.2.2.2 Amplification and labelling cDNA
A dilution of 50 ng/µL was prepared for each RNA sample. An input volume of 1 µL
was used for the generation of first and second strand cDNA. Single primer
isothermal amplification (SPIA) amplification and modification was performed using
the Ovation® Pico WTA System (Nugene). The amplified SPIA cDNA was purified
using QIAquick columns (Qiagen). The cDNA was loaded onto the columns, washed
twice with 80% (v/v) ethanol and eluted with 30 µL nuclease-free water. The cDNA
concentration was determined with a UV-Vis spectrophotometer (NanoDrop,
Thermo Scientific).
Labelling reactions with cyanine dye Cy3 were prepared for the two-stranded cDNA
using the NimbleGen one-colour DNA labelling kit (Roche) as described in the
manufacturer’s protocol. This process was carried out under low light conditions and
the cDNA pellets were dried using a SpeedVac™ (Thermo Scientific). These cDNA
pellets were rehydrated in 25 µL PCR grade water and the concentration determined
by UV-Vis spectrophotometer (NanoDrop, Thermo Scientific). Aliquots were
prepared equivalent to 4 µg of labelled cDNA sample and these were dried as
previously described and stored at -20 oC.

2.2.2.3 Preparation and scanning of microarrays
The hybridisation system was equilibrated to 42 oC and the Cy3-labelled cDNA
pellets were rehydrated in 3.3 µL water (VWR) and prepared for hybridisation onto
two 12X135K array slides according to the manufacturer’s protocol (Roche). The
Cy3-labelled samples were incubated on the arrays for 16 to 20 hours.
The slides were washed using the NimbleGen Wash Buffer Kit (Roche). The slides
were detached from the mixer while immersed in wash buffer I at 42 oC and the
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remaining washes were carried out as described in the manufacturer’s protocol
(Roche). The slides were spun dry with a Microarray Dryer (Arrayit) for 30 seconds.
The dried slides were loaded into a NimbleGen MS 200 Microarray Scanner (Roche)
and scanned according to the manufacturer’s protocol.

2.2.3

DNA

2.2.3.1 Polymerase chain reaction (PCR)
The relative gene expression was examined between biological replicates under
different treatment conditions semi-quantitatively by PCR. This was used to
determine whether a transcriptional response to MeJA treatment was detectable in
Arabidopsis cell suspension culture.

Table 3. The primer sequences for genes tested for relative gene expression by PCR
for MeJA induction experiment with Arabidopsis cell suspension culture1.
Name

Gene ID

Orientation Sequence (5’-3’)

ACT2

AT3G18780

Forward

TGTCGCCATCCAAGCTGTTCTC

ACT2

AT3G18780

Reverse

ATCACCAGAATCCAGCACAATACCG

JAZ1

AT1G19180

Forward

TGGAGATCTGAGCTTAGGAATGGC

JAZ1

AT1G19180

Reverse

ATGGTTGTTGTCGGCTGACGTG

JR1

AT3G16470

Forward

CCTGTCCTTGGAAGTGATCAT

JR1

AT3G16470

Reverse

TCATCTGGTCCAAGCACAAAC

OPR3

AT2G06050

Forward

TACTTCACGTGGGAACCATCGG

OPR3

AT2G06050

Reverse

GGACGTGCTTCTCATGCAGTGTATC

PR1

AT2G14610

Forward

TACGCTGCGAACACGTGCAATG

PR1

AT2G14610

Reverse

GCACATCCGAGTCTCACTGACTTTC

VSP1

AT5G24780

Forward

ATGGGCTGATTTGGTTGAGGA

VSP1

AT5G24780

Reverse

TGAAATGGATACAAGGGGACA

1

The forward and reverse primers for each are transcript specific and designed to amplify cDNA
synthesised from mRNA. These primers were designed using QuantPrime software available online
(Arvidsson et al., 2008). The primers for amplification of JR1 and VSP1 were designed using this
software by Jens Steinbrenner.
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The PCR reactions were set up with the primers in Table 3. A master mix was
prepared with the following components per reaction: 1 µL MgCl2 (Invitrogen), 2 µL
PCR buffer (Invitrogen), 13.25 µL sterile water, 0.25 µL Taq polymerase
(Invitrogen), 1 µL template cDNA, 0.5 µL dNTPs (Invitrogen) with 1 µL of each
primer at 10 µM in sterile water.
The general PCR conditions were as follows: 95 oC for 5 minutes (initialisation), 95
o

C for 30 seconds (denaturation), 57-62 oC for 30 seconds (annealing), 72 oC for 1

minute per kilobase depending on the insert size (elongation), 72 oC for 5 minutes
(final elongation).

2.2.3.2 Cloning
For expression in Nicotiana benthamiana, Arabidopsis genes were cloned using the
Gateway® system (Life Technologies). These genes were initially amplified with
gene specific primers for addition of partial AttB1 and AttB2 sites. With PP2CA, a
library of Arabidopsis cDNA was used as template. In the case of HaRxL14,
template cDNA derived from PCR reactions which amplified effectors from genomic
DNA isolated from Hpa isolate Emoy2 (Fabro et al., 2011). Jens Steinbrenner
performed these PCR reactions for PP2CA and HaRxL14.
These reactions were cleaned-up with a PCR Purification Kit (Qiagen) and a second
PCR reaction was set up with the primers shown in Table 4 for the addition of the
full AttB sites for cloning into Gateway pDONR™/Zeo vector. Following
amplification with incorporated AttB sites, the PCR reactions were run on an agarose
gel (percentage agarose dependent on the fragment length) and the product of the
predicted size was isolated by excision and cleaned using a column based gel
purification kit (Qiagen). These PCR reactions and gel purifications were also
performed by Jens Steinbrenner.
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Table 4. The primer sequences for cloning PP2CA (AT3G11410) into the Gateway®
system and for amplication of AttB1 and 2 sites. The AttB sites are required for
cloning into the Gateway® pDONR™/Zeo vector. The PP2CA primer sequences
were previously published (Lim et al., 2014). These PCR reactions were carried out
by Jens Steinbrenner.
Primer

Orientation

Sequence (5’-3’)

PP2CA

Forward

CACCATGGCTGGGATTTGTTGCGG

PP2CA

Reverse

TTAAGACGACGCTTGATTATTCCTC

AttB1

Forward

GGGGACAAGTTTGTACAAAAAAAGCAGGCT

AttB2

Reverse

GGGGACCACTTTGTACAAGAAAGCTGGGT

The gene with AttB sites was then transferred into an entry pDONR™/Zeo vector in
a BP reaction with Gateway® BP clonase II enzyme mix according to the
manufacturer’s protocol (Life Technologies). The products of this reaction were
transformed into Eschericia coli as described in section 2.3.1.1 and the plasmid
purified according to section 2.3.3.
A second reaction using Gateway® LR clonase II enzyme mix was used to transfer
the gene into the destination vector according to the manufacturer’s protocol (Life
Technologies; Table 5). The product of this reaction was transformed into E. coli as
described in section 2.3.1.1 and the plasmid purified according to section 2.3.3. The
purified vector was then transformed into Agrobacteria tumefaciens as described in
section 2.3.1.2.
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Table 5. Gateway® destination vectors for expression of tagged Arabidopsis proteins
in N. benthamiana. Full details are given of promoter, tag, bacterial resistance and a
reference for their source.
Gateway®

Promoter / Tag

Bacterial

Destination Vector
pK7FWG2

Resistance
35S / N-terminal

Spectinomycin

GFP
pK7RWG2

Reference
(Karimi et al.,
2002)

35S / N-terminal

Spectinomycin

As above

Kanamycin

(Earley et al.,

RFP
pEarlygate201

35S / N-terminal HA

2006)
BIFP1

35S / C-terminal

Spectinomycin

eYFP (N-terminus)

François Parcy,
University of
Grenoble, France

BIFP2

35S / N-terminal

Spectinomycin

As above

Spectinomycin

As above

Spectinomycin

As above

eYFP (N-terminus)
BIFP3

35S / N-terminal
eYFP (C-terminus)

BIFP4

35S / C-terminal
eYFP (C-terminus)

2.3 Microbial techniques
2.3.1

Bacterial transformations

2.3.1.1 Transformation of E. coli
Chemically competent E. coli strain DH5α cells (Bioline) were transformed by heat
shock. The cells were incubated on ice with vector DNA for 30 minutes, followed by
a heat shock at 42 °C for 30 seconds. After a 10 minute incubation on ice, 9X
volume of Super Optimal broth with Catabolic repression (SOC) medium was added
to the reaction and the bacterial cells were incubated for one hour at 37 °C (Table 6).
The transformation reactions were spread onto Lysogeny Broth (LB) agar plates with
appropriate antibiotics and incubated overnight at 37 °C (Table 6).
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Table 6. The composition of media for culturing E. coli and A. tumefaciens.
Component

Amount (/L)

LB
Tryptone

10 g

Yeast extract

10 g

Sodium chloride

10 g (or 5 g for low salt)

SOC
Yeast extract

5g

Tryptone

20 g

Sodium chloride

0.584 g

Potassium chloride

0.186 g

Magnesium sulphate

2.4 g

Glucose 20% (w/v)

20 mL

YEB
Sucrose

5g

Peptone

5g

Beef extract

5g

Yeast extract

1g

Magnesium sulphate heptahydrate

0.049 g

pH adjusted to 7.2
Microbiological agar

15 g

A single colony was isolated and transferred into a liquid culture of LB with an
appropriate antibiotic and cultured overnight at 37 °C with shaking at 220 rpm. An
aliquot of 500 µL of culture and 500 µL 80% (v/v) glycerol were mixed in a
microfuge tube and stored at -80 °C as a stock.
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2.3.1.2 Transformation of A. tumefaciens
Destination vectors were transformed into A. tumefaciens strain GV3101 by
chemical transformation. An aliquot of 100 µL of A. tumefaciens strain GV3101 was
incubated with 1 µg of the purified destination vector on ice for 5 minutes. The
transformation reaction was heat shocked by incubation on liquid nitrogen for 5
minutes, followed by incubation at 37 oC for 5 minutes. The cells were incubated on
ice for 2 minutes followed by addition of 900 µL of YEB media (Table 6). The
reactions were incubated at 28 oC with shaking for 2 to 3 hours, followed by
centrifugation at 900 x g for 30 seconds. The cells were resuspended in 10 µL of
supernatant and spread onto YEB plates (Table 6) containing appropriate antibiotics
and incubated at 28 oC for at least 16 hours.
A single colony was isolated and transferred into a liquid culture of YEB media with
appropriate antibiotics and cultured for approximately 20 hours at 28 °C with
shaking at 220 rpm. An aliquot of 500 µL of culture and 500 µL 80% (v/v) glycerol
were mixed in a microfuge tube and stored at -80 °C.

2.3.2

Colony PCR

A small scrape of cells (using an inoculation loop) was suspended in 75 µL sterile
water. The cells were incubated at 95 oC for 20 minutes. A PCR mix was prepared as
follows: 10 µL Biomix Red (Bioline), 1 µL of each AttB1 and AttB2 primers (Table
4), 5 µL cell suspension mix, 3 µL sterile water. The conditions for the PCR
reactions are given in section 2.2.3.1.

2.3.3

Plasmid Purification

Plasmid DNA from a 5 mL overnight culture of transformed E. coli was purified
using the GeneJET plasmid purification kit (Thermo Scientific) and eluted in 30 µL
of sterile water. The DNA concentration was quantified using a UV-Vis
spectrophotometer (NanoDrop, Thermo Scientific). The eluted DNA was stored at 20 °C prior to further analysis.
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2.4 Cell biology methods
2.4.1

Infiltration of A. tumefaciens into N. benthamiana

A glycerol stock (as prepared in section 2.3.1.2) of transformed A. tumefaciens and a
stock harbouring p19 (a silencing suppressor) were streaked onto YEB agar plates
with appropriate antibiotics (Voinnet et al., 2003). A single colony was isolated to
prepare a culture in liquid YEB media with appropriate antibiotics. The bacteria were
cultured for approximately 20 hours at 28 °C with shaking at 220 rpm.
The bacterial cells were collected by centrifugation at 3,500 x g for 10 minutes and
the supernatant was removed. The bacterial pellet was gently resuspended in half the
original culture volume of infiltration buffer (10 mM MES, 10 mM magnesium
chloride pH 5.7). The optical density (OD) of the resuspended cells was measured at
10X dilution in infiltration buffer, using a cell densitometer (Biowave C0800). The
culture mixtures were prepared at an appropriate infiltration density according to the
experiment, with 0.1 final OD of p19 culture and 0.1% (v/v) acetosyringone (Sigma
Aldrich).

2.4.2

Localisation of fluorescently tagged proteins by confocal microscopy

After two days of transient expression of protein constructs in N. bethamiana, 7 mm
leaf discs were prepared by infiltration with water for mounting and imaged using a
Zeiss LSM710 microscope (Carl Zeiss).

2.5 Protein methods
2.5.1

Total protein extraction and Bradford Assay

Total protein was extracted from Arabidopsis seedlings and mature leaves using bead
beating as described for RNA extraction (section 2.2.1.1.2). Ground leaf material
was diluted with 1X SDS sample buffer (50 mM Tris-HCl pH 6.8, 2% (w/v) SDS,
10% (v/v) glycerol, 1% (v/v) 14.7 M β-mercaptoethanol, 12.5 mM EDTA, 0.02%
(w/v) bromophenol blue) and boiled at 95 °C for 5 minutes. The protein
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concentration was calculated using a Bradford Assay with Bradford Ultra reagent
(Expedeon), which was used to determine the volume to load onto an SDS PAGE gel
for an equivalent amount of protein between samples.

2.5.2

Co-immunoprecipitation (Co-IP) in N. benthamiana with nuclear
enrichment

N. benthamiana leaves which had been infiltrated with constructs appropriate for
each experiment were ground on liquid nitrogen. The ground tissue was resuspended
in chilled freshly prepared nuclear isolation buffer (NIB) supplemented with an
appropriate dosage of cOmpleteTM Protease Inhibitor Cocktail Tablets (Roche) as
shown in Table 7, with 4 mL buffer per gram of ground tissue. The tube was inverted
and held on ice until the frozen ground tissue thawed, inverting every few minutes.
This suspension was filtered through two layers of miracloth (Merck Millipore) into
a chilled 50 mL tube on ice. The miracloth was washed with 3 mL of chilled NIB,
which was applied directly to the residual material. The following nuclear isolation
protocol is based on that described for 3C analysis with plant material (Louwers et
al., 2009).
Table 7. The components of nuclear isolation buffer (NIB). The buffer is described
in a protocol for 3C analysis with plant material (Louwers et al., 2009).
Component

Final Amount

Sucrose

250 mM

HEPES pH8

20 mM

Potassium chloride

5 mM

Magnesium chloride

1 mM

PMSF

0.1 mM

Glycerol

40% (v/v)

Triton X-100

0.25% (v/v)

2-mercaptoethanol

0.1% (v/v)

Protease inhibitor

cOmpleteTM Protease Inhibitor Cocktail Tablets
(Roche) Dosage according to manufacturer’s
guidelines
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The suspension was centrifuged at 3,000 x g for 15 minutes to form a nuclear pellet.
The supernatant was carefully decanted and the nuclear pellet was resuspended by
gentle pipetting in 2 mL chilled NIB. This suspension was transferred into 2 mL
microfuge tubes (Eppendorf). The suspension was centrifuged at 1,900 x g for 5
minutes at 4 oC. The supernatant was carefully removed by pipetting and 1 mL of
chilled NIB was added. The nuclei were resuspended by gentle pipetting and
centrifuged as with the previous wash step. These washes were repeated four times,
at which point the pellet should be white with little if any green debris at the surface
and the supernatant should be very light green to colourless.
The nuclear pellet was resuspended by gentle pipetting in 2 mL lysis buffer: 10 mM
Tris pH7.5, 0.5 mM EDTA, 1 mM PMSF, 150 mM sodium chloride, 0.5% (v/v)
Igepal and an appropriate dosage of cOmpleteTM Protease Inhibitor Cocktail (Roche)
according to the manufacturer’s protocol. The nuclei suspension was incubated on
ice for 5 minutes. The nuclear debris was collected by centrifugation at 21,000 x g
for 10 minutes at 4 oC. The supernatant was transferred to a chilled 2 mL microfuge
tube (Eppendorf). A 60 µL sample was taken as input and mixed with 20 µL 4X SDS
sample buffer (see section 2.5.1 for buffer composition) and stored at -20 oC.
An aliquot of 5 µL (or volume according to the experimental conditions specified) of
GFP-binding agarose beads (Chromotek) was equilibrated per Co-IP reaction in a 1.5
mL microfuge tube (Eppendorf). The beads were resuspended in 500 µL of wash
buffer (10 mM Tris pH7.5, 0.5 mM EDTA, 150 mM sodium chloride) and incubated
on ice for 5 minutes followed by centrifugation at 21,100 x g for a few seconds at 4
o

C. All but approximately 50 µL of the wash buffer was removed and the process

was repeated for 3 washes in total. After the final wash, the beads were resuspended
in the 50 µL of remaining wash buffer and this was transferred to the 2 mL
microfuge tube containing the lysed nuclear proteins. The Co-IP was carried out with
end-over-end mixing on slow speed for 2 hours.
The reactions were centrifuged at 500 x g for 5 minutes at 4 oC and 1 mL was
removed to leave approximately 1 mL of supernatant in which the beads were
resuspended by gentle pipetting. This was transferred to a chilled 1.5 mL microfuge
tube and centrifuged as previously described during the wash steps for the beads. The
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supernatant was removed to leave approximately 50 µL of supernatant. The beads
were resuspended in 1 mL wash buffer and incubated on ice for 5 minutes followed
by collection by centrifugation. This process was repeated in the same way as during
the equilibration of the beads for five washes in total. Following the final wash, the
supernatant was removed leaving approximately 20 µL. An equal volume of 2X SDS
sample buffer was added and mixed with the beads. The Co-IP products were stored
at -20 oC.
The input and Co-IP samples were prepared for SDS PAGE by boiling at 95 oC for
10 minutes from frozen. An aliquot of 15 µL of input and Co-IP samples were run on
duplicate SDS PAGE gels and transferred onto nitrocellulose membranes as
described in section 2.5.3. The antibody and exposure conditions were varied
between experiments.

2.5.3

SDS PAGE and Western Blot

The proteins were separated on an SDS-PAGE gel with NuPAGE® MOPS SDS
running buffer (Life Technologies) and Spectra™ Multicolour Broad Range Protein
Ladder (Thermo Fisher Scientific). These were transferred to a nitrocellulose
membrane (Amersham Hybond, GE Healthcare) in a XCell IITM Blot Module (Life
Technologies) for 2 hours at 25 V with transfer buffer (20 mM Tris, 150 mM
glycine, 20% (v/v) methanol) surrounded by water with ice.
The membrane was blocked overnight with gentle shaking in TBST (Tris Buffered
Saline with 0.1% (w/v) Tween-20) or PBST (Phosphate Buffered Saline with 0.1%
(w/v) Tween-20) with 1% (w/v) BSA or 5% (w/v) Skimmed Milk Powder at 4 °C
overnight, depending on the antibody (Table 8). The following day the membrane
was incubated for 2 hours with the antibody specific conditions shown (Table 8).
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Table 8. The conditions used for each antibody for the detection of GFP and HA tags
by western blot.
Antibody

Blocking buffer

Dilution

Supplier

Anti-HA high

TBST with 1%

1 in 2,000

Roche

affinity rat

(w/v) BSA

monoclonal
(Primary)
Goat anti-rat IgG

TBST with 1% (w/v) 1 in 10,000

(secondary)

BSA

Anti-HA-HRP

PBST with 1% (w/v)

Abcam

1 in 5,000

Miltenyi Biotech

1 in 5,000

Miltenyi Biotech

BSA
Anti-GFP-HRP

PBST with 1% (w/v)
BSA

Anti-GFP-HRP

TBST with 5% (w/v) 1 in 5,000

Santa Cruz

Skimmed milk
powder
The membrane was treated with the Amersham ECL primer western blotting
detection reagents (GE healthcare) according to the manufacturer’s protocol and
scanned with an imaging system (ImageQuant LAS 4000).

2.6 Pathology screens
2.6.1

Reactive oxygen species (ROS) assay

Leaf discs were harvested from four-week-old Arabidopsis plants and suspended in
150 µL sterile water in a 96-well plate. These leaf discs were incubated in the dark
overnight.
The water from each of the wells was removed under low light conditions. A mixture
of luminol, horseradish peroxidase and flg22 was then added to each of the wells and
measurements of photons was taken over 30 minutes with a photon detection camera
(Photek; Table 9).
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Table 9. The reaction components for each ROS assay added to the leaf discs in each
well of a 96-well plate.
Component

Volume per well (µL)

Sterile water

11

Peroxidase (10 mg/mL in water)

22

Luminol (17 mg/mL in DMSO)

22

flg22 (100 µM)

11

2.6.2

Maintenance of Hpa and infection of Arabidopsis seedlings for screens

A live stock of Hpa was maintained by sub-culturing spores from infected seedlings
at 7 day intervals. The aerial parts of two-week-old seedlings at 7 days post infection
were harvested in 10 mL pre-chilled water. This was shaken vigorously to release the
spores and filtered through Miracloth (Merck Millipore). The spore density was
estimated with a haemocytometer and diluted to approximated 100,000 spores per
mL. A nursery of one-week-old Arabidopsis Columbia (Col) -0 and Wassilewskija
(Ws) enhanced disease susceptibility (eds) 1 mutant Ws-eds1 were each sprayed
with the spore suspension in every orientation and incubated in propagators with
sealed lids at 18 oC, with 10 hours light and 60% humidity. Infection of seedlings for
scoring of asexual sporangiophores was carried out as previously described (Tomé et
al., 2014).

2.7 Sequence capture of regions interacting with multiple bait loci
(SCRIBL)
Adaptations are presented here for the analysis of chromatin interactions in
Arabidopsis, based on an original protocol for SCRIBL in mammalian cells
developed by P. Fraser and S. Schoenfelder (unpublished). The SCRIBL technique is
an enhancement of Hi-C (a method for examining genome-wide chromatin
interactions) adding specificity with the use of biotinylated probes for regions of
interest.
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2.7.1

Preparation of RNA baits

2.7.1.1 Growth of bacteria from JAtY clone library
E. coli with Arabidopsis ecotype Col-0 chromosome fragment insertions selected
from the JAtY clone library (Genome Enterprise Limited) were streaked onto LB
kanamycin plates (50 µg/mL) from agar stab cultures stored at 4 oC (see Table 6 for
LB recipe). The plates were incubated at 37 oC overnight.

2.7.1.2 Bacterial artificial chromosome (BAC) extraction
Single colonies were picked and cultured initially in a 5 mL LB kanamycin (50
µg/mL) starter culture at 37 oC with orbital shaking at 220 rpm for 8 hours. From
these cultures 1 mL was transferred into a larger scale 500 mL LB kanamycin (50
µg/mL) culture with the same growth conditions for 16 hours. The bacterial cells
were collected at 4,000 x g for 15 minutes at 4 oC. The supernatant was removed and
the BAC DNA was isolated as described in the large-construct DNA isolation kit
(Qiagen) protocol with the following adaptations:
1.

The column eluate was distributed into 2 mL microfuge tubes (Eppendorf)
prior to the final isopropanol precipitation.

2.

Following the ethanol wash of the DNA pellets, these were dried for five
minutes and the tubes were centrifuged briefly to collect residual ethanol,
which was removed by pipetting.

3.

The DNA pellets were dissolved in 21 µL of sterile water per microfuge tube
and the concentration was determined for 1 µL by UV-Vis spectrophotometer
(NanoDrop, Thermo Scientific).
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2.7.1.3 Digestion of BAC DNA
A reaction mixture for restriction digest was prepared with an equimolar amount of
up to five individual BACs, with 200 units of EcoRI restriction endonuclease and
NEBuffer 2 (New England Biolabs) in a total volume of 250 µL. The total quantity
of BAC DNA should be a maximum of 25 µg. The reaction was incubated overnight
at 37 oC with shaking at 900 rpm.
The digestion efficiency was tested with 2.5 µL of the BAC digestion reaction on a
0.8% (w/v) agarose gel with TAE buffer.
To assist removal of the upper from the lower phases, MaXtract high-density
columns (Qiagen) were prepared with centrifugation according to the manufacturer’s
protocol. A phenol-chloroform extraction was performed on the BAC digestion
reaction with one volume of phenol-chloroform (Fisher Scientific) then one volume
of chloroform (Fisher Scientific). The columns were shaken for 20 seconds and
centrifuged at 16,000 x g for 5 minutes after each addition of phenol-chloroform and
chloroform. The aqueous layer was then transferred to a 2 mL microfuge tube
(Eppendorf).
The BAC DNA was precipitated with 0.1V 3M sodium acetate pH 5.2 and 2.5X
volume absolute ethanol for at least 2 hours at -20 oC.
The precipitated DNA was centrifuged at 21,000 x g for 30 minutes at 4 oC. The
DNA pellet was washed with 70% (v/v) ethanol and allowed to air-dry briefly. To
dissolve the DNA, 5 µL 10 mM Tris pH 7.5 per BAC and an additional 1 µL (for
DNA concentration determination) was applied to the pellet then incubated at 4oC
overnight. The concentration was determined by UV-Vis spectrophotometer
(NanoDrop, Thermo Scientific).
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2.7.1.4 Annealing T7 promoter adapters
LuoT7 EcoRI adapters were prepared by mixing 100 µL of each LuoT7 EcoRI and
LuoT7 EcoRI reverse oligos (100 µM in sterile water, Table 10) with 300 µL oligo
annealing buffer (10 mM Tris, pH 8.0; 50 mM sodium chloride; 1 mM EDTA),
which was split into 50 µL individual reactions.

Table 10. The primer sequences for LuoT7 EcoRI oligos, which were annealed to
generate adapters. These adapters were ligated to digested BAC DNA, as each have
complementary EcoRI overhangs. A 5’ phosphate group (allowing ligation) is
represented by [Phos] and a 3’ spacer (which prevents elongation) by [SpcC3].
Primer

Sequence (5’-3’)

LuoT7 EcoRI

TCTAGTCGACGGCCAGTGAATTGTAATACGACTC
ACTATAGGGCGA

LuoT7 EcoRI reverse

[Phos]AATTTCGCCCTATAGTGAGTCGTATTACAA
TTCACTGGCCGTCGACTAGA[SpcC3]

The adapters were annealed at 95oC for 5 minutes and the temperature was then
decreased by 1oC every minute to a minimum of 14oC. The annealed adapters were
stored at -20 oC.

2.7.1.5 Ligating T7 promoters to EcoRI overhangs in digested BAC DNA
The ligation reaction was prepared with the following components in a 1.5 mL
microfuge tube (Eppendorf): 25 µL purified BAC DNA mixture (complete volume
following determination of concentration), 6.2 µL LuoT7 EcoRI adapters, 15 µL
10X T4 DNA ligase buffer (New England Biolabs), 2.4 µL T4 DNA ligase (New
England Biolabs) and 102.4 µL sterile water. The reaction was incubated at 16oC
overnight. The reaction was heat inactivated at 65oC for 10 minutes and transferred
immediately to ice.
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2.7.1.6 Sonication of digested BAC DNA with ligated T7 promoters
The reaction was diluted to a total volume of 270 µL with sterile water. For quality
assessment, a 10 µL aliquot was taken for analysis by gel electrophoresis (as
described in section 2.7.1.3) and the remaining volume was split into two 130 µL
aliquots in 0.5 mL Bioruptor® Microtubes (Diagenode).
In order to generate fragments with an average size of 200 base pairs, the DNA was
sonicated (Bioruptor®, Diagenode) with six 10-minute cycles of 30 seconds on and
30 seconds off with low power. The ice was replenished in the water bath after every
10-minute cycle. To test the sonication efficiency a 4 µL aliquot of the reaction
mixture post-sonication was run alongside the pre-sonication sample on a 3.5% (w/v)
agarose gel with TAE buffer.

2.7.1.7 End repair of fragments and size selection of fragments
The post-sonication samples should be approximately 130 µL and were made up to
this volume with sterile water where necessary. A reaction mixture was prepared
with 17 µL 2.5 mM mixed dNTPs (Invitrogen), 9.5 µL 10X ligase buffer (New
England Biolabs), 6 µL T4 DNA polymerase (New England Biolabs), 6 µL
polynucleotide kinase (New England Biolabs) and 1.5 µL Klenow (large fragment;
New England Biolabs) in a total volume of 170 µL. This reaction was incubated at
room temperature for 30 minutes. To purify the filled in fragments, the reaction was
split into two aliquots, which were purified using a PCR purification kit (Qiagen)
according to the manufacturer’s protocol. The purified DNA was eluted in 50 µL of
sterile water from each column, which was mixed to give a total reaction volume of
100 µL for the subsequent steps.
Double-sided Solid Phase Reversible Immobilisation (SPRI) was used to select for
DNA fragments between 180 and 300 base pairs. The SPRI beads (Agencourt
AMPure XP beads) were vortexed to ensure complete homogenisation and mixed
with the BAC-T7 promoter DNA at a concentration of 0.7X the input reaction
volume. This reaction was incubated at room temperature for 10 minutes and placed
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on a magnetic rack to separate the beads from the supernatant (containing fragments
in the required size range), which was transferred to a fresh microfuge tube. An
aliquot of 110 µL of SPRI beads was then concentrated by placing on the magnetic
rack and removing 30 µL of supernatant. The beads were resuspended in the
supernatant and 30 µL of beads were then added to the supernatant from the previous
size selection. The reaction was incubated at room temperature for 10 minutes and
the supernatant was removed following magnetic separation. The beads, which were
bound to the DNA in the desired fragment size range, were resuspended in TLE
buffer (10 mM Tris, 0.1 mM EDTA) and incubated at room temperature for 5
minutes. The beads were collected on a magnetic rack and the supernatant which at
this point contains the size selected DNA, was transferred to a fresh tube. The DNA
concentration was determined with a UV-Vis spectrophotometer (NanoDrop,
Thermo Scientific).

2.7.1.8 Generation of RNA baits by in vitro transcription with biotin labelled
UTP
The T7 promoters ligated at the restriction sites are utilised for the transcription of
RNA baits. The T7 MegaScript Kit (Ambion) was used with biotin labelling mix
(Roche) to prepare the reaction mixture given in Table 11. The reactions were
incubated at 37 oC for 12 to 16 hours.

Table 11. Reaction mixture for the generation of biotinylated RNA based on
components from the T7 MegaScript Kit (Ambion) and Biotin Labelling Mix
(Roche).
Component

Volume

DNA template

Variable (100 to 500 ng)

Biotin labelling mix

6 µL

Enzyme mix

2 µL

10X buffer

2 µL

RNase-free water

Variable

TOTAL

20 µL
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2.7.1.9 Purification of biotinylated RNA baits
The reaction was treated with 1 µL Turbo DNase (Life Technologies) for 15 minutes
at 37 oC to remove the template DNA.
The RNA baits were purified using the Ambion MEGAclear kit according to the
manufacturer’s protocol. The purified RNA was eluted in a final volume of 50 µL
and rapidly split into 5 to 10 µL aliquots and stored at -80 oC. The yield was
determined with a UV-Vis spectrophotometer (NanoDrop, Thermo Scientific) and
should be between 20 and 50 µg.

2.7.2

Preparation of a Hi-C library from Arabidopsis cell suspension culture

2.7.2.1 Fixation of Arabidopsis cell suspension culture
The Arabidopsis cell suspension culture from the experiment described in section
2.1.2.3 were split into two aliquots of 10 mL. Each aliquot was processed separately.
The Arabidopsis cell suspension culture was fixed in 50 mL tubes with the addition
of 39% (v/v) formaldehyde with the final concentration of formaldehyde depending
on the experiment. The tubes were inverted gently and regularly to ensure constant
mixing for 10 minutes. To quench the formaldehyde, 1 M glycine (Sigma Aldrich)
was added to a final concentration of 0.125 M and the tubes were inverted gently for
10 minutes as previously. Finally the cells were filtered through two layers of
miracloth (Merck Millipore), flash frozen in foil in liquid nitrogen and stored -80 oC.

2.7.2.2 Nuclear extraction for Arabidopsis cell suspension culture
The frozen formaldehyde fixed Arabidopsis cell suspension culture cells were
ground in a sterile pestle and mortar with liquid nitrogen. The ground tissue was
transferred into a pre-chilled 10 mL tube and stored on liquid nitrogen. The ground
tissue was resuspended in chilled freshly prepared nuclear isolation buffer (NIB)
supplemented with an appropriate dosage of cOmpleteTM Protease Inhibitor Cocktail
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(Roche) as shown in Table 7 (7 mL per 10 mL Arabidopsis cell suspension culture)
and incubated on ice with inversion until the tissue thawed. The tissue was filtered
and prepared in the same way as described in section 2.5.2 for isolation of nuclei.
Following two washes with 1 mL chilled NIB in 2 mL microfuge tubes the nuclei
pellet should be white and the supernatant colourless. The supernatant was removed
by careful pipetting and the nuclei were resuspended in 500 µL 1.2X NEBuffer 2
(New England Biolabs) and the centrifugation was repeated as described in section
2.5.2. Finally the supernatant was removed and the pellet was resuspended in 400 µL
1.2X NEBuffer 2 (New England Biolabs). The nuclei were incubated on ice before
the next steps of the Hi-C protocol.

2.7.2.3 Digestion of chromatin
Prior to the digestion of the chromatin in the purified nuclei, the nuclei were
permeabilised with a final concentration of 0.75% (v/v) SDS to allow access to the
restriction enzyme. This reaction was incubated at 65 oC with shaking at 900 rpm. A
final concentration of 1.8% (v/v) Triton X-100 was added to quench the SDS and
was incubated for 1 hour at 37 oC with shaking at 900 rpm.
An appropriate volume of restriction enzyme was added according to the experiment.
The restriction digest reactions were incubated overnight at 37 oC with shaking at
900 rpm.

2.7.2.4 Generation of blunt-end chromatin fragments
Following the restriction digest reaction, the overhangs were filled in with dNTPs
including biotin-14-dATP (Roche). The reaction components are given for biotin fillin (Hi-C) and an unbiotinylated (control) fill-in reactions (Table 12). The reactions
were incubated with DNA Polymerase I, Large (Klenow) Fragment (New England
Biolabs) at 37 oC for 1 hour with pipetting up and down gently approximately every
10 minutes (unless otherwise specified for specific experimental conditions). An
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additional 3C control (i.e. without blunt ends) was rested on ice during this time with
an equivalent volume of water.

Table 12. The components of biotin (biotin-14-dATP) and control fill-in reactions
with DNA Polymerase I, Large (Klenow) Fragment.
Component

Volume (µL) for

Volume (µL) for

biotin fill-in reaction

control fill-in reaction

10X NEBuffer 2

6

6

Water

0

40

Biotin-14-dATP

40

0

dATP 10 mM

1.6

1.6

dCTP 10 mM

1.6

1.6

dGTP 10 mM

1.6

1.6

DNA Polymerase I, Large

10

10

(Klenow) Fragment

The enzyme was inactivated for all reactions with a final concentration of 0.4% (v/v)
SDS and incubated at 65 oC with shaking at 950 rpm for exactly 30 minutes.

2.7.2.5 Ligation of blunt-end chromatin
In order to quench the SDS, the nuclei were transferred into a pre-ligation reaction
mixture containing the following components: 381 µL 20% (v/v) Triton X-100, 768
µL 10X ligation buffer (New England Biolabs), 82 µL 10 mg/mL BSA and 5.769
mL water. This reaction was incubated for 1 hour at 37 oC with occasional mixing by
inversion.
The reactions were ligated with T4 DNA Ligase (New England Biolabs) at 16 oC for
5 hours (or overnight depending on the experiment). The reactions were mixed with
inversion at 15 to 30 minute intervals.
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2.7.2.6 Reversal of chromatin cross-linking and removal of RNA
The chromatin cross-linking was reversed with 60 µL 10 mg/mL proteinase K
(Roche) and incubation at 65 oC overnight. The samples were then incubated for 1
hour at 37 oC with 30 µL 1 mg/mL RNase A (Roche).

2.7.2.7 Purification of DNA
An equal volume of phenol-chloroform (Sigma Aldrich) was added to each reaction
and then shaken gently for 20 to 30 seconds. The reactions were centrifuged at 3,000
x g for 15 minutes at room temperature. The upper phase was transferred to a new 50
mL tube with a 2.5X volume of ice-cold 100% ethanol and a 0.1X volume of 3M
sodium acetate pH5.2. The reactions were precipitated overnight at -20 oC.
The overnight precipitation reactions were centrifuged at 21,000 x g for 30 minutes
at 4 oC. The supernatant was removed and the pellets were washed with 1 mL 70%
(v/v) ethanol (ice-cold) by centrifugation at 21,000 x g for 15 minutes at 4 oC. The
ethanol was removed and the washes were repeated. The pellets were resuspended in
500 µL Tris-EDTA (TE) buffer and incubated at room temperature for 30 minutes.
An equal volume of phenol-chloroform (Sigma Aldrich) was added to the
resuspended DNA in 2 mL microfuge tubes (Eppendorf) and shaken for 30 seconds.
The samples were centrifuged at 16,000 x g for 5 minutes and the upper phase was
transferred to a new microfuge tube. This process was repeated three times. Finally
the upper phase was precipitated in the same way as described for the previous
phenol-chloroform extraction and precipitated at -20 oC overnight.
The overnight precipitated samples were centrifuged at 21,000 x g for 30 minutes at
4 oC. The supernatant was removed and the pellets were washed with 1 mL 70%
(v/v) ethanol (ice cold) at 21,000 x g for 15 minutes at 4 oC. These washes were
repeated three times in total. The pellets were resuspended in 25 µL TE buffer and
the concentration was determined with a UV-Vis spectrophotometer (NanoDrop,
Thermo Scientific).
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2.7.2.8 Digestion efficiency test and control PCR reactions for the Hi-C library
The libraries were examined to determine whether short-range ligation products had
been generated. This involves the use of forward-forward or reverse-reverse primer
combinations adjacent to restriction sites. This would not amplify a product in the
absence of restriction digest and ligation that could change the relative orientation. In
addition, products were amplified across the restriction junctions as an estimation of
digest efficiency. These PCR reactions were carried out with the general conditions
given in section 2.2.3.1 with various combinations of the following primers Table 13.

Table 13. The primer sequences for investigating restriction digestion efficiency and
short-range ligation products in a Hi-C library by PCR1.
Primer

Orientation

Sequence (5’-3’)

LHCh4-1

Forward

CGAGAAGCGCAAAATATCGT

LHCh4-2

Reverse

AGTTCCGTCACGAAAGCATC

LHCh5-1

Forward

TCACAAATGTTGAGGCAAGG

LHCh5-2

Reverse

CCTGTCTGATCCATTACACGAA

LHCh6-1

Forward

AACAAAAATGATAAGCAAAGAATGG

LHCh6-2

Reverse

CATCCAAAAATCGAGAAACTGA

LHCh8-1

Forward

AGGGTATGATCGCGAGAGTG

LHCh8-2

Reverse

TTCCTGTTCCTCCAAATCCA

LHCh10-1

Forward

TCCGGTGTTGACTCCTGAAT

LHCh10-2

Reverse

TTGCTTGCAAAATGAATGGA

LHCno-1

Forward

AAACCGGTCTGGTCGAGTAGT

LHCno-2

Reverse

TGGTAATGGTTGTGGTGGTG

1

The primers bind to the region within and surrounding the light harvesting chlorophyll a/b-binding
complex (LHC) genes Lhcb2.1 (AT2G05100) and Lhcb2.2 (AT2G05070). These primers were
designed by Polly Downton as part of an unpublished 3C experiment with Arabidopsis.

67

3 Examining a pathogen effector interaction with a host
protein
3.1 Introduction
3.1.1

H. arabidopsidis (Hpa) effector proteins

As discussed in section 1.2.3.2, the conserved RXLR-dEER motif identified in
oomycete pathogens including Hpa, has allowed effectors to be predicted from the
Emoy2 genome sequence. Subsequently a study which cloned these putative
effectors presented an opportunity to characterise their structure and interactions
(Fabro et al., 2011). In this study, the effector detector vector (EDV) system was
used to deliver these predicted Hpa effectors individually into various Arabidopsis
accessions, via the type III secretion system of luciferase expressing P. syringae pv.
tomato DC3000 (Fabro et al., 2011). The expression of luciferase allowed host
susceptibility to be monitored and revealed that most effectors enhance bacterial
growth. However, many of the effectors did not enhance susceptibility across all
accessions suggesting that there could be at least subtle differences between the
targets in each accession (Fabro et al., 2011). This finding highlights the role of
evolutionary pressures in determining effector interactions with host proteins.
Furthermore, large-scale yeast two-hybrid screens have identified putative host
targets of effector proteins from Hpa, as well as bacterial (P. syingae) and fungal
(Golovinomyces orontii) pathogens of Arabidopsis (Mukhtar et al., 2011; Weßling et
al., 2014). This study involved roughly 8,000 full-length proteins previously used to
generate Arabidopsis interactome version 1 (AI-1), which were screened against 552
effector and host immune proteins (Mukhtar et al., 2011). Combining this new set of
interactions with AI-1 formed the basis of the plant-pathogen immune network
version 1 (PPIN-1; Mukhtar et al., 2011). This network defined interactions between
effectors and host proteins, as well as the interactors of effector targets (Mukhtar et
al., 2011). The main findings of these screens was the identification of a set of host
proteins that are targeted by effectors from multiple species, which is significantly
greater than predicted by chance (Mukhtar et al., 2011; Weßling et al., 2014).
Furthermore these targets also have a much higher than expected degree of
68

connectivity (Mukhtar et al., 2011; Weßling et al., 2014). This evidence provides
support for the hypothesis that highly connected and conserved elements of the host
immune network play a key role in coordinating host defence (Mukhtar et al., 2011).
The manipulation of these hub proteins by a pathogen are predicted to have a more
focussed destructive impact on host immune networks (Mukhtar et al., 2011).
Additional interesting observations from these screens include that only two out of
thirty NB-LRR proteins were directly targeted by effectors, although nearly half of
their interactions were with effector targets (Mukhtar et al., 2011). This observation
is consistent with the Guard Hypothesis described in section 1.2.4 in which the NBLRR receptor does not directly interact with effectors but rather monitors the state of
the host target. This suggests that immunity is an intricate web of interactions in
which there are likely to be many indirect links to immune receptors. Furthermore,
many of the effectors have several targets suggesting that immune interactions are
characterised by additional dimensions of complexity (Mukhtar et al., 2011).

3.1.2

Hpa candidate effector protein HaRxL14 has multiple targets

Further to the insights into the big picture of effector-host interaction networks, these
screens have also generated considerable interaction data revealing novel effector
targets. Effectors had previously been thought to interact specifically with individual
host proteins (Win et al., 2012a). However, more recent evidence suggests that single
effectors may have a broad range of targets potentially involved in different
processes (Win et al., 2012a). The redundancy of proteins within pathways and the
complex nature of cascades involved in hormone signalling, makes it necessary for
pathogens to manipulate various proteins to enhance susceptibility. Therefore to
overcome MAMP-triggered immunity and host defences, pathogens may deliver
hundreds of effectors in the case of Phytophthora species (Yu et al., 2012).
Alternatively, these effectors may have several targets as with HopQ1 which
interferes with multiple 14-3-3 family proteins that have previously been shown to
have a role in NB-LRR signalling (Li et al., 2013b).
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The previously described yeast-two hybrid (Y2H) screens, in addition to unpublished
PPIN-3 (Steinbrenner, Braun and Beynon, pers. comm., 2013), identified multiple
and diverse interactions of Hpa effector HaRxL14 (Mukhtar et al., 2011). The
identified host protein targets include armadillo repeat only (ARO) 2 and 3,
nucleosome assembly protein (NAP) 1 and 3, Myb domain protein (MYB) 70 and
protein phosphatase type-2CA (PP2CA). These interactions have subsequently been
verified with one-to-one testing (Steinbrenner, unpublished). In addition, the
interactions with ARO2 and 3 have been confirmed by Co-IP and bimolecular
fluorescence complementation (Steinbrenner et al., 2014), techniques which can
provide in planta verification of protein complexes.

3.1.3

The role of PP2CA in the ABA response

Hormone signalling is highly interwoven with various pathways and processes,
including response to biotic and abiotic stress. As previously described in section
1.2.5.3, the PP2Cs are a family of 80 proteins in Arabidopsis that integrate signalling
in response to ABA (Singh et al., 2015). These are co-receptors to the
PYR/PYL/RCAR ABA receptor proteins. Under normal conditions, PP2CA
dephosphorylates its targets the Snf1 related protein kinases (SnRKs) 1s and 2s
(Figure 5; Sheard and Zheng, 2009). This represses these signalling cascades. During
the perception of ABA, PP2CA forms a complex with the PYR/PYL/RCAR
receptors, which in turn activates the SnRK2s (Figure 5; Sheard and Zheng, 2009).
This suggests that manipulation of PP2CA by a pathogen effector could have broad
effects due to its role in signal integration.
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Figure 5. The role of PP2CA in ABA signalling. A When ABA is absent, PP2CA
blocks phosphorylation of SnRK2, which inhibits the ABA signalling cascade. B
When ABA is present, the hormone binds to the receptor proteins PYR/PYL/RCAR
producing a binding site for PP2CA. This results in the activation of phosphorylated
SnRK2 leading to the induction of an ABA signalling cascade. This figure is based
on information presented in Figure 1 from (Sheard and Zheng, 2009). Adapted by
permission from Macmillan Publishers Ltd: Nature (Sheard and Zheng, 2009),
copyright (2009).
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3.1.4

ABA in plant-pathogen interactions

ABA has a complex role in plant-pathogen interactions. The hormone has cross talk
with other pathways involved in immunity and response to pathogens including
jasmonic acid signalling (Fan et al., 2009; Koornneef and Pieterse, 2008). The
influence of ABA induced pathways on susceptibility to pathogens is highly variable
and contrasting between necrotrophs and biotrophs (Asselbergh et al., 2008). For
instance, ABA induces the closure of stomata, which is beneficial for some
pathogens but detrimental for others as described in section 1.2.5.3. P. syringae pv.
tomato DC3000 T3Es induce up-regulation of ABA-related genes such as NCED3
(encoding an ABA biosynthetic enzyme), with a corresponding endogenous rise in
ABA which enhances susceptibility to the pathogen (de Torres-Zabala et al., 2007).
There is currently conflicting evidence relating to the effect of ABA on Hpa
infection. For example, Hpa was shown to enhance ABA signalling in order to
promote the lifestyle of the pathogen (Asai et al., 2014; Fan et al., 2009). More
specifically, ABA deficient mutants have three-fold less sporulation when infected
with Hpa which suggests that ABA is required for full virulence and asexual
sporulation (Fan et al., 2009).

3.2 Aims
1. To verify the interaction of HaRxL14 with PP2CA, which integrates abscisic
acid (ABA) and metabolic signalling.
2. To characterise the role of this putative effector target in host immunity.
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3.3 Characterising protein localisation
3.3.1

Localisation of PP2CA and HaRxL14

The localisation of PP2CA has previously been described as nuclear and therefore
the investigation initially aimed to confirm this result (Pizzio et al., 2013). In
addition, a large number of Hpa effectors have also been determined to have nuclear
expression (Caillaud et al., 2012a). Therefore it was predicted that there could be a
common pattern of nuclear localisation.
To investigate the localisation of the effector and target, fluorescently tagged
constructs (35S::GFP::HaRxL14 and 35S::GFP::PP2CA (pK7FWG2)) transformed
into A. tumefaciens were infiltrated and expressed in N. benthamiana and detected by
confocal microscopy (Zeiss LSM 710) as described in section 2.4.2. This test would
therefore determine whether the two proteins localised to the same cellular
compartment.
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Figure 6. Localisation of 35S::GFP::HaRxL14 expression in planta by confocal
microscopy. A. tumefaciens harbouring the construct 35S::GFP::HaRxL14
(pK7FWG2) and silencing suppressor p19 were infiltrated into 4 to 5-week-old N.
benthamiana leaves and proteins were transiently expressed for 2 days (Voinnet et
al., 2003). The fluorescent construct was visualised by confocal microscopy (Zeiss
LSM 710). The scale bar represents 20 µm.
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Figure 7. Localisation of 35S::GFP::PP2CA expression in planta by confocal
microscopy. A. tumefaciens harbouring the construct 35S::GFP::PP2CA
(pK7FWG2) and silencing suppressor p19 were infiltrated into 4 to 5-week-old N.
benthamiana leaves and proteins were transiently expressed for 2 days (Voinnet et
al., 2003). The fluorescent construct was visualised by confocal microscopy (Zeiss
LSM 710). The scale bar represents 20 µm.
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From Figure 6 and Figure 7 it is clear that both GFP::PP2CA and GFP::HaRxL14
localise to the nucleus and GFP::HaRxL14 also appears to be present in the cytosol.
This supports previous finding of the location of PP2CA (Antoni et al., 2012). In
addition, PP2CA has a pattern of speckled bodies in the nucleus (Figure 7). This
suggests that the construct could localise to sub-nuclear bodies or may be the result
of aggregation due to the high level of expression.

3.3.2

Bimolecular fluorescence complementation for PP2CA and HaRxL14

From the results of the localisation of the fluorescently tagged PP2CA and HaRxL14
contructs, it appears that there is an overlap in the nucleus. Bimolecular fluorescence
complementation (BiFC) technique (here split-YFP) was used to verify this
locational observation and also as an alternative technique to confirm the interaction
itself. The split-YFP method is based on the ability to divide YFP into N and Cterminal domains which are unable to fluoresce independently. When brought into
close proximity these emit fluorescent signal (Kerppola, 2006). Therefore, the N and
C-terminal YFP domains can be fused to two proteins of interest to test for a possible
interaction and to identify the subcellular location. The expression of four
combinations of the domain of YFP and orientation of the fusion on the protein of
interest in N. benthamiana, was possible using the pBiFP (Gateway® compatible
BiFC in planta vectors) system which was kindly provided by Francois Parcy
(University of Grenoble, France).
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Figure 8. Bimolecular fluorescence complementation for transiently expressed
35S::N-YFP::PP2CA (pBIFP-2) and 35S::C-YFP::HaRxL14 (pBIFP-3) constructs in
planta by confocal microscopy. A. tumefaciens cultures individually harbouring
35S::N-YFP::PP2CA, 35S::C-YFP::HaRxL14 and silencing suppressor p19 were
infiltrated into 4 to 5-week-old N. benthamiana leaves and proteins were transiently
expressed for 2 days (Voinnet et al., 2003). The fluorescent construct was visualised
by confocal microscopy (Zeiss LSM 710). The length of the scale bar represents 50
µm.
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Figure 8 indicates that the proteins interact in the nucleus, which is consistent with
the previous findings described in section 3.3.1. In addition to the observed nuclear
interaction, there also appeared to be fluorescent signal from the nucleolus. This
contrasts to the individual localisation patterns of GFP::PP2CA and GFP::HaRxL14
in which expression appears to be excluded from the nucleolus (Figure 6 & Figure
7). This raises the question of whether there could be a functional role of the
nucleolus in the interaction of these two proteins or if this observation is simply an
artefact of the technique. A similar fluorescent signal in the nucleolus was also
observed with the constructs 35S::HaRxL14::C-YFP (pBIFP-4) and 35S::NYFP::PP2CA (pBIFP-2). Contrastingly, no fluorescent signal was observed with the
combinations HaRxL14 in pBIFP-1 with PP2CA in pBIFP-3 and HaRxL14 in
pBIFP-2 with PP2CA in pBIFP-3 (see Table 5). This suggests that the two domains
of YFP are unable to assemble when fused to each protein in these orientations. This
could be due to the tags causing interference with the interacting domains of the
effector and target. Therefore, the two YFP domains no longer come into sufficiently
close proximity to assemble and emit fluorescent signal. It may also have been
beneficial to have included a second protein not known to interact with the effector
as an additional control.

3.3.3

No re-localisation of PP2CA by HaRxL14

If relocalisation of one or both of the proteins is observed this would provide further
evidence indicating that the interaction itself is true. This would also suggest
mechanisistic insights into the nature of the interaction. There are several possible
explanations for an observed relocalisation. For example, it could suggest that the
effector changes the location of its target in order to protect the host protein from a
wild-type function with interactors. Therefore, this could prevent these pathways
being activated or repressed, promoting coniditions conducive to the survival of the
pathogen.
To investigate whether the effector could change the localisation of PP2CA,
35S::GFP::PP2CA (pK7FWG2) and 35S::RFP::HaRxL14 (pK7RWG2) constructs
were coinfiltrated into N.benthamiana as described in sections 2.4.1. Confocal
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microscopy was used to identify cells which were co-expressing these constructs and
the pattern of localisation was captured for each (section 2.4.2).
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Figure 9. Co-localisation of 35S::GFP::PP2CA and 35S::RFP::HaRxL14 expression
in planta by confocal microscopy. A. tumefaciens harbouring the constructs
35S::GFP::PP2CA, 35S::RFP::HaRxL14 in vectors (pK7FWG2 and pK7RWG2
respectively) with silencing suppressor p19 were infiltrated into 4 to 5-week-old N.
benthamiana leaves and proteins were transiently expressed for 2 days (Voinnet et
al., 2003). The fluorescent construct was visualised by confocal microscopy (Zeiss
LSM 710). The length of the scale bar represents 20 µM.
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It is clear from Figure 9 that there does not appear to be a change in the localisation
of either GFP::PP2CA or RFP::HaRxL14 as a result of the co-expression of these
protein constructs. There is a clear overlap in nuclear expression as indicated by the
white area in the merged fields (Figure 9). This suggests that a potential functional
interaction between the effector and PP2CA is not characterised by manipulation of
the location of the host protein.

3.4 Co-IP with nuclear enrichment
3.4.1

HaRxL14 pull-down with GFP binding beads

A Co-IP experiment was set up to test the effector and PP2CA interaction. In this
experiment, two proteins of interest are co-expressed with contrasting tags. A pulldown is then performed with beads (or another similar method) that specifically bind
to one of these tags and these beads are washed several times. The purified fraction,
which is bound to the beads, is separated on an SDS PAGE gel. The proteins of
interest can be identified with appropriate antibodies on a western blot. A positive
Co-IP will show the pulled-down protein enriched between before (input) and after
(IP) the Co-IP and the same pattern for the interactor. Therefore, this result suggests
a close association of the interactor with the pulled-down protein, which is not
washed away during the purification steps.
As a nuclear interaction of the effector and PP2CA had been observed in split-YFP,
nuclear enrichment steps were carried out prior to the pull-down. The nuclei were
washed in nuclear isolation buffer in order to remove other contaminating cellular
components and debris (as described in section 2.5.2) before lysing the nuclei, which
produced the input for the pull-down. This nuclear enrichment can reduce
background in the final IP fraction of proteins that do not interact with the enriched
protein but were not removed during the washing steps. Therefore if a nuclear
interaction is predicted then this can aid interpretation of the final result for Co-IP.
In this experiment, GFP binding agarose beads (Chromotek) were used to pull-down
GFP::HaRxL14 to test for an interaction with HA::PP2CA. Another GFP labelled
Hpa effector (GFP::HaRxL21) for which no interaction was detected with PP2CA in
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the yeast two-hybrid screen, was included as a negative control (Mukhtar et al.,
2011).

Figure 10. Co-IP to identify a potential interaction between GFP::HaRxL14 and
HA::PP2CA in planta with GFP pull-down. The constructs 35S::GFP::HaRxL14 and
35S::HA::PP2CA along with the control 35S::GFP::HaRxL21, which did not show
an interaction with PP2CA in a yeast two-hybrid screen, were expressed transiently
in N. benthamiana for 3 days, in the combinations indicated. The silencing
suppressor p19 was co-infiltrated in all samples at a final OD of 0.1 (Voinnet et al.,
2003). The membranes were probed with HRP conjugated αGFP or αHA antibody
(Miltenyi Biotech). For western blot conditions see section 2.5.3 and Table 8.
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Figure 10 shows the products of these Co-IP reactions on western blot membranes
probed with GFP and HA antibodies. The αGFP membrane showed an enrichment
GFP::HaRxL14 in the first two sample sets (from left to right) and GFP::HaRxL21
control in the next IP lanes (Figure 10). This indicates that the GFP bound proteins
were pulled-down as expected with the beads. However, no clear enrichment of
HA::PP2CA is apparent in the second set of input and IP samples which should be
approximately 55 kDa (Figure 10). Therefore under these conditions an interaction
between the two proteins is not detectable. It is possible that the interaction
frequency between the protein could be relatively low meaning that a higher
abundance of the proteins may be required in order to detect the interaction.

3.4.2

HaRxL14 pull-down with GFP binding beads and additional starting leaf
material

A Co-IP experiment was set up with greater input of 8 g of starting N. benthamiana
leaf material expressing GFP::HaRxL14 and HA::PP2CA. Additionally, samples of
supernatant were taken from each of the wash steps during the nuclear enrichment.
This would enable detection of any potential loss of either protein during the nuclear
enrichment process. This could result in a small quantity of the putative interactor by
the Co-IP steps as opposed to no apparent interaction. If loss of the interactor is
detected in the supernatant then the nuclear enrichment could be hindering the
experiment. In this case, Co-IP would need to be performed with total protein as
input.
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Figure 11. Co-IP to identify a potential interaction between GFP::HaRxL14 and
HA::PP2CA in planta with GFP pull-down and wash fractions. The constructs
35S::GFP::HaRxL14 and 35S::HA::PP2CA were expressed transiently in N.
benthamiana for 3 days. The silencing suppressor p19 as co-infiltrated at a final OD
of 0.1 (Voinnet et al., 2003). Successive wash fractions from the supernatant of the
nuclear isolation process are shown in A (first), B, C and D (last) to identify potential
loss of the proteins during this process. Input and IP products from the CoIP
reactions following nuclear isolation and lysis are also shown. The membranes were
probed with HRP conjugated αGFP or αHA antibody (Miltenyi Biotech). For
western blot conditions see section 2.5.3 and Table 8.
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The αGFP membrane indicates a substantial enrichment in GFP::HaRxL14 (at 60
kDa) between the input and IP (Figure 11). It is also clear that GFP::HaRxL14 is lost
in the supernatant during the wash steps (A, B, C and D), although this is expected as
the effector was previously shown to be present in the cytosol (Figure 6 & Figure
11).
The αHA membrane shows a band at 55 kDa, which is present in the input and IP
lanes (Figure 11). This could be a positive Co-IP result as the band is of an
anticipitated size in a similar region to that predicted for HA::PP2CA (although this
theoretically is approximately 45 kDa). Therefore, this may be a low frequency
interaction and a larger quantity of starting material may be required to detect the
interaction as was the motivation for the experiment. Although, due to the similarity
in size to GFP::HaRxL14 (at 60 kDa) this could be a cross-reaction of the αHA
antibody due to the substantial amount of effector which was pulled down of a
similar molecular weight. In the subsequent Co-IP experiment HA-binding agarose
beads (Sigma Aldrich) were used to pull-down HA::PP2CA to determine whether
this could make a difference to the outcome of the experiment and highlight whether
these initial results were true or a false positive.

3.4.3

PP2CA pull-down with HA-binding beads

As an alternative approach to the Co-IP experiment, HA-binding agarose beads
(Sigma Aldrich) were used to pull down the HA::PP2CA construct. This would give
several important insights. Firstly, it would confirm that HA::PP2CA is highly
expressed in N. benthamiana following infiltration of A. tumefaciens harbouring the
construct into the leaves. If pull-down of HA::PP2CA is unsuccessful in this
experiment then it could indicate that this vector is not expressed at the required level
for detection of the protein construct by the end of the experiment.
Furthermore, it could show whether pulling down the putative host interactor as
opposed to the effector could lead to a different outcome to that shown in Figure 10.
Theoretically, pull-down of either protein in an interacting pair should result in a
positive Co-IP result where an interaction is true. However, the stability of the
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protein complex could be affected differently depending on which tag is bound to the
beads during the pull-down process. This could result in the complex being
detectable when the tag of one of the proteins is enriched but not with that of the
other. Therefore the experiment aimed to investigate the complex through the
enrichment of HA::PP2CA to determine whether this resulted in the same outcome
or whether a stronger interaction is detectable.
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Figure 12. Co-IP to identify a potential interaction between GFP::HaRxL14 and
HA::PP2CA in planta with HA pull-down. The constructs 35S::GFP::HaRxL14 and
35S::HA::PP2CA along with control 35S::GFP::HaRxL21 (which did not show an
interaction with PP2CA in a yeast two-hybrid screen) were expressed transiently in
N. benthamiana for 3 days, in the combinations indicated. The silencing suppressor
p19 was co-infiltrated in all samples at a final OD of 0.1 (Voinnet et al., 2003).
Sections are taken from the same western blot membranes. The membranes were
probed with HRP conjugated αGFP (Santa Cruz) or αHA antibody (Miltenyi
Biotech). For western blot conditions see section 2.5.3 and Table 8.
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The αHA membrane shows bands at approximately 55 kDa in the first three sample
sets (from left to right; Figure 12). This corresponds to those expressing
HA::PP2CA, which as previously discussed has a predicted size of approximately 45
kDa (Figure 12). This suggests that the size of HA::PP2CA as determined by SDSPAGE is 55 kDa, which is larger than predicted. In the light of this further evidence,
it is highly likely that the partial Co-IP experiment presented in Figure 11 indicates
that HA::PP2CA was pulled-down with GFP::HaRxL14. This experiment would
need to be repeated with the same set of controls as presented in Figure 10 and with
the larger quantity of starting material and GFP-binding agarose beads. However, the
similarity in size of the two proteins constructs means that the final results are harder
to distinguish by western blot. Therefore, further experiments used GFP::PP2CA and
HA::HaRxL14 constructs in order to improve differentiation between the final
proteins and mitigate the potential cross-reaction issue in the interpretation of the
western blots.
The αGFP membrane shows unexpected results (Figure 12). The GFP-tagged
effectors are detected in the anticipated input lanes. However, the presence of
effector in the corresponding IP lanes is not as predicted (Figure 12). In particular,
the negative control GFP::HaRxL21 appears to have been pulled-down with
HA:PP2CA (Figure 12). In addition, GFP::HaRxL14 is present following the Co-IP
when HA::PP2CA was not expressed (Figure 12). This raises the possibility that the
HA binding beads have a tendency to bind non-specifically to the effector proteins.
Therefore, in the following experiment the tags of the proteins were swapped. This
resolved the issue of the size similarity of the constructs. Furthermore the GFPbinding beads did not show non-specific binding to the effector under these
experimental conditions.
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3.4.4

PP2CA pull-down with GFP-binding beads

This Co-IP experiment was set up in the same way as that presented in section 3.4.1
and Figure 10 with a reversal in the tags with each construct. Therefore, the
constructs used in this experiment were GFP::PP2CA and HA::HaRxL14, along with
HA::HaRxL21 as a negative control in the combinations shown in Figure 13. As
previously described, this would identify if an interaction could be observed when
pulling down PP2CA rather than HaRxL14 or if no identifiable interaction was
distinguishable.
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Figure 13. Co-IP to identify a potential interaction between HA::HaRxL14 and
GFP::PP2CA in planta with GFP pull-down. The constructs 35S::HA::HaRxL14 and
35S::GFP::PP2CA along with control 35S::HA::HaRxL21, which did not show an
interaction with PP2CA in a yeast two-hybrid screen, were expressed transiently in
N. benthamiana for 2 days, in the combinations indicated. The silencing suppressor
p19 was co-infiltrated in all samples at a final OD of 0.1 (Voinnet et al., 2003). The
membranes were probed with HRP conjugated αGFP or αHA antibody (Miltenyi
Biotech). For western blot conditions see section 2.5.3 and Table 8.
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The αGFP membrane shows input and substantial enrichment of GFP::PP2CA which
has a molecular weight of 100 kDa in the predicted lanes as shown (Figure 13). The
αHA membrane however does not show a positive interaction (Figure 13). There are
no bands in the region of 27 kDa which is demonstrated in Figure 16 to be the actual
size of HA::HaRxL14 (Figure 13). The band in the region of 47 kDa in the input
channel for the second sample set (from left to right) appears to indicate expression
of HA::HaRxL21 (Figure 13). However, there are no apparent bands in the first and
third input channels, in which HA::HaRxL14 should be detectable (Figure 13).
Therefore, it is possible that this result could be due to low or no expression of
HA::HaRxL14.

3.4.5

Preliminary Co-IP test for HaRxL14 and PP2CA with ABA infiltration

An initial experiment was set up to determine whether a protein complex formed
between HaRxL14 and PP2CA could be stabalised in the presence of ABA. While
this was not the case in the yeast two-hybrid screen in which the interaction between
the two proteins was identified, it could be a necessary condition to observe the
interaction in planta.
In this experiment, the constructs were infiltrated into N. benthamiana leaves (as
previously described) and 30 minutes before harvesting the leaves were infiltrated
with 50 µM ABA (Sigma Aldrich) in water. During this time it was clear that the leaf
showed absorption into its vasculature. In this Co-IP eperiment, GFP-binding
agarose beads were used to pull down GFP::HaRxL14 in one reaction and
GFP::PP2CA in the other.
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Figure 14. Co-IP to identify a potential interaction between HaRxL14 and PP2CA in
planta with GFP pull-down with ABA infiltration. The constructs
35S::HA::HaRxL14, 35S::GFP::HaRxL14, 35S::GFP::PP2CA and 35S::HA::PP2CA,
were expressed transiently in N. benthamiana for 2 days, in the combinations
indicated. The silencing suppressor p19 was co-infiltrated in all samples at a final
OD of 0.1 (Voinnet et al., 2003). ABA at 50 µM in water (Sigma Aldrich) was
infiltrated into the leaves 30 minutes prior to harvesting. The membranes were
probed with HRP conjugated αGFP or αHA antibody (Miltenyi Biotech). For
western blot conditions see section 2.5.3 and Table 8.
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The infiltration of 50 µM ABA into the leaves does not appear to make a difference
to the outcome of the Co-IP (Figure 5). The αGFP membrane shows a clear
enrichment in GFP::HaRxL14 and GFP::PP2CA between the input and IP channels
(Figure 14). However, there are no clear bands indicating the presence or enrichment
of HA::HaRxL14 or HA::PP2CA on the αHA membrane. This could be due to lack
of expression. Alternatively, it is possible that the treatment conditions (i.e. the
concentration of ABA and the duration of treatment) were not optimal. Follow up
experiments could investigate whether changing these conditions may result in a
different outcome to the Co-IP experiment.

3.4.6

Co-IP with determination of products by Mass Spectroscopy for
HaRxL14 and PP2CA

An alterative approach was adopted in a last Co-IP experiment, in which Mass
Spectroscopy (MS) was used to detect interacting proteins to increase the sensitivity
of the Co-IP technique. Here GFP-binding beads were used to pull down
GFP::HaRxL14 and GFP::PP2CA to confirm whether the bait protein affected the
outcome as previously discussed. In addition, HA::GFP was co-expressed with
GFP::PP2CA or GFP::HaRxL14 as a control to confirm that an observed interaction
was unlikely to be a result of non-specific binding of the tags.
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Figure 15. Verification of GFP pull-down to identify a potential interaction between
HaRxL14 and PP2CA in planta with Co-IP by mass spectroscopy. The constructs
35S::HA::HaRxL14, 35S::GFP::HaRxL14, 35S::HA::PP2CA and 35S::GFP::PP2CA
along with controls 35S::HA::HaRxL21, which did not show an interaction with
PP2CA in a yeast two-hybrid screen, and 35S::GFP::HA were expressed transiently
in N. benthamiana for 2 days, in the combinations indicated. The silencing
suppressor p19 was co-infiltrated in all samples at a final OD of 0.1. The membrane
was probed with HRP conjugated αGFP (Miltenyi Biotech). For western blot
conditions see section 2.5.3 and Table 8.
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As a quality control prior to the preparation of the reactions for MS, 10% of each
input and IP sample was analysed by western blot to confirm the presence of the
pulled down protein in the output of the Co-IP reactions. Figure 15 indicates that the
GFP-tagged protein constructs were expressed as expected. The HA::GFP construct
(molecular weight 37 kDa) has the weakest expression and is very faintly detected in
the IP lane for the forth sample set (from left to right; Figure 15). A relatively larger
amount of GFP::HaRxL14 and GFP::PP2CA constructs were detected following pull
down (Figure 15).
Overall, the samples were determined to be acceptable for MS. Sarah Harvey
prepared the samples for MS, which was run on the Proteomelab PF2D protein
fractionation system (Beckman Coulter) by Cleidiana Zampronio. The results did not
detect an interaction between the proteins despite the proteins individually being
identified (GFP::HaRxL14 and GFP::PP2CA). This could mean that no interaction is
apparent. Alternatively, it has been suggested that HaRxL14 could have a role in
enhancing host susceptibility in N. benthamiana to P. infestans (Hazel McLellan,
unpublished).

Furthermore, it was shown that GFP::HaRxL14 has a range of

interactions in N. benthamiana which were not apparent with GFP::PP2CA or
HA::GFP. These include various chloroplast-localised proteins such as chlorophyll
a-b binding proteins, which are part of the light-harvesting complex. Therefore it is
possible that pathological role of the effector in N. benthamiana could negatively
influence the ability to detect the interaction by Co-IP.

3.5 Pathology screens
3.5.1

Confirmation of effector protein over-expression in Arabidopsis lines

The three HA::HaRxL14 expressing transgenic Arabidopsis lines (see section 2.1)
were confirmed for expression of the protein construct by western blot. To ensure
that expression of the protein was stable through the growth stages of the
Arabidopsis plants, analysis was carried out with 2-week-old seedlings and also with
leaves collected from plants at 4-weeks growth. Transgenic Arabidopsis lines
expressing HA::GFP were included as a positive control for expression as this has
previously been confirmed (Jens Steinbrenner, unpublished). In all cases the total
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protein was extracted and a Bradford Assay was performed to correct for the
differences in total protein between samples as described in section 2.5.1. The
protein extracted from the various lines was analysed by western blot (see section
2.5.3).

Figure 16. Relative protein expression determined by western blot in
35S::HA::HaRxL14 lines with 35S::HA::GFP and Col-0 as controls in 2-week-old
Arabidopsis seedlings and 4-week-old plants. The preparation of tissue was carried
out as described in section 2.5.3. Two biological replicates were tested for each seed
line. The membranes were probed with HRP conjugated αHA (Miltenyi Biotech).
The membranes were stained with either Coomassie Brilliant Blue or Ponceau for
loading controls as indicated. For western blot conditions see section 2.5.3 and Table
8.
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The expression of HA::HaRxL14 with a molecular weight of 27 kDa can be
confirmed across each of the lines but at different relative levels (Figure 16). This
pattern of relative expression between the three lines is consistent when comparing
the seedlings at 2 weeks and the plants at 4-weeks (Figure 16). Line 3 has the highest
level of expression of the protein construct, while line 1 has the weakest expression
(Figure 16). This variability of expression of HA::HaRxL14 across the lines could be
useful in further analysis. For instance, it will allow investigation of how a relatively
high or low level of the effector protein influences its pathological effect on the host.

3.5.2

Hpa screens for over-expressing HaRxL14 lines

The Arabidopsis transgenic HA::HaRxL14 expressing lines were screened for
susceptibility to Hpa. This involved infection of two-week-old seedlings with Hpa
spore suspension and counting the number of sporangiophore structures on the
cotyledons and true leaves after 4-days of infection (see section 2.6.2). In these
screens, Col-0 was included as a wild-type control and Col-0 expressing βglucuronidase (GUS) as a control for transgene expression. In addition,
35S::HaRxL14 is included a positive control, as this has previously been confirmed
to have enhanced susceptibililty to Hpa (Fabro et al., 2011).
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Figure 17. Sporangiophore count for Arabidopsis seedlings expressing
35S::HA::HaRxL14 (three lines), 35S::HaRxL14, Col-0 (wild-type) and 35S::GUS
following infection with Hpa in two independent screens (A and B). The seedlings
were sprayed at 14-days with Hpa spore suspension of pathogen isolate Noks1 and
incubated for 4 days and the total sporangiophores per seedling were counted with a
stereomicroscope. The charts show the average sporangiophores per seedling and
+SE. Statistically significant p-values based on t-test against Col-0 are denoted by *
≤ 0.05 and *** ≤ 0.001.
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The results show that line 3 had enhanced susceptibility to Hpa compared to Col-0 in
both screens, while line 2 had higher susceptibility in screen A but not B (Figure 17).
Line 1 does not have enhanced susceptibility to Hpa in either screen (Figure 17).
This is in agreement with the western blot results which showed that the expression
of HA::HaRxL14 is relatively lower in this line (Figure 16). Overall, it appears that
expression of HaRxL14 in Arabidopsis enhances susceptibility of the plant to Hpa
isolate Noks1.

3.5.3

Hpa screens for PP2CA lines

To investigate how knocking-out and over-expressing PP2CA affects the immune
response, two knock-out and an over-expressing lines were screened for
susceptibility to Hpa (see section 2.6.2). With the role that PP2CA has in ABA
signal transduction and evidence suggesting that ABA pathways are suppressed by
Hpa, it seems likely that these PP2CA mutant lines could have changed
susceptibility (Asai et al., 2014). In the same way as the previous set of screens, the
lines 35S::HA::HaRxL14, Col-0, 35S::GUS and 35S::HaRxL14 were included as
controls.
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Figure 18. Sporangiophore count for Arabidopsis seedlings expressing
35S::HaRxL14, knock-outs pp2ca-1 and pp2ca-2, PP2CA over-expressor
(35S::PP2CA) Col-0 (wild-type) and 35S::GUS following infection with Hpa in two
independent screens (A and B). The seedlings were sprayed at 14-days with Hpa
spore suspension of pathogen isolate Noks1 and incubated for 4 days and the total
sporangiophores per seedling were counted with a stereomicroscope. The graphs
show the average sporangiophores per seedling and error bars represent +SE.
Statistically significant p-values based on t-test against Col-0 are denoted by ** ≤
0.01, *** ≤ 0.001 and ****** ≤ 0.000001.
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The screens showed mixed effects on susceptibility to Hpa in the PP2CA lines and a
further repeat will be required to verify a final result. The initial screen shown in
Figure 18A indicates that the two knock-out lines have enhanced susceptibility
compared to Col-0. Both pp2ca-1 and pp2ca-2 have a sporangiophore count
significantly higher than Col-0, with p-values less than 0.01 (and less than 0.001 in
the case of pp2ca-2; Figure 18). However, the second screen did not show a
significant difference between the PP2CA knock-out and over-expressing lines and
Col-0.
It is possible that the interaction with PP2CA alone is not sufficient to enhance
susceptibility. As HaRxL14 has multiple targets, a combined effect of the
interactions with these host proteins could lead to the overall enhanced susceptibility
that is shown in Figure 17. However, if the results of the first screen are confirmed
and knocking out PP2CA does improve growth of Hpa, then this could be due to an
increased sensitivity of these lines to ABA. It has previously been shown that Hpa
growth is improved by induction of an ABA response (Fan et al., 2009).
Alternatively the presence of the effector may be required for the enhancement of
susceptibility to the pathogen. This may be through stabilising an interaction with a
particular host protein, which may not be emulated by a genetic mutation of the
protein.

3.6 MAMP inducible reactive oxygen species (ROS) burst screens
To investigate whether PP2CA has a role in the MAMP-inducible ROS burst, the
knock-out lines pp2ca-1 and pp2ca-2 along with the over-expressing PP2CA line
were screened for ROS production following elicitation by the active epitope of the
bacterial flagellum (flg22). During recognition of a pathogen, superoxide or
hydrogen peroxide particles are released by host cells for varied purposes which may
include the strengthening of the cell wall or signalling (Torres, 2010). It has
previously been identified that ROS production is an outcome of ABA signalling and
there is also a known interplay with the MAMP-inducible pathways (Melotto et al.,
2006). Therefore it was hypothesised that a potential interaction of the effector with
PP2CA could have an effect on the ROS burst which is induced during host defense.
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Each line was screened against Col-4 and receptor kinase FLAGELLIN-SENSITIVE
2 (FLS2) knock-out (unable to percieve flg22) to determine whether an interaction of
HaRxL14 with PP2CA could have an effect on MAMP-inducible ROS production.
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Figure 19. ROS assay for 35S::PP2CA (A), pp2ca-1, pp2ca-2 (B & C) and
35S::HaRxL14 (D) with fls2 and Col-4 controls. Twelve leaf discs per seed line were
taken the previous evening and suspended in water in the dark. A reaction mixture
including flg22 was applied to each leaf disc and readings were taken as described in
section 2.6.1. Average relative light units at each time point are shown. Error bars
represent +/- SE.
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The screens showed that there was no significant difference between the peaks in the
production of ROS between the PP2CA mutant Arabidopsis lines and wild-type
(Figure 19). However during the late phase in the production of ROS, there is a
statistically significant difference between pp2ca-2 and the PP2CA over-expressing
line compared to wild-type (Figure 19). The production of ROS in the PP2CA overexpressor in particular remains higher for longer and becomes statistically significant
by 2 minutes after the peak in ROS production (Figure 19).
It has previously been shown that the PP2C mutant abscisic insensitive-1 (abi-1) is
linked to ABA-induced ROS production by a down-stream signalling cascade
involving slow anion channel-associated (SLAC) 1, which activates stomatal closure
(Lee et al., 2013; Mustilli et al., 2002). The SLAC1 anion channel is also activated in
the pathways associated with flg22 induced ROS (Guzel Deger et al., 2015). It has
recently been found that these signalling pathways converge at OST1 (a SnRK2-type
protein) which is a target of the PP2Cs and that this kinase in turn activates SLAC1
(Guzel Deger et al., 2015; Lee et al., 2013). Therefore, when the PP2C abi-1 mutant
is treated with flg22 the stomata close as with wild-type as it is upstream of OST1
(Guzel Deger et al., 2015). The PP2CA mutant lines therefore are expected to show a
similar response based on these data. Overall, knocking out PP2CA is unlikely to
have an effect on the production of ROS in response to detection of MAMPs.
Although there could be an unclear mechanism behind the sustained period of ROS
production in the PP2CA over-expresser or pp2ca-2 knock-out line, a consistent
trend would need to be verified in a further screen.
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3.7 Gene expression analysis

3.7.1

Microarrays to examine gene expression changes in HA::HaRxL14 and
PP2CA knock-out and over-expressing lines

Microarrays were performed to investigate the overall gene expression changes in
the HA::HaRxL14 lines and the PP2CA knock-out and over-expressing lines. Figure
20 shows the experimental design used in this microarray analysis. The NimbleGen
microarrays (Arabidopsis 12X135K arrays) which were used in the experiment
ensured good reproducibility of results and meant that technical replication of
samples was not necessary. This would be required in a system with high variablity
between arrays. The cDNA from each biological replicate labelled with fluorescent
Cy3 dye were hyridised to a single array. Three biological replicates were analysed
per seed line and the seedlings were harvested at 2-weeks growth without treatment.
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Figure 20. Experimental design for microarray experiment. The gene expression data
for each of the seed lines represented in the circles were compared to wild-type
Arabidopsis ecotype Col-4 during microarray data analysis. Three biological
replicates were analysed for each of the lines.
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3.7.1.1 Data normalisation
The raw intensity data were normalised using ANAIS software (Simon and Biot,
2010). This software examines the intra- and inter-array variability of dye intensity
data and normalises the relative expression of each of the gene probes based on these
assessments. Figure 21 shows the spread of intensity data for each array as box-plots
before and after this normalisation.
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Figure 21. Microarray normalisation for each biological replicate for HaRxL14 and
PP2CA knock-out and over-expressing (OX) Arabidopsis lines. The box-plots show
the distribution of array intensity data before (above) and after (below) normalisation
with ANAIS online software (Simon and Biot, 2010). The median is represented by
the midpoint, the edges of the boxes are one standard deviation and the edges of the
whiskers are one and a half standard deviations from the median.
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3.7.1.2 Analysis of differentially expressed genes
The normalised data were analysed using LIMMA in R in which a contrast matrix
was used to compare each of the lines to Col-4 (Smyth, 2005). These comparisons
were used to calculate p-values for each gene and identify differentially expressed
genes for each of the lines (Figure 20).
From these analyses it was determined that a large number of genes were
differentially expressed in comparison to Col-4 in HA::HaRxL14 lines 1 and 2
(significant at p<0.05). Therefore, those which were significant at p<0.01 were used
in further analysis (Figure 22). By contrast, HA::HaRxL14 line 3, pp2ca-1, pp2ca-2
knock-outs and the PP2CA over-expressing line showed little if any differentially
expressed genes in comparison to Col-4. This is likely due to the wild-type like
response of the first biological replicate of line 3, as shown for the relative
expression of the genes in Figure 23.
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Figure 22. Analysis of differentially expressed genes (p<0.01 when compared to Col4) for 35S::HA::HaRxL14 lines 1 and 2. A The differentially expressed genes were
compared between line 1 and 2 and the number of genes that were significantly up or
down-regulated in both. The up-regulated genes were investigated in a gene ontology
(GO) term analysis in Cytoscape plug-in BiNGO (GOSlim Plant; Maere et al.,
2005). B The percentages of genes in each GO category (p<0.05).
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Analysis of the differentially expressed genes in HaRxL14 lines 1 and 2 when
compared to Col-4 at p<0.01, showed a significant proportion of overlap between the
two lines (Figure 22). The up and down-regulated genes showed 78% and 77%
overlap respectively (as a proportion of genes differentially expressed in line 1;
Figure 22A). The HA::HaRxL14 line 2 had the largest number of genes up and
down-regulated and from Figure 16 is is clear that 2-week old seedlings have higher
expression of the effector in line 2 than line 1. Another key observation from the
microarray data is that despite the effector protein showing highest expression in
HA::HaRxL14 line 3, this line showed only one differentially expressed gene
(AT1G53480) significant at p<0.05. However, it is clear from the following gene
expression data shown for four different genes across all lines that the first biological
replicate of HA::HaRxL14 has expression comparable to that of the controls (Col-4
and HA::GFP; Figure 23). Therefore, it is likely that this result could be skewing the
calculations for differentially expressed genes in this line. Analysis could therefore
be repeated for this line without this replicate.
A gene ontology (GO) term analysis was used to identify the nature of the genes
which were consistently up or down regulated between HA::HaRxL14 lines 1 and 2.
The genes that were identified in Figure 22A as overlapping between the lines were
analysed in BiNGO which is a plug-in for Cytoscape (Maere et al., 2005). A GOSlim
Plant anaylsis was used to gain a general overall picture of the GO catergories which
were significantly over-represented at p<0.01 and these are presented as a pie chart
(Figure 22B). A GOSlim analysis of the down-regulated genes identified tropism as
a single over-represented catergory. It is clear from the pie chart showing upregulated genes that a large proportion of the GO terms fall into the catergories of
response to stress, endogenous or abiotic stimulus (36% overall; Figure 22B). With
further investigation of these genes it was clear that many had links to hormone
pathways including ABA. Figure 23 shows relative expression across all of the seed
lines and biological replicates for four ABA-related genes.
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Figure 23. Relative expression of four genes differentially expressed in
HA::HaRxL14 lines 2 and 3 (p<0.01 when compared to Col-4) across all investigated
lines. Each bar represents relative expression of the gene in a single biological
replicate. The genes shown are involved in ABA recognition and signal transduction
(A & B), transcriptional coordination (C) and ABA biosynthesis (D).
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These ABA related genes which were significantly up-regulated in HA::HaRxL14
lines 1 and 2 and showed consistent patterns in expression across the lines (Figure
23). The expression of PP2CA across all of the seed lines shows an interesting
pattern. As predicted, the expression of the gene is low in the knock-out lines pp2ca1 and pp2ca-2 (particularly low expression in pp2ca-1) and has highest expression in
the PP2CA over-expressing line (Figure 23A). It is also apparent that PP2CA was
significantly up-regulated in HA::HaRxL14 lines 1 and 2. This increase in expression
of PP2CA has been identified as a response to ABA and is also observed for other
signalling components (Chan, 2012; Tähtiharju and Palva, 2001). Furthermore,
DREB1A (a transcriptional regulator involved in cold response) and NCED3 (an
ABA biosynthetic enzyme) are also strongly induced in these two effector overexpressing lines (Figure 23C and D). Interestingly, a 15-fold increase in NCED3
transcripts was also observed in microarrays with Arabidopsis tissue infected with P.
syringae pv. tomato DC3000 with T3Es (Figure 23D; de Torres-Zabala et al., 2007).
A significant up-regulation was also evident for several other ABA-related genes
including NAC2 (AT1G01720) and NAC72 (AT4G27410), which is also consistent
with the up-regulation of NAC transcription factors in response to P. syringae pv.
tomato DC3000 with T3Es (de Torres-Zabala et al., 2007). These results all suggest
that the effector could be inducing a host response to ABA in a similar way to
bacterial infection (de Torres-Zabala et al., 2007).
Overall, the microarray results suggest that there are a substantial number of genes
that are differentially expressed when the effector is over-expressed. A GO term
analysis of consistently up-regulated genes between two effector over-expressing
lines identified various ABA and other hormone-associated genes. A large number of
these genes showed a distinctive pattern of up-regulation in comparison to Col-4,
HA::GFP and the PP2CA knock-out lines as shown in Figure 23. This suggests that
the effector could manipulate hormone pathways to enhance susceptibility to the
pathogen.
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3.8 Discussion
The experiments presented aimed to investigate an interaction identified between the
Hpa effector HaRxL14 and the Arabidopsis protein PP2CA in a large-scale yeast
two-hybrid screen. As previously described, PP2CA is one of a family of proteins
involved in coordinating response to ABA. Furthermore, PP2CA also has a role in
metabolic stress and therefore integrates various stress related signals. These
investigations were aimed at verifying the interaction with alternative techniques to
yeast two-hybrid. Further tests examined if and potentially how this interaction could
enhance host susceptibility to the pathogen.
Localisation of the effector and PP2CA by transient expression in planta, showed an
overlap in the expression of the two proteins in the nucleus. When co-expressed the
localisation pattern of the each protein remained the same as when expressed
individually. This suggests that the effector does not manipulate the location of
PP2CA in a potentially functional interaction between the two proteins. Furthermore,
a biomolecular fluorescence complementation (split-YFP) experiment verified these
observations and showed an interaction occurring between the two proteins in the
nucleus. This nuclear interaction was tested by mass spectroscopy, although it was
unable to be confirmed under various conditions. As a follow up experiment, the CoIP products were examined by Co-IP although this was unable to confirm an
interaction between the two proteins. However, the effector was shown to interact
with proteins in N. benthamiana including chlorophyll a-b binding proteins.
Therefore a possible role of the protein interacting with non-host proteins could
obscure a possible interaction by Co-IP.
The pathology screens showed that over-expression of the effector in Arabidopsis
enhanced host susceptibility to Hpa. The PP2CA knock-out and over-expressing
lines were also investigated for susceptibility to the pathogen and the initial result
showed higher susceptibility in the two knock-out lines. However, this was unable to
be reproduced in a further screen and therefore requires repeating in order to verify a
final result. It is possible that the presence of the effector is required and therefore
knocking-out or over-expressing PP2CA does not have an effect on host
susceptibility to Hpa.
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To test whether knocking-out and over-expressing PP2CA or the effector could have
an effect on MAMP-triggered immunity, these were screened for ROS production
following induction with flg22. This showed no difference for any of the lines to
Col-4. It has recently been demonstrated that the interaction between the ABA
signalling and flg22 response pathways converge at an SnRK2 protein (OST1) which
is downstream of the PP2CAs (Guzel Deger et al., 2015; Lee et al., 2013). Therefore
the results seem to support these findings and it appears that manipulation of PP2CA
is unlikely to have an effect on MAMP-triggered immunity through ROS production
pathways.
The microarray results showed that over-expression of HaRxL14 in Arabidopsis
results in a large number of differentially expressed genes. GO term analysis of the
up-regulated genes showed that a large proportion of genes are involved in response
to stress and abiotic stimulus. These included PP2CA and other ABA-related genes
such as cold stress associated DREB1A, which shows strong induction in two of the
effector over-expressing lines. This pattern is consistent across many genes including
those directly associated with ABA. This suggests that expression of HaRxL14 in
planta can induce a response concurrent with that of ABA induction. These results
show similarity to microarrays examining Arabidopsis tissue infected with P.
syringae pv. tomato DC3000 with T3Es, which also showed a 15-fold increase in
NCED3 expression (de Torres-Zabala et al., 2007). Furthermore, gene expression
changes associated with HaRxL14 expression in planta show similarities to those
observed with P. syringae effector AvrPtoB under control of a Dexamethasone
(Dex)-inducible promoter (de Torres-Zabala et al., 2007).

This microarray

experiment showed that the expression of AvrPto alone was sufficient for significant
up-regulation of NCED3, consistent with the findings for HaRxL14 shown in Figure
23D, and that the elevation of ABA level impaired other immune responses such as
callose deposition favouring pathogen infection (de Torres-Zabala et al., 2007).
Overall, these results highlight an interface between ABA and immunity, which is
exploited by multiple pathogens.
There are several other experiments that could confirm a link between HaRxL14 and
ABA signalling. Firstly, the differential expression of ABA marker genes in effector
over-expressing lines would need to be confirmed by an alternative technique such as
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qPCR. This would determine whether changes in gene expression amount to a global
ABA response. This experiment could also investigate how exogenous ABA
application affects these gene expression changes. If the effector causes constitutive
activation of ABA pathways then endogenous application may not induce a
significant difference compared to wild-type. Furthermore, a phosphorylation assay
could test whether presence of the effector results in a change in the phosphorylation
of PP2CA. This could indicate whether the effector induces changes in the ABA
downstream signalling cascades through manipulating the interactions of PP2CA in
the host and its ability to dephosphorylate its target proteins. A change in the
interactions of PP2CA with the SnRK2 proteins could explain the gene expression
changes that are associated with ABA perception.
Overall, the experiments suggest that there could be a functional interaction between
the effector and PP2CA. This was verified by yeast two-hybrid and split-YFP,
although the interaction has not as yet been shown by Co-IP. There appears to be a
link between expression of the effector and an increase in ABA gene induction.
However, it is also possible that this could be caused by an interaction with another
host target, which has knock-on effects for various ABA pathways without these
being the primary targets of the effector. However, given that Hpa and other
pathogens such as P. syringae have previously been shown to enhance ABA
signalling in order to promote host susceptibility, it appears likely that this
interaction with PP2CA could be a key functional target of the effector (Asai et al.,
2014; de Torres-Zabala et al., 2007; Fan et al., 2009).
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4 Investigating hormone inducible chromosome
conformation changes

4.1 Introduction
4.1.1

Chromosome conformation capture (3C)

Chromosome conformation capture (3C) was developed to investigate chromatin
arrangements in the nucleus, which were initially observed with microscopy (see
section 1.3.1). The core stages of 3C are summarised in Figure 24. Briefly, the
method uses formaldehyde cross-linking to take a snapshot of chromosomal
arrangements in the nucleus (Dekker et al., 2002). The chromatin is fragmented by a
restriction digest step, with the frequency of the cut sites determining the resolution
of the interaction map (de Wit and de Laat, 2012). A ligation reaction is then
performed under dilute conditions with the cross-links intact. This favours the
ligation of fragments within cross-linked regions.
These hybrid ligation products form a library, which allows the identification of
novel joined and interacting regions. The 3C technique relies on primer design for
specific regions of interest and qPCR to determine the relative frequency of these
physical interactions (Dekker, 2006). The methods used to identify these interactions
have diversified considerably and have become more powerful as the technique has
adapted to the lowering cost of next generation sequencing (NGS; de Wit and de
Laat, 2012). This has allowed greater precision and a genome level picture to be
generated from gene to chromosome level interactions (de Wit and de Laat, 2012).
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Figure 24. Key stages of chromosome conformation capture (3C) and related
techniques. The steps shown here form the basis of the 3C methodologies including
but not limited to circularized chromosome conformation capture (4C), chromosome
conformation capture carbon copy (5C) and Hi-C, with greatest variation being
represented in the last step in which the interacting regions are identified.

120

Hi-C is an example of a more recent methodology which uses biotin during the
generation of hybrid interacting fragments (Figure 25; Lieberman-Aiden et al.,
2009). This marks the ligation junctions which are enriched with a streptavidin pulldown before sequencing (Dekker et al., 2013). Chromosome maps representing the
relative frequency of physical contacts between each region are generated with these
data, which show a global picture of chromosome interaction domains (LiebermanAiden et al., 2009; van Berkum et al., 2010). It has been shown from these Hi-C
based experiments that mammalian chromosomes are arranged in a fractal globule
structure with structured territories in which individual chromosomes are bundled
with fewer inter-chromosomal contacts (van Berkum et al., 2010). This contrasts to
an equilibrium globule in which chromosomes are intermingled in a less ordered
conformation (Dekker et al., 2013). Hi-C has made a significant contribution towards
understanding the big picture of chromosome conformation.

4.1.2

3C and enhanced techniques in plants

An optimized approach for 3C in Maize has given initial insights into the chromatin
conformation of plant cells and this has subsequently been optimized for other
species including Arabidopsis (Louwers et al., 2009). From these studies it has been
demonstrated that there are likely spatial interactions between genes within the FLC
locus which regulates flowering time (Crevillén et al., 2013). Studies which have
adapted Hi-C for use with Arabidopsis have produced an overall impression of
chromosome conformation which somewhat differs from the highly structured
topological domains observed in mammalian cells (Dixon et al., 2012). Although
evidence suggests that the conformation of chromosomes in plants follows a similar
overall structure and are arranged into territories based on the state of the chromatin
(Grob et al., 2013).
These studies have given a first impression of chromosome conformation and
functional interactions between genes at a spatial level. However, little is known
regarding whether there are observable preferential interactions between related and
co-expressed genes, as might be expected based on the hypothesis of specialized
transcription factories.
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4.1.3

Scope of this investigation

Hi-C has been subject to further adaptation for a more targeted experimental
approach. Sequence capture of multiple regions interacting with bait loci (SCRIBL)
is an adaptation of Hi-C tailored towards the capture of specific regions of interest
through the use of biotinylated RNA baits, which was developed by Peter Fraser and
Stefan Schoenfelder (unpublished). The stages of the technique are summarised in
Figure 25. Briefly, BAC DNA is used as template to generate the biotinylated RNA
baits, which are hybridised to a Hi-C library. The majority of ligation products that
would otherwise form part of the Hi-C library are washed away during this process.
These enriched regions of interest form a SCRIBL library, allowing a greater focus
of reads compared to standard Hi-C when this is sequenced with NGS technology.
This project aimed to investigate transcription factories in Arabidopsis cell
suspension culture using the SCRIBL methodology. An Arabidopsis cell suspension
culture was used on the basis of the large amount of plant material required for the
experiments. Therefore the rapid proliferation of cells in culture meant that this
system was a practical choice for these experiments, which required optimisation at
various steps. Furthermore, it was found that a more consistent hormone-induced
gene expression response could be stimulated in Arabidopsis cell suspension culture
in contrast to a whole plant-based method.
These experiments were based on hormone treatment, which was used to stimulate a
genome-wide activation of various signalling, biosynthesis and other related genes.
Jasmonic Acid derivative Methyl Jasmonate (MeJA) has previously been shown to
induce a large-scale transcriptional response in Arabidopsis cell suspension culture
(Pauwels et al., 2008) and it was verified here that these were appropriate treatment
conditions. Genes were then selected on the basis of significant up-regulation in
response to hormone stimulus. The SCRIBL technique is adapted in these
experiments to capture the spatial environment of these genes and surrounding
regions. The technique was used to test the hypothesis that the spatial environment of
these genes may change as a result of hormone induction. If this is apparent then it is
also possible that genes involved in related pathways translocate to the same
specialised transcription factories within the nucleus, as has been observed in other
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systems (Schoenfelder et al., 2010; Xu and Cook, 2008). Therefore, this experiment
could uncover more about a spatial mechanism through which groups of related
genes are co-regulated within the nucleus of plants.
Hormone pathways are also highly relevant to plant pathology given the
manipulation of hormone response by many pathogens (Kazan and Lyons, 2014).
The sabotage of these pathways often leads to changes in the host response
conducive to pathogen survival. Therefore specialised transcription factories could
be targets for host manipulation in a pathological context.

4.2 Aims
1. Confirm transcriptional response to MeJA in Arabidopsis cell suspension
culture and select appropriate genes to be the focus of this investigation.
2. Optimise SCRIBL for use with Arabidopsis cell suspension culture.
3. Analyse the effect of treatment with MeJA on the nuclear environment of
these genes and the arrangement of chromatin in Arabidopsis cell suspension
culture using this technique.
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Figure 25. Schematic to show key stages in the SCRIBL methodology. This
technique is based on Hi-C in which digested fragments are filled-in with
biotinylated bases before ligation, marking these junctions. These Hi-C fragments are
hybridised to biotinylated RNA probes generated for specific regions of interest,
forming a SCRIBL Hi-C library. This higher specificity library is sequenced using
next generation sequencing technology to identify the interacting loci (Stefan
Schoenfelder, unpublished).
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4.3

Methyl Jasmonate (MeJA) induction of Arabidopsis cell suspension
culture

Specialisation of transcription factories could be important in coordinating the
response of highly up-regulated groups of genes during response to stimulus.
Hormone induction was selected based on the substantial number of genes that are
involved in this type of response. In addition, hormone signalling has wellestablished links with pathogenesis (Denancé et al., 2013). Therefore, if coordinated
regulation at transcription factories is apparent, then this could be a potential target
for manipulation by pathogens.
A system for the induction of a hormone-associated transcriptional response with
MeJA was optimised in Arabidopsis cell suspension culture. This Arabidopsis cell
suspension culture originated from Landsberg erecta callus and was kindly provided
by Dr. Alessandra Devoto (Royal Holloway, University of London). This was the
basis for investigating the potentially dynamic association of genes and chromatin
interactions in response to hormone stimulus. The selection of Arabidopsis cell
suspension culture as an experimental system was based on several factors. These
included the homogenous cell type and the small nature of the clumps of cells, which
would therefore enable a relatively even exposure to formaldehyde during chromatin
fixation. This followed the conditions for which the SCRIBL methodology was
developed (i.e. mammalian cell culture). In addition, the single cell type means that
variability in the response of different cells is minimised.
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4.3.1

Experimental design

4.3.1.1 Experiment A: Time-point 7 h
To test the experimental conditions for MeJA treatment, cultures were treated with
50 µM MeJA or mock treated as described in section 2.1.2.3. This treatment was
based on the final concentration in a microarray analysis of Arabidopsis cell
suspension culture treated with MeJA as previously described (Pauwels et al., 2008).
Samples were harvested for RNA extraction at 0 and 7 hours post treatment or mock
treatment. The processes of hormone treatment and sample collection are
summarised in Figure 26.
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Figure 26. Experimental design for Arabidopsis cell suspension culture methyl
jasmonate (MeJA) induction experiment. A 10-day-old culture (10 d) was diluted 1
in 13 with Arabidopsis cell suspension culture media to prepare fifteen 25 mL
cultures. The cells were cultured for three days (into rapid growth phase) before
starting the experiment. Five flasks were collected at 0 hours (0 h) for RNA
extraction (4 mL) and fixation (20 mL). Five flasks were treated with MeJA at a final
concentration of 50 µM MeJA (stock 10 mM in absolute ethanol) and five with an
equivalent volume of water in replacement of MeJA. These flasks were incubated for
7 h with shaking and collected as previously.
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The RNA was extracted from three biological replicates of 0 and 7 hours MeJA
treated and mock treated samples, to assess the hormone inducible transcriptional
response of the Arabidopsis cell suspension culture (see section 2.2.1.1.1). The
mRNA was reverse transcribed and gene expression changes determined semiquantitatively by PCR with template cDNA. Primers used for the assessment of this
response were designed for a selection of JA marker genes including JR1 and VSP1
which showed the expected increase in expression in MeJA treated samples, in
addition to a constitutively expressed actin gene (ACT2; see section 2.2.3.1 for
primers; An et al., 1996; Berger et al., 2002; León et al., 1998). These genes were
selected based on their well-established role in jasmonate response (Boter et al.,
2004; Dombrecht et al., 2007). It was important for this experiment that there was a
clear increase in expression detectable for multiple genes. This global change in
expression indicates that there could be a coordinated association of these genes at
transcription factories.

128

Figure 27. Relative gene expression analysed by PCR for MeJA induction
experiment with Arabidopsis cell suspension culture (experiment A). The template
cDNA was synthesised from 1 µg of RNA extracted from three biological replicates
of Arabidopsis cell suspension culture. The cells were harvested at time points 0
hours (0 h) and 7 h following treatment with 50 µM MeJA (+) or mock induction (-).
The products of PCR reactions with primers designed for JR1, VSP1 and ACT2 were
separated by gel electrophoresis. A negative control without template is also shown
for each gene transcript specific primer pair. Each lane labelled 1 to 9 represents an
independent culture flask.
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PCR amplification of these two genes indicated that a transcriptional response was
induced by the MeJA treatment for both JA markers (Figure 27). In addition, the
actin control locus shows amplification across all samples (Figure 27). There appears
to be lower expression of actin in MeJA treated cultures (Figure 27). This could be
due to a difference is the phase of the cell cycle or alternatively chance fluctuations.
This experiment suggested that treatment with 50 µM MeJA was sufficient in this
system for up-regulation of these JA response genes by 7 hours, with VSP1 showing
the most significant change.

4.3.1.2 Experiment B: Time-points 5 h and 25 h
To further investigate gene induction with MeJA treatment, additional time-points
were selected for sample collection. This meant a broader view of this gene induction
in Arabidopsis cell suspension culture could be established from earlier and later
time-points. This would be beneficial in the selection of an optimal sampling point
for the experiment. A time-point at which multiple marker genes showed consistent
induction would be sufficient in this context to indicate that a genome wide
transcriptional response had been induced. This would determine a likely stage at
which chromatin conformation would give a general and stable representation of its
state during response to hormone stimulus.
Additional genes tested at these time-points were OPR3 and JAZ1 as well as the
salicylic acid (SA) marker gene PR1 (see section 2.2.3.1 for primers; Wildermuth et
al., 2001). This SA marker was used here as a negative control as SA pathways act
antagonistically to JA (Gimenez-Ibanez and Solano, 2013). In additional, ACT2 was
examined for constitutive expression as previously described.
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Figure 28. Relative gene expression analysed by PCR for MeJA induction
experiment with Arabidopsis cell suspension culture (experiment B). The template
cDNA was synthesised from 1 µg of RNA extracted from three biological replicates
of Arabidopsis cell suspension cultures at time points 0 hours (0 h), 5 h and 25 h
following treatment with 50 µM MeJA (+) or mock induction (-). The products of
PCR reactions with primers designed for JR1, VSP1 and ACT2 were separated by
agarose gel electrophoresis. The arrows indicate the position of the target
amplification products for each primer pair. A negative control PCR without
template is also shown for each gene transcript specific primer pair. Each lane
labelled 1 to 15 represents an individual culture flask.
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The results of this experiment showed that two JA marker genes were significantly
up-regulated in comparison to mock treatment at both 5 and 25 hours. VSP1
(AT5G24780) showed the highest induction at both the 5 and 25 hour time-points
and this appeared to be highly consistent across all three biological replicates.
Expression of OPR3 was very low at each time-point and by 25 hours is undetectable
in one out of three replicates. Actin showed amplification across most time-points,
although this was consistently highest at 0 hours. Overall, it may be favourable to use
an earlier time point of 5 to 7 hours to minimise variability in gene induction.

4.4 Selection of bacterial artificial chromosomes (BACs)
As part of the SCRIBL experiment, BACs are used as a template to generate RNA
probes for specific regions. From the results of the MeJA induction experiments,
BACs were selected for these genes of interest. These BACs were identified from the
Institut für Genbiologische Forschung (IGF; roughly 10,000 clones, 100 kb average
size) and Texas A&M University (TAMU; 100 kb average size) libraries for Col-0
from which individual clones are distributed (TAIR; ABRC, Ohio State University).
As part of the selection process, the position of BACs on each chromosome was
viewed using the Clone DB browser (Clone DB). The criteria used to determine
which BAC was selected are illustrated in Figure 29. Briefly, a central position of the
gene on the BAC was the main condition, as this would allow collection of highresolution interaction data in both directions from the gene. This is an internal
control for the technique to ensure distance decay is apparent in the interaction
frequency of the gene of interest with the surrounding regions. This pattern of
distance decay has been observed with other 3C related techniques including Hi-C
(Grob et al., 2013; van Berkum et al., 2010). Where multiple BACs fitted this
criterion, the longest of these would be selected. This would enable the capture of
additional data from a larger region.
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Figure 29. Schematic to show the selection process for BACs to be used as a
template for biotinylated RNA probe generation. These BACs were chosen from two
libraries: IGF and TAMU (distributed by ABRC resource centre). The genes were
aligned against BACs from both libraries and the most appropriate was selected
based on the central position of the gene. If two or more BACs met this criterion, the
longest of these was selected facilitating greater data capture. The example shows a
BAC selected for gene VSP1 (AT5G24780).
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4.4.1

Alignment of Landsberg erecta (Ler) to Col-0 BAC sequences

BAC clones used for the generation of RNA probes were selected from Columbia
ecotype libraries. Since the cell culture used in the experiment derived from
Landsberg erecta (Ler) an alignment was performed between the genes of interest
and the Ler genome (Monsanto). This would ensure efficacy of the probes for the
cell culture based experiment. The percentage alignment is shown in Table 14.
Table 14. Results of BAC selection for each of the genes chosen for the MeJA
experiment. The names and IDs of each gene are given along with details of the
corresponding BAC selected. The top identity, score and E values are given from
alignments performed for TAIR Arabidopsis sequences of each gene to the Ler
genomic sequence.
Name

Gene ID

BAC

BAC ID

Library

Top identity (%) / Score /
E value

ACT2

AT3G18780 TAMU

T17J17

85 / 513 / e-144

JAZ1

AT1G19180 IGF

F1B10

99 / 1181 / 0.0

JR1

AT3G16470 IGF

F22K24

99 / 880 / 0.0

OPR3

AT2G06050 TAMU

T7M23

97 / 1493 / 0.0

PR1

AT2G14610 TAMU

T15A5

98 / 531 / e-150

VSP1

AT5G24780 IGF

F23A22

96 / 632 / e-180

Overall, the gene sequences show very high similarity alignment (particularly JAZ1,
JR1 and OPR3) with the Ler genome sequence (Table 14). A high percentage
identity and score indicate this similarity. An E value score close to zero is
associated with an alignment that is unlikely to have occurred by chance. The PCR
primers designed from the Col-0 sequence showed amplification with Ler template
(Figure 28). However, the lower amplification of ACT2 in Figure 27 and Figure 28
could be a result of the lower sequence similarity shown in Table 14. Overall, the
difference in ecotype is unlikely to be problematic when hybridising the probes
during the generation of the SCRIBL library. However, the results from the
alignment are in agreement with the time-course gene expression experiment,
suggesting that the primers may require redesigning for this gene or another to be
selected.
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4.5 Generation of biotinylated RNA probes
A key feature of SCRIBL Hi-C is the use of biotinylated RNA probes to enrich
specific regions of interest from a pool of interacting regions (Figure 25). Briefly,
this process involves the purification and digestion of BAC DNA with the restriction
enzyme that is also used for the generation of the Hi-C interaction library. T7
promoter adapters are ligated to the sticky ends generated by this restriction enzyme.
These fragments are then sonicated to a target size of 200 bp and size selected with
DNA binding beads. Finally the T7 adapters and biotinylated RNA bases are used for
the synthesis of the probes. These are purified to remove the template BAC DNA.
The biotinylation is important as it allows the probes to be pulled down with
streptavidin beads when hybridised to the Hi-C library.
The conditions described for the generation of the probes were tested before the
completion of the MeJA induction experiment. Therefore an alternative group of
BACs were used to optimise the condition for this process, which were immediately
accessible. These BACs are from the JAtY library (Genome Enterprise Limited) and
would not be hybridised to the final Hi-C library (Table 15). The examples shown in
later quality control steps for biotinylated RNA probe generation are based on this
set of BACs (Table 15).

Table 15. Five BACs were selected from the JAtY library (Genome Enterprise
Limited) to verify the conditions for the generation of biotinylated RNA probes. The
IDs for each of these BACs are given.
BAC Library

BAC ID

1

JAtY

JAtY50F23

2

JAtY

JAtY59H10

3

JAtY

JAtY50F23

4

JAtY

JAtY61D23

5

JAtY

JAtY78J04
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4.5.1

Identification and preparation of BAC DNA

Following extraction of BAC DNA, the identity of the extracted BAC DNA was
verified by PCR. Primers were designed for a 200 bp region and the BAC DNA was
used as a template for PCR reactions to verify their identity. As a negative control,
these primers were tested with an alternative BAC as template.
The BACs were mixed in equimolar amounts in the region of 5 µg per BAC. The
equimolar mixing ensured that a bias was not introduced due to a discrepancy in the
length of the BACs in relation to one another, which influences their molecular
weight. These equimolar BAC DNA mixtures were the input templates for probe
generation.

4.5.2

Digestion of BAC DNA mixtures

Trial restriction digests of BAC DNA were performed to test the conditions for the
overnight digestion reaction. This ensured that the length of the incubation was
sufficient for complete digestion of the BAC DNA and could identify potential over
digestion. The restriction digests for this test group of BACs were carried out with
EcoRI, while the final library optimisation used HindIII. This was due to the EcoRI
restriction sites generally having a greater frequency compared to HindIII in the
region within and surrounding the genes of interest on the selected BACs. Therefore
this would improve the resolution of the data to determine interactions of these
specific regions. Both of these are six-base cutter restriction enzymes and produce
similar fragment sizes with Arabidopsis genomic DNA (Biolabs).
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Figure 30. Restriction digest test for three individual BACs. The restriction digest
was performed with EcoRI overnight and the products were purified by phenolchloroform extraction and ethanol precipitation. The purified BAC DNA was run on
an agarose gel with a marker (M) with band sizes indicated (kb). The products of
these individual BAC restriction digests are labelled 1, 2 and 3.
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Figure 30 shows an absence of a very high molecular weight band in any of the
digests, which would indicate presence of undigested BAC DNA that is present in
Figure 31. In addition, a lower proportion of fragments are below 1 kb compared to 1
to 10 kb, which would indicate over-digestion. The products of these restriction
digest reactions have a regular banding pattern, which indicates that the BAC DNA
is good quality and without clear signs of degradation. Overall, this confirms that the
conditions for the restriction digest reaction were optimal and did not result in over
or under digestion. Therefore the BAC DNA is a good quality template to proceed
with further steps.

4.5.3

Sonication conditions efficiency test

A trial reaction was set up to test the manufacturer’s recommended conditions for
sonication of DNA to a target size of 200 bp (BioRuptor, Diagenode). According to
the manufacturer’s protocol, DNA should be sonicated in six 10-minute bursts of
alternating 30 seconds on and 30 seconds off with low intensity and ice
replenishment between these bursts. During this process it was noted that the sample
splashed into the lid of the microfuge tube. Therefore, the samples were collected to
the base of the microfuge tube by centrifugation between sonication bursts to ensure
consistency and evenness of exposure within the reaction to the energy conducted via
the water bath.
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Figure 31. Trial sonication of BAC DNA. The target fragment size post sonication
was 200 bp. Sonication was performed for 1 hour with alternating 30 seconds on and
30 seconds off with ice replenishment every 10 minutes. The pre- and post-sonicated
BAC DNA (labelled 1 and 2 respectively) was run on an agarose gel with a marker
(M) and band sizes indicated (kb).
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It is clear from Figure 31 that the post-sonicated BAC DNA (as indicated by lane 2)
has a complete absence of the high molecular weight input. Sonication generates a
range of fragment sizes, with the degree of precision determined by the type of
sonicator. The post-sonicated BAC DNA has an average length of 200 bp, which
suggests that the recommended conditions are sufficient for generation of the desired
fragment size.

4.5.4

BAC DNA fragments post T7 promoter ligation and sonication

The efficiency of the general conditions described in the SCRIBL protocol for T7
promoter adapter annealing followed by ligation to digested BAC DNA template
were verified (Stefan Schoenfelder and Peter Fraser, unpublished). These promoters
are required for RNA synthesis by T7 RNA polymerase during a later step.
The T7 promoter adapters (synthesised as single stranded oligos) were annealed with
a step down thermocycler programme starting at 95 oC and dropping a degree each
minute down to 14 oC. The promoters were specifically designed with sticky-ends
complementary to EcoRI cut sites. These annealed double-stranded promoters were
ligated to the overhangs in the BAC DNA generated by overnight restriction
digestion with EcoRI. This would enable synthesis of biotinylated RNA probes for
regions complementary to the sequences directly upstream and downstream of these
restriction sites.
Chromosome conformation capture related methodologies are dependent on
restriction digest sites as focal points for analysis. Chromatin conformation is fixed
with formaldehyde and these cross-links are held intact during the restriction digest.
These cut sites form the junctions at which physically interacting chromatin is then
ligated under dilute conditions. This generates the hybrid chromatin fragments,
which form the basis of a 3C library. Therefore it is important that the probes are
complementary to regions adjacent to the cut site to analyse the identity of chromatin
in close proximity.
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Figure 32. BAC DNA following restriction digestion and T7 adapter ligation, pre (1)
and post (2) sonication. T7 adapters were ligated in excess to BAC DNA digested
with EcoRI. The products of this reaction were sonicated for 1 hour with alternating
30 seconds on and 30 seconds off at high intensity (BioRupter, Diagenode). The pre
and post sonicated BAC DNA (labelled 1 and 2 respectively) was run on an agarose
gel with a marker (M) and band sizes indicated (kb). A band below 200 bp represents
unligated adapters.
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The BAC DNA following T7 promoter adapter ligation showed the regular banding
pattern as previously described in section 4.5.2 and generally separated at large
fragment sizes (Figure 32). The band below 100 bp represents the excess unligated
T7 promoter adapters (Figure 32). The products of this reaction following adapter
ligation were then sonicated for a peak fragment size of 200 bp with the conditions
described previously from the test BAC DNA sonication. This step is important in
generating template for RNA probe synthesis that is uniform in length. Longer
probes would bind to streptavidin with greater efficiency, meaning these and their
complementary Hi-C library interactors would be represented at a higher frequency
in the final library. Therefore, consistency in the length of the template will not
introduce bias during pull-down of the Hi-C library to generate the SCRIBL library.
However, it is also crucial that the length of the RNA probe sequence should allow
sufficient specificity to limit non-specific probe binding. From Figure 32 it is clear
that the post-sonication products were generally below 500 bp with an average of
200 bp, meaning this sonication process was efficient in shearing the template to the
optimal probe length.

4.5.5

Double-sided SPRI size selection of BAC DNA template with T7
promoter adapters

The T7 promoter adapter ligated and sonicated BAC DNA was size selected with
double-sided Solid Phase Immobilization (SPRI) beads. These magnetic SPRI beads
bind to DNA in a concentration dependent manner. This allows a specific target
range of DNA fragments to be isolated from the reaction through altering the
concentration of the solution during multiple binding steps. Therefore fragment sizes
above and below a specific range may be excluded from the final product. This
facilitated the removal of the unligated adapters from the reaction prior to RNA
synthesis, as well as excluding DNA fragments not sonicated to a length within the
desired range.
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4.5.6

RNA synthesis and probe quality check

Following size selection of the BAC DNA template with ligated T7 promoter
adapters, RNA probes were synthesized with biotinylated dNTPs. The biotinylated
RNA probes were purified from the reaction pool with the template BAC DNA with
a column based kit (Ambion MEGAclear kit).
The quality of the RNA was assessed with spectrophotometric analysis by Nanodrop,
with 260/230 and 260/280 ratios both over 2 indicating good purity and integrity of
the probes. The RNA quality can also be verified on a denaturing formaldehyde
RNA agarose gel or with a Bioanalyser RNA chip (Agilent Technologies).

4.6 Hi-C library generation from Arabidopsis cell suspension culture
At the time of starting this investigation, 3C technology had recently been adapted
for use with plants (Louwers et al., 2009). From a protocol developed for Maize, it
was demonstrated that additional nuclear enrichment steps are necessary when
working with plant material (Louwers et al., 2009). This is due to the additional
compounds present in plants, which hinder the enzyme reactions and lead to the
degradation of chromatin. During the course of this project, research was published
detailing a Hi-C protocol for use with Arabidopsis leaf material (Grob et al., 2014).
This also involved nuclear enrichment, with additional blunt-ending with biotin prior
to ligation.
The investigation required development of appropriate conditions for generation of
3C and Hi-C libraries specifically for an Arabidopsis cell suspension culture. The
current protocols for plant-based 3C and related techniques required integration and
optimisation to suit the conditions of a plant cell suspension culture. Changes were
necessary for steps including the fixation and collection of cells from the culture
media, as well as ligation of the fixed chromatin.
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4.6.1

Hi-C library generation with nuclear enrichment

As a starting point, the process of formaldehyde fixation was based on general
conditions described for the fixation of chromatin in chromatin immunoprecipitation
(ChIP; Abcam website). This involved fixation with 0.75% (v/v) formaldehyde (final
concentration) for 10 minutes with gentle mixing. Variations introduced included
that the fixed cells were filtered and washed with PBS on Miracloth (Merck
Millipore) and stored in foil packages at -80

o

C, rather than collection by

centrifugation. It was found that collection by this method allowed a good recovery
of cells prior to homogenisation by grinding.
As previously discussed, current protocols describing 3C and Hi-C with Arabidopsis
leaf material use nuclear enrichment steps following fixation of the chromatin and
before digestion. This should reduce interference of contaminants from the cell
debris with these enzyme reactions. There is variation in the number of washes with
nuclei isolation buffer in currently published protocols. Initially this was carried out
with the five washes described in a recently published Hi-C paper and the following
results were generated based on these steps (Grob et al., 2014).
Following the nuclear enrichment, the nuclei were permeabilized with SDS, which
was then sequestered with Triton X-100. This ensured that the interference of SDS
with the restriction enzyme was minimised. Following restriction digest, the stickyends generated by the restriction enzyme were blunted using a equimolar mix of
dNTPs (with unbiotinylated dATP as a trial) with DNA polymerase I, large
(Klenow) fragment at 37 oC for 1 hour. The Klenow was similarly inactivated prior
to the addition the T4 DNA ligase with SDS. The SDS was sequestered during
incubation in ligation buffer supplemented with Triton X-100 prior to the ligation
step. Initially, triplicate ligation reactions were set up alongside an unligated control.
To each of these ligation reactions, 50 units of T4 DNA ligase were added as is
described in the SCRIBL protocol for blunt-end ligations (as described in section
2.7.2.5).
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Figure 33. Conditions test for SCRIBL Hi-C blunt-end ligations. Arabidopsis cell
suspension culture was fixed with a final concentration of 0.75% (v/v) formaldehyde
for 10 minutes, followed by nuclear enrichment and permeabilisation. The chromatin
was digested with 200 U of EcoRI overnight. Three reactions were set up with bluntending by Klenow and dNTPs followed by ligation with T4 DNA ligase units as
indicated. An additional reaction was not ligated as a negative control. The
chromatin cross-links were reversed by overnight incubation with proteinase K at 65
o
C followed by RNase treatment and purified by phenol-chloroform extractions and
ethanol precipitation. The reactions were separated by agarose gel electrophoresis
with a marker (M) and band sizes indicated (kb).
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The uncross-linked and purified DNA showed a limited degree of ligation in
comparison to the unligated control (Figure 33). There appears to be a marginal
increase in the highest molecular weight fragments in Figure 33, although a
relatively tight band above 10 kb is not apparent as has been described for Hi-C
libraries (van Berkum et al., 2010).
Further optimisation focussed on a comparison between 3C and Hi-C library
generation efficiency in this system. In contrast to 3C, a Hi-C library has lower
ligation efficiency of high molecular weight fragments due to the additional bluntending step. Therefore, it will be important to note whether the low ligation
efficiency seen in this experiment is due specifically to the blunt ending reaction or if
the ligation conditions were sub-optimal. If the ligation conditions are generally not
efficient then this will be detectable in sticky-end 3C library generation.

4.6.2

Comparison of 3C and Hi-C library ligation efficiency

To determine the proportion of Hi-C blunt-end to 3C sticky-end ligations, test
reactions were set up to generate each type of library in parallel. Both reactions were
formaldehyde fixed, nuclear extracted and permeabilised before overnight digestion.
The Hi-C library was blunt ended with Klenow and dNTPs as previously described,
while the 3C library retained the sticky EcoRI overhangs. The enzymes were
inactivated with SDS and sequestered with Triton X-100 before the libraries were
incubated with 50 U of T4 DNA ligase under the same conditions.
A smaller and larger volume of each library was visualised on an agarose gel, in a
similar way to that presented in literature describing the Hi-C methodology (van
Berkum et al., 2010). As the amount of DNA increases, this should reveal any
discrepancy between the two types of ligation in the reformation of the largest
fragments. Blunt-end ligations are predicted to have a lower efficiency than sticky
end ligations.
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Figure 34. Increasing amount of 3C and Hi-C library to show relative DNA
fragments sizes. The triangle indicates the relative amount of the ligated fragments
loaded onto an agarose gel, with a marker (M) and fragment sizes indicated (kb). The
3C library was generated with sticky-end ligations, whereas Hi-C involved blunt-end
ligations and therefore has a lower expected ligation efficiency.
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Both of these libraries appear to have a relatively adequate efficiency, which is
judged by the proportion of fragments above 10 kb and it appears that the 3C library
has a tighter band over 10 kb as predicted (Figure 34). From Figure 34 it is not
possible to determine whether these bands represents a relatively good level of
ligation or incomplete digestion.
A group of restriction sites were selected to examine the relative completeness of
digestion in comparison to an undigested site. For these PCR reactions the Hi-C
library was used as template. The low amplification across these two restriction sites
in comparison to that in an undigested region indicated that the restriction digest had
relatively good efficiency (Figure 35). This suggests that the high molecular weight
fragments in Figure 34 are likely to be products of ligation reactions.

Figure 35. Completeness of restriction digestion during the generation of the Hi-C
library as determined by PCR. Two sets of primers designed to amplify a region
approximately 200 bp across restriction sites were tested (A (LHCh4) and B
(LHCh5)) in comparison to an undigested region (C (LHCno)). PCR reactions were
carried out in duplicate for each site, along with a negative control without template
for each primer pair (template + or -). The presence of a HindIII site is indicated for
each of the amplicons (HindIII site + or -). The products of each of the reactions
were visualised on an agarose gel. The primer sequences are given in section 2.7.2.8.
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Primers were also designed to amplify short-range ligation products. These PCR
reactions will only amplify sequence resulting from a change in orientation of the
regions in relation to each other. This occurs when chromatin is digested and ligated
resulting in creation of products that would not otherwise be present in untreated
cells. When the chromatin is cross-linked with formaldehyde prior to digestion and
ligation this facilitates the generation of a snapshot of close proximity and physically
interacting regions. The ligation products therefore represent either random collisions
between regions (background noise) or those that have a higher likelihood than
chance, which are classifiable in two main categories. These groups represent a bias
due to their close proximity or a functional interaction. The functional interactions
are what chromosome conformation capture technology aims to identify. Although,
the category of ligation products representing interactions which occur due to their
close proximity are critical as a quality control for the technique.
PCR reactions attempting to amplify these short-range ligation products were
unsuccessful with this Hi-C library as template. This is problematic given that these
short-range products should be formed at the highest frequency. These are most
likely to be formed even without a functional interaction given the distance decay
that has been previously described (van Berkum et al., 2010). This would mean
lower frequency interactions could be barely detectable. Therefore, while digestion
and ligation were successful during the Hi-C library generation to an extent, this may
not be sufficient to produce an adequate picture of chromosome conformation.
As there are numerous variables in the generation of the Hi-C library, not simply the
ligation efficiency, each of these required investigation and further optimisation. For
instance, if the cross-linking is not held intact during the ligations then this could
have contributed to undetectable short-range ligation products. In addition, during
the course of these experiments in which the nuclei were washed five times, it was
found in some cases that the nuclear pellet was almost entirely absent by the end of
the enrichment process. This resulted in a low recovery of DNA by the end of the
purification steps. It is possible that these additional washes may have resulted in a
lower yield and perhaps less intact nuclei as is suggested by Louwers et al. (2009).
Furthermore, it was observed that the nuclear pellet was considerable lighter in
colour during extraction from Arabidopsis cell suspension culture than with other
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plant species such as N. benthamiana. By the second wash little debris was visibly
removed in the supernatant with Arabidopsis cell suspension culture. It is likely that
the dependence of the Arabidopsis cell suspension culture on sucrose containing
media means that these plant cells cultured in suspension have fewer chloroplasts
and less cellular debris to be removed during nuclear isolation. Therefore, in further
optimisation steps the number of nuclear washes was reduced to test whether this
would improve consistency in the efficiency of the nuclear enrichment.

4.6.3

Optimisation of formaldehyde fixation conditions

The conditions for each of the key stages in the method were tested to ensure that
these were optimal. As a starting point, a range of formaldehyde concentrations were
tested for the efficient fixation of chromatin in Arabidopsis cell suspension culture.
In previous experiments, conditions were based on a ChIP protocol for chromatin
fixation using 0.75% (v/v) formaldehyde (final concentration) for 10 minutes with
gentle mixing (Abcam website).
It is important that the fixation steps are optimal in order to maximise the efficiency
of the ligation steps, which occur under very dilute conditions. The cross-linking
favours generation of hybrid chromatin fragments, which represent physically
interacting chromatin. If these cross-links are not held intact during ligation then this
will result in a low ligation efficiency that is also not representative of interacting
regions. Over cross-linking also presents a potential problem. While it is important
that the cross-links are held intact, a high concentration of formaldehyde can result in
cross-links that are difficult to reverse following the ligation steps. This could pose a
problem for the subsequent purification of the chromatin, as heavy cross-linking
hampers recovery of purified DNA during phenol-chloroform extractions.
A test was set up in a similar way to that described for formaldehyde fixation
optimisation for ChIP in Arabidopsis plants (Haring et al., 2007). In this experiment,
two samples of Arabidopsis cell suspension culture were fixed over a range of
formaldehyde concentrations. The cells were treated for 10 minutes with gentle
mixing and the formaldehyde was quenched with glycine. Prior to purification of the
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chromatin, one sample per formaldehyde concentration was uncross-linked by
incubation overnight at 65 oC with proteinase K. All samples were treated with
RNase A before purification of the chromatin by phenol-chloroform extractions and
ethanol precipitation.

Figure 36. Optimisation of conditions for formaldehyde fixation of chromatin.
Arabidopsis cell suspension culture was fixed with a range of formaldehyde
concentrations for 10 minutes. The concentration of formaldehyde is indicated (as
percentage formaldehyde (v/v) of the final volume). Following fixation, the nuclei
were enriched and permeabilised. The chromatin cross-links were reversed for one
sample at each formaldehyde concentration by overnight incubation at 65 oC with
proteinase K. All samples were RNase treated and purified by phenol-chloroform
extractions and ethanol precipitation. The cross-linked (X) and cross-link reversed
(U) purified DNA was run on an agarose gel with a marker (M) and band sizes
indicated (kb).
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This experiment showed that formaldehyde treatment clearly generated efficient
cross-linking at all of the concentrations tested. This is apparent from comparing the
reactions without cross-linking reversal between concentrations (Figure 36). At 0%
(v/v) formaldehyde the lack of the overnight cross-linking reversal step does not
have any noticeable impact on the quality or quantity of the purified DNA. However,
all other concentrations show a low yield of purified DNA recovered without decross-linking indicating that cross-links have been efficiently generated during this
process (Figure 36).
In addition, the experiment showed that the quality of purified DNA from cross-linkreversed samples decreases and shows degradation as the formaldehyde
concentration increases (Figure 36). There is also an apparent deterioration in the
yield of DNA from cross-link-reversed samples with increasing formaldehyde
concentration meaning that a higher concentration results in tighter and/or additional
cross-linking (Figure 36). It is clear that 0.5% (v/v) formaldehyde shows comparable
quality of purified DNA to the negative control. However, at a concentration of
0.75% (v/v) formaldehyde the DNA starts to show signs of degradation, which may
impact on the efficiency of the Hi-C library. Therefore, 0.5% (v/v) formaldehyde
appears to be the most efficient concentration for fixation of chromatin in
Arabidopsis cell suspension culture.

4.6.4

Optimization of digestion conditions

Following on from testing the fixation conditions, the optimum amount of restriction
enzyme for complete fragmentation of the chromatin was established. A complete
digest is essential in order to maximise the resolution of the Hi-C library. An
incomplete digest reduces the potential for fragments to ligate with cross-linked
regions. This could make lower frequency interactions undetectable by this method.
A method which adapted 3C for Maize uses 400 U of restriction enzyme for DNA
fragmentation (Louwers et al., 2009). This was used as a starting point for the
experiments previously described. To test the efficiency of the restriction digest,
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three amounts of restriction enzyme were tested (200, 400 and 600 U) to establish
whether this affected the efficiency of the fragmentation (Figure 37).

Figure 37. Optimisation of conditions for restriction digest of chromatin. Arabidopsis
cell suspension culture was fixed with 0.5% (v/v) formaldehyde for 10 minutes,
followed by nuclear enrichment and permeabilisation. The chromatin was digested
with a range of units of HindIII overnight as indicated. The chromatin cross-links
were reversed by incubation overnight at 65 oC with proteinase K followed by RNase
treatment before DNA purification by phenol-chloroform extractions and ethanol
precipitation. The purified DNA was run on an agarose gel with a marker (M) and
band sizes indicated (kb).
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Figure 37 shows that there is not a visible difference in digestion efficiency between
the various amounts of restriction enzyme. All of the reactions appear to have a good
level of digestion with a lower intensity of fragments below 1 kb. Therefore, further
experiments used 400 U of restriction enzyme although from these results it appears
that 200 U would also produce fairly comparable digestion efficiency.

4.6.5

Optimization of ligation conditions for 3C library generation

The conditions were tested for preparation of a 3C library in which ligations are
carried out with sticky end fragments. It is important that this is optimal before
introducing the additional blunting steps, which are necessary for Hi-C.

An

additional control was included to determine the efficiency of ligations in
comparison to undigested DNA. This control was treated as a mock reaction
meaning that the DNA integrity and quality was more representative of the further
treatments and incubation steps.
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Figure 38. Efficiency test for sticky-end (3C type) ligations. Arabidopsis cell
suspension culture was fixed with 0.5% (v/v) formaldehyde for 10 minutes, followed
by nuclear permeabilisation. The chromatin was digested with 400 U of HindIII
overnight with a mock undigested control (UD). Following the overnight restriction
digest, the reactions were inactivated with 1.5% (v/v) SDS and ligated under dilute
conditions with T4 DNA ligase (Invitrogen) units as indicated. The chromatin crosslinks were reversed by incubation overnight at 65 oC with proteinase K, followed by
RNase treatment and the DNA was purified by phenol-chloroform extractions and
ethanol precipitation. Purified DNA was run on an agarose gel with a marker (M)
and band sizes indicated (kb).
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The 3C library here showed larger fragment sizes reforming following incubation
with 100 U of T4 DNA ligase in comparison to the unligated control (Figure 38).
This indicates that these conditions are adequate for sticky-end ligations to occur.
However, it is unclear as to the proportion of successful ligations that occurred in
comparison to the potential ligations. Therefore a further test was carried out using
different brands and amounts of ligase in order to test whether this made a difference
to the size of the band over 10 kb, representing successful ligation reactions. In
addition, Louwers et al. (2009) suggested that the presence of SDS, which is used for
inactivation of the restriction enzyme and Klenow, could hamper the ligation
efficiency of T4 DNA ligase. Here it is recommended that the final concentration of
SDS should be reduced if a low ligation efficiency is observed (Louwers et al.,
2009). The concentration of SDS was also lowered to investigate whether a final
concentration of 1.5% (v/v) SDS had an impact on the ligation efficiency. Therefore,
in the subsequent experiment the restriction enzyme was not inactivated by an
incubation with 1.5% (v/v) SDS at 65 oC.
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Figure 39. Efficiency test for 3C type sticky-end ligations with different brands and
amounts of T4 DNA ligase, without SDS inactivation of the restriction enzyme.
Arabidopsis cell suspension culture was fixed with 0.5% (v/v) formaldehyde for 10
minutes, followed by nuclear permeabilisation. The chromatin was digested with 400
U of HindIII overnight with an undigested control (UD). The 3C reactions were
ligated under dilute conditions with Invitrogen or New England Biolabs (NEB) T4
DNA ligase units as indicated. Each brand of ligase was used for two separate
ligation reactions with 100 or 200 U of ligase. The chromatin cross-links were
reversed by incubation overnight at 65 oC with proteinase K for all of the reactions
and the DNA was purified by phenol-chloroform extractions and ethanol
precipitation. Purified DNA was run on an agarose gel with a marker (M) and band
sizes indicated (kb).
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The ligation reactions showed a clear formation of a high molecular weight band
above 10 kb (Figure 40). The different brands and amounts of ligase did not appear
to affect the efficiency of the reactions. However, it appears that between the
previous efficiency test in Figure 38 and Figure 39 that there is an improvement in
the tightness of the band above 10 kb. It is possible that the SDS could have been
inhibiting the T4 DNA ligase and therefore it will be used at a lower concentration
for the inactivation of the restriction enzyme and Klenow during the following Hi-C
library generation. While it is possible that further variation to the conditions for the
ligation reaction could improve the efficiency the 3C library generation, it seems that
an appropriate level had been achieved. These ligation conditions were then used in
optimising the generation of a Hi-C library.

4.6.6

Optimization of ligation conditions for Hi-C library generation

The ligation conditions, which had been optimised for 3C, were used for the
generation of Hi-C libraries with the addition of the blunt-ending reactions. These
reactions were carried out with and without biotinylated bases to determine whether
this made a difference to the fill-in efficiency. As a control, a 3C library was also
generated alongside these reactions. In this test, 100 U of T4 DNA ligase were used
for these 3C and Hi-C ligation reactions.
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Figure 40. Efficiency test for Hi-C with and without biotin incorporation.
Arabidopsis cell suspension culture was fixed with 0.5% (v/v) formaldehyde for 10
minutes, followed by nuclear permeabilisation. The chromatin was digested with 400
U of HindIII overnight with a mock undigested control (UD). The Hi-C reactions
underwent fill-in with dNTPs in equal proportions (Hi-C) or with biotinylated dATP
(Hi-C*) at 4X the concentration of other dNTPs with Klenow. Another reaction was
a 3C control and therefore did not undergo the fill-in steps. The restriction enzyme
and Klenow were inactivated with heating at 65 oC then 37 oC with 0.5% (v/v) SDS.
The ligations were performed under dilute conditions with the amount of T4 DNA
ligase units indicated. The chromatin cross-links were reversed for all of the
reactions by incubation overnight at 65 oC with proteinase K and the DNA was
purified by phenol-chloroform extractions and ethanol precipitation. Purified DNA
was run on an agarose gel with a marker (M) and band sizes indicated (kb).
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The Hi-C and 3C libraries showed relatively comparable ligation efficiency although
partly lower for Hi-C. However, the addition of biotinylated dATP reduces the
efficiency considerably and ligation is barely detectable (Figure 40). Therefore, it
appears that while the blunt-ending reaction appears optimal, the incorporation of
biotinylated dATP greatly reduces the ligation efficiency. It has previously been
described that biotin incorporation has a low efficiency which generally accounts for
20 to 30% of fill-in reactions (Belton et al., 2012). This may be resolved by a longer
incubation time for the fill-in and/or extending the ligation step to overnight (Belton
et al., 2012).
A further experiment was set up to test additional conditions for biotin incorporation
during blunt-ending and ligation of these fragments. In this test, 3C and Hi-C
libraries were generated in parallel to directly compare efficiencies. During the bluntending reactions for the preparation of the Hi-C library, the incubation time was
extended from 30 minutes to 4 hours. In addition, two incubation times were tested
for the ligation step. These were 5 hours and overnight (ON). It is possible that the
biotinylated bases could interfere with the T4 DNA ligase and therefore this reaction
may be less efficient and required extension to maximise efficiency. Therefore, it
was hypothesised that a longer biotin incorporation step alongside the extended
ligation step could improve the overall efficiency of Hi-C library generation.

160

Figure 41. Efficiency test for 3C and Hi-C with biotin incorporation. Arabidopsis cell
suspension culture was fixed with 0.5% (v/v) formaldehyde for 10 minutes, followed
by nuclear permeabilisation. The chromatin was digested with 400 units of HindIII
overnight with an undigested control (UD). The Hi-C reactions underwent fill-in
with dNTPs in equal proportions with biotinylated dATP (Hi-C) at four times the
concentration of other dNTPs with Klenow for 4 hours. Two 3C reactions did not
undergo the fill-in steps. The restriction enzyme and Klenow were inactivated with
heating at 65 oC then 37 oC with 0.5% (v/v) SDS. The ligations were performed at 16
o
C under dilute conditions with the amount of T4 DNA ligase units indicated. The
time for which the ligation reactions were incubated are indicated (5 h or overnight
(ON)). The chromatin cross-links were reversed by incubation overnight at 65 oC
with proteinase K for all of the reactions and the DNA was purified by phenolchloroform extractions and ethanol precipitation. Purified DNA was run on an
agarose gel with a marker (M) and band sizes indicated (kb).
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The results in Figure 41 when compared to Figure 40 indicate that there could be a
minor improvement in the regeneration of the larger fragment sizes in the Hi-C
libraries with a longer step for blunt-ending. This is judged by comparing the 5-hour
Hi-C reaction in Figure 41 with the reaction labelled Hi-C* in Figure 40, relative to
the digested controls. It is possible that there is a shift towards larger molecular
weight fragments in the case of the latter experiment. In addition, it is also possible
that there could be a minor improvement in the efficiency of the Hi-C library
generation with biotin, when comparing the 5-hour and overnight (ON) incubations
with T4 DNA ligase (Figure 41). However, the Hi-C libraries without biotin are
characterised by a relatively tight band above 10 kb, as is also the case with the 3C
libraries (Figure 41). Therefore, at this stage the generation of the Hi-C library
requires further optimisation, which was outside the timeframe of this project.
Further work to optimise SCRIBL Hi-C would therefore need to make additional
changes in order to address the poor efficiency of biotin incorporation, possibly
through further adjustments to incubation times. A relatively high efficiency for this
incorporation is essential in this technique as it marks the ligation junctions for
enrichment and allows all of the regions that were not digested or ligated to be
removed.

4.7 Discussion
These experiments aimed to optimise a recently developed enhanced Hi-C method
(SCRIBL) for Arabidopsis cell suspension culture, to produce a more targeted
analysis of chromosome conformation (Stefan Schoenfelder and Peter Fraser,
unpublished). This approach could be a valuable tool to investigate whether
specialised transcription factories are a mechanism utilised by plant cells for the
transcriptional coordination of genes involved in the same or related processes.
While various studies suggests that these transcription factories exist in other
organisms, there remains uncertainty as to the significance of these in transcriptional
coordination in plants (see section 1.5).
Initial investigations aimed to establish the conditions for hormone induction in
Arabidopsis cell suspension culture. These conditions were based on the MeJA
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treatment of Arabidopsis cell suspension culture in a microarray analysis of gene
expression changes (Pauwels et al., 2008). From gene induction for several JA
marker genes at 5, 7 and 25 hours after treatment, it was established that an earlier
time point (5 h) would be most appropriate for the investigation, given that these
genes showed generally more consistent expression.
RNA probes were generated from BAC DNA as described in the SCRIBL protocol
for a group of trial BACs (Schoenfelder and Fraser, unpublished). The shearing
conditions required optimisation for a different type of sonicator to that described in
the SCRIBL protocol, although the conditions were otherwise found to be
reproducible, generating good quality RNA probes (Schoenfelder and Fraser,
unpublished). These probes are a key feature of SCRIBL Hi-C, allowing the
enrichment of regions of interest. Therefore, it is important that the biotinylated RNA
probes are of high quality in order to ensure that these hybridise to the target
sequences efficiently. This will ensure that it is possible to enrich even low
frequency ligation products representing interacting chromatin.
Further work aimed to optimise Hi-C library generation for Arabidopsis cell
suspension culture. This involved several key variables for which modification of
conditions was required. Initial conditions were based on a combination of protocols,
which included ChIP-seq for Arabidopsis cell suspension culture and 3C and Hi-C
with Maize and Arabidopsis seedlings (Haring et al., 2007; Louwers et al., 2009;
Grob et al., 2013). From here, adjustments were made to optimise these to maximise
the efficiency of the SCRIBL Hi-C protocol given the differences in the type and
growth conditions of the cells. It was found that 0.5% (v/v) formaldehyde for 10
minutes resulted in the best fixation of chromatin without the noticeable deterioration
in quality at higher concentrations. Furthermore, 400 U of restriction enzyme
produced a good efficiency digest, although from the range tested here the amount of
enzyme per reaction was demonstrated to have only a minor impact on the visible
banding pattern formed. However, it is important that the chromatin is not over
digested as this could produce a data set in which sequences have ligation junctions
at non-restriction sites. This could make the data difficult to analyse when the
interaction sequences are compared to a reference set of restriction sites.
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The difficulties with improving ligation efficiency during the preparation of the Hi-C
library meant that this became a sticking point in the protocol. Further work to adapt
the method for use with Arabidopsis cell suspension culture would need to focus on
optimising this key step. During optimisation of the conditions, it was found that
decreasing the final concentration of SDS for the inactivation of the restriction
enzyme improved efficiency of forming a 3C and blunt-ended non-biotinylated
libraries. This is likely to be due to the inhibitory effect of residual SDS has on T4
DNA ligase. However, the introduction of biotinylated bases into the Hi-C bluntending reactions significantly reduced the efficiency of the ligation reaction. The
biotinylated Hi-C library appeared to have a comparable range of fragment sizes to
the digested control. Following extension of the fill-in reaction with biotinylated
bases and Klenow to 4 hours and an overnight ligation, there appeared to be a slight
improvement in the efficiency of the Hi-C library. However, this does not appear
adequate particularly for detection of lower frequency interactions. It is important
that the ligation efficiency is therefore improved in order to be able to give as broad
and accurate a picture of chromosome interactions as possible.
The next steps of this investigation would have been to complete optimisation of the
Hi-C library generation for Arabidopsis cell suspension culture. This would require
the collection of Arabidopsis cell suspension culture samples at 0 hours and 5 hours
treated with 50 µM MeJA and mock treated, from which to generate these Hi-C
libraries. Following ligation of the biotinylated fragments these would be sheared by
sonication and biotin pulled down with streptavidin beads, followed by PCR
amplification to produce the final Hi-C library. The Hi-C library would then be
hybridised to the biotinylated RNA probes to generate the final SCRIBL Hi-C
library. The library is then paired-end sequenced on the Illumina Hi-seq platform
(Illlumina, San Diego, California) and can be analysed using the HiCUP pipeline
(Babraham Institute, University of Cambridge). This pipeline has been developed for
the quality control of the sequences, preparation of a reference genome digested with
the restriction enzyme used during the Hi-C library preparation and to make paired
alignments of the sequences. From here the interactions can be visualised using
software such as Seq Monk (Babraham Institute, University of Cambridge). This
enables the user to look at genome wide interactions from any locus within the

164

region covered by the BAC sequences with which the biotinylated RNA probes were
generated.
With this data it would have been possible to make an assessment as to whether there
are any apparently functional spatial interactions of chromatin in Arabidopsis cell
suspension culture. It may also be possible to determine whether there is a change in
these spatial interactions that could be triggered by stimulus such as treatment with
MeJA. However, despite a potentially good foundation of this hypothesis, it is
possible that a specialisation of transcription factories would not be observable from
these marker genes. In this case, the large number of genes in adjacent regions
captured alongside these marker genes, could show unanticipated trends in spatial
localisation that would also be identified in this analysis. Alternatively, no significant
associations or changes in spatial localisation of genes may be identified aside from
random and non-significant collisions (background noise) or the predicted higher
frequency interactions with neighbouring regions (Belton et al., 2012).
Regardless of the nature of the results from the experiment, it is important to validate
these with a contrasting technique. Therefore, a method such as fluorescent in situ
hybridisation (FISH) could be used as further verification of the SCRIBL Hi-C
results as described in Schoenfelder et al. (2010) to study the beta-globin gene
associations in mice (see section 1.3.2). These types of technique were the forerunner
of 3C and gave early insight into spatial interactions of chromatin (see section 1.3.1).
More recent adaptations of microscopy based techniques including structured
illumination microscopy (SIM) and photoactivated localization microscopy (PALM)
have allowed an improved resolution of individual molecules beyond the diffraction
limit of light (Schubert and Weisshart, 2015). This has allowed the numbers and
patterns of activated and inactivated RNAPII to be determined using specific
antibodies with aligned images from both SIM and PALM using Arabidopsis nuclei
(Schubert and Weisshart, 2015). This revealed a relatively even distribution of both
active and inactive forms of RNAPII within the nucleus (excluding the nucleolus
with clustering also observable (Schubert and Weisshart, 2015). Overall, evidence
from microscopy and DNA based methods could provide enhanced support for
potential observations of transcription factory specialisation in Arabidopsis.
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5 General Discussion

5.1 Overall aims
These experiments focussed on investigating plant-pathogen interactions and the
mechanisms by which hormones induce transcriptional responses. Chapter 3
presented an investigation examining the interaction between a predicted oomycete
effector from Hpa HaRxL14 and Arabidopsis protein PP2CA, which was previously
identified in a yeast two-hybrid screen (Steinbrenner, Braun and Beynon, 2013,
unpublished). PP2CA has a well-established role in coordinating ABA and metabolic
signalling in plants. The experiments presented in Chapter 4 aimed to optimise an
enhanced Hi-C method (SCRIBL) to examine changes in spatial gene association, as
a result of hormone induction in Arabidopsis. This hypothesis arose from the concept
of specialisation of transcription factories particularly from mammalian models,
which suggests that transcription of related genes is coordinated at focal points of
transcriptional machinery within the nucleus. Therefore, the aim of the work was to
unravel the mechanism and role of this specific effector interaction, which could give
additional insights into the role of ABA signalling in plant defence against oomycete
pathogens. Furthermore, this project aimed to establish whether a coordinated
transcriptional response to phytohormones could involve specialised transcription
factories. These transcription factories could potentially be effector targets in a
pathological context.

5.2 ABA in pathogen defence
The phytohormones SA, ET and JA have well established links to plant defence
signalling (Cao et al., 2011; Glazebrook, 2005; Ma and Ma, 2016). Within the last
decade, the role of ABA in plant immunity has been more extensively examined,
although many intricacies that link the hormone to defence response are currently
unknown. The role of the hormone is variable among pathogens with similar
lifestyles and even between stages of infection (Asselbergh et al., 2008). For
instance, ABA deficient tomato plants have a higher resistance to root infection by P.
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capsici compared to wild-type, which can be reversed by exogenous application of
the hormone (Dileo et al., 2010). These experiments also suggest that ABA
signalling induced by abiotic stress predisposes the plant to infection with P. capsici
as a result of its role in modulating SA defence gene induction (Audenaert et al.,
2002; Dileo et al., 2010). This ABA deficient tomato mutant also exhibits enhanced
resistance to B. cinerea despite the contrasting necrotrophic lifestyle of the fungus
(Vidhyasekaran, 2014). In the latter case, the ABA deficient plants were found to
more rapidly form hydrogen-peroxide associated cell wall strengthening in epidermal
cells (Curvers et al., 2010). Therefore, it is clear that ABA has close links to the
defence response, although at present these appear to be more case specific rather
than general patterns as observed with SA and JA.

5.3 Cross-kingdom function of the PP2Cs
PP2CA is part of one of four families of protein serine/threonine phosphatases (type
2C), which have been shown to play broad roles in response to perturbations in
environmental conditions (Shiozaki and Russell, 1995). These proteins are found
across eukaryotic kingdoms including in animals, yeast and plants and generally
have roles in coordinating cellular events and stress related pathways (Gaits et al.,
1997; Shiozaki and Russell, 1993; Zhang et al., 2013). The mechanism involved in
these functions include modulating regulators of MAPK signalling cascades, as well
in interacting with specific kinases within these pathways (Lu and Wang, 2008). In
Saccharomyces cerevisiae PP2Cs Ptc1 and Ptc3 regulate the High Osmolarity
Glycerol (HOG) MAPK cascade which are crucial in coordinating the stress
response to high osmolality conditions (Saito and Tatebayashi, 2004). Ptc1 is thought
to dephosphorylate Hog1 (part of the MAPK cascade) via an adapter protein and has
a key role in returning the conditions to a stable state following osmotic stress
(Hohmann, 2015; Saito and Tatebayashi, 2004; Warmka et al., 2001).
There are thought to be at least 18 PP2C members in humans, which have variable
expression patterns across tissue and have roles in stress signalling, cellular
metabolism and cell death/survival (Lu and Wang, 2008). These varied roles have
highlighted the PP2Cs as possible targets for drugs for human diseases including
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anticancer therapy (Lu and Wang, 2008). Interestingly, PP2Cs may even act as
pathogenicity factors since TgPP2C from Toxoplasma gondii has been shown to
interact with structure-specific recognition protein 1 (SSRP1) in human cells, which
regulates apoptosis (Gao et al., 2014a). During the stage of infection inside host
cells, the pathogen protects the cell from various sources of apoptosis (Gao et al.,
2014a; Nash et al., 1998; Robert-Gangneux and Dardé, 2012). Over-expression of
TgPP2C was shown to dramatically reduce cell death in HeLa cells, although the
mechanism of this interaction in the overall pathway is unclear (Gao et al., 2014a).
Similarly PP2Cs have key roles in coordinating various signalling pathways in
plants, including the ABA response. During ABA response, the PYR/PYL/RCARs
receptors bind to ABA and form a complex with specific PP2Cs preventing them
from inhibiting the ABA associated SnRK2s (Fujii et al., 2009; Park et al., 2009).
Three of the ten Arabidopsis SnRK2s (SnrK2.2, 2.3 and 2.6 (OST1)) have been
identified as having a key role in ABA response (Kulik et al., 2011). The fourteen
members of the PYR/PYL/RCAR receptors (with the exception of PYR13) show
ABA induced binding to PP2Cs (Gonzalez-Guzman et al., 2012; Kline et al., 2010;
Santiago et al., 2009). The downstream pathways of the SnrK2 include activation of
the ABA-responsive element binding factors (ABFs) including ABF3, which are
master regulators of the ABA transcriptional response (Yoshida et al., 2015). The
diversity of receptors and signal transducers in the ABA pathway creates complexity.
This complexity allows fine-tuning of the response of these pathways to
environmental conditions across tissues, as previously noted with PP2Cs in other
eukaryotes. There are thought to be sixty-nine PP2Cs in Arabidopsis, of which the
nine clade A PP2Cs involved in binding to the ABA receptors are subcategorised
into two main groups (Schweighofer et al., 2004; Sun et al., 2011; Zhang et al.,
2013). The first group includes abscisic acid insensitive (ABI) 1 and 2 and homology
to AB1 (HAB) 1 and 2, and a second group includes PP2CA among others
(Schweighofer et al., 2004; Sun et al., 2011; Zhang et al., 2013). Interestingly, the
observed interaction between HaRxL14 and PP2CA in yeast two-hybrid showed that
the effector interacts specifically with PP2CA and did not interact with other PP2Cs
(Steinbrenner, Braun and Beynon, 2013, unpublished).
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5.4 Verification of the HaRxL14 and PP2CA interaction
The interaction between HaRxL14 and PP2CA was verified by bimolecular
fluorescence complementation (BiFC) and was shown to occur in the nucleus. This
pattern is consistent with the individual localisation of the effector and target and
also with a previous study which demonstrated the presence of PP2CA
predominantly in the nucleus (Pizzio et al., 2013). A BiFC analysis also showed a
nuclear interaction between PYR4 and PP2CA, which did not require exogenous
ABA, suggesting that endogenous ABA levels in N. benthamiana are sufficient to
mediate the interaction (Pizzio et al., 2013). However, Co-IP experiments were
unable to confirm an interaction between HaRxL14 and PP2CA under various
conditions. It is possible that this is a low frequency interaction, although analysis of
the pulled-down products by MS was also unable to verify the presence of both
HaRxL14 and PP2CA. Further Co-IP experiments could investigate whether the
interaction is observable with a whole cell extract rather than restricting the input to
nuclear proteins.

5.5 The role of PP2CA in susceptibility of Arabidopsis to Hpa
It has been shown that PP2CA modulates the closure of stomata, which is a key
response to water deprivation (Lee et al., 2009). PP2CA negatively regulates the
SnRK2-type kinase Open Stomata 1 (OST1), which in turn controls the Slow Anion
Channel 1 (SLAC1) in guard cells (Lee et al., 2009). ABA induced stomatal closure
is dependent on the production of ROS, which is modulated in ost1 Arabidopsis lines
(Mustilli et al., 2002). As previously described, ROS production has close links to
pathogen response which may also induce stomatal closure (Sawinski et al., 2013;
Torres, 2010). Therefore, a possible role for the effector in manipulating ROS
production via PP2CA was explored. The knock-out pp2ca-1 and pp2ca-2
Arabidopsis lines did not show altered ROS production when compared to wild-type
upon flg22 induction. This result confirms recent findings that PP2CA acts upstream
of the convergence between PTI induced and ABA associated ROS, which is thought
to integrate at SLAC1 (Guzel Deger et al., 2015). Therefore, the targeting of PP2CA
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by the effector is unlikely to suppress the induction of PTI-induced ROS production
through its links with these convergent ABA pathways.
In order to further examine the implications of this interaction on host immunity,
Hpa screens were carried out looking at changes in susceptibility caused by overexpression of the effector and manipulation of PP2CA. It was shown that
Arabidopsis plants over-expressing the effector are more susceptible to Hpa.
Interestingly, this pattern has higher variability when the effector is tagged with HA
although the same enhanced susceptibility was observed. It was hypothesised that
this enhanced susceptibility may also be a phenotype of knock-out pp2ca-1 and
pp2ca-2 Arabidopsis lines. This hypothesis arose from evidence suggesting that
PP2CA is a key negative regulator of the ABA pathways via the SnRK2s, displaying
a hypersensitive phenotype to ABA (Kuhn et al., 2006). It is possible that
perturbation of the protein by the effector is equivalent to knocking-out PP2CA in
terms of its role in suppressing these pathways. However, the knock-out and overexpressing PP2CA lines showed inconsistent susceptibility to Hpa. This ambiguity
could be due to redundancy within the PP2C family meaning a single mutation of
PP2CA does not induce an ABA response and therefore is insufficient to
significantly enhance susceptibility. Furthermore, the knock-out pp2ca-1 and pp2ca2 lines did not show significant gene expression changes from microarray analysis,
demonstrating that these lines are not constitutively ABA responsive. Therefore, the
presence of both HaRxL14 and PP2CA together may be required for the enhanced
susceptibility to Hpa. In order to further examine the role of ABA in this hostpathogen interaction, a triple PP2C knock-out with constitutive ABA signalling
could be screened for Hpa susceptibility (Rubio et al., 2009).

5.6 The role of ABA in susceptibility of Arabidopsis to Hpa
Microarray analysis highlighted the up-regulation of a large number of genes in the
HA::HaRxL14 lines compared to wild-type. These included hormone related genes,
many of which are ABA associated, such as biosynthesis enzyme NCED3
(AT3G14440) induced by salt stress and exogenous ABA (Barrero et al., 2006).
Cold stress associated transcription factor DREB1A (AT4G25480) is also highly
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induced by over-expression of HaRxL14 (Palva et al., 2001). This enhanced
expression could be linked to the role of PP2CA in cold acclimation, which was
demonstrated by the increased rate of freezing tolerance following antisense
inhibition of PP2C (Palva et al., 2001). A significant up-regulation of PP2CA was
also shown in two out of three HA::HaRxL14 lines. The up-regulation of signalling
components including the PP2Cs is a well-established profile of ABA induction
(Chan, 2012; Tähtiharju and Palva, 2001). Therefore, these finding are consistent
with a role of the effector in targeting PP2CA to enhance ABA signalling in the host.
A mechanism for the interaction is represented in Figure 42, which shows potential
binding of the effector to the active site through which PP2CA interacts with
PYR/PYL/RCAR receptors. In this model, the effector acts as a mimic of receptor
binding during ABA perception. It was further hypothesised that the presence of
ABA may be required for an observable interaction in planta. It is possible that if the
effector acts as a mimic of a PYR/PYL/RCAR receptor then ABA may similarly be a
prerequisite for an interaction with PP2CA. However, a preliminary Co-IP
experiment in which leaves expressing the tagged effector and PP2CA constructs
were treated with exogenous ABA showed no interaction between the proteins.
Therefore, this suggest that a higher than endogenous level of ABA is not likely to be
a requirement for this interaction. Furthermore, it has been shown that not all of the
interactions with the PYR/PYL/RCAR receptors are ABA dependent. In particular
PP2CA may bind to PYR13 in the absence of ABA and is the only PP2C to show an
interaction with this receptor (Li et al., 2013a). This specificity could explain the
exclusive interaction between HaRxL14 and PP2CA, given the structural differences
between the PP2Cs (Li et al., 2013a). An assay to test the phosphorylation of PP2CA
and its targets during presence of HaRxL14 could confirm a role of the effector in
functionally manipulating this ABA pathway.

171

Figure 42. The role of the interaction of Hpa effector HaRxL14 with Arabidopsis
protein PP2CA in manipulating ABA signalling. A In the absence of bound
HaRxL14, PP2CA inhibits the phosphorylation of the SnRK2s, which suppresses
ABA signalling. B When HaRxL14 binds to the active site of PP2CA, the SnRK2s
are phosphorylated and this leads to an ABA response.

Studies examining the role of ABA in defence against biotrophic pathogens
including Hpa generally show that enhanced ABA signalling is associated with host
susceptibility. However, a recent study showed that abi1-1 which is an ABA
insensitive mutant that retains functioning in dephosphorylating SnRK2s, has
enhanced susceptibility to Hpa (Hok et al., 2014). This result directly contrasts to a
previous study which showed the abi1-1 mutant did not change susceptibility to
either Hpa or P. syringae pv. tomato DC3000 (Mohr and Cahill, 2003). Furthermore,
an ABA biosynthetic mutant aba3-1 was demonstrated to have three-fold less Hpa
sporulation when compared to wild-type (Fan et al., 2009). As previously mentioned,
it would be interesting to examine whether triple PP2C mutants (e.g. hab1-1 abi1-2
abi2-3 and hab1-1 abi1-2 pp2ca-1 (Rubio et al., 2009)) with partial constitutive
ABA response, exhibit an enhanced susceptibility to Hpa. This enhanced
susceptibility would be predicted in light of the gene expression changes associated
with HA::HaRxL14 from these experiments. A study examining general changes in
gene expression during Hpa infection, uncovered a set of compatibility specific
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genes, which have over-representation of DREB1/CBF3 binding sites in their
promoters (Huibers et al., 2009). This finding ties in with the strong up-regulation of
DREB1A associated with over-expression of HA::HaRxL14 in Arabidopsis.
Therefore expression of the effector in planta appears to mirror changes associated
with a compatible interaction between Hpa and Arabidopsis. Therefore, the overall
findings of these experiments suggest that ABA signalling is enhanced during Hpa
infection. This finding is consistent with the cross talk between hormone pathways,
which suggest that ABA acts synergistically with JA to antagonise SA, promoting
susceptibility to biotrophic pathogens (Fan et al., 2009).

5.7 Phytohormones in coordinating transcriptional response to infection
Chapter 4 focussed on adapting an enhanced Hi-C method (SCRIBL) for the
investigation of hormone-induced transcriptional response in Arabidopsis. The
experiment aimed to determine whether hormone induction resulted in a change to
the spatial environment of hormone-associated genes. This change in spatial
environment could be due to co-localisation at specialised transcription factories, as
has been hypothesised for mammalian systems (Schoenfelder et al., 2010). These
specialised transcription factories may be targeted by effectors to manipulate host
defence.
The optimisation process utilised a system of Arabidopsis cell suspension culture
treated with MeJA, to elicit a broad and well characterised transcriptional response
(Pauwels et al., 2008). This system has potential interest given the relevance of JA in
host response to infection. The pathways through which hormones including JA
regulate transcription are highlighted by the interactions of effectors. For instance, an
investigation into the interaction of a predicted Hpa effector HaRxL44, showed that
the effector targets the mediator subunit MED19a for degradation (Caillaud et al.,
2013). The degradation of MED19a leads to attenuation of an SA transcriptional
response through destabilising the specific group of genes that are coordinated by
this subunit and results in the balance of transcribed genes being shifted towards an
JA and ET response (Caillaud et al., 2013). Contrastingly, the P. syringae pv. tabaci
effector HopXI promotes degradation of the JAZ repressor proteins through its
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cysteine protease activity, in order to stimulate a JA transcriptional response
(Gimenez-Ibanez et al., 2014). Overall, phytohormones are manipulated by
pathogens on many levels from transcriptional perturbation of groups of specialised
genes through to hijacking of pathways by pathogenic mimics such as coronatin
(Bender et al., 1999; Caillaud et al., 2013).

5.8 Transcription factories in plants
Currently little is known regarding a potential role for transcription factories in
plants. However studies within the last few years have begun to optimise approaches
related to chromosome conformation capture for use in plants (Grob et al., 2014;
Louwers et al., 2009). These approaches have produced initial insights into
chromatin conformation, highlighting the structured arrangement of chromatin in the
plant nuclei. This arrangement is shown to be much simpler than the highly
structured chromosomal territories observed in mammalian nuclei, with islands of
heterochromatin in which all five chromosomes interact, similar to those identified in
Drosophila (Feng et al., 2014; Grob et al., 2014). Recent evidence has challenged
whether conventionally described transcription factories exist in plants. Firstly, Hi-C
analysis in Arabidopsis was unable to demonstrate strong associations of highly
expressed genes which have been described in animal models (Feng et al., 2014).
Secondly,

RNAPII

was

detected

with

antibodies

recognising

specific

phosphorylation sites reflecting the activation status of the enzyme (conjugated to
fluorophores Alexa Fluor® 488 or Cyanine Dye Cy®5 (Thermo Fisher Scientific))
were examined by SIM and PALM (Schubert and Weisshart, 2015). These active and
inactive RNAPII molecules were found to distribute fairly evenly within
euchromatin, although clusters of each form were also observed in reticulate
structures (Schubert and Weisshart, 2015). This evidence has not ruled out the
possibility of spatial corporation of transcription at focal points within the nucleus,
although the organisation may contrast to that of other eukaryotes.
Although the concept of specialised transcription factories is controversial in
mammals, it remains to be established whether there is a possible basis for the theory
in plants. A role of transcription factory specialisation in mice was suggested based
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on the physical interaction of the mouse beta globin genes, which may be
coordinated by transcription factor microenvironments (Schoenfelder et al., 2010).
Hormone induction represents a promising system for the basis of initial steps
towards addressing these key questions. The large-scale of these phytohormoneinduced responses could be reflected in chromosome conformation rearrangements.
These spatial chromatin changes may also have significance at a level of individual
gene interactions. Given that techniques such as Hi-C and SCRIBL require input
material equivalent to tens of millions of nuclei, the rapid growth of Arabidopsis cell
suspension culture provides a good model system for these types of analysis.
Furthermore, the cross talk between hormone pathways could present further
opportunities for a more in depth analysis. It is possible that changes in composition
of transcriptional machinery at transcription factories during hormonal antagonism
may also be reflected in the observed physical interactions of genes. Overall,
investigating the role of phytohormones in the spatial environment of genes is a
means to further explore the fundamental basis of gene regulation in plants. This
knowledge will undoubtedly have implications in understanding host-pathogen
interactions.
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