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Abstract
Plant species encounter an innumerable number of microbes in both the soil and the
air. Whilst most of these interactions are neutral, some organisms have evolved to
infect and proliferate in plant tissues. These microbes are confronted by a complex
plant immune system which limits their infective capabilities. In response, highly
evolved microbes secrete small proteins known as effectors into their host to
promote virulence. Whilst this is true for all plant colonising organisms, not all cause
disease. One such example is the root colonising endophytic fungus Serendipita
indica which is capable of infecting an enormous range of plant species and in doing
so enhances yield and host resistance to disease.
In this thesis, we explored the underlying mechanism behind induced systemic
resistance associated with S. indica colonization by studying the effectors it secretes.
We identified 150 putative effectors released by the symbiont and applied three
complimentary screens to assess their ability to activate beneficial defence
pathways. We first identified the plant proteins targeted by these 150 effector
candidates in a yeast-2-hybrid screen against 12K Arabidopsis genes, which revealed
over 250 binary interactions between the host and the fungus. Secondly, we
evaluated how these proteins modulate the activity of markers associated with
jasmonic acid and salicylic acid defence signalling in Arabidopsis protoplasts using a
high-throughput screening platform. This analysis suggested nearly 100 of these
putative effectors are able to affect hormone signalling at the transcriptional level.
Finally, we overexpressed the strongest inducers and suppressors of these defence
markers in Arabidopsis and phenotyped these plants for improved growth and
disease resistance. Here, we present the outcome of this global screen together with
biochemical and cell biology analyses, which suggest the ethylene branch of
hormone and defence signalling is a major contributor to systemic resistance induced
by the fungus.
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Chapter 1: Introduction
1.1. The state of the world: Global food insecurity in 2019
The United Nations (UN) have predicted there will be 9.7 billion people living
worldwide by 2050, set to peak at 11 billion at the turn of the 22nd century (FAO,
2018). Ensuring these people do not fall into food insecurity should be the primary
goal of global agriculture. The Food and Agriculture Organisation (FAO) define food
insecurity as ‘a situation that exists when people lack secure access to sufficient
amounts of safe and nutritious food for normal growth and development and an
active and healthy lifestyle’. As part of the Millennium Declaration, the UN pledged
to halve the prevalence of malnutrition by 2015 (United Nations, 2000). Although the
abundance of malnourishment globally was reduced from 947 million to 785 million
between 2005 and 2015, a recent report by the FAO has declared food insecurity
back on the rise, with current figures closer to those of 2011 (figure 1.1; FAO, 2018).
Undoubtedly the task of reducing global hunger by 50% is immense, and subject to

million people

countless economic, logistical, social and environmental hindrances.

Figure 1.1 Global distribution of undernourishment over the last decade. Although a
global effort to decrease malnourishment was somewhat successful between 2007 and
2015, the prevalence of hunger has begun to increase in African countries and has
stagnated in Asia (FAO, 2018).

An enormous contributing factor is the many difficulties associated with growing
enough food for an exponentially growing populous using less land in the wake of
climate change. In order to feed the global population in 2050 in line with the goals
of the Millennium Declaration, it is predicted agricultural output will need to increase
1

by between 60-110% (Ray et al., 2013). This substantial figure was based on four
major staple crops, maize (Zea mays), wheat (Triticum aestivum), rice (Oryza sativa)
and soybean (Glycine max), which supply two thirds of calorific intake worldwide.
These crops and many others face a constantly changing environment which they
must adapt to in order to survive, responding effectively to environmental stresses.

1.2. Plant biotic and abiotic stresses
As sessile organisms, plants are required to sense and overcome numerous stresses
in their environment to survive and successively reproduce. These stress factors can
be categorised into two subsets; biotic and abiotic. Abiotic stress factors are the
result of adverse environmental conditions which are non-conducive to optimal
growth, such as drought, heat, cold, salinity, freezing nutrient depletion and flooding.
Such conditions can result in crop losses as high as 50%, a statistic likely to increase
as the effects of climate change continue to be felt throughout the world (Atkinson
& Urwin, 2012; chapter 1.3). A contributor to abiotic stress is the availability of
suitable arable land, where most crop species are found to be either grown in or
encounter sub-optimal conditions (Bray et al., 2000). In fact, recent reports indicate
a 33% decline in the amount of arable land over the last 40 years due to agricultural
malpractice linked with intensive farming, which causes soil erosion, eutrophication
and depends highly on non-renewable phosphorous rock stores (Grantham Centre,
2015). This suggests current intensive farming practices can be unsustainable to
solving the food crisis, and a shift towards biotechnology and so called ‘conservation
agriculture’ may be alternative solutions.
Biotic stresses encapsulate all those mediated by the lifestyles of other organisms,
including bacteria, fungi, oomycetes, nematodes and insects. In many cases these
interactions result in disease or herbivory, which is cited as causing 25-40% reduction
in total crop yield worldwide (Flood, 2010). One prevalent and highly studied
example is the necrotrophic fungus Magnaporthe oryzae, responsible for causing
blast disease in rice. Although management of this pathogen in developed countries
is attainable through effective use of fungicides and agricultural practices, its effects
2

in the developing world can be devastating, with losses up to 60% and 100% (Yan &
Talbot, 2016). This loss can have dire effects on local communities; 24% of Kenyan
rice farmers affected by the disease reported to having opted to horticultural crops,
rearing livestock or leaving agriculture altogether (Kihoro et al., 2013). Another rising
threat to crop production is wheat stripe rust disease, caused by the biotrophic
fungus Puccinia striiformis f.sp. tritici. For the last 20 years, P. striiformis has been the
leading biotic antagonist to global wheat production, resulting in losses of 5 million
tonnes of wheat annually, associated with an economic loss of $1 billion (Beddow et
al., 2015). The success of this pathogen is attributed to its high genetic fluidity and
ability to spread between continents both naturally and via human migration
(Hovmøller et al., 2015). In recent years, efforts have been made to develop resistant
varieties of wheat using genetics and breeding. Indeed, this practice is observed
widely throughout history and in modern agricultural practices.
Alternatives to promoting genetic resistance to overcome crop losses include the use
of pest controlling chemicals such as fungicides, insecticides and herbicides.
Unfortunately, the industry has become over reliant on such intervention resulting
in rising incidents of resistance in weed and pathogenic isolates, as well as
detrimental effects on local environments. For example, glyphosates currently
dominate the herbicide market (Van Bruggen et al., 2018). Despite being used
extensively since their introduction in the 1980s, concerns are beginning to arise
regarding their efficacy due to over-use, and health implications associated with
bioaccumulation (Andreotti et al., 2018; Stur et al., 2019) – the World Health
Organisation (WHO) recently classified glyphosates as ‘probably carcinogenic’
(European Food Safety Authority, 2015). An infamous example of chemical misuse
was the implementation of dichlorodiphenylchloroethane (DDT) to control insect
herbivory between 1945 and its eventual global ban in 2001. Despite being an
effective insecticide, DDT bioaccumulation within food hierarchies became a major
contributor to near extinction of bald eagle, peregrine falcon and osprey populations
across north America and Europe (Silent Spring; Carson, 1962). A more recent
example is the use of neonicitinoids to control aphid, grasshopper and whitefly
populations. Neonicitinoids have been implicated with damaging ecosystems by
3

indiscriminately reducing honey and bumblebee populations, which significantly
contribute to pollination (Blacquiére et al., 2015). It is estimated that 35% of crops
worldwide depend on these pollinators, with 80% dependence across Europe (Kwak
et al., 1998; Klein et al., 2006). As such the use of chemicals to control the prevalence
of pests and solve the issue of crop yield decline should be implemented with
caution.

1.3. Climate change and food production
Climate change is expected to have a devastating impact on agricultural practices
worldwide. Many of the biophysical and ecological factors which contribute to crop
yield such as temperature, sunlight, CO2, water availability, pathogen infection and
insect migration (both pollinators and pests) are all likely to be affected by climate
change (Atkinson & Urwin, 2012). The Intergovernmental Panel on Climate Change
(IPCC) forecast that a rise of between 1 and 3°C above those in 1990 will result in
extreme changes in weather patterns worldwide and a rise in sea levels between 0.3
– 1.2 metres by 2100 (IPCC, 2007). Extreme periods of drought and flooding will have
a devastating impact on agriculture. Not only are these conditions sub-optimal for
the growth of most plant species, they are also highly damaging to soil quality (Lobell
& Gourdji, 2012). In addition, reclamation of land by rising sea levels will reduce
farming space as mass-migration events occur from coastal urban regions to those
inland (World Bank, 2010). 70% of Europe’s largest cities have areas under direct
threat from rising sea levels, which are also likely to cause the salinification of current
arable land, as well as reduce the availability of fresh water through intrusion of
saltwater into groundwater systems (Cisneros et al., 2015). This will have serious
implications on food production, as approximately 70% of fresh water used annually
goes toward agriculture. Some areas of the northern hemisphere are expected to
benefit from climate change due to increases in CO2 and rainfall, whereas the
southern hemisphere, where some of the most undernourished communities reside,
are expected to be most significantly affected (FAO, 2018; figure 1.2). It is also
unlikely that higher levels of atmospheric CO2 will benefit the food industry; although

4

beneficial to overall growth, increased CO2 has been shown to reduce protein content
in the edible part of the plant (Myers et al., 2014).
Climate change is also likely to oversee changes to our understanding of biotic plant
stresses. A positive correlation is observed between temperature and insect wintersurvivability, resulting in higher rates of herbivory and plant-virus transmission (Bale
et al., 2002). Rising temperatures are also likely to impact the longitudinal occurrence
of plant pathogens worldwide. Bebber et al. (2013) demonstrated a polar shift in pest
and pathogen migration of 2.7 km annually since 1960, leaving non-specialised host
crops lacking defences at incredibly high risk of complete decimation. It will fall to
breeders and pathologists in the future to breed crop varieties able to handle these
new environmental pressures.

Figure 1.2 Prevalence of malnourishment is more abundant in the southern
hemisphere. Climate change is expected to hit agriculture in the southern hemisphere
more disastrously than the north. This is of particular significance as malnourishment is
already common in these countries, particularly in Africa and Asia (FAO, 2018).

Ironically, agricultural industries (including the manufacture of fertilisers, rearing of
livestock, deforestation and land use) contribute up to 16,900 mega tonnes of CO2
equivalent (CO2e) into the atmosphere annually, or 1/3rd of total global carbon
emissions (Vermeulen et al., 2012). A large portion of this is associated with the
rearing of ruminants for dairy and beef, which is estimated to generate 34.6 kg CO2e
per kg of meat (Ogino et al., 2007). Unfortunately, as areas of the developing world
become more prosperous, demand for meat and dairy products are rising; current
projections estimate meat production will more than double from 229 million tonnes
in 1999 to 465 million tonnes by 2050 (FAO, 2006). There are clearly social
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implications to consider in tackling food insecurity. It will be important for agriculture
to adapt to a more sustainable model in the future to accommodate the rising threat
of climate change and the social impact of food availability.
It is clear that to combat the impacts of climate change on food security, sustainable
implementation of novel agronomic methods will be necessary to face this new
challenge. If coupled with the development of crop species that are able to tolerate
harsher conditions, it is possible these devastating social and environmental changes
could be limited. Indeed, a plants’ ability to respond accordingly to environmental
stresses is paramount to its survival. In many cases plants have innate biological
mechanisms in place to sense and alleviate physiological pressure associated with
unfavourable growth conditions, such as the closure of stomates during drought or
an adaptive immune system (Miller et al., 2017; Agurla et al., 2018). In the wake of
climate change, it is necessary for plant research to identify measures for plants to
overcome growing environmental stresses to reduce overall crop losses.
Implementation of innovative biotechnologies will be paramount in combating food
insecurity.

1.4. Current understanding of the plant immune system
Plant species are at risk of infection by various phytopathogens encountered in the
air and soil. Unlike mammals which have evolved both an innate and
somatic/adaptive immune system, plants are required to defend themselves with an
entirely innate immune response. Jones & Dangl (2006) proposed a comprehensive
model for plant immunity commonly referred to as the ‘zig zag model’. This
categorises the plant immune system at two levels that explain how a plant is able to
sense, respond to and prevent colonisation of microbial invaders. These two levels
are known as pattern triggered immunity (PTI), and effector-triggered immunity
(ETI). More recent models of the plant immune system capture the dynamic
continuity of the defence response. The invasion model recently proposed by Cook
et al. (2015) for instance considers PTI and ETI together by integrating their
respective microbial elicitors (invasion patterns; IP) simultaneously. These molecules
6

are then detected by the plant to trigger an appropriate invasion pattern triggered
response. This model challenges the sequentiality of the zig-zag model which implies
immune responses are separately defined, despite many hallmarks of both being
common.

1.4.1. Pattern triggered immunity
PTI is effective against the majority of potential plant-invading microbes to prevent
their proliferation. Upon first contact, plants respond to potential pathogens at the
plasma membrane via pattern recognition receptors (PRRs), which bind highly
conserved, slow evolving microbe-derived ligands, known as microbe-associated
molecular patterns (MAMPs) (Jones & Dangl, 2006). These transmembrane receptors
themselves consist of an extracellular binding domain and an intracellular kinase
domain (Chisholm et al., 2006). Interestingly, PRRs and other immune receptor
complexes are highly specific, and bind only one MAMP, suggesting an immense level
of diversity within the plant genome to detect a wide variety of microbial patterns
(Zipfel, 2008). Characterisation of these PRRs and their respective MAMPs has been
a primary goal of plant pathologists since their discovery nearly 20 years ago (Zipfel,
2014). Gomez & Boller (2000) identified FLAGELLIN SENSING 2 (FLS2), a
transmembrane receptor essential for plant sensing of flagellin. In fact, a conserved
22 amino acid epitope of flagellin, flg22, is enough to elicit PTI via FLS2 (Felix et al.,
1999). Since this discovery many other PAMPs have been identified across multiple
kingdoms of life, including bacterial elongation factor Tu (EF-Tu) (Kunze et al., 2004),
b-glucans of oomycetes (Umemoto et al., 1997) and chitin, an essential carbohydrate
required for fungal cell walls (Kaku et al., 2006). Whilst the roles of these classical
MAMPs in eliciting immunity have been historically well studied, recent reports have
identified other PRRs whose role in initiating PTI is only just becoming clear, such as
the LIPOPOLYSACCHARIDE-SPECIFIC REDUCED ELICITATION (LORE) (Ranf et al., 2015;
Kutschera et al., 2019) and LYM1/LYM3 receptors (Willmann et al., 2011).
PRRs act in conjunction with co-receptors (Liu et al., 2012). The most common
example is BRASSINOSTEROID INSENSITIVE 1-ASSOCIATED KINASE 1 (BAK1), which
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instantaneously forms heterodimers with FLS2 or EF-Tu receptor (EFR) upon
respective ligand binding to positively regulate immune responses (Chinchilla et al.,
2007). Once ligand binding has occurred, both the PRR and BAK1 are phosphorylated
by BRASSINOSTEROID INSENSITIVE-1 (BRI1) and initiate a wide variety of intracellular
responses which act to suppress pathogen proliferation (Wang et al., 2008; Xu et al.,
2013). Primarily a series of MAP kinase and calcium-dependent protein kinase (CDPK)
cascades are activated (Asai et al., 2002), as well as the generation of reactive oxygen
species (ROS), trans-membrane calcium fluxes (Boller & Felix, 2009; Ranf et al., 2011)
and rapid changes in gene expression (Lewis et al., 2015). These downstream events
co-ordinate finely tuned molecular responses to stop microbial attack. For instance,
flg22 dependent stomatal closure is regulated by the lectin receptor kinases LecRKV.1 and LecRK-VII.1, which can limit the overall bacterial load inside the plant
(Melotto et al., 2006; Yekondi et al., 2018). Transcriptional changes can lead to the
synthesis of pathogenesis-related proteins (PRs) (Moghaddam et al., 2015), and antimicrobial compounds such as glucosinolates (Lewis et al., 2015; Xu et al., 2016),
which are then exocytosed into the apoplast via the ABC-type transporter PEN3
(Stein et al., 2006; Underwood & Somerville, 2013). Callose deposition also occurs
shortly after PRR activation which strengthens cell walls and allows the delivery of
these newly synthesised antimicrobials directly to the site of infection (Brown 1998;
Loon & Strien, 1999; Ellinger & Voigt, 2014). PTI is also able to induce the biosynthesis
of the defence hormones jasmonic acid (JA) and salicylic acid (SA) which have
regulatory roles in defence against necrotrophs and biotrophs respectively
(Glazebrook, 2005; Dempsey et al., 2011; Chang et al., 2017).
While PTI is effective in limiting the colonisation of the majority of microbes, some
pathogens have evolved various measures to suppress or conceal themselves from
the plant immune system, allowing them to infect plant tissues freely. One example
of how pathogenic organisms achieve this is through the secretion of proteins known
as effectors, which interfere with a multitude of host pathways in a fashion conducive
to the invader (Lo presti et al., 2015; Khan et al., 2018; Xie et al., 2019)
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1.4.2. Microbial effector proteins
Effector proteins are typically small secreted proteins utilised by microbes to change
the cellular environment of their host and suppress host immunity (Jones & Dangl,
2006; Cook et al., 2015). Plant pathogenic bacteria such as Pseudomonas syringae
pv. tomato or Xanthomonas campestris deliver these effectors via the type III
secretion system (T3SS), a needle like structure that functions like a syringe
(Abramovitch et al., 2006; Macho, 2015, Büttner, 2016). Due to advances in genomics
and sequencing technologies, bacterial genomes were found to encode between
15~30 effectors, which all contain a type III secretion signal (Jones & Dangl, 2006;
Cunnac et al., 2009; Matteï et al., 2011). Unlike bacteria, the strategies regarding
effector secretion from filamentous microbes such as oomycetes and fungi are less
clear. Generally, oomycetes generate structures known as haustoria which form
inside adjacent plant cells and are accommodated by the formation of a plant
extrahaustorial membrane (EHM) (Whisson et al., 2007). This structure allows the
transfer of effectors from the microbe to the extra-haustorial matrix either directly
or in vesicles, where they are presumably endocytosed by the plant by some
unknown mechanism (Micali et al., 2011; Presti & Kahmann, 2017). Some fungi are
also able to generate haustoria, whilst others form extra/intracellular hyphae which
are encapsulated by a host membrane similar to the EHM (Lo Presti et al., 2015).
Much like the type III secretion signal associated with bacterial effectors, oomycete
secreted proteins often have a conserved RxLR motif approximately 30 amino acids
downstream of the signal peptide, which is hypothesised to play a role in
translocation (Whisson et al., 2007; Anderson et al., 2015; Liu et al., 2019). It has
been proposed that RxLR effectors of oomycetes target EHM bound
PHOSPHATIDYLINOSITOL-3-PHOSPHATE (PI3P) to trigger endocytosis (Kale et al.,
2010), although this conclusion remains controversial as it was not reproducible
when effectors were tagged with RFP instead of GFP (Wawra et al., 2013). Others
postulate that this motif is required for either secretion or stabilisation in host cells
(Yaeno et al., 2011).The RXLR motif of the P. infestans effector AVR3a has been
shown to be cleaved in the pathogen ER prior to secretion for instance (Wawra et al.,
2017), in a mechanism similar to the PEXEL export motif of Plasmodium falciparum
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effectors. To date, fungal effectors have not been observed to carry conserved motifs
implicated in translocation or stabilisation in planta.
Classifying the molecular functions of effector proteins is another point of high focus
for plant pathologists, who seek to identify how they are able to suppress plant
immunity. Once secreted, effectors operate either within the apoplastic space or
within plant cells. One such example is the Psy effector HopAO1, which has tyrosine
phosphatase activity (Bretz et al., 2003). Upon elf18 binding, the EF-Tu receptor (EFR)
is phosphorylated at Y836 in order to activate downstream MAPK phosphorylation.
Macho et al. (2014) demonstrated that HopAO1 is able to reduce EFR
phosphorylation by up to 50%, which in turn limited MAPK activation and ROS burst,
ultimately leading to reduced resistance and enhanced bacterial colonisation.
Another example is the effector PexRD2 of Phytophthora infestans, the oomycete
responsible for potato late blight during the Irish famine. PexRD2 is able to directly
interact with the kinase domain of MAPKKKe, a positive regulator of defence
responses (Melech-Bonfil & Sessa, 2010). King et al. (2014) were able to show that
PexRD2 was able to inhibit kinase activity of MAPKKKe, which subsequently reduced
programmed cell death, an immune response designed to destroy invading microbes
by apoptosis of host cells. Effector proteins also operate in the apoplast and have
even evolved to operate synergistically. The Phytophthora sojae effector PsXEG1 for
instance is translocated from the oomycete and functions as a xyloglucan-specific
endoglucanase (Ma et al., 2015). To counteract the virulence promoting activity of
PsXEG1, the native host Glycine max secretes a glucanase inhibitor, GmGIP1, which
directly binds and inhibits PsXEG1. However, an additional PsXEG1 paralogue with no
enzymatic activity, PsXLP1, is also secreted by the pathogen; PsXLP1 has a higher
affinity to GmGIP1 than PsXEG1, and through competitive binding allows the
virulence of PsXEG1 to proceed uninhibited (Ma et al., 2017). An additional example
of an apoplastic effector is the LysM motif containing Ecp6 secreted by Cladosporium
fulvum, the fungal pathogen associated with tomato leaf mould. de Jonge et al.
(2010) were able to demonstrate that Ecp6 has a high affinity to short chain chitin
oligomers and is able to sequester these in the apoplast to inhibit chitin-induced
immunity in Nicotiana benthamiana and Solanum lycopersicum. Ecp6 operates in
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conjunction with Avr4, an additional C. fulvum effector which protects fungal cell
walls from host chitinases (van den Burg et al., 2006).
Effector proteins are not exclusive to pathogenic microbes, but are also secreted by
mutualists. The ectomycorrhizal fungus Laccaria bicolor establishes symbiosis with
the roots of Poplar trees (Populus trichocarpa) exchanging low-abundance nutrients
such as phosphate for carbon derived from photosynthesis. The L. bicolor effector
MYCORRHIZAL INDUCED SMALL SECRETED PROTEIN 7 (MiSSP7) has been shown to
be indispensable for the establishment of symbiosis (Plett et al., 2011). This is
because MiSSP7 targets P. trichocarpa JA signalling via JAZ6 to suppress immunity
and allow proper formation of the Hartig net, a complex fungal structure which
envelopes host cells allowing nutrient exchange (Plett et al., 2014).
In addition to protein effectors, an emerging field within plant-pathogen interactions
is the study of small RNAs (sRNA) effectors which are trafficked to the host and
interfere with transcription via the RNAi pathway. These sRNAs achieve this by
interacting with host ARGONAUTE (ARG) proteins and targeting complimentary RNA
sequences for degradation by the RNA INDUCED SILENCING COMPLEX (RISC)
(Ellendorff et al., 2008). To date, a sRNA repertoire silencing immunity associated
host genes has only been described in Botrytis cinerea and Verticillum nonalfalfae
(Weiber et al., 2013; Jeseničnik et al., 2019). Weiberg et al. (2013) identified several
B. cinerea sRNA effectors which were able to target MAPK and CELL WALLASSOCIATED KINASE (WAK) transcripts in Arabidopsis thaliana, enhancing host
susceptibility. It is likely that this virulence strategy is not exclusive to B. cinerea, as
RNA silencing is an ancient regulatory mechanism found in all eukaryotes (Wang et
al., 2015b).

1.4.3. Effector triggered immunity
To combat the cellular activities of pathogen effectors, plants have developed a
second level of defence referred to as effector triggered immunity (ETI). Whilst PTI is
initialised at the plasma membrane, ETI is often activated in the cytoplasm when an
effector or its activities are recognised by a specific host resistance (R) gene (Jones &
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Dangl, 2001). R genes encode polymorphic proteins commonly referred to as
NUCLEOTIDE BINDING LEUCINE RICH REPEAT (NB-LRR) proteins which bind effectors
via a series of cofactors and subsequent structural changes to initiate the second
level of defence. NB-LRRs can also activate ETI by recognising modifications mediated
by effector proteins under a so called ‘guard hypothesis’, responding to the activities
of effectors rather than effectors themselves (Jones & Dangl, 2006; Cui et al., 2014).
ETI results in a categorically faster and stronger immune response compared to PTI,
and often terminates in the hypersensitive cell death response (HR), where infected
cells activate a programmed cell death to stop invading pathogens (figure 1.3). When
an effector is shown to induce ETI, it is genetically redefined as an Avr (without
virulence) gene, as although their molecular functions may be conducive to
colonisation, these effectors define the specific recognition of the pathogen by the
host.
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Figure 1.3 The plant immune system. Conserved molecules known as PAMP/MAMPs are
detected by membrane bound PRRs or PRR cofactors which are able to initiate Patterntriggered immunity (PTI). Invaders secrete effector proteins (2) into plant tissues which
are able to perturb PTI (3) to achieve colonisation/ herbivory. Intracellular NB-LRR proteins
are able to form direct interactions with these effectors (4a), use decoy interacting
proteins to trap effectors (4b) or sense the molecular activities of effectors (4c) in order to
initiate effector-triggered immunity (5) which leads to a stronger response than PTI that
usually culminates an a hypersensitive response associated cell death (Dangl et al., 2013).

Avr effectors are subsequently under high levels of negative selection and can be lost
from the microbe genome, which may also evolve additional effectors which perturb
subsequent ETI responses. This gene-for-gene model or ‘arms race’ between
pathogen effectors and host R genes has been at the forefront of plant immunity
since the first R gene was cloned over 25 years ago (HM1; Johal & Briggs, 1992;
Kourelis & Hoorn, 2018). A well characterised NB-LRR capable of inducing ETI through
indirect perception of effector activity is RPM1. In brief, the P. syringae effectors
AvrRPM1 and AvrB phosphorylate RPM1 INTERACTING PROTEIN 4 (RIN4) by
recruitment of RIPK kinase in A. thaliana (Mackey et al., 2002). This phosphorylation
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reduces the affinity of RIN4 to ROTOMASE CYP1 (ROC1), resulting in a conformational
change to the RIN4 protein which is perceived by RPM1, initiating ETI (Li et al., 2014).
By activating immunity indirectly, the plant is able to respond to AvrB and AvrRPM1
based on their biochemical function, and not structure. As a result, point mutations
which might prevent the direct perception of these effectors do not limit the plants
ability to respond to them, illustrating the remarkable ingenuity of evolution. As well
as these NB-LRR pairs which operate under the guard hypothesis, other R proteins
with alternate roles in immunity have been reported. The class of helper NLRs was
first identified by Bonardi et al. (2011), who were able to show that the ADR1 family
of receptors contribute to immunity through non-canonical means. Constitutive
expression of mutated ADR1 (ACTIVATED DISEASE RESISTANCE 1) which could no
longer bind ATP did not abolish resistance to H. arabidopsidis or P. syringae, whilst
adr1 triple mutants were more susceptible. The authors postulated that the ADR1
family of NB-LRRs contribute to the immune response as signalling scaffolds which
regulate signal transduction leading to the accumulation of the pivotal defense
hormone, salicylic acid (Bonardi et al., 2011). Helper NB-LRRs have also been
reported in S. lycopersicum and have been shown to act as core immunity hub genes
which sense perturbations in immune signalling (Wu et al., 2016; Zhang et al., 2017c).
Recent ground-breaking structural studies implementing cryo-electron microscopy
have shown the oligomerisation of the NB-LRR HOPZ-ACTIVATED RESISTANCE 1
(ZAR1) contributes to ETI through a structure referred to as the ‘resistosome’ (Wang
et al., 2019a; Wang et al., 2019b). In its inactive state, resistosome subunits comprise
a ZAR1 and RKS1 (RESISTANCE-RELATED KINASE 1), which is stabilised through the
binding of ZAR1 to ADP. The resistosome is activated when the Arabidopsis PBL2
(PROBABLE SERINE/THREONINE KINASE 2), a paralogue of BIK1, is uridylylated by the
X. campestris effector AvrAC (Wang et al., 2015a), which interacts directly with RKS1.
Structural changes mediated by this interaction release ZAR1 bound ADP and allow
the subsequent binding of either dATP or ATP. This induces the exposure of an
otherwise buried N-terminal a-helix which supports oligomerisation of the ZAR1
resistosome (Wang et al., 2019b). This structure then associates with the plasma
membrane through a funnel-shaped dorsal projection, and is able to elicit cell death.
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Although mutagenized versions of ZAR1 were still able to assemble into the
resistosome, plants expressing these mutant proteins lost resistance to X. campestris
and were unable to activate HR (Wang et al., 2019b). These pioneering studies have
massive implications for the future of our understanding of ETI, as other studies have
shown NB-LRRs are able form oligomers (Mestre & Baulombe, 2006; Schreiber et al.,
2016).

1.4.4. The role of phytohormones in immunity
Classical plant hormones include auxins (AUX), abscisic acid (ABA), cytokinin (CK),
gibberellic acid (GA), ethylene (ET), jasmonic acid (JA) and salicylic acid (SA). Whilst
there is an exceptional level of crosstalk between these hormones and how they
finely tune plant behaviours, they are all traditionally accepted to control respective
pathways (Shigenaga & Argueso, 2016; Verma et al., 2016). In a very simplified
model, AUX, CK and GA play fundamental roles in growth at the cell division and
expansion levels (Qi et al., 2014; Schaller et al., 2015; Olatunji et al., 2017; Su et al.,
2017), ABA controls germination and responses to abiotic stresses (Bewley, 1997;
Gubler et al., 2005; Kohli et al., 2013), whilst ET, JA and SA co-ordinate the plant
defence response (Thomma et al., 1998; Robert-Seilaniantz et al., 2011; Shigenaga &
Agueso, 2016). It is generally accepted that the ET/JA branch of immunity controls
responses to necrotrophic organisms and herbivory, whilst SA inhibits biotroph
infection and is responsible for systemic acquired resistance (SAR) (Durant & Dong,
2004; Yang et al., 2015; Zhang et al., 2017b). SAR is able to promote biotic stress
responses in distal leaf tissues by ‘priming’ them for attack in the near future. Disease
resistance can also be induced through the ET/JA branch of immune signalling (Nie
et al., 2017; Pangesti et al., 2016; Yuan et al., 2019); induced systemic resistance (ISR)
is usually associated with the colonisation of symbiotic root microbes which confer
general biotic stress resistance to plant hosts (Jung et al., 2012; Pieterse et al., 2014).
The mechanism by which JA controls defence responses has been well categorised.
In brief, jasmonic acid responsive genes are negatively regulated by JASMONATEZIM-DOMAIN (JAZ) transcription factors which hold genes in a heterochromatic state
(Thines et al., 2007). This subsequently prevents binding of RNA polymerase due to
15

steric inaccessibility. During biotic threat or wounding of plant tissues, a series of
enzymatic reactions metabolise chloroplast derived a-linolenic acid into the
biologically active jasmonates iso-jasmonoyl-1-isoleucine (JA-Il1) and methyljasmonic acid (MeJA) (Seo et al., 2001; Staswick & Tiryaki, 2004), which act as core
signalling components of the JA pathway. Accumulation of MeJA by over-expressing
the enzyme controlling its turnover, JA-CARBOXYL-METHYLTRANSFERASE (JMT), led
to a significant increase in resistance to the biotroph B. cinerea as well as an induction
of JA responsive genes (e.g. PLANT DEFENSIN 1.2; PDF1.2) (Seo et al., 2001). JA-Ile is
sensed by the JA receptor CORONATINE-INSENSITIVE-1 (COI1), which operates as an
E3 ligase and can poly-ubiquitinate JAZ proteins in the presence of these JA
derivatives (Xu et al., 2002). This targets these proteins for degradation via the 26S
proteasome, allowing JA responsive genes to enter a state of heterochromatin
where, for instance, MYC2 as a master JA regulator is able to activate transcription.
coi-1 mutants of Arabidopsis are hence compromised in JA responses and are
hypersusceptible to necrotrophic pathogens such as Alternaria brassicicola and B.
cinerea (Thomma et al., 1998).
SA also plays a pivotal role in coordinating the plant defence response, during both
PTI and in the establishment of SAR in distal plant tissues during infection (Gaffney
et al., 1993). SA responses are controlled initially via NON-EXPRESSOR of
PATHOGENESIS RELATED GENES-1 (NPR1), which under basal conditions exists
cytoplasmically as a complex of oligomers (Kinkema et al., 2000; Tada et al., 2008).
During pathogen attack, SA bioaccumulation and ROS generation leads to changes in
the redox status of stressed cells resulting in the reduction of disulphide bridges
between subunits of the NPR1 complex (Mou et al., 2003). This leads to
conformational changes, releasing NPR1 monomers which translocate to the nucleus
and act as cofactors of transcription, inducing the expression of defence genes such
as PATHOGENESIS RELATED 1 (PR1). NPR1 is additionally controlled at the protein
level by the paralogous SA receptors NPR3 and NPR4, which bind SA and target NPR1
for degradation by the 26S proteasome (Fu et al., 2012; Liu et al., 2016; Ding et al.,
2018). This turnover of NPR1 under immunity has been shown to contribute to SAR
and the hypersensitive response as NPR1 suppresses cell death (Rate & Greenburg,
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2001). It has been shown that NPR1 is a target of AvrPtoB, a P. syringae effector with
E3 ligase activity. Chen et al. (2017) were able to show that AvrPtoB interacts with
NPR1 with increasing affinity in the presence of SA. The stabilisation of this
interaction results in the polyubiquitination of monomeric NPR1 by AvrPtoB,
targeting it for degradation by the 26S proteasome. This exceptionally elegant
mechanism perturbs both PTI and SAR, allowing the biotroph to proliferate more
freely with reduced cost to the pathogen.
Not only is disease a major contributor of crop loss, during times of active immunity
plants exhibit reduced growth (Herms & Mattson, 1992). This was initially thought to
be due to resource trade-offs; where allocation to cellular processes ensuring
survival are prioritised over vegetative growth (Heil & Baldwin, 2002; Brown, 2003).
However, emerging reports have demonstrated this phenomenon can be uncoupled
allowing simultaneous growth and defence responses (Eichmann and Schäfer, 2015).
Of particular interest in this context is the JA pathway, which regulates both growth
and immunity and could act as a mediator between both reponses (Campos et al.,
2016). Identifying ways of enhancing the plant immune system without
compromising growth is therefore an important consideration to breeders and
pathologists alike.

1.5. The mutualistic endophyte Serendipita indica
Although all plant colonising microbes are challenged by the host immune system,
not all plant invaders cause disease. Beneficial fungi and bacteria are ubiquitous in
the rhizosphere which develop symbiotic relationships with their plant hosts; such
interactions are widespread in terrestrial plant species (van der Heijden et al., 1998)
and were vital for the migration of early plants from the oceans to land (Simon et al.,
1993). At the core of these relationships is nutrient exchange. Arbuscular mycorrhizal
fungi (AMF) of the phylum Glomeromycota for instance supply additional nitrogen,
phosphate (Pi) and water to colonised plant roots in exchange for up to 20% of
photosynthetically fixed carbon sources (Parniske, 2008). Bacteria are also capable
of mutualism. Legumes of the family Fabaceae have established symbiosis with
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Rhizobia spp. which induce formation of root nodules where these bacteria fix
atmospheric nitrogen in exchange for plant derived carbohydrates (Jones et al.,
2007). In many instances, these symbioses enhance host plant fitness by increasing
nutrient availability, and tolerance to biotic and abiotic stresses, thought to be a
result of the microbe ensuring the survival of its nutrient source (Pozo & AzcónAguilar, 2007). Some Trichoderma spp. for instance are able to induce both local and
systemic resistance to a variety of plant pathogens, whilst simultaneously improving
growth of their host (Harman et al., 2004).
Other mycorrhizal fungi with protective properties have also been reported.
Serendipita indica (formerly Piriformospora indica) is an endophytic fungus of the
order Sebacinales, first identified in the Indian Thar Desert in 1997 (Verma et al.,
1998; Varma et al., 1999). S. indica and related species are found ubiquitously in soil
throughout the world and are able to colonise a broad variety of plant species (Weiss
et al., 2011; Qiang et al., 2012). S. indica is axenically cultivatable and can establish
symbioses with both monocotyledonous and dicotyledonous species, including the
model plant Arabidopsis thaliana (Pham et al., 2008). Plants colonised by the fungus
experience a multitude of benefits including drought resistance (Sun et al., 2010),
disease resistance (Deshmukh et al., 2007; Stein et al., 2008) and increases in growth
and final yield (Deshmukh et al. 2006, Achatz et al., 2010). The fungus has also been
shown to reduce the effects of immunity elicited growth suppression. This
phenomenon is hypothesized to be the result of cross-talk between the hormone
signals which control immunity and growth at the root meristem (Jacobs et al., 2011;
Eichmann and Schäfer 2015). Due to its prevalence and compatibility in a laboratory
setting, significant attention has been paid to this endophytic symbiont over the last
two decades.
Like AMF, S. indica plays a fundamental role in nutrient exchange. For instance,
Sherameti et al. (2005) report massive assimilation of nitrate from media to shoot
tissues in S. indica colonised Nicotiana tobaccum and Arabidopsis. Yadav et al. (2010)
identified a fungal Pi transporter which through radioactive Pi labelling experiments
was shown to transfer soil Pi to the plant via the fungus, an indispensable process for
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growth promoting effects. Interestingly however, much of the literature focuses on
the unique S. indica biphasic colonisation strategy, which starts biotrophically before
initiating a symptomless cell death phase (Deshmukh et al., 2006; Jacobs et al., 2011).
Upon first contact with the plant root, S. indica forms an extracellular ‘hyphal mat’.
When some critical mass is achieved, the fungus penetrates rhizodermal and cortex
cells whilst extracellular hyphae continue to envelope root structures (Jacobs et al.,
2011). Maturation of colonised roots supports a quantifiable increase in fungal
biomass, particularly in the elongation and root hair zones (Deshmukh et al., 2006).
Full colonisation is finally established by the fungus when it actively kills some
colonised cells in a mechanism distinct from HR associated with pathogen infection
and ETI (Schäfer et al., 2007; Qiang et al., 2011).

b

Figure 1.4 Serendipita indica colonisation of barley roots. (a) Wheat germ agglutinin
tetramethylrhoadmine stained barley root tip infested with S. indica 8dai. Significant
hyphal growth can be observed in the differentiation zone. (b) Schematic detailing cell
specific colonisation pattern of roots by S. indica. Blue nuclei indicate those of host cells;
red indicates hyphae. Adapted from Deshmukh et al., 2006.

It is hypothesised this programmed cell death is necessary for fungal sporulation
(Qiang et al., 2011). The precise mechanism behind S. indica-induced cell death and
indeed colonisation in general are still unclear. Qiang et al. (2012) indicate the
significance of the endoplasmic reticulum (ER) and the unfolded protein stress
response pathway (UPR) in the colonisation and cell death strategies of the fungus.
During later stages of infection, the ER of colonised cells begins to swell, indicating
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the termination of biotrophic colonisation and the beginning of the cell death phase
(Qiang et al., 2012; Lahrmann et al., 2015). The UPR markers bZIP60 and bZIP28 were
suppressed by the fungus, whilst colonised plants were hypersusceptible to the ER
stress inducer tunicamycin, suggesting the UPR is compromised during later stages
of S. indica colonisation (Qiang et al., 2012; Banhara et al., 2015).
S. indica also perturbs several plant hormone pathways, which have been attributed
to both its effective colonisation strategy and the enhancement of plant fitness. For
example, Lee et al. (2011) were able to attribute growth promotion under S. indica
in Chinese cabbage (Brassica campestris subsp. chinensis) to the induction of auxin
transport genes such as AUX1. Overexpression of BcAUX1 in Arabidopsis led to
growth promotion comparable but not equivalent to that of S. indica colonised
cabbage. Interestingly, S. indica has been shown to secrete INDOLEACETIC-ACID (IAA)
in liquid culture, an active metabolite of auxin signalling (Sirrenberg et al., 2007),
although the significance of this in enhancing plant fitness is considered minimal (Lee
et al., 2011). Hilbert et al. (2012), showed that production of IAA by the fungus

Figure 1.5 Serendipita indica (formerly Piriformospora indica) mediates changes to
colonised cells. Root cells colonised by the root endophyte S. indica experience a
multitude of metabolomic, transcriptional and regulatory changes which could explain
the symbiosis. Of particular significance is the increased scavenging of ROS and targeting
of defence hormone pathways JA and ET. These changes lead to enhanced growth and
enhanced plant tolerance to biotic and abiotic stress factors (Gill et al., 2016).
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contributes to colonisation during the early biotrophic phase. Through
transcriptional analysis of S. indica colonised barley, the authors identified the gene
SiTam1 as a major contributor to secreted IAA. DSiTam1 mutants were no longer able
to synthesise IAA and were less effective at colonising barley roots but were
nonetheless still able to induce growth promotion. It was therefore suggested that
auxin derivatives of fungal origin do not contribute to enhancing host fitness, but are
necessary compatibility factors required for colonisation.
In recent years it has become clear that S. indica depends on the JA and ET signalling
pathways to establish symbioses in different hosts. Arabidopsis mutants in the ET
master regulator ETHYLENE INSENSITIVE 3 for instance can be colonised, but do not
show promoted growth by S. indica (Camehl et al., 2010), which is also able to induce
1-aminocylopropane-1-carboxylic acid (ACC) bioaccumulation. ACC is a metabolic
precursor to ET, and whilst its presence in media did not affect fungal biomass in
barley (Hordeum vulgare L.) roots, similar experiments with the ET receptor agonist
1-methylcyclopropene reduced colonisation by up to 50% (Khatabi et al., 2012).
Taken together these results suggest ethylene signalling is a core component in S.
indica colonisation and the establishment of symbioses. This dependence on ET is
consistent with findings of Stein et al. (1998) who reported JA as similarly
indispensable for fungal colonisation and symbiosis. Whilst S. indica colonised NahG
and npr1-3 (NONEXPRESSOR OF PR1) Arabidopsis mutants compromised in SA
bioaccumulation and responses were still resistant to the powdery mildew
Golovinomyces orontii, jar1-1 (JASMONATE RESISTANT 1) and jin1-1 (JASMONATE
INSENSITIVE 1) mutants lost all resistance to the biotroph when also colonised by the
fungus. These results are supported by Jacobs et al. (2011) who found no difference
in fungal biomass of npr1-3 seedlings, but markedly reduced colonisation in jin1-1
and jar1-1 mutants. These changes in plant tolerance of the fungus were attributed
to the reduced suppression of SA in JA mutants, which inhibit S. indica during
biotrophy. Taken together these results suggest S. indica recruits JA signalling to
proliferate fully and induce systemic resistance.
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Identifying the mechanisms by which S. indica confers biotic and abiotic stress
tolerance to its host has been a priority of those studying this symbiosis. In addition
to changes in phytohormone signalling, it has been postulated this is attributed to
the antioxidant status of colonised cells. Multiple studies reported an increase in
antioxidative potential and changes to ROS burst activities when plants subject to
stress are colonised by the endophyte (Sun et al., 2010; Jacobs et al., 2011;
Baltruschat et al., 2008). Most plant stresses result in the generation of ROS, which
are necessary for signalling events associated with responding to these stresses
effectively (Baxter et al., 2014). However, delayed scavenging of ROS can have
deleterious effects on plant fitness, and in mammals are implicated in different
cancers (Liou & Storz, 2010). Waller et al (2005) showed elevated levels of ascorbate,
a major ROS scavenger, in S. indica treated barley. Plants also had 2-fold induction of
DEHYDROASCORBATE REDUCTASE (DHAR) transcript, an ascorbate recycling enzyme.
Similar results were observed by Baltruschat et al. (2008), who noted ascorbic aciddependent protection of NaCl treated barley when colonised by S. indica. By reducing
ROS half-life in the cell, the authors proposed a mechanism whereby the fungus
protects the plant from itself. This protective measure ensures the fungus does not
come to harm as a result of the plants own efforts to defend itself from pathogens
and harmful environmental conditions.
A potential mechanism by which S. indica achieves these cellular changes might be
through the action of effector proteins. For instance, it has already been shown that
the effector PsCRN115 secreted by Phytophthora sojae is capable of conferring
disease, salt and drought tolerance by deregulating the expression of heat shock
proteins and CYTOCHROME-P450 (Zhang et al., 2015). Zuccaro et al. (2011)
successfully sequenced the S. indica genome, revealing 386 small secreted protein
(SSP) sequences during the colonisation phase of barley roots. These putative
secreted proteins represent 10% of genes induced during the barley-fungus
interaction and are characterised by a lack transmembrane domains and the
possession of N-terminal signal peptides. In addition, many SSPs identified by
Zuccaro et al. (2011) had a C-terminal DELD motif, through which BLAST analyses
revealed is present in the sequences of other fungal effectors. Although the biological
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significance of this domain is unclear, it is hypothesised to play a role in uptake by
the host after secretion by the microbe (Liu et al., 2019).
Some studies have already demonstrated S. indica effector candidates that alter the
host environment and plant immune responses. The apoplast localised PIIN_01005
is an ecto-5’-nucleotidase (SiE5’NT) for instance, which has been shown to catalyse
the hydrolysis of extracellular ATP (eATP) (Nizam et al., 2019). eATP is an important
signalling component in plant immunity (Tripathi et al., 2018). As such, Arabidopsis
lines stably expressing SiE5’NT were significantly more susceptible to infection by S.
indica and the pathogen Colletotrichum incanum. In addition, computational
simulations predicted that SiE5’NT activity in the apoplast releases Pi for other plant
metabolic processes. The authors proposed that by catalysing the release of Pi from
eATP, SiE5’NT is able to simultaneously dampen initial immune signals for
colonisation and increase the availability of Pi to the plant.
Other putative S. indica effectors which support colonisation have also been
reported. Akum et al (2015) highlighted the importance of the uncategorised
PIIN_08944 in suppressing early immune responses such as the ROS burst and flg22induced transcriptional changes. DPIIN_08944 S. indica mutants were less able to
colonise both Arabidopsis and barley, whilst plants challenged by the biotrophic
powdery mildew Hyaloperonospora arabidopsidis were more susceptible when
PIIN_08944 was constitutively expressed. Conversely, Arabidopsis and barley plants
expressing this protein showed no altered phenotype when challenged by B. cinerea,
suggesting a role for this effector in suppressing SA related defence signalling. Fungal
Glucan Binding-1 (FGB1; PIIN_03211) is another protein secreted by the fungus with
an implicit role in suppressing immunity. b-glucans are one of the most abundant
polysaccharides present in fungal cell walls. Although b-1,3-glucan is also present in
plant cell walls, specific covalent b-1,6-glucan linkages are unique to fungi, and hence
are a potential MAMP. Plants secrete hydrolytic enzymes in response to invaders
which digest fungal derived b-glucans which are then able to trigger PTI through PRRs
(Umemoto et al., 1998). Wawra et al. (2016) were able to show that FGB1 is secreted
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at the interface between S. indica hyphae and host cells, where it disrupts b-glucan
associated immunity. By binding to b-1,6-glucans, FGB1 is able to strengthen fungal
cell walls and limit the enzymatic activity of plant derived glucanases; FGB1 was able
to attenuate ROS burst responses triggered by laminarin, a b-1,6-glucan, in both
barley and Arabidopsis, as well as promote root colonisation by S. indica in both
species.

1.6. Project aims
Relative to those of pathogenic organisms, our understanding of mutualist effectors
is limited. Exploring the biochemical roles of these proteins is therefore an excellent
opportunity to enhance our understanding of molecular plant-mutualist interactions.
The main purpose of the research presented as part of this thesis is to understand
how the mutualistic endophyte Serendipita indica uses effectors to confer biotic
stress resistance to the model plant Arabidopsis thaliana. By studying these secreted
proteins, we hope to advance our knowledge of how the fungus colonises plant roots,
and also evaluate how these proteins might be used to enhance host fitness. By using
S. indica effectors as tools to deconstruct plant signalling pathways, it may be
possible to propose novel mechanisms that prime plants against the threat of
environmental stresses. These could then be tested by implementing synthetic
biology approaches in the future.
The main aim of this project was to categorise the functions of a starting list of 150
S. indica effector candidates (hereby referred to as SIEs) which were identified using
RNA sequencing by a previous member of the Schäfer lab (see chapter 2.4.4). Three
distinctive strategies were used to elucidate the molecular roles of these putative
effectors to narrow down a list of proteins with promising roles enhancing plant
fitness, with an emphasis on the induced systemic resistance phenotype observed
during S. indica colonisation. In addition, we also aimed to demonstrate mutualist
effectors are viable tools for exploring plant signalling events which could lead to
beneficial phenotypes at the whole plant level.
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Primarily, a Yeast-2-Hybrid (Y2H) pipeline was employed to identify the interactions
between these 150 SIE candidates and a library of 12,000 Arabidopsis proteins. Plant
protein targets will be assembled into a network of binary interactions and compared
with published plant-pathogen effector interaction networks (Mukhtar et al., 2011;
Wessling et al., 2014). In addition, the biochemistry and cell biology of SIEs will be
explored by identifying their sub-cellular localisations in the model plant Nicotiana
benthamiana and assessing their ability to modulate markers for defence signalling
in Arabidopsis leaf protoplasts, as well as confirm interactions identified by Y2H.
Finally, promising candidates are selected based on results of these first two screens
in planta to identify phenotypes with respect to growth promotion and defence
hormone signalling.

1.7. Synopsis of thesis
The findings presented herein can be summarised into three distinct results chapters
based on three screening platforms for identifying beneficial fungal effectors. In
chapter 3, the S. indica – Arabidopsis interactome is presented, which was generated
using a Y2H interaction screen between 150 SIEs and 12,000 Arabidopsis proteins.
Next, the similarities and differences between this mutualist-interactome and
published pathogen-interactome data is explored to identify network specificities
that are significant for colonisation strategies of a symbiont vs those of pathogens.
In chapter 2, a high-throughput screen in protoplasts is implemented to identify how
these 150 SIEs modulate the activities of two defence markers, JAZ10 and WRKY70.
For further validation, effectors are localised in Nicotiana benthamiana using YFPfusion constructs and Agrobacterium-mediated transformation, as well as analysed
for their interaction with host proteins using co-immunoprecipitation. Finally, in
chapter 5, the strongest modulators of pJAZ10 and pWRKY70 are stably expressed in
Arabidopsis and phenotyped for their sensitivity to jasmonic and salicylic acid. The
results from all three chapters is considered to narrow down effector candidates with
the potential to enhance plant fitness and biotic stress tolerance.
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Chapter 2: Materials and methods
2.1. Materials
2.1.1. Plant materials
Unless stated otherwise, Arabidopsis thaliana ecotype Col-0 was used. All mutants
used were in the Col-0 background. Adult plants were acquired by sowing Col-0 seeds
in damp Arabidopsis mix (compost/sand/vermiculite (6:1:1) with Intercept) and
stratified in the dark at 4°C for 2-3 days. Seedlings were germinated in a controlled
environment (Aralab) held at 22°C and 60% humidity with a short day (12 h) light
cycle (100 μmol m-2 s-1 light intensity. After 10-14 days seedlings were transferred
to individual pots containing Arabidopsis mix soil.
Wild type N. benthamiana seeds (gift from Dr. Sophie Piquerez) were sown in damp
F2 compost, covered and immediately placed in a growth chamber. Plants were
grown at 22°C and 60% humidity with a long day (12 h) light cycle (100 μmol m-2 s-1
light intensity). After 10-14 days seedlings were transferred to individual pots
containing M2 soil.
Table 2.1 Arabidopsis genotypes and mutants used in this thesis.

Name

Gene

Mutation type

Source

Columbia (Col-0)

-

-

-

SAIL_420_E12
SALK_124095C
SALK_017916C
SALK_027705
SALK_011491C

Unknown
(AT4G17680)
ASIL1
(AT1G54060)
NLM1
(AT4G19030)
CSN5A
(AT1G22920)
TCP15
(AT1G69690)

T-DNA insertion
T-DNA insertion
T-DNA insertion
T-DNA insertion
T-DNA insertion

Gomez-Gomez et
al 2000
Gomez-Gomez et
al 2000
Gomez-Gomez et
al 2000
Gomez-Gomez et
al 2000
Gomez-Gomez et
al 2000

SALK_038489C

CRF1
(AT4G11140)

T-DNA insertion

Gomez-Gomez et
al 2000

Various

Various SIEs

overexpression
(CaMV35S::HA-SIE)

Schäfer group
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2.1.2. Plant growth media
2.1.2.1. Arabidopsis thaliana salts (ATS) medium (Lincoln et al., 1990)
5 mM KNO3, 2.5mM KH2PO4 buffered with 2.5 mM K2HPO4 to pH 5.5, 2
mM MgSO4, 2 mM Ca(NO3)2, 70 μM H3BO4, 50 μM FeEDTA, 14 μM MnCl2, 10
μM NaCl, 1 μM ZnSO4, 0.5 μM CuSO4, 0.2 μM NaMoO4, 0.01 μM CoCl2 and
0.45% w:v Gelrite® (Duchefa Biochemie, Netherlands).
2.1.2.2. ½ Murashige and Skoog (MS) medium
0.21% w:v MS powder (Merck), 2.5 mM MES hydrate adjusted to pH 5.7 with
1 M KOH, and 0.7% w:v phytoagar (Duchefa Biochemie, Netherlands).

2.1.3. Escherichia coli growth and transformation
Chemically competent ccdB resistant DH5a/Top10 E. coli cells were generated by
inoculating 5 ml LB with a colony grown on LB agar. This culture was shaken at 220
rpm overnight at 37°C. 800 µl of this culture was used to inoculate 400 ml LB, which
was incubated similarly until the OD600 reached 0.5. Cultures were cooled and
pelleted at 3000 g, 4°C for 15 min. Pelleted cells were washed in sterile, ice cold
CCMB80 buffer (10% glycerol v:v, 10 mM KAc, 80 mM CaCl2•2H2O, 10 mM
MgCl2•6H2O, 20 mM MnCl2•4H2O, pH 6.4). Cells were pelleted at 3000 g, 4°C, 15 min
and resuspended in 5 ml CCMB80 buffer. Cell suspensions were aliquoted and flash
frozen in liquid N2.
50 µl competent cells were thawed and mixed with 50 ng plasmid DNA. Cell mixtures
were kept on ice for 30 min and then incubated at 42°C for 1 min. 200 µl LB were
then added and cell mixtures were shaken at 220 rpm, 37°C for 1 h. Cells were
pelleted at 3200 g, 25°C for 2 min and most of the supernatant removed. Cells were
resuspended and spread over LB agar plates containing appropriate selective
antibiotics to incubate overnight at 37°C. Positive colonies were selected by PCR (see
chapter 2.2.2.).
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2.1.4 Agrobacterium tumefaciens growth and transformation
Chemically competent GV3101 A. tumefaciens cells were generated by inoculating
5ml YEB (per litre; 5 g beef extract, 1 g yeast extract, 5 g peptone, 5 g sucrose, 0.5 g
MgCl2) with a colony grown on YEB agar This culture was shaken at 220 rpm overnight
at 28°C. 2 ml of this culture was used to inoculate 50 ml YEB, which was incubated
similarly until the OD600 reached 0.7. Cultures were cooled and pelleted at 3200 g,
4°C for 5 min. Pelleted cells were resuspended in 1 ml ice cold CaCl2 (20 mM). Cell
suspensions were aliquoted and flash frozen in liquid N2.
25 µl competent GV3101 cells were thawed and mixed with 200 ng plasmid DNA. Cell
mixtures were sequentially incubated on ice, in liquid N2 and at 37°C for 5 min
respectively. 1 ml YEB was added and cell mixtures were shaken at 220 rpm, 28°C for
3 h. Cells were pelleted at 3200 g for 2 min and most of the supernatant removed.
Cells were resuspended and spread over LBA plates containing appropriate
antibiotics to incubate overnight at 28°C. Positive colonies were selected by PCR (see
chapter 2.2.2.).

2.1.5. Agrobacterium-mediated transient transformation of N. benthamiana leaves
Transient expression of proteins of interest was achieved through transformation of
N. benthamiana leaves with A. tumefaciens containing expression constructs. In
short, 10 ml overnight cultures of expression construct-containing A. tumefaciens
were inoculated and grown with appropriate antibiotics. Cells were pelleted at 3500
g for 8 min and resuspended in infiltration buffer (10 mM MES hydrate, pH 5.7, 10
mM MgCl2, 100 nM acetosyringone (Merck)). The OD600 was measured and adjusted
to 0.4 for infiltration. For experiments requiring multiple constructs to be expressed
in the same leaf tissue, adjusted cultures were mixed at equal volumes to maintain
an OD600 of 0.4. Bacteria containing the construct for the RNA degradation
suppressor, p19, were present in all infiltrates. Four to five-week-old plants were
used, with the oldest leaves being infiltrated on both sides of the vasculature bundle.
Infiltrated tissue was harvested 2-3 days after infiltration (dai) for either protein
extraction or microscopic analysis.
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2.1.6. Constitutive transformation of Arabidopsis
Effector open reading frames (ORFs) were cloned into 35S::HA- fusion vectors
containing a BASTA resistance gene and transformed into A. tumefaciens strain
GV3101. Overnight cultures were centrifuged at 3,000g for 10 min and resuspended
in infiltration buffer (10 mM MES hydrate, pH 5.7, 10 mM MgCl2) to an OD600 of 0.4.
T0 Arabidopsis ecotype Col-0 plants were painted with cell suspensions of these
bacteria as the plants began to bolt. T1 seeds were germinated in Arabidopsis mix
soil and positive transformants were selected for by BASTA treatment (10 µg/ ml).
Three positive independent lines for each effector were propagated for genotyping.
T2 seeds generated by these plants were used for subsequent phenotyping
experiments.

2.2. Molecular biological methods
2.2.1. Gateway™ cloning
ORFs of genes of interest were sub-cloned from entry vectors into destination
vectors using the Gateway™ system (Invitrogen). 25 ng of entry and 40 ng of
destination plasmid were combined with 0.5 µl LR Clonase™ enzyme mix (Invitrogen)
in a reaction volume of 2.5 µl and incubated at 25°C for 1 h. This reaction mixture
was then transformed into chemically competent E. coli (Top10) cells, which were
selected for with appropriate antibiotics.

2.2.2. Polymerase chain reaction
The KAPA Taq PCR Kit (KAPA Biosystems) was used to amplify DNA fragments from
bacteria or plant material (gDNA/cDNA template). A single bacterial colony picked
from a transformation selection plate or 2 µl of gDNA were used as template in the
PCR reaction mixture (template, 100 µM dNTPs, 1x buffer, 500 nM primer 1, 500 nm
primer 2, 0.05% KAPA Taq Polymerase) to a final volume of 25 µl. Various
Thermocycler programs were used depending on primer annealing temperature and
amplicon size (please refer to supplementary table 2.2 for a list of primers used in
this project). PCR products were analysed by agarose gel electrophoresis.
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2.2.3. Agarose gel electrophoresis
In order to analyse PCR products, samples were separated according to size via
agarose gel electrophoresis. Gels were made using TAE buffer (40 mM Tris base, 20
mM acetic acid, 1 mM EDTA) supplemented with 1% w:v agarose (Hi-Res Standard
Agarose, AGTC Bioproducts) and stained with GelRed® (Biotium Inc). Samples were
loaded in 10x loading dye and a 1 kb Plus ladder (Invitrogen) was used as a molecular
weight marker. Gels were imaged using a G:BOX F3 gel imager (Syngene).

2.2.4. Plasmid preparation
Cultures were inoculated with bacteria containing plasmid DNA of interest and
shaken overnight at 220 rpm, 37°C. The GeneJet Plasmid Miniprep (Thermo Fisher
Scientific) or ZymoPURE™ Plasmid Midiprep (Zymo Research) kits were used to
harvest plasmid DNA from liquid cell cultures according to manufacturer guidelines.
S. indica effector ORFs were synthesised by GeneArt™ and cloned into pDonr221.
Table 2.2 Plasmids used in this thesis
Name

Class

Details

Antibiotic

pEG104

pDest

35S::YFP-

Kanamycin

pEG201

pDest

35S::HA-

Kanamycin

pEG202

pDest

35S::FLAG-

Kanamycin

pDonr207

pDonr

-

Gentamycin

pDonr221

pDonr

-

Kanamycin

pBiFC1

pDest

35S::YFPn-

Spectinomycin

pBiFC2

pDest

35S::YFPc-

Spectinomycin

2.2.5. RNA Extraction
Tissue from Arabidopsis seedlings grown on ½ MS was flash frozen and ground in
liquid N2 using a motorised pestle and mortar. 100 mg of tissue was vortexed with 1
ml of TRIzol® Reagent (Invitrogen) and 200 µl of chloroform. Samples were
centrifuged at 21,000 g for 30 min at 4°C. The aqueous phase of the separation was
incubated overnight with 100% isopropanol at -20°C. RNA was pelleted by
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centrifugation at 21,000 g for 50 min at 4°C. Pellets were washed with 70% ethanol
and dissolved in 20 µl RNAse free water.

2.2.6. cDNA synthesis
2 μg RNA were digested in the presence of RiboLock RNase Inhitior (Thermo Fisher
Scientific) by incubating in DNAse I (Thermo Fisher Scientific) at 37°C for 30 min to
remove gDNA. The reaction was stopped by adding 50mM EDTA. cDNA synthesis was
performed with the qScript™ cDNA Synthesis Kit (Quantabio) using 1 μg digested
RNA.

2.2.7. Quantitative real time PCR
qRT-PCR was performed the SYBR® Green JumpStart™ Taq ReadyMix™ (Merck).
Reactions were set up in optically clear 96-well plates according to the
manufacturer’s instructions. Genes of interest were amplified using specific primers
and 10 ng of cDNA as template. qRT-PCR was performed using a standard program
on an Mx3005P qPCR system (Agilent Technologies).

2.3. Biochemical methods
2.3.1. Crosslinking
Transiently transformed N. benthamiana leaves were suspended in 1%
formaldehyde solution and subjected to vacuum infiltration for 3 x 5 min. The
formaldehyde solution was then quenched using 2 M glycine, and leaves were
washed three times using sterile H2O. Samples were then dried and flash frozen in
liquid nitrogen.

2.3.2. Protein extraction
Total protein extracts were generated from tissue homogenised into fine powder in
liquid N2. Frozen plant powder was mixed with buffer C (150 mM Tris-HCl pH7.5, 150
mM NaCl, 5 mM EDTA, 2 mM EGTA, 5% v:v glycerol, 0.2% w:v
poly(vinylpolypyrrolidone) , 1% v:v IGEPAL® CA630, 10 mM ditriothreitol (DTT), 1% v:v
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Plant Protease Inhibitor Cocktail (Merck), 0.5 mM PMSF (phenylmethylsulfonyl
fluoride)) at a ratio of 1:4 w:v. Extracts were filtered through two layers of Miracloth
(Millipore) and centrifuged at 30,000 g, 4°C for 25 min. The supernatant was taken
as crude protein extract.

2.3.3. Immunoprecipitation
10-15 µl of GFP-Trap® affinity matrix (ChromoTek) was added to 5 ml crude protein
extracts, which were rotated at 4°C for 1-3 h. Samples were spun at 100 g at 4°C for
2 min to pellet affinity matrix. The supernatant was removed and beads were
resuspended in 1 ml of ice cold buffer D (150 mM Tris-HCl pH7.5, 150 mM NaCl, 5
mM EDTA, 2 mM EGTA, 5% v:v glycerol, 10 mM DTT, 0.5% v:v Plant Protease Inhibitor
Cocktail (Merck), 0.5mM PMSF). This process was repeated at least 3 times.
Immunoprecipitated protein complexes were eluted by incubation in 6x SDS buffer
for 10 min at 95°C. Samples were separated using SDS-PAGE and subsequently
analysed by Western blot.

2.3.4. Western blotting
Separated protein samples were transferred from poly-acrylamide gels to PVDF
membranes (GE Healthcare) at 4°C either overnight at 30 V, or for 1:30h at 100 V.
After transfer, membranes were blocked in 5% milk powder in TBS + 0.1% Tween®
20 (Merck). Antibodies were used depending on the source of the material and
nature of the experiment (see table 2.3). After washing with TBS + 0.1% Tween® 20,
membranes were treated with Amersham™ ECL™ substrate (GE Healthcare) and
imaged using exposed X-ray films.
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Table 2.3 Antibodies used in this thesis
Name
Primary antibody

Antigen

Source

ɑ-GFP-HRP

GFP/YFP
tag

ɑ-HA-HRP

HA tag

ɑ-HA (Mouse)
ɑ-FLAG (Mouse)
ɑ-H3 (Rabbit)
ɑ-RFP-HRP
Secondary
antibody
ɑ-mouse-HRP
ɑ-rabbit-HRP
Affinity Matrix

HA tag
FLAG tag
Histone 3
RFP tag

Santa Cruz
Biotechnology
Santa Cruz
Biotechnology
Merck
Merck
Millipore
Merck

Mouse IgG
Rabbit IgG

Merck
Merck

GFP Trap®
HA beads
FLAG beads

GFP/YFP
tag
HA-tag
FLAG tag

Concentration
1:10,000
1:2,000
1:2,000
1:2,000
1:10,000
1:10,000
1:10,000
1:2,000

ChromoTek
Merck
Merck

2.3.5. Nuclear enrichment
In some cases, it was necessary to extract proteins from nuclei to increase
concentration. Homogenised leaf powder was mixed at a ratio of 1:3 (w:v) with
HONDA buffer (20 mM Hepes KOH pH 7.4, 10 mM MgCl2, 440 mM sucrose, 1.25% w:v
Ficol (GE Healthcare), 2.5% w:v Dextran T40 (Merck), 0.5% v:v TritonX-100, 5 mM
DTT, 1 mM PMSF, 1% v:v Protease Inhibitor Cocktail). HONDA buffer subsequently
provides a density gradient whereby nuclei are pelleted after spinning whilst other
organelles remain in the supernatant. Extracts were filtered through two layers of
Miracloth and centrifuged at 2,000 g for 20 min at 4°C. The supernatant was either
discarded or kept as a cytosolic protein extract. The pellet (containing nuclei) was
washed 5x using Honda buffer, being centrifuged at 1,500 g for 10 min at 4°C. Nuclei
were lysed using 500 µl nuclear lysis buffer (50 mM Tris-HCl pH 8.0, 10 mM EDTA pH
8.0, 1% v:v TritonX-100, 1 mM PMSF, 1% v:v Protease Inhibitor Cocktail) and
sonicated 3 times for 30 s with 60 s intervals. Finally, cell lysates were centrifuged at
17,000 g for 20 min at 4°C. The supernatant was taken as a nuclear protein extract.
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2.3.6. Subcellular localisation of fluorescently tagged proteins
The subcellular localisation of fluorescently tagged proteins was analysed after A.
tumefaciens-mediated transient transformation of N. benthamiana leaves with
expression constructs for fluorescently tagged versions of SIEs. Leaf discs from
infiltrated tissue were sampled 1-3 dai and mounted in water on standard
microscope slides. A Zeiss 710 or 880 confocal laser-scanning microscope was used
to detect fluorescent emission at 530 nm for proteins tagged with YFP. mCherry was
used as a marker for cytosolic and nuclear localisation.

2.4. Network analysis
2.4.1. Software
All network analyses were conducted in R Studio version 1.1.447, or Cytoscape
version 3.2.1.

2.4.2. Data acquisition
S. indica interaction data was provided by Professor Pascal Braun of the Institute of
Interaction Biology, HelmholtzZentrum, Munich. SIE interactions were screened for
using Y2H against the 12k space (Wessling et al.,2014), plus an additional 500 ORFs
associated with hormone signalling. Data for the Arabidopsis interactome (AI-Main1), PPIN-1 and PPIN-2 are available via their original publications (Arabidopsis
Interactome Consortium, 2011; Mukhtar et al., 2011; Wessling et al., 2014). Hormone
annotations were sourced via the Arabidopsis Hormone Database 2.0 (Jiang, 2010).

2.4.3. Degree preserved network randomisation (DPNR)
To determine if effector proteins of one organism target fewer host proteins than
would be expected randomly, DPNR was implemented using the same algorithm as
Wessling et al., 2014. For one simulation, N proteins were sampled randomly from
the Arabidopsis interactome (Arabidopsis Interactome Mapping Consortium, 2011),
where N is the total number of interactions between effectors and host proteins
observed by Y2H. The number of unique proteins in this random set was then
calculated and stored; this process was repeated 10,000 times. Statistics were
calculated using the following formula:
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# 𝑜𝑓 𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛𝑠 𝑤ℎ𝑒𝑟𝑒 𝑟𝑎𝑛𝑑𝑜𝑚 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑜𝑟𝑠
< 𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑜𝑟𝑠 𝑜𝑓 𝑒𝑓𝑓𝑒𝑐𝑡𝑜𝑟𝑠 𝑏𝑦 𝑌2𝐻
𝑝=
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛𝑠
If the number of unique random interactors was never fewer than the observed
number by Y2H, the p-value was set to < 0.001.
To determine if the number of shared effector targets between different organisms
was higher than predicted at random an alternative DPNR algorithm was
implemented. N proteins were sampled randomly from the 8k space with
replacement for each of the four organisms (S. indica, H. arabidopsidis, P. syringae,
G. orontii), where N is the total number of unique Arabidopsis proteins targeted by
one organisms effectors determined by Y2H. The number of common genes between
each possible comparison were then stored; this process was simulated 10,000
times. Statistical significance was calculated as follows:

# 𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛𝑠 𝑤ℎ𝑒𝑟𝑒 𝑟𝑎𝑛𝑑𝑜𝑚 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑚𝑚𝑜𝑛 𝑖𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑜𝑟𝑠
> 𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑚𝑚𝑜𝑛 𝑖𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑜𝑟𝑠 𝑑𝑒𝑡𝑒𝑟𝑚𝑖𝑛𝑒𝑑 𝑏𝑦 𝑌2𝐻
𝑝=
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛𝑠
If the number of simulated common targets was always fewer than the number
observed in the Y2H data, the p value was set to <0.001.

2.4.3. GO term enrichment analysis
The gene ontology (GO) terms of SIE target proteins were analysed using the
Cytoscape addon ClueGO v2.3.5. Statistically significant over-representation was
identified using Bonferroni correction with an adjusted p-value of p<0.05.

2.4.4. Identification of S. indica effector candidate sequences
The effector candidate sequences were identified by Dr. Frances Burton (Schäfer lab)
using RNA sequencing. In brief, RNA was extracted (see chapter 2.2.5.) from
Arabidopsis roots treated with S. indica spore suspension (see chapter 2.5.) 3 and 10
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days after inoculation. Prior to sequencing an mRNA library was prepared using the
TruSeq RNA sample preparation v2 kit (Illumina) according to manufacturer
instructions. Sequencing was performed on an Illumina HiSeq 2500 (Illumina, US).
RNA-seq data was aligned to the Arabidopsis genome (TAIR10), and unmatched reads
were used to create a de novo S. indica transcriptome. Effector candidates were
identified by comparisons with the published S. indica transcriptome (Zuccaro et al.,
2011), omission of proteins containing more than 1 transmembrane helix and by the
presence of an N-terminal secretion peptide. 150 S. indica effectors were shortlisted
for future analysis. These were numbered arbitrarily from 1-150 and referred to as
such in this thesis. S. indica gene identifiers and corresponding SIE numbers can be
found in supplementary table 2.1.

2.5. Serendipita indica
2.5.1. S. indica cultivation
A master plate of wild-type S. indica strain DSM11827 (Leibniz Institute,
Braunschweig, Germany) was generated by spreading a water stock on CM agar (per
litre; 20 g glucose,2.4 g NaNO3, 2 g peptone, 1 g casamino acids, 1 g yeast extract,
600 mg KH2PO4, 200 mg MgSO4•7H2O, 200 mg KCl, 6 mg MnCl2•4H2O, 2.65 mg
ZnSO4•H2O, 1.5 mg H3BO3, 0.75 mg KI, 0.13 mg CuSO4•5H2O, 2.4 ng Na2MO4•2H2O,
1.5% w:v agar). Plates were incubated in the dark at 25°C for four weeks. Further
working plates were propagated from this master plate by transferring 0.5 mm
diameter agar plugs to the centre of fresh CM agar plates. These were then grown
for at least 6-8 weeks in the dark at 25°C.

2.5.2. Preparation of S. indica spore suspension
H2O Tween® 20 (0.02% v:v) was added to mature S. indica plates, and spores and
mycelium were gently scraped using a sterile cell scraper. Spores were sonicated for
5 min at 4°C and filtered through two layers of miracloth into 50 ml falcon tubes.
These were then centrifuged (2,200 g, 4°C, 7 min) and spores were resuspended in
fresh H2O Tween® 20 (0.02% v:v). This wash step was performed three times before
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spores were counted using a Fuchs-Rosenthal counting chamber and made up to
500,000 spores/ml.

2.5.3. S. indica inoculation
Seedlings were grown in squared petri dishes on ATS media in short day conditions
for seven days at 22°C. On day nine, plants were treated with 1 ml per plate S. indica
spore suspension. Roots were then harvested 3 and 7 days after inoculation and flash
frozen in liquid N2.

2.5.4. Quantification of S. indica colonisation
Frozen root tissue was ground in liquid N2 using a motorised pestle and mortar and
either stored at -80°C or processed for gDNA extraction. 700 µl of 65°C Doyle & Doyle
extraction buffer (100 mM Tris-HCl (pH 8.0), 20 mM EDTA (pH 8.0), 1.4 M NaCl, 2%
hexadecyltrimethylammonium bromide, 1% Na2S2O5, 0.2% β-Mercaptoethanol) was
added to samples, which were then incubated at 65°C for 1.5 h with intermittent
shaking. 700 µl CIA (96% Chloroform, 4% Isomylethanol) was added to samples which
were gently shaken for 5 min at room temperature (RT) before centrifugation for 15
min at 13,000 g at 4°C. The aqueous phase was transferred to a fresh 2 ml Eppendorf
to which 600 µl CIA was added. Samples were then gently shaken for 5 min at RT and
centrifuged for 15 min at 13,000 g at 4°C. The aqueous phase was transferred to a
1.5 ml Eppendorf with 50 µl 10M NH4OAc and 60 µl 3 M NaOAc (pH 5.5). After gentle
mixing at RT for 5 min, gDNA was precipitated by adding 500 µl 100% Isopropanol
and incubating samples on ice for 2 h. gDNA was pelleted by centrifugation for 10
min at 16,000 g at RT. Samples were washed by removing the supernatant and
incubating in 500 µl 70% EtOH/10 mM NH4OAc for 10 min. These were then
centrifuged for 10 min at 16,000 g at RT. The supernatant was discarded and gDNA
was air dried for 10 min on ice, and then resuspended in 40 µl H2O. S. indica
colonisation was quantified using qRT-PCR to compare the relative ratio between
fungal ITS/plant UBIQUITIN5 (UBQ5) genes in gDNA between genotypes.
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2.6. Plant physiology and phenotyping
2.6.1. Mutant line genotyping
Arabidopsis mutants (T-DNA insertion or S. indica effector over-expressing lines)
were genotyped after crude extraction of genomic DNA. Leaves from three-week old
plants were harvested and snap frozen in liquid nitrogen. Samples were then ground
and incubated at 37°C for 15 min in DNA extraction buffer (200 mM Tris-HCl pH 7.5,
250 mM NaCl, 25 mM EDTA, 0.5% v:v SDS). Extracts were centrifuged at 13,000 g for
5 min at room temperature and 250 µl of the supernatant was mixed with 100%
isopropanol for 15 min at room temperature to precipitate gDNA. Genomic DNA was
then pelleted by centrifugation at 13,000 g for 5 min and the supernatant was
removed. Remaining isopropanol was allowed to evaporate for 10 min at room
temperature before pellets were resuspended in water to use as template for PCR.

2.6.2. Hormone sensitivity assay
A. thaliana lines expressing S. indica effectors (CaMV35S::SIE) were phenotyped for
growth promotion and salicylic/jasmonic acid sensitivity by comparing root length to
control plants (CaMV35S::GFP). Seeds were sterilised and plants were grown for
seven days on ½ MS plates under short day conditions after stratification in the dark
at 4°C for 48 h. Seedlings were then transferred to mock (½ MS) or treatment (½ MS
+ 25 µM SA or 10 µM Me-JA) plates. After seven days, photos of plates were taken,
and root length was measured using ImageJ (https://imagej.nih.gov/ij/). Hormone
sensitivity was quantified by comparing the reduction in growth of mock/treated
plants relative to the reduction in growth of control plants.

2.6.3. Pseudomonas syringae spray inoculation
P. syringae pv. tomato (Psy) DC3000 was streaked from a glycerol stock and grown
at 28°C on Kings B media (per litre; 10 g peptone, 1.5 g anhydrous K2HPO4, 15g
glycerol, 5 ml 1 M MgSO4) for two days. A single colony was selected for inoculation
of an overnight liquid culture. Cultures were spun at 3,000 g for 10 min and pellets
were washed twice using 40 ml 10 mM MgCl2. Cell suspensions were adjusted to an
OD600 of 0.01 with a final volume of 40 ml containing 0.02% Silwet-L77. Four-week
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old Arabidopsis plants were homogenously spray inoculated and covered to maintain
humidity.

2.6.4 Quantification of Pst colonisation
Three days after inoculation, 2 x 0.5 cm2 leaf discs were harvested into 200 µl 10 mM
MgCl2 containing two metal beads. Leaf discs were homogenised at room
temperature by using a TissueLyser (QIAGEN) at 28 Hz for 2 x 30s. A further 800 µl of
10 mM MgCl2 was added to samples and serial dilutions of these extracts were
pipetted into a 96-well plate at a 1:1 (10-1), and then 1:9 ratio (10-2, 10-3, 10-4, 10-5,
10-6). 10 µl of these dilutions were pipetted onto King’s B agar and colonies were
counted after incubation at 28°C for two days.

2.7. Arabidopsis thaliana protoplasts
2.7.1. Protoplast generation
Arabidopsis mesophyll protoplasts were generated from the leaves of 4-week old
Col-0 plants. 3-4 leaves from 24 plants were sliced into 1 mm strips and incubated in
6 ml enzyme solution (20 mM MES ph 5.7, 400 mM mannitol, 20 mM KCl, 1.5% w:v
cellulase R10 (Yakult Pharmaceutical Ind. Co., Ltd.), 0.4% w:v macerozyme R10
(Yakult Pharmaceutical Ind. Co., Ltd.,), 10 mM CaCl2, 0.1% BSA) for 2.5-3 h at 25°C
with gentle shaking. Cell suspensions were filtered through a 70 µm nylon cell
strainer and spun for 2 min at 100 g, 4°C. Protoplasts were resuspended in W5 buffer
(2 mM MES pH 5.7, 154 mM NaCl, 125 mM CaCl2, 5 mM KCl) and spun again under
the same conditions. Pellets were resuspended in MMG buffer (4 mM MES pH 5.7,
400 mM mannitol, 15 mM MgCl2) and cells counted using a Fuchs-Rosenthal counting
chamber and made up to 330,000 protoplasts/ml.

2.7.2. Protoplast transformation
Protoplasts were transformed in 96 well microtiter plates using 3 µg of DNA (1 µg for
each of the plasmids used) for each condition. The first plasmid expressed S. indica
effectors N-terminally tagged with HA under the CaMV35S promoter. The second
expressed firefly LUCIFERASE (LUC) expressed under the 1,000 bp promoters for
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JAZMONATE-ZIM-DOMAIN-PROTEIN 10 (JAZ10) or WRKY-DNA-BINDING-PROTEIN 70
(WRKY70). The third expressed GLUCURONIDASE (GUS) under the UBQ10 promoter
and was used as an internal control for transformation efficiency and normalisation.
30 µl of protoplast suspension were added to each well, followed by 33 µl PEG
solution (40% w:v PEG4000, 200 mM mannitol, 100 mM CaCl2). Plates were shaken
at 1000 rpm for 1 min and incubated at room temperature for 15 min. 170 µl W5
buffer was added and plates were mixed by shaking at 1000 rpm for 1 min. The plates
were then spun for 2 min at 100 g with reduced braking and acceleration to preserve
cell viability. 160 µl of the supernatant was removed and 140 µl of WI buffer (4 mM
MES pH 5.7, 500 mM mannitol, 20 mM KCl) was added and plates were mixed by
shaking for 1 min at 1,000 rpm. Finally, plates were incubated in a growth chamber
overnight (22˚C, 12 h light period).

2.7.2. Quantification of LUCIFERASE/GLUCURONIDASE activity
Following overnight incubation, 100 µl of supernatant was removed from each well
before cells were treated with a control substance (0.05% EtOH), 50 µM MeJA or 30
µM salicylic acid. Plates were mixed by shaking at 1000 rpm for 1 min and incubated
for 4-5 h in a growth chamber. For quantification of LUC activity, 20 µl of luciferase
substrate (1 mM beetle luciferin, 3 mM ATP, 15 mM MgSO4, 30 mM HEPES pH 7.8)
was added to round bottomed white plates (NUNC U96, ThermoFisher) before
treated protoplasts were transferred using cut tips. Plates were incubated in the dark
for 15 min and then imaged using a Photek camera system. Photon integration was
performed for between 15 min - 1 h depending on reporter intensity. After
quantification of LUC activity, a further 90 µl of supernatant was removed from each
well. 100 µl of lysis solution (25mM Tris-phosphate pH 7.8, 2mM DTT, 10% v:v
glycerol, 1% v:v Triton X-100) was added at room temperature. Plates were shaken
at 1,000 rpm for 30 s and spun at 1,000 g for 2 min. 10 µl cell lysate was mixed with
100 µl GUS substrate (10 mM Tris-HCl pH 8, 1 mM MUG (4-methylumbelliferyl-betaD-glucuronide), 2 mM MgCl2) in a clear flat bottomed 96 well plate and incubated at
37˚C for 1-1.5h. GUS activity was measured by excitation at 360 nm and detection of
fluorescence at 465 nm.
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2.7.3. Promoter activity analysis
For each plate, wells with a GUS fluorescence value < 50% of the highest GUS
fluorescence value were omitted from further analysis. LUC activity scores were
measured by analysis of photon intensity from integration images (Image32). Each
experiment consisted of two technical replicates for basal and treated wells. These
readouts were multiplied together to give the final value for each effector against
each marker.
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Chapter 3: Network analysis of Serendipita indica effectors
interacting with Arabidopsis proteins
3.1. Introduction
3.1.1. Effector-host protein interactions
Identifying the plant proteins that effectors interact with is one of the first steps in
understanding their complex biology and functions. Exploring the roles of small
secreted proteins from plant colonising organisms can give new insights into the
underlying mechanisms of disease resistance and how to reduce crop losses due to
pathogens (Khan et al., 2014, Bialas et al., 2017, Lorrain et al., 2018). Interactors of
effector proteins in model plants could include novel R genes, which would
subsequently allow an opportunity to enhance crop resistance through genetic
engineering (Bogdanove & Voytas, 2011, Garg et al., 2014, Nejat et al., 2017).
Effectors target a large variety of plant processes through an array of different
proteins; transcription factors, receptors, kinases, enzymes and structural proteins
have all been shown to interact with effectors (King et al., 2014; Li et al., 2016; Chen
et al., 2017). By modulating the functions of these proteins, microbes are able to
reprogram the host to suit their lifestyle. Irrespective of a pathogenic or mutualistic
lifestyle, plant microbes must suppress host immunity to establish colonisation
(Jacobs et al., 2011; Hacquard et al., 2017). Since effector functions can reveal
insights into the organisation of plant immunity and help to develop new resistance
traits, the majority of effector research focuses on pathogenic organisms, such as
Pseudomonas syringae (Psy), Hyaloperonospora arabidopsidis (Hpa), Xanthomonas
oryzae or Phytophthora infestans. By exploring Psy effectors, studies have identified
novel plant proteins associated with immunity. For instance, studies of the Psy
effector HopM1 in Arabidopsis thaliana identified the uncharacterised AtMIN7 as a
key regulator of immunity via vesicular transport. Targeting of AtMIN7 by HopM1
leads to its degradation via the 26S proteasome, and in doing so significantly disrupts
vesicle trafficking to the plasma membrane - thus enhancing bacterial colonisation
(Nomura et al., 2006). NAC with TRANSMEMBRANE MOTIF 1 (NTL9) has also been
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shown to regulate immunity through studies with the Psy effector HopD1. HopD1
targets NTL9 at the ER plasma membrane; both were shown to interact via Y2H and
co-localise using biofluorescence complementation (Mukhtar et al., 2011; Brock et
al., 2013). ntl9 mutants were hypersusceptible to P. syringae DC3000 pv. tomato, but
not hrcC mutants lacking a functional T3SS. Interaction between HopD1 and NTL9
resulted in the suppression of several ETI markers but did not change PTI responses
such as PAMP-induced oxidative burst and callose deposition. These results implicate
NTL9 as a positive regulator of ETI at the transcriptional level. Park et al. (2016)
similarly found a link between an uncharacterised rice protein and ETI by studying
interactions of the M. oryzae effector AvrPiz-t. AvrPiz-t was first identified as an
inducer of ETI and HR via the Nb-LRR OsPiz-t (Li et al., 2009). To explain the
mechanism, Park et al. identified the rice E3 ligase APIP2 as an additional interactor
of AvrPiz-t, which is able to target APIP2 for degradation. Further study showed that
knock down rice APIP2 mutants had a spontaneous cell death phenotype, as well as
an accumulation of OsPiz-t protein. Although the biological significance of these
interactions remained unclear, the authors concluded that APIP2 might act as a
negative regulator of ETI via OsPiz-t.
Microbial effectors also interact with a large number of proteins associated with
phytohormone signalling to manipulate immunity. The plant hormones ethylene (ET)
and jasmonic acid (JA) are widely characterised as enhancers of defence against
necrotrophic pathogens (Santino et al., 2013), whilst SA is associated with biotrophic
organisms (An & Mou, 2011). It is generally accepted that there is significant
organisational crosstalk between the SA and JA branches of immunity. When a plant
is threatened by a necrotrophic organism for example, induced JA responses are able
to directly and indirectly suppress SA signalling (Yang et al., 2015, Betsuyaku et al.,
2018). Pathogens have also been shown to suppress immunity by compromising
JA/ET/SA pathways with effectors to achieve colonisation (Liu et al., 2014, GimenezIbanez et al., 2014, Yang et al., 2019). One such example is the Hpa effector HaRxL44,
which has been shown to interact with the MEDIATOR SUBUNIT 19a (MED19a)
(Caillaud et al., 2014). As a result of interacting with HaRxL44, MED19a is targeted
for degradation by the ubiquitin proteasome system. As a positive regulator of SA
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defence signalling, this destruction of MED19a results in a transcriptional shift
towards JA/ET defence signalling, away from SA and biotrophic defence. Thus, the
biotrophic Hpa takes advantage of the crosstalk between SA and JA/ET signalling by
promoting defence against necrotrophy. Washington et al. (2016) were able to show
that the Psy effector HopAF1 enhances colonisation of the bacteria by suppressing
ET biosynthesis during PTI. Structural modelling of HopAF1 predicted it was closely
related to deamidases, a family of enzymes which irreversibly substitute amide
groups for carboxylate groups (Washington et al., 2013). HopAF1 was shown to
target METHYLTHIOADENOSINE NUCLEOSIDASE 1 and 2 (MTN1, MTN2) for
deamidisation. Site directed mutagenesis studies of MTN1 and MTN2 revealed two
conserved asparagine residues which when deamidated, severely impaired the
metabolic turnover of ET in planta. The authors proposed that HopAF1 targets these
proteins for deamination and in doing so suppresses early ET dependent immune
responses.
S. indica has also been shown to depend on ET signalling to achieve colonisation
(Camehl et al., 2010). A. thaliana mutants lacking components of the ET pathway
ETR1, EIN2 and EIN3 did not demonstrate growth promotion when colonised by the
fungus, despite showing enhanced colonisation. Plants constitutively overexpressing
ETHYLENE RESPONSIVE FACTOR 1, a transcription factor essential for ET signalling,
showed higher defence responses but reduced colonisation by S. indica and
abolishment of beneficial growth effects. The authors concluded that unchanged
ethylene signalling was essential for balancing beneficial and non-beneficial traits.
Missing ET components leads to a loss of growth promotion, whilst overactive ET
signalling reduces colonisation of the fungus. Interestingly, the role of effectors in
regulating ET responses to achieve colonisation by S. indica were not discussed. More
recently, MAPK6 has been implicated in balancing ET/JA signalling during S. indica
colonisation of A. thaliana (Daneshkhah et al., 2018). S. indica was less able to infect
mpk6 mutants; a process reversed by the exogenous application of either ET or JA.
These results are supported by previous work which shows MAPK6 regulates JA
responses during PTI during challenge by B. cinerea (Méndez-Bravo et al., 2011).
Taken together these studies support the conclusion that S. indica perturbs early
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JA/ET responses through MAPK6. For mechanistic insights into the how S. indica
achieves this, it will be necessary to identify the proteins its effectors interact with.
3.1.2. Using network biology to explore plant-microbe interactions
High throughput screening of protein-protein interactions (PPIs) is an increasingly
useful tool to visualise and understand the complexity of biological systems. Whether
through

traditional

means

(e.g.

yeast-2-hybrid,

bimolecular

fluorescence

complementation) or more state-of-the-art methods (tandem affinity purification),
the resulting interactions can be assembled into a network and analysed to reveal
new biological information. Conclusions drawn from network analyses can be tested
and verified in the laboratory. Analogous to tube or rail networks, we can build a
complex map of nodes (stations, proteins) and edges (track, interactions) and
elucidate further information which would not be clear if each individual interaction
was considered. Degree (number of connections), betweenness (fraction of shortest
paths passing through a node) and eigenvector (centrality of a node) are the core
values considered in network biology (Snider et al., 2015; Ahmed et al., 2018). High
degree nodes represent proteins which form many different connections, and are
often considered hubs, particularly in scale free networks. Betweenness is a measure
of internodal paths and how frequently a node must be passed through. Hence high
betweenness nodes are bottlenecks of the flow of information in the network (Snider
et al., 2015; Ahmed et al., 2018).
In 2011, the Arabidopsis Interactome Consortium published the first assembled
interactome of Arabidopsis (AI-Main) using Y2H from pairwise comparisons of 8000
Arabidopsis ORFs representing 30% of the predicted Arabidopsis protein-coding
genes. 2661 of these proteins had at least one interactor, with a total of 5664
interactions. This work was published back to back with Mukhtar et al. (2011), who
screened effector proteins of the model plant pathogens Psy and Hpa against the
same 8000 Arabidopsis proteins, and demonstrated pathogen effectors ‘converge’
onto immunity hub genes in both an inter and intraspecies manner. This is described
as either effectors from different organisms targeting the same host protein
(interspecies) or multiple effectors from the same organism targeting the same host
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protein (intraspecies). In doing so, it is hypothesised that pathogens target immunity
hubs and are able to subvert host defences by targeting essential response pathways
(Mukhtar et al., 2011).
In 2014 Wessling et al. contributed further to this concept by screening the effectors
of the fungal leaf pathogen Golovinomyces orontii (Gor) against a wider, 12k
assembly of Arabidopsis proteins. In addition to identifying novel fungal pathogen
effectors, they showed that the idea of inter-species convergence extended to a third
kingdom of life and was a critical discovery in the study of plant-pathogen
interactomics. The targeting of convergent host proteins by effectors from organisms
of different kingdoms was then validated by challenging T-DNA insertion A. thaliana
lines with Hpa, Psy and Gor. These experiments showed that knocking out many of
these convergent target proteins gave rise to immunity associated phenotypes, such
as enhanced or reduced pathogen susceptibility. By identifying the protein-protein
interactions of these three organisms and considering them all at once, it became
possible to elucidate the nature of the plant pathogen interaction at the protein level
in order to improve our understanding of plant immunity.

3.1.3. Aims and Objectives
Here we aim to analyse the interactions formed between S. indica effectors (hereby
SIEs), and A. thaliana proteins found within the 12k space defined by Wessling et al.
(2014). These interactions were identified using a Yeast-2-Hybrid (Y2H) system. This
Y2H screen was performed by members of Professor Pascal Falter-Braun’s lab,
HelmholdztZentrum, Munich. Based on this data a network analysis was performed
first by considering the effector-target protein interactions of S. indica only, and
subsequent incorporation of published interactome data (Arabidopsis interactome
consortium, 2011, Mukhtar et al., 2011, Wessling et al., 2014). By conducting this
analysis, we aim to show to what extent S. indica effector targets overlap with those
of pathogenic species and if observed differences can explain mutualistic vs
pathogenic lifestyles. In doing so it might be possible to identify plant targets
responsible for beneficial effects mediated by S. indica such as abiotic and biotic
stress tolerance.
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3.2. Results
3.2.1. S. indica effector candidates interact with Arabidopsis proteins in a Yeast-2Hybrid system
The interaction screen between S.indica effectors (SIEs) and Arabidospis proteins
identified a total of 257 interactions between 47 SIEs and 162 Arabidopsis proteins
(figure 3.1; supplementary table 3.1). While 103 SIEs did not give any positive
interactions, the 47 positive SIEs form on average 1.59 interactions with Arabidopsis
proteins. 23 SIEs interacted with only one host protein; 24 interacted with more than
one host protein. 49 of the Arabidopsis proteins identified in this screen were able
to interact with more than one SIE; 113 Arabidopsis proteins interacted specifically
with one effector. As with highly targeted pathogen effector interactors, these
proteins might be necessary for S. indica to establish host colonisation. When
drawing comparisons to PPIN-1/2 (Mukhtar et al., 2011; Wessling et al., 2014), it is
important to consider the search space used for each screen. For inter-species
analyses, only interactions drawn from the original 8k screen will be used. This is
because effector-target interactions between Hpa and Psy effectors and the addition
4k host proteins have not been screened. This limits any statistical biases in number
of interactions, potential interactors, and also any biological conclusions drawn
(table 3.1).
Table 3.1 Classification of S. indica effector targets in the 8k/12k space.
Organism
Serendipita
indica
Golovinomyces
orontii
Pseudomonas
syringae
Hyaloperonospora
arabidopsidis

8k space

12k space

Effectors

Targets

Interactions

Effectors

Targets

Interactions

41

97

155

47

162

257

40

42

89

46

60

122

30

62

105

-

-

-

53

122

233

-

-

-
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Figure 3.1. Interaction network of S. indica effectors with Arabidopsis
proteins. (A) Y2H screening identified 47 S. indica effectors (blue) positively
interacting with 162 A. thaliana proteins (yellow). Numbers represent the
arbitrary names given to identify each effector internally (supplementary table
2.1.). Dashed lines indicate a protein-protein interaction. (B) 24 SIEs interact
with more than 1 host protein in both the 12k and 8k space. (C) 49 Arabidopsis
proteins were targeted by more than 1 effector.
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3.2.2. Functional analysis of S. indica effector target proteins
To understand the biological function of the 162 proteins we identified as interactors
of S. indica effectors and to assign collective functions to the interactome, gene
ontology enrichment analysis was performed. The ClueGo application in Cytoscape
version 3.2.1 was used to perform this analysis (Bindea et al., 2009). GO cellular
component analysis of SIE target proteins identified the nucleus (GO:0005634) as the
most over-represented category, with an adjusted p-value of 5.65 x 10-14 (table 3.2).
45 effector targets are nuclear associated, suggesting these proteins might alter the
transcriptional landscape in favour of colonisation by the symbiont. A further 40 SIE
target proteins were found to be associated with the cytoplasm (GO:0005737).
Interestingly, 26 target proteins were associated with the chloroplast, despite S.
indica colonising roots, suggesting SIEs might have potential functions in foliar plant
tissues.
Table 3.2 GO cellular component analysis of S. indica effector target proteins.
GO ID

GO Term

GO:0005634

nucleus
intracellular membrane-bounded
organelle
membrane-bounded organelle
intracellular organelle
organelle
intracellular part
intracellular
cell part
cell
chloroplast
plastid
cytoplasmic part
cytoplasm
signalosome
chloroplast stroma
plastid stroma
plasma membrane
endoplasmic reticulum
intracellular organelle part
organelle part
stromule
chloroplast ATP synthase complex

GO:0043231
GO:0043227
GO:0043229
GO:0043226
GO:0044424
GO:0005622
GO:0044464
GO:0005623
GO:0009507
GO:0009536
GO:0044444
GO:0005737
GO:0008180
GO:0009570
GO:0009532
GO:0005886
GO:0005783
GO:0044446
GO:0044422
GO:0010319
GO:0009544

Corrected P
value
5.65E-14

#Genes
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5.65E-14

71

5.65E-14
5.65E-14
5.65E-14
3.51E-12
8.45E-12
1.24E-04
1.24E-04
3.34E-04
5.31E-04
3.60E-03
1.03E-02
1.03E-02
1.47E-02
1.87E-02
2.67E-02
4.53E-02
4.53E-02
4.53E-02
4.54E-02
4.54E-02

71
73
73
75
76
85
85
26
26
39
40
2
7
7
17
6
19
19
2
1
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Amongst the top ten most significant GO molecular process terms with an adjusted
p-value of <0.001 were ‘response to ethylene’ (GO:0009723), ‘ethylene activated
signalling’ (GO:0009873) and ‘giberellin mediated signalling pathway’ (GO:0010476)
(table 3.3). Proteins associated with ‘jasmonic acid signalling’ (GO:0009867) were
also identified as significantly over-represented amongst S. indica effector targets.
Jasmonic acid has wide implications in plant defence signalling and S. indica has been
previously shown to subvert jasmonic acid signalling in order to colonise its host
(Stein et al., 2008; Jacobs et al., 2011). Thus, Arabidopsis proteins associated with
this GO term might be critical to our understanding of how S. indica targets hormone
pathways to achieve colonisation. Interestingly, over 10% of the proteins targeted by
S. indica effectors were entirely uncategorised, having no associated GO terms or
predicted function.
Table 3.3 GO molecular process analysis of S. indica effector target proteins
GO ID

GO Term

GO:0071369
GO:0009873
GO:0009723
GO:0000160
GO:0071370
GO:0010017

cellular response to ethylene stimulus
ethylene-activated signalling pathway
response to ethylene
phosphorelay signal transduction system
cellular response to gibberellin stimulus
red or far-red light signalling pathway
negative regulation of multicellular organismal
process
cellular response to red or far red light
seed maturation
negative regulation of developmental process
gibberellin mediated signalling pathway
negative regulation of post-embryonic
development
cytokinin-activated signalling pathway
cellular response to cytokinin stimulus
gibberellic acid mediated signalling pathway
response to steroid hormone
steroid hormone mediated signalling pathway
jasmonic acid mediated signalling pathway
cellular response to jasmonic acid stimulus
gynoecium development

GO:0051241
GO:0071489
GO:0010431
GO:0051093
GO:0010476
GO:0048581
GO:0009736
GO:0071368
GO:0009740
GO:0048545
GO:0043401
GO:0009867
GO:0071395
GO:0048467

Corrected
#Genes
P value
1.12E-12
16
2.00E-12
15
2.24E-11
17
2.73E-11
15
4.19E-04
5
4.20E-04
5
4.26E-04

6

4.35E-04
4.37E-04
4.54E-04
4.56E-04

5
5
6
5

8.47E-04

5

1.40E-03
1.48E-03
1.85E-03
1.95E-03
1.95E-03
2.37E-03
2.60E-03
2.94E-03

4
4
4
4
4
4
4
4
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3.2.2. S. indica effectors converge onto host proteins in an intraspecies manner
Degree preserved network rewiring (DPNR) was implemented to explore
convergence of S. indica effectors onto target proteins. Effector convergence as a
concept was first introduced by Mukhtar et al. (2011) who describe it as a state
where multiple effector proteins target the same host protein. These highly targeted
host proteins are important for full colonisation, and hence organisms have evolved
many effectors to modify their function to achieve this. DPNR is used to calculate an
expected number of effector target proteins given their total number of interactions
found by Y2H. The algorithm used to calculate this number assumes effector binding
is random. Observing fewer unique effector protein targets relative to the calculated
expected number suggests intraspecies convergence (for a full explanation please
refer to chapter 2.4.2.). After performing DPNR on the S. indica – Arabidopsis thaliana
interactome, it was concluded that SIEs do converge onto host proteins at a
confidence level of p<0.001 (figure 3.2). SIEs target a total of 97 Arabidopsis proteins
inside the 8k space, whereas the random simulated binding of effectors to targets
predicted a minimum of 141 and a maximum of 155. S. indica therefore behaves, in
a network topology perspective, the same as the pathogenic species.
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Figure 3.2. S. indica effectors converge onto Arabidopsis proteins in an
intraspecies manner (A,B) Random vs convergent binding between effectors (blue)
and Arabidopsis proteins (yellow). Plots represent the distribution of identified
unique targets after DPNR relative to the observed number from Y2H (red arrow;
adapted from Wessling et al., 2014). (C) Random shuffling of effector targets
suggests more unique targets would interact with effectors. The observed number
of unique interactors for all four organisms is less than the predicted random
binding (plotted as a distribution of total interactors from 10,000 simulations.)
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3.2.3. S. indica effectors share common pathogen interactors and converge onto
host proteins in an interspecies manner
As the search spaces used for screening the interactions of pathogen effectors was
similar to that used for S. indica, we were able to identify microbe-specific and shared
targets of effectors (figure 3.3). Common target proteins were identified between S.
indica effectors targets and all possible comparisons with the effector targets of
three pathogens. S. indica shared the highest number of effector targets with the
oomycete H. arabidopsidis (27), followed by the fungus G. orontii (15), and finally the
bacterium P. syringae (13).

Figure 3.3. S. indica effectors share target proteins with effectors of three
pathogens. (A) Bar plot indicating number of shared Arabidopsis proteins
between S. indica, G. orontii, H. arabidopsidis and P. syringae. Red circles indicate
the species being considered for each comparison. Red/black text indicates
shared/unique targets specific to each organism. (B) Visible representation of the
same data in (A), showing crossover of effector targets of four plant colonizing
microbes as a Venn diagram.
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Figure 3.4 shows the distinction between effector targets between the four
organisms, as a network graph showing proteins targeted by the ‘mutualist’ and
‘pathogens’. Green nodes in figure 3.4 represent genes targeted by both S. indica and
the pathogens. Interestingly, Wessling et al. (2014) were able to show that 22 of
these 36 common target proteins altered the responsiveness of the plant to
pathogen challenge when they were knocked out via T-DNA insertion. Consistent
with this, both pathogens and mutualists must suppress immunity in order to
successfully achieve colonisation (Yu et al., 2019). Of particular interest in this subset
are TCP13 (AT3G02150), TCP15 (AT1G69690), CSN5A (AT1G22920), AT4G17680,
NML1 (AT4G19030) and ASIL1 (AT1G54060) which represent significant hubs of
convergence in both the pathogen interaction networks as well as the Arabidopsis
interactome.

Figure 3.4. S. indica effectors target a subnetwork of immunity genes shared
with pathogenic effectors. (A) Network graph showing pathogenic (pale blue),
mutualistic (yellow) and shared (green) Arabidopsis target proteins (diamonds)
between effectors (ovals) of four organisms. Green nodes in the core of the
network are highly connected (black lines) with other Arabidopsis proteins. (B)
Classification of effector target proteins between the mutualist (S. indica), and the
pathogens (P. syringae, H. arabidopsidis and G. orontii). (C) Majority of targets
common for mutualist and pathogen targets have functions in plant defence
(Wessling et al., 2014).
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These proteins form interactions with effectors from at least three of the organisms
considered here (table 3.6), with S. indica also showing intraspecies convergence
with CSN5A (7 SIEs interacting) and AT4G17680 (4 SIEs interacting). The ability of S.
indica to colonise T-DNA insertion lines lacking these genes will be explored further
in this chapter.
To evaluate the level of interspecies convergence present between effectors from S.
indica and pathogen effectors, we implemented DPNR. In this instance, DPNR was
used to calculate the number of shared interactions between effectors of different
organisms under the assumption these interactions are random. Fewer predicted
common interactors than are observed in Y2H data suggest inter-species
convergence (for a full explanation please refer to chapter 2.4.2.). To ensure the
algorithm written for this process was correctly adapted from Wessling et al., 2014
(supplementary figure 3.1), original pathogen interactome data was reanalysed
alongside the S. indica interactome data. When considering bi-directional
interspecies convergence (figure 3.5c), the number of simulated common targets
between any two organisms was never higher than the observed value, suggesting
interspecies convergence is present between S. indica effectors and those of three
pathogens. As more organisms were added to the simulation (figure 3.5d), the
number of common effector targets between these organisms remained higher than
predicted at random. This trend was also observed when the four common effector
targets of all four organisms were considered (TCP13, TCP15, CSN5A, AT4G17680). It
will be important to test the significance of these four common proteins in S. indica
colonisation, as Wessling et al. (2014) were able to show these have implicit roles in
defence during pathogen infection.
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Figure 3.5. S. indica effectors converge onto Arabidopsis proteins in an
interspecies manner. (A) Random vs (B) convergent binding of effectors
(blue/magenta) to host proteins (yellow) between different species. Plots
represent the distribution of common targets over 10,000 simulations as
compared to the observed number (red arrow). (C i-vi) Pairwise comparisons
between effector targets of S. indica (Sin), Gor, Hpa and Psy. (C i-iii) Reproductions
of figure 2G-I from Wessling et al., 2014 (see also supplementary figure 3.1). (D iiv) Three-way convergence of effectors onto Arabidopsis proteins. (E) Four-way
comparison of convergent binding between effectors of all four organisms.
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3.2.4. Functional annotation of the S. indica – A. thaliana interactome
Considering the significance of phytohormones in determining the outcome of plantmicrobe interactions, the role of S. indica effectors in targeting phytohormone
pathways was explored. Arabidopsis proteins within the interactome were
annotated using the Arabidopsis Hormone Database v2 (AHD) (Peng et al., 2009,
Jiang et al., 2011). Proteins within the S. indica interactome were annotated based
on their published roles in phytohormone signalling, hereby known as ‘hormone
targets’.
Considering results from the 8k/12k space; 19/97 and 34/162 Arabidopsis proteins
targeted by SIEs have associated functions in phytohormone biosynthesis,
metabolism, perception or signalling (table 3.5). 11 of those genes identified within
the 8k space were not targeted by any pathogen effectors (figure 3.6). These 11
genes offer an opportunity to further understand how S. indica colonises its host and
enhances plant fitness, as these are not novel targets and their roles in
phytohormone pathways have already been established.
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P. syringae

H. arabidopsidis
S. indica

G. orontii

Figure 3.6. Hormone annotation of effector targets. Venn diagram showing the
common targets between the four organisms annotated within the Arabidopsis
Hormone Database. S. indica effectors uniquely target 11 proteins with annotated
hormone-associated functions.

Table 3.4 Functional annotation of unique S. indica effector targets using the
Arabidopsis Hormone Database v2.
AGI

Name

AT5G63310 NDPK2
AT1G48630 RACK1B
AT3G18130 RACK1C
AT5G16840
BPA1

Annotation(s)

SIEs interacting

Reference

SIE 69
SIE 108
SIE 108
SIE 17

Choi et al., 2015
Guo et al., 2009
Guo et al., 2009
Cerny et al., 2013

SIE 17

Cerny et al., 2013

SIE 126

Binder et al., 2007
Riechmann & Meyerowitz,
1998
Wang et al., 2011

AT4G17720

BPL1

AT2G25490

EBF1

Auxin
ABA
ABA
Cytokinin
Ethylene,
Cytokinin
Ethylene

AT1G72360

ERF73

Ethylene

SIE 129, 145

AT1G78300

GRF2

Brassinosteroid

AT1G71230

CNS5B

Auxin

AT2G45820
AT5G10450

REM1.3
GRF6

Ethylene
Brassinosteroid

SIE 26
SIE 26, 63, 69, 73,
109, 126, 147
SIE 26
SIE 26

Schwechheimer et al., 2001
Wang et al., 2011
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3.2.5 S. indica colonisation of T-DNA insertion lines silenced in effector target
To identify the function of highly convergent host proteins on S. indica colonisation,
five T-DNA insertion lines were inoculated with S. indica spore suspension and
evaluated for altered colonisation by qPCR at 3 and 7 dai (table 3.6). This experiment
was repeated twice with similar observations in each.
Table 3.5 Convergent effector protein targets chosen for S. indica colonisation
assays
Name

AGI

TCP15
NLM1
ASIL1
CNS5A

AT1G69690
AT4G19030
AT4G17680
AT1G54060
AT1G22920

S. indica
1
3
4
3
7

# Effectors targeting
H. arabidopsidis P. syringae
4
2
2
1
1
4
3
0
11
11

G. orontii
4
0
1
1
9

TCP15 and CNS5A mutants had a notably altered colonisation phenotype, with 1.45
and 1.65 times more fungal biomass at 7 dai as compared to control plants, despite
reduced colonisation at 3 dai (figure 3.7). nlm1, asil1 and AT4G17680 mutants did
not affect total colonisation at 7 dai, although nlm1 and asil1 mutants did have
reduced colonisation at 3 dai. During the later stages of colonisation, S. indica was
able to propagate more rapidly in the roots of tcp15, asil1 and csn5a mutants.
Interestingly, the insertion line for AT4G17680 showed a reduction in the 3:7 dai
colonisation ratio, suggesting the absence of this gene hinders later stages of fungal
proliferation. When considered with the pathogen colonisation data available
(Wessling et al. 2014), divergent phenotypes in tcp15 and csn5a were observed,
suggesting these genes play dynamic roles in immunity under mutualism as well as
pathogenesis (figure 3.7a). The csn5a mutant, which previously conferred greater
host resistance to all 3 pathogens, showed higher susceptibility to S. indica, indicating
that this gene too has a diverse role in regulating plant-microbe interactions.
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Figure 3.7. S. indica colonization is affected in Arabidopsis lines with disrupted
effector target expression. (A) Colonization of S. indica measured as relative levels
of the fungal ITS gene to Arabidopsis UBQ5 in genomic DNA at 3 and 7dai. (B) Increase
in fungal biomass between 3 and 7dai normalized to Col-0. (C) Enhanced disease
susceptibility (eds) and enhanced disease resistance (edr) phenotypes of effector
target T-DNA insertion lines (ns; no significance, n.d.; no difference (adapted from
Wessling et al., 2014).
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3.3. Discussion
3.3.1. Symbionts still face plant immunity
In order to thrive, plant colonising microbes must overcome immunity. To establish
a compatible interaction, these organisms secrete effector proteins to reprogram
host physiology, and in doing so, can alter the effectiveness of plant immune
responses (Jones & Dangl, 2006). Both pathogens and symbionts are required to
achieve this, as plant pattern recognition receptors (PRRs) are able to detect non-self
molecules such as chitin or bacterial flagellin to elicit an immune response (Couto &
Zipfel, 2016). Identifying the host targets of effector proteins is in important step in
elucidating their action in the establishment of plant-microbe interactions and in
identifying mechanisms involved in immune signalling upon microbe perception.
In addition, as mutualists activate beneficial effects in host plants, the effector
proteins secreted by S. indica might offer an opportunity to explore effectors with a
function in regulating beneficial host signalling pathways. It was therefore the aim in
this chapter to identify host proteins targeted by 150 S. indica effectors and compare
these interactions to the already published interactions of known pathogen
effectors. In doing so, host proteins exclusively targeted by S. indica might give either
insight into its colonisation strategy of the mutualist (in comparison to pathogens)
and reveal plant genes potentially associated with enhanced plant fitness.

3.3.2. S. indica effectors positively interact with Arabidopsis proteins
From the Y2H screen presented here, 257 interactions were identified between 47
SIEs and 162 Arabidopsis thaliana proteins. GO term enrichment analyses of these
162 proteins identified 45 as nuclear localised proteins. Pathogen effectors have
been regularly observed to target host transcription factors to suppress immunity
(Black et al., 2014, Yang et al., 2017b), as well as reprogram other cellular processes
(Zhang et al., 2015). The mode of action by which effectors achieve this is variable.
Increasing promoter binding activity of TFs, for instance, has been shown to alter
gene expression (Birch et al., 2017). By doing so, S. indica may be co-ordinating
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transcriptional changes that not only allow host colonisation, but also shift host
signalling toward the activation of beneficial pathways.
Amongst the 162 Arabidopsis proteins targeted by SIEs, the phytohormones
ethylene, jasmonic acid and gibberellic acid were significantly over-represented.
These hormones are widely documented as vital in the interaction between S. indica
and Arabidopsis (Stein et al., 2008, Schäfer et al., 2009; Jacobs et al., 2011;
Danehkhah et al., 2018), where compromised ethylene signalling can even lead to
the abolishment of beneficial effects (Camehl et al., 2010). Consistent with this, S.
indica colonisation has been postulated to alter the entire hormonal landscape in
plant roots and shoots (Xu et al., 2018). Host effector targets implicated in controlling
hormonal regulation will be useful for bettering our understanding of the interaction
between S. indica and Arabidopsis in the future. This is because we can structure
stronger hypotheses regarding the molecular role of each effector given the function
a protein it interacts with is already known to have. For example, SIE69 and SIE133
were shown to interact with TIFY domain protein 8 (TIFY8), a negative regulator of
jasmonic acid responses (Cuéllar-Pérez et al., 2014). It is possible therefore that these
effectors also modulate jasmonic acid responses via TIFY8. This could be tested by
measuring transcript abundance of genes known to be regulated by TIFY8 in
Arabidopsis plants expressing SIE69 or SIE133 constitutively. In this way, we can
explore the mechanistic nature of these effector-target interactions to establish
what role these proteins might have in controlling immune responses. By using S.
indica effectors instead of pathogen effectors to identify these proteins, we have
revealed several host proteins which may play vital roles in symbiosis and beneficial
effects, including abiotic stress tolerance, disease resistance and uncoupled
growth/immunity crosstalk. Studying immunity-growth trade-offs is vital to ensure
disease tolerating crops to not exhibit ‘auto’ immunity, where resistance results in
yield loss. As an organism which promotes not only growth and yield but also disease
and abiotic stress tolerance, S. indica effector target proteins offer an exciting
opportunity to further understand and potentially control these processes.
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3.3.3. Network analysis reveals S. indica effectors converge onto host proteins
By implementing various network analysis approaches, SIEs were shown to converge
onto host proteins in a similar fashion to three well-studied pathogens representing
bacteria, oomycetes and fungi. All organisms that colonise plants are required to
suppress the host immune response, including mutualists. By targeting plant
pathways controlled by fundamental hub genes within a regulatory network,
effectors can introduce significant changes to the cellular environment conducive to
colonisation. If these modifications to host responses were essential for infection, an
element of redundant targeting in an effector repertoire ensures this modification
always occurs. It is therefore likely that the phenomenon of effector convergence has
arisen by convergent evolution, where high selective pressure to change specific
plant pathways has driven the development of additional effector proteins which
achieve the same molecular changes. Indeed, this is the conclusion made by Wessling
et al. (2014), who showed that highly convergent targets were implicated in immune
responses to the three pathogens.
DPNR suggests interspecies convergence is observed between SIEs and Arabidopsis
proteins targeted by Psy, Hpa and Gor. 36 S. indica effector target proteins that also
interact with at least one pathogen effector. 27 of these target proteins were studied
by Wessling et al. (2014) who were able to show that these genes contribute to
immunity. T-DNA insertion mutants of these 27 effector targets gave rise to diverging
phenotypes when challenged by Psy, Gor and Hpa. This important finding suggests S.
indica targets some common immunity pathways to these pathogens. This could be
explained by the fact that all four have a biotrophic colonisation strategy during early
infection.
The convergence analysis revealed four Arabidopsis proteins to be targeted by all
four organisms considered here: TCP13, AT4G17680, CSN5A and TCP15. The TCP
family of TFs have extensive roles in plant development including but not limited to
embryogenesis, senescence, circadian rhythm and cytokinin responses (Shutian,
2015). In addition, TCP proteins contribute to defence responses; tcp13, tcp14 and
tcp19 mutants were hypersusceptible when challenged by G. orontii, P. syringae and
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H. arabidopsidis (Wessling et al., 2014). tcp15 mutants on the other hand, had
enhanced resistance phenotypes when challenged by these pathogens, suggesting
this family of proteins play a diverse role in fine-tuning developmental processes
under immunity rather than operating exclusively as positive regulators of defence.
Interestingly, the Arabidopsis protein TCP14, which forms over 50 connections with
effectors and 102 interactions in the Arabidopsis interactome, was not targeted by
S. indica effectors. tcp14 mutant lines showed enhanced disease susceptibility to 3
isolates of Hpa and Gor at both the adult and seedling stage, but enhanced resistance
to Psy (Wessling et al., 2014). Altering the activity of TCP14 could therefore be
necessary for pathogenesis, but not mutualism. This hypothesis could be easily
supported by an uncompromised S. indica colonisation phenotype in tcp14 mutant
plants. The COP9-SIGNALOSOME subunit 5A (CNS5A) of the cop9-signalosome (CNS)
has also been shown to play a positive regulatory effect in immunity. The CNS
regulates the activity of a cullin-RING E3 ligase which plays a significant role in
targeted proteolysis via the 26S proteasome (Wee et al., 2005). Hind et al. (2011)
showed that CSN-silenced Arabidopsis mutants lacking various components of the
complex had reduced levels of the phytohormone jasmonic acid, whilst salicylic acid
levels were unchanged. It is possible that subunits of the CSN are targeted by
effectors from these four microbes to promote its activity. In turn, this might increase
levels of JA, in turn negatively regulating SA responses required for defence against
biotrophs.
From this comparative analysis, we found 61 Arabidopsis proteins targeted by S.
indica effectors exclusively. Interestingly, the Arabidopsis protein interacting with
the highest number of SIEs (7), had no pathogenic interactors at all. The currently
uncategorised AT1G01910 is a P-loop containing nucleoside triphosphate hydrolase
containing a predicted ArsA_ATPase domain. This domain is involved in ATP
dependent translocation of arsenite and antimonite from E. coli to protect against
heavy metal toxicity and cellular oxidation (Zhou et al., 2000). Although this
mechanism has not been fully explained in plants, S. indica has been shown to
protect rice from arsenic toxicity by reducing the uptake of soluble arsenate salts,
sequestering and immobilising those within the root, and alleviating the pressure on
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the oxidative stress response by scavenging ROS (Mohd et al., 2017). Arsenate
accumulation in crops is a growing problem in developing countries caused by
improper irrigation practices. At the whole plant level, arsenic toxicity disrupts
photosynthesis and the efficiency of transpiration (Finnegan & Chen, 2012).
Identifying mechanisms to reduce arsenic toxicity in plants is therefore useful in
tackling food shortages in these developing countries. This could be achieved
through study of this nucleoside triphosphate hydrolase, and how the fungus targets
it to potentially favour anti-oxidative conditions to benefit the plant. Nucleoside
triphosphate hydrolases have also been reported in the S. indica secretome. Nizam
et al. (2019) identified SiE5’NT, an apoplast localised effector which hydrolyses
extracellular ATP (eATP) at the haustorial interface to dampen immune signalling.
This also liberates inorganic phosphate (Pi) for other plant processes such as growth
(Nizam et al., 2019). It is possible the 7 effectors we identified as interactors of
AT1G01910 also contribute to the hydrolysis of eATP by enhancing its activity to
suppress immunity and enhance growth during early colonisation. The subsequent
increase in Pi could also act as a potential cue towards symbiosis to the host, as
regulators of phosphate stress in plants have been shown to repress defence
responses (Castrillo et al., 2017). It will be important to study the interaction
between S. indica and T-DNA insertion lines unable to express this protein, as it may
play a crucial role in symbiosis.

3.3.5. S. indica colonises convergent effector target mutants with diverging
phenotypes
We tested the ability of Arabidopsis mutants of S. indica effector targets to resist
colonisation by S. indica (table 3.6). tcp15 and cns5a mutants showed improved
colonisation by the fungus. Whilst tcp15 did not previously give a phenotype when
challenged by the three pathogens (Wessling et al., 2014), a higher rate of fungal
proliferation was observed here after 7 days of inoculation relative to control plants.
This suggests this protein might have a positive regulatory effect on the immune
system in roots, requiring S. indica to target and suppress its activity. In its absence,
however, this function is abolished and the fungus can colonise less hindered. csn5a
mutants show increased colonization by S. indica at 7 dai, when mutants have been
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previously shown to be more resistant to diseases. The infection strategies of plant
colonising microbes are inconceivably diverse. To counter this, plants have evolved
dynamic regulatory networks which allow them to respond to multiple organisms to
achieve resistance. Exploring the molecular mechanisms of genes with divergent
functions, such as CNS5A, will be paramount for identifying promising targets that
enhance crop tolerance to biological and environmental stresses. Given that these
four organisms all utilise at some point a biotrophic colonisation strategy, it is
possible that the regulatory role CNS5A has in immunity is divergent between root
and shoot tissue. This could be confirmed by challenging csn5a mutants with a
biotrophic root pathogen such as Phytophthora infestans and observing enhanced
disease susceptibility as with S. indica.

3.3.6. Functional annotation of effector targets identifies stress associated
interactors
To identify differences between the proteins targeted by S. indica and the three
pathogens, effector target proteins were annotated using the Arabidopsis Hormone
Database v2. 11 proteins associated with hormone signalling were identified which
were unique targets of S. indica effectors. Of these, Nucleoside Diphosphate Kinase
2 (NDPK2), Receptor for Activated C Kinase B/C (RACKB/C) and EIN3 BINDING F BOX
(EBF1) are of particular interest, as all have been previously reported to play direct
roles in hormone sensing and signalling (Camehl et al., 2010; Kim et al., 2011; Wang
et al., 2019c). In each of the three examples given here, mechanistic insights into
each effector-target interaction could help decipher the role of putative effector
proteins in beneficial signalling.
Constitutive overexpression of AtNDPK2 in both Arabidopsis and Medicago sativa
was found to reduce levels of radical oxygen species (ROS), which subsequently
conferred tolerance to stresses associated with ROS accumulation (Kim et al., 2011,
Wang et al., 2014). Similar results were observed when the endogenous homologue
of PtNDPK2 was overexpressed in Poplar trichocarpa, which increased plant biomass
as well as abiotic stress tolerance (Zhang et al., 2017a). It is possible that SIE69, which
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interacts with AtNDPK2, alters its basal activity in such a way that these protective
properties might be observed during colonisation.
The RACK family of scaffold proteins have also been associated with abiotic stress
and immunity. Guo at al. (2009) identified the RACK family as redundantly
functioning negative regulators of abscisic acid (ABA) signalling. Whilst rack1a
mutants were hypersensitive to both NaCl and ABA, constitutively overexpressing
any of the three RACK1 homologues resulted in ABA insensitivity. RACK proteins have
also been implicated in innate immunity in Oryza sativa. Recruitment of RACK1A by
the GTP bound OsRAC1 to NADPH oxidase increases ROS generation under immunity
(Nakashima et al., 2008). SIE108, which interacted with all three members of the
RACK family, may play a significant role in modulating these regulatory processes to
enhance either abiotic or biotic stresses.
Finally, the role of EBF1 has been well categorised in ethylene signalling. In the
absence of ethylene, EBF1/2 function as negative regulators of downstream
signalling via an E3 ligase complex which targets EIN3/EIL1 for degradation (Guo et
al., 2003). Ubiquitination is blocked in the presence of the hormone and subsequent
ethylene signalling can take place (Binder et al., 2007). The interaction between EBF1
and SIE126 could shed light on the role of ethylene in S. indica symbiosis; no
beneficial effects are observed in ein3/eil1 mutants (Camehl et al., 2010), suggesting
that this effector is required to inhibit the activity of EBF1 to increase accumulation
of EIN3/EIL1 and activate ethylene signalling.
So far, proteins associated with auxin biosynthesis were not identified in this analysis.
Auxins (including IAA) are master regulators of growth and developmental queues in
plants, controlling not just cell division and elongation but also some immune signals
(Egamberdieva et al., 2017). Extensive research has focused on changes in auxin
signalling upon S. indica colonisation, in not just Arabidopsis but several crop species
including barley, maize and cabbage (Lee et al., 2011, Hilbert et al., 2012, Zhang et
al., 2018b). Although the fungus has been shown to produce and secrete IAA
(Sirrenbeg et al., 2007), the significance of this in growth promotion has been shown
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to be insignificant, as colonisation induces neither auxin responses nor auxin
bioaccumulation (Vadassery et al., 2008). It was reported in the same study,
however, that S. indica was able to rescue the dwarf phenotype of the Arabidopsis
auxin overproducer mutant sur1-1 by converting biologically active IAA into other
inactive derivatives of auxin. It is therefore likely that changes in auxin signalling are
linked to more complex metabolic processes. It is possible that changes in auxin
signalling are the result of crosstalk with the cytokinin or ethylene pathways. An
under-representation of auxin-associated protein targets in the S. indica interactome
could also be explained by considering the limitations in association mapping. It is
unlikely that every protein in the Arabidopsis Interactome has been absolutely
classified in context of phytohormone signalling. Additionally, 10% of the proteins
targeted by SIEs have no classified gene ontology terms. Annotation databases such
as AHD represent a snapshot of our understandings of biological processes at the
time they are published. It is possible that false negatives arise due to limitations in
our current knowledge; new datasets such as the S. indica interactome therefore
present new opportunities for exploring plant signalling by studying proteins with
unclassified functions.

3.4. Conclusions and outlook
The aim of research presented in this chapter was to identify and analyse the
interactions of effector proteins secreted by the endophyte S. indica. These novel
interactions have not been previously reported, and as such are a vital contribution
to the field of effector biology, particularly considering the scarcity of published
mutualist effector research. Significant differences were identified between effector
targets of a mutualist and those of three pathogens. Because of this comparative
analysis, several beneficial candidates have been identified which are supported by
the available literature.
The necessity to understand plant microbe interactions is limited by our explanatory
power. By uncovering the host targets effectors interact with, we have opened the
field for significant research into the roles of a mutualist in reprogramming host
signalling to establish a beneficial symbiosis. It will now be necessary to explore
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individual binary interactions using biochemical and cell-based assays, as well as
published data to pursue avenues that will help us to understand and reveal effectorbased traits involved in the regulation of growth promotion, disease resistance and
abiotic stress tolerance.
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Chapter 4: Biochemical classification of S. indica effector
candidates
4.1. Introduction
4.1.1. Approaches for studying effectors
High-throughput screening approaches to identifying effector-host protein
interactions are a vital step in exploring the roles effectors have in modulating plant
activity (Mukhtar et al., 2011; Wessling et al., 2014). In order to characterise the
function of these proteins further, however, it is necessary to express them in planta.
By doing so, we can identify subcellular localisations, post-translational
modifications, confirm protein interactions and explore gene expression patterns (Lo
Presti et al., 2015; Henry et al., 2017). There is a wealth of research in the literature
focused on effector proteins and how they behave in plants, most of which use
transient, constitutive or inducible expression systems in Arabidopsis thaliana, or
transient protein expression system by agroinfiltrating the model plant Nicotiana
benthamiana (Bally et al., 2018).

4.1.2. Transient transformation of Arabidopsis thaliana protoplasts
Since their first use over 50 years ago, protoplast systems have been widely
implemented to explore plant cellular processes (Cocking, 1960). In the plant field,
researchers are not limited by species, organ, or even more recently cell type, when
generating protoplasts to study plant behaviours. For instance, many studies have
used fluorescently tagged cell-type specific markers combined with protoplasting,
Fluorescence Assisted Cell Sorting (FACS) and transcriptomics to uncover cell specific
processes in stress resilience and development (Gifford et al., 2008; Dinneny et al.,
2008; Rich et al., 2018). Although useful in the context of understanding the
transcriptomic landscapes coordinating plant processes, protoplasts can also be used
as tools for protein localisation, protein interaction or expression studies (Yoo et al.,
2007; Fraiture et al., 2014; Sun et al., 2019).
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Due to their physiology and the simplicity of transfecting them with foreign DNA,
protoplasts offer an excellent system for exploring the roles of plant and non-plant
proteins in vivo. Transfection can be achieved through several methods, including
PEG-calcium treatment, electroporation and microinjection (Harwood & Davies,
1990; Yoo et al., 2007; Shen et al., 2014). Once expressed in protoplasts, properties
of the plant or alien proteins in question can be studied. Sun et al. (2019)
demonstrated that the Ralstonia solanacearum effector RipN is localised to the ER
and nucleus in this way. More complex assays are also possible. In their pioneering
study, Abel & Theologis (1994) transformed protoplasts with several plasmids,
including quantifiable reporters to monitor gene expression under different
conditions. Since then this procedure has been greatly optimised, allowing an even
deeper insight into plant physiology (Yoo et al., 2007).
A recent creative example was the screening for Xanthomonas euvesicatoria
effectors that suppress early defence responses, by co-transfecting them with
LUCIFERASE expressed under a flg22-responsive promoter (Popov et al., 2016).
Luciferase activity, and therefore expression, was significantly reduced by several
effectors that inhibit PTI upon flg22 treatment. This assay allowed immunity
dampening effectors to be screened in a high-throughput and biologically relevant
manner.

4.1.3. Transient transformation of Nicotiana benthamiana using Agrobacterium
tumefaciens
Agrobacterium tumefaciens-mediated transient transformation is a widely used
method for expressing proteins of interest in plants. Used primarily for research
purposes, protein expression in this way has even made gains in recent years to
express pharmacologically relevant proteins (Veerapen et al., 2018). In short, A.
tumefaciens contain the extra-chromosomal tumour inducing (Ti) plasmid. Under
normal conditions, the bacteria incorporate this plasmid into the host genome to
induce expression of virulence genes by the plants own transcriptional machinery.
By replacing these virulence genes, it becomes possible to integrate candidate genes
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of interest into the host genome, under a promoter of choice. It is also possible to
extend the scope of this method to agriculturally relevant crops.
The procedure even allows the identification of protein motifs and key amino acids
that mediate protein functions. For instance, Yang et al. (2017a) identified the
mechanism of hypersensitive response (HR) cell death of the Phytophthora sojae
effector PsAvh238 using agrotransformation in N. benthamiana and the native host
Glycine max (soybean). By infiltrating a series of truncated and site directed
mutagenized versions of PsAvh238, the authors were able to identify the 79th C
terminal histidine residue as responsible for the HR phenotype. They also highlighted
the diverse roles of effector proteins in suppressing plant immune systems. When
expressed with a nuclear localisation sequence, PsAvh238 triggered cell death, but
was unable to do so when fused to a nuclear exclusion signal. By co-inoculation
experiments, the authors were able to show that PsAvh238 is able to block INF1
mediated HR in the cytoplasm. INF1 is a small peptide secreted by Phytophthora
species, which is recognised as a PAMP in Nicotiana benthamiana leading to a
hypersensitive response (Kamoun et al., 1997).
Other studies utilising agroinfiltration have also focused on HR and the immunity
suppressing roles of effectors. It was demonstrated that the conserved effectors
HaRxL23 and PsAvh73 from H. arabidopsidis and P. sojae were able to elicit HR in an
ecotype dependent manner in Arabidopsis (Deb et al., 2018). Although transient
expression in N. benthamiana did not produce the same result, PsAvh73 was able to
suppress INF1 mediated HR, and both effectors were able to suppress PsAvh163induced cell death. Constitutive expression of these effectors in the Arabidopsis
ecotype Col-0 resulted in susceptibility to H. arabidopsidis and P. syringae by
suppressing the induction of defence genes and interfering with callose deposition
(Deb et al., 2018). The authors conclude that the identification of interactors to these
two proteins, which would likely be the same, would help elucidate the plant
pathways they target to suppress host immunity.
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The agroinfiltration system has also been widely used to explore effector protein
localisation. Liu et al. (2018) explored the subcellular targeting of 83 RxLR effector
candidates from the oomycete pathogen Plasmopara viticola. A mid-high throughput
approach was also implemented successfully by Petre et al. (2015) to identify the
localisations of 6 candidate effectors from Melampsora larici-populina and plant
interacting proteins by co-immunoprecipitation and tandem mass spectrometry. The
localisations of 48 P. syringae pv. actinidiae were also reported by Choi et al. (2017),
10 of which could induce HR, and 5 that suppressed it.
By combining subcellular localisation screening with phenotypic analysis, many of
these studies have been able to close in on the molecular roles of effectors in plantmicrobial interactions to identify genes involved in the regulation of immunity. Césari
et al. (2014), for instance, demonstrated that RGA4 and RGA5 are two NB-LRRs which
initiate HR in Oryza sativa upon recognition of the Magnaporthe oryzae effector AvrPia. This was achieved by co-infiltration experiments using Avr-Pia and site
mutagenized versions of these R proteins.
Taken together, these studies highlight the suitability of agrobacterium mediated
transformation, due to its simplicity and versatility, as an excellent method for
elucidating biochemical functions of effector proteins.

4.1.4. Yeast-2-hybrid methods for determining protein-protein interactions
High-throughput screening approaches for mapping physical protein-protein
interactions have revolutionised scientific progress in both agriculture and medicine
(Legrain et al., 2001). In addition to comprehensive network analyses of proteinprotein interactions (see Chapter 3), single proteins of interest are regularly screened
against large libraries to identify their interactors and biological function. It is
important, however, to be critical of the systems chosen, and to be aware of their
benefits and drawbacks. Primarily yeast-2-hybrid has been widely criticised for
having a high false-positive rate, with some reviewers claiming this can be as high as
50% (Huang et al., 2007). False positives in a 2-hybrid system can arise for many
reasons, including overexpression, endogenous yeast protein complexes forming
73

non-specific interactions or proteins not usually being co-expressed in the same
subcellular compartment in the native organism. It is imperative therefore that an
experimenter should use an additional method in vivo to confirm protein-protein
interactions.

4.1.5. Biochemistry of S. indica effectors
Several studies have reported the roles of S. indica effectors in planta. Akum et al.
(2015) identified PIIN_08944 as playing a crucial role in colonisation of Arabidopsis
roots. D08944 mutants of S. indica were delayed in infecting the host, whilst
overexpression of this gene in the plant recovered the phenotype. SA and flg22
marker gene induction was markedly reduced in plants constitutively overexpressing PIIN_08944. The authors concluded that this effector plays a role in
suppressing basal SA mediated defence responses, allowing effective progression of
the biotrophic colonisation phase. In line with this hypothesis, Arabidopsis mutants
expressing PIIN_08944 were more susceptible to the H. arabidopsidis, whilst no
phenotype was observed when barley expressing this effector was challenged by the
necrotrophic fungi Botritis cinerea or Fusarium graminearum (Akum et al., 2015). SIEs
have also been shown to suppress b-glucan induced PTI at the haustorial interface.
Wawra et al. (2016) recently identified FGB1 (FUNGAL GLUCAN BINDING 1) a lectin
capable of inhibiting lamarin-triggered generation of ROS and subsequently
downstream immune signalling. FGB1 was also able to stabilise fungal cell walls
through binding of b-1,6-glucan which reduced the liberation of PAMPS from this
structure, suggesting a duel role for this secreted protein in modulating host
defences (Wawra et al., 2016).
Although there are several other studies which give mention to candidate effectors
secreted by S. indica, many are focused on the bioinformatic prediction of these
proteins (Zuccaro et al., 2011; Rafiqi et al., 2013). These studies are therefore limited
in scope at explaining how these proteins allow the fungus to colonise its host and
confer beneficial effects; there is a clear gap in our current understanding of the
biochemistry and cell biology of these effector proteins.
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4.1.6. Aims and Objectives
In this chapter, we aim was to explore the biochemical properties of S. indica
effectors when expressed in planta. Firstly, data generated using a protoplast-based
assay for quantifying effector functions in hormone signalling was analysed and
considered alongside the network data presented in chapter 3. The protoplast data
presented for this screen was generated by Dr. Silke Lehmann of the Schäfer group.
Based on the results of this analysis, a shortlist was generated from the 150 effectors
that have biologically relevant interactors and significantly modulate plant stress and
hormone signalling. Proteins in this shortlist were analysed for their subcellular
localisations in N. benthamiana and effector-target interactions using live cell
imaging and co-immunoprecipitation respectively. In doing so, the aim was to
identify effector candidates associated with that might contribute to biotic stress
resistance mediated by the fungus.

4.2. Results
4.2.1. S. indica effectors modulate defence hormone markers in Arabidopsis
protoplasts
150 S. indica effectors were screened for their downstream effect on LUCIFERASE
expression driven under the native promoters pJAZ10 (jasmonic acid) and pWRKY70
(salicylic acid). To identify the function of these SIEs, Arabidopsis mesophyll cell
protoplasts were transfected with three plasmids. The first drove the expression of
a HA-tagged effector under the Cauliflower Mosaic Virus 35S promoter (hereby 35S);
the second drove the expression of firefly LUCIFERASE under a SA or JA-inducible
promoter; the third drove the expression of b-GLUCURONIDASE under the UBQ10
promoter. The activity of each marker was quantified by photon count after
incubation with luciferin. To evaluate the effect each SIE had on the hormoneinducible markers, the photon counts for induced and uninduced conditions were
compared to those of cells transformed with an empty 35S::HA vector (figure 4.1;
please see Chapter 2.7 for a more in-depth explanation).
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Figure 4.1. Schematic representation of the protoplast screen. (A) Mesophyll
protoplasts were harvested from 4-week-old Arabidopsis leaves and transferred
to 96-well plates. (B) Cells were transfected in 96 well plates via PEG
transformation with three plasmids (C) using a Tecan liquid handling system (D).
(E) The luciferase activity was measured in mock and treated conditions as a proxy
for promoter activity. Two technical replicates of each effector were used, and
luciferase activity was measured as relative luminescence to cells transfected with
an empty vector (-).
The results of this screen are summarised in figures 4.2 and 4.3, which separate
effectors by those with interactors and those without, as identified in our Y2H screen.
97 effectors significantly altered the activity of at least one of the defence markers.
A certain degree of overlap was observed between the two, with 13 effectors
changing the activity of both pJAZ10 and pWRKY70. Despite this however, 67
appeared to function more specifically by modulating the activity of one hormone
marker only. Interestingly, none of the S. indica effector candidates suppressed
pWRKY70 activity.
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Figure 4.2. S. indica effectors with interactors significantly alter jasmonic
and salicylic acid signalling (A) Heatmap showing the log2 fold change in
luciferase activity under control of pJAZ10 and pWRKY70 for each effector
with at least one interactor. Values were calculated by multiplying the
relative differences in luciferase activity to empty vector controls for both
induced and uninduced conditions. (B) Pie chart showing the specificity of
each effector in this screen. Antagonism indicates activation of one marker,
whilst the other is suppressed. Synergism indicates activation of both
markers by one effector. (C) Pie charts classifying each effector as inducers,
suppressors, or not affecting a marker.
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Figure 4.3. S. indica effectors with no identified interactors significantly
alter jasmonic and salicylic acid signalling. (A) Heatmap showing the log2
fold change in luciferase activity under control of pJAZ10 and pWRKY70 for
effectors with no interactions identified in our Y2H screen. Values were
calculated by multiplying the relative differences in luciferase activity to
empty vector controls for both induced and uninduced conditions. (B) Pie
chart showing the specificity of each effector in this screen. Antagonism
indicates activation of one marker, whilst the other is suppressed.
Synergism indicates activation of both markers by one effector. (C) Pie
charts classifying each effector as inducers, suppressors, or not affecting a
marker.
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4.2.2. S. indica effectors localise to distinct compartments in N. benthamiana
Based on the results from the protoplast screen, a short list of effectors involved in
defence with an interacting protein was generated. In order to identify the
subcellular localisations of S. indica effector candidates, gene sequences were cloned
into YFP-fusion vectors and expressed under the 35S promoter. Positive clones were
confirmed by colony PCR and subsequently transformed into the A. tumefaciens
strain GV3101. The leaves of 4-week-old N. benthamiana leaves were co-infiltrated
with these effector transfecting bacteria, and Agrobacteria containing a plasmid
driving the expression of the cytoplasmic/nuclear marker mCherry (35S::HAmCherry). The lower epidermis of leaf discs was then imaged 3 dai.
21 S. indica effector YFP-fusions were successfully localised in N. benthamiana
epidermal cells. 13 effectors had a clear detectable signature in the nucleus or
nucleus and cytoplasm. 3 of these effectors had an exclusively nuclear localisation,
whilst several appeared to be contained within vesicular bodies. As this assay was
designed to be complimentary to the interaction study the localisations of only 10 of
these effectors are presented in figure 4.4 and 4.5. The summary of all 21 SIE
localisations are in table 4.1, whilst images of all localisations are available for
reference in supplementary figures 4.1.1./4.1.2.
Table 4.1 Localisations of effector proteins screened in N. benthamiana
Effector Localisation

Effector

Localisation Effector

SIE 8

Nuclear

SIE 56

Vesicular

SIE 108

SIE 11

ER

SIE 62

SIE 125

SIE 15

Cytoplasm

SIE 64

SIE 21

Nuclear

SIE 69

SIE 24

Cytoplasm

SIE 78

SIE 26

Cytoplasm/
Nuclear

SIE 81

SIE 50

Vesicular

SIE 99

ER
Cytoplasm/
Nuclear
Cytoplasm/
Nuclear
Cytoplasm/
Nuclear
Cytoplasm/
Nuclear
Chloroplast
membrane

SIE 126
SIE 127
SIE 129
SIE 133
SIE 145

Localisation
Chloroplast
membrane
Nuclear
Cytoplasm/
Nuclear
Cytoplasm/
Nuclear
Cytoplasm/
Nuclear
Cytoplasm/
Nuclear
Nuclear
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Figure 4.4. YFP tagged S. indica effectors target distinct intracellular
organelles in N. benthamiana cells. (A) Nuclear exclusion, (B) nuclear, (C)
cytoplasm/nuclear, (D) cytoplasm/nuclear, (E) intracellular vesicles. Effectors
were co-expressed with the cytoplasm/nuclear localized mCherry marker
expressed under the 35S promoter.
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Figure 4.5. YFP tagged S. indica effectors target distinct intracellular organelles
in N. benthamiana cells. (A) Cytoplasm/intracellular vesicles, (B)
cytoplasm/nuclear, (C) cytoplasm/nuclear, (D) cytoplasm/nuclear, (E) nuclear.
Effectors were co-expressed with the cytoplasm/nuclear localized mCherry marker
expressed under the 35S promoter.
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As untagged YFP also localises to the nucleus and is known to be cleaved from
transiently expressed proteins post-translationally, we isolated nuclei from
infiltrated leaf material and analysed the presence of YFP in protein extracts by antiGFP immunoblot (figure 4.6). Of the 10 effectors validated, 6 were detectable by
western blot in nuclear protein extracts from infiltrated N. benthamiana leaves. In all
instances, effectors were detected at the correct predicted sizes except for SIE108,
which has a predicted size of 56kDa, despite appearing 20kDa less. In the nucleus,
SIE145 also gave a larger band than predicted. Although the protein had been
massively enriched at its correct size of 41kDa, a small additional band was also
detected at 70kDa. In the case of either SIE108 or SIE145, this result could be due to
post-translational modifications associated with functional regulation. For SIE108,

Figure 4.6. Nuclear localized YFP tagged S. indica effectors can be detected in
nuclear isolates by immunoblot. (A) Immunoblot showing effector proteins
present in cytoplasmic protein extracts. Stars (*) indicate those proteins expected
in cytoplasmic extracts based on microscopy results. (B) Immunoblot showing
effector proteins present in nuclear protein extracts. Stars (*) indicate those
proteins expected in the nucleus based on microscopy results. An anti-Histone 3
antibody was used as a control for extraction of nuclear proteins, and lack thereof
in cytoplasmic fractions.
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proteolytic cleavage is likely to be causing the reduced size. For SIE145, an increase
in size of ~30kDa could correspond to ligation of three ubiquitin monomers, as the
protein sequence contains 8 lysine residues. Although unlikely given there are no
visible single or double ligations, it would be necessary to explore this further using
recombinant protein and ubiquitination assays.
Despite giving a nuclear signal microscopically, the presence of SIE69 and SIE126 in
the nucleus could not be confirmed by immunoblot. Given the presence of a band at
26kDa (figure 4.6), it is likely the nuclear signal is a result of cleaved YFP translocating
to produce a nuclear signal. Interestingly, SIE99 had a strong signal in the nucleus,
despite this not appearing to be the case based on our microscopic analysis. It is
possible the structures appearing to envelope the nucleus in figure 4.4E were
enriched along with nuclei.

4.2.3. S. indica effectors interact with Arabidopsis thaliana proteins
As yeast-2-hybrid is a heterologous system for identifying protein-protein
interactions, we used co-immunoprecipitation to confirm interactions between SIEs
and Arabidopsis proteins presented in chapter 3. To establish biological significance
of the 257 interactions, a shortlist was made based on several criteria. Firstly, target
proteins were assessed based on their associative roles in hormone, defence or
abiotic stress signalling according to annotations sourced from TAIR. Secondly,
interactions were only tested with those effectors which had a clear localisation
signal when expressed in N. benthamiana and could modulate either pJAZ10 or
pWRKY70 activity. The total list of interactions tested is summarised in table 4.2.
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Table 4.2 Summary of the interactions screened between S. indica effectors and
Arabidopsis targets
SIE

Target

SIE

Target

SIE

Target

SIE

Target

11

VAP27

√

69

SEPALLATA4

•

125

TBS1

•

133

RDO4

*

15

GAI

√

69

RDO4

*

126

EBF1

•

133

DRNL

*

15

SCR

*

69

DRNL

*

126

AT1G61690.1

*

133

MYC2

*

17

MPI7

•

69

KNAT1

•

126

bZIP24

*

133

TIFY8

*

17

PRA1.F3

•

69

MARD1

√

126

ZLM1

•

133

SPATULA

•

21

OBE1

√

81

BELL1

•

127

KNAT1

√

133

TIFY8

*

26

GRF10

√

81

RDO4

*

129

CRF1

√

145

CRF1

√

62

NAC089

√

108

RACK1C

√

129

ERF1

√

145

DREB2A

*

69

TIFY8

*

108

RACK1A

√

129

DREB2A

*

145

DRNL

*

√ = confirmed interactions; * = inconclusive; • = no interaction
Of the 36 interactions tested (table 4.3), 12 were confirmed. A screening process was
first implemented to delineate effector-target combinations to confirm with negative
controls. This also ensured interactions presented here were tested with at least two
biological replicates. Confirmed interactions are summarised in table 4.3. In total, 10
candidate effectors interacted with 11 Arabidopsis proteins in planta. In many cases,
it was not possible to detect target proteins in either the crude protein extracts or
after immuno-precipitation. As such the nature of the interaction between
respective effectors and these proteins could not be determined. In addition, it is
possible some interactions could not be confirmed due to the presence of
recombinant protein tags, which may act to hinder key interacting residues. Figure
4.7 shows the final confirmations of seven S. indica effector – Arabidopsis
interactions. N. benthamiana leaves co-infiltrated with empty vectors were used as
negative controls to ensure target proteins were not interacting with either the YFP
or FLAG tags.
All but one of the proteins identified in this validation screen have been previously
associated with hormone signalling, defence, or growth regulation. In addition to
this, all have been shown to operate in plant roots. OBERON1 (OBE1), for instance, is
expressed ubiquitously throughout the whole plant and plays a significant role in
maintenance of both root and shoot apical meristematic zones (Thomas et al., 2009).
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Double mutants of OBE1 and its redundantly operating homologue OBE2 fail to
produce roots, due to compromised auxin signalling (Thomas et al., 2009). S. indica
is known to alter auxin responses during colonisation; it will be important to explore
the nature of this interaction in the future and how it may contribute to changes in
growth observed in colonised plants.

Figure 4.7. S. indica effectors interact with their predicted Arabidopsis proteins.
(A-G) Western blots showing the interaction between respective effectors and
named target proteins. Effectors were N-terminally tagged with YFP and targeted
host proteins were FLAG tagged. Co-immunoprecipitation was performed using ɑGFP agarose beads. Protein extracts were indicated by staining with Coomassiebrilliant blue (CBB). Negative controls are denoted by (-), where the empty vector
of either the YFP or FLAG tag were co-infiltrated with the target and effector
respectively.
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4.3. Discussion
4.3.1. Confirming putative effector candidates
In many cases, effector proteins from plant colonising organisms are identified using
RNA sequencing. From a biological perspective, it is therefore important to validate
the likelihood of a protein being secreted from one organism to another. Bacterial
effectors have an associated N-terminal secretion signal, targeting the protein to the
type-three secretion system as reported for P. syringae (Xin & He, 2013). Oomycete
pathogen effectors are often identified using a conserved RxLR motif, which by some
unknown mechanism targets them via the ER of the invader through haustoria into
the host cell/ apoplast (Whisson et al., 2007). Recent studies have observed fungal
effector proteins to possess a conserved C-terminal DELD motif. The S. indica
secretome possesses the highest number of these observed so far (Zuccaro et al.,
2011), although it has not been shown that the DELD motif has a function in secretion
or translocation. As such, other methods must be used to support the hypothesis
that these putative effector proteins have functions in planta. When exploring plantmicrobe interactions, validation of effector protein secretion can be achieved by
tagging the native effector gene sequence with a fluorescent protein fusion, and
observing the translocation from the invader to the plant cell. However, the level at
which these proteins are expressed is often too low, or too highly diffused in the host
to detect a fluorescent signal. In other cases, the transformation process of
genetically complex organisms such as fungi can be inefficient or not feasible. It is
therefore necessary to generate data which suggests effectors have true functions in
planta, such as gene expression studies, targeting of plant organelles and
confirmation of interactions with the host.
Confirming effector candidates as secreted into the host and necessary for
colonisation is important for the field of molecular plant-microbial interactions. From
a synthetic biology perspective however, demonstrating such proteins are indeed
effectors is of less concern. It is therefore important to consider that although it has
not been possible to show SIEs are secreted by the fungus in this thesis, the data
presented here do show that these proteins have functions in planta which could
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help explain how S. indica colonises Arabidopsis, or how it confers enhanced disease
resistance.
The aim of this chapter was to explore the roles S. indica effector candidates have on
host signalling, and to validate their interactions by co-immunoprecipitation and
localisation studies. Although understanding the ways S. indica interacts with its host
is a benefit of this work, our primary goal was to identify effector protein candidates
which could contribute to induced systemic resistance associated with colonisation
by the mutualist. Defining a direct cause-effect relationship between SIEs, their
Arabidopsis interactors and their activity on each defence marker is challenging;
however the approach succeeded to identify effector candidates with beneficial
activities for further study.

4.3.2. S. indica effector candidates specifically target plant hormone pathways in
protoplasts
We conducted a screen of S. indica effectors expressed in Arabidopsis leaf
protoplasts to identify how they regulate the downstream promoter activity of two
defence associated genes (pWRKY70, pJAZ10). This regulation could be occurring at
several levels, including hormone biosynthesis, perception or signalling. These
markers represent two distinct hormone-associated defense pathways.
As a JAS domain containing protein, JAZ10 operates as an SCF/COI1 dependent
negative regulator of jasmonic acid (JA) responses at the gene expression level. JAZ10
expression can be induced by treatment with MeJA; JAZ10 overexpressors show
reduced root growth inhibition by the hormone and are repressed in some JA
biosynthesis genes (Yan et al., 2002). The authors concluded this gene acts as a
repressor of JA-inhibited growth and plays a role in regulating growth after
wounding. The upstream regulation of this gene, however, has not been clearly
defined. The microarray accession database Genevestigator is a useful tool in
exploring this further (Zimmerman et al., 2004). Previous microarray studies report
JAZ10 as induced by MeJA and during Psy colonisation of Arabidopsis, but not during
Hpa infection or treatment with SA (Kimmerling et al., 2007; Wang et al., 2011;
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Cerrudo et al., 2012; Pajerowska-Mukhtar et al., 2012). This is promising in regard to
the specificity of pJAZ10 as a marker for jasmonic acid signalling.
Unlike JAZ10, the activity of WRKY70 and how its expression is regulated has been
significantly well documented. It was demonstrated that WRKY70 operates at a point
of crosstalk between SA and JA signalling, and is induced after SA but suppressed by
MeJA treatment (Li et al., 2004; Li et al., 2006). Expression of WRKY70 has also been
associated with AtMYB44 (Shim et al., 2012). AtMYB44 is upregulated under both SA
and JA treatments, and directly binds to a conserved region in the WRKY70 promoter
to activate expression. AtMYB44 subsequently suppresses other JA responses
through WRKY70 activity. This upregulation occurred in an NPR1 independent
manner, as pWRKY70 sensitivity to SA was only delayed but not abolished in the npr11 background. Based on these published data, pWRKY70 was considered as a good
marker for SA signalling.
To identify SIEs which modulated JA and SA signalling, we screened them in
protoplasts alongside a pJAZ10::LUC or pWRKY70::LUC construct. 37 SIEs suppressed
the expression of pJAZ10::LUC whilst 9 induced it (figure 4.2, 4.3), suggesting a finetuned modification of JA-associated signalling. From this screen, several effectors
were identified which could be useful in explaining fungal colonisation. SIE129, for
instance, was one of the strongest activators of pJAZ10 in this screen. Induction of JA
signalling is known to suppress the responsiveness of the SA branch of immunity
(Robert-Seilaniantz et al., 2011), which can reduce plant resistance to biotrophs. It is
possible S. indica uses this effector during early colonisation to activate jasmonate
signalling to suppress SA-regulated defences. The role of SIE129 in modulating JA
signalling will be explored further in chapter 5.
Other notable effector candidates include SIE66, which suppressed JA signalling and
induced pWRKY70 activity. Consistent with this, SIE66 interacts with TCP9, which has
recently been demonstrated as a positive regulator of the key SA biosynthesis
enzyme ISOCHORISMATE SYNTHASE 1 (Wang et al., 2015c). It could be hypothesised
that through its interaction with TCP9, SIE66 promotes SA biosynthesis through
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associated interactions with ISOCHORMATE SYNTHASE 1, thereby inducing pWRKY70
activity and suppressing pJAZ10 as part of antagonistic JA-SA crosstalk pathways. This
could be explored further by quantifying the levels of SA and JA in Arabidopsis lines
constitutively expressing SIE66. Under this hypothesis, expression of SIE66 in a Col-0
background should result in SA accumulation and result in an induction of SA marker
genes. Similar assays of this effector expressed in a tcp9 background should result in
a loss of this phenotype, whilst the reverse would be true for the levels of JA in
respective mutants. The potential for SIE66 as a regulator of SA-associated immune
signalling could be confirmed further by challenging these respective lines with
biotrophic and necrotrophic pathogens.
Similarly to SIE66 and in line with our general understanding of SA/JA crosstalk, 9
other SIEs induced pWRKY70::LUC activity whilst suppressing pJAZ10::LUC. Although
further experiments will be necessary to determine the precise mechanistic nature
of the (antagonistic) activity of these effectors, their potential in revealing more
details about the molecular nature of the hormonal crosstalk during S. indica
colonisation is great. Generating hypotheses regarding the biochemical mechanisms
of these effectors is possible when considered alongside interaction data presented
in chapter 3.
SIE13 for instance was one of the five effectors suppressing pJAZ10 and inducing
pWRKY70. The interaction data (supplementary table 3.1) suggest that this effector
interacts

with

the

pyrophosphatase

enzyme

TTM1

(TRIPHOSPHATE

TUNNELMETALLOENZYME1). TTM1 acts as a regulator of senescence and detached
ttm1 leaves retained chlorophyll longer than control plants after dark treatment.
Whole plants also had a delayed senescence phenotype, as well as later induction of
the senescence markers SAG12 and SAG13 (Ung et al., 2017). Although TTM1 has no
previous functional roles in modulating JA or SA signalling, its homologue TTM2,
which was not present in the initial interaction screen, has been demonstrated as a
negative regulator of SA feed-forward mechanisms (Ung et al., 2014).
Overexpression of TTM2, which shares 92% amino acid sequence homology with
TTM1, resulted in reduced levels of SA and downregulation of NPR1-responsive
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genes. It would therefore be interesting to explore the interaction between SIE13
and both TTM proteins, as changes seen in hormone marker activity could be the
result of inactivation/downregulation of TTM1 by this effector.
50 of the effectors tested in this screen had the ability to significantly change
pWRKY70 or pJAZ10 activity, despite having no identified interactors in the Y2H
screen. It will be important in the future to identify the plant-protein interactions of
these proteins in order to understand the biological rationale in each instance. SIE10,
for instance, was the highest inducer of pJAZ10 identified in this screen, with almost
5-fold log2 induction. Without identified protein interactors of SIE10, it will be
necessary to explore its function using other methods. BLAST and protein motif
analysis of the primary structure of this effector revealed no conservation in other
organisms; very rarely is homology observed between effectors and they often do
not have conserved protein domains. It will be useful to implement a coimmunoprecipitation tandem-affinity mass spectrometry approach to categorise this
proteins function. By expressing this protein transiently in N. benthamiana and coimmunoprecipitating it with its interactors, it might be possible to elucidate its
potential roles in activating JA signalling. This method could be a powerful tool for
identifying the functions of those effectors which yielded no interactors via Y2H.
In addition to pJAZ10, we were able to show that 47 SIEs induced the activity of
pWRKY70 in protoplasts. There were no suppressors of this marker, but over 100
effectors did not change its activity, suggesting this induction is not an artefact of the
assay. The biological significance of these results suggest S. indica might use its
effector repertoire to promote SA dependent defence responses by inducing its
synthesis or enhancing signalling activity. This hypothesis is highly controversial as S.
indica adopts an early biotrophic lifestyle, which would require it to suppress SAsignalling. It is widely reported that the fungus targets the JA branch of defence
signalling to achieve early colonisation (Stein et al., 2008; Jacobs et al., 2011; Kao et
al., 2016). However, the effector candidates studied here were identified at both 3
and 10dai, by which time the fungus has induced significant cell death of roots to
accommodate sporulation (Qiang et al., 2011). One hypothesis therefore, is that
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these effectors contribute to the cell death phase of fungal colonisation by inducing
WRKY70, and possibly other SA responses. The classical hypersensitive response has
been shown to depend on SA signalling and biosynthesis; Nawrath & Métraux (1999)
for instance demonstrated that induction of ETI and subsequently cell death by the
P. syringae effectors AvrRpm1 and AvrRpt2 accumulates local SA in a sid2 dependent
manner. Conversely however, the S. indica mediated cell death does not show
analogies to the classical hypersensitive response. Late phase colonisation by the
fungus does not induce whole cell fluorescence or browning (Heath, 2000), and
enhanced, not reduced colonisation was observed in sid2 Arabidopsis mutants
(Jacobs et al., 2011). This suggests induction of SA is not required for colonisation
during the cell death phase. To examine the potential significance of this induction
of pWRKY70, it would be interesting to repeat the protoplast screen using a marker
for ISOCHORISMATE SYNTHASE 1 expression, the protein compromised in sid2
mutants. This would help us explain whether these effectors induce pWRKY70
activity by activating SA signalling or alternatively its synthesis.
Another hypothesis is that S. indica effectors that induce pWRKY70 activity could
contribute to an NPR1 dependent systemic acquired resistance (SAR)-like response
not yet reported for beneficial fungi (Durant & Dong, 2004; Pieterse et al., 2014;).
Jiang et al. (2015) demonstrated that WRKY70, as well as WRKY11 regulate Bacillus
cereus AR156 inducible systemic resistance (ISR) to P. syringae in an NPR1 dependent
manner. Resistance was lost in B. cereus infected wrky70, wrky11 mutants when
challenged by P. syringae DC3000, which was similar observed in npr1-1 null mutants.
In accordance with the hypothesis that resistance to disease might be promoted by
activities of these effectors during S. indica colonisation, RNAseq data generated by
the Schäfer lab reported WRKY70, as well as 5 other WRKY TFs and SAR DEFICIENT 1
(SARD1) as differentially upregulated in Arabidopsis thaliana roots 10 dai with the
fungus (Burton, unpublished). SARD1 is a key regulator of ISOCHORISMATE
SYNTHASE 1 and SA biosynthesis, operating co-operatively with CBP60g to regulate
SAR (Zhang et al., 2010). It is therefore possible that the induction of pWRKY70 by
these SIEs contributes to an SAR-like response, which acts to promote the hosts
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ability to defend against biotrophic stresses by ‘priming’ them for infection.
Conversely however, Stein et al., (2008) propose S. indica induced resistance
operates independently of the canonical SAR pathway. Whilst S. indica could still
confer host resistance to G. orontii in npr1-3 mutants lacking a functional nuclear
localisation sequence of NPR1, it was abolished in npr1-1 null mutants. Nuclear
localisation of NPR1 is pivotal for the induction of SAR and pathogenesis related
genes (Kinkema et al., 2000); if SIEs inducing pWRKY70 activity contribute to host
resistance, it is likely this operates independently of nuclear NPR1 function. In
support of this conclusion, it has been shown that WRKY70 contributes to host
resistance to the bacterial necrotroph Erwinia carotovora, and is still induced during
infection in an npr1-1 background (Li et al., 2004). It will be interesting in the future
therefore to evaluate S. indica ISR in wrky70 mutants, as this gene could be a major
contributor to this phenotype.

4.3.3. Candidate S. indica effectors have distinct functions in planta
Our localisation screen identified at least 19 SIE candidates which were able to target
distinct membrane bound organelles in planta, 9 of which were confirmed by
immunoblot. This is of great significance when showing candidate effector proteins
have true functions in planta, given the difficulties associated with transforming
genetically challenging organisms such as fungi or oomycetes. Amongst others, these
9 effectors were screened using co-immunoprecipitation to confirm effector-host
protein interactions discussed in chapter 3. We were able to confirm 12 interactions
between host proteins and 10 SIEs. Once again, this supports the rationale that these
proteins are used by S. indica to modulate host signalling, possibly associated with
defence and beneficial effects. The confirmation of interactions is also necessary to
validate the network analysis conducted in chapter 3.
Not considering potential false negatives, where the Arabidopsis interacting protein
could not be detected in either the crude or IP of pulldown assays, the assay validated
SIE-host protein interactions with a confirmation efficiency of 60%. Unfortunately,
due to limitations in time, availability of entry clones containing the 162 Arabidopsis
target proteins and the costly nature of co-immunoprecipitation experiments, it was
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not possible to test more interactions. In the future, split luciferase assays might be
an alternative for initial, more high-throughput confirmation of interactions. Chen et
al. (2008) demonstrated that by transiently transforming N. benthamiana with two
interacting candidates tagged with complimentary ends of split luciferase, a
relatively high-throughput confirmation screen can be performed (Chen et al., 2008).
Interacting proteins allow the reassembly of full-length luciferase, whose activity can
be measured by photon emission after luciferin treatment. This method is
particularly useful as single leaves can be used to test one binary interaction and
negative controls, whereas several plants are required for co-immunoprecipitation
experiments. In addition, positive signals also suggest proteins are interacting in vivo,
whereas co-immunoprecipitation is limited only to in vitro interactions. Bifluorescence complementation (BiFC) assays take this one step further, by using split
fluorophores such as YFP. Positive results not only suggest proteins interact, but by
using microscopic analysis the subcellular compartment where this interaction takes
place can also be identified. Such information on the site of interaction are important
to elucidate the biological action of protein interactions. Findings made using such
assays will be essential to determine the biochemical effects SIEs have on target
proteins and how this translates into potential beneficial phenotypes activated by
effectors in whole plants.

4.3.4. Effector interactions explain hormonal changes observed in protoplasts
In chapter 3, we presented 257 effector-target interactions between 47 S. indica
effectors and 162 Arabidopsis proteins. 30 of these 47 effectors appeared to
significantly alter either SA or JA signalling in Arabidopsis protoplasts. We were able
to confirm at least 1 interaction for 10 of these 30 effectors using coimmunoprecipitation, which in some cases could explain the phenotype observed.
SIE15, a 45kDa protein, attenuates pJAZ10 activity and induces pWRKY70 in
protoplasts. It also interacts with the Arabidopsis DELLA protein GIBERALLIC ACID
INSENSITIVE (GAI). DELLA proteins coordinate gibberellic acid signalling by blocking
TF binding sites of GA responsive genes (Yoshida et al., 2014). Upon GA recognition,
DELLAs are poly-ubiquitinated by the SCF/SLY1 complex and are targeted for
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degradation by the 26S proteasome, allowing these genes to be expressed (Fu et al.,
2002). A recent study has shown that GAI forms direct interactions with the JAS
domain protein JAZ1, and in doing so targets it for destruction, allowing MYC2 to
activate transcription of JA responsive genes and regulating trichome development
(Hou et al., 2010). Conversely, Navarro et al. (2008) showed that DELLAs, including
GAI, suppress SA responsiveness and increase susceptibility to the biotrophic
pathogen P. syringae. In the case of the SIE15-GAI interaction, inactivation of GAI by
SIE15 would reduce suppressive effects on SA signalling, and in turn prevent
destruction of JAS proteins to reduce JA responses, as we observe in our protoplast
assay. It is not currently known how GA might regulate expression of pJAZ10. The
precise nature of the SIE15-GAI interaction will need to be explored further to
understand the potential regulatory role of this effector in the SA-JA crosstalk.
During localisation and interaction experiments, it was observed that SIE62 can
induce HR like symptoms in leaves (supplementary figure 4.2). SIE62 was also the
highest inducer of pWRKY70 in protoplasts. Given the associative roles of SA in
modulating defence and effector triggered immunity, these results encouraged
further studies to look into the relationship between SIE62 and its interactor, NAC
domain containing protein 89 (NAC089). NAC089 is an ER-tethered transcription
factor which upon activation is cleaved and translocated to the nucleus, which has
previously been reported to regulate programmed cell death as part of the unfolded
protein response (UPR) (Yang et al., 2014). This was of particular interest because the
cell-death phase of S. indica colonisation also manipulates the UPR (Qiang et al.,
2012). To elucidate the HR inducing role of SIE62 in N. benthamiana, we incorporated
interaction data from the Arabidopsis interactome and the Plant-Pathogen
Interaction Network-1 (Arabidopsis Interactome Mapping Consortium, 2011,
Mukhtar et al., 2011). We identified a subnetwork of ER localised proteins targeted
by effectors from both S. indica and H. arabidopsidis, several of which we were able
to confirm using co-IP (supplementary figure 4.3). Of particular interest was VESICLE
ASSOCIATED PROTEIN 27 (VAP27), a confirmed interactor of SIE11. VAP27 forms a
scaffold complex with NETWORKED 3C (NET3C) to stabilise interaction between the
ER and plasma membrane. Given the role of the ER in modulating stress and defence
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signalling (Malhotra and Kaufman, 2007; Vitale and Boston, 2008), as well as the cell
death phase of S. indica colonisation, exploring the interactions of SIE62 at the ER
might answer questions related to not just S. indica mediated cell death, but as a
point of convergence for infection in general. A primary step in answering these
questions would be to evaluate how well S. indica colonises nac089 mutants, and
whether its overexpression in Arabidopsis promotes virulence of pathogens such as
H. arabidopsidis.

4.4. Conclusions and outlook
The aim of this chapter was to identify the biochemical properties of S. indica effector
candidates described in chapter 3 as having interacting Arabidopsis proteins. By
implementing a joint cell biology and biochemistry approach, we identified 30/47
SIEs which significantly modulate jasmonic/salicylic acid signalling in Arabidopsis
mesophyll leaf protoplasts respectively, and revealed the subcellular localisations of
over 20 of these proteins. Many of these proteins are predicted to interact with host
transcription factors, and indeed can be detected in the nucleus by both microscopy
and immunoblotting. Several of these protein-protein interactions were confirmed
using co-immunoprecipitation, supporting the idea that these effector candidates
might be secreted into the plant to implicitly modify cell signalling, and potentially
promote symbiosis. There is currently no published literature of this scope or scale
exploring the roles of S. indica effectors in plant-mutualist interactions. In order to
give biological meaning to these interactions, it will now be necessary to explore how
SIEs behave when expressed in whole plants. Given the results presented here, it is
likely that expression of these proteins in Arabidopsis will give rise to phenotypes at
the whole plant level. By exploring the nature of effector-host interactions confirmed
here, it may be possible to explain these phenotypes at the molecular level.
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Chapter 5: Phenotypic and molecular identification of
beneficial S. indica effector candidates
5.1. Introduction
5.1.1. Mechanistic insights into effector proteins and defence hormone signalling
Effector proteins secreted by plant colonising microbes have been widely implicated
in modulating phytohormone signalling (Macho, 2016; Han & Kahmann, 2019). Many
studies have demonstrated through various methodologies that by changing basal
hormone levels, these organisms can successfully colonise and proliferate within
their host (Jones & Dangl, 2006; Büttner, 2016). Elucidating the mechanisms by which
these changes are achieved allows us to understand the complexities of
phytohormone signalling and can help identify logical plant targets for rational design
to improve crop resistance. Although pathogens and mutualists have been shown to
affect the entire hormonal landscape during plant-microbe interactions (Xin & He,
2013; Xu et al., 2018), the roles effectors have on the defence hormones ethylene
(ET), jasmonic (JA) and salicylic acid (SA) are of primary concern to those attempting
to attenuate the prevalence of plant disease (Zhang et al., 2018a).
Given the necessity for plant colonising organisms to suppress the host immune
system, defence hormone pathways are a primary target of effectors. This is
reflected in the literature, where an abundance of research has shown how plant
pathogens compromise host immunity. Chen et al. (2017) for instance showed that
the P. syringae pv. tomato effector AvrPtoB forms a direct interaction with NPR1,
which is strengthened in the presence of SA. In normal conditions, NPR1 proteins
exist as oligomers; in the presence of SA, disulphide bridges between subunits are
oxidised by THIOREDOXIN-5, releasing NPR1 as monomers (Kinkema et al., 2000;
Tada et al., 2008). Under immunity, NPR1 monomers translocate to the nucleus to
activate transcriptional defence programs. As an E3-ligase, AvrPtoB prevents this by
polyubiquitinating NPR1 monomers, targeting them for degradation by the 26S
proteasome (Chen et al., 2017). In doing so, P. syringae pv. tomato is able to inhibit
the SA branch of defence and effectively colonise its host. In addition to SA signalling,
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effectors have been shown to change SA accumulation. The obligate biotroph
Ustilago maydis targets SA biosynthesis in Zea mays with the effector Cmu1, which
catalyses the conversion of chorismate to prephenate. Virulence of U. maydis Δcmu1
mutants was reduced, whilst the total amount of SA was over 1000 times higher
compared to plants infected by the wild type fungus (Djamei et al., 2011). By
targeting the metabolite chorismate, Cmu1 reduces its availability for its use in SA
biosynthesis, reducing the hosts ability to coordinate an effective defence
response. As a biotroph, U. maydis is required to suppress SA signalling throughout
its entire lifecycle. In addition to Cmu1, U. maydis utilises the essential effector Pit2
to negatively regulate SA signalling. Pit2 acts as an inhibitor of several cysteine
proteases which show essential roles in SA-associated defence (Redkar et al., 2015).
Acting through a conserved N-terminal motif, Pit2 forms direct interactions with
CP1A, CP2, XCP2 and CatB, four cysteine proteases activated by SA to trigger
expression of PR-genes and induce the hypersensitive response (van der Lindeet al.,
2012). In each case, binding by Pit2 significantly reduced the proteolytic activity of
each protein. This effect was abolished when Pit2 was expressed with point
mutations in the inhibition domain, and conversely amplified when this conserved
motif was tested by itself (Mueller et al., 2013). The authors propose regions flanking
this inhibition domain regulate the specificity of Pit2, and could explain why other
fungi with effectors containing this domain are able to colonise different hosts.
Biotrophic organisms have also been shown to activate JA responses to
antagonistically suppress SA responses. The P. syringae pv tomato effector HopX1
encodes a putative cysteine protease responsible for degrading JAZ domain proteins
in a COI1 dependent manner (Giminez-Ibanez et al., 2014). HopX1 induces jasmonic
acid responsive genes by subverting their natural regulatory mechanism to suppress
SA responses. This is reminiscent of the role the phytotoxin coronatine has in plantmicrobe interactions. Coronatine is a mimic of the active JA form, jasmonateisoleucine (JA-Ile). The affinity of JAZ proteins to COI1 is significantly higher in the
presence of both coronatine and JA-Ile; by secreting this compound into its host P.
syringae is able to suppress SA responses by activating JA signalling (Zheng et al.,
2012).
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Wessling et al. (2014) identified TCP14 as an Arabidopsis protein targeted by
effectors of three biotrophic organisms, G. orontii, H. arabidopsidis and P. syringae.
A recent publication has explored the significance of this convergence to unveil
TCP14 as a negative regulator of JA-associated defence using the P. syringae effector
HopBB1 (Yang et al., 2017b). Transcriptome profiling of tcp14 and pUBQ10::TCP14
mutant plants infected with P. syringae carrying revealed JA responsive genes as
inversely regulated. Biochemical analysis showed that DNA bound TCP14 interacts
directly with HopBB1 in vivo, which in turn recruits a negative regulator of JA
responses, JAZ3. This complex is then translocated to subnuclear foci and is
subsequently degraded (Yang et al., 2017b). HopBB1 therefore plays two incredibly
sophisticated roles in activating JA responses; first by translocation of JAZ3 to allow
the activation of MYC2 dependent transcription, and secondly the targeted
destruction of DNA-bound TCP14 to activate the TCP controlled JA regulon. In doing
so the authors propose a highly specific role for this effector in enhancing
colonisation without incurring negative pleiotropic effects in the host, as HopBB1
showed no affinity to TCP14 unable to bind DNA.
By targeting proteins essential for defence against necrotrophic pathogens,
biotrophs are able to utilise the plants’ own defences against it to achieve
colonisation. In short, plant colonising microbes use effectors to modulate hormone
signalling from the point of perception, biosynthesis and transcriptional responses.
The necessity for them to achieve this is evident in the redundant yet diverse ways
they use effectors to colonise host plants.

5.1.2. Mutualist effectors in modulating defence hormone signalling
Effectors secreted by mutualists are less well characterised in comparison to their
pathogenic counterparts. The effector Micchorizal Small Secreted Protein 7 (MiSSP7)
for instance is secreted by Laccaria bicolor during Populus trichocarpa colonisation
stabilises the transcriptional repressor PtJAZ6 (Plett et al., 2014). PtJAZ6 represses
the expression of several cell-wall modifying enzymes, and in the presence of MeJA
or coronatine is degraded by COI1. By targeting PtJAZ6 with MiSSP7, L. bicolor is able
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to prevent this degradation and the subsequent induction of several cell-wall
modifying genes. This effector is essential for the fungus to achieve colonisation, as

Dmissp7 mutants were unable to fully infect root tissue. Microscopic analysis
revealed these mutants were no longer able to form a Hartig net. This phenotype
was recovered when PtJAZ6 was overexpressed, even when challenged by Dmissp7
L. bicolor mutants. Conversely, RNAi lines unable to express PtJAZ6 impeded the
formation of a Hartig net by L. bicolor. As such this fungus has evolved a strategy of
proliferating within its host by disrupting the JA pathway.
Glomus intraradices, another fungal mutualist, has also been shown to use effectors
to modulate hormone-associated plant defence responses. By interacting with the
pathogenesis-related TF ERF19 through SECRETED PROTEIN 7 (SP7), G. intraradices
is able to suppress the activation of several ethylene-associated defence genes.
Interestingly, over-expression of SP7 in Arabidopsis resulted in higher mycorrhizal
infestation and reduced colonisation by the biotrophic pathogen Colletotrichum
trifolii, whilst expression of SP7 in Magnaporthe oryzae attenuated necrotrophy in
rice (Kloppholz et al., 2011), suggesting this effector plays a significant role in altering
ET responses and is required by G. intraradices to successfully initiate symbiosis by
subverting immunity.

5.1.3. The roles of the defence hormones during S. indica colonisation
As a root colonising endophyte with an enormous host range, S. indica executes
broad immunity suppression during colonisation, but can still confer systemic
resistance, even to airborne pathogens (Jacobs et al., 2011). The duality between
subverting immunity during establishment but nevertheless promoting host fitness
against pathogen attack is only just becoming clear.
There is a consensus in the literature that S. indica colonisation and associated
benefits are dependent on SA, JA and ET related defence responses (Camehl et al.,
2010; Jacobs et al., 2011; Vahabi et al., 2013; Lahrmann et al., 2015). The significance
of this was highlighted by Stein et al. (2008) using root colonisation experiments of
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various Arabidopsis SA and JA signalling and biosynthesis mutants. Whilst a higher
relative amount of fungal gDNA was observed in roots of NahG, npr1-1 and npr1-3
mutants, no significant differences were found in (JASMONATE INSENSITIVE) jin1-1
or (JASMONATE RESISTANT) jar1-1 mutants. In addition, systemic resistance
conferred by the fungus was abolished in npr1-1 and jar1-1, but not in nuclear
excluded npr1-3 mutants, suggesting a cytoplasmic role for NPR1 in regulating ISR by
S. indica. These results suggested SA and JA are fundamental for both colonisation
and host disease resistance. These conclusions were later developed by Jacobs et al.
(2011) who observed a reduction in late stage colonisation of jin1-1 and jar1-1
mutants, but an increase in colonisation of eds1 and sid2-2 mutants during both early
and late stages of infection. S. indica was also unable to suppress ROS burst in the
jar1-1 mutant after induction by flg22, and conversely amplified it in the jin1-1
mutant, suggesting JA contributes to the suppression of PTI by the fungus. The
authors conclude that uncompromised JA signalling in host plants is a necessary
requirement for suppression of early PTI by the fungus to proliferate effectively.
Interestingly, it has been shown that S. indica attenuates the bioaccumulation of
several defence hormones during Verticillium dahliae infection (Sun et al., 2014),
despite protecting host plants from disease. S. indica was also able to reduce the
induction of early defence genes such as PR1, PR2 and ERF1. The authors also
observed ein3 mutants unable to activate ET mediated defence responses were less
susceptible to the pathogen, although no co-inoculation experiments with both
microbes were performed. Nonetheless, it is possible based on this study to
hypothesise that S. indica might confer host resistance to V. dahliae by suppressing
key ET responsive defence pathways via EIN3. A similar conclusion was made by
Camehl et al. (2010), who no longer observed S. indica induced growth promotion in
ein2 and ein3/eil1 mutants, despite colonisation being unaffected.
S. indica also affects hormone responses in shoot tissues. Vahabi et al. (2015)
observed stomatal closure and an accumulation of both SA and JA in Arabidopsis
tissues before the fungus had even made contact with the plant. This indicated that
some communication exists between the two symbionts through currently
unidentified exudates or volatiles prior to first hyphal contact. SA and JA
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bioaccumulation was observed during the second day of co-cultivation. This effect
was diminished on day six when the fungus had established colonisation, suggesting
JA/SA biosynthesis is only targeted for colonisation and does not contribute to
systemic resistance. This is concordant with findings of Waller et al. (2005) who
tested the responsiveness of barley to the biotroph Blumeria graminis f.sp. hordei
during S. indica colonisation. The authors observed no change in SA and JA marker
gene expression between colonised and non-colonised plants under B. graminis
attack (Waller et al., 2005). These results suggest biotic resistance associated with S.
indica colonisation might not be caused by bioaccumulation of JA or SA. This is
further supported by the fact that both defence hormones negatively regulate
growth, while the fungus mediates growth promotion.
Significant progress has been made towards understanding the roles of defence
hormones during S. indica colonisation in the past fifteen years. There is however an
evident lack of a molecular understanding to support these findings. At the time of
writing only one S. indica effector that mediates changes to SA signalling has been
reported (Akum et al., 2015). Assuming that both pathogens and mutualists use small
secreted proteins to modulate defence signalling of host plants, there is a clear
opportunity to enhance our understanding of plant-microbial interactions by
studying S. indica effectors in the context of defence hormone signalling.

5.1.4. Aims and Objectives
In this chapter, we aim to identify S. indica effectors with roles in modulating JA and
SA signalling. Initially, effectors shown to affect pJAZ10 and pWRKY70 activity
presented in chapter 4 of this thesis will be over-expressed in Arabidopsis. Mutant
plants will be screened for alternate responses to these phytohormones, as well as
for beneficial growth properties. Based on this screen, interesting candidates will be
validated and analysed further. Together with the interaction data presented in
chapter 3, the ultimate goal would be to explore the molecular mechanisms of
effector function in modulating hormone signalling to explain biotic stress tolerance
associated with S. indica colonisation.
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5.2. Results
5.2.1. Arabidopsis lines expressing S. indica effectors show differential responses
to JA and SA
Before the hormone screening of effectors expressed in Arabidopsis lines could be
conducted, conditions had to first be established. Root growth inhibition assays are
widely reported in the literature to identify sensitivity to JA and SA in Arabidopsis
mutant plants (Shah et al., 1997; Rojo et al., 2002; Kang et al., 2005). Nevertheless,
we tested several concentrations of both phytohormones to determine optimal
conditions where growth inhibition was observed, but was not saturating (figure 5.1).
Seven-day-old seedlings were grown on medium containing either mock, SA or MeJA
at various concentrations. Primary root growth inhibition was much stronger when
plants were treated with MeJA compared to SA. Based on these results, 10 µM MeJA
and 25 µM SA were used for screening of SIEs. At this concentration of SA, shorter
roots were observed at all concentrations, but a scalable difference was observed
across the range tested. This suggested the response was not saturated and subtle
phenotypes would not be lost. As the response to MeJA was stronger, and less
differences were observed between different concentrations, we used 10 µM in line
with current literature (McGrath et al., 2005).
SIE expressing Arabidopsis lines were generated using Agrobacterium-mediated
transformation (see chapter 2.1.5.). Seeds from three segregating T1 plants were
pooled and used for this screen to maximise preliminary data generation with
respect to available time. To account for the heterogeneity of seed pools, lines
expressing GFP from the same backbone were generated at the same time and used
as control plants. Control and SIE-expressing seedlings were transferred to both
mock and hormone containing media. The growth altering effects of each effector
were quantified by comparing the primary root length relative to control lines grown
under mock conditions. Hormone sensitivity was calculated by comparing the
percentage of root growth inhibition in each line relative to GFP expressing control
plants.
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Figure 5.1. Optimization of phytohormone screening conditions for seedlings. (A)
Representative root length of seedlings grown on ½ MS for 7 days and then
transferred to ½ MS containing no hormones (mock), 25 µM salicylic acid (SA) or 10
µM methyl-jasmonic acid (MeJA). Plants were grown for 7 days before photos were
taken. Scale bar represents 1 cm. (B) Quantified root length of seedlings at varying
concentrations of each hormone. Error bars represent standard error.
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In total, 35 35S::SIE-expressing Arabidopsis lines were phenotyped for changes in
root growth. These 35 SIEs represent the strongest suppressors and inducers of
pWRKY70 and pJAZ10 activity in the protoplast assays, respectively. 18 of these
effectors had interactions identified in the Y2H screen presented in chapter 3. 19 of
these 35 lines significantly altered the length of Arabidopsis primary roots (in the
absence of SA or JA), with 3 inhibiting and 16 promoting growth (Figure 5.2).
Although no effectors significantly reduced the sensitivity of Arabidopsis roots to
treatment with SA or JA (Figure 5.3), there were several lines which performed
relatively better when growth on hormone media in contrast to control plants. 9 and
10 SIEs caused hypersensitivity to MeJA and SA respectively. No correlation was
observed between growth promoting lines and hypersensitivity to either hormone.
There was generally no consensus between SIE effects on JA and SA marker
expression in the protoplast assay and on JA or SA phenotypes in seedling assays.
However, SA and JA regulate different responses (e.g. growth, immunity pathways)
and SA and JA reporters used in protoplasts act very downstream in respective
pathways. Therefore, SIEs might affect different responses to SA and JA in whole
plants that only partially depend on WRKY70 and JAZ10, respectively.

Figure 5.2. Length of primary roots of Arabidopsis lines constitutively expressing
SIEs. (A) 35 pooled lines from 3 segregating lineages expressing the same effector
(35S::SIE) were screened for growth promotion in Arabidopsis using primary root
length as a proxy for growth. Each bar represents the percentage of growth relative
to 35S::GFP plants. Error bars represent standard error. Asterisks indicate
significant differences determined by Paired 2 Tail T-test (* p < 0.05, ** p < 0.01,
*** p < 0.001).
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Figure 5.3. Phytohormone responsiveness of Arabidopsis lines constitutively
expressing SIEs. (A) Lines constitutively expressing SIEs with the highest pJAZ10
inducing/suppressing activity in protoplasts were treated with 10 µM MeJA and
root length was compared to mock treated lines. (B) Lines constitutively
expressing SIEs with the highest pWRKY70 inducing/suppressing activity in the
protoplast screen were treated with 25 µM SA and root length was compared to
mock treated lines. Bars represent the difference in reduction compared to
35S::GFP plants; bars below the x axis are insensitive and those above are
hypersensitive. Bar colour shows the log2-fold change in pJAZ10 or
pWRKY70::luciferase (LUC) activity for each effector in protoplast assays. Error
bars represent standard error. Asterisks indicate statistically significant
differences determined by Paired 2 Tail T-Test (* p < 0.05, ** p < 0.01, *** p <
0.001).
105

5.2.2. Phenotypic changes in effector expressing lines translate to transcriptional
responses
In order to confirm results observed in the initial screen, effector seed pools were
separated, and a small subset of lines were validated based on the interaction,
protoplast and root phenotype data. A summary of these data for each effector is
shown in table 5.1. Hormone sensitivity assays were repeated twice for three
independent lines expressing each SIE to establish whether phenotypes were the
result of positional effects (figure 5.4), or due to the effector. Four effector
expressing lines demonstrated a consistent trend in at least two independent lines.
In all cases, the results observed for independent lines were inconsistent with those
of the initial screen, suggesting these phenotyping experiments benefit greatly from
an increased number of biological replicates and the use of individual lines rather
than seed pools.
Table 5.1 SIE phenotyping summary

SIE

Protoplast activity

Root phenotyping

qPCR

pWRKY70

pJAZ10

Length

SA response

JA response

WRKY70

JAZ10

25

-

Suppressor

X

No change

-5%

-

-

26

-

Inducer

X

-

Inconsistent

-

Suppressed

34

-

-

-15%

X

-

-

-

99

Inducer

-

-10%

-5%

-5%

Induced

Induced

103

-

Suppressor

10%

-

X

-

Suppressed

129

-

Inducer

5%

-

X

-

No change

X = inconsistent phenotype/response
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Figure 5.4. Independent lines demonstrate conserved growth phenotypes. (A-F)
Lines identified with significant phenotypes in the initial screen were categorized at
the independent line level. Empty (mock), diagonal (SA) and speckled (MeJA) bars
represent the average percentage growth relative to 35S::GFP plants across two
biological replicates. In hormone treated conditions, bars below the x axis represent
hypersensitivity and those above insensitivity. Error bars represent standard error.
Asterisks represent statistical significance determined by paired 2 tail T-test (* p <
0.05, ** p < 0.01, *** p < 0.001).
As SIE26, SIE99, SIE103 and SIE129 showed consistent phenotypes, we chose to
validate our results by measuring the expression of the two markers used in the
protoplast screen. WRKY70 and JAZ10 transcript levels were measured using RTqPCR with cDNA generated from leaf tissue of untreated seedlings (figure 5.5).
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Because SIE25 and SIE34 did not cause a consistent sensitivity phenotype to either
SA or JA treatment, we did not quantify the expression of these markers in those
lines. SIE34 did however consistently suppress growth in all experiments conducted.

Figure 5.5. RT-qPCR of marker genes in Arabidopsis shoots constitutively
expressing SIEs. (A-C) Expression of the markers JAZ10 and WRKY70 in shoot tissue
relative to UBIQUITIN 5 in lines expressing effectors. For each effector three
biological replicates were performed.
Differences in JAZ10 expression were observed for SIE26, SIE99 and SIE103. This was
only reflected in the protoplast data for SIE99, which induced pJAZ10 activity,
whereas SIE103 suppressed it. Despite showing some insensitivity to JA, there was
reduced expression of JAZ10 observed in seedlings expressing SIE26. Excitingly, SIE99
also showed induction of WRKY70, consistent with results from the protoplast data.
It further suggested the suitability of the protoplast assay to serve as a proxy for
whole plants.
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In addition to the two phytohormone markers, we tested for the expression of each
effector in lines SIE99, SIE103 and SIE129 by semi-quantitative RT-PCR using cDNA
from root and shoot tissue (supplementary figure 5.1). Transcripts were detectable
in both tissues for each effector and were not present in control cDNA. To quantify
effector expression at the protein level, we generated crude protein extracts from
seedlings and analysed them using SDS-PAGE/WB. We probed samples using an aHA antibody, as all effectors were constitutively expressed with an N-terminal HA
tag. Unfortunately, it was not possible to detect effector expression at the protein
level in seedlings by WB. This could be due to the post-translational cleavage of the
N-terminal HA tag, or developmental effects related to gene expression patterns; it
was observed for instance that 35S::HA-GFP expressed in control plants was visible
only in root tissues, and not in shoot tissues until ~7 days of growth.

5.2.3. Effector 129 targets the AP2 domain to interact with a multitude of plant
transcription factors
In order to focus on one particular effector, the interaction, protoplast and root
phenotyping data were considered to identify SIE 129 as the most consistently
performing effector. SIE 129 interacted with several ethylene response factors,
induced only pJAZ10 and had a MeJA root phenotype. To evaluate the causality of
the MeJA insensitivity and growth promoting phenotype of lines expressing SIE129,
GO term and alignment analysis of its target proteins was performed. This identified
an over-representation of the ERF/AP2 domain within the target group; 11 proteins
this effector interacted with contained an ERF/AP2 DNA binding motif
(supplementary figure 5.2). Alignment of these 11 targets revealed a conserved Nterminal domain present in each protein. To assess the significance of this, we
generated several truncated versions of the confirmed interactor CRF1 and
performed co-IP analyses to see if SIE129 was able to interact with the sequence
corresponding to the AP2 domain exclusively (figure 5.6). As previously confirmed,
full length CRF1 was immunoprecipitated with YFP-tagged SIE129. Although N
terminal truncation of the first 80 residues prevented interaction, removal of the C
terminal 137 did not. Excitingly, SIE129 was able to enrich amino acids 80-150,
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Figure 5.6. SIE129 interacts with the AP2 domain of CRF1. (A) Schematic showing the full
truncated versions of CRF1 used to analyse the interaction between SIE129 and the DNA
binding domain of CRF1, ERF/AP2 (AP2). (B) Western blot showing enrichment of full length
CRF1, ΔC 1-150 and the AP2 domain after immunoprecipitation with SIE129 (*). (C-D)
SIE129 and CRF1 YFP-fusions are both present in the nucleus of transiently transformed N.
benthamiana epidermal cells. mCherry was co-expressed in leaf tissue as a marker for the
nucleus and cytoplasm.

corresponding to the AP2 domain of CRF1. These results could explain the ability of
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SIE129 to target multiple AP2-domain containing host proteins. We were also able to
show that both SIE129 and CRF1 localise to the nucleus, although it will be necessary
to repeat this using BiFC to demonstrate this is the site of the interaction.
5.2.4. SIE129 modulates S. indica colonisation in Arabidopsis roots
ETHYLENE RESPONSE FACTORs (ERFs) have been widely implicated in ethylene and
JA defence signalling and are known as key elements to S. indica colonisation (Camehl
et al., 2010; Khatabi et al., 2012). As several ERFs were targeted by SIE129, we wanted
to test the tolerance of plants expressing this effector to S. indica and the bacterial
pathogen P. syringae pv. tomato colonisation. crf1 plants served as a control to
assess the significance of the interaction between CRF1 and SIE129. In contrast to an
unaltered colonisation of crf1 mutants, plants expressing SIE129 showed a trend
towards susceptibility, although this difference was not statistically significant (figure
5.7). Interestingly, crf1 mutants were also more susceptible to S. indica at 7 days after
inoculation (dai) but not 3 dai, whilst colonisation of SIE129 lines were reduced at 3
dai and slightly increased at 7 dai (figure 5.7).

Figure 5.7. SIE 129 affects colonization of S. indica and P. syringae in Arabidopsis.
(A) P. syringae pv. tomato colonisation of crf1 and SIE129 expressing plants
2

measured as the log of colony forming units per cm at 3 days after inoculation
(dai). Infection assays were performed twice with similar results. (B) RT-qPCR
based quantification S. indica colonisation of crf1 and SIE129 expressing seedlings
by determining the abundance of the fungal ITS gene relative to plant UBQ5 at 3
and 7 dai. Bars represent the means of three biological replicates.
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5.3. Discussion
5.3.1. Using effectors to dissect hormonal crosstalk
Effector proteins secreted by plant colonising organisms are widely accepted to
target SA and JA pathways in order to suppress host immunity and achieve
colonisation. However, these phytohormones regulate a multitude of plant
processes and are not limited to coordinating immune responses exclusively, with
negative growth during defence being a primary example (Huang et al., 2017). By
using effectors to study these pathways, there is therefore an opportunity to identify
new regulatory roles for proteins not previously associated with the function of
phytohormones in the regulation of immunity and developmental processes.
It was the aim in this chapter to identify S. indica effector candidates that enhance
plant fitness and alter the responsiveness of Arabidopsis seedlings to SA and JA. The
effectors we chose were based on the protoplast screen presented in chapter 4,
representing the top ten inducers and suppressors of pWRKY70 and pJAZ10 activity,
respectively. By constitutively expressing these proteins in planta, we wanted to
narrow down our list of effector candidates to focus on several with beneficial
phenotypes in the context of growth promotion or biotic stress resistance.

5.3.2. S. indica effectors expressed in Arabidopsis promote growth
An initial screen suggested 19 of the 35 effector candidates expressed in Arabidopsis
altered the length of primary roots when expressed in planta. These preliminary data
also suggested that 9 and 11 effector expressing lines were hypersensitive to
exogenous treatment of MeJA and SA respectively. Although only one biological
replicate was performed in each case, these experiments were a first step toward
isolating candidates to test in future experiments. These initial phenotyping
experiments will serve as an initial resource for future research towards
understanding how SIEs modify plant responses to phytohormones, as they did in
this thesis.
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Alternate strategies for screening for effectors that modulate defence signalling
would be challenging adult plants with mutant Pseudomonas fluorescens isolates
that have been complemented to express SIEs. Such mutants would allow the screen
to occur in Col-0 WT plants, eliminating the concern that phenotypes are associated
with positional insertion effects of mutant plants. In this way we could evaluate how
plants tolerate a (hemi)biotrophic pathogen in the presence of an SIE. This would also
elude to how S. indica effectors might alter hormone signalling to confer resistance
to a biotroph. It is important to consider however that transient expression of
effectors in this manner would not reveal the developmental roles effectors might
have in regulating growth. Challenging SIE expressing plants with a root infecting
pathogen would therefore also complement the experiments performed here. S.
indica has been shown for instance to protect barley against Fusarium graminearum
(Deshmukh & Kogel, 2007), which is also able to infect different ecotypes of
Arabidopsis (Chen et al., 2006). Evaluating infection of plants expressing SIEs after F.
graminearum spore inoculation would allow us to evaluate how these proteins could
alter host resistance to a necrotroph in roots, as well as identify developmental
phenotypes associated with improved growth as we observe in our root phenotyping
experiments.
Although these methods would be less high-throughput than the screens conducted
here, it would provide complementary information in the context of effectorassociated beneficial effects. Generally, inclusion of categorised sensitivity mutants
in these experiments would also help as positive controls. This would allow us to
establish a clearer definition of sensitivity for each experiment. Arabidopsis NahG
mutants for instance express a SA hydroxylase enzyme from Pseudomonas putida
which catalyses the conversion of SA into catechol (You et al., 1991). This
dramatically reduces the accumulation of this hormone in plants. As such the
responsiveness to SA treatment is significantly reduced (insensitive) in these plants,
as well as their ability to resist biotrophic pathogens. Several JA mutants have also
been previously categorised. coi1 mutants lack the JA receptor and so are more
resistant to the hormone, whilst jin1 mutants lack the MYC2 protein and hence are
compromised in downstream responsiveness to the hormone. Inclusion of these
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mutants in future experiments would allow a much clearer definition of hormone
sensitivity when screening for such phenotypes in SIE expressing plants.

5.3.3. S. indica effector candidates alter Arabidopsis responses to phytohormones
Based on the initial phenotyping screen, 6 lines were chosen for their phenotype,
interaction and protoplast data to validate and categorise further. 4 out of 6 mutant
lines had a consistent root growth phenotype relative to control plants, which was
conserved between three independent segregating lines. Whilst SIE34 and SIE99
suppressed root growth by over 10%, SIE103 and SIE129 promoted it by 10% and 5%,
respectively (table 5.1). Additional analyses of these seedlings suggested that there
was some insensitivity to the phytohormones JA and SA, although this phenotype
was not always conserved between individual lines expressing the same effector.
Arabidopsis seedlings expressing SIE99 had significantly shorter roots in all
experiments conducted. They also demonstrated a reduced response to both JA and
SA when treated exogenously with these hormones, as the percentage of growth
inhibition was observed to be ~5% less than control plants treated with the same
hormone. The effect on these two hormone pathways was further supported by RTqPCR, where relative transcript levels for WRKY70 and JAZ10 were 1.5 and 2-fold
higher, respectively. This was also reflected in the promoter activity of these genes
in Arabidopsis protoplasts, where both markers were also induced. Interestingly,
there have been no reports showing that either JAZ10 or WRKY70 negatively
regulating each other; it is not impossible therefore that these SA and JA marker
genes could be simultaneously induced. Mur et al. (2006) demonstrated for instance
that simultaneous treatment of N. benthamiana leaves with low doses of JA and SA
induced pPR1::GUS expression significantly more than SA by itself. They also showed
the JA marker PDF1.2 is more highly expressed in Arabidopsis after treatment with
both hormones. However, this study did not consider the effect this has on
colonisation by biotrophic or necrotrophic pathogens or the negative impact of duel
treatment on growth. This suggests there could be some biological role for SIE99 as
a tool to explore crosstalk in defence hormone signalling, particularly as it was
insensitive to growth inhibition by both hormones. These results support the idea
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that these plants might have a hyperactive immune system; it will be important to
classify the biochemistry of this effector further by challenging SIE99 expressing
plants with both foliar and root pathogens.
Unlike plants expressing SIE99, SIE103 seedlings consistently had longer roots
relative to control plants. Although this phenotype was observed at varying levels
between independent lines, it was nonetheless conserved. In protoplasts this
effector was able to suppress pJAZ10 activity, which is cited as a negative regulator
of MeJA induced growth suppression (Yan et al., 2002). We were unable to confirm
the repressive effects of SIE103 on pJAZ10 in protoplasts by RT-qPCR, as JAZ10
transcripts were in fact slightly induced in seedlings expressing this effector. It is
possible therefore that growth promotion mediated by this SIE is the result of
increased levels of the JAZ10 protein, which could also positively regulate growth by
reducing JA activity in basal conditions. Although we were unable to show common
responses to SIE103 in protoplasts (suppressed pJAZ10 activity) and at the whole
plant level (induced JAZ10 transcript), it is possible this effector has a development
specific function in modulating this marker; protoplasts were generated from four
week old plants, whilst cDNA was generated from 11-day old seedlings. Explaining
how this effector induces these non-complimentary responses in plants will require
significantly more data.
One method to generate data regarding these effector proteins is primary sequence
analysis BLAST analyses for instance can be used to categorise the function of
unknown proteins by identifying homologues in other species and is a particularly
useful method when available data is limited. Conserved protein motifs can also be
found using similar online tools. BLAST analyses of the peptide sequences for SIE99
and SIE103 revealed no homologous sequences in other organisms, and neither
protein had any identifiable functional domains (InterPro). To explain the biological
significance of the phenotypes observed in plants expressing these effectors, it will
be necessary to identify host-proteins interacting with them. A similar outcome was
observed for SIE34, which had no conserved functional domains, but did share
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homologues in other plant colonising fungal species, including 100% homology to the
mutualist Serendpitia vermifera (Ray et al., 2018).

5.3.4. S. indica effectors induce transcriptional reprogramming
In order to validate changes in pWRKY70 and pJAZ10 activity observed in the
protoplast screen, we performed RT-qPCR on Arabidopsis lines constitutively
expressing SIEs. It was only possible to confirm the activity of these promoters in lines
expressing SIE99. For SIE26 and SIE103 and SIE129 the behaviour of each effector
contrasted with results in the protoplast screen. In protoplasts, SIE26 induced
pJAZ10::LUC, resulting in an increase in luciferase activity. Measuring the transcript
abundance of JAZ10 however suggested this effector is suppressing expression of this
gene in whole shoots. Conversely, SIE103 suppressed pJAZ10 in protoplasts but
appeared to induce its expression in whole seedlings. A less confounding result was
observed for SIE129, which induced pJAZ10 and slightly upregulated JAZ10
expression in planta, although this result was insignificant. These gene expression
data also challenge phenotyping results. SIE26, SIE103 and SIE129 were 15%, 10%
and 5% less sensitive to JA treatment, respectively; JA insensitivity is usually
synonymous with increased JAZ suppression of MYC2 responsive genes (Huang et al.,
2017). It is important therefore to consider the limitations in comparing gene
expression data in whole shoot tissue with that in protoplasts, particularly when
trying to explain whole plant phenotypes. Primarily, the divergent nature of these
findings could be caused by the heterogenous nature of the two assays implemented.
Expression of effectors in protoplasts overnight in single cells is likely to have a
different effect on marker gene expression relative to constitutive overexpression at
the whole organism level. This is because cell identity plays a significant role in
phytohormone and defence regulation (Rich et al., 2018). The generation of
protoplasts from plant tissues is considered to remove cell identity, as whole plants
can be generated from single cells due to de-differentiation (Faraco et al., 2011).
Transcriptional regulation of genes such as WRKY70 and JAZ10 is therefore likely to
be different in single cells compared to whole plant tissues. Protoplast assays of this
scale are therefore a useful high-throughput guide for determining effector activity
but are unlikely to be absolute when the whole plant is considered.
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Using these data to explain phenotypes observed in roots is also challenging.
Although SIEs were observed to coordinate many changes in the activity of pJAZ10,
expression from this promoter is likely to be controlled at several levels. Hormonal
biosynthesis, perception and signalling, for instance, are all targets of effector
proteins, which could result in changes in expression of JAZ10. Fortunately, the
mechanism by which this gene regulates growth after treatment of JA has been
identified. JAZ10 is a negative regulator of JA induced root shortening (Yan et al.,
2002). Induction of JAZ10 would therefore lead to insensitivity to exogenous JA
treatment, as seen in Arabidopsis lines expressing SIE103 and SIE129, which did have
a higher abundance of JAZ10 transcripts quantified by qPCR. Although pJAZ10
induction can only be interpreted as a proxy for the general status of JA signalling, its
expression may be nonetheless contributing to phenotypic differences observed.
SIE26 however appeared to suppress JAZ10 expression but was simultaneously the
least responsive to MeJA mediated root growth inhibition. This suggests SIE26 might
regulate growth independently of JAZ10. In general, it is also possible that these
phenotypes are regulated in a SA/JA crosstalk-specific manner. It will be interesting
to assess the sensitivity of these lines when treated with SA. If these JA insensitivity
phenotypes are indeed regulated antagonistically by these hormones, an opposing
response (hypersensitivity) might be observed when plants expressing these
effectors are exogenously treated with SA. In addition, it will be informative to
evaluate the transcriptional responses of these effector expressing lines after
induction by SA and JA treatment. In the protoplast assay, activity of each effector
on pJAZ10 and pWRKY70 was quantified at both the basal and inducible levels. This
would allow us to ascertain whether effectors are dampening the responsiveness of
plants to treatment of JA, which would in turn reduce root growth inhibition resulting
in insensitivity. It will also be important to perform similar transcriptomic analysis in
root tissues to further explain the mechanisms behind root growth inhibition.
Extending this analysis to roots would also put the functions of these effectors into a
more biologically relevant context, as this is where they are most likely to function if
they are indeed effectors, which could support conclusions regarding how S. indica
uses them to colonise its host.
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5.3.4. SIE129 is a potential tool for exploring beneficial signalling in Arabidopsis
Across all screens performed in this thesis, SIE129 performed very consistently. In
protoplasts, SIE129 was one of the strongest inducers of the pJAZ10 marker but had
no significant effect on pWRKY70. Localisation experiments suggested this effector
candidate is present in the nucleus and may therefore modulate transcriptional
responses. In addition, qPCR analyses of SIE129-expressing plants showed a
moderate induction of JAZ10. SIE129 was found to interact with 17 proteins in our
Y2H screen, 11 of which are ERFs, and the interaction was confirmed for two of these,
CYTOKININ RESPONSE FACTOR 1 (CRF1) and ETHYLENE RESPONSE FACTOR 1 (ERF1),
by co-IP. Arabidopsis seedlings expressing this effector had longer roots than control
plants and were partially insensitive to MeJA-induced root growth inhibition. Based
on these data the significance of the interaction between CRF1 and SIE129 was
assessed, as well as its effect on plant responses to colonisation by P. syringae pv.
tomato and S. indica.
Interestingly, the convergent binding of 11 Arabidopsis proteins by SIE129 is partly
due to an interaction with the AP2/ERF domain. The AP2/ERF protein family exist
within a larger group (119-200) of transcription factors categorised into four
subfamilies based on the frequency and divergence of the AP2 domain (Okamuro et
al., 1997), suggesting there must still be some degree of specificity between the
interaction. The AP2 family have been shown to have positive regulatory effects on
stress responsive genes. Over-expression of DEHYDRATION RESPONSIVE ELEMENT
BINDING 2A for instance conferred enhanced drought, salinity and heat tolerance in
Arabidopsis (Sakuma et al., 2006), whilst HYPOXIA RESPONSIVE, HRE1 and HRE2 have
been shown to control anaerobic stress sensing and responses via oxygen-dependent
proteolysis (Gibbs et al., 2011). Stress responses controlled by the AP2 family are also
not limited to Arabidopsis. SNORKEL1 and SNORKEL2 were identified as
indispensable genes for the adaptation of rice to deep water by inducing rapid GA
dependent elongation under hypoxia (Hattori et al., 2009), and constitutive overexpression of ERF1-V from Haynaldia villosa (wild wheat) in bread wheat conferred
resistance to salt, drought and powdery mildew colonisation (Xing et al., 2017). Other
instances of AP2 proteins conferring biotic stress tolerance have also been reported.
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Berrocal-Lobo et al. (2002) showed that necrotrophic fungi can induce the expression
of ETHYLENE RESPONSE FACTOR 1. Constitutive over-expression of ERF1 was able to
confer resistance to the necrotrophs Botrytis cinerea and Plectosphaerella
cucumerina, but reduced tolerance to the (hemi)biotroph P. syringae, suggesting this
gene plays a role in negative crosstalk between JA/ET and SA signalling. AtERF2 and
AtERF4 have been shown to act as positive and negative regulators of JA responses
respectively. Whilst treatment of AtERF4 over-expressors with MeJA resulted in a
15% reduction of root growth inhibition and a comparative 10-fold decrease in
PDF1.2 induction after MeJA treament, the opposite was true for AtERF2 overexpressors, which were hypersensitive to MeJA and had a 300-fold basal induction
of PDF1.2 (McGrath et al., 2005). These results suggest the AP2 gene family play a
diverse but complex role in modulating defence signalling by acting as both
repressors and activators.
As AP2 domain proteins regulate immune responses and SIE129 over-expressors
have JA phenotypes, these plants were inoculated with S. indica and P. syringae pv.
tomato. At 3 dai, constitutive expression of SIE129 in seedlings reduced the ability of
S. indica to colonise the roots of seedlings, but conversely promoted P. syringae pv.
tomato infection of 4-week old leaves. Enhanced proliferation was seen later at 7 dai
in S. indica colonised roots, although this effect was not significant. This divergent
colonisation phenotype could be explained by a developmental and organ specific
function of SIE129; S. indica inoculation requires 9-day-old roots, whereas P. syringae
assays were performed using three-week-old leaves. In shoot tissues, we were able
to show a slight induction of JAZ10 expression by qPCR; this could lead to a repression
in SA responsive immunity. This conclusion is supported by the increase in P. syringae
pv. tomato colonisation of SIE129 over-expressors, which as a (hemi)biotroph,
requires reduced SA signalling for successful infection. Early colonisation by S. indica,
which also adopts a biotrophic strategy, similarly requires a reduction of SA signalling
(Akum et al., 2015). It is therefore possible that SIE129 has opposing effects between
root and shoot tissues. To ascertain how this effector modulates defence responses,
it will be important to test the relative induction of both SA and JA marker genes in
root and shoot tissues when colonised by these different organisms, potentially
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through RNA sequencing. Enhanced colonisation of S. indica during later phases of
infection (7 dai) could be the result of its biphasic lifestyle, whereby hormonal
changes mediated by SIE129 initially inhibit biotrophic colonisation of roots but
enhance the cell death phase at 7dai. This interesting phenotype will undoubtedly
require further study. It would be interesting for instance to challenge SIE129
expressing plants with F. graminareum. This would allow more biologically
representative comparisons with the colonisation strategies of S. indica. Based on
our current understanding of this effector, we would expect plants to be less
susceptible to infection by the necrotroph, as SIE129 induces JA responses. As AP2
domain proteins also regulate drought and heat responses (Sakuma et al., 2006; Kang
et al., 2011), it would also be interesting to subject plants expressing SIE129 to these
abiotic stresses.
Interestingly, alignment analysis of the 150 SIEs revealed SIE145 as a homologue of
SIE129, sharing 100% sequence identity except for the first 20 residues
(supplementary figure 5.3). These effectors share 6 target proteins, but also target
10 and 26 exclusive targets, respectively. Cleavage of the N terminal section of SIE
129 resulted in reduced modulation of pJAZ10, despite causing the effector to
localise exclusively to the nucleus. This data suggests there is some modular function
for this effector, as reads were detected for both genes in the original RNAseq
experiment used to identify these proteins, which are expressed from the same locus
(Zuccaro et al., 2011; Burton, unpublished). Included in conserved regions of these
proteins is a C terminal DELD motif, associated with fungal effectors (Zuccaro et al.,
2011). As this motif is enriched in S. indica effector candidates, the presence of this
domain adds credence to the idea that these proteins are effectors, although this can
only be confirmed via secretion studies using genetically modified S. indica. By using
CRISPR/Cas9 technology for instance it might be possible to generate fungal mutants
expressing these effectors under native promoters which are fused to GFP more
easily than traditional methods (Deng et al., 2017). By inoculating roots with these S.
indica mutants, it may be possible to visualise the direct translocation and targeting
of this effector from the fungus to the plant nucleus.
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Because AP2/ERF proteins have roles in regulating stress responses, and SIE129
interacts with many of those discussed here, we hypothesised that this effector could
be conferring beneficial traits to host plants via AP2 responsive proteins. To explore
the mechanistic roles of SIE129 on AP2 domain containing proteins and assess the
significance of the phenotypes observed during S. indica and P. syringae pv. tomato
colonisation, a split-YFP assay was conducted using the confirmed interactor CRF1.
CRF1 is a cytoplasmic transcription factor, which in the presence of cytokinin is
phosphorylated and subsequently translocated to the nucleus to activate
transcription (Rachotte et al., 2006). Since plants expressing SIE129 have longer
roots, are insensitive to JA and induce JAZ10 expression, we hypothesised this
effector either promotes transcription of positive growth regulators by inducing
translocation of AP2 containing protein targets to the nucleus (where a stronger
signal would be observed in the nucleus), or inhibits expression of stress regulators
by blocking translocation (where a stronger signal would be observed in the
cytoplasm). Unfortunately, it was not possible to reconstitute a YFP signal in
infiltrated N. benthamiana leaf tissue using YFPn-SIE129 and YFPc-CRF1, despite these
proteins interacting by co-IP. As this could be due to post-translational cleavage, it
will be necessary to repeat these experiments using different BiFC constructs, with
positive controls already confirmed to interact in the system chosen.
To fully categorise the transcriptional responses of SIE129-expressing plants in the
future, RNA sequencing technologies would be a helpful tool for understanding its
mechanism of action. Due to time restrictions, it was not possible to implement such
experiments during the lifetime of this project. Measuring global transcriptional
responses in both basal and treated (e.g. pathogen or S. indica inoculation)
conditions would reveal genes which are differentially expressed by this effector, and
subsequently potential targets for exploring S. indica mediated beneficial effects.

5.4. Conclusions and outlook
The aim of the work presented in this chapter was to identify S. indica effector
candidates that could promote growth and/or modulate JA/SA signalling when
constitutively expressed in Arabidopsis. Of the 35 lines tested, 16 effectors were
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identified to significantly promote primary root length, and 19 that altered the
responsiveness to the hormones SA and JA. Six of these mutants were tested for
conserved phenotypes in independent lines, RT-qPCR and microbial colonisation
experiments. Through this analysis SIE129, a 16kDa DELD motif containing protein,
was identified to promote growth and modulate a divergent defence response,
potentially via highly targeted AP2 domain containing proteins. It will be interesting
to analyse and understand in future how this protein confers beneficial properties in
whole plants.
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Chapter 6: General Discussion
The endophyte Serendipita indica is a fungus with a very broad host range that
confers beneficial effects to colonised host plants, including drought tolerance and
disease resistance (Sherameti et al., 2008; Sun et al., 2010). Given the vast
geographical prevalence and persistence of members of the Sebacinalean order in
soil and their ecological significance, this organism is a viable means for identifying
methods of supporting agricultural practices in the wake of the numerous hurdles
facing global food security (FAO, 2018).
Beneficial interactions have been widely documented between plants and microbes
and have even been implicated with the migration of plants from the oceans to land
during the late Proterozoic eon (Simon et al., 1993). The significance of the
Arabidopsis-S. indica interaction however is that unlike other mycorrhizal fungi, S.
indica can be cultured axenically (Verma et al., 1999). With its large host range and
compatibility in research settings, this fungus can be a powerful tool for exploring
beneficial host signalling in model and crop species.
Our understanding of how S. indica promotes plant fitness is limited. Many symbiotic
plant microbes take part in nutrient exchange at the fungal-plant interface by
providing the host with additional phosphate in exchange for carbon (Nehls et al.,
2010; Boldt et al., 2011; Gaude et al., 2011; Manck-Götzenberger & Requena, 2016).
Although some evidence supports S. indica behaves in a similar fashion (Yadav et al.,
2010; Kumar et al., 2011; Bakshi et al., 2017), systemic benefits associated with the
fungus cannot be explained simply by an increase in phosphate availability.
In addition to phosphate uptake, many studies link S. indica-Arabidopsis symbiosis
with modulated host hormone signalling (Stein et al., 2008; Jabobs et al., 2011; Qiang
et al., 2012; Xu et al., 2018), a process achieved by other plant microbes using
secreted effector proteins (Xin & He, 2013; Nasir et al., 2018). It was therefore
theorised that induced systemic resistance observed in plants colonised by the
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fungus is due to alterations in innate plant signalling events, realised by the
biochemical activity of effector proteins secreted by S. indica. The primary aim was
therefore to characterise candidate effectors of S. indica in the context of plant
hormone signalling, which may be responsible for enhanced plant fitness. This
hypothesis was explored at three levels using bioinformatics, biochemistry and plant
phenotyping.

6.1. Interactome mapping of S. indica effectors candidates reveals unique mutualist
target proteins
Identifying how a protein interacts with its biological system is one of the first steps
in understanding its function. To classify the roles of S. indica effectors in beneficial
plant signalling, the approach was to identify their host protein interactors. In
chapter 3 of this thesis, interactions between 150 SIEs and 12,000 Arabidopsis
proteins were screened by implementing a yeast-2-hybrid approach. This screen
identified 257 effector-target interactions between 47 SIEs and 162 Arabidopsis
proteins. In accordance with the hypothesis that S. indica modulates phytohormone
signalling, GO-term analysis of these 162 Arabidopsis target proteins revealed a
significant over-representation of ethylene, cytokinin, jasmonic acid and gibberellic
acid associated proteins. This is supported by much of the literature, which cites
these hormones as essential for colonisation (Stein et al., 2008; Vadassery et al.,
2008; Camehl et al., 2010; Jacobs et al., 2011; Xu et al., 2018). Not only does this
validate the results from the screen, some of these novel targets have opened several
avenues for which the symbiosis between these organisms can be explored. Ethylene
is particularly interesting in context of plant-symbiont relationships. Camehl et al.
(2010) demonstrated non-compromised ethylene signalling is essential for balancing
beneficial and non-beneficial traits under S. indica colonisation. The loss of beneficial
effects in ethylene sensing and signalling mutants during symbiosis suggests
effectors targeting these proteins might play a pivotal role in mediating biochemical
changes that lead to enhanced plant fitness (Camehl et al., 2010). There is therefore
a great opportunity to dissect ethylene signalling via those SIEs which interact with
these targets, particularly with respect to growth promotion and defence signalling.
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In addition to GO term enrichment analysis of effector targets, all binary interactions
identified in this screen were assembled to generate a S. indica-Arabidopsis
interactome map. Network analysis of the S. indica-Arabidopsis interactome
suggested mutualist effectors target host proteins in a similar way to those of
pathogen effectors. Of particular significance is that convergence is observed
between SIEs and Arabidopsis proteins, where the same host protein is targeted
several times by different effectors. It was proposed by Mukhtar et al. (2011) that
plant-colonising microbes require this element of redundancy in protein targeting to
perturb critical signalling pathways to successfully achieve colonisation. Given the so
called ‘arms race’ between pathogen effectors and plant resistance genes,
introduction of redundancy alleviates selection pressure on plants that would
otherwise facilitate the conception of new R genes (Stahl et al., 2000; Bergelson et
al., 2001). From a microbe’s perspective, this ensures infection and reproduction
remains unhindered by plant defences (Jones & Dengl, 2006; Cook et al., 2015). From
an evolutionary perspective, the discovery of convergence by SIEs was unsurprising.
Just like pathogenic organisms, S. indica is required to suppress the host immune
system; despite being a mutualist, the fungus is still recognised as non-self by host
plants. We identified no significant differences in network associated statistics
between the interactome of a root colonising fungus and leaf infecting pathogens
from three distinct kingdoms of life. Based on this observation, it was concluded, also
in agreement with Wessling et al. (2014), that the binding of host proteins by multiple
effectors is the result of convergent evolution which facilitates the effective
colonisation of plant tissues. Indeed, removal of some convergent gene targets by TDNA insertion altered the ability of S. indica to colonise Arabidopsis roots (figure 3.6),
suggesting these proteins do have roles in regulating immune responses.
Interestingly, colonisation phenotypes were divergent from those of pathogens;
where mutations enhanced resistance to pathogenic organisms, S. indica was able to
proliferate more freely. This observation may indicate opposing action between
different effectors in activating/suppressing target activity, or their roles in root vs
shoot defence responses. This discovery extends our understanding of effector
convergence from pathogens to mutualists, suggesting an implicit role for highly
connected gene modules to regulate immune signalling. In the future it will be
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necessary to evaluate the effect enhanced mutualist colonisation has on plant fitness
in such mutants.
Comparisons between the host targets of SIEs with those of published pathogen
interaction data allowed the identification of 61 Arabidopsis proteins unique to S.
indica. Although GO term enrichment analysis suggested there was no
overrepresentation

in

functional

processes

amongst

these

61

targets,

implementation of association mapping using the Arabidopsis Hormone Database
identified 11 promising effector candidates for further study (chapter 3.2.4). SIE125,
for instance, was shown to interact with TRYPTOPHAN SYNTHETASE BETA SUBUNIT
1 and 2 (TRP1/TRP2). As an essential amino acid and primary metabolic precursor to
the phytohormone auxin, the availability of tryptophan can have limiting effects on
plant growth (Zhao, 2012). trp2 mutants are grossly mal-developed due to defective
cell expansion (Jing et al., 2009). This phenotype could be recovered when plants
were grown on media containing tryptophan, but interestingly not auxin. As this
phenotype was not due to generally compromised protein synthesis, the authors
concluded tryptophan availability might act as a cue that regulates developmental
progress. As the interaction between SIE125 and TRP1/TRP2 was unique to S. indica
and also to this effector, exploring how these proteins might affect symbiosis will be
an interesting next step.
An additional potential for the S. indica-Arabidopsis interactome is using it to explain
the colonisation strategies of generalists vs non-generalists. In nature, most plantpathogen relationships are highly specific (Jones & Dangl, 2006), causing these
microbes to have a very limited host range. However, many beneficial mycorrhizal
fungi seem to have an almost boundless host range (Weiss et al., 2016), and this
could be due to the proteins they target with effectors, consistent with the conserved
nature of host proteins targeted by generalist effectors relative to those of
pathogens. Primarily, there is less selective pressure for plants to evolve R genes that
respond to mutualist effectors, as these interactions enhance plant fitness and
subsequently reproductive potential. As a result, effectors targeting core hub genes
necessary for colonisation are not shed from the microbe genome, allowing them to
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target these genes in other plant species. Under this hypothesis, effectors secreted
by generalists would target host proteins which are more highly conserved
throughout the angiosperm clade with respect to pathogen effector targets. A similar
question was asked by Mukhtar et al. (2011), who showed using Ka/Ks ratios that
Arabidopsis proteins targeted by H. arabidopsidis and P. syringae effectors are under
stronger selective pressure than other proteins within the Arabidopsis interactome
that are not effector targets. By evaluating how conserved SIE-targeted host proteins
are across various plant lineages (monocots, dicots, eudicots) in comparison to
targets specific to pathogen effectors (H. arabidopsidis, P. syringae, Golovinomyces
orontii), it might be possible to reach conclusions about how beneficial generalists
attain colonisation in many plant species whereas pathogens cannot. It would also
be interesting to further compare such analyses to the host reprogramming
strategies employed by pathogenic generalists such as Botrytis cinerea, as it is
possible the ability to colonise a large host range has arisen due to convergent
evolution. Alternatively, generalist pathogens could have undergone an evolutionary
shift from mutualism in the past which would preserve their ability to infect a large
host range by targeting highly conserved targets with effectors.
The plant protein interactions of S. indica effectors or mutualists generally have not
been previously reported at this scale. There are many instances within the present
data

suggesting

SIE-targeted

proteins

regulate

hormone

activities

and

developmental processes. It will be interesting in future to see how the direct activity
of an effector on these host proteins might lead to beneficial effects. The interactions
presented here therefore serve as an invaluable resource for future research into the
relationship between the two symbionts.

6.2. Biochemical analysis supports putative S. indica effectors have distinct
functions in planta
In chapter 4 of this thesis the aim was to classify the biochemical properties of
effectors in plants. By expressing SIEs in Arabidopsis leaf protoplasts, it was
demonstrated that nearly 100 of the 150 candidates are able to alter the activity of
two markers for jasmonic (JA) and salicylic acid (SA). These markers were chosen as
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a proxy for the general state of JA and SA signalling in protoplasts. In most instances,
modulation of WRKY70 or JAZ10 promoter activity was either specific or in
accordance with current understanding that induced SA signalling suppresses the JA
pathway (Pieterse et al., 20112; Caarls et al., 2015; Ning et al., 2019). These results
were supported by GO-term enrichment analysis of the interaction data presented
in chapter 3, where there was significant over-representation of ethylene and JA
signalling associated genes amongst effector targets. It is possible that some
effectors mediate these changes in pWRKY70/pJAZ10 activity through their
interacting plant targets (figure 6.1). Biochemical changes (activation/suppression)
due to these interactions could modulate perception, signalling or biosynthesis genes
associated with the hormones regulating these promoters, leading to changes in
their activity. By considering these results together, it might be possible to identify
novel regulators of defence hormone signalling, as well as how to control this
regulation using effectors expressed under stress inducible markers.

Figure 6.1. S. indica effectors could modulate pJAZ10 activity via interacting target
proteins. (A) Effectors shown to change the activity of pJAZ10 or pWRKY70 could mediate
these changes through target proteins associated with hormone regulation. It will first
be necessary to identify the biological significance of effector-target interactions (e.g.
phosphorylation), and subsequently the downstream regulatory roles this has on
promoter activity.
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It is also possible S. indica achieves these changes through interactions with ethylene
associated proteins, which operate synergistically with the JA branch of plant
immunity (Pré et al., 2008; Zhu et al., 2011; Yang et al., 2015; Hickman et al., 2017).
The data presented in chapter 4 suggest SIEs largely induce pWRKY70 activity or
suppress pJAZ10 activity. It is important to consider the activities of these effectors
in context of host colonisation. Primarily, the fungus adopts a biotrophic colonisation
strategy during early interaction with the plant (Zuccaro et al., 2010). In such a
scenario, induction of SA would hinder and not promote fungal proliferation. Our
observation that pWRKY70 was only ever induced by SIEs could be attributed to
temporal dynamics of effector secretion and/or activities. As S. indica has a biphasic
colonisation strategy, it is likely that manipulation of the host environment by
effectors is tightly regulated, and not all effectors are secreted simultaneously
(Jacobs et al., 2011; Zuccaro et al. 2011). In addition, the global response of a cell to
the presence of a multitude of effectors will be vastly different from that caused by
a single protein. Effector candidates discussed in this thesis were identified at both 3
dai and 10 dai, as biotrophic and cell death-associated colonisation stages
respectively (Deshmukh et al., 2006; Jacobs et al. 2011; Qiang et al. 2012). It is
possible that effectors inducing pWRKY70 activity are secreted during later stages of
colonisation to induce cell death, although there has been no previous report of SA
dependence for the cell death phase of colonisation by the fungus. Stein et al. (2008)
and Jacobs et al. (2011) for instance both reported increased colonisation by the
fungus in Arabidopsis sid2-2 and eds1 mutants. Nonetheless, to explore this
hypothesis further, microscopic analysis with genetically modified S. indica showing
the translocation of fluorescently labelled SA inducing effector candidates from the
fungus to the plant will be necessary. If these proteins that induce pWRKY70 are
indeed necessary for the cell death phase of S. indica colonisation, it could be
expected that these would not be secreted into the plant for several days after initial
plant-fungal contact. This could be tested first by measuring transcript abundance of
these candidate genes over a time course during early stages of fungal colonisation
by RT-qPCR.
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It could also be possible that the large induction of the SA marker pWRKY70 by SIEs
is associated with an SAR-like response induced by the fungus to confer biotic stress
resistance to its host. It has long been understood that SAR relies on the SA branch
of immunity and utilises NPR1 to regulate the expression of pathogenesis proteins
(Durrant & Dong, 2004; Fu & Dong, 2013). Although S. indica induced resistance has
been shown to operate independently of canonical NPR1 function, cytoplasmic NPR1
is still required for host resistance (Stein et al., 2008), suggesting resistance conferred
by these effectors could be independent of the SAR pathway. WRKY70 itself has been
shown to contribute to resistance against Erwinia carotovora and is notably induced
in npr1-1 backgrounds (Li et al., 2004). SAR is achieved by the bioaccumulation of SA
in distal tissues by the upregulation of ISOCHORMATE SYNTHASE-1 (Strawn et al.,
2007). Although members of the isochorismate pathway were not identified as
interactors of SIEs in our Y2H screen, other studies have reported increased levels of
SA when targets of S. indica are over-expressed in Arabidopsis (Kao et al., 2016). A
simple way to test this hypothesis would be to co-transform protoplasts with
fluorescently tagged NPR1 alongside effectors shown to modulate WRKY70 activity.
If SA is indeed accumulated, enrichment of NPR1 would be observed in the nuclei of
cells as it translocates from the cytoplasm to induce pathogenesis gene expression
(Kinkema et al., 2000).
Independent from the mode of S. indica effector functions for colonisation, the data
presented here is also very useful from a synthetic biology perspective for identifying
ways of specifically manipulating plant pathways to enhance defence responses. It is
also important to remember that S. indica also confers abiotic stress tolerance and
promotes growth to colonised plants. There is therefore an opportunity using the
established protoplast assay to assess how effectors modulate markers associated
with other developmental and stress pathways, such as abscisic or gibberellic acids,
auxin and cytokinin. These hormones regulate plant development and responses to
deleterious environmental changes and are all targeted by the fungus during
colonisation and under abiotic stress (Vadassery et al., 2008; Cosme et al., 2016;
Zhang et al., 2018). By incorporating well categorised markers such as DREB2A
(drought; Sakuma et al., 2002) or GIBERELLIN 3 OXIDASE 1 (GA4; Silverstone et al.,
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2001) in the protoplast screening platform, it will become possible to identify
effectors with the potential to enhance abiotic stress responses or redirect
developmental processes.
In addition to affecting the activity of two defence markers, we showed that S. indica
effectors have distinct localisations in N. benthamiana and interact with Arabidopsis
proteins in co-IP experiments. Most notably many SIEs are present in the plant
nucleus and interact with transcription factors in planta. These results support our
overall hypothesis that SIEs might be altering host pathways at the transcriptional
level, just as pathogenic effectors have been observed to (Kong et al., 2017; Wang et
al., 2017). Naturally it was not possible to confirm all 257 interactions between SIEs
and Arabidopsis proteins due to time constraints and the costly nature of co-IP
experiments. Nonetheless 11 interactions between putative effectors of S. indica and
Arabidopsis proteins were confirmed, including GIBERALLIC ACID INSENSITIVE (GAI),
GENERAL RESPONSE FACTOR 10 (GRF10) and ETHYLENE RESPONSE FACTOR 1 (ERF1).
The significance of these interactions lies in the phenotypes presented in chapter 5
of this thesis. By attributing phenotypes with the activities of effectors on target
proteins, it will be possible to support conclusions regarding the mechanistic activity
of effectors in promoting growth or altering hormone responsiveness. This could be
achieved using effector target knock out (KO) mutants that are complimented with
the interacting effector. If these plants lack a beneficial phenotype (growth
promotion, stress tolerance) otherwise seen in effector expressing lines in a wild type
background, one could draw more robust conclusions with respect to a direct cause
and effect relationship between the effector, its target, and enhanced plant fitness.
Such experiments would help identify S. indica effectors that activate beneficial host
pathways. Due to time constraints it was not possible to perform these assays as part
of this thesis. However, the confirmation of these interactions adds to the toolkit of
new knowledge that will help shape our understanding of the relationship between
S. indica effectors and Arabidopsis in the future.
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6.3. Extensive phenotyping identified effectors that modulate growth and defence
signalling
To answer the overall hypothesis that candidate effectors of the mutualistic
endophyte S. indica are responsible for beneficial effects in plants, chapter 5 of this
thesis sought to identify such phenotypes in plant lines constitutively expressing SIEs
in Arabidopsis. 35 lines were screened for growth promotion and sensitivity to the
defence hormones SA or methyl-JA (MeJA). These 35 lines were selected as the
strongest inducers/suppressors of pWRKY70 or pJAZ10 activity in protoplasts. The
preliminary screen suggested effectors can modulate root growth, with 3 SIEs acting
as suppressors and 16 enhancers of growth. In addition, some effector expressing
lines were hypersensitive to treatment with SA or JA, although there was no
observable relationship between how an SIE performed in our protoplast screen and
phenotypic responses at the whole plant level. This is not very surprising as all
phenotyping focused on one trait (root length) while these hormones affect different
aspects of plant life ranging from stress adaptation to different developmental
processes. In addition, the protoplast assay was performed using cells harvested
from leaves. The differential roles of defence hormones in root and shoot tissue are
only just becoming clear but are nonetheless understood to be different (Vicente &
Plasencia, 2011; Huang et al., 2017).
To establish the validity of these phenotyping results, all experiments were repeated
for six effectors using three independent lines for each. There was general consensus
between lines showing altered growth phenotypes in mock conditions, with some
altered sensitivity phenotypes across all three independent lines that might be
explained by pleiotropic effects associated with the insertion site of the effector gene
within the Arabidopsis genome. However, given the changes in primary root length
were conserved in untreated seedlings, differential responses to SA/JA treatment
between lines might be associated with the assay. In the future, it might be more
informative and in context with the overall hypothesis to challenge plants directly
with biotic and abiotic stresses. In addition, effector lines can be selected for
phenotyping based on their respective promoter modulating activities in protoplasts
(see chapter 4) and biologically relevant Arabidopsis target proteins (see chapter 3).
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For those effectors with no interactors identified by Y2H, co-IP/mass spectrometry
will be an important method for understanding effector behaviour. An advantage of
this method is that effectors are already operating in a plant specific context, as
experiments could be performed using tagged effector proteins constitutively
expressed in planta.
To further validate the promoter modulating activity of effectors observed in
protoplasts at the whole plant level transcript abundance of WRKY70 and JAZ10 were
measured in lines stably expressing SIEs. Lines SIE99 and SIE129 appeared to show a
general trend with the protoplast data, where induction of SA/JA markers in
protoplasts was also seen in seedlings. Conversely, pJAZ10 was induced in
protoplasts expressing SIE26 but slightly downregulated in shoot tissue of SIE26
seedlings. This could be due to the developmental roles of both the markers tested
and the effector; protoplasts were harvested from four-week-old plants grown in
soil, whereas cDNA was generated from shoot tissue of 11-day-old seedlings grown
under axenic conditions. In addition, protoplasting causes cells to lose their identity,
which can significantly affect its phytohormone responses (Faraco et al., 2011; Rich
et al., 2018). It would also be interesting to extend this analysis to the root system.
Although expression of these markers was tested in roots of seedlings expressing
SIEs, the basal expression of these genes was too low to be quantifiable using RTqPCR, suggesting transcriptional changes mediated by the activity of the effectors
tested were different in root vs shoot tissues. This also suggests JAZ10 and WRKY70
are not ideal markers for exploring the roles of JA and SA function in roots. However,
as promoters for these genes are specifically inducible by their respective hormones
in protoplasts (Lehmann et al., unpublished), it would be insightful in the future to
quantify not only the basal transcript levels of WRKY70 or JAZ10, but also measure
the inducible responsiveness in the presence of each effector in shoots, whilst using
alternate markers for JA and SA signalling in root tissues such as PR1 and VSP2
(VEGETATIVE STORAGE PROTEIN 2) (Papadopoulou et al., 2018). Akum et al. (2015),
for instance, investigated the roles of the S. indica effector PIIN_08944 and its role in
suppressing SA responses. The authors were able to demonstrate that constitutive
expression of PIIN_08944 in Arabidopsis led to a general suppression of SA responses
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by first measuring the transcript abundance of two SA markers, WRKY22 and CBP60g,
when plants were treated with the bacterial flagellin epitope flg22. Based on these
observations, it would be interesting to perform similar experiments using either
flg22, Me-JA or SA. This could help identify effector expressing plants that
demonstrate stronger responses to these immunity elicitors without induction of PTI
genes in basal conditions. This would be particularly relevant in context of enhancing
plant defences, as heightened immunity generally comes with costs, ranging from
reduced growth to lethality (Eichmann & Schäfer, 2015).
The three screening processes described here resulted in the identification of SIE129
as a potential candidate effector that could confer beneficial properties to host
plants. Constitutive expression of this effector in Arabidopsis increased the length of
primary roots in vitro and decreased the sensitivity of plants to exogenous treatment
with MeJA. This alteration in hormone responsiveness was translated to colonisation
phenotypes when plants expressing SIE129 were independently challenged by P.
syringae pv. tomato (Pst) and S. indica. Whilst Pst was more able to proliferate in the
leaves of SIE129 at 3 dai, S. indica abundance was comparatively reduced in root
tissue. These results were supported by RT-qPCR which suggested JAZ10, the marker
gene used to identify this effecter as an activator of JA responses in protoplasts, was
upregulated in leaves when SIE129 was constitutively expressed. The colonisation
strategies of S. indica and Pst have been well characterised; plants utilise the SA
branch of defence to limit the proliferation of the pathogen, whilst the mutualist
targets JA/ET signalling to achieve colonisation (Jacobs et al. 2011; Khatabi et al.,
2012; Vahabi et al., 2013). It may be that by enhancing JA signalling, SIE129 is able to
induce the antagonistic suppression of SA associated defence and in doing so, allows
P. syringae to infect plant leaves more freely. Without a clear indication of SIE129
activities in plant roots, it is difficult to reach absolute conclusions regarding the
reduction in fungal colonisation at 3 dai, but subsequent enhancement at 7 dai.
However, it might reveal a role of SIE129 in controlling the shift from a biotrophic to
necrotrophic life style of the fungus between 3 and 7dai. Combined with the
enhanced Pst phenotype, this result suggests SIE129 functions differently in roots vs
shoots. Enhanced JA signalling in leaf tissue would indeed allow the pathogen to
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proliferate more freely. However, early colonisation by S. indica also mimics many
aspects of biotrophism; if SIE129 also promoted the JA branch of defence in roots
and subsequently suppressed SA signalling, enhanced fungal proliferation would
have been observed at 3 dai. It could be possible therefore that this effector
modulates some other mode of defence in roots which acts antagonistically to early
colonisation by the fungus. One way to test this would be by quantifying the activities
of pJAZ10 or pWRKY70 in root protoplasts, transfected with SIE129. Additionally,
measuring the transcript abundance of JA and SA marker genes in roots vs shoots of
SIE129 expressing plants would help answer this question. Exploring the roles of this
effector in roots would allow us to make more context specific conclusions regarding
its activity during host colonisation.
SIE129 was further shown to interact with the AP2/ERF DNA binding domain of one
of its target proteins, CRF1. Alignment analyses showed this domain was shared
between 11 of the proteins this effector was reported to interact with in the Y2H
screen (see chapter 3), suggesting effector promiscuity might be the result of a highly
specific evolutionary mechanism that allows a microbe to alter similar plant

Figure 6.2. SIE129 binding the AP2 domain of stress regulatory genes could affect
transcription. (A) SIE129 could recruit AP2 domain TFs to bind the GCC box of genes
regulated by these proteins by activating them biologically (e.g. phosphorylation). (B)
SIE129 might inhibit transcription of stress regulatory genes by either sterically
preventing the binding of the AP2 domain to DNA, or by preventing activation (e.g.
enzymatic cleavage).
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pathways to attain a stronger overall response. Although broad range binding of
effectors to host proteins has been reported (Mukhtar et al., 2011; Wessling et al.,
2014), the interaction between an effector and a conserved protein motif has not
been shown. It is possible this mechanism has evolved to achieve widespread
changes in the host environment at a reduced resource cost to the microbe. It will be
necessary to explore the biological significance of this finding in the future by
performing similar alignment analyses and mutagenesis assays with published
pathogen effector targets, as well as other highly interacting S. indica effectors. To
elucidate the specific nature of this interaction in SIE129 expressing Arabidopsis
mutants, it will be necessary to perform RNA sequencing experiments under stress
conditions to determine whether interaction with some AP2/ERF proteins results in
enhanced or suppressed transcriptional responses in genes regulated by these
transcription factors. We were able to confirm the interaction between SIE129 and
two AP2/ERF TFs, CRF1 and ERF1, using co-IP. The next step would be to explore the
mechanism of these interactions and to what extent this effector interacts with the
AP2 domain of these proteins to regulate transcription of stress responsive genes.
This could happen by either recruitment of AP2 TFs to promoters to enhance
transcription, or by blocking the binding of the AP2 domain to the GCC box, thereby
suppressing transcription (figure 6.2). In either case it will first be necessary to
identify the cellular site of interaction between SIE129 and its target proteins using
BiFC, and then evaluate transcription patterns downstream of effector targets using
RNA sequencing. Another interesting way to answer this question would be to cocrystallise interacting proteins with SIE129 to generate structural information
regarding the interaction. The structure of the ERF/AP2 domain bound to the GCC
box has already been determined (Allen et al., 1998); structural insights of the
SIE129-AP2 interaction may therefore help explain how this effector may
disrupt/enhance transcription. If SIE129 was shown to bind key residues associated
with DNA binding for instance, it is likely this effector downregulates the expression
of genes specific to the Arabidopsis target protein. The AP2/ERF transcription factor
family has been well documented as enhancing drought and disease responses in
Arabidopsis, as well as in agriculturally important crops (Sakuma et al., 2006; Hattori
et al., 2009; Xing et al., 2017). Although the role of SIE129 in an immunity context
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was studied in this thesis, inclusion of abiotic stresses in such sequencing
experiments would also be useful in explaining the role this effector has in
modulating overall plant adaptation to environmental stresses. In particular is the
transcription factor DROUGHT RESPONSIVE ELEMENT BINDING-2A (DREB2A) which
interacts with SIE129 and also contains an AP2 domain. Overexpression of DREB2A
in Arabidopsis resulted in a drought tolerance phenotype (Sakuma et al., 2006) which
may be promoted through interaction with this effector.

6.4. Integration of screening methodologies to identify effector protein function
In this thesis, three distinct methodologies were implemented to categorise the
functions of effector candidates secreted by the beneficial symbiont S. indica. First,
an interaction screen was performed using Y2H to identify the interactions between
150 SIEs and 12,000 Arabidopsis proteins. Secondly, these 150 effectors were
expressed in leaf protoplasts to determine how they modulate the activity of
pWRKY70 and pJAZ10. Finally, plants expressing a shortlist of these effectors, based
on the first two screens, were tested for phenotypes relating to their biochemical
properties.
Whilst these screens have generated a wealth of data in regard to candidate effectors
of S. indica, the methods chosen should nonetheless be discussed. Y2H for instance
has limitations in regard to false negative and false positive rates. Such results can
arise due to several biological circumstances, which are likely to be specific to each
interaction considered. Firstly, it is important to note that Y2H is a system in which
non-native proteins (plant/fungal) are expressed in a heterologous environment. As
such the stability, folding and physiological environment (e.g. pH/ion concentration/
presence of cofactors), which may favour interaction in a true biological setting could
be compromised. Other false negatives may arise due to the addition of protein tags
required for the Y2H reporter assay which may sterically hinder interactions
mediated near the amino or carboxyl terminal ends of a protein. Alternatively, two
proteins which may never naturally find themselves in direct contact in a true
biological setting may appear to interact due to general propensity to bind other
proteins, or due to the abundance in which they are expressed in yeast cells (Van
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Criekinge & Beyaert, 1999; Mehla et al., 2017), giving rise to false positives. Y2H is
not without its advantages, however. In this study, over 1.8 x 106 interactions were
tested between SIEs and the Arabidopsis interactome; by using Y2H, further study
into the biological relevance of these interactions could then be explored in chapter
4 and 5 of this thesis. Y2H is also considerably cheaper than other methods such as
co-immunoprecipitation/ mass spectrometry of proteins expressed in planta, and is
more easily optimised to high throughput systems.
Furthermore, the prevalence of potential false negatives in the Y2H screen presented
in chapter 3 is supported by results of chapter 4. All 150 SIEs were used in the
interaction screen, but interactions were only confirmed for 47 of these. Despite this
however, over 100 SIEs were able to modulate the activity of either pJAZ10 or
pWRKY70 in protoplasts, suggesting these proteins still have a function in planta. One
explanation for this outcome is that the Y2H screen implemented was not allencompassing; the Arabidopsis proteome is predicted to contain 35,000 proteins
(Arabidopsis Genome Initiative, 2000), whilst the library used as part of this screen
contained only 12,000 proteins. Once again however, it is important to consider the
method used to identify how each SIE modulates pJAZ10 or pWRKY70. Primarily, here
we used an assay in leaf cells to explore the roles of candidate effectors secreted into
root tissues. A particular drawback to this approach is that the phytohormone
profiles and responses of root and shoot tissues are different (Tytgat et al., 2013;
Rich et al., 2017). Most notably is that both SA and JA are synthesised at the
chloroplast, an organelle not present in roots of Arabidopsis. As a result, effectors
which modulate defence hormone activities in shoot tissue may operate differently
in roots, particularly with respect to hormone biosynthesis. It should also be noted
that the choice of the JAZ10 promoter as a marker for JA signalling might also
confound results. Although induced by the hormone at the gene level, JAZ proteins
typically suppress the activation of downstream JA responses by inhibiting the
binding of MYC2. It is therefore likely that many of the effectors observed to
modulate either pJAZ10 or pWRKY70 activity do so upstream of respective hormone
pathways. This may subsequently explain why root sensitivity phenotypes observed
in chapter 5 were not correlated with the direction in which each SIE affected
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hormone activity in leaf protoplasts. In addition, screening these SIEs in shoot tissues
to give insight into their function at the plant-microbe interface may give rise to false
negatives and positives. This is due to the absence or presence of interacting host
proteins. Mesophyll protoplasts have a vastly different proteomic landscape due to
physiological function relative to root cells (Mooney et al., 2006; Žd'árská et al., 2013;
Marcon et al., 2015), which also have significantly different functions from each
other (Gifford et al., 2008; Dinneny et al., 2008; Rich et al., 2018). Screening the JA
and SA modulating activities of SIEs in leaf protoplasts may therefore give false
negatives, where the native interactor is not present in foliar tissue, or alternatively
a false positive where an effector is able to alter the activity of a mesophyll native
protein not present in roots. It would therefore have been more suitable to have
conducted the protoplast assay presented in chapter 4 using root protoplasts.
However, given the amount of plant material required to conduct this screen and the
increased efficiency of transforming leaf vs root protoplasts (Yoo et al., 2007), these
results still give an indication toward effector functions in JA and SA signalling. Of
particular importance is also that this study has been conducted under an additional
hypothesis, which proposed effector activities of the symbiont may promote
beneficial pathways which contribute to enhanced plant disease resistance
phenotypes. From a synthetic biology perspective therefore, the origin or indeed
plant target for each effector in a plant-microbial interaction is of less significance if
these proteins are able to modulate those pathways in a beneficial manner. This also
supports the decision to express effectors without their native signal peptides. Signal
peptides are typically required to direct secreted proteins to the rough endoplasmic
reticulum, where they are compartmentalised for exocytosis (von Heijne, 1998; Dalio
et al., 2018). This N-terminal peptide is then cleaved to form mature effector proteins
during secretion. Whilst omission of these sequences for assays such as subcellular
localisation via A. tumefaciens mediated transformation can subsequently give rise
to artefacts, countless studies have successfully explored effector biology using
mature sequences lacking secretion peptide sequences (Petre et al., 2015; Choi et
al., 2017; Liu et al., 2018). Many such studies report the genetic manipulation of plant
colonising microbes to reveal effector function, by tagging secreted proteins with
GFP for instance, is not only time consuming but can also be uninformative; under
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their native promoters, effectors are usually expressed so lowly that their localisation
would be undetectable (Whisson et al., 2007; Whisson et al., 2016).
In chapter 5 of this thesis, particular effectors were constitutively expressed in
Arabidopsis and these plants were screened to identify phenotypes relating to
sensitivity to either SA or MeJA. Although the effectors chosen were logically
selected based on the results of the Y2H assay and the protoplast screen, the decision
to use seed pools from 3 independent T2 segregating lines likely gave rise to
erroneous results. The presence of wild type, heterozygous and homozygous
genotypes in these pools, as well as probable differences between lines in effector
expression likely gave rise to a level of variation which affected both the validity and
reproducibility of these results. Indeed, this was observed when individual lines were
phenotyped, yielding confounding results in several cases. This assay would
therefore have benefited greatly from additional experimental considerations,
particularly the generation and inclusion of homozygous T3 lines for screening.
Although techniques used here have their own strengths and drawbacks, it is by
considering the data generated from each screen together which will allow more
directed study of these proteins in the future. Table 6.1 shows the combined
summary of results for all 150 SIEs studied in this thesis.

140

Table 6.1 Summary of S. indica effector data
N.B. Values in columns 4 and 5 indicate the product of the ratio of LUC activity between EV
controls and each effector in both mock and treated conditions; zero values indicate
protoplasts did not survive transfection. Negative values in columns 8 and 9 indicate
insensitivity to respective hormones whilst positive indicate hypersensitivity.
SIE
SIE 1
SIE 2
SIE 3
SIE 4
SIE 5
SIE 6
SIE 7
SIE 8
SIE 9
SIE 10

Interactions

AT4G39050

CoIP

pWRKY70
1.254201798
1.372253028
2.016253933
1.396258042
0.956111035
1.376405111
1.532516701
2.985670219
1.59849436
4.874594532

pJAZ10
0.76658452
1.3289683
1.75926297
0.89092747
0.50700011
0.66628832
2.40219537
2.29708844
1.82366554
116.059704

AT3G60600

SIE 12
SIE 13
SIE 14

AT1G73980

SIE 15

AT1G32540
AT5G41410
AT1G68810
AT2G45680
AT3G26900
AT4G32040
AT3G02150
AT5G11980
AT3G49580
AT4G39820
AT1G14920
AT1G22920

AT1G14920 3.098186578 0.27362115

SIE 16

AT4G19030

2.995366989 0.10184698

SIE 17

AT4G25660
AT3G17310
AT1G04260
AT5G16840
AT3G13720
AT3G13710
AT1G01910
AT1G17700
AT4G17720
AT5G07110
AT1G14340
AT2G17390

2.114359723 0.21457649

AT3G07780

% Root length
0.711772389
1.583618713

% SA sensitivity
7.870353731

% JA sensitivity
0.040816198
7.400459078

-11.30319792

3.211656581

6.318757235

Nuclear

Encoplasmic
AT3G60600 1.195723481 1.03609113
reticulum
0
0
2.148005845 0.32975762
1.454774195 0.28587446

SIE 11

SIE 18
SIE 19
SIE 20
SIE 21
SIE 22
SIE 23

Localisation

1.229798802
1.400085841
1.768338062
AT3G07780 2.970884574
1.284533859
1.597465943

0.1884069
0.47068224
0.11326948
0.51515702
0.33757827
0.45012944

Cytoplasm

-2.023421434

1.171854886

5.898159032

4.620392028

Nuclear
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SIE
SIE 24

Interactions

CoIP

pWRKY70
pJAZ10
1.344372852 0.35193783

SIE 25

AT3G54230
AT5G28900

0.801454313 0.13479544

SIE 26

AT5G10450
AT5G11980
AT3G61260
AT5G07260
AT5G65430
AT5G61270
AT1G22300
AT1G22300
AT1G22920
AT5G53620
AT1G26480
AT4G04330
AT4G09000
AT1G71230
AT1G76460
AT1G78300
AT2G45680
AT2G45820
AT5G38480
AT3G02520

AT1G22300 1.513529179 3.44310699

SIE 27
SIE 28
SIE 29
SIE 30
SIE 31
SIE 32
SIE 33
SIE 34
SIE 35
SIE 36
SIE 37
SIE 38
SIE 39
SIE 40
SIE 41
SIE 42
SIE 43
SIE 44
SIE 45
SIE 46
SIE 47
SIE 48
SIE 49
SIE 50
SIE 51
SIE 52
SIE 53

SIE 54

AT1G54060
AT5G42220

AT1G01910

AT3G13720
AT4G35090
AT5G24170
AT2G47940
AT1G04260
AT4G19030
AT1G17700

1.48281124
0.936186364
1.128606242
0
1.900111334
2.008841992
1.423715467
0.698766102
1.227245017
1.833695237
1.524937386
1.871707029
1.396995513
0.912222222
0.911349206
1.041533559
1.370550328
1.113880344
0.999281065
0.755180462
1.967609668
1.998785486
1.88093698
0.850613219
1.789717204
2.666224993
3.88083788

1.28337378
0.52256209
0.6586874
0
1.14362346
1.22130301
1.18903524
0.64994878
0.09423638
0.53584711
0.78927817
0.83455351
0.58374622
0.6526083
0.74390192
0.96858866
1.05797047
0.52338524
0.68603616
0
0.47081245
0.46880998
0.98515417
0.73613723
0.54773085
1.07278091
0.43943855

Localisation
Cytoplasm

Nuclear/
Cytoplasmic

Vesicular

3.504715875 1.01595146

SIE 55
3.542878412
SIE 56AT5G22290 AT4G19030
1.579032876
SIE 57AT1G06510 AT1G33030
2.339401784
SIE 58
AT3G04000
2.846702755
SIE 59
2.872824271
SIE 60
AT1G01910
3.931147802
SIE 61
AT2G17390
1.664815076
AT5G22290
SIE 62AT4G31430 AT3G29270
AT5G22290
AT3G57320
6.386587368
SIE 63
AT1G71230
1.375975545

0.32265626
0.14169204
1.00360137
1.74254631
1.25608486
0.91006524
0.54046636
0.580802
2.04391794

SIE 64

2.592656715 1.75737944

SIE 65
SIE 66
SIE 67
SIE 68

0
2.673009993
1.455150759
1.027766678

0.10442517
0.22749199
0.10988019
0.29207932

Vesicular

Vesicular

% Root length

% SA sensitivity

% JA sensitivity

41.61911731

5.59876834

3.431616952

-4.844467661

-12.3496183
-3.962423433

-0.457622359

-1.068519387
2.492677278

-1.007061108
-2.186910908

1.671403149

-4.477754063

30.49342198

25.22814991

18.65913766

26.90351833

12.99174077

7.930436561

25.84502426
18.49308003

5.540174208

12.09470685

10.24886521

-11.78846442
18.99387992

-11.77639378

-2.948529605

0.521276896

12.13261805

Nuclear/
Cytoplasmic

2.036469002

-3.652070197

142

SIE

SIE 69

SIE 70

Interactions
AT1G68810
AT5G39760
AT5G51110
AT1G61690
AT3G63210
AT3G51630
AT4G00120
AT1G51600
AT2G37150
AT4G32570
AT2G32840
AT3G44460
AT2G23760
AT2G22680
AT2G03710
AT5G66560
AT2G26800
AT2G02540
AT4G36970
AT4G04640
AT3G54000
AT1G71230
AT4G22250
AT5G18580
AT4G15730
AT5G61380

CoIP

pWRKY70

pJAZ10

AT3G63210 1.299410055 2.04808017

AT1G01910
AT5G42220

1.19150163 0.74630514

SIE 72

AT1G01910
AT5G42220

0.989235451 1.24547393

SIE 73

AT1G22920
AT1G71230

1.457902734 0.71857248

SIE 75
SIE 76
SIE 77

AT4G25200
AT2G44360
AT1G01910

26.46998407

10.56263253

3.497629506

-6.011333404

0.124725538

15.57598023

8.844013372

0

1.262813739 0.72055363
2.383243293 0.86571544

SIE 86
SIE 87
SIE 88
SIE 89
SIE 90
SIE 91
SIE 92
SIE 93
SIE 94
SIE 95
SIE 96
SIE 97
SIE 98

-1.768275689

3.323363565 1.23043932

SIE 79
SIE 80

SIE 85

-0.802636575

% JA sensitivity

2.990704511 0.89731403

1.458554447 1.32003483

SIE 82
SIE 83
SIE 84

Nuclear/
Cytoplasmic

% SA sensitivity

1.824451748 0.28336656
AT5G42220
AT3G08530
AT4G18400
AT4G00270

SIE 78

SIE 81

% Root length

1.635704071 1.7178941

SIE 71

SIE 74

Localisation

AT3G22420
AT1G17700
AT2G44950
AT1G10310
AT1G06510
AT1G04260
AT5G16250
AT4G25660
AT3G22810
AT2G23760
AT5G57550

AT1G69690
AT2G45680
AT4G17680

AT3G62800

2.872173544 1.54843407

Nuclear/
Cytoplasmic

Nuclear/
Cytoplasmic

2.934633895 0.88490945
1.725093038 0.34203081
1.423020376 0.31659047
0.889859386 1.17550414
1.514959372
1.352804405
1.702447476
1.632213837
1.513917794
1.689860056
1.305988287
1.222339869
1.039158068
1.696673472
2.1158308
2.883219763
3.032564681

1.37813482
0.14976359
1.37445942
10.5756578
0.44122271
0.31516848
0.39222883
1.67198277
1.5184757
1.41327606
0.87297452
0.31284764
0.92967995

9.806037584

5.805553204
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SIE

Interactions

CoIP

pWRKY70

pJAZ10

SIE 99

6.426512794 1.84621633

SIE 100
SIE 101
SIE 102
SIE 103
SIE 104
SIE 105
SIE 106
SIE 107

1.790894995
1.339455864
2.33247709
0
2.919212584
2.718260167
3.311801158
1.123413898

SIE 108

SIE 109

AT1G22920

AT2G45680
AT1G01910
AT1G54060
AT2G02540
AT1G48630
AT3G18130
AT1G18080
AT1G04260
AT1G71230

SIE 110
SIE 111
SIE 112
SIE 113
SIE 114
SIE 115
SIE 116
SIE 117
SIE 118
SIE 119
SIE 120
SIE 121
SIE 122
SIE 123
SIE 124

Localisation
Intracellular
vecicles

1.38866957
0.53166133
0.72068557
0.04865643
1.2513016
1.47602644
0.52699719
0.23482831

AT1G18080 1.109058423 1.16034255

6.647193684

16.40137923

13.5033278

5.78173568

-0.644783523

Cytoplasm/
Intracellular
vecicles

1.20235911
1.95291061
0.42634916
1.0140347
0.71031374
0.16488873
1.10318524
0.92573353
1.49753263
0.92065795
1.14768814
0.46397134
0.8496231
1.40970253
1.48458379

AT4G27070
AT5G54810

2.321830929 1.93753169

Nuclear

SIE 126

AT2G45680
AT2G25490
AT1G61690
AT5G39760
AT3G54000
AT3G03950
AT2G02540
AT4G17680
AT1G71230
AT3G22420
AT3G57320
AT5G65160
AT4G32190
AT1G23220
AT1G22920
AT3G21175

3.170534717 1.28652364

Nuclear/
Cytoplasmic

SIE 127

AT4G17680
AT3G57320
AT1G61690
AT1G01910
AT4G25200
AT1G23220
AT4G08150

AT4G08150 2.430939484 1.07077226

Nuclear/
Cytoplasmic

SIE 129

% JA sensitivity

8.791634842

SIE 125

SIE 128

% SA sensitivity

36.23703685

2.284624173 2.28265262
1.953763209
1.465848424
2.41977898
1.581878869
2.941799073
1.375984603
1.310328125
1.156939146
1.437347682
2.203128379
1.868652189
1.751515294
2.187023229
1.003890789
1.354123259

% Root length

13.14536233

-4.041799636

-4.850582762

-4.24688613

-6.624610246

-4.21469921

13.96306629

2.739118522

1.318101652 1.04479212
AT5G47220
AT4G11140
AT1G53910
AT1G72360
AT3G18680
AT1G22190
AT4G24840
AT3G23220
AT4G25200
AT3G23240
AT2G38340
AT5G18560
AT2G31230
AT5G61600
AT1G07350
AT5G05410
AT4G39050

AT4G11140
1.844686483 4.40211996
AT3G23240

Nuclear/
Cytoplasmic
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SIE
SIE 130
SIE 131
SIE 132

SIE 133

SIE 134
SIE 135
SIE 136
SIE 137
SIE 138
SIE 139
SIE 140
SIE 141
SIE 142
SIE 143
SIE 144

SIE 145

SIE 146
SIE 147
SIE 148
SIE 149
SIE 150

Interactions

AT4G10840
AT4G09060
AT4G25200
AT5G37670
AT2G44950
AT1G24590
AT3G07740
AT5G65160
AT3G11590
AT1G22920
AT5G51440
AT2G23760
AT4G17680
AT3G54000
AT2G02540
AT1G68810
AT4G36930
AT4G35090
AT3G26030
AT4G32570
AT5G51110
AT4G00120
AT3G21330

AT5G58960
AT4G15730
AT4G24840
AT1G10310
AT4G11140
AT1G17970
AT4G23770
AT1G72360
AT5G22355
AT5G22310
AT3G11590
AT3G14180
AT2G38340
AT3G18680
AT3G22420
AT2G30530
AT2G25740
AT5G07730
AT5G06290
AT5G06290
AT5G05410
AT1G55170
AT5G56250
AT1G24590
AT5G51190
AT4G01090
AT1G54060
AT1G71230

CoIP

pWRKY70
pJAZ10
2.491576665 0.96430023
1.372442949 0.86029691
1.596942146 0.58473094

1.3226692

1.08774989

1.669789667
1.294866195
1.496205196
1.55118644
0.894535083
0.862579969
2.609409959
2.360168175
3.293328424
1.931469604
1.270703261

1.20935934
1.433099
1.25484675
0.78928789
0.92900043
0.77871919
0.29883297
1.18426756
0.79767017
0.99900265
1.35995965

AT4G11140 1.218058748 1.56340133

1.336512559 1.76493635
1.192158613 0.88233579
0.523715742
0
1.799133748 0.13752321
2.742246275
0

Localisation

% Root length

% SA sensitivity

3.864839049
4.1472063

2.331055251
-0.801787742

-5.129746013
12.21422228

-2.550312944

% JA sensitivity

Nuclear/
Cytoplasmic

Nuclear

-1.432531676
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Based on these combined data, several avenues of future research into the
biochemical roles of S. indica effectors has become clear. As discussed in chapter 5,
SIE 129, as well as its homologue SIE 145, are particularly promising candidates for
exploring how the fungus might alter plant defence responses via the JA pathway.
One particularly important question is whether this effector plays a role in initially
subverting immunity during the colonisation phase of infection or is required to
establish mutualism during later stages of the interaction. Secondly, a notable host
protein which promises to play a role in the S. indica – Arabidopsis interaction is
AT1G01910. This ATPase domain containing protein was the most highly targeted
host protein identified in the interactome screen, interacting with 8 SIEs, but
interestingly no pathogen effectors. The activity of ATPases has been shown to play
a direct role in the infection strategy of S. indica, as Nizam et al. (2019) demonstrated
the secreted protein PIIN_01005 acts to hydrolyse eATP, leading to a reduction in
DAMP induced immunity. This activity was subsequently predicted to liberate
inorganic phosphate for growth, which could act as a potential molecular queue
toward mutualism (Castrillo et al., 2017). 6 of the 8 SIEs interacting with AT1G01910
also induced activity of the pWRKY70 promoter. This could indicate that these
effectors target this host protein to increase hydrolysis of ATP, reducing its capacity
to act as a DAMP, and subsequently reducing expression of JA responsive genes by
inducing expression of SA responsive genes such as WRKY70 (Tripathi et al., 2018). It
will therefore be important to evaluate how S. indica is able to colonise AT1G01910
mutant plants.
Other candidates for future investigation identified in this thesis are SIE 11 and SIE
62. Both of these proteins localised to the ER and were shown to interact with a
subnetwork of host proteins also with functions in the ER (supplementary figure 4.3).
As the ER has been shown to play an important role during the cell death phase of
colonisation by S. indica (Qiang et al., 2012), and SIE 62 was able to induce a cell
death like response in N. benthamiana, it is possible these effectors regulate the
funguses capacity to infect its host. SIE 62 is of particular interest in this context, as
it was shown to interact via co-IP with NAC089, an ER tethered transcription factor
which controls ER-stress induced cell death (Yang et al., 2014). SIE 108 may also
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contribute to either colonisation of host species by the fungus or ISR, as it was shown
to interact with the RACK1 (Receptor for Activated C Kinase 1) scaffold complex, a
contributor to innate immune responses in rice vis ROS production (Nakashima et al.,
2008). Although this effector did not alter the activity of the WRKY70 or JAZ10
promoters, it is possible this protein mediates differential immune responses via
RBOH (NADPH oxidase/respiratory burst oxidase homologue), a primary interactor
of the RACK1 complex. As such exploring how this candidate effector alters PTI
responses either in single cells or at the whole plant level may give new insights into
how S. indica contributes to ISR, particularly as the fungus is well known to modulate
ROS generation and scavenging (Nath et al., 2016).
Although many other potential stories exist within the data generated here, the
effectors mentioned offer the most promising opportunities for exploring the S.
indica – Arabidopsis interaction. Nonetheless, several other candidates have been
shortlisted in table 6.2 as of note.
Table 6.2. Effectors for further study
SIE #
SIE 10
SIE 15
SIE 21
SIE 26
SIE 99

Justification
Massively induced pWRKY70 and pJAZ10 in protoplasts
Interacts with GAI. Target regulates key GA responses. GA plays a pivotal
role in hormonal crosstalk.
Interacts with OBE1. OBE1 regulates primary root development and
mutants lack roots
Interacts with several 14-3-3 proteins. Targets regulate many aspects of
plant growth and defence
Induced pWRKY70 and pJAZ10 in whole shoots . Opportunity to explore SAJA antagonism
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6.5. The ethylene pathway as a target of effectors to enhance stress tolerance
It is widely reported in the literature that the phytohormone ethylene plays a
significant role in regulating the relationship between S. indica and host organisms
(Stein et al., 2008; Camehl et al., 2010; Jacobs et al., 2011; Lahrmann et al., 2015).
Camehl et al. (2010) demonstrated the abolishment of growth promotion in
Arabidopsis etr1, ein2 and ein3/eil1 mutants, despite the overall colonisation of the
symbiont being either unaltered or enhanced. Interestingly, gene expression
analyses using microarrays showed limited induction of ethylene responsive genes
when WT plants were colonised with the fungus. Long-term co-cultivation of the two
symbionts in the ethylene mutant backgrounds eventually led to inhibited
performance of host plants due to uncontrolled hyphal growth. The authors
concluded ethylene signalling and perception, and not ethylene biosynthesis, are
fundamental for balancing mutualisms vs. parasitism, and are likely to be the primary
targets of S. indica. Contrary to these conclusions, Khatabi et al. (2012) reported the
fungus does induce ethylene biosynthesis. The authors measured the levels of, the
ethylene precursor, 1-aminocyclopropane-1-carboxylic acid (ACC) and quantified the
levels of b-glucuronidase in pACS1::GUS and pACS8::GUS (ACC-synthase) mutants
during colonisation. S. indica was able to induce GUS expression in both mutants and
bioaccumulation of ACC was observed at both 3 and 7 dai. Although no consideration
was made to the significance this has on growth promotion, the authors noted that
ACC synthesised in roots could be transported to distal plant tissues via xylem
(Bradford & Yang, 1980) to support systemic biotic stress tolerance in colonised
plants (Van der Ent et al., 2009). In accordance with Khatabi et al. (2012), ethylene
biosynthesis has also been implicated in abiotic stress tolerance under S. indica
colonisation. Ghaffari et al. (2016) combined transcriptomics and metabolomics in
infected barley challenged with NaCl treatment to show a possible function of ACC
bioaccumulation together with carbohydrate and nitrogen metabolism in coordinating abiotic stress tolerance during colonisation.
Ethylene has also been implicated in mediating induced systemic resistance (ISR)
during the colonisation of other organisms. Pieterse et al. (2000) were able to show
that whilst colonisation by the symbiotic Pseudomonas fluorescens isolate WCS517r
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did not induce bioaccumulation of JA or ET during Pst infection, there was a massive
increase in ACC synthase activity. Hossain et al. (2017) were able to show that ISR to
Pst was completely abolished in ein2 mutants colonised by the beneficial fungus
Penecillium veridicatum, which was not due to a reduction in fungal colonisation.
Ethylene is also associated with regulating abiotic stress and Pst infection responses,
through the EIN3/EIL1 complex (Wang et al., 2007; Kazan, 2015). In normal
conditions, EIN3/EIL1 is targeted to the 26S proteasome by EBF1/EBF2 (Guo & Ecker,
2003). In response to ethylene, the cytoplasmic domain of the ethylene receptor
EIN2 is cleaved and translocated to the nucleus, where it can block the degradation
of EIN3/EIL1 (Qiao et al., 2012). Subsequently, EIN3/EIL1 is able to induce expression
of ethylene responsive genes. Many of these encode proteins which contain AP2/ERF
domains, which are part of a superfamily known to positively regulate plant
responses to abiotic stress (discussed in chapter 5.3.5). Ethylene is therefore able to
play a positive role in responses to abiotic stresses such as high salinity and drought
(Wang et al., 2007; Lei et al., 2011).
As in the literature, the results presented in this thesis show that the ethylene
pathway is pivotal in defining the relationship between S. indica and Arabidopsis.
Response to ethylene was the most highly enriched GO term identified in our
network analysis. This was in accordance with previous work conducted by the
Schäfer lab, where RNA sequencing of Arabidopsis roots colonised by the fungus
showed over-representation of genes responding to ethylene at 3 dai (Burton et al.,
unpublished). Cross-talk and co-regulation is commonly observed between the JA
and ethylene branches of defence signalling, particularly in response to microbial
invaders (Lorenzo et al., 2003; Yang et al., 2015). Of particular note is that AP2/ERF
regulated ET responses can sometimes operate antagonistically toward canonical
MYC2/COI1 dependent gene regulation (Pré et al., 2008; Zhu et al., 2011; Pieterse et
al., 2012). In accordance, 46 SIEs altered the basal activity or responsiveness of a
jasmonic acid marker, pJAZ10 to MeJA. 37 effectors suppressed this activity, whilst 9
were able to induce it. It is possible therefore that changes to JA signalling within the
cell are mediated through the activities of effectors targeting ethylene response
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factors. As an example, SIE129 was shown to directly bind the AP2 domain of CRF1
and was a strong inducer of pJAZ10, a change which could be mediated by the
suppression of ERF/AP2 responsive genes. In order to rationalise these changes to
pJAZ10 activity in context of ET, it is important to consider that JA is required for
colonisation of roots by S. indica (Verma et al., 1998; Vahabi et al., 2013) and the
conferral of biotic stress resistance (Stein et al., 2008), whilst ethylene
responsiveness is necessary for colonisation, growth promotion, and potentially ISR
(Camehl et al., 2010; Khatabi et al., 2012). In addition, S. indica suppresses JA and ET
regulated defences during host challenge to pathogens (Sun et al., 2014). Due to their
tight co-regulation, it is possible that effectors presented here which modulate JA
signalling via pJAZ10 also alter the activity of ET markers, which may in turn
contribute to the phenotypes associated with these two hormones during fungal
colonisation. In support of this conclusion, the effectors SIE103 and SIE129 which
induced JAZ10 expression, were able to increase the length of Arabidopsis primary
roots when expressed constitutively, whilst SIE26 conversely suppressed JAZ10 and
had shorter roots. It will be important in the future to evaluate the expression of ET
markers in these effector expressing mutants to elucidate the nature of the beneficial
traits observed in these plants.
There is growing evidence based on the present research and the literature that
suggests ethylene is a key co-ordinator of S. indica colonisation and the responses to
many biotic and abiotic stresses (Camehl et al., 2010; Khatabi et al., 2012; Xu et al.,
2018). Identifying the precise mechanisms by which S. indica manipulates the
ethylene pathway, particularly through effectors, therefore offers insights into the
basis of mutualism between the fungus and its host. It may then be possible to
mediate these same biochemical changes through synthetic biology to engineer
plants with enhanced responses to either biotic or abiotic stresses. Although the
mechanistic insights of this effector-target interaction are still unclear, SIE129 and
other SIEs targeting ethylene associated proteins should be of high priority to those
identifying novel ways of enhancing plant growth and stress tolerance.
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6.6. Conclusions and outlook
In 2018, the Food and Agricultural Organisation of the United Nations reported that
821 million people are malnourished globally, with 7.6 million people dying as a
result every year. This is the equivalent of one human life every 4 seconds. This figure
is likely to only increase in the wake of global climate change, which is predicted to
change migration patterns of plant pathogens as well as affect the state of arable
land (Springmann et al., 2016). Reducing the food deficit should therefore be the
principal focus of plant research.
As a promoter of growth and stress tolerance, there is enormous potential to utilise
endophytic fungi such as S. indica as tools for finding new solutions to increase global
food production and sustain food security. We sought to identify how this fungus
uses effectors to confer beneficial traits to its plant host. The aim was to characterise
the molecular function of 150 of these proteins in planta in order to identify
beneficial plant pathways the fungus could be manipulating to promote host fitness.
By combining interactomics, biochemistry, cell biology and plant physiology, an
interdisciplinary approach was applied that highlights the significance of hormone
pathways (e.g. ethylene) in mediating symbiosis between S. indica and Arabidopsis.
Although an effector protein able to confer universal S. indica-mediated benefits was
not identified, it is unlikely such properties could be attributed to the actions of a
single protein. Nonetheless, a resource was generated to categorise the molecular
function of over 30 candidate effectors, several of which were able to enhance either
plant growth or responsiveness to plant defence hormones. The challenge for future
research will now be to use these tools to delineate the mechanistic roles of these
mutualistic effectors in plants. It will then be possible to explore ways of expressing
one or more of these proteins in crops to shape the way they respond to an
increasingly hostile global environment.
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Appendix
Chapter 2 Materials and Methods
Supplementary table 2.1 List of SIEs and gene names
SIE # GeneName

SIE #

GeneName

1

PIIN_00011

SIE # GeneName
51

PIIN_04270

101

PIIN_07952

2

PIIN_00073

52

PIIN_04291

102

PIIN_08029

3

PIIN_00112

53

PIIN_04301

103

PIIN_08228

4

PIIN_00113

54

PIIN_04539

104

PIIN_08307

5

PIIN_00199

55

PIIN_04661

105

PIIN_08375

6

PIIN_00200

56

PIIN_04685

106

PIIN_08513

7

PIIN_00225

57

PIIN_04931

107

PIIN_08516

8

PIIN_00455

58

PIIN_04932

108

PIIN_08524

9

PIIN_00561

59

PIIN_04941

109

PIIN_08623

10

PIIN_00602

60

PIIN_05021

110

PIIN_08672

11

PIIN_00740

61

PIIN_05094

111

PIIN_08714N

12

PIIN_01005

62

PIIN_05098

112

PIIN_08768

13

PIIN_01255

63

PIIN_05217

113

PIIN_08836

14

PIIN_01377

64

PIIN_05242

114

PIIN_08972

15

PIIN_01379

65

PIIN_05338

115

PIIN_08982

16

PIIN_01577

66

PIIN_05452

116

PIIN_09044

17

PIIN_01719

67

PIIN_05670

117

PIIN_09051

18

PIIN_01768

68

PIIN_05674

118

PIIN_09175

19

PIIN_01892

69

PIIN_05848

119

PIIN_09181

20

PIIN_01931

70

PIIN_05864

120

PIIN_09206

21

PIIN_02015

71

PIIN_05865

121

PIIN_09321

22

PIIN_02096

72

PIIN_05872

122

PIIN_09409

23

PIIN_02227

73

PIIN_05875

123

PIIN_09466

24

PIIN_02492

74

PIIN_05879

124

PIIN_09504

25

PIIN_02570

75

PIIN_05932

125

PIIN_09625

26

PIIN_02571

76

PIIN_05933

126

PIIN_09643

27

PIIN_02572

77

PIIN_06047

127

PIIN_09644

28

PIIN_02598

78

PIIN_06133

128

PIIN_09658

29

PIIN_02649

79

PIIN_06305

129

PIIN_09723

30

PIIN_02839

80

PIIN_06398

130

PIIN_09744

31

PIIN_02849

81

PIIN_06410

131

PIIN_09791

32

PIIN_03075

82

PIIN_06443

132

PIIN_09887

33

PIIN_03088

83

PIIN_06535

133

PIIN_09899

34

PIIN_03188

84

PIIN_06568

134

PIIN_09929

35

PIIN_03190

85

PIIN_06796

135

PIIN_09968

36

PIIN_03222

86

PIIN_06837

136

PIIN_10187

37

PIIN_03271

87

PIIN_06901

137

PIIN_10216

38

PIIN_03283

88

PIIN_07076

138

PIIN_10223

39

PIIN_03459

89

PIIN_07104

139

PIIN_10467

40

PIIN_03461

90

PIIN_07138

140

PIIN_10493

41

PIIN_03467

91

PIIN_07145

141

PIIN_10643

42

PIIN_03691

92

PIIN_07212

142

PIIN_10951

43

PIIN_03806

93

PIIN_07327

143

PIIN_10962

44

PIIN_03863

94

PIIN_07333

144

PIIN_10989

45

PIIN_04084

95

PIIN_07381

145

PIIN_11103

46

PIIN_04114

96

PIIN_07425

146

PIIN_11297

47

PIIN_04206

97

PIIN_07657

147

PIIN_11336

48

PIIN_04207

98

PIIN_07672

148

PIIN_11572

49

PIIN_04219

99

PIIN_07915

149

PIIN_11578

50

PIIN_04220

100

PIIN_07917

150

PIIN_11654
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Supplementary table 2.2 List of primers used in this project
Name

Use

Sequence

LBb1.3

SALK line genotyping

ATTTTGCCGATTTCGGAAC

LB3_SAIL

SAIL line genotyping

TAGCATCTGAATTTCATAACCAATCTCGATACAC

S.indica_ITSF

S. indica colonisation

CAACACATGTGCACGTCGAT

S.indica_ITSR

S. indica colonisation

CCAATGTGCATTCAGAACGA

AtUBQ5-4F

qPCR normalisation

CCAAGCCGAAGAAGATCAAG

AtUBQ5-4R

qPCR normalisation

ATGACTCGCCATGAAAGTCC

JAZ10F

qPCR

GGTCGCTAATGAAGCAGCATC

JAZ10R

qPCR

WRKY70F
WRKY70R

qPCR
qPCR

TCTGTCTCCATCGACGACTCG
TCATCATGGTTCGTCCACGG

SIE_99_RP

qPCR

GAGAGAAGGATACCGGCTGC

SIE_103_RP

qPCR

TCGAGCCGGTTAGGAAACAA

SIE_129_RP
SAIL_420_E12_LP

qPCR
unknown genotyping

GAGAGAATAGCGGCGACGAA
CGCAAAAATAGAATCATATAAAGATG

SAIL_420_E12_RP

unknown genotyping

TAGAGTTATTGTGCGCTGCG

SALK_027705_LP

cns5a genotyping

AATCATGGGCTCTGGATCTG

SALK_027705_RP

cns5a genotyping

AATGGAGACTATGTTGCCGG

SALK_011491C_LP

tcp15 genotyping

GAACCACGTAAGCCCATCTC

SALK_011491C_RP

tcp15 genotyping

CACTACTCCAAAACGGTGCC

SALK_017916C_LP

nlm1 genotyping

TCGATCGAAATTTCGGTTTG

SALK_017916C_RP

nlm1 genotyping

GGATCATCACCAGTGGGATC

SALK_124095C_LP

asil1 genotyping

GTTATTCCAGGCCTTAGCCC

SALK_124095C_RP

asil1 genotyping

ACCGCTTTGGCATATGAAAC

SALK_038489C

crf1 genotyping

TTTGCGGATTGTATTTTCTTG

SALK_038489C

crf1 genotyping
Cloning/SIE overexpressor
genotyping
Cloning/SIE overexpressor
genotyping

TTTCCCGGGAAAGTTGAAG

GateWayF
GateWayR

ACCATTTCTGGCCACACCAA

CGCGCGCGTATAAGAGCTCTATTTTTAC
ACTAGTCCCGGGTCTTAATTAACTCTC
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Chapter 3 Network analysis of Serendipita indica effectors interacting
with Arabidopsis thaliana proteins

Supplementary figure 3.1. Interspecies convergence (Wessling et al., 2014) Figure 2CJ from Wessling et al. (2014) showing degree preserving network rewiring analysis used
to support convergent binding of effectors to target proteins. (C-D) show fewer
observed interactions than predicted randomly, suggesting intraspecies convergence.
(G-J) show more common effector targets between organisms than predicted at
random, suggesting interspecies convergence. These figures were reproduced in
chapter 3 to show this method was adapted correctly for S. indica effector analysis.
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Supplementary table 3.1 S. indica effector interactions with Arabidopsis proteins
SIE #

Target

SIE #

Target

SIE #

Target

SIE #

Target

8
11
13
15
15
15
15
15
15
15
15
15
15
15
15
16
17
17
17
17
17
17
17
17
17
17
17
25
25
26
26
26
26
26
26
26
26
26
26
26
26
26
26
26
26
26
26
26
26
33
34
38
54
54
54
54
54
54
54
56
56
57
57
58
60

AT4G39050.1
AT3G60600.1
AT1G73980.1
AT1G32540.1
AT5G41410.1
AT1G68810.1
AT2G45680.1
AT3G26900.1
AT4G32040.1
AT3G02150.2
AT5G11980.1
AT3G49580.1
AT4G39820.1
AT1G14920.1
AT1G22920.1
AT4G19030.1
AT4G25660.1
AT3G17310.2
AT1G04260.1
AT3G13720.1
AT3G13710.1
AT1G01910.1
AT1G17700.1
AT4G17720.1
AT5G07110.1
AT1G14340.1
AT2G17390.1
AT3G54230.2
AT5G28900.1
AT5G10450.4
AT5G11980.1
AT3G61260.1
AT5G07260.1
AT5G65430.3
AT5G61270.1
AT1G22300.1
AT1G22300.1
AT1G22920.1
AT5G53620.1
AT1G26480.1
AT4G04330.1
AT4G09000.2
AT1G71230.1
AT1G76460.1
AT1G78300.1
AT2G45680.1
AT2G45820.1
AT5G38480.1
AT3G02520.1
AT1G54060.1
AT5G42220.1
AT1G01910.1
AT3G13720.1
AT4G35090.1
AT5G24170.1
AT2G47940.1
AT1G04260.1
AT4G19030.1
AT1G17700.1
AT5G22290.1
AT4G19030.1
AT1G06510.1
AT1G33030.1
AT3G04000.1
AT1G01910.1

61
62
62
62
62
63
66
69
69
69
69
69
69
69
69
69
69
69
69
69
69
69
69
69
69
69
69
69
69
69
69
69
69
69
69
69
69
69
69
69
69
69
69
69
69
69
69
69
69
69
71
71
72
72
73
73
75
75
75
75
76
77
77
81
81

AT2G17390.1
AT5G22290.1
AT4G31430.2
AT3G29270.1
AT3G57320.1
AT1G71230.1
AT2G45680.1
AT1G68810.1
AT5G39760.1
AT5G51110.1
AT1G61690.1
AT3G63210.1
AT3G51630.1
AT4G00120.1
AT1G51600.1
AT2G37150.3
AT4G32570.1
AT2G32840.1
AT3G44460.1
AT2G23760.1
AT2G22680.1
AT2G03710.1
AT5G66560.1
AT2G26800.2
AT2G02540.1
AT4G04640.1
AT3G54000.1
AT1G71230.1
AT4G22250.1
AT5G18580.1
AT4G15730.1
AT5G61380.1
AT5G51440.1
AT1G10480.1
AT1G17970.1
AT3G05760.1
AT5G63310.1
AT5G65160.1
AT4G29790.1
AT3G03950.3
AT2G45680.1
AT4G32080.1
AT2G44950.1
AT1G22070.1
AT1G24590.1
AT1G22920.1
AT3G58030.1
AT4G08150.1
AT2G44380.1
AT4G10930.1
AT1G01910.1
AT5G42220.1
AT1G01910.1
AT5G42220.1
AT1G22920.1
AT1G71230.1
AT5G42220.1
AT3G08530.1
AT4G18400.1
AT4G00270.1
AT4G25200.1
AT2G44360.1
AT1G01910.1
AT3G22420.2
AT1G17700.1

81
81
81
81
81
81
81
81
82
85
85
86
96
101
104
106
107
108
108
108
109
109
125
125
126
126
126
126
126
126
126
126
126
126
126
126
126
126
126
126
127
127
127
127
127
127
127
129
129
129
129
129
129
129
129
129
129
129
129
129
129
129
129
129
132

AT2G44950.1
AT1G10310.1
AT1G06510.1
AT1G04260.1
AT5G16250.1
AT4G25660.1
AT3G22810.1
AT2G23760.1
AT5G57550.1
AT1G69690.1
AT2G45680.1
AT4G17680.1
AT3G62800.1
AT1G22920.1
AT2G45680.1
AT1G01910.1
AT1G54060.1
AT1G48630.1
AT3G18130.1
AT1G18080.1
AT1G04260.1
AT1G71230.1
AT4G27070.1
AT5G54810.1
AT2G45680.1
AT2G25490.1
AT1G61690.1
AT5G39760.1
AT3G54000.1
AT3G03950.3
AT2G02540.1
AT4G17680.1
AT1G71230.1
AT3G22420.2
AT3G57320.1
AT5G65160.1
AT4G32190.1
AT1G23220.1
AT1G22920.1
AT3G21175.1
AT4G17680.1
AT3G57320.1
AT1G61690.1
AT1G01910.1
AT4G25200.1
AT1G23220.1
AT4G08150.1
AT5G47220.1
AT4G11140.1
AT1G53910.1
AT1G72360.2
AT3G18680.1
AT1G22190.1
AT4G24840.1
AT3G23220.1
AT4G25200.1
AT3G23240.1
AT2G38340.1
AT5G18560.1
AT2G31230.1
AT5G61600.1
AT1G07350.1
AT5G05410.1
AT4G39050.1
AT1G62390.1

133
133
133
133
133
133
133
133
133
133
133
133
133
133
133
133
133
133
133
133
133
133
133
145
145
145
145
145
145
145
145
145
145
145
145
145
145
145
145
145
145
145
145
145
145
145
145
145
145
145
145
145
145
145
145
145
145
146
147

AT4G10840.1
AT4G09060.2
AT4G25200.1
AT5G37670.1
AT2G44950.1
AT1G24590.1
AT3G07740.4
AT5G65160.1
AT3G11590.1
AT1G22920.1
AT5G51440.1
AT2G23760.1
AT4G17680.1
AT3G54000.1
AT2G02540.1
AT1G68810.1
AT4G36930.1
AT4G35090.1
AT3G26030.1
AT4G32570.1
AT5G51110.1
AT4G00120.1
AT3G21330.1
AT5G58960.1
AT4G15730.1
AT4G24840.1
AT1G10310.1
AT4G11140.1
AT1G17970.1
AT4G23770.1
AT1G72360.2
AT5G22355.1
AT5G22310.1
AT3G11590.1
AT3G14180.1
AT2G38340.1
AT3G18680.1
AT3G22420.2
AT2G30530.1
AT2G25740.1
AT5G07730.1
AT5G06290.1
AT5G06290.1
AT5G05410.1
AT1G55170.1
AT5G56250.2
AT1G24590.1
AT5G51190.1
AT4G01090.1
AT4G00120.1
AT1G01240.1
AT5G51110.1
AT5G57210.1
AT1G64380.1
AT5G38600.1
AT5G49920.1
AT3G54000.1
AT1G54060.1
AT1G71230.1
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Chapter 4 Biochemical classification of S. indica effector candidates

Supplementary figure 4.1.1. Localisations of S. indica effectors. (A) Nuclear, (B)
endoplasmic reticulum, (C) cytoplasm, (D) vesicular, (E) vesicular. Effectors were coexpressed with the cytoplasm/nuclear localized mCherry marker expressed under the
35S promoter.
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Supplementary figure 4.1.2. Localisations of S. indica effectors. (A) Endoplasmic
reticulum, (B) cytoplasm/nuclear, (C) cytoplasm/nuclear, (D) cytoplasm/nuclear, (E)
nuclear, (F) cytoplasm/nuclear. Effectors were co-expressed with the
cytoplasm/nuclear localized mCherry marker expressed under the 35S promoter.
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Supplementary figure 4.2. SIE62 induces HR in N. benthamiana N. benthamiana leaves
infiltrated with SIE 62 occasionally show hypersensitive response symptoms (dashed
circles). This was not observed when infiltrating leaves with Agrobacteria containing
untagged YFP or the interacting protein AtNAC089
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Supplementary figure 4.3. Effectors converge on ER hub genes. (A) Subnetwork of ER
localized host proteins targeted by S. indica, H. arabidopsis and P. syringae effectors.
Of particular interest are the H. arabidopsidis effectors (red) targeting VAP27, which
is also a target of SIE11 (orange). (B) Western blot confirming the interactions between
VAP27-NAC089 and SIE11-VAP27 after enrichment by co-immunoprecipitation. *
indicates homodimers of VAP27. We were unable to confirm the interaction of VAP27
with the H. arabidopsidis effectors.
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Chapter 5 Phenotypic and molecular identification of beneficial S.
indica effector candidates

Supplementary figure 5.1. Semi-quantitative RT-PCR of SIEs in SIE-overexpressing
Arabidopsis lines. (A) Amplification of UBQ5 from cDNA generated from roots (R) and
shoots (S) of Arabidopsis mutants constitutively over-expressing HA-GFP, SIE99,
SIE103 and SIE129. (B-D) Amplification of SIE genes from the same cDNA as in (A) for
respective lines.

Supplementary figure 5.2 Alignment of SIE129 target proteins reveals a conserved
domain. Alignment analysis (Clustal W) of proteins interacting with SIE129 suggested
some degree of conservation ~100 residues from the N-terminus. Motif analysis
subsequently confirmed this region is an ERF/AP2 domain (Interpro).
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Supplementary figure 5.3 Alignment of SIEs revealed SIE129 and SIE145 are
homologues
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