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2. Abstract
Zymoseptoria tritici causes Septoria tritici blotch (STB), a devastating
hemibiotrophic fungal disease of bread and durum wheat (Triticum aestivum
L. and T. turgidum L. ssp. durum). The pathogen inflicts high costs in crop
protection and substantial reduction of yield, making STB the most important
disease of wheat in Europe and Russia and a top ranking wheat disease
worldwide. Current measures of control are limited to resistance breeding
and fungicide application, both of which have been rapidly overcome by
Z. tritici in the past. Therefore, substantial research into the molecular
mechanisms underlying STB development is being undertaken to support
development of new sustainable methods for crop protection.
In previous work, specific in vitro liquid culture growth conditions for
Z. tritici were established, which induced production of a phytotoxic activity.
Upon infiltration into host leaves, the sterile culture filtrates (secretome)
caused necrosis and chlorosis reminiscent of STB disease symptoms.
The work reported in this thesis aimed at investigating this necrosis
and chlorosis activity (NCA). A preliminarily characterisation of the NCA was
undertaken and the proteinaceous nature of the NCA agent confirmed.
Fungal culture and in planta assay conditions were studied for sources of the
observed variability in intensity of NCA. Subsequently, a method to reduce
the complexity in the secretome sample was established using fast protein
liquid chromatography (FPLC). This reduced complexity secretome (eluate)
was analysed using mass spectrometry (MS) and N-terminal sequencing for
the presence of an NCA effector candidate. Effectors are small, secreted and
cysteine rich proteins involved in pathogenicity of a disease-inflicting
organism. Such an NCA effector candidate, with protein ID 69140, was
identified in the eluate and underwent comprehensive analysis.
In silico analysis for the 69140 protein revealed properties consistent
with the above stated effector characteristics. Consequently, molecular
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methods were applied to disrupt the 69140 gene in Z. tritici to investigate the
effects on pathogenicity. Since 69140 knock-out mutants of Z. tritici retained
at least partial NCA, no unequivocal conclusion for involvement of this protein
in NCA could be drawn. Heterologous expression of the candidate effector
was attempted to resolve this question, but was unsuccessful. Furthermore,
the analysis of the effect of the pure protein in planta is needed to confirm or
refute the hypothesis that 69140 is involved in the NCA.
In order to generate comprehensive effector candidate lists for the
remaining observed NCA, transcriptomic and proteomic analyses were
carried out comparing cultures producing the NCA effector with those that do
not. RNA sequencing was used to reveal genes higher expressed in cultures
inducing the NCA than in non-NCA inducing cultures. Using the same two
distinct conditions, this approach was complemented by MS analysis of the
secretome, identifying proteins with higher abundance in secretome inducing
NCA.
Several top ranking effector candidates on the generated lists have no
detectable homology in protein databases, suggesting unknown functionality.
One top effector candidate, protein 104571, allows speculation on
mechanisms consistent with the observed NCA and accrued data about the
wheat host immune system. Proteins 69140 and 104571, collectively or as
individual effectors, are strong candidates for involvement in NCA, but other
effector candidates are equally important. Future research on these effector
candidates is anticipated to improve understanding of the molecular
mechanism underlying the NCA and may facilitate resistance screening.
The well-established research model plant-pathogen systems certainly
provided increasing understanding of many aspects of molecular plant
pathogen disease development. However, with increasing differences in
disease characteristics, the accrued knowledge of model organisms
becomes less applicable. The hemibiotroph Z. tritici represents an important
increasingly developed new model organism for characteristics shared with
many other closely related agriculturally important pathogens such as
Pseudocercospora fijiensis. Thus, the advancement of Z. tritici research in
methods and molecular understanding contributes to deeper basic biological
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understanding and knowledge applicable to an entire group of similar
agriculturally important diseases.
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3. Introduction

3.1. Background in food security and importance of wheat
The world population has symbolically passed the seven billion mark
in October 2011, with ever increasing numbers (Murray and Lopez, 1997;
United Nations, n.d.). Population growth is not only due to birth rates, but
also due to factors like improved health standards in children and the elderly,
in developing countries in particular. Additionally, efforts are made to reduce
occurrences of war as well as internationally concerted action to mitigate
effects of natural catastrophes like earthquakes and new disease outbreaks.
Thus population growth will continue to grow substantially for the near future
under the current circumstances (Lutz et al., 2001).
The demand for safe, nutritious and sufficient food supply is constantly
rising in the wake of these developments. Contrarily, the production of food is
not increasing at the same rate (Funk and Brown, 2009; Godfray et al.,
2010), thus leading to worldwide reduced food reserves. Reasons for a
relatively low increase in production lie in several different areas such as the
limitations of arable land, water supply and production limits of crops. Further
contributing factors are limited access to nutrient input, loss of genetic and
species diversity for production of higher yielding varieties, land erosion and
also competition of biofuel versus food production (Braun, 2007; Cohen,
1995; Cordell et al., 2009; Escobar et al., 2009; Gliessman, 2007; Godfray et
al., 2010).
In the years 2000 to 2007, around 2 700 kcal per day and capita were
produced worldwide yearly. Cereals accounted for more than 1 200 kcal of
this food-energy, while wheat alone delivered 530 kcal per capita and per day
(FAOSTAT, 2012). Wheat ranks among the three top cereals produced
worldwide every year, with more than 650 million tons produced in 2010
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(FAOSTAT, 2012), 40 million more than in 2007. For comparison, about
3.4 % of the worldwide production in 2010 was produced in Australia
(FAOSTAT, 2012).

3.2. Zymoseptoria tritici a major pathogen of wheat
In this context, the worldwide yield loss of agricultural produce to
pathogens and diseases is a factor aggravating the food-supply situation
substantially. A very important family, Mycosphaerellaceae, features the most
common and destructive plant pathogens. Members of this family cause high
yield losses on a wide variety of host plants worldwide, including
economically important crops such as banana, cereals, strawberry,
eucalypts, pines and many others (Crous and Braun, 2003; Farr et al., 1989).
One of the major pathogens of this family is Zymoseptoria tritici, previously
placed in the genus Mycosphaerella under the name of Mycosphaerella
graminicola. Z. tritici is the responsible pathogen for the disease Septoria
tritici blotch (STB) in wheat (see Figure 3.1 below).
The wheat host range of Z. tritici includes, but is not limited to, bread
wheat and durum wheat cultivars (Triticum aestivum L. and T. turgidum L.
ssp. Durum respectively) (Eyal et al., 1987) with occasional reports of
presence on barley and other wild grass (Helliwell and Goodwin, 2008; van
Ginkel et al., 1999). Throughout the world, Z. tritici inflicts substantial yield
losses between 30 and 50 per cent in affected fields and is currently
considered the number one pathogen affecting wheat in Europe and Russia
(Eyal et al., 1987; Ponomarenko et al., 2011). Being most important in
regions with temperate and humid climates today, it most likely originated as
a result of co-domestication. Co-domestication is thought to have occurred in
the ancient wheat growing areas of the Fertile Crescent some 10 000 to
12 000 years ago where the closest pathogen relatives are found in the wild
today (Eyal et al., 1987; Rajaram and Hettel (eds.), 1995; Stukenbrock et al.,
2012b, 2007).
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Figure 3.1 Septoria tritici blotch on wheat (caused by Z. tritici). Lesions as a disease
symptom are partially chlorotic (yellow) but mostly necrotic (dry and brown). Pycnidia appear
like dark spots (image courtesy: Dr Andrew Milgate, Research Scientist, NSW Department of
Primary Industries).

3.3. Ecology of Zymoseptoria tritici
First described by Desmazières in 1842 as its anamorph Septoria
tritici Roberge (Desmazières, 1842), Zymoseptoria tritici (Desm.) (Quaedvlieg
et al., 2011), is a fungal pathogen in the class of Dothidiomycetes, the largest
class of plant-pathogenic fungi. Its lifecycle, defined as hemibiotrophic,
consists of an early symptomless biotrophic phase followed by an aggressive
growth accompanied by severe necrosis in the host tissue (Eyal et al., 1987;
Keon et al., 2007). The teleomorph, the sexual state of Z. tritici, was first
described in 1972 in New Zealand (Sanderson, 1972) and it was only in 1990
when the complete life cycle was observed (Verreet et al., 1990).
Through intensive studies, detailed knowledge has been accrued
about the ecology of Z. tritici since its first description. The sexual ascospores
of the pathogen consist of two spores that are different in size. Asexual
pycnidiospores of Z. tritici are elongated and these spores occur in two
different sizes. All spore types are infectious. Pycnidia form on the epidermal
or mesophyll tissue and do not contain septa. Under humid conditions, the
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spores germinate by elongation of the apical cell or budding and moisture is
essential for all stages of the infection (Eyal et al., 1987). A temperature
range of 18 – 25 °C has been shown to be beneficial for STB disease
development, while a temperature of 29 °C seems to hamper infection
(Wainshilbaum, 1991). Germination of the spores, however, can occur from 2
– 37° C. With no known specialized penetration or feeding structures to date,
penetration into the leaf apoplast has been observed through the stomata of
the host. The process appears to be random and not targeted by any
observable means of taxis, despite germ tube formation and observed
erosion tracks that are commonly found in targeted growth (Kema et al.,
1996). Appressoria are not differentiated by Z. tritici unlike other fungal
pathogens. After entering the apoplast of the host, hyphae grow along host
cell walls and remain closely attached to them growing slowly, and filling up
the apoplastic space. Shortly before host cell walls collapse, they develop an
irregular, wrinkled appearance, followed by total cell wall disintegration.
Chloroplasts of the host undergo condensing and just prior to cell wall
collapse swell up again. Interestingly, cells distant to hyphae undergo some
of these symptoms and the strictly apoplastic growth of the fungus suggest
some sort of communication of the pathogen and the host within the
apoplast. Following the slow biotrophic growth phase, increased mycelial
growth is only observed after host cell death and subsequent release of its
nutrients (Kema et al., 1996).
The time from infection to the development of pycnidiospores depends
on humidity, temperature, light as well as the cultivar of the host plant and
isolate of the fungus. Unlike most plant pathogens, Z. tritici has a long period
until the first symptoms appear, about 10 - 14 days post infection (Eyal et al.,
1987; Kema et al., 1996). It takes around three days from leaf infection
through spores to penetration into the apoplast. While Z. tritici mostly infects
leaves of seedlings and plants independent of their growth stage, it can also
affect the glume at low levels (Wainshilbaum, 1991). Early symptoms are
yellow, chlorotic flecks, rapidly followed by necrotic lesions that appear to be
sunken in and are strictly localised. Pycnidia develop in the form of light to
dark brown spots that appear from 15 days after infection (see Figure 3.1
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above). Infection is stubble or soil borne with spore disposal activated by
rain. The disease is spread upwards within the plant and between plants in a
field through rainsplash (Eyal et al., 1987). Airborne ascospores contribute to
pathogen spread (Shaw and Royle, 1989a) and human-mediated dispersal of
infected plant material is a further means of propagation.
Besides the host cultivars, multiple wild alternative host plants have
been infected by artificial inoculation. Pycnidia have been naturally found on
wild emmer, T. turgidum var. dicoccoides and Z. tritici has occasionally been
found on barley and other wild grasses (Helliwell and Goodwin, 2008; van
Ginkel et al., 1999). It is not known, however, to which degree the wild
alternative host plants or wild emmer could serve as an off-field inoculum
(van Ginkel et al., 1999). These wild hosts may be of importance, but a
strong genetic differentiation of Z. tritici has occurred during its sympatric
divergence on domesticated wheat. This divergence may largely limit this
inoculum on wild hosts (Brunner et al., 2013; Stukenbrock et al., 2012b,
2007).
Pycnidia have been found viable at least for months in stubble, with
epidemics also being reported after several years of fallow or non-wheat
cropping periods (Eyal et al., 1987). The infections of the flag leaf and the
leaf below the flag leaf are most important for grain filling. Infection on these
leaves negatively impacts grain filling and in severe disease cases wheat
kernels become shrivelled and non-millable (Eyal et al., 1987; Shaw and
Royle, 1989b). Therefore, commercial impact, besides overall disease
reduction, focuses on these leaves right below the ear.

3.4. Zymoseptoria tritici emergence as a devastating
pathogen
Historically, Z. tritici has always been a pathogen of wheat, however,
only occasionally STB disease incidences were reported before 1960 (Eyal et
al., 1987). It was not considered a serious disease until susceptible and
semi-dwarf (Eyal et al., 1987) high-yield wheat cultivars were introduced and
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cultivation and post-harvest practices were changed to high plant density,
high nitrogen fertilization and shorter rotations, among others. All of these
factors substantially increase grain yield and quality, but at the same time
increase selective pressure on pathogens in the field (Bayles, 1991; Kema et
al., 1996; Verreet et al., 2000). Further influencing factors may lie in
anthropogenic emissions of oxidized sulphur. In the United Kingdom, these
emissions were very closely correlated to the ratio of STB to the related
pathogenic

fungus

Parastagonospora nodorum

(previously

named

Phaeosphaeria nodorum) (Quaedvlieg et al., 2013). Chandramohan et al.
(2013) suggest that reduction of sulphur emissions and introduction of
P. nodorum resistant wheat cultivars favoured STB disease, thus making it
as important as it is today over the last 160 years (Bearchell et al., 2005; Fitt
et al., 2011).
Although useful for estimates and research, highly precise and
detailed information on actual yearly countrywide losses is rarely assessed,
due to the amount of resources required. Murray and Brennan calculated the
Australian wheat yield value per annum to 4.68 billion Australian Dollars
(AUD) in 2009, with a loss of 1 million AUD due to Z. tritici and a potential
loss of 21 million AUD (Murray and Brennan, 2009). The past ten years' UK
national survey data indicate that despite treatment, an annual yield loss
worth AUD 72 million (at AUD 147 per tonne) was due to Z. tritici (HGCA,
2011).
In the light of climate change, future projections for this disease are
difficult. A recent study observed disease development in field correlated with
temperature profiles at certain times of the year. It shows the importance of
temperature profiles in field for this pathogen and even allows a prediction
with relative high accuracy 35 days before epidemic (Beyer et al., 2012). Two
separate studies have recently tried to address climate and temperature
effects on disease severity to project into the future. The results only slightly
suggest lower severity of disease in rising temperature scenarios. However,
the authors in both articles note that uncertainty is high and the effects
depend on many factors not necessarily related to air temperature directly
(Bernard et al., 2013; Gouache et al., 2013). In all three studies, adaptation
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of the pathogen to a changing environment has not been taken into account.
This is a serious problem, since Z. tritici is known for high evolution rates
under selective pressure (Brunner et al., 2008; Goodwin et al., 2011;
McDonald and Linde, 2002) evident through rapidly developing fungicide
resistance in independent geographic areas (Estep et al., 2013; NSW DPI,
n.d.; Siah et al., 2014; Torriani et al., 2009). The mechanisms underlying this
swift adaptation include repeat induced point mutations and re-arrangement
of its accessory chromosomes (Croll et al., 2013; Dhillon et al., 2010).
Given this situation, Z. tritici remains a major wheat pathogen
worldwide and the top wheat pathogen in Europe and Russia (Eyal et al.,
1987; Hardwick et al., 2001; Lars, 2009; Mojerlou et al., 2009; Ponomarenko
et al., 2011).

3.5. Measures of control
Today, cultural practices thought to reduce the disease severity have
been implemented like removing infected stubble and therefore inoculum by
ploughing or burning (Eyal, 1999). Furthermore, multi-function crop rotation,
combined with resistance and manipulation of the crop structure could
minimize the risk of disease (Jordan and Hutchoen, 1999). Fungicide use is
widely practiced and a relatively convenient means of plant protection, with
several effective fungicides available. While most fungicides have been
effective in the past, Z. tritici has shown rapid development of resistance in
populations (Brunner et al., 2008). In addition, Fraaije et al. report declining
sensitivity of STB to two of the main groups of chemicals, triazoles and
quinine outside inhibitors (2007, 2005). Among other developments these
findings prompt scientists to ask "Fungicide Resistance: are we winning the
battle but losing the war?”

(Anon, 2006). The immense capacity for

evolution in this pathogen is underlined by the independent development of
fungicide resistance all over the world. In relatively short time spans,
fungicide resistance in the same genetic loci developed in Australia, the USA,
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Morocco and several European strains independently from each other (Estep
et al., 2013; NSW DPI, n.d.; Siah et al., 2014; Torriani et al., 2009).
Recently, Z. tritici strains collected in different years in the highdisease-pressure and high-fungicide-input area between the North and Baltic
Sea have been tested on their sensitivity towards fungicides trifloxystrobin,
folpet,

chlorothalonil,

propiconazole,

prochloraz,

tebuconazole,

epoxiconazole and prothioconazole. In that study, expectations of a total loss
of sensitivity of STB towards trifloxystrobin based on previous reports were
confirmed. Trifloxystrobin is a representative of the quinine outside inhibitors
group of fungicides. While multi-site acting fungicides seemed to stay stable
in their efficiency over the time the analysed isolates have been collected,
demethylation inhibitors fluctuated in their effectiveness substantially (Beyer
et al., 2011). Application of high quantities, especially of single-site acting
fungicides, therefore increases fungicide insensitivity development in the
pathogen. A rational approach to their application is crucial for future disease
control (NSW DPI, n.d.) further demonstrating the necessity for accurate
prediction tools for disease risk and potential epidemics as well as control
techniques adapted to the architecture of the host crop (Gossen et al., 2008;
Knight et al., 1997; Verreet et al., 2000).
At this stage, resistance in cultivars is regarded as the most
sustainable measure in disease management. Absolute host immunity to
STB is not known and reduced susceptibility or delay of infection is regarded
as a form of resistance (Nelson and Marshall, 1990). Various host resistance
genes have been found over time, one of the earliest in the resistant spring
wheat accessions Bobwhite 'S', being controlled by several genes with
predominantly additive effects (Jubene et al., 1992). Several dominant genes
conferring resistance to Z. tritici have been characterised and mapped
(Adhikari et al., 2003; Raman et al., 2009; Tabib Ghaffary et al., 2012; Zwart
et al., 2010). Tabib Ghaffary et al. (2012) have developed and analysed
synthetic hexaploid wheat lines for their resistance properties. Besides their
use for resistance gene discovery, these lines show exceptionally broad
resistance towards STB, evidenced by resistance to 20 tested isolates from
several geographic areas known to affect commercial wheat cultivars (Tabib
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Ghaffary et al., 2012). Substantial progress in breeding wheat varieties
resistant towards Z. tritici has been made in the last 15 years. Annual costs
of disease prevention investment amounts to about 20 million Dollars in
Australia, of which 15 million Dollars are spent on resistance breeding
(Murray and Brennan, 2009). Resistance is thought to be durable through
partial resistance broadly effective against all known fungal isolates (Angus
and Fenwick, 2008). When wheat varieties are developed that show
resistance to Z. tritici, it is complex and not yet well understood. Furthermore,
resistance in one geographical location may not be effective in other parts of
the world where different environmental conditions and genotypes of the
pathogen prevail. Additionally, resistant varieties currently still produce lower
yields than fungicide treated susceptible high-yield varieties (Hollomon et al.,
1999).
Replacement of susceptible varieties with more resistant cultivars
reduced the impact of the disease in the past. However, despite the
substantial application of fungicides and considerable efforts in resistance
breeding for several decades, the fungus is still a major problem (Brunner et
al., 2008; Eyal et al., 1987; Nelson and Marshall, 1990; Rajaram and Hettel
(eds.), 1995; Raman et al., 2009). At the bottom line, breeding of resistant
cultivar lines and development of effective and human-consumption safe
fungicides are a resource-demanding and slow process. This process
involves substantial investment in industrial as well as fundamental research
into all aspects of STB and its pathogenicity. Host resistance may also be
overcome especially through the highly adaptable strains of Z. tritici present
in many wheat growing areas (Brunner et al., 2008; Goodwin et al., 2011;
McDonald and Linde, 2002).
Currently a trend in agriculture is emerging to mitigate disease severity
and stabilize yield through management of pathogen population genetics.
This management was successfully applied in the canola (Brassica napus) blackleg (Leptosphaeria maculans) pathosystem (Marcroft et al., 2012). Host
heterogeneity in other pathosystems over time or in a shared space
contributes to averaging yields and reduced selective pressure resulting in
slowed pathogen evolution (McDonald, 2014; Zhan and McDonald, 2013).
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Several mechanisms like decreasing susceptible host tissue per unit area or
imposing a physical barrier between susceptible plants can be attributed to
averaging yields. Slowed pathogen evolution allows more stable genetic
populations and stable pathogenicity for these examples. A study addressing
this issue in the wheat – Z. tritici pathosystem seems to support genetic host
diversity approaches, but more research is necessary to evaluate possible
advantages in yield stability and slowed pathogen evolution (Gigot et al.,
2012). If successful, this would allow more time to evolve better management
strategies and understanding of the system. New synthetic wheat lines may
provide the necessary genetic diversity of wild ancestors and have been
used for a long time for screening and breeding (Tabib Ghaffary et al., 2012).
Comparable historic-modernised management approaches may be applied to
the wheat-Z. tritici system in the future, when more and deeper knowledge of
this complex system is available, especially under the light of sustainability
(Gliessman, 2007). Currently, however, the control of STB relies heavily on
the combination of the use of fungicides and resistance breeding. The limited
understanding of genetic and biochemical mechanisms of its pathogenicity
are undoubtedly hindering the development of new approaches to control or
manage this pathogen.
On a side note, Stukenbrock et al. has reported that Z. tritici is capable
of hybridisation with the closely related species Zymoseptoria pseudotritici,
suggesting the potential to develop into new, closely related pathogens for
wild and domesticated hosts (Stukenbrock et al., 2012a). Furthermore,
evidence is emerging that close interaction of microbes with the plants may
lead to horizontal gene transfer suggesting pathogens may be able to hijack
plant signalling pathways after such events (Nikolaidis et al., 2014). This
emerging knowledge suggests further challenging developments in crop
protection in the near and far future.
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3.6. Current pathogenicity model and knowledge
Plants are known to recognize pathogens by conserved pathogen or
microbe associated molecular patterns (PAMPs or MAMPs respectively)
which trigger a basal plant defence (Deller et al., 2010). Specific avirulence
molecules in biotrophic pathogens can subsequently trigger a resistance
response in the host plant that may involve localized cell death. Cell death as
a response to biotrophic pathogen recognition is referred to as a
hypersensitive response (HR) and involves the activation of various protein
kinase cascades, oxidative burst responses and increased expression of
numerous defence- related genes (Deller et al., 2010). This mode of action is
thought to be particularly effective in inhibiting growth of biotrophs on their
hosts, as they only thrive and propagate on living host tissue (Heath, 2000).
To underline their virulence function for biotrophic pathogens, the avirulence
molecules were renamed effectors (Oliver and Solomon, 2010). Effectors are
generally small unique and secreted proteins and the resistance response of
the host is in turn referred to as Effector Triggered Immunity (ETI) (Deller et
al., 2010). However, these models have been established for model
biotrophic pathogens thriving on living tissue. In contrast, Z. tritici is
considered to be a hemibiotrophic and ultimately a necrotrophic pathogen
(Keon et al., 2007). While biotrophic fungal pathogens have evolved
sophisticated methods to avoid detection or suppressing host defence
reactions, it is widely thought that necrotrophic fungal pathogens lack this
level of sophistication. In the past they were hypothesized to simply degrade
host tissue with an arsenal of enzymes and toxins, bludgeoning their way
through the tissue and thus killing it (Hammond-Kosack and Rudd, 2008; Wit,
2007). This concept has been challenged in different pathogen-host
interactions like the fungus Cochliobolus victoriae and its host Arabidopsis
thaliana where an entirely new level of sophistication was revealed.
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C. victoriae appears to hijack the host resistance responses commonly
triggered as a defence to biotrophic pathogens (Lorang et al., 2007).
P. nodorum, a wheat pathogen being a close relative of Z. tritici is
known to affect wheat in a similarly sophisticated mechanism. Effectors of
P. nodorum are thought to interact with plant cell receptor proteins.
Subsequently they are leading to HR and programmed cell death (PCD), thus
providing nutrients for the fungus and accelerating pathogen growth (Friesen
et al., 2008a, 2008b, 2006; Liu et al., 2004b). P. nodorum has been
successfully grown under in vitro conditions secreting its effector substances
(Friesen et al., 2008a, 2008b, 2006; Liu et al., 2004a). Similarly, an
exploitation of the plant immunity system has been suggested by recent
evidence in the Z. tritici-wheat interaction (Hammond-Kosack and Rudd,
2008; Keon et al., 2007) (see Figure 3.2 below). However, any such
molecules involved have yet to be identified.
A recent approach to identify Z. tritici proteins produced in planta
revealed 23 tandem repeat proteins (MgTRP) peaking in expression at the
end of the symptomless phase. These proteins are known to be secreted by
or associated to the surface of the pathogen. They may be involved in
evading or suppressing host immune response and tandem repeats often
alter in number. Despite this alternation, these tandem repeats lead
consistently

to

functional

proteins,

possibly

allowing

adaptation

of

components upon selective pressure. Many of those MgTRPs peaked only in
susceptible wheat lines and were reduced in resistant varieties (Rudd et al.,
2010). Evasion of host defences was reported for at least one lysine motif
containing protein Mg3LysM, which was among several others upregulated in
the symptomless phase. It blocked elicitation of chitin-induced plant defences
and a deletion mutant was heavily impaired in disease development. In
addition, Mg2LysM and another LysM protein named Mg1LysM were able to
protect fungal hyphae against plant-derived hydrolytic enzymes. Both of
these properties were not observed in homologues in other pathogens before
(Marshall et al., 2011). Further studies confirmed Mg3LysM to be important
for fungal evasion of pathogen triggered immunity (PTI) and revealed the
target proteins CERK1 and CEBiP of wheat (Lee et al., 2014).
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Shetty et al. (2009) reports complete protection from STB, if β-1,3glucan, a fungal cell wall component, is recognized early during disease
development and the plant accordingly produces glucanases and chitinases.
Thus, Z. tritici has evolved mechanisms to avoid detection of this component.
Studies of Goodwin et al. (2011) supported by Ohm et al. (2012)contradict a
hypothesis of a bludgeoning approach based on large amounts of
degradation - enzymes. Only a relatively low content of cell wall degrading
enzymes was encoded in the genome of Z. tritici, which is more reflective of
endophytes than pathogens. Consequently, this suggests a mechanism very
different from the assumed aggressive approach to induce host cell death.
Rather, it was hypothesized that degradation of proteins plays a role in
evading host defences rather than carbohydrate degradation during the
symptomless stage of infection (Goodwin et al., 2011; Ohm et al., 2012). This
leads Goodwin to the hypothesis that Z. tritici may have evolved from
endophytic ancestors that developed stealth tactics (2011).
Furthermore,

Brunner

et

al.

(2013)

recently

found

purifying

conservation of cell wall degrading enzymes likely to reflect substrate
speciation. Other cell wall degrading enzymes seem to have undergone
diversifying selection, more likely evolved in the context of host-defence
evasion or adaptation. This is reflective of co-evolution of the pathogen-host
system and life-cycle specialization (Brunner et al., 2013). Furthermore, the
sophisticated regulation of expression in those cell wall degrading enzymes
challenges functional redundancy of those enzymes further contradicting a
purely aggressive-destructive model of pathogen action (Brunner et al.,
2013).
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Figure 3.2 A model illustrating the hypothesis of Z. tritici hijacking plant signalling
cascades. The depicted events refer to the interaction with a susceptible wheat line about nine
days post inoculation at the onset of necrosis and chlorosis. Z. tritici starts to produce toxin(s) or
effector(s) upon an unknown trigger. Signalling cascades are induced by these toxin(s) or
effector(s) in planta involving TaMPK6 and TaMPK3 kinases (involved in programmed cell
death (PCD) and hypersensitive response (HR) in the plant). The toxin(s) or effector(s) directly
or indirectly trigger PCD, creating reactive oxygen species (ROS). Subsequently, the plant cell
membrane loses integrity and nutrients are provided for fungal growth (adapted from
Hammond-Kosack and Rudd (2008)).

Fungal growth appears not restricted by nutrient depletion as a result
of biotrophic feeding within the apoplast during the symptomless phase. The
basic nutrient composition is similar in presence or absence of the fungus
and fungal metabolites are at levels below detectability (Hammond-Kosack
and Rudd, 2008; Keon et al., 2007).
After the symptomless phase the development of chlorosis and
necrosis in host tissue, the symptoms of STB, is thought to be involving one
or several putative host specific effectors, their production being induced
upon an external trigger (Deller et al., 2010) (see Figure 3.2 above). The lack
of biotrophic feeding within the apoplast does exclude starvation as a trigger
for the switch to pathogenic action which has been suggested previously
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(Keon et al., 2007). Some papers suggest N-glycolysation being involved in
this switch to hyphae growth, but details of its mechanism are not known
(Motteram et al., 2011). Recently, ZtWor1, an orthologue of Wor1, has been
found to be crucial for pathogenesis. Candida albicans Wor1 belongs to a
superfamily of regulatory proteins involved in dimorphic switching. In Z. tritici,
ZtWor1 was found to regulate candidate effector genes and may lead to
identification of the elusive trigger for the switch from symptomless to
necrotic phase (Mirzadi Gohari et al., 2014).
Effectors involved in ETI result in plant immunity, while a similar
effector triggered mechanism may lead to effector triggered susceptibility
(ETS). The current model of this ETS by Z. tritici (Deller et al., 2010;
Hammond-Kosack and Rudd, 2008) predicts an effector target in the host cell
of a susceptible plant to recognize the pathogen effector. This effector
appears to be also acting remotely, suggesting a soluble, secreted substance
(Kema et al., 1996). An endo-β-1,4-xylanase activity has been reported to be
correlated with the necrotrophic phase, suggesting disease severity related to
this enzyme, supported by research on correlation of STB severity to several
cell-wall degrading enzymes (Siah, A. et al., 2010, 2009; Tian et al., 2009).
Another protein of the pathogen, MgNLP, the single copy of a protein
containing a necrosis and ethylene-inducing peptide 1 (Nep1)-like protein
family (NLPNPP1) domain has been shown to peak in expression
immediately preceding symptom formation in the host and dropping
thereafter. However, the purified protein did cause necrosis in A. thaliana, but
not in susceptible wheat cultivars, suggesting it may be a reminiscent
mechanism which lost its function or is not directly involved in necrosis
(Motteram et al., 2009). After the induction of ETS, a signalling cascade in
the host cells, leads to cell death (Deller et al., 2010; Hammond-Kosack and
Rudd, 2008; Keon et al., 2007; Oliver and Solomon, 2010). Symptom
development correlates PCD-like HR in wheat mesophyll cells with
cytochrome C found in the cytosol, decrease of mitochondrial cytochrome C,
inter nucleosomal cleavage of DNA resulting in laddering and changes in
membrane integrity and electrolyte leakage (Keon et al., 2007).
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In the later stages of symptoms in the host, around day 14 post
infection, the fungus exhibits increased expression of a number of genes
involved in oxidative stress biology. The expression of these genes is
correlated with higher levels of superoxide and hydrogen peroxide levels in
close association with the fungus. The source of the reactive oxygen species
could not be identified unambiguously being host, pathogen or both, but both
reactive oxygen species (ROS) are strongly associated with early pycnidia
formation structures. Additionally, the fungus appears not to be affected in a
detrimental way. Interestingly, heat shock proteins are upregulated at 14
days after infection (Keon et al., 2007).
Light is important in pathogenicity and several genes that have
homologues in other fungi, MVE1 and LaeA as well as WC-1 and WC-2, are
involved in light signalling. Some of these have been correlated with aerial
mycelium

formation,

filamentous

growth,

hyphal

swelling,

melanin

biosynthesis, stress response, and pathogenicity (Choi and Goodwin, 2011a,
2011b), but details about their mechanism are still unknown.
Despite the slowly growing knowledge about individual genes and
their products, and some suggestions emerging on underlying biochemical
mechanisms, the mode of action and pathogenicity of Z. tritici remains mainly
elusive. Having evaded detailed insight for so long despite considerable
efforts and substantially varying resistance in wheat cultivars indicates a
rather complex and multifaceted wheat-Z. tritici pathosystem (Zhan et al.,
2002).
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3.7. Knowledge of Zymoseptoria tritici genetics
Currently a standard draft of the strain IPO323 genome of Z. tritici is
publicly accessible and annotated at the Joint Genome Institute (Goodwin et
al., 2011; Grigoriev et al., 2011; Ohm et al., 2012). The genome is recorded
to be 39.7 Mbp in size with 21 chromosomes with 10 952 gene models
predicted and annotated with function, where sufficient data existed. Different
databases including expressed sequence tags (ESTs) and gene models as
well as nuclear assemblies are accessible through this webpage. Recently,
an in depth study of the genome revealed eight chromosomes to be
dispensable (Goodwin et al., 2011). Croll et al. suggest these accessory
chromosomes

originated

mainly

from

evolutionary

ancient

core

chromosomes, a possible cradle for modifying evolution in Z. tritici (2013). In
addition, comparison with the other sequenced Dothideomycete P. nodorum
reveals conservation of the genetic content, but not order or orientation.
Since the genomes of two wild relatives, Zymoseptoria pseudotrici and
Zymoseptoria ardabiliae, previously named S1 and S2, are sequenced,
additional genetic information is available for population genetic studies
(Brunner et al., 2013; Stukenbrock et al., 2010). The latter study suggests a
high rate of inter-chromosomal rearrangement in one or both species which
was termed meso-synteny and seems to be different to synteny observed
between other organisms (Goodwin et al., 2011). Genetic variation in general
in Z. tritici populations is high and a major part of the pathogen's
chromosomes is dispensable without any obvious effect on virulence
(Goodwin et al., 2011; McDonald et al., 1999).
Genetic host specialization has become apparent, but results have
been inconsistent, with aggressiveness not necessarily reflecting a clear
gene-for-gene interaction presence (Van Ginkel and Scharen, 1988). In other
studies, avirulence appeared to be controlled by one gene. Wheat cultivars
carrying a resistance gene (Kema et al., 2002, 2000, 1996) and the apparent
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existence of gene-for-gene interactions between wheat and Z. tritici seem to
contradict the findings of Van Ginkel and Scharen.
As stated previously, Z. tritici has been found largely adaptable to
challenges, which shows in its rapid development of fungicide resistance. A
field study in France indicated frequent sexual recombination in relatively
short amounts of time undergone by the fungus (El Chartouni et al., 2010).
On a side note, Z. tritici lacks genome-wide cytosine methylation, most
probably

since

its

divergence

from

the

closest

known

ancestors

Z. pseudotritici and Z. ardabiliae (S1 and S2 respectively) within the last
10 500 years (Brunner et al., 2013; Dhillon et al., 2010; Stukenbrock et al.,
2010). The DNA cytosine methyltransferase sequence has been found in 23
copies within the analysed genome, all of which were mutated. The pathogen
became susceptible to repeat induced point mutations, contributing to its high
level of evolution (Dhillon et al., 2010). In silico approaches to screen for
certain functions become more and more facilitated with increased computer
power, sophisticated algorithms and annotation of the genome, possibly
revealing valuable candidates in the search for disease mechanism
components. Morais do Amaral et al. (2012) for example found 171 proteins
with unknown function predicted to be secreted by Z. tritici, a valuable
complementary source of data for functional genomics. Kellner et al.
deployed RNA sequencing (RNAseq) in the host, in a non-host plant and in
vitro and revealed wheat-specific expression of Z. tritici regulatory infection
genes co-regulated in two gene clusters. Their data may represent candidate
pathogenicity islands and contributes to deepening annotation information
(Kellner et al., 2014).
Access to genome databases and genomic annotation will facilitate
research on all levels on this pathogen also regarding resistant wheat
cultivars, novel fungicides and new control measurements. However, due to
its high variation and rapid recombination cycles, many genes involved in the
interaction of particular isolates may not be accessible and a certain bias
exists between experiments with the strains corresponding to the sequence
data and the rapidly evolving strains in the field (Palmer and Skinner, 2002).
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3.8. Research tools to investigate Zymoseptoria tritici
pathogenicity
By now, a well-established set of research tools to study the Z. triticiwheat pathosystem has been developed. Quantitative polymerase chain
reaction (PCR) can detect the fungus in field and on seeds and quantify it
(Consolo et al., 2009). This technique finds applications in prediction models
for disease (Verreet et al., 2000), as well as for studies on historical wheat
samples (Bearchell et al., 2005) among others. Interactions can be studied
on young wheat plants as attached leaf assays as well as on detached
leaves (Arraiano et al., 2001; Keon et al., 2007).
First, transformations of protoplasts through polyethylene glycol (PEG)
proved to be cumbersome and not suitable to disrupt specifically targeted
genes (Payne et al., 1998). Zwiers and De Waard developed a method using
Agrobacterium tumefaciens based on a protocol established for fungi and
were successful in disrupting specific genes in Z. tritici, the ABC transporter
MgATR2 (Zwiers and De Waard, 2001). Several new developments facilitate
molecular gene analyses in Z. tritici. Homologous recombination frequency
was increased to more than 95 % through the disruption of the KU70 (MUS51) homologue in Z. tritici. In these mutants wild type growth in vitro and full
pathogenicity on wheat leaves was maintained. Furthermore, two selectable
markers, G418 and a carboxin resistance marker, have been shown to work
reliably in the pathogen in addition to the classically used antibiotic
hygromycin. Additionally, a point mutation of the β-tubulin gene (MgTUB1),
which confers resistance to the fungicide benomyl, possibly provides another
selectable marker gene. The latter was achieved by efficiently targeting and
generating a precise mutation, an insertion of E198A into MgTUB1, which
resulted in a new technique allowing precise mutations and insertions in
Z. tritici (Bowler et al., 2010).
The so called "-omics”
studies

among

fungal

tools are used in pathogen-host interaction

pathogens,

applying

Page 34 / 264

a

more

and

more

multidimensional and complementary approach (Tan et al., 2009): Microarray
transcription profiling can be used to analyse transcriptome profiles during
infection and under stress in planta as shown by Keon et al. (2005b). On the
related pathogen P. nodorum, deep proteogenomics, including High
Performance Liquid Chromatography and mass spectrometry (MS), was
used to analyse genes, their exon-frameshifts, new genes and further nontargeted

proteogenomic

(Bringans

et

al.,

2009).

Proteomics

and

metabolomics techniques such as 2D gel electrophoresis and MS were used
to elucidate the wheat response to SnToxA, an effector of P. nodorum
(Vincent et al., 2011). To analyse expressed proteins, fast protein liquid
chromatography also becomes increasingly used. This technique is highly
suitable to biological samples, allowing analysis in their native state after
separation. This technique is adaptable to oligonucleotides and plasmids or
other biological samples and can be highly broad or very specific, depending
on the preparation of samples and running conditions. New discoveries have
been made in fungi with this technique like a novel alkaline protease from the
edible mushroom Termitomyces albuminosus and a novel peroxidase from
Pseudomonas aeruginosa (Li et al., 2011; Madadlou et al., 2011; Zheng et
al., 2011).
A high throughput phenotyping method was recently developed for
Z. tritici disease quantification based on automated digital image analysis.
Leaf area affected by disease, pycnidia size and density were used for
quantitative trait analysis, providing higher accuracy than visual methods and
allowing for greater sample sizes (Stewart and McDonald, 2014). This
method may be extendable to other optical differences such as extend of
chlorosis.
Very

recently,

The

International

Wheat

Genome

Sequencing

Consortium (IWGSC) published a draft sequence of the Triticum aestivum
(bread wheat) genome (Mayer et al., 2014). Access to these data will
substantially facilitate the study of complex interactions in wheat-pathogen
interactions in the future.
The increasing availability of techniques and information to manipulate
and analyse the Z. tritici -wheat pathosystem will allow rapidly growing
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understanding of the elusive mechanisms behind its mode-of-action on every
aspect of its pathogenicity.
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3.9. Contributions of this research project
The mechanisms of pathogenicity and lifecycle of the fungal plant
pathogen Z. tritici differs largely from other economically important plant
pathogenic fungi, such as Magnaporthe oryzae. Functional and genomic
studies may be well advanced in these systems, but do not apply to STB.
Therefore research needs to be undertaken on Z. tritici directly, testing
hypotheses rather than assuming functional knowledge and roles of genes of
other pathogens are transferable to Z. tritici (Bowler et al., 2010). Its
uniqueness among the current pathogenic filamentous model fungi requires
the continuing advancement of the knowledge and understanding of this
pathogen. Previous research demonstrated that phytotoxic effector(s)
reminiscent of disease symptoms were produced by Z. tritici during growth in
vitro under certain conditions. This (or these) effector(s) appeared to be
proteinaceous in nature, larger than 10 kDa and induced severe necrosis and
chlorosis activity (NCA) under suitable conditions in infiltrated wheat leaves
(Wagner, 2010).
In this project, in vitro and in planta techniques were used to
investigate the characteristics of this activity. Proteomics and functional
genomic techniques were deployed to generate comprehensive candidate
lists for the NCA and the confirmation of an NCA effector candidate was
sought using molecular biology techniques.

The specific aims of this project were to:
•

Refine conditions producing and testing the NCA effector(s)

•

Preliminarily characterise the unknown NCA effector(s)

•

Identify and rank NCA effector candidate(s) using proteomics and
transcriptomic techniques

•

Determine involvement of top NCA effector candidate(s) in pathogenicity
using molecular biology techniques
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4. Characteristics and separation of a
necrosis and chlorosis inducing protein

4.1. Introduction
Despite not being reported to affect the fitness of wheat grains for
human consumption, the pathogen Zymoseptoria tritici (previously named
Mycosphaerella graminicola) (Quaedvlieg et al., 2011) is a devastating wheat
disease. Currently Z. tritici is considered to be the most important wheat
pathogen in Europe and Russia (Ponomarenko et al., 2011) with yield losses
up to 50 % in affected fields (Eyal et al., 1987). An estimated 70 % of
fungicides used to control wheat diseases in Europe are targeted at Z. tritici
(Ponomarenko et al., 2011) and around 15 million dollars per annum are
spent on resistance breeding alone in Australia (Murray and Brennan, 2009).
These figures show the financial and environmental burden inflicted by this
pathogen. Additionally, Z. tritici shows a high capacity to overcome both,
fungicide control and wheat host resistance rapidly (Brunner et al., 2008;
Estep et al., 2013; Goodwin et al., 2011; McDonald and Linde, 2002; NSW
DPI, n.d.; Siah et al., 2014; Torriani et al., 2009).
Deeper understanding of the biomolecular mechanisms has proven to
be

a

valuable

approach

in

Parastagonospora nodorum-wheat

other
and

host-pathogen
the

systems

Leptosphaeria

(e.g.

maculans-

Brassica napus system), to find new and more sustainable means of
reducing disease impact and progression (Liu et al., 2004a; Marcroft et al.,
2012).
All stages of the life cycle of Z. tritici may provide molecular targets
important in disease impact. Being able to target these molecules may
reduce overall inoculum, prevent a compatible interaction between host and
pathogen, reduce proliferation of the pathogen or may even reduce or
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eliminate the destruction of host tissue during infection. The latter loss of
photosynthetic tissue and partial increase in respiration rate in the flag leaves
just below the ear are the two most influential disease aspects reducing yield
(Robert et al., 2006). Thus, effectors produced by Z. tritici inducing necrosis
and chlorosis in the host tissue are at the forefront of interest.
For the related pathogen P. nodorum, growth conditions were
established to induce the production of such effectors in vitro. These
effectors were subsequently purified and used to genetically and physically
map a gene causing disease sensitivity in wheat (Liu et al., 2004a). Z. tritici
can easily be grown in liquid cultures and on media plates. However, unlike
P. nodorum, this pathogen has only rarely been reported to produce hostactive substances ex planta (Perrone, 2000). Perrone et al. (2000) observed
a phytotoxic activity, but no research reporting isolation of an effector related
to such phytotoxic activity was apparent.
In a previous study, a specific liquid media composition, differing from
Perrone's, was established (Wagner, 2010), which induced production of a
host-active substance. Upon host leaf infiltration of sterile filtered culture
grown on that specific medium, a necrosis and chlorosis activity (NCA) was
observed. The results of that study suggested that the NCA is caused by a
proteinaceous NCA effector or effectors produced by Z. tritici, present in the
liquid culture. Interestingly, low photosynthetically active radiation (PAR)
during the in planta assay was strongly correlated with low or absent levels of
observable NCA (Wagner, 2010).

The specific aims of this chapter were:
•

Improvement and analysis of production and storage of the NCA
effector(s)

•

Refinement of in planta assay conditions

•

Preliminarily characterisation of the unknown NCA effector(s)

•

Separation of the NCA effector(s) from other components in the liquid
culture

•

Identification of the NCA effector candidate(s)
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4.2. Materials and Methods
Chemicals and reagents were sourced from Sigma-Aldrich (Castle Hill,
NSW, Australia) unless otherwise stated. Concentrations of solutions refer to
dissolving in Milli-Q® Synthesis (Millipore, North Ryde, NSW, Australia)
purified water (ddH2O), again unless otherwise stated. Percentages refer to
volume per volume (v/v) percentage unless weight per volume (w/v) or
weight per weight (w/w) are indicated. Chemicals and other products of
companies are stated with the name under which they are sold.

4.2.1. Fungal material and culture
The Zymoseptoria tritici strain 79.2.1A (kindly provided by Dr Andrew
Milgate, DPI, NSW, Australia) was used in all experiments unless otherwise
stated and stored at -80 °C in 20 % glycerol (Merck, Kilsyth, Victoria
Australia). All experimental steps were conducted under sterile conditions,
apart from final harvest of secreted substances (secretome) and spore
counting.

4.2.1.1. Zymoseptoria tritici working stock spore aliquots

Working stock spore aliquots were prepared by inoculating potato
dextrose agar (PDA) (Oxoid, Basingstoke, England) plates prepared
according to the suppliers instructions directly from glycerol stocks and grown
for 4 days at 20 °C under 12 h light / dark cycle under Radium Bonalux Super
NL54W/840 white fluorescent lamps (Radium Lampenwerk, Wipperfürth,
Germany). Spores were harvested by suspending in 4 mL ddH2O by applying
water to the agar and carefully scraping the colonies off the agar with a
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pipette tip or glass spatula. The spore solution was retrieved, pelleted and
resuspended in 1 mL ddH2O, aliquoted into 100 µL aliquots, snap-frozen in
liquid nitrogen and stored at -80 °C in 20 % glycerol.

4.2.1.2. Zymoseptoria tritici PDA culturing

Potato dextrose agar (PDA) (Oxoid) plates were prepared according to
the suppliers instructions. Working stock spore aliquots were thawed, spread
onto PDA plates, left to dry under a clean bench and grown for 2 days at
20 °C under 12 h light / dark cycle. The spores were harvested in 4 mL
ddH2O by scraping the colonies off the agar, the spore solution retrieved with
a pipette, pelleted and resuspended in 1 mL ddH2O. Spore concentrations
were determined using a haemocytometer.

4.2.1.3. Zymoseptoria tritici liquid culturing and harvest

To produce secretome of Z. tritici, the fungus was grown in liquid
culture in different media (see 9.2.1). Generally, 50 mL of medium modified
from Liu, Faris, et al. (2004a) were inoculated with 5x106 spores of Z. tritici
grown on PDA from a working stock as described above. For culturing, a
sterilized setup of 250 mL Erlenmeyer flasks with non-absorbent cotton wool
plug with the cotton plug and opening covered with aluminium foil. Inoculated
cultures were shaken for 3 days at 20° C at 100-130 revolutions per minute
(rpm) shaking in the dark followed by 14-16 days’ rest under the same
conditions without shaking unless otherwise stated.
Liquid cultures were then centrifuged at 3 800 g for 5 min to remove
the bulk of fungal tissue. The supernatant "secretome” was filtered through
0.2 µm Minisart® single use filters (Sartorius Stedim Australia, Dandenong
South, Victoria, Australia) using 30 mL Luer Lock Tip syringe (Terumo®
Corporation, Macquarie Park, New South Wales, Australia). This fresh
secretome was then either used as is or prepared for storage. For bulk
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production, secretome was filtered through 0.2 µm Nalgene™ Bottle Top
vacuum filter units with a 0.2 µm pore size (Thermo Fisher Scientific™) and
then snap frozen in liquid nitrogen in 30 mL aliquots and subsequently
freeze-dried (see 4.2.1.4). Media used in specific experiments involving
differing trace element composition or absence of yeast extract are described
below.

4.2.1.3.1.

Trace element influence on NCA effector production

Culturing generally followed the protocol described in 4.2.1.3 above.
For the analysis of trace element influence, the non-activity and activity
inducing media were compared with base medium with added trace
elements. Activity of cultures grown on Fries base medium (FB) without trace
elements, Fries medium 2 (F2) as well as Fries medium 3 (F3) and F3
Modified medium 1 (FM1) was assayed. The activity in the latter was
compared with activity found in cultures grown on FB with the individual trace
elements added in their appropriate concentration. From the Medium F3
trace element stock the trace elements cobalt(II) chloride hexahydrate
(cobalt), copper sulphate pentahydrate (copper), molybdic acid and lithium
chloride were used. The concentrations of individual trace elements were
equal to those in F3 or FM1 respectively (see 9.2.1).

4.2.1.4. Freeze-drying and storage of NCA secretome

Unless otherwise stated, freeze-drying was used for storage and
concentration of secretome.
Sterile filtered culture media (see section 4.2.1.3) was used for
precipitation. The secretome was then aliquoted into 1.5, 2, 10, 15 or 30 mL
aliquots in 2 mL Eppendorf Safe-Lock Tube™ (Eppendorf, North Ryde, NSW,
Australia) or in 50 mL Greiner conical centrifuge tubes (Greiner-Bio-One,
Frickenhausen, Germany), which were then snap-frozen in liquid nitrogen.
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Before freeze-drying, the tube lids were either pierced with a hot needle or
were replaced by lids featuring evaporation holes. Freeze-Drying was carried
out with VirTis BTK Bench Top K Manifold freeze dryer (SP Industries, 815
Route 208 Gardiner, NY, USA) at about -100 °C and ~10 millitorr (about
1.333 Pa) in darkness until all liquid was evaporated (generally 1-7 days
depending on samples size and freeze-dryer load). Freeze-dried samples
were stored at -20° C in the dark until use.

4.2.2. Characterisation experiments

4.2.2.1. Sensitivity of the NCA effector to a protease

Freeze-dried resuspended FM1 secretome and medium samples at 2x
concentration were treated with Pronase as described in Friesen et al.
(2008b). Briefly, the NC active secretome sample was incubated with
Pronase protease in 3-(N-morpholino)propanesulfonic acid (MOPS) buffer
(Good et al., 1966) to elucidate NC activity after protease degradation.

4.2.2.2. Molecular Weight estimation of the NCA effector

A volume of freeze-dried secretome resuspended at 2x concentration
was separated into different molecular weight ranges using Amicon® Ultra-15
Centrifugal Filter Units (Millipore) 10K for 10 000 Molecular Weight Cut-Off
(MWCO) and 30K for 30 000 MWCO. After filtration, samples were infiltrated
into Summit leaves as described in section 4.2.4.
About 10 mL freeze-dried secretome resuspended at 2x concentration
was separated with the 10 000 MWCO filter unit, then the fraction >
10 000 MWCO was further separated with the 30 000 MWCO filter unit. Part
of these fractions were recombined such that the resulting solution
represented concentrations comparable to those in the original 10 mL to
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serve as positive control (recombination after separation). Before infiltration,
the separated fractions were volume adjusted relative to the original volume
of 10 mL and 2x concentration to compensate for higher concentration after
separation. In both steps, the filtrate was centrifuged at 5 000 g until about
1.3 mL of retentate was left.
To show repetition, 5 mL resuspended secretome at 2x concentration
was divided into two fractions and one was separated by the 10K centrifugal
filter unit, the other one by the 30K centrifugal filter unit, both centrifuged at
5 000 g until about 400 µL of retentate was left. The volume of the resulting
fractions was increased with ddH2O to achieve a concentration of the
molecules in the solution equal to the original concentration.

4.2.2.3. Dependency of NCA development on light intensity

Freeze-dried FM1 and F2 secretome resuspended at 2x concentration
were infiltrated into growth cabinet (GC) grown Summit plants as described in
section 4.2.4. The plants were exposed to 450 µmol·m-2s-1 until the day
before infiltration. After 3 h of 150, 450 or 650 µmol·m-2s-1 exposure, the
plants were infiltrated and kept at the respective light intensity until harvest.
Control plants were grown under normal greenhouse conditions and
infiltrated in overcast weather conditions.
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4.2.3. Plant material and culture

4.2.3.1. Wheat cultivation

Wheat (Triticum aestivum L.) variety Summit was used in all
experiments unless otherwise stated, since it previously has been found
suitable for infiltration (Wagner, 2010). Summit is a wheat cultivar frequently
used for susceptibility testing as a control, since it is highly susceptible to
most known Z. tritici isolates (correspondence with Dr Andrew Milgate,
Research Scientist, NSW Department of Primary Industries) (Ballantyne and
Thomson, 1995). For cultivation, seeds were sterilized for 5 min in 1 %
hydrogen peroxide (H2O2) (Merck), 5 % ethanol (EtOH) (Chem Supply,
Gillmann, SA, Australia) in ddH2O (maximum 15 seeds per 10 mL
sterilization solution) then washed twice for 5 min in ddH2O. The sterilised
seeds were cultivated in ca. 1.5 L round pots filled with Vermiculite grade 3
(Ausperl, Sydney, NSW, Australia) and 8 to 10 pearls of Osmocote Exact
plant food (Scotts, Baulkham Hills, NSW, Australia)
Unless otherwise stated, plants were cultivated in a sunlit greenhouse
at a minimum of 12 °C and a maximum of 20 °C for 9 to 11 days. Pots were
watered once or twice daily until those leaves that were targeted for
infiltration, first or second leaf, were ca. 4 mm wide. In winter, from May to
September, the short daylight hours and lower insolation (light intensity) were
extended to 14 h using Unalux 360 W sodium growth light (Osram Sylvania,
Manchester, New Hampshire, USA) providing additional light from 7:00 am to
7:00 pm.
Plants cultivated in a GC were grown under ambient CO2, 80 %
humidity and at 20 °C for 15 h under light and at 12 °C for 9 h in darkness.
For illumination four lamps of the type POWERPLANT MH Superveg Grow
Lamp 600 Watt, 51 000 lumens (Plant-Lighting, China) and seven lamps of
Page 45 / 264

the type G.E., 100 Watt Halogen, ~ 1480 lumen (GE Healthcare, Smithfield,
NSW, Australia) were used. These lamps were specific plant growths lamps
and a good approximation to natural light.
Initially, plants in the GC were grown at a vertical distance from the
growth lamps resulting in a photosynthetically active radiation (PAR) of about
450 µmol·m-2·s-1 PAR to allow plants of the same growths-stage for
experiments. After infiltration, plants were placed and cultivated at different
vertical distances from the growth lamps and as a result different
photosynthetically active radiation (PAR) was achieved of about 450 and
650 µmol·m-2·s-1 PAR, with a similar pattern of spectral distribution. In
previous work, no to low NCA was observed at levels of < 200 µmol·m-2·s1

PAR in the greenhouse (Wagner, 2010). Thus, a third set of plants was

placed underneath the high-illumination plants similar to the ‘under the
bench’ placing in the greenhouse.
The temperature was comparable between the different layers
between pots, while the leaf temperature itself could not be measured.
Measurements for the PAR were taken with the John Morris
TransTeam Li-1800 Spectroradiometer (Serial nb PRS688) (LI-COR,
Nebraska, USA).

4.2.3.2. Musa sp. and Nicotiana benthamiana cultivation

A Musa sp. (banana) variety and Nicotiana benthamiana were used
for necrosis and chlorosis infiltration experiments. Both species were
cultivated

in

the

greenhouse

under

similar

conditions

to

wheat.

N. benthamiana plants were about 35 days old. The banana plant used was
about 4 months old and cultivated in a sunlit greenhouse at approximately
20 °C.
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4.2.4. Leaf infiltration assays and sampling
To open stomata and ease infiltration, wheat and other plants were
sprayed with ice-cold tap water using a plant spray bottle one to four minutes
prior to infiltration.
First and second leaves were infiltrated using a 1 mL Tuberculin
syringe (BD, Australia) placed on the leaf surface, while supporting the leaf
underneath with a finger. The liquid sample was then forced into the
intercellular space of the through stomata openings (see Figure 4.1 below).
Five leaf replicates were infiltrated. Infiltration areas were marked with
waterproof pen with a dot on the upper and lower ends of the infiltration zone.
Between 7 to 9 days post infiltration leaves were collected, arranged on black
paper and scanned on Epson Perfection 4990 PHOTO (Epson, North Ryde,
NSW, Australia) in TIF-format (48 bit colour, 600 dots per inch)).
N. benthamiana and Musa spec. plants were similarly infiltrated as
wheat plants in section 4.2.4. The second youngest leaf was used for
infiltration and infiltration was conducted from the bottom part of the leaf, the
plant was watered about 3 h and 1 h before infiltration and additionally
sprayed with ice-cold water. N. benthamiana was watered 2.5 hours before
infiltration and was additionally sprayed with ice-cold water before infiltration.
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Figure 4.1 Infiltration into the intercellular space of the apoplast of wheat leaves (picture
kindly provided by Dr Peter Solomon). Blue arrow: Infiltration point Between red arrows:
Infiltration zone.

4.2.5. Concentration and isolation of the NCA effector

4.2.5.1. Desalting freeze-dried secretome for
chromatography

Prior to use, freeze-dried secretome powder was resuspended in
volumes relative to its original volume to reach 1x, 4x and 10x concentrations
of the original sample.
For fast protein liquid chromatography (FPLC) 4x up to 16x
concentrated resuspended secretome samples were desalted using
disposable PD-10 Desalting Columns (GE Healthcare, Rydalmere, NSW,
Australia). Autoclaved ddH2O was used for column equilibration and the
water and secretome were stored on ice. After equilibration of the column
with 20 mL of ddH2O, 2.5 mL of the secretome sample fraction were applied
to the column, the resulting 2.5 mL flow through discarded. A further 3.5 mL
ddH2O were added and the subsequent 3.5 mL fraction containing protein
and large molecules were collected.
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4.2.5.2. Fast Protein Liquid Chromatography

For FPLC experiments freeze-dried and PD10 desalted secretome
samples of Z. tritici (see section 4.2.1.3, 4.2.1.4 and 4.2.5.1 above) were
used. The FPLC runs were carried out on an Äkta Explorer 100 (GE
Healthcare) fitted with a Frac-920 fraction collector using Unicorn Software
5.20 (GE Healthcare) as control and analysing software. System volume
compensation was 8 mL for all runs. For system wash, ddH2O was used and
for the system and all column storage 20% Ethanol in ddH2O was used.

4.2.5.2.1.

Ion Exchange Chromatography screening

For Ion Exchange chromatography, a cation and an anion column
from the HiTrap IEX Selection Kit (GE Healthcare) were chosen for screening
of suitable column and buffer combinations to retain the activity on the
column. All trials started with no sodium chloride (NaCl) in the binding buffer
and a 1 M concentration of NaCl in the elution buffer. For controls, PD10
desalted protein fraction was used for positive control pre-FPLC, flow
through, the different eluates and the column wash as well as the buffer were
used as samples or controls respectively.
Column equilibration was carried out in 5 column volumes (CV).
Unbound sample was also washed out with 5 CV of binding buffer. Elution
delay was set to 8 mL. The flow rate was adapted to the column,
corresponding to 1 mL·min-1 1 mL columns, 5 mL·min-1 for 5 mL columns.
For sample loading, direct sample loading was used at 0.2 mL·min-1 flow
rate. Flow through fraction size was 5 mL, eluate fraction size after an initial
1 mL was set to 0.5 mL for more precise separation. Peak height and peak
distribution determined which fractions were chosen for testing. About 24 times column volumes around the highest parts of each peak were used for
analysis, with fractions with less than 15 milli Absorbance Units (mAU) higher
than the baseline discarded.
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Cation exchange screening

For cation exchange screening, the strong cation exchanger HiTrap
SP FF 1 mL column was used. For NCA effector binding at neutral pH, 50
mM sodium dihydrogenphosphate (NaH2PO4) adjusted to pH 7 with NaOH
was used. For elution, the same buffer was used supplied with additional 1 M
NaCl. Acetic acid at a concentration of 50 mM adjusted to pH 4.8 was only
tested for tissue damage through infiltration into wheat leaves. The flow rate
was 1 mL·min-1 and direct sample loading was used at 0.2 mL·min-1 flow rate.

Anion exchange screening and final chromatography

For anion exchange screening, the strong anion exchanger HiTrap Q
FF 1 mL column was used. For NCA effector binding at neutral pH,
tris(hydroxymethyl)aminomethane (Tris) at a concentration of 20 mM
adjusted to pH 7.6 was used. The same buffer was used for column wash
with added 1 M NaCl. For NCA effector binding at higher pH, Tris was used
at a concentration of 40 mM adjusted to pH 8.8. For column wash, the same
buffer was used with NaCl added at a concentration of 1 M. This second
binding buffer was used in separation experiments. During the optimisation
experiments, the salt elution concentration was lowered from 400 mM NaCl
down to 35 mM NaCl. Final anion exchange chromatography for separation
of the effector from other components of the NCA secretome used 40 mM
NaCl, with an additional second step at 80 mM, which,h while not necessary
for elution, was introduced for technical reasons.
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4.2.5.2.2.

Gel filtration chromatography

The expected size of the activity was well above 10 kDa molecular
weight range. To separate the activity from other proteins of the ion
exchange separated secretome, the gel chromatography column HiPrep
26/60 High Resolution Sephacryl 200 (GE Healthcare) with a column volume
of 320 mL was chosen. As running buffer, Tris was used at a concentration of
40 mM with NaCl at 150 mM, adjusted to a pH of 8.8, allowing the elution
buffer of the anion exchange to be directly used on the gel chromatography
column. A trial run with the Gel Filtration Markers Kit for Protein Molecular
Weights 12 000-200 000 Da was carried out to establish the necessary
volumes and running times. The anion exchange elution at 40 mM NaCl
concentration, which was the active fraction, was then mixed with two
standard weight marker molecules. These consisted of 2.0 mg Cytochrome C
from horse heart with a molecular weight of 12.4 kDa as well as 4.0 mg αAmylase from sweet potato with a molecular weight of 200 kDa to observe
run progress and obtain an indication of peak size.
Compensation volume for the FPLC system was 8 mL. Column
equilibration after storage was carried out in 0.5 column volumes (160 mL) of
ddH2O at a flow rate of 1.0 mL·min-1 followed by equilibration in running
buffer with two column volumes (640 mL) of running buffer at a flow rate of
0.7 mL·min-1. The sample volume was 1.5 mL and loaded by direct sample
from the 2 mL sample loop at 0.7 mL·min-1. With the same flow rate, the
sample was eluted with one column volume (320 mL) of running buffer,
followed by another column volume of running buffer for regeneration of the
column. Fractions collected were 5 mL fractions, with additional peak
fractionation set at 30 mAU for minimum peak width of 2 min, 20 mAU·min-1
peak rise and 75 mAU·min-1 peak drop. About 2-4 times column volumes
around the highest parts of each peak were used for analysis, with fractions
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with less than 15 milli Absorbance Units (mAU) higher than the baseline
discarded.

4.2.6. Protein quantification
Three methods to determine protein concentration were used as
indicated in experimental results:
In early experiments, the protein concentration was determined by
NanoDrop 1000 Spectrophotometer using NanoDrop 1000 3.7.1 Software
(both Thermo Fisher Scientific™, Scoresby, Victoria, Australia) according to
suppliers instructions. In several experiments, the concentration was
determined using the GE Healthcare 2-D Quant kit (GE Healthcare),
according to supplier’s instructions. In later experiments, the Invitrogen™
Qubit® Protein Assay (LifeTechnologies™, previously Applied Biosystems®,
Carlsbad, California, USA) was used as indicated in experiments according
to supplier instructions.

4.2.7. SDS-PAGE
Unless otherwise stated, 50 µg of protein in a volume of 10 µL were
used for sodium dodecyl sulphate (SDS)-polyacrylamide gel electrophoresis
(PAGE), if necessary, the volume was reduced by snap freezing the
according volume and freeze-drying it as described. Laemmli Sample Buffer
(Bio-Rad,

Gladesville,

NSW,

Australia)

was

prepared

according

to

manufacturer's instructions and 10 µL of buffer were added to 10 µL of
sample, or freeze-dried samples were dissolved directly in 20 µL of sample
buffer. Precision Plus Protein™ Dual Color Standards (Bio-Rad) was used as
molecular weight standard (MW) reference according to manufacturer's
instructions. Mini-PROTEAN® Tetra Cell (Bio-Rad) system was used
according to manufacturer’s instructions with 12 % or 16 % (w/v) (see 9.3
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below) home cast polyacrylamide gels as indicated and Laemmli running
buffer (Laemmli, 1970) (see 9.3) between 100 and 180 V.

4.2.7.1. Silver nitrate and colloidal Coomassie Brilliant Blue
gel staining

SDS-PAGE were stained using either Coomassie Brilliant Blue (CBB)
G-250 staining following the protocol of Candiano et al. (2004) or silver
nitrate staining following the protocol of Rabilloud and Charmont (2000). After
staining, gels were sealed in plastic pockets and stored at 4 °C in the dark.
Gels were scanned using Epson Perfection 4990 PHOTO (Epson) in TIFformat (24-bit colour, 300 dots per inch).

4.2.8. Mass spectrometry

4.2.8.1. Trypsin digest and Zip-Tipping

As indicated in results, bands on the MS compatible CBB stained
SDS-PAGE were cut out and digested with trypsin to be analysed using
mass spectrometry (MS).
To prepare the gel pieces for tryptic digestion, cut-out bands of the gel
were washed twice at 37 °C for 45 min in 100 µL of a 25 mM ammonium
bicarbonate and 50 % (v/v) acetonitrile in ddH2O solution then rinsed
thoroughly with pure ddH2O to reach complete de-staining. The following
steps were carried out at room temperature unless otherwise stated. The
bands were dehydrated in 100 µL acetonitrile for 10 min, acetonitrile
removed and the gel dried for 20 min. For reduction, 30 µL of 10 mM
dithiothreitol were added and the gel pieces incubated at 56 ºC for 30 min.
For alkylation, another 30 µL 100 mM iodoacetamide were added and
incubated for 30 min. The solution was discarded and the gel pieces
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incubated with 100 µL of acetonitrile. After discarding the solution, 100 µL of
100 mM ammonium bicarbonate were added and the gel incubated for
10 min to equilibrate. The solution was discarded, another 100 µL of
acetonitrile added followed by incubation 20 min until the gel pieces
whitened. The acetonitrile was discarded and the gel pieces were dried for
20 min.
For tryptic digestion, add 450 µL of chilled 50 mM ammonium
bicarbonate to 50 µL of a solution containing 0.1 µg·µL-1 trypsin and 1 mM
HCl. Per gel piece, 10-25 µL of this solution were used for re-hydration at
37 °C over night with tubes kept upside down.
Two consecutive steps allowed both, hydrophobic and hydrophilic
peptide recovery. For hydrophilic peptide recovery, 10 µL of 50 mM
ammonium bicarbonate (or more if necessary) were added to the digestion
solution and the gel incubated at room temperature for 10 min. The solution
was transferred to a new reaction tube. For hydrophobic peptide recovery,
10- 25 µL of a solution containing 47.5 % acetonitrile, 5 % formic acid in
ddH2O were added and incubated for 10 min at room temperature. The
solution was recovered, pooled with the hydrophilic solution and the step
repeated twice. The volume was reduced to or below 25 µL using Savant
SVC 100 speed-vac (Thermo Fisher Scientific™) at room temperature, the
volume adjusted to 25 µL with 0.1 % formic acid in ddH2O if it was below
25 µL. For acidification 0.06 µL of formic acid per µL of peptide digest were
added. To clean up and desalt samples, ZipTips (Merck) with 0.6 µL C18
resin according to supplier’s instructions were used.

4.2.8.2. Mass spectrometry

Tryptic peptides were analysed using an Agilent ChipCube containing
a liquid chromatographic chip (ProtID-Chip-43(II), 43 mm x 75 µm, 40 µL
enrichment, packed with 5 µm Zorbax® 300SB-C18 particles) and interfaced
to an Agilent 6530 QTOF MS system (all Agilent Technologies, Palo Alto,
California, USA). The LC system included two pumps: a binary capillary
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pump, used for loading the samples, and a nano flow gradient pump. The
mobile phases were degassed with a vacuum degasser, and the samples
were injected via an autosampler. LC separations were performed using a
linear gradient from 8 (hold 2 min) to 38% mobile phase B in 47 min at a flow
rate of 300 nL·min-1. The column was then washed with 90 % mobile phase
B for 5 min. Mobile phase A consisted of water containing 0.1 % formic acid
and mobile phase B was composed of 90 % acetonitrile/water containing
0.1 % formic acid. The same mobile phases were used for both the capillary
and nano flow pumps. The sample was solubilized in 10 % methanol
solution, and a 7 µL aliquot was injected and loaded using the capillary pump
(4 µL·min-1, 4 % mobile phase B).
The spray from the chip was subject to positive mode electrospray
ionisation using the following settings: gas flow rate 4 L·min-1, gas
temperature 300 °C, capillary voltage 1800 V, fragmentor 175 V and skimmer
65 V. The instrument was run in extended dynamic range mode with data
dependent acquisition switching between MS (m/z 100 - 1700) and MS/MS
(m/z 50 - 1700) (cycle time 1.4 s) measuring the collision induced
dissociation fragment spectra of the 3 most intense precursor ions with
charge states 2, 3 and ≥ 3 with a 15 s dynamic exclusion time. The collision
energy was automatically set by the software (slope 3, offset 2). The m/z
values of all ions present in the mass spectra were corrected against two
reference ions (purine, [MH]+ m/z 112.985587 and 1H, 1H, 3Htetra(fluoropropoxy)phosphazine, [MH]+ m/z 922.0097). Data and spectra
were acquired with MassHunter software (Agilent) and analysed to identify
Z. tritici proteins using Mascot sequence matching software (Matrix Science,
London, England) against the publicly available Z. tritici genome sequence in
Ludwig NR Database with taxonomy set to all. Gene and gene products
(proteins) are based on the publicly accessible and annotated Z. tritici strain
IPO323 genome sequence at the Joint Genome Institute (Grigoriev et al.,
2011). Genes and the proteins encoded by these genes carry an identical
identification number.
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4.2.9. N-Terminal Sequencing
The single most prominent band of an SDS-PAGE was subjected to
N-Terminal Sequencing. The sample derived from freeze-dried secretome
eluted from an anion exchange column at 40 mM NaCl concentration
(fraction inducing NCA, see 4.2.5.2.1) run on a 12 % SDS-PAGE (see 4.2.7).
N-Terminal sequencing was carried out by the Australian Proteome
Analysis Facility, Macquarie University, Sydney, Australia, using the following
protocol: Reduction and alkylation of the protein in the gel band was carried
out by DTT and iodoacetamide. Protein then was passively eluted from the
gel using SDS elution buffer incubation overnight at 37 °C. To concentrate
and clean the sample it was loaded onto a ProSorb® Sample Preparation
Cartridge (LifeTechnologies™) and washed with 0.1 % TFA (3 x 100 µL). The
sample was subjected to 10 cycles of Edman N-terminal sequencing on an
Applied Biosystems 494 Procise Protein Sequencing System with a pulsed
liquid PVDF sequencing method.
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4.3. Results
In order to facilitate reading, “NCA effector” will be used in singular
throughout this chapter, bearing in mind that the observed NCA may be due
to a combination of effectors.

4.3.1. NCA effector production and storage

4.3.1.1. No individual trace element induces NCA effector
production

Media composition (see 4.2.1.3) was the only difference between nonactivity-producing Fries 2 (F2) medium and the activity-producing Fries 3 (F3)
medium in previous studies (Wagner, 2010). For this reason, an investigation
into the influence of individual trace elements was undertaken. Cultures were
grown in Fries Base medium (FB), with the individual trace elements added
separately in the same concentration as in F3. For this purpose, magnesium,
sulphate and chloride were not tested, since they were either present in
substantial concentrations in the base medium, or part of F2 trace elements,
which did not induce the activity. Non-activity producing FB and F2 and the
activity producing medium F3 were used for negative and positive controls
respectively. All un-inoculated media variants were used as controls. All
cultures were grown and assayed in duplicates.
FB medium did not induce substantial activity as expected. FB
medium with medium F3 individual trace elements added (see Figure 4.2
below and Figure 4.3 below) partially induces a small amount of activity (see
Figure 4.3 A and D below). No individual trace element was found to induce
the full NCA observed in F3 medium grown cultures, suggesting
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combinations of trace elements may induce the full observed activity level for
F3 medium (see Figure 4.2 A below).
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Figure 4.2 Comparison of wheat tissue reaction to fresh secretome of FM1, FB and F2
media culture (controls, representative for biological duplicates of the cultures).
Infiltration into the first leaf. Secretome grown in FM1 medium induces NCA (A), secretome in
both FB and F2 do not (B+C). A: NCA positive secretome and positive control (grown on FM1)
B: NCA negative secretome and negative control (grown on FB) C: NCA negative secretome
and negative control (grown on F2).

Figure 4.3 Comparison of wheat tissue reaction to fresh secretome of culture of FB
media supplied with the indicated trace elements (representative for biological duplicates
of the cultures). Infiltration into the first leaf. Cobalt and molybdic acid grown secretome induce
very low levels of chlorosis (A+C), lithium grown secretome induces slightly higher chlorosis in
the tissue (D).Copper did not induce a notable NCA production (B). A: FB supplied with trace
element cobalt B: FB supplied with trace element copper C: FB supplied with trace of molybdic
acid D: FB supplied with trace element lithium.
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4.3.1.2. Freeze-drying is a suitable storage method for
NCA secretome and allows concentration

In previous work, the NCA effector was successfully precipitated in
ammonium sulphate and stored (Wagner, 2010). This approach was time
consuming and required desalting of the precipitate before use. Freezedrying and storage at -20 °C was investigated as a possible way to
concentrate and store the NCA. Sterile filtered cultures of F2 medium and
FM1 medium (cultures negative and positive for the NCA respectively) were
assayed fresh for absence or presence of the activity respectively. The
freeze-dried powder and stored powder of fresh secretome was resuspended
and tested at its original concentration for comparison (1x).
Media controls did not show any activity as expected (Wagner, 2010).
Fresh and freeze-dried cultures of F2 and FM1 grown media showed the
expected absence and presence of NCA activity in fresh culture filtrates and
after storage (see Figure 4.4 below), albeit the stored NCA secretome
appears to be of lower activity. This is, however, speculative, since natural
light conditions vary from day to day and play an important role in symptom
development (Wagner, 2010). Thus observed NCA may not be reproduced
between fresh secretome infiltration days and the infiltration after freezedrying at another, later day. Freeze-drying was considered a suitable method
for storage and concentration for the NCA effector.
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Figure 4.4 Comparison of wheat tissue reaction to fresh and 1x freeze-dried secretome of
F2 and FM1 media cultures (representative for leaf replicates). Reaction after infiltration into
the first leaf. Secretome grown in F2 medium did not induce NCA (A+B), secretome grown in
FM1, fresh and freeze-dried, did induce NCA (C+D). A: Fresh secretome grown in F2 medium
B: Freeze-dried secretome grown in F2 medium C: Fresh secretome grown in FM1 medium D:
Freeze-dried secretome grown in FM1 medium.

To evaluate if the process of storage did in fact reduce the observable
activity induced by freeze-dried NCA secretome, different concentrations of
resuspended freeze-dried NCA secretome were infiltrated into wheat.
Storage of NCA secretome as a freeze-dried powder allows resuspension at
higher concentrations. NCA secretome concentrations of 1x, 2x, 4x and 10x
were evaluated for their suitability to increase symptom intensity after freezedrying. Pure media as well as non-NCA secretome were used as controls. All
fungal cultures were grown and tested in biological triplicates. For uncultured
media ten leaves were infiltrated as replicates.
As previously mentioned, light intensity has been correlated to
intensity of NCA development (Wagner, 2010). In order to gain independence
of weather conditions by experimenting under reproducible light conditions, a
GC was assessed for assay suitability. This assessment was carried out in
parallel with an experiment investigating the influence of different light
intensities (see section 4.3.2.4 below). Infiltrations in the greenhouse were
used as controls.
In the GC the 4x concentrated secretomes of both, non-NCA and NCA
secretome, did not enter the apoplast easily. As a result, the infiltration area
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was limited and some physical damage in the tissue occurred in the syringe
placement area. Higher concentrations than 4x of both secretomes were not
assayed in the GC. At very high concentrations (10x), both media controls
did show levels of necrosis and chlorosis in the GC.
The non-NCA secretome did not induce substantial NCA in low
concentrations, as expected. At 4x concentration, however, some necrosis
and chlorosis occurred under GC conditions, not in the greenhouse. Some or
all of the necrosis may have been due to the physical damage mentioned,
but chlorosis was also found outside of the physically damaged area. NCA
secretome caused necrosis and chlorosis at all concentrations in both
conditions. In the GC, 2x NCA secretome concentration showed higher NCA
than 1x, but the NCA of 4x concentration resembled 1x. This may be due to
the difficulty during infiltration, allowing less secretome to enter the apoplast.
GC results supported the general trend of the greenhouse results, but
at high concentrations of the NCA secretome, symptoms were lower in
intensity. For non-NCA secretome, the inverse was observed between GC
and greenhouse experiments. While general results of GC infiltrations were
comparable to greenhouse conditions, the differences were considered too
extensive to continue GC use. The experiments investigating the influence of
different light intensities carried out in parallel further discouraged GC use
(see section 4.3.2.4 below).
Further experiments showed 2x concentration after freeze-drying
suitable, since neither medium nor non-NCA negative controls showed
activity at that concentration and NCA secretome was active (see Figure 4.5
below). Notably, at such high concentrations (2x and 4x) leaf tissue damage
through NCA secretome often developed rapidly. While necrosis and
chlorosis in such cases developed over night, a limp tissue structure
appearing devoid of turgor pressure in the infiltration zone directly after
infiltration was observed.

Page 62 / 264

Figure 4.5 Comparison of wheat tissue reaction to non-inoculated media and freeze-dried
secretome at 2x concentration of F2 and FM1 media cultures (representative for leaf
replicates). Reaction after infiltration into the first leaf in growth cabinet (GC) and greenhouse
(representative for replicates of the cultures and media).
Media did not induce notable tissue damage (A+B). Secretome grown in F2 media did induce
very low levels of chlorosis (C+D) while secretome grown in FM1 media did induce NCA (E+F).
A: Growth cabinet F2 medium 2x B: Growth cabinet FM1 medium 2x C: Growth cabinet F2
secretome 2x D: Greenhouse F2 secretome 2x E: Growth cabinet FM1 secretome 2x F:
Greenhouse FM1 secretome 2x.

4.3.1.3. The cause for differences in NCA induction level
between cultures remains unknown

Between and within the same batches of NCA secretome and nonNCA secretome, different levels of NCA induction were frequently found.
Sometimes even extremes were observed, where secretome grown under
NCA producing conditions would not induce NCA. Similarly, secretome
grown under non-NCA inducing conditions would sometimes induce NCA
upon infiltration. Consequently, testing of activity for every replicate was
necessary. Controllable growth conditions of the cultures did only vary to a
small extend in light exposure and handling (shaking) when positioning
replicate batches on the shaker or taking them off. To investigate if these
minor variations in growth conditions were responsible for the observed
variation, shaking and light conditions were exaggerated to obtain distinct
results. Fungal cultures were grown in F2 and FM1 medium as controls
under the standard conditions: culturing in darkness, three days shaking and
then rest for 14 days (3D dark). Light exposure influence was investigated by
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keeping two further replicates of each medium uncovered during the entire
culturing time, thus exposing them to the 12 h light / dark cycle in the room
(3D light). Under otherwise standard growth conditions, this would simulate
cover, which does not achieve complete black-out. In order to examine the
influence of handling, another two replicates of both media were grown under
standard conditions, but left on the shaker, instead of putting the cultures to
rest after two days (17D dark). A combination of the latter two conditions was
also tested to determine the combined influence of shaking and light
exposure (17D light).
To ensure otherwise identical conditions, a common inoculated base
medium (FB) was prepared, which was split up into F2 and F3 replicate
groups. After adding the trace elements for F2 and F3 media, the cultures
were further split up into the different replicates. Temperature was not tested
as an influencing factor, as it was assumed culture batches were exposed to
the same small temperature fluctuations within the growth environment and
were not expected to influence NCA production level.
The

experiment

was

conducted

with

freeze-dried

material

resuspended at 2x concentration to compensate for possible activity loss
during storage. Cultures were grown and assayed for NCA in duplicates.
With one exception, cultures would either produce NCA activity or not
according to expectations related to the culturing media (see Figure 4.6
below and Figure 4.7 below). Continuous shaking in darkness, however,
induced necrosis activity in otherwise non-activity inducing medium F2.
The results suggest that minor variations in handling and light
exposure have little influence on culturing outcome, with the exception of
continuous shaking of F2 cultures. Thus, to produce non-NCA control
secretome, culture rest was ensured during culturing.
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Figure 4.6 Comparison of wheat tissue reaction to freeze-dried non-NCA (F2) grown
secretome at 2x concentration (representative for leaf replicates).Reaction after infiltration
into the first leaf. Secretome was grown for either 3 days shaking and then culture rest or 17
days continuous shaking in complete darkness or in 12 h light / dark cycles (representative for
duplicates of the cultures).
Secretome grown in F2 for 17 days in the dark induced strong NCA (C), no other condition
induced NCA production (A, B, D).
A: 3 days shaking and growth in darkness (3D dark) (standard growth conditions, control) B: 3
days shaking and growth in light (3D light) C: 17 days shaking and growth in darkness (17D
dark) D: 17 days shaking and growth in light (17D light).

Figure 4.7 Comparison of wheat tissue reaction to freeze-dried NCA (FM1) secretome at
2x concentration (representative for leaf replicates).Reaction after infiltration into the first
leaf. was Secretome was grown for either 3 days shaking and then culture rest or 17 days
continuous shaking in complete darkness or in 12 h light / dark cycles (representative for
duplicates of the cultures).Secretome grown in FM1 under all conditions induced strong NCA.
A: 3 days shaking and growth in darkness (3D dark) (standard growth conditions, control) B:3
days shaking and growth in light (3D light) C:17 days shaking and growth in darkness (17D
dark) D:17 days shaking and growth in light (17D light).
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4.3.1.4. Necrosis and Chlorosis Activity is relatively stable
over time

In order to get insight into the stability of the NCA over time, it was
tested for its persistence under different conditions. The two most likely
influencing factors secretome samples would be exposed to were extended
storage or light. Thus, NCA secretome was infiltrated into wheat leaves fresh
after harvesting and additionally after storage for 1, 6, 12 and 14 days on ice.
Half of the secretome was exposed to daylight during the storage, the other
half stored in darkness. Only bright sunny days were used for infiltration to
allow the most accurate comparison between samples due to the light
sensitivity of the assay (see 4.3.2.4). Biological duplicates were used for
each time point.
After 1 and 3 days storage on ice, a high level of activity was
preserved in both conditions (data not shown). The storage affected the
activity, however, in particular when stored under daylight conditions. Storage
on ice but under daylight abolished the activity by day 14 entirely (see Figure
4.8 C below), while the secretome stored in darkness showed some residual
activity at day 14 (see Figure 4.8 E below). In samples up to 6 days storage,
partial activity remained when stored in light and dark (see Figure 4.8 D
below), but stronger in dark stored samples. Fresh NCA secretome was
henceforth stored for a maximum of 3 days on ice in darkness, if testing on
the day of harvest was not possible to due to low natural light conditions.
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Figure 4.8 Comparison of wheat tissue reaction to fresh NCA (FM1) secretome after
incubation on ice and in light or darkness (representative for leaf replicates).Reaction
after infiltration into the first leaf. Secretome was either infiltrated fresh after harvest or kept for 6
or 14 days on ice. Under these conditions one set of samples was exposed to daylight the other
kept in the dark (representative for duplicates of the cultures).Fresh NCA secretome induced
NCA (A), secretome stored for 6 days and 14 days induced declining but still observable NCA
(D+E). Light exposed secretome induced faint residual NCA at day 6 (B), but no NCA on day 14
of storage (C). A: Fresh NCA secretome B: NCA secretome after 6 days exposed to daylight C:
NCA secretome after 14 days exposed to daylight D: NCA secretome after 6 days kept dark E:
NCA secretome after 14 days kept dark.

4.3.2. Activity characterisation and assay conditions

4.3.2.1. The NCA effector is proteinaceous

An early characterisation lead to the hypothesis that the NCA is of
proteinaceous nature (Wagner, 2010), an effector. In that study, the NCA
precipitated in ammonium sulphate, which selectively precipitates proteins,
and eluted in PD10 columns in the fraction above 5 000 kDa suggesting a
substance with a high molecular weight. Furthermore boiling, known to
denature proteins, abolished the activity in the secretome. To test this
hypothesis further, necrosis and chlorosis active secretome was exposed to
Pronase, a protease, which degrades proteins (see 4.2.2.1).
Freeze-dried NCA secretome at 2x concentration was used as positive
control. Furthermore, 2x NCA secretome with added MOPS buffer was used
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as an additional positive control, verifying the absence of NCA level reducing
effects through MOPS buffer.
Four negative controls were used. First, FM1 medium at 2x
concentration, second control was pure MOPS buffer and third control MOPS
buffer with Pronase. As a fourth control NCA secretome was boiled for
20 min, since this was previously found to abolish the activity (Wagner,
2010).
Positive controls showed activity while negative controls did not. It was
found that Pronase treatment of NCA secretome did abolish the activity (see
Figure 4.9 below), suggesting a proteinaceous nature of the NCA inducing
agent. This NCA inducing protein is henceforth considered an effector, a
small, secreted, possibly cysteine rich protein involved in pathogenesis.
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Figure 4.9 Comparison of wheat tissue reaction to freeze-dried 2x concentrated NCA
(FM1) secretome untreated, treated with Pronase or controls (representative for leaf
replicates). Reaction after infiltration into the first leaf. Freeze-dried 2x concentrated NCA
(FM1) secretome was incubated with Pronase and subsequently tested for necrosis and
chlorosis activity. As positive controls, NCA secretome and NCA secretome with added MOPS
buffer were infiltrated (Pos. control). As negative controls, MOPS buffer and MOPS buffer with
Pronase were infiltrated (Neg. control).NCA was found in the positive controls (A+B), but not in
the Pronase treated sample (C). No activity was observed in the negative controls (D+E).A: 2x
NCA secretome (pos. control) B: 2x NCA secretome with MOPS buffer (Pos. control) C: 2x
NCA secretome incubated with Pronase (and MOPS) D: MOPS buffer (Neg. control)
E: Pronase and MOPS buffer (Neg. control).

4.3.2.2. The NCA effector is found in the 30 kDa fraction

To obtain a more accurate size estimation of the proteinaceous
substance, centrifugal filter units with 10 kDa and 30 kDa molecular weight
cut off were used. NCA secretome (freeze-dried and 2x concentrated) was
separated into size fractions < 10 kDA (fraction 1), > 10 kDa and < 30 kDa
(fraction 2) and > 30 kDa (fraction 3).
Unseparated NCA secretome at 2x concentration was used as a
positive control. As a further control of possible protein loss, the different
separated fractions were also combined after separation and assayed for
NCA. The size fractions were < 10 kDA (fraction 1), > 10 kDa and < 30 kDa
(fraction 2) and > 30 kDa (fraction 3). As controls, fraction 1 and 2 were
combined, fraction 2 and 3 were combined and 1 and 3 were combined. All
fractions were diluted or concentrated through freeze-drying in such a way,
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that their final concentration would reflect the original concentration of 2x in
order to eliminate possible effects due to dilution or high concentration in salt
or NCA. A simple separation into fractions below and above 10 kDa as well
as below and above 30 kDa was used to show repetition.
The activity was found in all fractions entirely consisting of, or
containing, fraction 3 (above 30 kDa) (see Figure 4.10 below) with the
exception that no activity was found in a combination of below 10 kDa and
above 30 kDa (fraction 1 combined with fraction 3, not shown) without a
known cause.
Since the weight separation is dependent on the overall shape of an
individual protein, these results are considered as an indicator for a size well
above 10 kDa for the candidate effector, but without precise limits.
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Figure 4.10 Comparison of wheat tissue reaction to freeze-dried 2x concentrated NCA
(FM1) secretome separated into size fractions (representative for leaf replicates).
Reaction after infiltration into the first leaf. Size fraction as indicated (representative for
duplicates of the separation). The fraction above 30 kDa induces notable NCA (C), neither the
fraction below 10 kDa (A) nor between 10 and 30 kDa (B) do induce NCA. A: Below 10 kDa B:
between 10 kDa and 30 kDa C: above 30 kDa.

4.3.2.3. NCA development does not occur in Musa sp. and
N. benthamiana

In previous work, barley (Hordeum vulgare L.) was found to be
affected by the NCA-secretome (Wagner, 2010). In addition, no substantial
difference in NCA was observed between the wheat cultivar Chara, which is
susceptible to the Australian Z. tritici isolate 79.2.1A and the wheat cultivar
WW2449, which is resistant to the pathogen (Wagner, 2010).
To investigate if other species outside of the tested Poaceae develop
noteworthy symptoms resembling NCA, two other plant species were chosen
for infiltration with NCA secretome at 2x concentration. Musa sp., a
monocotyledon representative, is affected by a pathogen closely related to
Z. tritici, Pseudocercospora fijiensis. Symptom development in P. fijiensis
interaction involves extensive necrosis and chlorosis and various aspects of
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both diseases are similar. N. benthamiana, a native Australian plant and
close

relative

of

tobacco

(Nicotiana

tabacum)

was

chosen

as

a

dicotyledonous representative.
Wheat leaves were infiltrated with NCA secretome as control. As a
negative control, 2x concentration of pure medium was infiltrated into
N. benthamiana and Musa sp. For wheat and N. benthamiana, 5 different
leaves were infiltrated, for banana, 5 different positions on the same leaf
were infiltrated.
No noteworthy necrosis or chlorosis has developed in N. benthamiana
or Musa sp. (see Figure 4.11 below), suggesting the NCA develops in at
least part of the Poaceae family, but not in all monocotyledons or relatives
more distantly related.
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Figure 4.11 Comparison of wheat, Musa sp. and N. benthamiana tissue reaction to freezedried 2x concentrated NCA (FM1) secretome and 2x concentrated un-inoculated medium
(representative for five leaves in wheat and N. benthamiana or five infiltration positions
on a banana leaf). Reaction after infiltration into the second leaf of wheat, various leaves of
N. benthamiana and the youngest fully developed leaf of Musa sp.. Wheat leaves developed
notable NCA (A), N. benthamiana and Musa sp. leaves did not (B+C).A: NCA secretome
infiltrated into wheat (control) B: NCA secretome infiltrated into Musa sp. C: NCA secretome
infiltrated into N. benthamiana D: FM1 medium infiltrated into Musa sp. (negative control) E:
FM1 medium infiltrated into N. benthamiana (negative control).

4.3.2.4. NCA development is correlated with high light
intensity and NCA development artefacts are observed
under artificial illumination

During previous investigation into this activity it became apparent that
light was a major contributor to NCA symptom development (Wagner, 2010).
This was supported by findings of Keon et al. that infection was influenced by
light (2007) as well as personal correspondence with Dr Andrew Milgate
(Senior Plant Pathologist, Research Scientist, Charles Sturt University,
Wagga Wagga, Australia). An approximate level of 500 µmol·m-2·s-1
photosynthetically active radiation (PAR, wavelength between 400 and
700 nm) in the greenhouse was correlated with the observation of NCA, while
at about 200 µmol·m-2·s-1 in the greenhouse and in the GC resulted in none
or very low NCA (Wagner, 2010).
In order to confirm these results and gain independence of natural
light variation, reproducible GC light intensity conditions were assessed for
suitability and compared to greenhouse assay development. The experiment
investigating freeze-drying as a storage method was carried out in parallel
(see section 4.3.2.4 above).
Page 73 / 264

Wheat plants were grown at 450 µmol·m-2·s-1 PAR in the GC, then
infiltrated and further cultivated in the GC under a variety of light conditions.
Briefly, plants were exposed to 150, 450 and 650 µmol·m-2·s-1 PAR after
infiltration with fresh NCA secretome. As negative controls, both culture
media (F2 and FM1) were used in 5 leaf replicates as well as fresh non-NCA
secretome. As a positive control, fresh NCA secretome was infiltrated in the
greenhouse on a sunny day (>500 µmol·m-2·s-1).
All negative controls did not develop NCA. For NCA secretome, only
at 450 µmol·m-2·s-1 PAR and above necrosis and chlorosis developed in GC
as well as the greenhouse (see Figure 4.12 below), thus confirming previous
results (Wagner, 2010). Unexpectedly, in the GC higher PAR was correlated
with lower NCA development not observed in the greenhouse, discouraging
GC use as already found for the investigation of freeze-drying as a storage
method (see section 4.3.1.2 above).
While the strong correlation of light intensity with NCA symptom
development was confirmed, assay artefact development in the GC was
considered to be too substantial. An attempt to investigate the cause in order
to establish suitable, reproducible conditions was carried out further down.
Interestingly, all plants were grown under identical conditions until
infiltration, showing the NCA development is dependent of light intensity after
infiltration. NCA development dependency of lighting conditions preinfiltration was not tested.

Page 74 / 264

Figure 4.12 Comparison of wheat tissue reaction to fresh NCA and non-NCA secretome
In the growth cabinet (GC) and greenhouse (representative for five leaves in wheat and
N. benthamiana or five infiltration positions on a banana leaf).Infiltration into the second
leaf in wheat. The development of the necrosis and chlorosis activity (NCA) under different light
conditions was observed. Plants were exposed to 150, 450 and 650 µmol·m-2·s-1
photosynthetically active radiation (PAR) or > 500 µmol·m-2·s-1 in the greenhouse (control). NonNCA secretome did not cause any observable effect on the leaf tissue under any light condition
(A-C). NCA-secretome induced necrosis and chlorosis above 450 µmol·m-2·s-1 PAR as
expected (E-G). Unexpectedly, though, higher PAR in the growth cabinet was correlated with a
lower level of NCA (compare E and F). Fresh NCA secretome (positive control) in the
greenhouse induced NCA (G).
A-C: F2 secretome infiltrated in the GC at A: 150 µmol·m-2·s-1 B: 450 µmol·m-2·s-1 C: 650
µmol·m-2·s-1 PAR. D-F: FM1 secretome infiltrated in the GC at D: 150 µmol·m-2·s-1 E: 450
µmol·m-2·s-1 F: 650 µmol·m-2·s-1PAR. G: FM1 secretome in greenhouse> 500 µmol·m-2·s-1 PAR
(positive control).

4.3.2.5. Light quality may play a role in NCA symptom
development

Since plant growths lamps were used as a good approximation to
natural light, the important artefacts in NCA symptom development observed
in GC conditions compared to greenhouse conditions were unexpected
(section 4.3.1.2 and 4.3.2.4 above). Plants, including those assayed under
high light conditions, were exposed to a moderate temperature environment
in the GC reflecting temperature settings in the greenhouse. Thus,
temperature as a factor was an unlikely source related to these artefacts.
Light quality was analysed for differences in quality as opposed to PAR.
Photon flux density over the entire range of wavelengths in visible light was
thus compared between natural insolation in the greenhouse and for the
different light intensities in the GC. The artificial light shows a substantially
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different photon flux density at different wavelengths to natural light,
particularly visible in the several photon flux density peaks for the 650
µmol·m-2·s-1 spectrum (see Figure 4.13 below) At the 450 µmol·m-2·s-1
spectrum, the profile resembles the 650 µmol·m-2·s-1 spectrum, while at 150
µmol·m-2·s-1 the overall light intensity over the wavelengths is too low to
distinguish differences.
As described above, assay artefact development in the GC was
considered too substantial to allow GC use. While the lamps used were a
good approximation to natural light for most conditions, they showed
extensive differences of photon flux density at different wavelengths to
natural light. Since the available facilities were limited to these lamps and no
other lighting conditions were available for testing, the GC was abandoned
for further experimental use.
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Figure 4.13 Light spectrum comparison between 400 and 700 nm wavelength in growth
cabinet (GC) and greenhouse under different illumination conditions. Photon flux density
for each wavelength in the GC and in the greenhouse. Under growth cabinet light conditions,
several spikes at several wavelengths occur, with an overall much less even baseline (light to
dark blue lines). Natural light in the greenhouse is devoid of sharp spikes, with an increase in
density for longer wavelengths (green lines).The quality of light is significantly different between
growth cabinet and greenhouse.

4.3.3. FPLC separation of the NCA effector
As a method to separate the activity from a majority of other proteins
in the secretome, FPLC using ion exchange separation was exploited. Two
ion exchange columns, one strong cation and one strong anion exchanger
were explored for the separation.
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4.3.3.1. Wheat tissue is mostly unaffected by FPLC
running buffers

For ion exchange separation, the target protein needs to be charged
with the opposite charge to the corresponding column to attach to it. The pH
range at which a protein is predominantly in a positively or negatively
charged form is dependent of its isoelectric point (pI). Since the investigated
effector and its characteristics were mostly unknown, the specific pH at which
the NCA would bind to an ion exchange column and would subsequently
eluate had to be established through a trial and error approach.
In order to assess the tolerance of plant tissue to extremes of pH, uninoculated FM1 and F2 medium adjusted to pH 3, 5, 8 and 10 were infiltrated
into wheat leaves. Media adjusted to pH instead of pure acid and base were
used to reflect cross-action with media components. The plant tissue was not
visibly affected by the pH (data not shown).
A set of buffers was planned for anion and cation exchange
chromatography and similarly assessed in planta for suitability for direct
infiltration. Tested buffers were 20 mM Tris buffer at pH 7.6 and 40 mM Tris
buffer at pH 8.8 as well as 50 mM NaH2PO4 at pH 7.0 and 50 mM acetic acid
pH 4.8. Additionally, these buffers were tested supplied with 1 M NaCl
reflecting column wash buffer.
With the exception of acetic acid, all buffers without added NaCl did
not induce any observable reaction in the infiltrated wheat tissue and were
considered suitable for use without further treatment (see Figure 4.14 below).
Since acetic acid did induce a strong necrosis in wheat leaf tissue, it was
considered as a less suitable separation buffer. Buffers containing 1 M NaCl
also induced tissue damage (data not shown) and were thus desalted before
infiltration.
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Figure 4.14 Buffers for FPLC separation of the activity were tested for their effect in
planta. Infiltrated into the first leaf were Tris buffer at 20 mM concentration and pH 7.6 (A), Tris
buffer at 40 mM concentration at pH 8.8 (B), NaH2PO4 at 50 mM concentration at pH 7 (C) and
acetic acid at 50 mM concentration at pH 4.8 (D).Apart from acetic acid (D) no buffer caused
any observable damage (A-C). A: 20 mM Tris at pH 7.6 B: 40 mM Tris at pH 8.8 C: 50 mM
NaH2PO4 at pH 7 D: 50 mM acetic acid at pH 4.8.

4.3.3.2. At neutral pH the NCA effector does not bind to ion
exchange columns

After culturing, the final pH of the secretome was approximately pH
6.1, with observed extremes around pH 5.4 and pH 7.2 and no apparent
influence on the activity (Wagner, 2010). To investigate if the activity could be
separated at this neutral pH, cation and anion exchange columns were tested
as described in a single step from 0 to 1 M NaCl concentration. For
separation on both columns, a freeze-dried equivalent of 60 mL fresh
secretome was used.
The samples eluting/washing off in 1 M NaCl were PD10 column
desalted before infiltration to eliminate the NaCl. Since the NCA effector
concentrations were expected to be high, no concentrations was carried out.
As positive controls, resuspended freeze-dried secretome before PD10
desalting and the desalted freeze-dried secretome supplied with binding
buffer were used (not shown). As negative control, pure binding and desalted
running buffer were used (not shown).
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For both, cation and anion exchange, the NCA was nearly entirely
found in the flow through fractions. Only for anion exchange, a low activity
was found in the eluate/wash fraction, which was used as the basis for
further investigation of this separation method (see Figure 4.15 below).
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Figure 4.15 Comparison of the wheat tissue reaction to NCA active secretome separated
in a FPLC system using cation and anion exchange columns. Cation exchange was carried
out with NaH2PO4 buffer at 50 mM concentration at pH 7, anion exchange was carried out using
20 mM Tris buffer at pH 7.6. Fractions were eluted/ washed off the column in a single step using
1 M NaCl in the buffer. The eluate/wash fraction was desalted using PD10 columns.
For both cases, all or most of the activity was found in the flow through fractions (A+C). For
anion exchange, it appears that some of the activity was found in the wash fraction (D), which
was further explored in later experiments. A: cation exchange flow through (Cat FT) B: cation
exchange eluate/wash fraction (Cat E/W) C: anion exchange flow through (An FT) D: anion
exchange eluate/wash fraction (An E/W).

4.3.3.3. Anion exchange at pH 8.8 binds the NCA effector

The acidic cation exchange buffer would need extra treatment to avoid
the effect of the buffer on the plant (see section 4.3.3.1) and anion exchange
showed a low but residual activity in the eluate/wash fraction (see section
4.3.3.2). Thus, anion exchange chromatography at a higher pH was explored
as a method to enhance binding of the activity to the column. The same
experimental design was used as in the previous experiment (see section
4.3.3.2), but with Tris buffer at pH 8.8 for binding. Controls were chosen as in
the previous experiment (see section 4.3.3.2) and the elution/wash fraction
PD10 desalted prior to infiltration.
At pH 8.8, the activity is observed in the elution fraction and only a
very limited NCA was observed in the flow through and wash fractions (see
Figure 4.16 below). Thus, these conditions were found suitable for separation
and were refined.
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Figure 4.16 Comparison of wheat tissue reaction to NCA active secretome separated in a
FPLC anion exchange using 40 mM Tris buffer at pH 8.8. Fractions were eluted/ washed off
the column in a single step using 1 M NaCl in the buffer. The eluate/wash fraction was desalted
using PD10 columns. All of the NCA was found in the eluate/wash fraction (B) and very low
NCA in the flow through (A).A: flow through fraction B: eluate/wash fraction.

4.3.3.4. Anion Exchange separates and concentrates the
NCA effector

After establishing conditions to bind the NCA effector to the column in
section 4.3.3.3, a stepwise increase of salt concentration was assayed to find
the lowest salt concentration at which the effector elutes off the column. This
lowest possible salt concentration would ensure the least possible complexity
of protein content in the eluate. In several consecutive experiments, the salt
concentration was reduced from 400 mM NaCl down to 35 mM NaCl in the
elution buffer. An equivalent of about 120 mL fresh secretome was
resuspended and desalted each time from freeze-dried NCA secretome for
these experiments to provide sufficient NCA effector in the sample.
Buffers with different salt concentrations were tested prior to the FPLC
run, to determine which eluted fractions did not need PD10 desalting to avoid
tissue damage. It was found that buffered samples with a salt concentration
below 140 mM needed no desalting as these showed no visible effect on leaf
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tissue (see Figure 4.17 C below). The secretome was tested for activity prior
to the FPLC separation as positive control (not shown).
The concentration of 35 mM of NaCl was found to be suitable to elute
the NCA effector off the column (see Figure 4.17 A below and Figure 4.18
below). For SDS-PAGE analysis 50 µg protein were aliquoted from flow
through (FT), 35 mM (E1), 70 mM (E2) and wash fractions (W).
To increase the quantity of NCA protein for downstream analysis, a
5 mL HiTrap Q FF column was also tested instead of a 1 mL one and found
equally suitable, using 40 mM of NaCl to ensure complete elution of the NCA
effector. The content of the anion exchange separated secretome fractions
was assessed by separating the 50 µg protein aliquoted above using SDSPAGE. After the anion exchange chromatography, protein content of FT, E1,
E2 and W were compared on the gel.
The NCA effector-containing fraction E1 was dominated by one
protein, with a few other faint bands appearing (see Figure 4.19 below). Due
to the difference in intensity between the dominant band at ~20 kDa and
other bands on the gel, the ~20 kDa protein band was considered a good
candidate band to contain the NCA effector.
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Figure 4.17 Comparison of wheat tissue reaction to freeze-dried NCA secretome run on
an FPLC anion exchange column in 40 mM Tris Buffer at pH 8.8 (corresponding to Figure
4.18 below). A high level of necrosis and chlorosis was found in a low salt elution fraction (A),
but not in other fractions (B). Pure buffer up to 140 mM Tris at pH 8.8 did not induce a notable
tissue damage (C). A: eluate fraction at 35 mM NaCl concentration B: representative NCA for
flow through and eluate at ≥ 70 mM NaCl to 140 mM and C: pure 40 mM Tris buffer (control) at
pH 8.8 and 140 mM NaCl.
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Figure 4.18 FPLC anion exchange chromatogram corresponding to Figure 4.17 above.
Freeze-dried and resuspended NCA active secretome in Tris Buffer at pH 8.8 was separated on
a HiTrap Q FF anion exchange column. Peaks 1 through to 4 on the blue graph correspond to
the collected fractions of eluted protein. Peak 1: flow through, Peak 2: elution at 35 mM NaCl
(showed NCA activity), Peak 3: elution at 70 mM NaCl and Peak 4: column wash at 1 M NaCl.
X-Axis (black): Elution volume in mL Blue graph and scale: mAU (corresponds to relative
protein content) Green graph and scale: salt concentration in elution buffer.
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Figure 4.19 SDS-PAGE (16 %) of anion exchange chromatography separated NCA
secretome (CBB stained).Molecular weight marker (MW) for size comparison. Flow through
(FT), eluate 2 (E2) and wash contain several different proteins. The eluate 1 (E1) fraction, which
induces NCA, contains very few protein bands, with one particularly intense band just above the
20 kDa weight marker. This band appears to be absent in FT, E2 and W. The yellow circle in E1
indicates the band cut out for mass spectrometry (see section 4.3.3.6). MW: Molecular weight
marker FT: Flow through E1: eluate 1 at 40 mM NaCl E2: eluate 2 at 80 mM NaCl W: column
wash fraction.

4.3.3.5. Gel Filtration Chromatography supports a >12.4
kDA NCA effector

In order to determine the mass of the NCA effector, gel filtration
chromatography was used to separate the anion exchange E1 (containing
the NCA effector) further by size.
In preparation of the gel filtration run, the molecular weight markers of
the Gel Filtration Markers Kit for Protein Molecular Weights were run
separately first to estimate elution volumes. Furthermore, it was found earlier
that concentration was an important factor in NCA intensity development (see
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4.3.2.4 above). Thus, an amount of freeze-dried secretome equivalent to
360 mL fresh NCA secretome was used (three times the volume used for
anion exchange) to compensate for the dilution after both anion exchange
and gel filtration. The E1 fraction was separated on the gel filtration column
directly in the anion exchange elution buffer to avoid further protein loss
through cleaning. To obtain an indication of molecular weight of the eluted
peaks, two proteins of the Gel Filtration Markers Kit for Protein Molecular
Weights were added to E1 before gel filtration chromatography. To be able to
separate the NCA effector peak (expected size >> 10 kDa) (see section
4.3.2.2) from the weight markers, the smallest and the largest marker of
12.4 kDa and 200 kDa respectively were chosen.
For the NCA effector assay, pre-gel filtration E1 was infiltrated into
wheat leaves as a positive control. As negative control, Gel Filtration Markers
Kit for Protein Molecular Weights was tested for induction of tissue damage.
The collected gel filtration fractions were concentrated (see section 4.2.2.2
above) until a final volume of about 1-2 mL. The protein content of each
concentrated fraction was measured using a NanoDrop and 50 µg of protein
were aliquoted and prepared for subsequent SDS-PAGE further down.
In the gel filtration chromatogram, four prominent peaks appeared
(see Figure 4.20 below), two of which corresponded to the molecular weight
markers of 200 kDa and 12.4 kDa. Peak 3 (containing the 12.4 kDa marker),
however, displayed an additional shoulder towards the higher molecular
weight range, which was not present in the pure molecular weight standard
chromatogram (see Figure 4.20 compare orange graph and blue graph
below). It was suspected that a protein from the E1 fraction was creating this
shoulder. A separation of the collected fractions of this shoulder from the
molecular weight marker was not possible due to the extensive overlap.
However, any tissue damage induced by an NCA effector in this combined
peak would not be associated with the molecular weight marker, since the
weight marker caused no tissue damage (see Figure 4.21 Neg. control
below). The position of the shoulder was compared to the elution peaks of
the Gel Filtration Markers Kit for Protein Molecular Weights using an overlay.
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The shoulder of peak 3 was positioned above 12.4 kDa, but well before
29 kDa (see Figure 4.22 below).
Since peak 1 and peak 2 also partially overlapped, parts of the
overlapping collected fractions were left out in the analysis in an attempt to
separate the content as much as practicable. Peak 1 appeared to be of very
large molecular weight. The elution volume was equivalent to the Dextran
Blue of the Gel Filtration Markers Kit with a molecular weight of 2000 kDa,
which may be indicative of an aggregate of proteins.
All positive and negative infiltration controls acted as expected (see
Figure 4.21 controls below). After concentration, a faint NCA was induced by
the content of peak 3 supporting the presence of the NCA effector in peak 3
besides the molecular weight marker (see Figure 4.21 Peak 3 below).
Gel filtration relies on native molecule volume rather than actual
weight for separation and gel filtration chromatography peaks are generally
wide. Thus, no absolute molecular weight can be concluded. However the
overlay with the chromatogram of molecular weight markers run separately,
suggested the NCA effector to be of a weight above 12.4 kDa, but below
29 kDa.
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Figure 4.20 FPLC gel filtration chromatogram separating anion exchange eluate 1.
Freeze-dried NCA secretome was first concentrated and separated using anion exchange
chromatography. The active eluate E1 was further separated according to size on a gel filtration
column. Buffer conditions for gel filtration corresponded to the elution buffer in the anion
exchange chromatography (40 mM Tris Buffer at pH 8.8).Peaks 1 through to 4 on the blue
graph correspond to relative eluted protein. The partial orange graph represents the relative
peak shape and position obtained in a separate run from a pure 12.4 kDa molecular weight
marker. Peak 1 and 2 overlap partially, but are distinct peaks. Peak 2 appears in height and
elution volume position as expected for the 200 kDa marker. Peak 3 appears in height and
elution volume position as expected for the 12.4 kDa marker, but features an additional
shoulder towards lower elution volume. This shoulder did not appear in the orange graph
representing a peak from a separate run with the pure 12.4 kDa weight marker. Peak 1:
>200 kDa Peak 2: 200 kDa weight marker Peak 3: 12.4 kDa molecular weight marker, with an
extra peak shoulder which is absent in the pure molecular weight marker (orange graph for
comparison) and Peak 4:< 12.4 kDa.
X-Axis (black): Elution volume in mL Blue graph and scale: mAU (corresponds to relative
protein content) Orange peak: Peak shape and position of a pure 12.4 kDa molecular weight
marker for comparison.
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Figure 4.21 Comparison of wheat tissue reaction to peak fractions of the FPLC gel
filtration separation and controls (representative for leaf replicates).Second leaves were
infiltrated. The positive control of pre-gel filtration E1 from the anion exchange chromatography
(A) shows a high level of necrosis and chlorosis. In the negative control the molecular weight
markers, do not show any activity (B). Peak 1, 2 and 4 did not show any activity (C+D+F), in
Peak 3 a very faint activity was observed (E). A: positive control pre-gel filtration sample (Pos.
control) B: negative control molecular weight markers (Neg. control) C: >200 kDa fraction D:
200 kDa fraction (molecular weight marker) E: ≥12.4 kDa fraction (molecular weight marker and
expected other proteins) F:< 12.4 kDa fraction.

Figure 4.22 FPLC gel filtration chromatogram separating anion exchange eluate 1. This
chromatogram depicts the chromatogram presented in Figure 4.20 above overlayed with pure
molecular weight markers (size marked above the corresponding peaks). The two weight
markers (orange peaks 200 kDa and 12.4 kDa) added to the separated sample were used for
relative position of all weight markers (peaks in black and orange graph). The overlay
facilitates judgment of the molecular weight of the shoulder found in peak 3 (compare Peak 3 in
blue graph and orange graph for 12.4 kDa).
X-Axis (black): Elution volume in mL Blue graph and scale: mAU (corresponds to relative
protein content) Green graph and scale: salt concentration in elution buffer.
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chromatography fractions was carried out using the 50 µg protein aliquoted
further up. Protein content of peak 1 through to peak 4 were compared using
SDS-PAGE. The pre-gel filtration sample, the anion exchange E1 as well as
E1 with gel filtration molecular weight markers (E1+GM) of 200 and 12.4 kDa
molecular weight were used as controls.
The main protein in the NCA positive fraction E1 is clearly visible, with
several other faint bands throughout the gel (see Figure 4.23 below). In
E1+GM, the two added bands corresponding to the molecular weight makers
at 200 kDa and 12.4 kDa are also clearly visible compared to pure E1 (see
Figure 4.23 below). Denaturation for the SDS-PAGE has seemingly altered
the relative position of the weight markers. The relatively large deviation of
the 200 kDa weight marker to a position in the gel corresponding to about
50 kDa is highly unexpected. They have been optimised for native gel
filtration, which may explain a shift of their position, but incomplete
denaturation may play a more important role for this large protein. The
12.4 kDa marker appears to be reasonably close within the expected range,
showing in a band slightly under the 15 kDa SDS-PAGE weight marker.
The lanes for peak 1 and 2 contain similar proteins in the 50 kDa
(200 kDa weight marker) range. There are several bands in peak 1, which
are significantly smaller in molecular weight than the marker or the molecular
weight the peak suggested by its position within the elution volume. Possible
multimers of proteins, including the 200 kDa weight marker (see Figure 4.23
below), are thought to be responsible by denaturing and aggregating in the
running buffer at pH 8.8. This aggregate in peak 1 would disintegrate upon
denaturation for the SDS-PAGE and release smaller proteins previously
contained in the aggregate in a denatured state. Peak 2 appears to
predominantly contain the 200 kDa marker, which was expected (see Figure
4.23 E1+GM, peak 1 and peak 2 below). Additionally, there are several
smaller bands, which may have been originating in the overlapping peak
areas containing the previously mentioned aggregate. Peak 3 contains the
12.4 kDa molecular weight marker (see Figure 4.23 peak 3 below), and an
additional protein in a prominent band just above 20 kDa (see Figure 4.23
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peak 4 below). Peak 4 appears to contain a protein similar in molecular
weight, but smaller in gel-filtration effective size than the 12.4 kDa gel
filtration weight marker, since Peak 4 is found distinctly after Peak 3 in the
elution volume.
The protein content of peak 3 did induced NCA and SDS-PAGE
revealed only one dominant protein band (beside the weight marker),
suggesting the 20 kDa band to be the main contributor to the shoulder in the
chromatography peak. Furthermore, a higher molecular weight than the
marker was expected from the protein responsible for the shoulder in peak 3
due to its elution volume towards higher molecular weight. The weight of
20 kDa is also consistent with the previously suggested size of well above
10 kDa (see section 4.3.2.2 above) and the dominant protein band in anion
exchange eluate (see 4.3.3.4 above). Thus, this band was assumed to
contain the NCA effector.
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Figure 4.23 SDS-PAGE of gel filtration chromatography separated fraction of an anion
exchange NCA E1 eluate (CBB).Molecular weight marker (MW) for size comparison. Anion
exchange E1 shows the strong band previously observed. When adding gel filtration weight
markers (GM+E1), two new bands appear at about 50 kDa and below 15 kDa. These
correspond to both weight markers, however the 200 kDa weight marker unexpectedly appears
at 50 kDa size (red arrow in E1+GM, Peak 1 and Peak 2).Peak 1 contains several smaller,
unexpected molecules, but also a band at the 200 kDa weight marker size. Peak 2 mostly
consists of a band at the 200 kDa weight marker size. The lane for Peak 3 shows the same
strong band just above 20 kDa molecular weight (yellow circle) that was found on the E1
fraction from anion exchange chromatography and a band around the weight marker size (black
arrow). In Peak 4 a band around the weight marker size is found (black arrow).

4.3.3.6. Mass spectrometry confirms a unique ~20 kDa
protein in the dominant SDS-PAGE protein band

A dominant band in SDS-PAGE from anion exchange and gel filtration
chromatography was assumed to contain the NCA effector (see sections
4.3.3.4 and 4.3.3.5 above). Thus, the content of this band was analysed
using MS to identify NCA effector candidates. In gel filtration, the sample was
subject to an additional step of dilution and protein loss, possibly introducing
a bias in the sample due to shifts in abundance ratio between different
possible present proteins. Thus, the band was cut out of SDS-PAGE from
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anion exchange chromatography E1 to be more inclusive. Additionally, the
band was cut out from two SDS-PAGEs from independent anion exchange
chromatography E1 eluates and sent to analysis by mass spectrometry
analysis (see Figure 4.19 above).
A single protein with protein identification number 69140 and a
molecular weight of 21938 Da was identified in both independent analyses.
The overall Mascot protein score of 298 and 176 respectively
suggested good confidence hits for both. In order to investigate the
significance of these hits further, the peptides contributing to the protein
score were inspected. Four individual peptides with identity or extensive
homology (p<0.05) contributed to the Mascot protein score of 298. This
match was further supported by 72 overall peptide matches, which
represented 9 unique peptide sequences. The matched peptides covered
31 % of the entire sequence of 69140 (see Figure 4.24 below). Investigation
of peptides contributing to the Mascot protein score of 176 revealed two
peptides with identity or extensive homology (p<0.05) contributing to this
score. Five unique peptide sequences covered 21 % of the matched protein
sequence of 69140, with an overall number of 48 peptides matched
(duplicates of the five unique peptides). Taken together, 69140 is a match
with high confidence from two independent analyses with no peptides
matching further proteins of Z. tritici. Furthermore, the molecular weight of
21938 Da of the identified protein corresponded well to the protein size
expected for the analysed ~20 kDa band in the gel.
Thus, the single high confidence hit of protein 69140 in the JGI
database for Z. tritici (Grigoriev et al., 2011) either dominated or was the sole
protein present in the SDS-PAGE band at ~20 kDa. Thus, 69140 is a strong
NCA effector candidate.
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Figure 4.24 The single mass spectrometry hit for the analysed dominant 20 kDa SDSPAGE band from the anion exchange E1 (Mascot protein score of 298).Nine unique peptide
matches cover 31 % of the protein and confer a high confidence in the match (depicted in red,
exemplary for the 176 protein score hit).

4.3.3.7. N-Terminal Sequencing confirms Mass
Spectrometry and SDS-PAGE

As described in the previous sections (see sections 4.3.3.4, 4.3.3.5
and 4.3.3.6 above), it was assumed that the strong candidate band from
anion exchange E1 and the strong band in gel filtration chromatography Peak
3 contain the NCA effector. This band was again excised from a further SDSPAGE from an anion exchange chromatography E1 eluate and sent to NTerminal sequencing.
A single clear sequence was found in the excised band. The obtained
peptide sequence was: FTGRGTFYGG.
This sequence belongs to the same single protein 69140 found by MS
in the previous section 4.3.3.6 above, further confirming this protein. Absence
of other identified peptide sequences in the N-terminal sequencing underlines
the dominance or uniqueness of 69140 in the SDS-PAGE band at ~20 kDa.
Unexpectedly, the sequence start was not at the start of the protein, but 8
amino acids further downstream (see Figure 4.24 above). The sequence was
clear and unique, suggesting absence of degradation of the protein. Thus,
post-translational processing of protein 69140 is expected.
Detailed in silico analysis of 69140 was undertaken in chapter 5
below.
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4.4. Discussion
Research in this chapter aimed to improve NCA production and NCA
assay conditions with respect to reproducibility, perform a preliminary
characterisation of the NCA effector and separation of the NCA effector from
other components in the secretome. Additionally, the identification of NCA
effector candidates after separation of the NCA effector was targeted.
In the classic gene-for-gene concept of plant-pathogen interaction in
defence as well as in susceptibility, the presence or absence of a gene in the
host or pathogen determines the outcome of the interaction (Vakhrusheva
and Nedospasov, 2011). The wheat-Z. tritici interaction shows aspects of
gene-for-gene interaction (Brading et al., 2002) and QTL mapping allowed
the localization of multiple loci with small effect size as well as major effects
(Miedaner et al., 2013; Raman et al., 2009). In a previous study (Wagner,
2010), the NCA did not appear to follow that model, but instead cultivars of
wheat resistant to strain 79.2.1A, namely WW2449, as well as susceptible
ones, namely Chara, exhibited comparable levels of NCA (see Figure 4.25 A
and B below). In addition to this, barley (H. vulgare L.) also showed NCA
reminiscent symptoms, albeit weaker (see Figure 4.25 C below).
Z. tritici and Musa sp. pathogen P. fijiensis have been previously
placed in the same genus Mycosphaerella, reflecting their close relationship.
Many disease development characteristics were similar, such as lack of
penetration structures, apoplastic growth, symptom development delay and
extensive necrosis and chlorosis development in host tissue. Thus, Musa sp.
was chosen to investigate whether the NCA effector produced by Z. tritici
would cause similar symptoms in this host. Furthermore, the NCA response
was shared among the tested Hordeum vulgare and Triticum sp., supported
by previous studies on 30 wheat lines (Wagner, 2010).
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Figure 4.25 Fresh NCA positive secretome infiltrated into different cultivars of wheat. A:
Chara B: WW2449 C: barley cultivar Baudin (Wagner, 2010).

However, neither N. benthamiana nor Musa sp. developed noticeable
necrosis or chlorosis (see 4.3.2.3 above), suggestive of a mechanism
specific to the wheat host and close relatives rather than attacking
monocotyledons as a group or a general plant cell destruction mechanism.
However, more data is needed to draw a conclusion.
Musa sp. was chosen as a monocotyledon plant to test the NCA
development, since the banana pathogen P. fijiensis causes similar
symptoms and was previously considered a close relative to Z. tritici.
Similarities and the close relation raised the question whether part of the
molecular mechanism may be similar. However, with the latest renaming of
the pathogen Z. tritici (Quaedvlieg et al., 2011), both pathogens have recently
been placed further apart out of their previous genus consistent with no
evident NCA development of Z. tritici culture filtrates on Musa sp.. While the
underlying molecular mechanism for the pathogens on their hosts may or not
be similar, NCA effector evolution may also have been part of the high
degree of host adaptation, which Z. tritici has undergone. Z. tritici is rarely
found on non-host plants and has diverged from the closest known relatives,
which are still found on wild grass types (Stukenbrock et al., 2012b, 2007),
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suggesting a highly specialized disease development and possibly NCA
effector.
Many aspects of the symptom development in wheat leaves of in vitro
produced NCA were found reminiscent of necrosis and chlorosis during
Z. tritici infection progression. Development of NCA symptoms after
infiltration of secretome into the host was found to be rapid. In some cases,
extremely weakened tissue was observed even right after infiltration with
highly concentrated NCA secretome (see 4.3.1.2 above). This rapid
development was consistent with reports of the transition from the biotrophic
growth phase to the necrotrophic phase during infection of one to few days
(Eyal et al., 1987; Kema et al., 1996). Moreover, concentration dependency
of the NCA effector mechanism was suggested by the induction of more
severe

NCA

symptoms

through

higher

concentrated

secretome.

Occasionally, even non-NCA secretome induced NCA, especially when
concentrated. This opened the possibility of a sub-symptom concentration of
the NCA effector in the NCA negative secretome, suggesting a threshold
concentration. Additionally, the NCA was only observed in the infiltrated area,
sometimes tracing single infiltrated leaf veins (see Figure 4.2 A and Figure
4.4 C above). Disease symptom development was observed in proximity to
hyphae without contact in planta and strictly localised around fungal tissue,
expected for a threshold dependent mode of action (Kema et al., 1996).
Interestingly, this strict localisation is suggestive of a mechanism changing
the activity of the NCA effector permanently, or the effector being bound
irreversibly to a cell component preventing further action on other cells.
Another aspect of in planta disease development is the observed light
dependency of Z. tritici disease progression (Keon et al., 2007; Wagner,
2010) (personal correspondence with Dr Andrew Milgate DPI, Wagga
Wagga, Australia). The in vitro produced NCA effector showed similar light
dependency, adding to the similarities between disease development and the
NCA effector produced in vitro. These results strengthened the hypothesis
that the in vitro produced NCA effector may be the same underlying agent in
disease development in planta.
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Light intensity has proven an important factor in effector action in the
wheat-P. nodorum plant-pathogen systems as well. The effectors SnTox1,
SnToxA, SnTox2 and SnTox4 all exhibit a light dependent mode of action
and a compatible interaction between SnToxA and its target gene Tsn-1 in
the host wheat was associated with photosynthesis, ultimately disrupting the
latter (Oliver et al., 2012). For the NCA effector-wheat interaction, the
necessary PAR level was higher than in the before mentioned P. nodorum
effectors and NCA development appeared sensitive to light quality in GC
experiments. The differences in the assay outcome at higher light conditions
between greenhouse and GC may be related to the uneven photon flux
density over the range of wavelengths as well as the very high-intensity
spikes at certain wavelengths (see Figure 4.13 above). However, light
appeared to play a role only after infiltration, suggesting a mechanism
depending on active plant exposure to light. In plants, certain light qualities
have been reported to interfere with plant immunity to herbivores (Stratmann,
2003) and in A. thaliana, light-protective pathways were repressed in favour
of defence responses (Schenke et al., 2011). In this context, it remains to be
explored whether the NCA effector needs light directly for a photochemical
reaction on plant cells or relies on a cross talk of light signalling and NCA
effector action. However, the relative stability of NCA activity over time under
light is supportive of the latter, since a high reactivity under light in the crude
secretome should result in significant reduction of activity within a shorter
timeframe. An investigation into the wavelength range necessary for the NCA
symptom development and into a possible impact of wavelength on disease
intensity may be interesting approaches for future research.
The NCA effector was found to be proteinaceous, like several
effectors of the closely related pathogen P. nodorum (Liu et al., 2009; Vincent
et al., 2011; Liu et al., 2012) and in contrast to previous suggestions of a
phyttoxin involvement (Kema et al., 1996). The reduction of NCA effector
activity through boiling and the retained activity over time was suggestive of
disulphide bridges for the tertiary structure.
The variability in observable NCA induction level between cultures
grown in conditions positive or negative for the NCA was an issue, which was
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addressed in section 4.3.1.3, but not solved. The reason for variation in NCA
production outcome remained unknown. Possible sources in culturing
conditions such as light, shaking and trace element influence were ruled out.
Biological factors may be involved, which have been reported for fungi such
as cell density dependent behaviour (Hogan, 2006) and cell-to-cell
communication for example in the biofilms observed in cultures (Sardi et al.,
2014), but such factors could not be controlled. Extracellular regulation of the
activity after secretion appears unlikely due to the dilution and difficulty of a
tightly controlled regulation through the fungus.
Analysis of the influence of individual elements on the production of
the NCA, however, failed to show one component which contributed to the
majority of the activity induction as shown in section 4.3.1.1. NCA induction
may rather be a concerted upregulation through several trace elements at
once, which has been described in other organisms (Bhatnagar and Prasad,
1968; Merchant et al., 2006). The combination may have resembled
conditions under which Z. tritici grows in the apoplast or just be a
combination that, by chance, is effective. Since NCA production level
determination was dependent on the assay with various sources of variability,
further investigation was postponed until an NCA effector candidate was a
confirmed effector and more direct quantitative methods through proteomics
or transcriptomics would be available.

Freeze-drying secretome proved to be a valuable method for storing
the activity over extended periods of time without the need to undertake
lengthy precipitation steps and desalting, as was necessary in earlier
experiments (Wagner, 2010) (see section 4.3.1.2). Besides the advantage of
storage, it also allowed concentration of NCA positive and negative
secretome for downstream processes such as chromatography methods.
Being able to separate the necrosis and chlorosis activity from the
majority of other components in the secretome was an important step
towards a possible identification of the NCA effector. The discovered single
dominant SDS-PAGE protein band of the same size just above 20 kDa in
anion exchange and gel filtration chromatography fractions was consistent
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with the size estimation conducted using size separation centrifugation
columns of significantly larger than 10 kDa. The discovery of a single highly
abundant protein in this dominant band provided a strong NCA effector
candidate. While further and substantially less abundant protein bands of
different molecular weights were present in the gel, this strong NCA effector
candidate 69140 was investigated in silico in chapter 5 and molecular
methods deployed to elucidate the involvement of 69140 in pathogenicity.

4.5. Conclusion
Preliminary characterisation confirmed previous hypotheses of light
involvement and a proteinaceous nature of the NCA effector. While the trace
elements inducing the NCA production remained elusive and the NCA
production was variable, suitable storage conditions allowed upscaling of
downstream analyses. The latter revealed a strong candidate gene, 69140,
for the NCA effector gene. Although this candidate remained to be analysed
and confirmed, reducing the complexity of the NCA effector fraction had been
achieved and provided a valuable basis for future analyses.
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5. Elucidation of the involvement of the
candidate gene in NCA

5.1. Introduction
In pathogen-host interactions, a set of genes is common among
pathogens establishing basic infection functionality. Most pathogens,
however, are specific for a small range of hosts or a single host and research
in recent years discovered specificity through unique virulence factors.
General pathogen associated molecular patterns (PAMPs) are therefore
distinguished from molecules specifically recognised by the host. The latter,
called effectors, frequently are small, unique, often cysteine rich secreted
proteins. These effectors elicit an immune response of the host upon
recognition in biotrophic pathogen-host interactions, triggering effector
triggered immunity (ETI) (Oliver and Solomon, 2010).While effectors involved
in ETI result in plant immunity, a different mechanism called effector triggered
susceptibility may play a role in susceptibility (ETS) to hemibiotrophic or
necrotrophic pathogens. ETS may be the mechanism involved in the Z. tritici
– wheat interaction (Hammond-Kosack and Rudd, 2008).
In chapter 4, such an ETS effector candidate, called necrosis and
chlorosis activity (NCA) effector candidate, was identified and a preliminary
characterisation and separation was achieved. The chromatography
separated secretome of the fungal cultures contained the NCA effector and
was analysed using SDS-PAGE. One single dominant band was revealed on
the SDS-PAGE and consequently analysed using mass spectrometry and Nterminal sequencing. Both methods identified a single Z. tritici protein with the
protein identification number 69140. While MS as well as N-Terminal
sequencing methods may not detect other present proteins, which are less
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abundant, gene number 69140 appears to be a very good candidate for
further investigation and was the only one detected in both methods.
In silico analysis allows detection of similarities of an uncharacterised
protein and known protein structures and domains carrying out biochemical
functions.
These functions in turn can relate such a candidate to their
involvement in molecular or enzymatic (inter-) action (Choong et al., 2013),
placement in the molecular machinery of the organism and the physiological
consequences of the former two (Punta and Ofran, 2008). While the
accuracy mainly depends on structural data available for similar sequences
(Friesner et al., 2013; Schwede, 2013), homology alone does not guarantee
conservation of function (Punta and Ofran, 2008). Care needs to be taken
with such predictions since even small differences in sequence can be
responsible for substantial differences in functional properties. No sequence
similarity threshold provides sufficient information that two proteins share the
same function or not (Punta and Ofran, 2008).
However, databases such as the National Centre for Biotechnology
Information (NCBI) (Zhang et al., 2000) provide extensive genomic DNA
sequences and expressed sequence tags (EST) for sequence similarity
analysis over the entire spectrum of organisms, as well as protein homology
via blastp (Altschul et al., 1997) tool. Consortia such as Universal Protein
Resource (UniProt) offer extensive databases on structure and function,
many of which are manually curated (Consortium, 2014). Basic information
such as amino acid composition, molecular weight and cysteine number are
easily accessible. Signal-peptide (Petersen et al., 2011), localization (Horton
et al., 2007) and disulphide bond prediction are further methods (Lin and
Tseng, 2010) to support decisions on further experimental evaluation of the
effector candidate.
The above-mentioned information allows an evaluation about the
likelihood of the protein to belong to a functional group such as effectors.
Thus, after judging the candidate gene 69140 for its likely characteristics,
experiments were conducted to evaluate the hypothesis that the candidate
protein 69140 is responsible for the NCA. In silico analysis, gene disruption
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and experiments to express the protein in a yeast expression system were
employed to uncover the validity of this hypothesis.

The specific aims of this chapter were to:
•

Analyse NCA effector candidate 69140 in silico

•

Determine 69140 pathogenicity involvement

•

Determine wheat host reaction to 69140
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5.2. Materials and Methods
Chemicals and reagents were sourced from Sigma-Aldrich (Castle Hill,
NSW, Australia) unless otherwise stated. Concentrations of solutions refer to
dissolving in Milli-Q® Synthesis (Millipore, North Ryde, NSW, Australia)
purified water (ddH2O), again unless otherwise stated. Percentages refer to
volume per volume (v/v) percentage unless weight per volume (w/v) or
weight per weight (w/w) are indicated. Chemicals and other products of
companies are stated with the name under which they are sold.

5.2.1. In silico characterisation of the NCA effector
candidate

5.2.1.1. Coding DNA sequence and protein property
information

The gene and protein identification number 69140 was used to gather
information on the JGI webpage about the coding DNA sequence (CDS),
upstream and downstream region and exons as well as domains (Goodwin et
al., 2011; Grigoriev et al., 2011). The DNA sequence was extracted from
chromosome 2 genomic DNA of the IPO323 strain obtained from the JGI
webpage (Grigoriev et al., 2011) as the CDS and a region 3000 base pairs
upstream and downstream of the gene. The CDS was translated into an
amino acid sequence using the ExPASy server Translate tool (Gasteiger et
al., 2003). Number of amino acids, molecular weight, isoelectric point (pI),
cysteine number and percentage were calculated using the GPMAWlite on
http://www.alphalyse.com/gpmaw_lite.html

on

17.04.2012.

The

CDS

sequence was then blasted using blastn from the National Centre for
Biotechnology Information (NCBI) (Zhang et al., 2000) as well as the
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translated nucleotide search blastp (Altschul et al., 1997) both with standard
settings to determine homologies. Localization of the protein was predicted
using WoLF PSORT set for fungi (Horton et al., 2007) and Secretome P 2.0
set to mammalian, which predicts secretion in absence of a signal-peptide
(Bendtsen et al., 2004). SignalP 4.0 with standard settings was used to
determine the presence of a localization signal-peptide (Petersen et al.,
2011). Disulfide bridges and possible metal-binding sites were predicted
using Disulfide Bonding Connectivity Pattern Prediction (Lin and Tseng,
2010). To predict transmembrane domains the TMHMM Server v. 2.0 was
used (Krogh et al., 2001). Information about the barwin domain in 69140 was
gathered

from

http://prosite.expasy.org/PDOC00619

and

http://www.ebi.ac.uk/interpro/entry/IPR001153 on 12.05.2012. Information on
genes

containing

the

Barwin

domain

was

gathered

on

http://www.uniprot.org/uniprot on 01.08.2014. Information about the rare
lipoprotein A (RlpA) and its doubly psi beta barrel (DPBB) domain was
gathered from http://pfam.xfam.org/family/PF03330 and Bass et al. (1996) on
12.05.2012. For the expansin domain, information from the webpage
http://www.personal.psu.edu/fsl/ExpCentral/ was gathered on 12.05.2012.
The protein sequence of 69140 extended translated CDS was separately
searched in all above mentioned tools and sites.

5.2.1.2. Genomic environment

For analysis of the genomic environment, the reference annotation
IGV Version 2.3.32(37) was used (Robinson et al., 2011; Thorvaldsdóttir et
al., 2013). The reference genome of the reference strain IPO323 and general
feature

format

(gff3)

files

were

downloaded

from

ftp://ftp.ensemblgenomes.org/pub/fungi/release22/fasta/zymoseptoria_tritici/dna/

and

ftp://ftp.ensemblgenomes.org/pub/fungi/release-22/gff3/zymoseptoria_tritici
respectively (release 22).
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For identification of the Kozak sequence in the 69140 region, the
entire sequence from 100 bp upstream to 100 bp downstream of the
annotated CDS was analysed using TIS Miner (Liu and Wong, 2003) and
ATGpr (Nadershahi et al., 2004; Salamov et al., 1998).

5.2.2. Molecular biology
All work was carried out with Escherichia coli strain DH5α or
A. tumefaciens strain LBA1126 unless otherwise mentioned.

5.2.2.1. Basic protocols

5.2.2.1.1.

Preparing electrocompetent cells

About 2 - 3 mL of Lysogeny Broth medium (LB) (see Table 9.8 below)
were inoculated with E. coli or A. tumefaciens and grown over night in a
loosely capped 50 mL Greiner conical centrifuge tube (Greiner-Bio-One)at
37 °C for E. coli and 28 °C for A. tumefaciens under shaking. The next day,
200 mL of LB medium in a 1 L culture flask were inoculated with 1 mL of the
overnight culture and grown until an optical density at 600 nm wavelength
(OD600) between 0.4 - 0.5 for E. coli and an OD600 between 0.8 - 1.0 for
A. tumefaciens. The cultures were cooled on ice for 30 min in 50 mL Greiner
conical centrifuge tubes (Greiner-Bio-One), then pelleted at 1 500 g for
10 min at 4 °C. The pellets were washed three times with autoclaved ice-cold
tap water, each time again pelleted at 1 500 g for 10 min at 4 °C.
Subsequently, the pellets were washed three times with autoclaved ice-cold
10 % glycerol each time pelleted at 1 500 g for 10 min at 4 °C. The
supernatant was removed and all pellets jointly resuspended in 2 mL
autoclaved 10 % ice-cold glycerol (about 1/100 volume of culture volume).
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The cell suspension was aliquoted into 1.5 mL reaction tubes (Eppendorf) in
50 µL aliquots, snap frozen in liquid nitrogen and stored at -80 °C.

5.2.2.1.2.

Escherichia coli and Agrobacterium tumefaciens
electrotransformation

Electrocompetent cells prepared in section 5.2.2.1.1 were thawed on
ice and transferred into a sterile electroporation Gene Pulser® Cuvette with a
0.1 cm gap pre-cooled on ice. Up to 2 µL cleaned ligation product or plasmid
were added and incubated for 1 min on ice. The Gene Pulser® (Bio-Rad,
Gladesville, NSW, Australia) was set to a capacitance of 25 µF and a
resistance to 200 Ω, conducting electroporation at a voltage of 1.7 kV for
E. coli and 1.5 kV for A. tumefaciens, making sure the time constant was
above 4.6. Immediately 1 mL of LB medium (see Table 9.8 below) were
added and mixed with the cells. The medium containing the electroporated
cells was transferred into a loosely capped 50 mL Greiner conical centrifuge
tube (Greiner-Bio-One) and the cells grown for 1 h at 37 °C with gentle
shaking in the case of E. coli and 4 h at 28 °C with gentle shaking for
A. tumefaciens. Successively, 10 µL, 200 µL and the remaining culture were
plated on LB agar plates (see Table 9.8 below) containing the appropriate
selective antibiotic. The plates were incubated overnight at 37 °C or up to 4
days at 28 °C for E. coli and A. tumefaciens respectively.

5.2.2.1.3.

Plasmid Alkaline Lysis Mini preparation from Escherichia coli

About 1 - 3 mL of LB medium (see Table 9.8 below) supplied with the
appropriate selective antibiotic were inoculated with a single colony of the
corresponding E. coli strain and grown in a loosely capped Greiner conical
centrifuge (Greiner-Bio-One) at 37 °C under shaking overnight. About 1.5 mL
of the culture were transferred to a 1.5 mL reaction tube (Eppendorf) and
pelleted in a tabletop centrifuge at 13 000 revolutions per minute (rpm) for
1 min. The supernatant was entirely removed and discarded and the pellet
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resuspended in Alkaline Lysis Solution I (see Table 9.23 below) by vortexing
vigorously. After complete resuspension, 200 µL of Alkaline Lysis Solution II
(see Table 9.24 below) were added and the content mixed by inverting the
tube rapidly 6 times. The mix was incubated at room temperature for no more
than 5 min. A volume of 150 µL of Alkaline Lysis Solution III (see Table 9.25
below) was added and the tube inverted gently 6 - 10 times to disperse the
solution evenly through the viscous bacterial lysate. Subsequently, the
bacterial lysate was pelleted at 13 000 rpm for 10 min in a tabletop
centrifuge. The supernatant was transferred into a new 1.5 mL reaction tube
containing 650 µL isopropanol. The tube was inverted 6 times to mix
thoroughly, then the DNA pelleted at 13 000 rpm for 10 min in a tabletop
centrifuge. The supernatant was removed entirely and discarded. The DNA
pellet was washed with 1 mL 70 % ethanol, re-pelleting for 5 min at
13 000 rpm again before removing the supernatant entirely. The tube was
pulse-spun

and

remaining

supernatant

removed.

The

pellet

was

subsequently allowed to air-dry for 5 min, followed by dissolving the DNA in
30 µL ddH2O. The DNA was store at -20 °C.

5.2.2.1.4.

For

Promega Wizard® Plus SV Miniprep from
Agrobacterium tumefaciens

plasmid

preparation

from

A. tumefaciens,

the

Promega

®

Wizard Plus SV Miniprep DNA Purification System (Promega, Alexandria,
NSW, Australia) was used. This protocol was adapted from a protocol on
http://sites.bio.indiana.edu/~pikaardlab/PDFs%20and%20protocol%20files%
20/agroprep.html (on 08.06.2011) originally provided by Dr Carolyn Napoli,
University of Arizona. About 1 - 3 mL of LB medium (see Table 9.8 below)
supplied with the appropriate selective antibiotic were inoculated with a single
colony of A. tumefaciens and grown in a loosely capped Greiner conical
centrifuge tube (Greiner-Bio-One) at 28 °C under shaking overnight. The
cells were pelleted in a tabletop centrifuge at 13 000 rpm, all liquid removed
and the pellet resuspended in 200 µL Wizard Cell Resuspension Solution by
vortexing. To the resuspended cells 20 µL lysozyme solution at 50 mg·mL-1
Page 109 / 264

was added and the suspension incubated at room temperature for 5 min. A
further 200 µL Wizard Cell Lysis Solution were added and the sample
inverted to mix. Subsequently 10 µL Alkaline Protease Solution were added
and again inverted to mix. The solution was incubated 5 min at room
temperature and 350 µL Neutralization Solution added, followed by inverting
to mix. The bacterial lysate was then centrifuged in a tabletop centrifuge at
top speed for 10 min at room temperature. The Spin Column was inserted
into a 2 mL Collection Tube and the cleared lysate, about 850 µL was
transferred into the Spin Column. The Spin Column in the Collection Tube
was centrifuged at top speed for 1 min at room temperature, the flow through
discarded and the Spin Column reinserted into the Collection Tube. A volume
of 750 µL of Wash Solution (ethanol added) was placed into the Spin Column
and the Spin Column in the Collection Tube again centrifuged in a tabletop
centrifuge at top speed for 1 min. The flow-through was discarded, the Spin
Column reinserted into the Collection Tube. The wash was repeated with
250 µL Wash Solution, centrifuging for 2 min at top speed in the tabletop
centrifuge. The Spin column was transferred to a sterile 1.5 mL reaction tube
(Eppendorf), 100 µL of Nuclease-Free Water added to the Spin Column and
the reaction tube with spin column centrifuged at top speed for 1 min at room
temperature in the tabletop centrifuge. The column was discarded and the
collected DNA in the 1.5 mL reaction tube (Eppendorf) stored at -20 °C or
below.

5.2.2.1.5.

Polymerase chain reaction conditions

All polymerase chain reaction (PCR) amplifications were carried out in
PTC 200 Thermal Cycler (MJ Research, Massachusetts, USA) with heated
lid. Unless otherwise stated, TaKaRa ExTaq® Polymerase (Takara Bio,
Otsu, Shiga, Japan) was used for PCR according to supplier's protocol.
Extension step time was rounded up to amplify to the next 500 bp length of
the amplicon at 72 °C, 35 cycles of amplification and a final extension of
10 min at 72 °C. For clone colony screenings, GoTaq Flexi polymerase

Page 110 / 264

(Promega, Alexandria, NSW, Australia) was used as stated in Table 5.1
below. Cycle denaturation was carried out for 30 sec at 95 °C, extension step
time was rounded up to amplify to the next 1 kilobases (kb) length of the
amplicon at 72 °C, 35 cycles of amplification and a final extension of 10 min
at 72 °C.
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Table 5.1 GoTaq Flexi PCR mix.
Component:
GoTaq Flexi Buffer
dNTP mix (from Takara ExTaq) 2.5 mM each
MgCl2 25 mM
Primer 1 at 10 µM
Primer 2 at 10 µM
GoTaq Flexi 5u/µL
µL ddH2O
µL Volume

5.2.2.1.6.

Volume in µL
5.00
2.00
1.25
1.00
1.00
0.10
12.65
25.00

Final conc.
1X
0.2 mM each
1.25 mM
0.40 µM
0.40 µM
0.02 u / µL
20.00

DNA gel electrophoresis

Unless otherwise indicated, genomic sequences were separated using
gel electrophoresis between 80 and 120 V as indicated using agarose gels
prepared with Agarose, LE, Analytical Grade (Promega) at either 0.8 % or
1.2 % (w/v) using RedSafe™ (ChemBio, Hertfordshire, UK) at 5 µL per
100 mL gel as DNA stains. The Gel Doc™ XR+ System (Bio-Rad, Gladesville,
NSW, Australia) was used for documentation using ImageLab 4.0.1 (BioRad). GeneRuler 1 kb DNA Ladder (Thermo Fisher Scientific™) was used,
unless 100 bp ladder (NEB) was indicated.
To cut out DNA bands of a gel, they were visualized using Dark
Reader Transilluminator DR89X (Labtech International, Uckfield, East
Sussex, UK) and cut out with a scalpel blade. The cut out bands in agarose
gel were cleaned up with PCR Promega Wizard® SV Gel and PCR Clean-Up
System according to the supplier’s protocol (Promega). To determine the
quality of the cleaned up PCR product, a control gel was run as described
above, using 2 µL of cleaned up PCR product.

5.2.2.1.7.

DNA quantification

Three methods to determine DNA quantity were used as indicated in
experimental results. In early experiments, the concentration was determined
comparing DNA band intensity on an SDS-PAGE with the molecular weight
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marker bands of known quantity. In several experiments, the DNA
concentration was determined by NanoDrop 1000 Spectrophotometer using
NanoDrop 1000 3.7.1 Software (both Thermo Fisher Scientific™ Australia,
Scoresby, Victoria, Australia) according to supplier instructions. In later
experiments, the Qubit® Protein Assay was used as indicated in experiments
according to supplier instructions.

5.2.2.1.8.

Sequencing of the 69140 expression insert

For sequencing of inserts, the region to be sequenced was first
amplified using PCR. In-house sequencing was carried out using the
BigDye® Terminator v3.1 Cycle Sequencing Kit (LifeTechnologies™,
previously Applied Biosystems®, Carlsbad, California, USA) on a 3130x
Genetic Analyser (LifeTechnologies™) at the Research School of Biology
Sequencer Facility (Australian National University, Canberra, Australia). The
PCR reaction was performed as outlined in Table 5.2 and Table 5.3 below).
After the PCR, the PCR reaction was transferred to a new 1.5 mL reaction
tube (Eppendorf). Five microlitre of 125 mM ethylenediaminetetraacetic acid
(EDTA) at pH 8 and 60 µL of 100 % ethanol were added. The content of the
tube was vortexed to mix, then briefly centrifuged. The mix was then
incubated for 15 min at room temperature followed by centrifugation for
10 min at 13 000 rpm in a tabletop centrifuge. The supernatant was removed
using a pipette (200 µL tip or smaller). A volume of 250 µL of ice-cold ethanol
at 75 % (v/v) was added. The mix then centrifuged again for 5 min at
13 000 rpm in a tabletop centrifuge. The supernatant was removed using a
pipette (200 µL tip or smaller), residual liquid collected through a short spincentrifugation and removed using a 10 µL pipette. The pellet was allowed to
air-dry for 10 min at room temperature and then resuspended in 20 µL of
ddH2O.
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Table 5.2 Sequencing reaction setup.
Compound
Plasmid DNA at 50 ng·µL-1(300 ng)
Sequencing Buffer 5x (LifeTechnologies™)
BigDye ® Terminator v3.1 Ready Reaction Mix (LifeTechnologies™)
Primer, one direction, 3.2 µM
ddH2O
Table 5.3 PCR program for plasmid insert sequencing.
Step
Cycles
Initial denaturing
1
Denaturing
30
Annealing
Extension
Storage
1

5.2.2.1.9.

Length
5 min
10 sec
5 sec
4 min
-

Quantity
6.0
3.5
1.0
1.0
8.5

Unit
µL
µL
µL
µL
µL

Temperature in °C
94
96
50
60
4

Genomic DNA extraction from wheat and fungal cell material

5.2.2.1.9.1. Crude genomic DNA extraction
About 70 - 120 mg fresh spores of Zymoseptoria tritici grown on PDA
(see section 4.2.1.2) were scraped with a scalpel into a 1.5 mL microfuge
tube containing 100 µL homogenising buffer (see Table 9.21). By pipetting up
and down, the spores were homogenised. After adding another 300 µL of the
homogenising buffer, 40 µL sodium dodecyl sulphate (SDS) and proteinase
K (LifeTechnologies™, previously Applied Biosystems®, Carlsbad, California,
USA) at 100 µg·ml-1 were added. The samples were subsequently incubated
overnight at 65 °C. After adding 300 µL of 6 M (saturated) sodium chloride
(NaCl) solution and vortexing for 30 sec, the samples were spun down at
10 000 g for 30 min and the supernatant transferred to a new tube. An equal
volume, about 700 µL, of isopropanol was added and the extraction samples
well mixed, then incubated for 1 h at -20 °C. After the samples were
centrifuged another 20 min at 10 000 g at 4 °C, the supernatant was
discarded and the pellet washed twice with 70 % ethanol, then air dried and
resuspended in 100 - 300 µL ddH2O.
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5.2.2.1.9.2. Phenol-chloroform-isoamyl alcohol genomic DNA extraction from
Zymoseptoria tritici

Seventy microlitre of acid washed glass beads of 425 - 600 µm
diameter were placed into a 2 mL Eppendorf Safe-Lock Tube™ (Eppendorf,
North Ryde, NSW, Australia). About the same volume of fresh spores of
Z. tritici grown on PDA (see section 4.2.1.2), 500 µL of TE Phenol /
Chloroform / Isoamyl alcohol and 400 µL of fungal lysis buffer were added
(see 9.4.2.1 and Table 9.22 below). The tubes were then vortexed for 10 min
at maximum speed, followed by centrifugation in a tabletop centrifuge at
maximum speed for 15 min. The aequous phase was then transferred into a
new 2 mL safe lock tube containing 1 ml of pure ethanol and mixed by
inverting. After another centrifugation at maximum speed for 10 min, the
supernatant was discarded and the pellet washed with 500 µL 70 % ethanol
twice. The supernatant was completely removed and the pellet resuspended
in 30 - 50 µL TE - RNAse buffer (see Table 9.20 below). The resuspended
DNA was then incubated for 10 min at 50 °C to ensure complete pellet
resuspension.

5.2.2.1.9.3. Qiagen DNeasy® Plant Mini Kit using TissueLyser
About 70 - 120 mg wheat leaf tissue, yeast like spores of Z. tritici
grown on PDA (see section 4.2.1.2) or the same amount of Pichia pastoris
cells grown on V8 PDA (Oxoid) plates were prepared according to suppliers
instructions were freeze-dried in 1.5 mL Eppendorf tubes. The cells and
tissue were then disrupted by adding a 3 mm diameter acid washed tungsten
bead and shaking in the TissueLyser II (Qiagen) at 30 Hertz shaking for 30
seconds. The sample holder was subsequently turned and shaking repeated
to even out any shaking direction bias produced by the positioning of tubes.
After tissue rupture, the DNeasy® Plant Mini Kit was used according to
suppliers’ protocol.
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5.2.2.2. 69140 NCA effector candidate gene knock-out

5.2.2.2.1.

pPK2-HYG-69140 plasmid generation

A. tumefaciens transformation was used to disrupt the target gene in
Z. tritici. As vector for E. coli and A. tumefaciens transformation the binary
plasmid pPK2 (Michielse et al., 2009) was used. A hygromycin resistance
(HygR) cassette (Punt et al., 1987)was inserted in-frame, flanked by about
2000 bp upstream and downstream regions of Z. tritici gene 69140 (see
Figure 5.1 and Figure 5.2 below) (Michielse et al., 2009). The resulting
plasmid pPK2-HYG-69140 was transformed into E. coli.
Genomic DNA of Z. tritici was extracted as described in section
5.2.2.1.9.2 above and used at 120 ng·µL-1. Flanking regions of gene 69140
were amplified from this template using primers mgNCA KO5’f and mgNCA
KO5’r for the 5’ flank (2056 bp) and mgNCA KO3’f and mgNCA KO3’r for the
3’ flank (1804 bp). For insertion into the pPK2 plasmid backbone, primers
mgNCA KO5’f and mgNCA KO3’r contained restriction enzyme sites for PacI
and SbfI respectively. Primers mgNCA KO5’r and mgNCA KO3’f contained
overlap regions for fusion with the HygR cassette. As positive control, ITS1
and ITS4 primers were used on genomic DNA (all primers see Table 9.1
below). As template DNA for the HygR cassette the plasmid pan7-1 was
prepared from glycerol stocks (Punt et al., 1987). E. coli strain XL1Blue
containing the pan7-1 plasmid was grown on Low Salt LB agar medium (see
Table 9.9 below) supplied with 100 µg·ml-1 of Hygromycin B over night at
37 °C. From a single colony, the plasmid was prepared as described in
5.2.2.1.3 above and subsequently used at 1.5 ng·µL-1. Amplification of the
HygR cassette (2962 bp) was carried out using primers HYG_F and HYG_R
(see Table 9.1 below). All PCR reactions were carried out in 4 replicates of
50 µL reaction volume each apart from the control which was one time 10 µL
(see Table 5.4 below). TaKaRa ExTaq® Polymerase (Takara Bio) was used
according to the suppliers’ protocol (see 5.2.2.1.5 above). Annealing was
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carried out at 57 °C for 30 sec and extension was carried out at 72 °C for
5.5 min.
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Figure 5.1 Fusion of 69140 flanks and the hygromycin resistance cassette. The 5’ and 3’
flank of gene 69140 were amplified from genomic DNA of Z. tritici as well as a hygromycin
resistance cassette from the pan7-1 plasmid. All three PCR products were fused via fusion PCR
into one homologous recombination cassette.

Figure 5.2 Ligation of the 69140-flank-hygromycin fusion into the binary vector pPK2
backbone. Plasmid pPK2hphgfp and the fusion product (see Figure 5.1 above) were digested
using PacI and SbfI restriction enzymes. The restriction enzyme products were ligated to create
the binary vector pPK2-HYG-69140.
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Table 5.4 PCR reaction components to generate a homologous recombination cassette
replacing gene 69140. Components to amplify the 5’ and 3’ flanks of gene 69140 and the
hygromycin resistance (HygR) cassette as well as a control. Primers for the 5’ flank were
mgNCA KO5’f and mgNCA KO5’r, primers for the 3’ flank were mgNCA KO3’f and mgNCA
KO3’r, primers for the HygR cassette were HYG_F and HYG_R (see Table 9.1 below).
5’ and 3’ flank HYGR cassette
Control
Component
Final conc.
V in µL
V in µL
V in µL
H2O (up to 50 µL)
29.6
29.6
5.62
10X ExTaq Buffer
1X
5.00
5.00
1.00
dNTP mix (2.5 mM each)
0.2 µM each
4.00
4.00
0.80
Primer 1 (5 µM)
0.5 µM
5.00
5.00
1.00
Primer 2 (5 µM)
0.5 µM
5.00
5.00
1.00
gDNA / plasmid
2.00
1.00
0.50
Taq Polymerase
0.4
0.4
0.08
Final Volume
50.00
50.00
10.00

To clean the PCR product of unwanted material, all PCR products
were electrophoretically separated on an 0.8 % agarose gel as described in
5.2.2.1.6 above. As DNA molecular weight marker GeneRuler 1 kb DNA
Ladder (Thermo Fisher Scientific™) was used and SYBR®Safe (Invitrogen) as
DNA stain. DNA bands of the expected length of 2056 bp for the 5’ flank,
1804 bp for the 3’ flank and 2962 bp for the HygR cassette were cut out of the
gel. The cut bands were cleaned and their concentration determined using
NanoDrop (see 5.2.2.1.6 and 5.2.2.1.7 above). To fuse the HygR cassette to
the upstream (5’ flank) and downstream (3’ flank) flanks of 69140 for
homologous recombination, PCR fusion reactions were prepared in
equimolar concentrations for each PCR product (Szewczyk et al., 2007). The
fusion PCR was set up with 1 pmol of each product for a 200 µL reaction and
mgNCA KO5’f and mgNCA KO3’r primers (see Table 9.1 below). The PCR
reactions were set up as shown in Table 5.5 below using TaKaRa ExTaq®
Polymerase (Takara Bio)according to the supplier’s protocol (see section
05.2.2.1.5 above). Initial denaturation was carried out for 2 min at 95 °C,
repeat denaturation for 15 sec at 95 °C, annealing for 15 sec at 54 °C and
extension for 5.5 min at 72 °C. Final extension was set to 72 °C for 20 min.
The entire PCR product was electrophoretically separated, cut out of the gel
at the expected position of 6822 bp and subsequently cleaned followed by
quantification and quality assessment on gel as described above in this
section.
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Table 5.5 Volumes of PCR reaction compounds for the fusion of gene 69140 5’ flank,
hygromycin resistance cassette and gene 69140 3’ flank (cleaned equimolar PCR
products) (for primers Table 9.1 below).
Compound
V in µL
TaKaRa ExTaq Polymerase
1.6
TaKaRa ExTaq 10x Buffer
20.0
TaKaRa dNTP (2.5 mM each)
16.0
4.0
Primer mgNCA KO5’f at 5µM
4.0
Primer mgNCA KO3’r at 5µM
Cleaned equimolar PCR products mix
23.6
ddH2O
130.8
Total PCR Reaction
200

The plasmid pPK2hphgfp (Michielse et al., 2009)was amplified from
glycerol stocks by individualizing the cells on an LB agar plate supplied with
kanamycin at 50 µg·ml-1 (see Table 9.8 below) using an inoculation loop. The
individualized cells were grown over night at 37 °C and an individual colony
used for plasmid preparation as described in 5.2.2.1.3 above. The prepared
plasmid and the fusion product of 5’ flank, HygR cassette and 3’ flank were
digested using restriction enzymes PacI and SbfI (NEB) according to the
supplier’s protocol. One microgram of DNA was used of each preparation.
The restriction enzyme digest was cleaned up by electrophoretically
separating it on a 0.8 % agarose gel as described above in this section. The
quality of DNA was visually inspected using a gel, the quantity determined
using NanoDrop 1000 Spectrophotometer. For fragment ligation using T4Ligase (NEB), 50 ng of digested and cleaned plasmid DNA were used in a
molar ratio of plasmid to insert of 1:1 and 1:3. Reaction volume was 20 µL
and the ligation was carried out overnight at 16 °C.
The ligation product was precipitated in 2.5 times ligation volume of
100 % ethanol and 0.1 times sample-volume sodium acetate solution at 3 M
concentration. The mix was inverted in the reaction tube several times until
completely mixed and then spun down at top speed in a tabletop centrifuge
for 10 min. The supernatant was completely removed by pipette, the
remainder of liquid removed after a short subsequent spin in the centrifuge.
The pellet was air dried for 5 min and then dissolved in 5 µL of TE (see Table
9.19 below).
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5.2.2.2.2.

Escherichia coli and Agrobacterium tumefaciens transformation
and plasmid verification

The entire ligation mix of the previous section was used for
electrotransformation (see 5.2.2.1.2 above) into electrocompetent E. coli
DH5α (see 5.2.2.1.1 above). Electrotransformed cells were grown on LB agar
supplied with 50 µg·ml-1 kanamycin (see Table 9.8 below). Colonies were
screened for the presence of the plasmid and the HygR cassette in 25 µL
reaction volumes using primers HYG_F and HYG_R (all primers see Table
9.1 below). Template DNA was obtained by picking the colonies and
streaking them into the PCR tubes. The negative control contained no DNA.
As positive control, a tip-dip into the tube of the fusion PCR product was used
(see section 5.2.2.2.1 above). The PCR was carried out as described in
5.2.2.1.5 above for GoTaq Flexi polymerase (Promega).Repeat denaturation
steps were carried out for 30 sec at 95 °C, annealing for 30 sec at 52 °C and
extension for 3.5 min at 72 °C. The PCR product was electrophoretically
separated on a 0.8 % agarose gel as described in 5.2.2.1.6 above. As DNA
molecular weight marker GeneRuler 1 kb DNA Ladder (Thermo Fisher
Scientific™) was used and SYBR®Safe (Invitrogen) as DNA stain.
PCR

confirmed

colonies

produced

expected

band

of

2.9 kb

respectively and were transferred to a new LB plates supplied with 50 µg·ml-1
kanamycin (see Table 9.8 below) For plasmid preparation, the confirmed
colonies were grown in liquid culture supplied with 50 µg·ml-1 kanamycin (see
5.2.2.1.3 above). Concentration of plasmid DNA was determined using gel
quantification (see 5.2.2.1.7 above). About 1 µg of plasmid was used to
confirm the expected restriction enzyme digestion band length. The digest
was carried out according to supplier’s protocol. For the single digest using
BamHI (NEB), fragment sizes of 4226 bp and 9331 bp were expected, for
double digest using BamHI and EcoRI (NEB) fragment sizes of 191 bp,
800 bp, 3426 bp and 9140 bp were expected. Ten microlitre of the digest
products were electrophoretically separated on a 0.8 % agarose gel as
described in 5.2.2.1.6 above. As DNA molecular weight marker GeneRuler
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1 kb DNA Ladder (Thermo Fisher Scientific™) was used and SYBR®Safe
(Invitrogen) as DNA stain.
Forty nanogram of the confirmed plasmid were then transformed using
electrotransformation

(see

5.2.2.1.2

above)

into

electrocompetent

A. tumefaciens strain LBA1126 (see 5.2.2.1.1 above). Transformed A.
tumefaciens was grown on LB agar supplied with 50 µg·ml-1 kanamycin and
250 µg·ml-1 spectinomycin (see Table 9.8 below). Colonies were screened
for the presence of the HygR cassette in 25 µL reaction volumes using
primers mgNCA KO3’f, mgNCA KO3’r, HYG_F and HYG_R, producing
expected bands of 1.8 kb and 2.9 kb respectively (all primers see Table 9.1
below). Ten microlitre of the PCR products were electrophoretically
separated on a 0.8 % agarose gel as described in this section. As DNA
molecular weight marker GeneRuler 1 kb DNA Ladder (Thermo Fisher
Scientific™) was used and SYBR®Safe (Invitrogen) as DNA stain.

5.2.2.2.3.

Zymoseptoria tritici transformation

The transformation protocol for Z. tritici was modified after Zwiers et al.
(2001) and Rolland et al. (2003). Z. tritici 79.2.1A spores were distributed on
a PDA plate by gently distributing them with filter tip, the plate sealed with
PARAFILM® and incubated for 3 days in a constant temperature room at
18 °C under 12h light cycle (see 4.2.1.2 above). On day two, an individual
colony of the A. tumefaciens LBA1126 strain containing the pPK2-HYG69140 plasmid (see section 5.2.2.2.2 above), was grown over night in 20 mL
LB (see Table 9.8 below) supplied with 250 µg·ml-1 spectinomycin and
50 µg·ml-1 kanamycin at 28 °C and 200 rpm in a 250 mL Erlenmeyer Schott
flask (Duran, Mainz, Germany). As negative control, A. tumefaciens LBA1126
strain without the plasmid was grown on LB supplied with 250 µg·ml1

spectinomycin, but not kanamycin, under the same conditions. Both cultures

were diluted to an optical density at 600 nm (OD600) wavelength of 0.15 in
induction medium supplied with acetosyringone (IM+AS) (see Table 9.13
below) using LB medium as a blank. Twenty millilitres of each diluted culture
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were continued to culture, the rest discarded. At an OD600 of 0.6, the A.
tumefaciens cultures were harvested. Z. tritici spores were harvested from
the PDA plates by dislodging them with 5 mL sterile ddH2O and gently
brushing with a filter pipette tip. The spores were let sit for 10 min and
collected in a 15 mL Greiner tube (Greiner-Bio) that was kept on ice. The
remaining spores were similarly harvested with a further 5 mL ddH2O. The
harvested spores were filtered through a sterile syringe partially filled with
sterile glass wool. Z. tritici spores were then spun down at 3 000 g for 5 min
at 4 °C, washed twice with 10 mL cold ddH2O, and transferred into a new
tube after each wash. After the last wash, the spores were resuspended in
IM+AS. Spore counting was carried out using a haemocytometer. Eight
hundred microlitres of Z. tritici spore solution at a cell concentration of
107·mL-1 were subsequently mixed with 800 µL of A. tumefaciens culture in a
2 mL reaction tube (Eppendorf) and directly spread on four 10 mL IM+AS agar
plates (see Table 9.13 below), 400 µL cell solution each. The plates were
incubated at 21 °C for 72 h in the dark. After 4 days, the IM+AS agar layer was
overlayed with 10 mL V8-PDA supplied with 500 µg·ml-1 hygromycin B and
400 µg·ml-1 cefotaxime (no hygromycin B for negative control).The plates
were incubated at 20 °C for 7 days in the dark. When the first colonies
appeared after three weeks, they were sub-cultured on the same medium (no
hygromycin B for negative control).

5.2.2.3. Verification of the 69140 knock-out

5.2.2.3.1.

Fungal colony PCR

Genomic DNA was extracted using DNeasy® Plant Mini Kit (see
5.2.2.1.9.3 above). The DNA concentration was determined using Qubit® BR
DNA Assay (LifeTechnologies™) (see section 5.2.2.1.7) and about 0.5 µL
genomic DNA extract was used as template. Primers mgNCA ko screening 5'
and mgNCA ko screening 3' were used for amplification with an expected
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band length of 4964 bp for WT and 7389 bp for knock-out mutants (see Table
9.1 below). TaKaRa ExTaq® Polymerase was used to supplier's protocol in a
25 µL reaction volume, annealing carried out for 30 sec at 55°C and
extension for 8 min at 72 C (see 5.2.2.1.5 above). The PCR product was
electrophoretically separated on a 0.8 % agarose gel as described in
5.2.2.1.6 above. As DNA molecular weight marker GeneRuler 1 kb DNA
Ladder (Thermo Fisher Scientific™) was used and SYBR®Safe (Invitrogen) as
DNA stain.

5.2.2.3.2.

Southern Blot

5.2.2.3.2.1. DNA gel preparation and blotting
Genomic DNA of wild type (WT), knock-out 6, 25, 27 (KO6, KO25 and
KO27 respectively) and ectopic mutants 10, 13 and 30 (E10, E13 and E30
respectively) was prepared using Phenol Chloroform extraction as described
in section 5.2.2.1.9. After extraction, 5 µg of genomic DNA were digested
with either EcoRI or BamHI for 48 h in a volume of 200 µL as described in
section 5.2.2.1.3. Digested genomic DNA was separated using gel
electrophoresis at 70 V in agarose gels prepared with Agarose, LE, Analytical
Grade (Promega) at 1.0 % (w/v) in ddH2O using RedSafe (ChemBio) at 5 µL
per 100 mL gel as the DNA stain. The gel was run until the blue line at
~500 bp had reached the end of the gel for a gel of 10 cm length, or until it
had run through ¾ of the length of a 20 cm gel. The Gel Doc™ XR+ System
(Bio-Rad) was used for documentation using ImageLab 4.0.1 (Bio-Rad)
software. As DNA molecular weight marker GeneRuler 1 kb DNA Ladder
(Thermo Fisher Scientific™) was used.

After documentation, the gel was incubated in 0.25 M hydrochloric
acid for depurination of the DNA for a minimum of 20 min under light shaking
(see Table 9.29 below), then the gel was incubated in 0.4 M sodium
hydroxide (NaOH) solution for another minimum of 20 min under light
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shaking (see Table 9.30 below). For blotting, the same 0.4 M NaOH solution
was used as the mobile phase, one layer of Whatman 3MM CHR Blotting
Paper 0.34 mm (Thermo Fisher Scientific™) was placed under the gel and
dipping into the NaOH solution for liquid transfer to the gel. The nylon
membrane, positively charged (Roche, Mannheim, Germany), was placed
onto the gel followed by 3 layers of Whatman GB004 Blotting Sheets 1 mm
(Thermo Fisher Scientific™) with about 15 cm of paper towels on top, fitted
with a weight, to allow capillary flow of the NaOH for DNA transfer onto the
membrane (see Figure 5.3 below). The blot was run 36 h, with exchange of
the paper towels after 24 h.
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Figure 5.3 Blotting setup sketch.

5.2.2.3.2.2. Probe generation
Template DNA for probe generation was plasmid pPK2-HYG-69140
(see 5.2.2.2.1 above). Both flanks, 5’ flank and 3’ flank of the target gene
69140, were prepared as a combined probe. To generate the probe template,
primers mgNCA KO5'f, mgNCA KO5'r, mgNCA KO3'f and mgNCA KO3'r
were used (see Table 9.1 below). The PCR was carried out as described in
5.2.2.1.5 above for TaKaRa ExTaq® Polymerase (Takara Bio) according to
the supplier’s protocol. Two different repeat cycles were used. In the first 5
repeat cycles, annealing was carried out for 30 sec at 50 °C and extension
for 2:30 min at 72 °C. In the remaining 30 repeat cycles, annealing was
carried out for 30 sec at 55 °C and extension for 2:30 min at 72 °C. The
entire PCR product was electrophoretically separated on a 0.8 % agarose
gel, cut out of the gel at the expected positions of 2090 bp and 1838 bp and
subsequently cleaned followed by quantification and quality assessment on
gel (see 5.2.2.1.6 above). As DNA molecular weight marker GeneRuler 1 kb
DNA Ladder (Thermo Fisher Scientific™) was used and SYBR®Safe
(Invitrogen) as DNA stain.

About 100 ng of each of the probe template fragments were diluted
into 16 µL of ddH2O and then denatured for 10 min at 99 °C in a
Thermomixer

Comfort

Thermoblock

(Eppendorf,

North

Ryde,

NSW,

Australia). The DNA was briefly spun down and rapidly cooled in NaCl ice for
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1 min. For probe generation, 4 µL DIG-High-Prime (Roche, Mannheim,
Germany) were added and incubated overnight at 37 °C. After incubation,
1 µL of 0.5 M EDTA at pH 8.0 were added to stop the labelling, followed by
another 10 min of incubation at 65 °C. The probe was stored at 4 °C until use
with the membrane.

5.2.2.3.2.3. Hybridisation of the membrane and chemoluminescence assay
Unless otherwise stated, all steps were conducted in Hybaid
Hybridisation bottle (Thermo Fisher Scientific™) and the Hybaid Mini
Hybridisation oven (Hybaid, Teddington, Middlesex UK) with the bottle
rotating. The membrane was pre-hybridised with 30 mL Hybridisation buffer
(see Table 9.32 below) in the Hybridisation bottle at 65 °C rotating in the
Hybridisation oven. The prepared labelled probe was denatured for 10 min at
100 °C and added to 30 mL of pre-warmed 65 °C hybridisation buffer. The
buffer used for pre-hybridising was discarded and the membrane hybridised
at 65 °C for 4 days with the freshly denatured probe in hybridisation buffer.
The membrane was then washed with 30 mL Wash buffer (see Table 9.33
below) at 65 °C for 20 min, then the oven temperature was set to room
temperature with the door open, the buffer discarded and the membrane
washed again with 30 mL fresh Wash buffer. The buffer was discarded and
the membrane subsequently equilibrated for 5 min with 30 mL DIG Wash
buffer (see Table 9.35 below). The Wash buffer was discarded and the
membrane blocked for 1.5 with 30 mL Blocking Solution, prepared directly
prior to use (see Table 9.37 below). After this step, the membrane was
incubated with 10 mL Antibody solution (see Table 9.37 below) for 30 min,
followed by two 15 min wash steps with 30 mL DIG Wash buffer. Then, the
membrane was equilibrated for 5 min in 30 mL DIG Detection buffer (see
Table 9.39 below). The buffer was discarded and the membrane incubated
with 10 mL CDP-Star solution for 5 min (see Table 9.40 below). The
membrane was placed into a sealable plastic foil, the excess CDP-Star
solution and air bubbles removed by brushing the outside of the plastic foil
with a soft paper tissue and the foil sealed using a heat sealer. In an
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autoradiography cassette, Amersham® Hyperfilm® ECL® (GE Healthcare)
was exposed to the membrane for 5 seconds up to 5 min to obtain a high
enough intensity with low enough background of the labelled bands. The film
was developed in Agfa CP1000 X-Ray film developer (Agfa-Gevaert,
Scoresby, Victoria, Australia) and scanned using printer/ scanner bizhub
C452 (Konica Minolta, Macquarie Park NSW, Australia) set to document type
photo, file type jpg and a resolution of 600 x 600 dots per inch.

5.2.2.3.3.

SDS-PAGE of crude and anion exchange separated knock-out
mutant secretomes

Zymoseptoria tritici NCA secretome was prepared from wild type, KO6
and KO25 as described in section 4.2.1.3. Secretome separation was carried
out using anion exchange (see 4.2.5.2.1 and 4.3.3.4 above) and protein
content in the eluate fraction was measured using the Qubit® Protein Assay
described in section 4.2.6. An aliquot corresponding to 50 µg protein of crude
and anion exchange separated secretome was snap-frozen in liquid nitrogen
and freeze-dried as described in section 4.2.1.4. The freeze-dried samples
were resuspended in 20 µL Laemmli Sample Buffer and run on SDS-PAGE
gel as described in section 4.2.7.

5.2.2.4. Expression of 69140 in P. pastoris

5.2.2.4.1.

Establishing P. pastoris as an expression system for 69140

The CDS of gene 69140 was codon-optimized, synthesized and
delivered as vector pUC57-69140 (see Figure 5.4 below) (GenScript,
Piscataway, NJ, USA).
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001
051
101
151
201
251
301
351
401
451
501
551
601

TGGCCCAGCCGGCCGATGGCAGCAGGTTACGCAAACGCCTTTACAGGTAG
AGGTACTTTTTATGGTGGAAATGTTCAGGGTGGAATGTGCTCCTTCGCAT
CATACACTTTGCCAACAGGTATTGATGGAACTGCAATCTCTAAGCTTGAC
TGGGCTGGTTCCGGAGTTTGTGGTGCCTGCATTAAAGTCACAGGTTTGAG
AGGATCTACCATTTCCATGATCGTTGATCAATGTCCTGAATGCCCACCTC
ATTCATTGGACCTTTTTCAGAACAGTTTCGGTAAAATCGATGACCCACAA
AAGGGAATCATCCAGTTGTCCTGGGAATTTGTTGATTGTCCTTTGAATGG
TCTTATCTACTTCAGAATGAAGGAGGGAGTTTCAGCCAACTG GTTTAGT
GTTCAAGCTGTCAATGCCTCTAAGAGAGTTAAAGATATTCAAGTCTCCAC
CGACCACGGTGCAACTTGGCAGTCAGGATTGACAAGAATGGATTACAACT
TTTTCCAGAAAAGTGCTGGTTTCGGAGTTGATGTTGTCGACCTTAAGGTC
ATTTCTATCGACGGTAAAGAGAGAATCGCTAAAAACTGCCAGGTCATTGG
TGGAAATACTTGTAACGCTGATGGAAACTTCTCGGTACCTCG

050
100
150
200
250
300
350
400
450
500
550
600

Figure 5.4 Codon-optimized coding DNA sequence of gene 69140 for expression in Pichia
pastoris. Start codon is marked in red. Primer annealing region for Exp_69140_f is covering the
red and green marked bases, primer annealing region of Exp_69140_r is marked in orange.

The pUC57-69140 plasmid was subsequently transformed into
electrocompetent E. coli DH5α using 100 µg·mL-1 ampicillin (see 5.2.2.1.1
and 5.2.2.1.2 above) and prepared as described in 5.2.2.1.3 above. Five
nanogram of the plasmid were used as template DNA to amplify the CDS
using primers Exp_69140_f and Exp_69140_r (see Table 9.1 below). The
forward primer introduced an EcoRI site upstream of the open reading frame.
The PCR reactions were carried out in 4 replicates of 50 µL reaction volume.
TaKaRa ExTaq® Polymerase (Takara Bio) was used according to the
suppliers’ protocol (see 5.2.2.1.5 above). Two different repeat cycles were
used. In the first 5 repeat cycles, annealing was carried out for 30 sec at
50 °C and extension for 1 min at 72 °C. In the remaining 30 repeat cycles,
annealing was carried out for 30 sec at 55 °C and extension for 1 min at
72 °C. The entire PCR product was electrophoretically separated on a 0.8 %
agarose gel, cut out of the gel at the expected positions of 2090 bp and
1838 bp and subsequently cleaned followed by quantification and quality
assessment on gel (see 5.2.2.1.6 above).
E. coli containing the plasmid pPICZα A from the EasySelect™ Pichia
Expression Kit (LifeTechnologies™) was grown on Low Salt LB agar medium
at pH 7.5 supplied with (see Table 9.9 below) supplied with 25 µg·ml-1 of
Zeocin™ (LifeTechnologies™) over night at 37 °C. From a single colony, the
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plasmid

was

prepared

as

described

in

5.2.2.1.3

above.

Plasmid

concentration was determined comparing DNA band intensity on an SDSPAGE. On microgram of plasmid and 1 µg of PCR product described above
were digested using restriction enzymes EcoRI and KpnI-HF (NEB)
according to the supplier’s protocol. The restriction enzyme digest was
cleaned up by electrophoretically separating it on a 0.8 % agarose gel as
described above in this section. The quality of DNA was visually inspected
using

a

gel,

the

quantity

determined

using

NanoDrop

1000

Spectrophotometer. For fragment ligation using T4-Ligase (NEB), 50 ng of
digested and cleaned plasmid DNA were used in a molar ratio of plasmid to
insert of 1:1 and 1:3. Reaction volume was 20 µL and the ligation was carried
out overnight at 16 °C.
Both ligation products were precipitated in 2.5 times ligation volume of
100 % ethanol and 0.1 times sample-volume sodium acetate solution at 3 M
concentration. The mix was inverted in the reaction tube several times until
completely mixed and then spun down at top speed in a tabletop centrifuge
for 10 min. The supernatant was completely removed by pipette, the
remainder of liquid removed after a short subsequent spin in the centrifuge.
The pellet was air dried for 5 min and then dissolved in 5 µL of TE (see Table
9.19 below).
The entire ligation mix was used for electrotransformation (see
5.2.2.1.2 above) into electrocompetent E. coli DH5α (see 5.2.2.1.1 above).
Electrotransformed cells were grown on Low Salt LB agar medium at pH 7.5
(see

Table

9.9

below)

supplied

with

25 µg·ml-1

of

Zeocin™

(LifeTechnologies™) over night at 37 °C. Colonies were screened for the
presence of the plasmid using primers Exp_69140_f and Exp_69140_r (see
Table 9.1 below). Template DNA was obtained by picking the colonies and
streaking them into the PCR tubes. The negative control contained no DNA.
As positive control 10 ng of plasmid pUC57-69140 was used, negative
control was plasmid pPICZα A (see section 5.2.2.2.1 above). The PCR was
carried out as described in 5.2.2.1.5 above for GoTaq Flexi polymerase
(Promega). Repeat denaturation steps were carried out for 30 sec at 95 °C,
annealing for 30 sec at 68 °C and extension for 1.5 min at 72 °C. The PCR
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product was electrophoretically separated on a 1.2 % agarose gel as
described in 5.2.2.1.6 above.
PCR confirmed colonies produced an expected band of 1197 bp,
negative control produced a band of 589 bp. Positively screened colonies
were transferred to a new Low Salt LB plates at pH 7.5 supplied with Zeocin™
(LifeTechnologies™) (see Table 9.9 below).Seven confirmed clones were
sequenced to verify the correct DNA sequence for 69140 (see 5.2.2.1.8
above). Sequence analysis was performed using BioEdit (Hall, 1999) and
one clone chosen for transformation of Pichia pastoris.
Transformation of P. pastoris X33 was performed according to
suppliers’

instructions

in

the

EasySelect™

Pichia

Expression

Kit

(LifeTechnologies™). Genomic DNA of P. pastoris 69140 transformants and
transformants containing the empty vector (negative control) was extracted
using DNeasy® Plant Mini Kit (Qiagen) using Tissue Lyser (Qiagen) (see
5.2.2.1.9 above). Colony DNA extract was subsequently screened for the
gene insert using primers (see Table 9.1 below) according to EasySelect™
Pichia Expression Kit (LifeTechnologies™) protocol. Expected band sizes for
the 69140 transformant were 1203 bp and 2.2 kb, for the empty vector
2.2 kb. Colonies were screened for the presence of the plasmid using
primers 5´ AOX1 and 3´ AOX1. The PCR product was electrophoretically
separated on a 1.2 % agarose gel as described in 5.2.2.1.6 above.

5.2.2.4.2.

Producing 69140 in P. pastoris

5.2.2.4.2.1. Production assay
To establish which of the positively screened mutants of P. pastoris
produce the highest concentration over the time course of culturing of the
NCA candidate 69140, the suppliers protocol was used from the
EasySelect™ Pichia Expression Kit (LifeTechnologies™) For Expression of
Recombinant Proteins Using pPICZ and pPICZα (LifeTechnologies™).
Sample size was 2 mL, the cells were spun down at 5 000 rpm in a tabletop
Page 131 / 264

centrifuge, the supernatant transferred into a new tube and cells as well as
the supernatant snap frozen in liquid nitrogen. Cells and supernatant were
then freeze-dried using VirTis BTK Bench Top K Manifold freeze dryer at
about -100 °C and ~10 millitorr (about 1.333 Pa) in darkness until all liquid
was evaporated. Freeze-dried samples were stored at -20 °C in the dark until
use. Samples were taken 6 h, 24 h, 48 h and 72 h after inoculation.

5.2.2.4.2.2. Production of 69140
The NCA1 activity was produced in P. pastoris according to the
suppliers’ protocol from the EasySelect™ Pichia Expression Kit For
Expression

of

Recombinant

Proteins

Using

pPICZ

and

pPICZα

™

(LifeTechnologies ). The whole culture was harvested after 72 h, the cells
were spun down at 5 000 rpm in a tabletop centrifuge, the supernatant
transferred into a new tube and cells as well as the supernatant snap frozen
in liquid nitrogen. Cells and supernatant were then freeze-dried using VirTis
BTK Bench Top K Manifold freeze dryer at about -100 °C and ~10 millitorr
(about 1.333 Pa) in darkness until all liquid was evaporated. Freeze-dried
samples were stored at -20 °C in the dark until use.

5.2.2.4.3.

Fast protein liquid chromatography His-trap purification

For His-Trap purification, harvested and freeze-dried secretome of P.
pastoris (see section 5.2.2.4.2 above) was filtered through 0.2 µm Minisart
single use filters using 30 mL Luer Lock Tip syringe and PD10 desalted (see
section 4.2.1.3 and 4.2.5.1 above) before His-Trap purification. The
purification was carried out on an Äkta Explorer 100 fitted with a Frac-920
fraction collector using GE Healthcare Unicorn Software 5.20 as control and
analysing

software

(see

section

4.2.5.2

above).

System

volume

compensation was 8 mL. For system wash, ddH2O was used and for the
system and all column storage 20% Ethanol in ddH2O was used. For
purification, a 5 mL HisTrap FF Crude column (GE Healthcare) was chosen
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to retain the heterologously expressed activity on the column. The binding
buffer contained 20 mM sodium phosphate, 500 mM NaCl and imidazole at a
concentration of 5 mM at a pH of 7.4. Elution buffer was identical apart from
an imidazole concentration of 500 mM. For controls, PD10- desalted protein
fraction was used for positive control pre-FPLC, flow through, the eluate and
the column wash as well as the buffer were used as samples or controls
respectively. Compensation volume for the FPLC system in the affinity
chromatography run was 8 mL. Column equilibration was carried out in 5
column volumes. Unbound sample was also washed out with 5 column
volumes of binding buffer. Elution delay was set to 8 mL. The flow rate was
adapted to the column, corresponding to 5 mL·min-1 for this 5 mL column.
For sample loading, direct sample loading was used at 5 mL·min-1 flow rate.
Flow through fraction size was 5 mL, eluate fraction size was set to 0.5 mL.

5.2.3. Detached leaf assay
In this experiment, the susceptible wheat cultivar Chara was used as
cultivar Summit was found to be prone to early leaf senescence interfering
with the detached leaf assay (DLA). Wheat plants were cultured as described
in section 4.2.3.1 for 9 to 14 days until the young second leaf reached about
4 mm in width. These second leaves were then harvested shortly before use
by cutting them off close to the base of the leaf. The leaves were kept in a
box with ddH2O water and paper towel to keep them moist. Leaves were then
cut to 5 cm length to avoid premature senescence and chlorosis in the DLA.
Z. tritici was grown for 2 days before harvest as described in section 4.2.1.2.
The spores were then diluted in sterile ddH2O water to 107 spores mL-¹
unless otherwise stated and 20 µL of 1 % polyoxyethylene (20) sorbitan
monolaurate (Tween 20) per 1 mL spore solution were added to reach a final
concentration of 0.02 % Tween 20.
Benzimidazole agar plates were prepared on the day of the DLA start,
using 10 g·L-1 agar and 100 mg·L-1 benzimidazole in ddH2O microwaved until
complete dilution of agar and benzimidazole. The leaves were then slit about
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5 mm into the agar at both ends, assuring they lie as flat as possible without
touching the agar surface where not submersed in the agar.
The spore solution was then applied to the middle of the leaf as a 5 µL
drop. The plates were left to dry for about 5 min, then transferred to a
Thermoline, TPG-1260-5x400-TH (Thermoline scientific, Wetherill Park,
NSW, Australia) growth cabinet (GC). Growth conditions were set at 18 °C
and 16 h day/8h night cycle with a relative humidity of 85%. For lighting 3
times Venture, Metal Halide type HIT 400/U/EURO/4k (Venture Lighting,
Wantirna, Victoria, Australia) at a light intensity of about 400 µmol m-²s-¹ were
used. DLAs were then left for 25 days and symptom development recorded
with a Canon PowerShot G12 digital camera (Canon Sydney, 1 Thomas Holt
Drive, Macquarie Park 2113, NSW, Australia).

5.3. Results

5.3.1. In silico analysis of NCA effector candidate 69140
revealed unique and common features

5.3.1.1. Partial homology and an upstream start codon
were suggested

In silico prediction of protein properties was used to support decisions
on the experimental course of action. The NCA candidate effector 69140 was
thus analysed to evaluate its similarity to known effector properties such as
small size, cysteine number, signal-peptides for secretion and possible
predicted functional domains.
The annotated gene 69140, the NCA effector candidate identified in
chapter 4 was located on chromosome 2, an essential chromosome
(Goodwin et al., 2011). It was located about 200 kb from the closest
chromosome end with the coordinates 3662482-3663234. There were
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numerous genes in the general area 30 kb around 69140 and three genes in
the direct vicinity. Five kilobases upstream two genes were located and one
gene in the region 5 kb downstream. The two genes upstream were 69134
and 69137 and the gene downstream was gene number 69143. There were
no known repeats in the region several kilobases up- or downstream. The
CDS was 618 base pairs long and contained two exons (see Figure 5.5
below).
SignalP did not predict a signal-peptide sequence for the annotated
CDS, while SecretomeP suggested a non-classically secreted protein
(secreted without a secretion signal peptide). Wolf PSort predicted a cytosolic
localization, while SecretomeP predicted a non signal-peptide triggered
protein secretion. The protein translated for the annotated CDS was 205
amino acids long, had a predicted average weight of 21 943.88 Dalton, a
predicted pI of 6.28 and contained 8 cysteines, which corresponded to 3.9 %
cysteine content. The most abundant amino acid (aa) was glycine (26 aa,
12.68 %) followed by serine (16 aa, 7.8 %), alanine and valine (15 aa,
7.32 %) and aspartic acid and isoleucine (14 aa, 6.83 %) (see Figure 5.6
below). Four disulphide bridges and one metal core were predicted for this
protein, but the template sequence identity was only 22.93 % and thus the
result may have a high error rate. No transmembrane domain was predicted.
In blastn, the nucleotide sequence only aligned to the annotated gene
of origin in Z. tritici. The protein sequence alignment in blastp showed<56%
identity with predicted proteins from several microbial organisms (see Figure
5.7 below). The first five hits were from different pathogens. The first
pathogen was Pseudocercospora fijiensis, the pathogen causing black
sigatoga

in

banana

(Abacá

and

Enset,

1999),

followed

by

Dothistroma septosporum, the pathogen causing red band needle blight in
conifers

(Grigoriev

et

al.,

2011).

Furthermore

the

pathogen

Sphaerulina musiva (Feau et al., 2010), causing leaf spot and canker disease
on poplar trees and Neofusicoccum parvum, a vascular fungus associated
with severe decline and dieback in grapevine (Blanco-Ulate et al., 2013). The
fifth was Macrophomina phaseolina, which causes seedling blight, root rot,
and charcoal rot of more than 500 crop and non-crop species (Smith and
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Carvil, 1997). These pathogens belong to the Dothidiomycetes. The first
three,

P. fijiensis,

Mycosphaerellaceae.

D. septosporum
N. parvum

and

and
M.

Botryosphaeriaceae.
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S. musiva
phaseolina

belong
belong

to

the

to

the

001
051
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201
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451
501
551
601

ATGGCAGCGGGCTATGCCAACGCATTCACTGGCCGTGGAACCTTCTACGG
AGGCAACGTCCAGGGAGGAATGTGCTCCTTCGCTTCCTATACTCTCCCGA
CTGGCATCGACGGCACCGCTATCAGCAAATTGGACTGGGCGGGAAGCGGA
GTCTGTGGTGCTTGCATCAAAGTCACTGGCCTGAGAGGCTCGACTATATC
AATGATTGTCGACCAATGTCCAGAATGCCCACCGCACAGCCTCGACTTGT
TCCAAAACTCCTTCGGCAAGATTGACGATCCCCAGAAGGGAATCATTCAA
CTGTCGTGGGAATTCGTCGACTGTCCGCTCAACGGTCTGATTTACTTCCG
CATGAAGGAGGGTGTGTCGGCGAACTGGTTCAGCGTTCAGGCGGTCAACG
CGAGCAAGCGTGTCAAGGACATCCAAGTCAGCACCGACCACGGCGCTACC
TGGCAGAGTGGTCTCACTCGGATGGATTACAACTTCTTCCAGAAGTCGGC
TGGCTTTGGAGTCGATGTAGTCGATCTCAAGGTGATCAGCATTGATGGGA
AGGAGAGGATTGCGAAGAACTGCCAGGTCATTGGTGGGAATACCTGCAAT
GCTGACGGTAACTTCTGA
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Figure 5.5 Coding DNA sequence annotated for the protein 69140 in the JGI database. NTerminal sequencing peptide sequence (see section 4.3.3.7 above) is marked in red.

001:
051:
101:
151:
201:

MAAGYANAFT
VCGACIKVTG
LSWEFVDCPL
WQSGLTRMDY
ADGNF

GRGTFYGGNV
LRGSTISMIV
NGLIYFRMKE
NFFQKSAGFG

QGGMCSFASY
DQCPECPPHS
GVSANWFSVQ
VDVVDLKVIS

TLPTGIDGTA
LDLFQNSFGK
AVNASKRVKD
IDGKERIAKN

ISKLDWAGSG
IDDPQKGIIQ
IQVSTDHGAT
CQVIGGNTCN
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100
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200

Figure 5.6 Amino acid sequence for the coding DNA sequence annotated for the protein
69140 in the JGI database. N-Terminal sequencing peptide sequence (see section 4.3.3.7
above) is marked in red.
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Figure 5.7 Blastp 69140 protein sequence alignment in the NCBI database. An overview
over the first 18 hits.

N-terminal sequencing in section 4.3.3.7 above unexpectedly revealed
the sequence start: FTGRGTFYGG,
corresponding to position 9 – 18 of the protein,
instead of the expected predicted protein start: MAAGYANAFT.
This discrepancy was thought to originate from a post-translational
processing of the protein such as a signal-peptide sequence, which was
cleaved. However, no such signal-peptide and no cleavage site was
predicted above. Thus, the upstream and downstream region of the gene
was examined for an alternative transcription initiation site (TIS) to account
for miss-annotation. An ATG coding for a methionine was found 30 base
pairs further upstream of the gene and the arising, extended CDS was 648
base pairs long (see Figure 5.8 below). In order to assess the likelihood of
this alternative TIS compared to the annotated one, the CDS with flanking
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regions of 100 bp upstream and downstream were analysed. TIS Miner
ranked the alternative TIS with the top score of 0.714 ranked first on the list,
compared to the annotated TIS with 0.674 on second place. The annotated
TIS did match the Kozak consensus TIS less well. The program ATGpr
supported this estimate, placing the annotated start on sixth place with a
reliability of 0.05, compared to the alternative TIS with 0.26 on rank one.
This protein was 215 amino acids in length, 10 longer at the Nterminus than the annotated sequence (see Figure 5.9 below).For this
extended amino acid sequence a signal-peptide was predicted by SignalP
with a cleavage site between positions 18 and 19. Cleaving this predicted
signal-peptide off the extended 69140 protein leaves the sequence identified
by N-terminal sequencing as the new protein start (see section 4.3.3.7
above). Wolf PSort and SecretomeP predicted the protein to be targeted to
extracellular localization consistent with the presence of 69140 in the
secretome. This extended protein had a predicted average weight of
23 143.28 Dalton, a predicted pI of 6.53 and maintained the number of 8
cysteines which then corresponded to 3.72 % cysteine content. The most
abundant aa was glycine (26 aa, 12.09 %) followed by serine (18 aa, 8.37 %)
followed by alanine, phenylalanine, isoleucine and valine (15 aa, 6.98 %) and
aspartic acid (14 aa, 6.51 %) (see Figure 5.9 below).In this extended protein,
four disulphide bridges were predicted as well as one metal core, but the
template sequence identity was again low with 23.08 %and the result may
have a high error rate again. For this extended protein, no transmembrane
domain was predicted either.
In blastn, this extended nucleotide sequence, again, only aligned to
the annotated gene of origin in Z. tritici. The protein sequence had <54%
identity with the same predicted proteins as for the annotated CDS.
An involvement in disease necrosis and chlorosis of the NCA effector
candidate 69140 requires protein presence in planta during disease. Four
69140 EST analyses support expression of the gene during infection in
planta (Grigoriev et al., 2011; Keon et al., 2007, 2005a, 2005b), consistent
with a disease functionality.
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Furthermore, in personal communication with Research Fellow Dr
Julie Pattemore (Charles Sturt University, Wagga Wagga, Australia) and
Research Fellow Dr Megan C. McDonald (Australian National University,
Canberra Australia) no difference in the genetic sequence was found
between the reference strain IPO323 (Dutch) (Goodwin et al., 2011;
Grigoriev et al., 2011) and the Australian 79.2.1A strain used in the
laboratory. This was true for the annotated as well as the extended CDS of
69140, suggesting a conserved protein sequence.
The molecular weight of both, the annotated and extended protein
matched the expected weight of the SDS-PAGE band of > 20 kDa and the
NCA gel filtration fraction > 12.4 kDa. The protein 69140 appeared to be
miss-annotated with a likely TIS 30 bp upstream, strongly suggested by Nterminal sequencing in the previous chapter (see 4 above) and further
supported by TIS analysis. Additionally, the extended protein, unlike the
annotated protein 69140, was predicted to be secreted which was consistent
with the presence in the secretome. Partial homology with proteins of related
pathogens allowed speculation about function, but required experimental
evidence.
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ATGCATTTTTCCACCTTCATCTTCACTTCCATGGCAGCGGGCTATGCCAA
CGCATTCACTGGCCGTGGAACCTTCTACGGAGGCAACGTCCAGGGAGGAA
TGTGCTCCTTCGCTTCCTATACTCTCCCGACTGGCATCGACGGCACCGCT
ATCAGCAAATTGGACTGGGCGGGAAGCGGAGTCTGTGGTGCTTGCATCAA
AGTCACTGGCCTGAGAGGCTCGACTATATCAATGATTGTCGACCAATGTC
CAGAATGCCCACCGCACAGCCTCGACTTGTTCCAAAACTCCTTCGGCAAG
ATTGACGATCCCCAGAAGGGAATCATTCAACTGTCGTGGGAATTCGTCGA
CTGTCCGCTCAACGGTCTGATTTACTTCCGCATGAAGGAGGGTGTGTCGG
CGAACTGGTTCAGCGTTCAGGCGGTCAACGCGAGCAAGCGTGTCAAGGAC
TGGCAGAGTGGTCTCACTCGATCCAAGTCAGCACCGACCACGGCGCTACC
GATGGATTACAACTTCTTCCAGAAGTCGGCTGGCTTTGGAGTCGATGTAG
TCGATCTCAAGGTGATCAGCATTGATGGGAAGGAGAGGATTGCGAAGAAC
TGCCAGGTCATTGGTGGGAATACCTGCAATGCTGACGGTAACTTCTGA
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Figure 5.8 Extended coding DNA sequence starting with an upstream alternative start
codon for the protein 69140 in the JGI database. The additional 30 bases are marked in
blue, the bases corresponding to the N-terminal sequencing peptide sequence (see section
4.3.3.7 above) are marked in red.

001:
051:
101:
151:
201:

MHFSTFIFTS
ISKLDWAGSG
IDDPQKGIIQ
IQVSTDHGAT
CQVIGGNTCN

MAAGYANAFT
VCGACIKVTG
LSWEFVDCPL
WQSGLTRMDY
ADGNF

GRGTFYGGNV
LRGSTISMIV
NGLIYFRMKE
NFFQKSAGFG

QGGMCSFASY
DQCPECPPHS
GVSANWFSVQ
VDVVDLKVIS

TLPTGIDGTA
LDLFQNSFGK
AVNASKRVKD
IDGKERIAKN
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Figure 5.9 Amino acid sequence for the extended coding DNA sequence starting with an
upstream methionine as an alternative start codon for the protein 69140 in the JGI
database. The additional 10 amino acids are marked in blue N-Terminal sequencing peptide
sequence (see section 4.3.3.7 above) is marked in red.

5.3.1.2. Annotated domains were involved in plant defence
and cell wall mechanisms

In order to estimate a function consistent with a role in pathogenicity,
the candidate NCA effector 69140 was analysed for homology with proteins
and presence of known domains. Partial homology was discovered for a
range of proteins from other organism (see Figure 5.7 above). The coverage
of the sequence alignment was usually quite high for these hits (> 94 %).
However, identity of amino acids was low with 56 % and no more than 74 %
of amino acids were similar (positives) in the first five hits (see Figure 5.10,
Figure 5.11 and Figure 5.12 below). The protein was hence considered to
have limited homology with a similarity found in domains.
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Figure 5.10 Blastp sequence alignment of protein 69140 with hit one and two.
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Figure 5.11 Blastp sequence alignment of protein 69140 with hit three and four.
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Figure 5.12 Blastp sequence alignment of protein 69140 with hit five.

Annotated for protein 69140 in the JGI database (Goodwin et al.,
2011; Grigoriev et al., 2011) was a rare lipoprotein A (RlpA) (IPR005132) and
RlpA-like double psi beta barrel 1 (DPBB_1) domain (HMMPfam PF03330), a
barwin domain (IPR001153, BlastProDom PD004535) and a hevein domain
(Uniprot P02877). Additionally, a manual annotation was found by Bernhard
Henrissat from the 20.10.2011 describing 69140 containing a domain
distantly related to plant expansins with the name EXPN-CBM63 (Grigoriev
et al., 2011).
The Pfam domain search confirmed the RlpA-DPBB_1 domain with a
reasonable domain alignment (see Figure 5.13 below). All of these domains
were noted to bind saccharides, carbohydrates and/or chitin. The RlpA
domain was reported to contain the conserved DPBB fold. This fold is often
involved in enzymatic action and barwin-like endoglucanases (carbohydrate
binding), expansin/pollen allergen with a DPBB domain and the bacterial rare
lipoprotein A belong to this domain type.
Barwin, a basic protein of barley, was found closely related to the Cterminal of proteins of wound-induced and pathogen defence related genes
in planta, suggestive of role in the plant immune system. Expansins are plant
proteins that have been reported for a broad range of biological roles in cell
growth, development and defence through loosening the cell wall, suggestive
of a role in plant adaptation processes. Initially, it was counterintuitive to
assume a pathogenic fungus would acquire plant defence genes.
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Nevertheless, it was consistent with a possible mechanism of Z. tritici
hijacking host defence mechanisms and thus, further pursuit of investigating
the role of 69140 in the Z. tritici-wheat interaction through molecular biology
methods was decided.
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Figure 5.13 Alignment of amino acid 62-113 of candidate gene 69140 to Pfam domain
PF03330. The protein is predicted to contain the rare lipoprotein A (RlpA)-like double-psi betabarrel (DPBB_1) domain. Amino acid (aa) sequence of the sequence query protein 69140.
Important homology regions of the DPBB_1 domain are indicated by red squares.
#HMM: Hidden Markov Model protein sequence alignment. The most conserved positions are
indicated by capital letters. #MATCH: Match between the query sequence and the HMM.
Conservative substitutions are indicated by a '+'. #PP: posterior probability/degree of confidence
in each individual aligned residue. Degree of confidence in each individual aligned residue (0=05%, 1=5-15% and so on; 9=85-95% and a '*' means 95-100% posterior probability – see #SEQ
colour code). #SEQ: 104571 query sequence. Deletions in the query sequence with respect to
the HMM are indicated by a '-'.
Coloured according to posterior probability:

5.3.2. NCA effector candidate 69140 knock-out mutants
were successfully generated

5.3.2.1. Successful plasmid generation and transformation
into Agrobacterium tumefaciens

In section 5.3.1 above, 69140 was characterised as a possible NCA
effector. The NCA effector candidate was of small size, contained several
cysteines, a secretion signal was strongly suggested and domains annotated
to the protein allowed for pathogenic mechanism speculation. This
hypothesis required elucidation of the role of the NCA effector candidate
69140 in Z. tritici pathogenicity. For this purpose, homologous recombination
was used to replace the 69140 gene with a hygromycin cassette as a
selective marker in A. tumefaciens mediated transformation. This method is,
as of yet, the only efficient strategy to generate targeted gene disruption
mutants of Z. tritici (Bowler et al., 2010; Zwiers and De Waard, 2001). The
plasmid pPK2 is a binary vector suitable for E. coli and A. tumefaciens
developed for A. tumefaciens transformation of filamentous fungi (Michielse
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et al., 2009). Thus, the binary vector pPK2 backbone was fused with an inframe HRC, successfully creating pPK2-HYG-69140 (see Figure 5.14 below).
This plasmid was transformed into E. coli, positively tested for correct
restriction enzyme digest pattern (see Figure 5.15 A below) and ultimately
transformed into A. tumefaciens. A. tumefaciens pPK2-HYG-69140 clones
were tested for presence of the plasmid and subsequently suitable for
Z. tritici transformation (see Figure 5.15 B below).
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Figure 5.14 Map of plasmid pPK2-HYG-69140. The A. tumefaciens binary vector pPK2 was
modified for deletion of 69140 and replacement by the hygromycin resistance gene cassette
(HygR) in Z. tritici. The T-DNA is running clockwise from the left border (LB) to the right border
(RB). For replacement of 69140, the upstream flank of 69140 (5’ flank), followed by the HYG
cassette and the downstream flank (3’ flank) of gene 69140 are in frame. The HYG cassette
contains the constitutive gpdA promoter, the hygromycin resistance gene for Hygromycin B
selection in fungi and the trpC terminator. Kanamycin resistance gene (kanaR) for selection in
bacteria. Green boxes mark positions of ori, basis of motility and a stability feature.

Figure 5.15 Control restriction enzyme digest and colony PCR gel electrophoresis to
confirm the presence and correct assembly of plasmid pPK2-HYG-69140. A) Test digested
plasmid after plasmid preparation from E. coli. Single digest (SD) and double digest (DD) show
the expected band pattern (SD: 4226 bp, 9331 bp. DD: 191 bp, 800 bp, 3426 bp, 9140 bp). B) A
colony PCR (C-PCR) confirms the presence of the hygromycin cassette in A. tumefaciens
(2962 bp) beside the control (Cont.). Molecular marker (MW) in base pairs in A) and B) for
comparison.
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5.3.2.2. NCA effector candidate 69140 gene knock-out
mutants and ectopic insertions were generated

The A. tumefaciens strain resulting from section 5.3.2.1 above was
successfully used to generate 69140 knock-out mutants of Z. tritici. About
100 colonies were picked from plates, of which 40 were PCR screened for
the correct insert. Three of these colonies showed the expected fragment of
7390 bp for the correctly inserted HygR cassette instead of the wild type gene
69140. All other screened colonies either showed the WT band of 4964 bp,
or were not possible to amplify from extracted DNA. Thus the knock-out
mutants number 6, 25 and 27 (KO6, KO25 and KO27 respectively) were
identified as well as 3 ectopic insertion mutants with numbers 10, 13 and 30
(E10, E13 and E30 respectively) chosen for further experiments (see Figure
5.16 below). All controls showed bands as expected. These knock-out
mutants were chosen for further confirmation of a single insertion of the HygR
cassette in the correct genomic environment.
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Figure 5.16 Z. tritici 69140 deletion mutant colony PCR. Confirmed Z. tritici 69140 knock-out
mutants (6, 25 and 27) in green circles (7390 bp), ectopic mutants (30,10 and 13) in red circles
(4964 bp ,for control experiments), wild type Z. tritici (WT) in blue circle (4964 bp ).

In order to confirm the insertion of the HygR cassette in place of the
69140 gene, Southern Blotting was carried out. This method allows detection
of specific genomic sequences in genome scale DNA. The genomic context
in which the HygR cassette was inserted, determined specific restriction
enzyme patterns of this region. A restriction enzyme was chosen to produce
fragments lengths that allowed distinguishing between WT DNA for the
69140 region and a single insertion of the HygR cassette. After DNA
digestion, gel separation and transfer to a membrane, the size of the target
region fragments was revealed by a probe containing the flank regions of
69140. BamHI restriction enzyme was initially chosen for digestion (10 cm
gel), creating expected fragment lengths of 2971 bp, 3970 bp and 4226 bp
for the knock-out mutants and 3970 bp and 4772 bp for the ectopic mutants
and WT. The resolution of bands 3970 bp and 4226 bp was possibly not
sufficient and they may have overlapped, combining them in one band (see
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Figure 5.17 below). Despite extended digestion time, several bands differing
from the bands expected were apparent. In the knock-out mutants all bands
could be accounted for by assuming incomplete digestion, which appeared
likely despite extended digestion time. Ectopic mutants and WT also
produced the expected bands, while for ectopic mutants not all bands can be
accounted for, since the insertion position is unknown. E30 showed a band in
the position of one expected band for knock-outs and was discarded from the
ectopic control group. In E10 another additional band was found, but
considered to be in sufficiently different position to exclude an ectopic
insertion beside the knock-out in the target region. In the BamHI Southern
Blot, the probe annealed to the target region revealing bands expected for
successful homologous recombination of the HygR cassette with the WT
69140 region, without showing additional bands suggestive of multiple
insertions. However, since some of the bands were reasonably thin, a high
amount of undigested DNA was found and the resolution between two
expected bands was low, a re-confirmation using EcoRI (20 cm gel) was
decided.
EcoRI restriction enzyme created expected fragment lengths of
5788 bp and 7962 bp for the knock-out mutants and 4513 bp and 6812 bp for
the ectopic mutants and WT (see Figure 5.17 below). While a high amount of
undigested DNA was found in KO6 bands were very thin, a very slim band
was found in the right position. With this one exception, all other expected
bands were found and other bands could be accounted for by incomplete
digestion. Moreover, no unexpected bands without explanation were found in
the knock-outs, again suggestive of a single homologous recombination
event without further ectopic insertion. Thus, the EcoRI digest re-confirmed
the results of BamHI Southern Blot and PCR screening. The problem of
incompletely digested DNA persisted, despite 48 h digestion time.
Nevertheless, two independent Southern Blots revealed bands expected for
successful single homologous recombination of the HygR cassette in the TDNA with the WT 69140 region in addition to colony PCR. This combination
was considered adequate evidence for correct single insertion of the HygR
cassette in the knock-outs.
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Figure 5.17 Southern Blot using BamHI and EcoRI digestion enzymes for Z. tritici DNA
fragmentation. Green asterisks mark expected band sizes for the type of DNA, orange
asterisks mark lines that can be explained by incomplete digest or other explanations, red
asterisk marks a band possibly reflecting knock-out beside ectopic insertion. Molecular marker
(MW) in base pairs in A) and B) for comparison. Genomic DNA from knock-out mutants KO6,
KO25 and KO27, genomic DNA from ectopic insertion mutants E30, E10 and E13, and genomic
DNA from wild type (WT) Z. tritici. A) BamHI digest. Expected band sizes marked with green
lines (for knock-outs: 2971 bp, 3970 bp and 4226 bp; for ectopic mutants and wild type: 3970 bp
and 4772 bp). B) EcoRI digest. Expected band sizes marked with green lines (for knock-outs:
5788 bp, 7962 bp; for ectopic mutants and wild type: 4513 bp, 6812 bp).

5.3.2.3. SDS-PAGE confirmation of NCA effector candidate
69140 gene knock-out mutants and ectopic insertions
were generated

A final confirmation of the absence of the 69140 gene product in
knock-out mutants was carried out by SDS-PAGE analysis. The anion
exchange separated secretome of KO6 and KO25 showed a substantial
difference in band-intensity at the position for protein 69140 for the knock-out
mutants compared to the WT secretome, suggesting the remaining band
contained proteins different to 69140 (see Figure 5.18 red encircled band
position below).
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Figure 5.18 SDS-PAGE (16%) of wild type (WT) and KO6 and KO25 secretome separated
by anion exchange or crude (CBB). Molecular weight marker (MW) for size comparison.
Eluate fraction and crude secretome for comparison. In KO6 and KO25 (exemplary for KO27)
the apparent band in WT is absent or substantially less intense (red square encircled area).
Residual bands were thought to originate from different proteins with similar properties.

5.3.3. Characterisation of 69140 gene knock-out mutants
of Zymoseptoria tritici

5.3.3.1. Zymoseptoria tritici 69140 knock-out mutants
resemble wild type and continue NCA effector production

Growth of knock-out and ectopic mutants was observed on PDA plate
and in liquid media. Basic behaviour such as growth speed on plate and in
liquid, colony colour development and spore appearance was comparable
between WT, knock-out and ectopic. KO6, however, appeared to form cellaggregates and a “stickier” layer of growth on PDA plates, which required
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slightly more suspension effort for cells. Beside this behaviour, no other
difference was observed. Next, the difference in NCA production between the
knock-out mutants KO6, KO25 and KO27 and ectopic mutant E10 was
investigated by infiltrating secretome grown under NCA producing conditions
into wheat leaves. WT Z. tritici under NCA producing conditions was used as
a positive control and non-NCA producing conditions were used as a
negative control. While the controls acted as expected, all three mutants still
induced NCA (depicted is the highest observed level of NCA symptom
development, see Figure 5.19 below). This experiment was repeated several
times to account for the natural variability in culture outcome. While a low
amount of NCA development was always observed, the level was highly
variable in the knock-out mutants, opening the possibility for 69140 to play
part of, but not the only role in NCA development. NCA effector candidate
69140 was thus not confirmed to be the causative agent, but it was not
possible to exclude 69140 for involvement either, allowing for multiple
effector involvement.
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Figure 5.19 Comparison between the reaction of positive and negative control and NCA
candidate 69140 knock-out Z. tritici secretomes. Freeze-dried 2x concentrated secretome
was infiltrated into the second leaf.
Secretome of knock-out mutant 6 (KO6), 25 (KO25) and 27 (KO27) and ectopic mutant 10
(E10) of gene 69140 grown under NCA producing conditions induced visible levels of NCA (the
highest observed level of NCA observed in KO culture filtrates is shown). Wild type Z. tritici
secretome from NCA producing conditions (Pos. control) induced a higher level of NCA. Wild
type Z. tritici from non-NCA producing conditions (Neg. control) induced no NCA. The knockout mutants retained the ability to produce an NCA effector.

5.3.3.2. Zymoseptoria tritici 69140 knock-out mutants
remain pathogenic in a detached leaf assay

To investigate the pathogenicity of wild type 79.2.1A Z. tritici
compared to the knock-out mutants KO6 and KO25 and ectopic mutant E10
of gene 69140, a DLA was used. While the DLA showed that KO strains
caused disease symptoms, subtle symptom differences may have been
missed. Pycnidia development was not observed for any of the used strains
including the WT strain, representing an incomplete life cycle in planta. The
attempt, however, to establish conditions for an improved DLA failed. All
mutants showed disease symptoms comparable to the symptoms induced by
WT or E10 (see Figure 5.20 below) supporting the findings in section 5.3.3.1
of a continued NCA effector production.
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Figure 5.20 Detached leaf assay to compare pathogenicity of Z. tritici wild type with gene
69140 knock-out mutants. Knock–out mutants 6 (KO6) and 25 (KO25) as well as ectopic
mutant 10 (E10) show levels of disease comparable to the wild type strain (WT).

5.3.3.3. NCA production was not achieved

Characterisation of the pathogenicity of Z. tritici strains lacking the
gene 69140 revealed that the putative NCA effector candidate is not required
for pathogenicity. To determine whether protein 69140 is nevertheless
contributing to NCA development, the heterologous expression system P.
pastoris was chosen for 69140 gene expression. P. pastoris strains were
screened for correct insertion of 69140 and colony PCR confirmed clones
and empty vector insertions (see Figure 5.21 below). However, the tested
secretomes did not induce NCA (see Figure 5.22 below). The protein content
in the infiltration samples was extremely low and consequently SDS-PAGE
analysis for the expression showed no protein bands (data not shown),
suggestive of low induction level or absence of expression of the candidate
effector gene 69140. As of yet, expression of 69140 was not successful,
leaving the question of NCA involvement of this gene product open.
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Figure 5.21 P. pastoris 69140 expression mutant colony PCR. Confirmed P. pastoris 69140
expression mutants (E1 and E2) as well as empty vector control (EV). Expected band for gene
insertion in green circle (1203 bp), insertion control band in blue circle (2.2 kb). Further bands
are interpreted as ghost bands according to the supplier’s protocol.

Figure 5.22 Comparison between the reaction of Empty Vector negative control (EV) and
Expression mutant 1 (E1, representative for other expression mutants). Freeze-dried 4x
concentrated secretome was infiltrated into the second leaf. No noticeable NCA developed.
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5.4. Discussion
In chapter 4, protein 69140 of Z. tritici was identified as a potential
NCA effector. In this chapter, in silico analysis aimed at judging the
probability of 69140 to be said NCA effector and deciding further
experimental steps. On basis of the in silico results, investigation of the
involvement of 69140 in NCA development became the objective, using
molecular biology methods such as disruption and expression of this NCA
effector candidate.

Analysis of the in silico predicted properties of candidate gene 69140
suggested characteristics found in other confirmed effectors such as SnToxA
and SnTox1 (Friesen et al., 2006; Liu et al., 2012; Oliver and Solomon,
2010). These properties included a small size of just above 20 kDa and a
moderately high amount of 8 cysteines. The size of 23 kDa of NCA candidate
69140 corresponds to the size suggested by chromatography in chapter 4.
While the annotated protein sequence contained no predicted signal-peptide,
an alternative TIS 30 bp further upstream resulted in a protein with a
secretion signal, strongly suggested by experimental data of chapter 4. This
secretion signal was not only consistent with the localization of the protein in
liquid culture, but also predicted to be cleaved in a position consistent with
the peptide determined by N-terminal sequencing. These data strongly
suggest the start codon 30 bp upstream to be correct. In planta studies of
ESTs report the 69140 gene being expressed during infection, which was in
line with a role in pathogenicity (Grigoriev et al., 2011; Keon et al., 2007,
2005a, 2005b). Unfortunately, details on the timing of expression were not
given and further EST data could not be related to published papers
specifically mentioning this gene. Furthermore, unpublished proteomics data
(2-DE) found the protein 69140 in substantially higher quantity in NCA
secretome compared to non-NCA secretome, which was consistent with the
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initial hypothesis. Only limited protein sequence homology was found in other
organisms and some shared homology was originating from the predicted
domains. These homologies were found in other fungal plant pathogens or
plant proteins, related to two domains with functionality in plants. The
predicted Barwin domain and Expansin domain allowed two different,
possibly complementary hypotheses about mechanisms to induce the NCA in
the host, discussed further down. Interestingly, no sequence difference was
found between the Dutch reference strain IPO323 and the Australian isolate
79.2.1A. Thus, the experimental data gathered may apply to the Dutch
reference strain, with identical protein function, once the protein is secreted.
In summary, the in silico analysis results suggested protein 69140 to be a
strong candidate for the NCA and supported further investigation through
molecular methods.

The annotated domains were analysed for a possible mechanism
consistent with a function in NCA development and the current pathogenicity
model in which Z. tritici is expected to hijack plant defences (HammondKosack and Rudd, 2008). Frequently, the predicted DPBB fold is an
enzymatic domain and if enzymatic, members of this family exhibit diverse
catalytic function. The annotated barwin and expansin domains are members
of this family (http://www.ebi.ac.uk/interpro/entry/IPR009009 on 04.08.2014),
however, the automated prediction failed to detect the domain structures in
69140. CD-Search, however, aligned the preliminary expansin structure to
the domain in 69140.
Both, barwin and expansin domains were reported primarily as plant
protein domains within the larger group of the RlpA-DPBB_1 domains. Both
domains were reported to bind carbohydrates, but more importantly involved
in plant defence mechanisms and pathogen response, including antifungal
properties. While it was initially counterintuitive to assume a pathogenic
fungus would acquire plant defence genes, it was consistent with a possible
mechanism of Z. tritici to hijack plant defence mechanisms (HammondKosack and Rudd, 2008). For example, a signalling component of these
proteins or intensification (not-plant regulated presence of cell-wall action
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proteins) of an otherwise highly regulated defence mechanism could allow
Z. tritici to interfere with innate plant responses.
Barwin is a basic protein, which was isolated from aqueous extracts of
barley seeds and is able to bind saccharides. It is 125 amino acids long and
contains six cysteine residues forming 3 disulphide bonds. It was reported to
bind chitin, but not exhibit chitinase activity. Proteins were found in wheat, rye
and oat grain extracts that have a structurally similar domain (Hejgaard et al.,
1992). Two wound-induced genes in potato (win1 and win2) (Stanford et al.,
1989) contain a highly similar domain. Furthermore, the product of the wound
induced hevein gene from rubber trees and pathogenesis-related protein PR4A and PR-4B from tobacco contain this domain, suggesting the barwin
domain to be involved in a common defence mechanism in plants and able to
bind chitin (Hejgaard et al., 1992; Kiba et al., 2003). Interestingly, the hevein
gene product is cleaved into two fragments, one of which contains the Barwin
domain, the other contains a chitin binding domain with antifungal properties
of the fragment, underlining its defence related activation (Broekaert et al.,
1990; Lee et al., 1991; Parijs et al., 1991). Wheat proteins wheat win1 and
wheat win 2 (UniProtKB/Swiss-ProtO64392 (WHW1_WHEAT) and O64393
(WHW2_WHEAT) respectively) both contain the barwin domain and were
reported to have specific antifungal activity towards Botrytis cinerea (widehost-range pathogen) and wheat-specific fungal pathogens of Fusarium
culmorum and Fusarium graminearum (Caruso et al., 1996). Both, wheat
win1 and wheat win2 are limited to the barwin domain, with no other domains
annotated (http://www.uniprot.org/uniprot/O64393 on 04.08.2014) beside a
signal-peptide. While it is not clear which role the barwin domain plays in
wheat defence exactly, the domain is involved in cell wall function, exhibits
hydrolase activity and binds chitin. Chitin binding molecules of Z. tritici,
however, have been reported to be important for Z. tritici evasion of pathogen
triggered immunity (PTI) (Lee et al., 2014) and protein motives for cell wall
interaction were found to provide an evolutionary advantage in other
microbes, bacteria and fungi, which have acquired expansin genes through
horizontal gene transfer (Nikolaidis et al., 2014). A very different activity has
recently been reported for Theobroma cacao proteins containing the barwin
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domain. In a calcium and magnesium dependent manner, the pathogenesis
related protein PR-4b, which contains the barwin domain, exhibited RNase
and DNase activity, beside a reported antifungal activity (Pereira Menezes et
al., 2014). While Z. tritici may benefit from an antifungal activity in a
competitive environment, the capacity to degrade RNA and DNA allows
speculation on targeting the host nucleus. This information is recent (June
2014) and could not be taken into account for the decision.
This expansin domain, the second domain annotated for 69140, is
highly conserved and involved in plant cell growth and cell wall disassembly.
Annotation included a CBM63 domain, which has been reported to bind
cellulose

(http://www.cazy.org/CBM63.html

04.08.2014).

The

expansin

mechanism is poorly understood with no enzymatic activity yet discovered
and involves a cell wall loosening activity inducing rapid extension within
seconds under acidic pH (see Figure 5.24 below) (Choi et al., 2006;
Sampedro and Cosgrove, 2005). Expansins are generally involved in
processes such as cell wall extension, fruit softening, abscission, symbiosis
and the response to environmental stresses. Expansins have been reported
from wheat (Lizana et al., 2010) and were expected to bind carbohydrates
like the β-expansin from Zea mays, which was resolved and a binding grove
suggested (see Figure 5.23 below). Specific types of expansins, EXPBs
(group-1 allergens), appear to target cell walls from grasses in particular, but
not dicotyledon cell walls (Yennawar et al., 2006). Investigation into the subgroup to which 69140 belongs was unsuccessful. Recently, expansins have
been reported to be important in the response to pathogenic biotic stressors,
in particular to necrotrophic pathogens in A. thaliana (AbuQamar, 2014;
AbuQamar et al., 2013). The CBM63 domain may allow the protein to bind to
the plant cell wall and adhere to it, consistent with the observed localization
of the activity in chapter 4. Subsequently, a cell wall loosening effect of the
expansin domain, devoid of control by the plant cell, may not only lead to a
loss of a major part of the innate plant immune system, but also deprive the
cell of a structure to prevent cell turgor induced rupture. Moreover, the
expansin triggered damage of the cell wall may be the form of ETS
suggested by Hammond-Kosack et al. (2008), inducing a signalling cascade
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otherwise triggered by direct destruction of the cell wall through a pathogen
(Nühse, 2012). In this model, a prerequisite for expansin activity would be a
low pH, since their action is pH dependent (Choi et al., 2006; Sampedro and
Cosgrove, 2005). Different light ranges have been found to induce
acidification of the cell wall involving photoreceptors of the plant (den Os et
al., 2007; J. Theo M. Elzenga et al., 2000; J. T. M. Elzenga et al., 2000),
providing a hypothesis why light may be important for the NCA development
and reasons for the artefacts discovered in the growth chamber. Targeted
experiments using specific additional lighting may shed light on this question.
As mentioned above, some bacteria and fungi in intimate association with
plants were found to have acquired plant expansins in two independent
horizontal gene transfer (HGT) events. Multiple horizontal gene transfer
events within bacteria and fungi were then suggested by the authors, driven
by adaptive advantages for microbes in plant interactions, including plant
pathogens (Nikolaidis et al., 2014). An HGT event of expansins is a plausible
route for expansin acquisition by Z. tritici. However, such hypotheses
required reverse genetic approaches to assess the pathogenicity phenotype
associated with Z. tritici mutants lacking a functional copy of the NCA effector
candidate 69140.

Consequently, candidate 69140 was subject to gene replacement by a
selection marker. A. tumefaciens transformation, the only effective strategy to
generate targeted gene disruption mutants of Z. tritici to date (Bowler et al.,
2010; Zwiers and De Waard, 2001), was successfully carried out resulting in
three knock-out mutants of the pathogen. These knock-out mutants were
verified using three independent methods. PCR, two independent Southern
Blots and SDS-PAGE, were used to identify knock-out colonies, confirm a
single homologous recombination event and prove the absence of the target
gene product 69140 respectively. However, experiments aimed to shed light
on the involvement of protein 69140 were inconclusive. However, in two
independent assays, DLA infection and secretome infiltration, no absence or
substantial reduction of NCA induction was observed, nor was a retained full
NCA induction observed. A mechanism may be involved, based on ETS
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induced by more than one effector. Multiple effector mechanisms are known
from the related pathogen P. nodorum, which produces several different
effectors such as SnTox1 through to SnTox4 and SnToxA, targeting the host
in several independent ways (Oliver et al., 2012). A property of 69140 related
to pathogenicity may thus be overlayed by redundancy of several effectors.
In this case, at least a second effector is expected to be present in the anion
exchange chromatography eluate. An inhomogeneous induction of several
different effectors would also allow accounting for the variability in NCA
induction outcome during culturing. Consequently, an analysis of the effect in
planta of the pure protein 69140 was necessary, to rule out the possibility of
redundancy covering the contribution of 69140 to pathogenicity.
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Figure 5.23 Structure of EXPB1 (also called Zea m 1) (taken from Yennwar et al. (2006))
This protein contains an Expansin domain. EXPB1 features a long open groove into which a
model of glucurono-arabinoxylan (yellow and red) was manually fitted.

Figure 5.24 Schematic diagram of the plant cell wall, the site of expansin activity (taken
from Yennawar et al. (2006)). Large complexes in the plasma membrane synthesize cellulose
microfibrils and are glued together by branched matrix polysaccharides. These are synthesized
in the Golgi and deposited by vesicles along the inner surface of the cell wall. Yennawar et al.
(2006) propose that expansins disrupt the polysaccharide complexes which link cellulose
microfibrils together. One type of expansins, pollen EXPBs (group-1 allergens), exhibits specific
loosening action on grass cell walls from, but not from dicotyledons.
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Expression of 69140 in the heterologous expression system P.
pastoris in order to shed light of this NCA candidate effector activity has,
however, not been achieved. No clones were identified which expressed
substantial amounts of the protein, neither for gel analysis nor for the in
planta infiltration assay. E. coli, as an alternative expression system, has
been tried in another laboratory, but was also unsuccessful. The cells used in
the P. pastoris system have not been tested for viability after culturing, nor
have variations in the induction methods or harvesting been explored yet. It is
a possibility that the protein is cytotoxic for P. pastoris, maybe through a
chitin binding property of the domain. Nevertheless, further exploration of the
possible expression methods needs to be undertaken before such
conclusions can be drawn. The expression of 69140 was, however, essential
to draw further conclusions about a possible role in NCA.

5.5. Conclusion
In silico analysis predicted properties of the candidate protein 69140,
which were consistent with the expected properties of an effector protein.
Furthermore, the domains predicted in the protein allowed speculation about
a possible mechanism involved in NCA development. Consequently, knockout mutants of Z. tritici lacking the gene product were generated. These
mutants were tested by three independent methods for the absence of the
gene or gene product respectively and thus confirmed knock-out mutants.
While these mutants appear to retain NCA, judgement of a change in NCA
level is not possible within the capacity of the assay. Thus, a conclusion if, or
if not NCA candidate 69140 is involved in the development of necrosis and
chlorosis is not yet possible. Expression of the protein and subsequent
testing in planta is necessary for further deductions. While overlap in gene
function or redundancy may overlay a role of 69140 in pathogenicity or NCA
development, not the entire secretome present in the anion exchange eluate
was analysed. The retained capacity of Z. tritici mutants to produce one or
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more NCA inducing effector(s) requires a renewed investigation of
transcriptome and proteome.
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6. Functional genomics to identify effector
candidates

6.1. Introduction
In chapter 4, a necrosis and chlorosis inducing substance was
produced and concentrated and the complexity of the sample significantly
reduced. In chapter 5 functional knock-outs of candidate gene 69140 were
created, but did not exhibit substantially different NCA development to the
wild type. Heterologous expression of 69140 to examine the protein’s NCA
inducing potential was not yet successful and thus the corresponding protein
remained a candidate for partial NCA activity. However, which protein(s)
caused the continuing NCA activity was not clear, since the knock-out 69140
mutants retained the capacity to produce an NCA effector.
To assess this question, keeping the initial hypothesis that the NCA
effector was a secreted protein, two complementary approaches were
deployed. The first approach, RNA sequencing (RNAseq), has become one
of the most important methods used in recent times to gain insight into the
transcriptome of an organism, reflecting protein abundance (Mutz et al.,
2013).

This

next

generation

sequencing

based

approach

provides

information about relative gene expression, hence allowing identification of
transcripts of interest, which are more abundant in cultures exhibiting NCA
activity than in those that do not. The complete genome sequence of the
Zymoseptoria tritici reference strain IPO 323 and genome annotation is
publicly available (Goodwin et al., 2011). Furthermore, well documented
software like the TopHat2-Cufflinks-htseq-count-edgeR pipeline and pipelines
to analyse the data are also well developed and documented (Anders et al.,
2014; Kim et al., 2013, p. 2; Robinson et al., 2010; Robinson and Oshlack,
2010). In addition, RNAseq as a high throughput method allows identification
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of previously un-annotated genes. Considering the limited advances in
Z. tritici research in understanding the biomolecular mechanism(s) of this
pathogen over several decades and only one effector-like candidate for the
NCA identified in this work, de novo transcriptome analysis extended the
research to yet undiscovered genes. RNA sequencing has successfully been
used to identify effectors and host resistance genes in planta for different
pathogens. In recent studies the effector of Verticillium sp. and (according to
the author) possibly many other pathogens targeting Solanum lycopersicum
Ve1 immune receptor has been identified and in the Capsicum pubescens Xanthomonas sp. plant-pathogen system an effector triggered resistance
gene has been described (Jonge et al., 2012; Strauß et al., 2012). In Z. tritici,
Kellner et al. (2014) recently analysed transcriptome in planta and in vitro of
the pathogen, gaining important new insights including the discovery of two
large clusters of co-regulated genes of Z. tritici in early disease development.
The latter may represent genomic pathogenicity regions. These studies
demonstrated that RNA sequencing is effective

in deepening the

understanding of pathogen-host interactions and contribute to understanding
Z. tritici disease mechanisms.
The second approach employed the proteomic technique mass
spectrometry (MS) already used in chapter 4 and 5. Similar to the RNAseq
experiment, cultures exhibiting NCA activity with those that do not were
compared based on the hypothesis that the effector is a protein in the
secretome. To maximise the number of NCA relevant peptides identified, the
secretome was reduced in complexity utilizing the anion exchange
chromatography conditions developed in section 4.3.3 before mass
spectrometry analysis. The data produced by the two methods RNAseq and
MS was studied independently and two lists of comprehensive candidates for
the remaining NCA were generated, with a top candidate appearing in both
lists. These candidates can serve future research to elucidate the identity of
protein(s) involved in the molecular mechanism inducing NCA in the wheat
plant.
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The specific aims of this chapter were to:
•

Elucidate genes higher expressed in Z. tritici cultures of NCA than of
non-NCA inducing conditions

•

Determine proteins more abundant in NCA than in non-NCA inducing
secretome

•

Generate comprehensive NCA effector candidate lists from both latter
approaches

•

Analyse top candidate(s) for in silico predicted properties consistent with
involvement in a mechanism causing NCA in planta

Page 169 / 264

6.2. Materials and Methods
Chemicals and reagents were sourced from Sigma-Aldrich (Castle Hill,
NSW, Australia) unless otherwise stated. Concentrations of solutions refer to
dissolving in Milli-Q® Synthesis (Millipore, North Ryde, NSW, Australia)
purified water (ddH2O), again unless otherwise stated. Percentages refer to
volume per volume (v/v) percentage unless weight per volume (w/v) or
weight per weight (w/w) are indicated. Chemicals and other products of
companies are stated with the name under which they are sold.

6.2.1. Leaf infiltration assay and sampling
Plants were moved out of direct light about 4 min prior to infiltration,
which was found to substantially ease the infiltration process. First and
second leaves as indicated were infiltrated using a 1 mL Tuberculin syringe
(BD, Australia) placed on the leaf surface, while supporting the leaf
underneath with a finger. The liquid sample was then forced into the
intercellular space Figure 4.1 above. Five leaf replicates were infiltrated.
Infiltration areas were marked with waterproof pen with a dot on the upper
and lower ends of the infiltration zone. Unless otherwise indicated, leaves
were collected between 7 to 9 days post infiltration, arranged on black paper
and scanned on Epson Perfection 4990 PHOTO (Epson, North Ryde, NSW,
Australia) in TIF-format (48 bit colour, 600 dots per inch)).
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6.2.2. RNA sequencing

6.2.2.1. Preparation of cultures for RNA sequencing and
RNA extraction

Z. tritici cultures were grown in FM1 medium and F2 medium as
described in section 4.2.1.3. Twelve cultures of each medium were set up
and six of these harvested six days after they had been taken off the shaker.
The cultures were pelleted at 4 500 g at 4 ° C, the supernatant removed and
the cells snap frozen in liquid nitrogen, followed by storage at -80 °C until
further processing. Two millilitre of the supernatant were sterile filtered using
0.2 µm Minisart single use filters (Sartorius Stedim Australia, Dandenong
South, Victoria, Australia) using 10 mL Luer Lock Tip syringe (Terumo®
Corporation, Macquarie Park, New South Wales, Australia) and infiltrated into
the second leaf of wheat plants cultivated as described in section 4.2.3.1 and
4.2.4. The remaining six cultures of each medium were grown to day 13 and
similarly assayed for activity. Three replicates of day six and three replicates
of day 13 were chosen for each medium. Those replicates exhibiting highest
necrosis and chlorosis activity for FM1 were chosen, while F2 samples were
chosen for absence of this activity.
Fungal pellets were resuspended in 3 ml Trizol®Reagent (Trizol)
(LifeTechnologies™) by vigorously pipetting up and down. If the pellet was
particularly large, especially for day 13 samples, the Trizol volume was
increased to cover all fungal cell material. The following steps were ratioadapted to the increased Trizol quantity. The resuspended fungal material
was transferred in 1.5 mL aliquots into new 1.5 mL Eppendorf tubes with
70 µL acid washed glass beads of 425 - 600 µm diameter. The Eppendorf
tubes were then shaken for 5 min at maximum speed using IKA VIBRAX
VXR basic with the VX 2 E attachment (both IKA-Werke, Staufen, Germany).
Subsequently, 300 µL of chloroform was added, the tubes vortexed and
Page 171 / 264

incubated at room temperature for 3 min. The content was centrifuged for
15 min at 13 000 revolutions per minute (rpm) in a tabletop centrifuge at
room temperature and the resulting watery (upper) phase was carefully
transferred into a fresh Eppendorf tube. A volume of 750 µL 100 % ethanol
was added, the content mixed by inverting and then centrifuged for 4 min at
13 000 rpm in a table top centrifuge at 4 °C. The resulting pellet was washed
with 500 µL of 80 % ethanol and the entire supernatant removed. The pellet
was resuspended in 50 µL ddH20, incubated at 55 °C for 5 min and all
samples of the same biological replicate were combined in one tube.
Samples were then stored at -80 °C until use.

6.2.2.2. Bioanalyzer and RNA sequencing

RNA integrity was assessed at the ACRF Biomolecular Resource
Facility (incorporating the Genome Discovery Unit) at The John Curtin School
of Medical Research, Australian National University using the 2100
Bioanalyzer. An RNA 6000 Nano LabChip v2 was used, setting the assay
class to Eukaryote Total RNA Nano 2.6, using the 2100 Expert Software
(B.02.08.SI648) (Agilent Technologies, Mulgrave, Victoria, Australia). The
RNA library was prepared with 4 µg of total RNA and sequenced at the
ACRF Biomolecular Resource Facility (incorporating the Genome Discovery
Unit) at The John Curtin School of Medical Research, Australian National
University. Sequencing was performed on the ACRF Illumina HiSeq2000
System (Illumina Worldwide Headquarters, San Diego, California, USA)
using a TruSeq RNA Sample Prep Kit v2 following the manufacturer's
protocol (Illumina). One hundred base pairs long non-stranded paired end
were generated. No inline controls were used.
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6.2.2.3. RNAseq pre-processing and assembly

The Illumina RNAseq raw reads were initially trimmed using
Trimmomatic V0.30 in paired end mode (Grabherr et al., 2011) with the phred
quality score set to + 33. First, ILLUMINACLIP trimming was performed using
the "TruSeq3-PE.fa” adapter file provided with the program with the standard
settings. Further processing steps were SLIDINGWINDOW with windowSize
of "4”, requiredQuality of "24” and MINLEN with length set to "90”. A quality
report was generated using FastQC High Throughput Sequence QC Report
Version 0.10.1 from www.bioinformatics.babraham.ac.uk/projects/ fastqc/ on
05.05.2014, with only one report showing residual adapter sequences, which
were successfully trimmed off, re-running the trim on the raw reads using the
TruSeq2-PE.fa file.
Bowtie index files were created from the reference genome IPO323
and general feature format (gff3) genome annotation available from
ftp://ftp.ensemblgenomes.org/pub/fungi/release22/fasta/zymoseptoria_tritici/dna/

and

ftp://ftp.ensemblgenomes.org/pub/fungi/release-22/gff3/zymoseptoria_tritici
respectively (release 22). The trimmed paired end reads were individually
mapped using TopHat2 version 2.0.9 (Kim et al., 2013) calling Bowtie2
version 2.1.0 (Langmead et al., 2009) using standard settings (see Figure 6.1
below).The aligned reads from TopHat2 were assembled into transcripts for
each sample using cufflinks 2.2.1 (Trapnell et al., 2010). Two approaches
were used and later compared for effectiveness. Reference annotation based
transcript assembly in Cufflinks includes two options related to calling
transcripts. One transcript assembly allows for novel genes or isoforms (AN)
(-g <Ztritici.gtf>) and another (-G <Ztritici.gtf>) ignores new genes (IN) and
only assembles transcripts for genes provided in the gff3 file (see Figure 6.2
below) (reference annotation file ftp://ftp.ensemblgenomes.org/pub/release22/fungi/gtf/zymoseptoria_tritici/
downloaded

Zymoseptoria_tritici.MG2.22.gtf.gz

on
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28.05.2014

from

http://fungi.ensembl.org/info/website/ftp/index.html).

The

output

from

TopHat2 was used as the input for both approaches. All steps from this point
forward were processed in parallel from here on. Non-coding RNA (ncRNA)
was ignored applying the mask file (-M <Ztritici.ncrna.gff3) (non–coding RNA
file

ftp://ftp.ensemblgenomes.org/pub/fungi/release-

22/fasta/zymoseptoria_tritici/
downloaded

ncrna/Zymoseptoria_tritici.MG2.22.ncrna.fa.gz

on

28.05.2014

from

http://fungi.ensembl.org/Zymoseptoria_tritici/Info/Index). Sorting and indexing
of the TopHat2 generated sample_accepted_hits.bam files was performed
with SAMtools version 0.1.18 (Li et al., 2009) for each sample (see Figure 6.3
below). Cufflink assembled transcripts from each sample were merged into a
single file with cufflinks cuffmerge tool. The Ztritici.gtf annotation file
(reference annotation file in gff3 format mentioned above) was used to assign
reference names to all assembled transcripts (see Figure 6.4 below).
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tophat2
<genome_index_base><Sample_name_R1.trimmed.paired.fastq>
<Sample_name_R2.trimmed.paired.fastq> -o <Sample_name> Figure 6.1 TopHat2 alignment command line.

cufflinks<sample_accepted_hits.bam> -o <Sample_name> -p
6 -g <Ztritici.gtf> -M <Ztritici.ncrna.gff3>
Figure 6.2 Cufflinks transcript assembly command line. The presented command allows for
novel genes and isoforms. The option “-G” instead of “-g” was used to ignore any new genes
and isoforms.

samtools sort
<sample_accepted_hits.bam><sample_sorted.bam>
Figure 6.3 SAMtools sorting and indexing command for bam-files.

cuffmerge -o <all_assembled.gtf> -g <Ztritici.gtf> -p 10
<sample_transcript_files_to_assemble_list.txt>
Figure 6.4 Cuffmerge command to assemble all transcript files in one file.

6.2.2.4. RNAseq read counts using htseq-count

In order to obtain read-pair counts per transcript from each sample,
htseq-count from the HTSeq package (Anders et al., 2014) version 0.6.0 was
used (see Figure 6.5 below). In the sample_indexed.bam files reads were
counted for transcripts found over all samples (all_assembled.gtf) using the
intersection-strict mode to exclude reads that do not map with their entire
sequence to the transcript. Transcripts and their counts for all samples were
copied by hand from htseq-count text files to an Excel 2010 (Microsoft,
Redmond, Washington, USA ) spreadsheet and saved as a tab-delimited file.
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htseq-count-f bam -s no -m intersection-strict -o
Sample_samout
Figure 6.5 HTSeq-count command generating read-counts per transcript.

6.2.2.5. Differential Expression analysis using edgeR in
RStudio

The Excel 2010 (Microsoft) spreadsheet prepared in the previous
section 6.2.2.1 containing read counts for all RNAseq biological replicates
per transcript was used for further differential expression (DE) analysis using
the limma (Smyth, 2005) and edgeR package (Robinson et al., 2010) in
RStudio (RStudio, 2012) using R Version 3.1.0 (“Spring Dance” from
10.04.2014) (R Development Core Team, n.d.). Only transcripts with
approximately 40 read counts and above in at least 3 of the 12 samples were
kept for DE analysis. Using average library sizes (number of total reads
mapped per sample) for the IN and AN libraries, this corresponded to a read
count per million (cpm) of 2 for the IN analysis (-G cufflinks settings) and 3 for
the AN analysis (-g cufflinks setting) (see Figure 6.6 below). All 12 samples
were grouped by replicate, four groups with three replicates each, and
normalised for differences in total number of reads mapped (library size).
Overall gene expression variation was examined in a MultiDimensional
Scaling (MDS) plot (see Figure 6.7 below). Common and tagwise (genewise)
dispersion were calculated with set functions built into EdgeR to calculate the
biological coefficient of variation (BCV) and examine the BCV in relation to
logarithmic cpm for each gene (see Figure 6.7 below). Pairwise DE was
calculated between day 13 positive (FM1 13) and negative (F2 13) samples
for the necrosis and chlorosis activity (see Figure 6.8 pair=c(2,4) below),
using an exact test including all tags (transcripts) calculated.
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library(limma)
library(edgeR)
setwd("/directory")
y <-read.delim("htseq_samout_merge.txt",row.names="INT_ID",
header=T)
head(y)
keep<-rowSums(cpm(y)>2) >=3
y <-y[keep,]
head(y)
Figure 6.6 edgeR command lines executed in RStudio discarding transcripts with low
read counts. The analysis shown refers to the file “htseq_samout_merge.txt” containing counts
from the analysis ignoring new genes and isoforms. Transcripts with counts per million (cpm)
below 2 in less than 3 samples are excluded. The analysis allowing for new genes and isoforms
excluded transcripts with a cpm below 3 due to a different library size.

group <- factor(c(1,1,1,2,2,2,3,3,3,4,4,4))
d <- DGEList(counts=y, group=group)
d <-calcNormFactors(d)
d$samples
plotMDS(d)
d <- estimateCommonDisp(d, verbose=TRUE)
d <- estimateTagwiseDisp(d)
plotBCV(d)
Figure 6.7 edgeR command lines executed in RStudio calculating MDS and BCV.
Differential gene expression list groups the replicates to print a multidimensional scaling plot.
Common and tagwise dispersion are calculated to print the biological coefficient of variation
plot.

et<- exactTest(d, pair=c(2,4))
tt<-topTags(et, n=20000)
write.table(tt$table, "DE F2_13_vs_FM1_13.txt", sep="\t")
Figure 6.8 edgeR command lines executed in RStudio calculating differential expression
(DE).Calculation for day 13 non-NCA and NCA cultures (grouped replicates from group 2 and 4
respectively) using the exactTest command and generation of the file containing differentially
expressed genes.

Page 177 / 264

6.2.2.6. Analysing differential expression data in Excel

Separate internal identification numbers were generated for the
transcripts found in the IN and AN analysis. The DE transcripts were
therefore matched with the corresponding gene identification (gene_ID) from
the reference annotation and their location. Only DE transcripts with a false
discovery rate (FDR) below 0.05 and a p-value below 0.05 were analysed.
DE transcripts were also rejected if the log2 fold change was lower than 2 to
obtain a list of DE genes of about 200 genes, which was considered a
reasonable number. The full transcript list generated by both, the IN analysis
and the AN analysis were joined to ease comparison. For further analysis,
proteins discovered in mass spectrometry (see 6.2.3) were also compared.

6.2.2.7. Manual verification of differentially expressed
transcripts

For visualization of reads, with respect to genomic position and the
reference annotation, IGV Version 2.3.32(37) was used (Robinson et al.,
2011; Thorvaldsdóttir et al., 2013). The reference genome IPO323 and
general feature format 3 (gff3) genome annotation mentioned in 6.2.2.3
above were used to generate the annotated IGV genome file needed for
visualisation. Aligned and sorted bam files containing reads for each sample
were opened with IGV to inspect the read mapping locations in association
with the reference genome annotation. DE transcripts were accepted as
correct, if the aligned reads supported the annotated gene transcript and did
not appear to portray a repeat map to repetitive DNA. Assembly to repetitive
regions was characterized by stacks of reads in a single position (<200 bp)
and by loss of the paired read during mapping. Well-supported transcripts
were based on many reads covering the entire open reading frame (ORF),
supporting annotated introns and reads pairing with their mates. Poorly
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supported transcripts featured few reads over the length of the annotated
gene, high numbers of reads missing their paired mate and reads aligning
only to a small part of the predicted ORF.

6.2.2.8. Manual data collection and ranking

The gene_ID, which is identical to the protein identification number,
was used to gather information on the JGI webpage about the transcripts
(Goodwin et al., 2011; Grigoriev et al., 2011). For an overview the GO ID,
KOG data and other similar information was collected in an Excel 2010
(Microsoft) file, the presence of a predicted signal-peptide and the
hypothetical function noted if present, the coding DNA sequence (CDS)
copied and the information of length gathered. Out of the CDS length, an
estimate of the approximate weight was calculated by the average amino
acid weight in a protein chain of 110 kDa. The protein sequence was then
blasted using blastp from the National Center for Biotechnology Information
(NCBI) with standard settings (Altschul et al., 1997) and uniqueness found if
no hits with high query coverage (close to 90%) and high sequence identity
(close to 80%) were found.
Candidate genes were ranked by assigning a value of 9 initially to
every gene and reducing this number by a given value if the criteria in Table
6.1 below were fulfilled. For new transcripts not associated with a gene_ID, a
CDS was generated by manually assessing the sequence start and end,
respecting start and stop codon, possible reading frames and noting possible
genomic intron coordinates by visualization of reads versus genomic features
in IGV Version 2.3.32(37) (Robinson et al., 2011; Thorvaldsdóttir et al.,
2013). The CDS sequence was then blasted using blastn from the NCBI
(Zhang et al., 2000) as well as the translated nucleotide search blastx
(Altschul et al., 1997) and uniqueness noted. These transcripts were
subsequently ranked as described above.
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Table 6.1 Criteria and associated values used for ranking of candidate transcripts.
Criterion
Value
Uniqueness
1
Presence of predicted signal-peptide
1
Estimated molecular weight < 10 kDa
0
Estimated molecular weight > 10 kDa and < 12 kDa
1
Estimated molecular weight > 12 kDa and < 35 kDa
3
Estimated molecular weight > 35 kDa
1
Function: Metabolism, transcription, translation or transport
0
Function: Extracellular nutrient acquisition
0
Function: Undetermined but enzymatic (no cofactor/ATP)
2
Function: Undetermined but enzymatic (cofactor/ATP essential)
1
Function: No function
3
Function: Apoptosis, intracellular signalling
3

Page 180 / 264

6.2.3. Mass spectrometry of FPLC reduced complexity
eluates

6.2.3.1. Preparation of cultures for FPLC

Z. tritici wild type was grown in FM1 medium and F2 medium and
harvested as described in section 4.2.1.3. After freeze-drying, an equivalent
of approximately 160 mL culture volume per type was resuspended in ddH2O
in a volume as small as feasible per sample, approximately 5 - 6 mL
corresponding to about 26 x concentration. The resuspension was spun
down at 4 500 g for 5 min to remove any residual undissolved material. The
cleared supernatant was then desalted using PD-10 Desalting Columns (see
section 4.2.5.1 above). Protein concentration was determined using Qubit®
Protein Assay (see section 4.2.6 above) and was used throughout
experiments described in section 6.2.3. For later gel analysis, 50 µg of
protein were aliquoted and stored at - 20 °C.

6.2.3.2. Sample complexity reduction using Anion
Exchange chromatography

To reduce the sample complexity for MS analysis, both samples were
run through anion exchange chromatography. The strong anion exchanger
HiTrap Q FF 5 mL column was used as described in previous experiments
(see section 4.3.3.4 above). For each sample, a tenth of the sample volume
of 400 mM Tris(hydroxymethyl)-aminomethane (Tris) buffer at pH 8.8 was
added to reach a final concentration of Tris of 40 mM. As elution buffer, Tris
pH 8.8 was used at a concentration of 40 mM with an NaCl concentration of
40 mM. For the wash step, the salt concentration of 1 M in the same Tris
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background was used. Fractions of flow through (FT), eluate (E) and wash
(W) with a high milli absorbance unit (>10 units over the base line) were
collected and combined. For the infiltration assay and gel analysis, the wash
fractions were again desalted using PD-10 Desalting Columns (see section
4.2.5.1 above). FT, E and W fractions of both conditions were again
quantified. For gel analysis, 50 µg of protein were aliquoted and stored at –
20 °C from FT and W fractions.

6.2.3.3. Sample preparation for MS analysis

Since protein concentration of the eluate fractions was too low for MS
analysis, the volume was reduced using Amicon® Ultra-15 Centrifugal Filter
Units (Millipore) 10K for 10 000 molecular weight cut off (MWCO). The
concentrated protein samples were quantified in volume and protein content,
then freeze-dried using VirTis BTK Bench Top K Manifold freeze dryer (SP
Industries) at about -100 °C and ~10 millitorr (about 1.333 Pa) in darkness
until all liquid was evaporated. The samples were then resuspended in 10
mM Tris at pH 7 using a volume adapted to obtain a concentration of 1 2 µg·L-1 protein. To aid resuspension, 2 % SDS was added. The protein was
again quantified. For gel analysis, 50 µg of protein were aliquoted and stored
at - 20 °C. A 100 µg protein aliquot was taken from each eluate sample, all
remaining sample was used where the concentration was too low. These
samples were snap frozen in liquid nitrogen and then kept at – 80 °C until
use.

6.2.3.4. Mass Spectrometry

Samples prepared for mass spectrometry (see 6.2.3.3 above) were
sent on dry ice for analysis by Dr Thomas Stoll, Proteomics Research Officer
at the QIMR Berghofer Medical Research Institute, Clive Berghofer Cancer
Research Centre, Herston QLD 4006, Australia.
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MS Data analysis was carried out using Scaffold version 4.3.2
(Proteome Software, Portland, Oregon, USA) providing the IPO 323
database for searches. Gene and gene products (proteins) are based on the
publicly accessible and annotated Z. tritici strain IPO323 genome sequence
at the Joint Genome Institute (Grigoriev et al., 2011). Genes and the proteins
encoded by these genes carry an identical identification number.
Within the Scaffold program a threshold was set for the false discovery
rate of 1.0 %, a minimum number of peptides of two and a peptide threshold
of 95%, +2, +3. The resulting dataset was exported to an Excel 2010
(Microsoft) datasheet, including “percent coverage” and “Quantitative Value
(Normalized Total Spectra)” data.

6.2.3.5. SDS-PAGE

For non-NCA and NCA anion exchange eluate 1 an aliquot of 50 µg
protein was freeze-dried from PD10 desalted secretome, FT, E and W and
separated on an SDS-PAGE (see section4.2.7).

6.2.3.6. Manual data collection and ranking

The dataset generated in 6.2.3.4 above was limited to those protein
hits, which were more abundant in NCA secretome compared to non-NCA
secretome according to the Quantitative Value of Normalized Total Spectra.
Protein hits within the size range of 12 kDa to 35 kDa were regarded as core
candidates. The protein identification number was used to gather information
about the specific protein on the JGI webpage (Grigoriev et al., 2011) as
described for RNAseq and ranking was carried out as described above(see
6.2.2.8 above).
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6.2.4. RNA sequencing and MS data comparison
Two Venn diagrams (see Figure 6.15 and Figure 6.16 below) were
created to visualise the similarities between RNAseq and MS results before
hand curation of the data (see 6.2.2.6 above). In the first diagram, all proteins
and

transcripts

identified

by MS

and

both

RNAseq

DE

analysis

approaches(of an absolute value of more than 2 log2-fold change) are
considered. In the second diagram, a reduced dataset was presented. DE
RNAseq transcripts were reduced to those of more than 2 log2-fold more
expressed in NCA secretome compared to non-NCA secretome. MS
identified proteins were discarded, if they were not present in the NCA
secretome (after anion exchange) independent of their presence in the nonNCA secretome.

6.2.5. Top candidate gene properties
Transcripts and proteins ranked one were further analysed with
respect to their properties. To translate the acquired CDS nucleotide
sequence into an amino acid sequence, the ExPASy server Translate tool
was used (Gasteiger et al., 2003). The ExPASy server Compute pI/Mw tool
was used to calculate molecular weight (MW) and theoretical isoelectric
point(pI) from the amino acid sequence (Gasteiger et al., 2003). Disulfide
bridges and possible metal-binding sites were predicted using Disulfide
Bonding Connectivity Pattern prediction (DBCP) from Lin et al. (Lin and
Tseng, 2010). Localization for transcripts and proteins predicted using WoLF
PSORT set for fungi (Horton et al., 2007) and SignalP 4.1 with standard
settings was used to determine the presence of a localization signal-peptide
(Petersen et al., 2011). Transmembrane prediction was gathered from the
JGI webpage (Goodwin et al., 2011; Grigoriev et al., 2011). To predict
transmembrane domains for the one new transcript among the candidates,
the TMHMM Server v. 2.0 was used (Krogh et al., 2001). Amino acid number,
cysteine number and percentage were calculated using the GPMAWlite on
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http://www.alphalyse.com/gpmaw_lite.html on 10.07.2014. Information about
the phosphatidylethanolamine-binding protein (PEBP) domain in 104571 was
gathered from http://www.ebi.ac.uk/interpro/entry/IPR008914 on 14.07.2014.
The protein sequence of 104571 was separately searched for domains on
http://pfam.xfam.org/search/ with a Pfam-A E-value cut-off set to 1.0 on
14.07.2014.
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6.3. Results

6.3.1. RNA sequencing reveals differentially expressed
genes

6.3.1.1. Cultures produce NCA positive and negative
secretome

For transcriptomic and proteomic analysis, cultures positive and
negative for the NCA, were grown on FM1 medium (positive) and F2 medium
(negative) respectively and their cells and secretome harvested as described
in section 4.2.1 above. Knock-out strain secretome was not used, since the
level of NCA induction varied greatly in these strains and the secretome itself
was difficult to gather. The fresh secretome of the WT Z. tritici strain grown in
FM1 medium (positive) and F2 medium (negative) showed low to no activity
at day six. At day thirteen, activity was found in the FM1 medium (positive)
grown culture, while F2 medium culture (negative) exhibited low to no activity
(see Figure 6.9 below). Due to exceptional time constraints; cultures had to
be harvested on day 13 instead of the usual day 14 and the leaves of day 13
old cultures had to be collected 3 days after infiltration, with the NCA mostly
but not yet fully developed. However, symptom development was considered
sufficient in NCA secretome for experimental use.
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Figure 6.9 Reaction after infiltration into the second leaf. Controls for RNAseq and MS.
Secretome negative for the activity showed no activity (A and B). Secretome positive for the
activity showed increased NCA on day 13 compared to low activity on day 6 (D and C
respectively).
Day 13 samples had to be collected on day 3 after infiltration, which did not allow full
development of NCA.
A: non-NCA secretome in 6 day old cultures (F2 day 6) B: non-NCA secretome in 13 day old
cultures (F2 day 13)C: NCA secretome in 6 day old cultures (FM1 day 13)D:NCA secretome in
13 day old cultures (FM1 day 13).

6.3.1.2. RNA extraction and reads are of high quality

RNA extractions were analysed with Bioanalyzer to determine RNA
quality prior to sequencing. These reports showed good RNA quality with no
contamination. Analysis of the sequenced raw reads using FastQC revealed
high quality reads. After trimming, no phred quality score was below +29 in
the FastQC reports. Re-trimming with the "TruSeq2-PE.fa” adapter database
successfully removed the Illumina adapter in a single set of reads, which was
found to still contain adapter sequences after the first trimming step. The
FastQC reports revealed an average of 12 586 281 reads per sample with
lowest number of reads being 9 433 502 and the highest number 15 749 608
reads, suggesting a read set with a sufficient number of reads suitable for
analysis.
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6.3.1.3. RNA reads assemblies produce a plausible
number of transcripts

To be inclusive of unknown genes and raising the likelihood of
interesting discoveries, two assembly approaches were tried. The first
approach allowed for new and unknown transcripts and isoforms to be
assembled and detected (AN). A second assembly approach was based on
known transcripts (IN). Consistent with more transcripts in the analysis
allowing for new genes and isoforms, the average, maximum and minimum
read counts per transcript in the sample libraries were reduced compared to
the restricted analysis (see Table 6.2 below). These differences may lead to
differences in transcript ratios in downstream analyses, reflecting the
inclusion of new genes and transcripts in the AN analysis.
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Table 6.2 Comparison between the two approaches producing transcript and read count
libraries for all samples. Ignoring new transcripts reduces the number of transcripts, but
increases over-all read counts.
Libraries of samples Transcripts
Average Read
Max Read
Min Read
Counts
Counts
Counts
Ignoring new transcripts
11018
13 940 103
18 346 868
9 218 197
Allowing new
11188
11 225 965
14 823 612
7 393 996
transcripts

6.3.1.4. Sample grouping and differential expression is
consistent with variation

In order to analyse meaningful counts, a minimum of 40 read counts
per transcript was deemed the minimum number needed for DE analysis as
described (see 6.2.2.6 above). This cut-off allowed the exclusion of those
transcripts, which were covered by very low numbers of reads. To minimize
the effect of outliers, a minimum of 3 out of the 12 samples were required to
be above the threshold, reflecting the 3 biological replicates per condition.
These restrictions reduced the number of individual transcripts in the IN
analysis from 11018 to 8783 and in the AN analysis from 11188 to 6522.
The Multidimensional scaling plot (MDS) showed a 2-dimensional
projection of the overall dissimilarity between the individual samples
represented by their distance in the plot. This dissimilarity is expressed in the
leading log fold change, representing the two most important dimensions,
which contributed to dissimilarity (similar to a principal component analysis).
Biological replicates group together with day 6 samples of each medium
grouping much closer than those of day 13 of each medium type (see Figure
6.10 and Figure 6.11 below). This was consistent with the observed
variability of NCA production (see 4.3.1.3 above).
The (unknown) true abundance of transcripts varies between
biological replicates in general and the biological coefficient of variance
(BCV)(Robinson et al., 2010) is a calculated estimate of this variance. The
BCV was plotted per gene against gene abundance (in log2 counts per
million) for the experimental replicates. The average BCV value of 0.2 was
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within the acceptable range from around 0.1 to around 0.2 according to the
edgeR manual, indicating a dataset suitable for analysis. Furthermore, the
elevated average BCV reflected the variability between replicates and was
hence consistent with the MDS plot and the observed variation found in NCA
production.
DE analyses the difference in gene expression, represented by read
counts, between groups of replicates. These groups had to be chosen
accordingly. The distance between day 6 and day 13 sample clusters within
one media condition was comparable to the distance between the day 13
samples of both media conditions (see Figure 6.10 below). However, while
day 13 samples were tested for NCA activity, thus representing the
presence-absence of NCA effector for analysis, day 6 samples only showed
limited difference in NCA symptoms (see Figure 6.9 above). Thus, day 6
sample contained data substantially different to the day 13 samples
represented by the distance in the MDS, but contributed little to the
addressed difference in NCA activity, as found in the NCA activity assay in
planta. Consequently, DE analysis was carried out between replicates of day
13 FM1 and F2 media samples.
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Figure 6.10 Multidimensional scaling plot of the differences between the sample
datasets. The dissimilarity of samples is shown as a projection in 2-dimensions. The two
dimensions are leading log fold change dimension 1 and 2 (Leading logFCdim 1 and Leading
logFCdim 2), representing the two most important dimensions, which contributed to
dissimilarity. Dissimilarity between individual samples in the multidimensional space of transcript
counts thus, is represented by their 2-dimensional position in relation to each other in the plot.
The biological replicates of each treatment group together. Light blue group: non-NCA day 6
samples (F2_6_*) Dark blue group: F2 day 13 samples (F2_13_*) Light red group: NCA day
6 samples (FM1_6_*) Dark red group: NCA day 13 samples (FM1_13_*).
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Figure 6.11 The biological coefficient of variation against log2 cpm per transcript. A high
number of transcripts show a BCV close to the expected value of 0.1. An average of 0.2 was
found, which is higher than the expected value for cultures of genetically identical model
organisms of 0.1.

6.3.2. Mass spectrometry provides further candidate
genes

6.3.2.1. NCA positive and negative secretome is separated
by Fast Protein Liquid Chromatography

In order to investigate the identity of secretome components
responsible for the NCA, the anion exchange chromatography conditions
established in section 4.3.3.4 above were used to reduce complexity in NCA
and non-NCA secretome. For comparability with RNAseq data, the culture
filtrates were obtained from the cultures used for RNAseq analysis (assayed
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in plantain section 6.3.1.1 above). An equivalent of about 240 mL fresh
secretome was resuspended from freeze-dried secretome and desalted
before

anion

exchange

chromatography.

After

anion

exchange

chromatography, flow through (FT), eluate (E) and Wash (W) fractions were
again analysed for activity.
NCA secretome was successfully separated into a necrosis and
chlorosis active FM1 eluate fraction (E1) and the largely free of activity FM1
flow through (FT) and FM1 wash fraction (see Figure 6.12 A-C below and
Figure 6.13 below). Secretome negative for the NCA (F2 fractions) did not
show notable activity in any fraction as expected (see Figure 6.12 D-F
below). Both, FM1 E1 and F2 E1 were thus NCA positive and NCA negative
respectively and were suitable samples for SDS-PAGE and MS analysis.
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Figure 6.12 Comparison of wheat tissue reaction to secretome from WT Z. tritici grown in
FM1 and F2 medium (representative for leaf replicates).Very low to no NCA was found in the
NCA negative secretome in all fractions (D-F). Separation and concentration of the activity was
successful in NCA secretome, showing NCA in FM1 E1 eluate (B) and low to no activity in Flow
Through and Wash (A+C). A: NCA secretome Flow Through (FM1 FT) B: NCA secretome
Eluate 1 (FM1 E1) C: NCA secretome Wash (FM1 W) D: non-NCA secretome Flow Through
(F2 FT) E: non-NCA secretome Eluate 1 (F2 E1) F: non-NCA secretome Wash (FM1 W).

Figure 6.13 FPLC anion exchange chromatogram corresponding to Figure 6.12 above.
Freeze-dried and resuspended NCA active secretome in Tris Buffer at pH 8.8 was separated on
a HiTrap Q FF anion exchange column (representative graph for non-NCA secretome).Peaks 1
through to 3 on the blue graph correspond to the collected fractions of eluted protein. Peak 1:
FM1 flow through Peak 2: FM1 elution at 40 mM NaCl (showed NCA activity) Peak 3: wash
elution at 1 M NaCl. X-Axis (black): Elution volume in mL; Blue graph and scale: mAU
(corresponds to relative protein content); Green graph and scale: salt concentration in elution
buffer.
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6.3.2.2. SDS-PAGE confirms differing band patterns in
secretome positive and negative for the NCA

To assess the content of the anion exchange chromatography
fractions from the previous section (see 6.3.2.1 above), protein of pre-FPLC
positive control, FT and W fraction were separated using SDS-PAGE (see
section 4.2.7 above). All fractions showed differences in band patterns
between the secretome positive and negative for the NCA (see arrows Figure
6.14 below). Unexpectedly after chromatography, a strong band at a similar
position as the strong candidate, which was knocked out in chapter 5 above
was still present in secretome negative for the NCA (see Figure 6.14 red
encircled band below). Previously, this had not been observed in pre-anion
exchange secretome (Wagner, 2010) and unpublished 2-DE data identified
substantially lower expression of 69140 in non-NCA secretome. While a
different protein with the same properties of mass and anion exchange
retention as 69140 may have been the cause for the equally dominant band
in the same position, 69140 may also have been highly abundant in the nonNCA secretome. In this case, 69140 may have been absent in non-NCA
secretome for unknown reasons and its involvement in NCA may be
questionable. Experimental analysis would be necessary, through expression
of 69140 and analysis of the secretome content. However, clear observable
protein band pattern differences between the NCA and non-NCA conditions
were confirmed in the SDS-PAGE and MS analysis consequently
undertaken.
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Figure 6.14 SDS-PAGE (16 %) of anion exchange chromatography separated secretome
positive (NCA) and negative (non-NCA) for the activity (Coomassie Brilliant Blue
stained).Molecular weight marker (MW) for size comparison. Fractions for eluate 1 (E1, NCA
positive) have been concentrated using 10 kDa MWCO spin columns.
Protein band patterns in Flow Through, eluate 1 (E1) and Wash differ between NCA and nonNCA secretome (e.g. arrows in black and red). A particularly strong band is found in non-NCA
secretome (red arrow) and surprisingly an intense band comparable to the candidate protein is
found in non-NCA secretome (see yellow and red circle).
MW: Molecular weight marker Flow through: Anion exchange flow through fractions >10 kDa
E1: 10 kDa MWCO spin column concentrated eluate 1 at 40 mM NaCl Wash: column wash
fractions at 1 M NaCl.

6.3.2.3. Mass spectrometry analysis

MS analysis of anion exchange FM1 E1, positive for the NCA and
anion exchange F2 E1, negative for the NCA was undertaken to identify
proteins more abundant in NCA positive FM1 E1.A total of 217 proteins were
identified using the annotated IPO 323 reference strain genome (Goodwin et
al., 2011; Grigoriev et al., 2011). These proteins were further analysed in
detail in the following section 6.3.3.
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6.3.3. Candidate genes from RNAseq and MS

6.3.3.1. Excel analysis and statistics

In order to generate comprehensive effector candidate lists, three
datasets, the IN and AN RNAseq approaches as well as the MS dataset
comprised of proteins in the NCA and non-NCA fractions were compared
with one another. The majority of these transcripts and proteins were unique
to the respective datasets (see Figure 6.15 below). Only six proteins were
present in all three datasets, while an overlap of nine proteins was identical
between the IN analysis and mass spectrometry. The overlap between the
RNAseq results was not as high as expected given that the input data was
the same (see Figure 6.15 below), indicative of the effect of differences in the
transcript and read counts (see 6.3.1.3 above). The IN analysis showed a
higher read count, but lower transcript numbers, resulting in an overall higher
input of read counts per transcript, which may have shifted the number of
genes highly differentially expressed compared to the AN analysis. This
difference underlined the potential for exclusion of possibly important
information, if the focus is restricted to one analysis approach.
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Figure 6.15 Venn diagram for the protein and transcript overlap of mass spectrometry
analysis (MS) and the RNAseq analysis allowing for novel transcripts (AN) and the
analysis excluding novel transcripts (IN).Numbers within overlapping circles represent the
number of shared transcripts identified in any of the described analyses. Numbers in the nonoverlapping part of the circles are the remaining transcripts identified. Totals are given in
brackets behind the respective analysis type.

All three datasets were subsequently reduced to reflect the focus on
NCA identification. In the DE analysis of RNAseq, the AN and IN transcripts
were limited to at least two log2-fold more expression in NCA active cultures
compared to inactive cultures, which roughly halved the number of transcripts
in the IN and AN approach datasets. In the MS analysis proteins that were
absent in NCA active secretome were discarded, independent of their
presence in non-NCA secretome. The number of remaining proteins from MS
identification was 80 % of the total proteins identified. These general
limitations reduced the number of proteins in the datasets substantially, with
the majority of proteins remaining unique to each dataset. Four proteins were
present in all three datasets (see Figure 6.16 below).
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Figure 6.16 Venn diagram for proteins and transcripts appearing in MS of NCA secretome
(MS) and exhibit at least 2 log2-fold higher expression in RNAseq allowing for novel
transcripts (AN) and analysis excluding novel transcripts (IN).Numbers within overlapping
circles represent the number of shared transcripts identified in any of the described analyses.
Numbers in the non-overlapping part of the circles are the remaining transcripts identified.
Totals are given in brackets behind the respective analysis type.

6.3.3.2. Hand curation of DE RNAseq and MS transcripts
reduces plausible candidates

After combining the IN and AN results for DE and excluding those with
a high FDR and p-value, 224 transcripts remained that were more than two
log2-fold differentially expressed between day 13 NCA and non-NCA
samples. After manual curation a 93 further transcripts were discarded. This
was mostly due to reads mapping to repetitive regions, reads aligning only to
a small part of a predicted gene or very few reads aligning to a predicted
gene in total. The majority of transcripts discarded, 66, originated in the AN
analysis, 27 in the IN analysis. Twelve of these 66 may have been new, but
too few reads supported the assembled transcript to assess this with
confidence, 51 were assembled to repetitive regions.
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After manual curation, a total number of 131 transcripts remained for
analysis of which three were new transcripts from the AN analysis. In the
course of blasting the CDS and protein sequence of these new transcripts,
one was found to be the annotated gene 117719 apparently not part of the
annotation file. Of these 131 DE transcripts, 17 were unique to the AN
analysis, 65 were unique to the IN analysis and 49 appeared in both. After
applying the NCA effector candidate scoring described above, the majority of
genes remaining had no annotated function or a function that allowed
speculation on possible mechanisms. The previous top NCA effector
candidate 69140, which was discovered, knocked out and analysed in
chapter 4 and 5 above, achieved a score of 2 within the scoring conditions.
However, this ranking was due to the absence of a signal-peptide and
manually moved to score one due to the plausible and likely upstream
translation start resulting in a signal-peptide.
Summarising the new gene discovery, the AN analysis assembled 69
previously unannotated transcripts, of which 15 (21 %) did not appear to be
repetitive regions in the genome. Three of these 15 had enough reads
assembled to be included in the DE analysis (3.4%).
In the course of the RNAseq visual analysis, several annotated genes
were found to contain early stop codons, in some cases mapped reads only
partially covered annotated genes or reads extended beyond the annotated
reading frame. Reads also aligned to a number of unannotated regions in the
vicinity of DE transcripts, possibly indicating the presence of new genes.
These were not called as DE transcripts and thus of no importance in the
context of the DE analysis. Nevertheless, this observation provided anecdotal
suggestion for the presence for as of yet non-annotated genes, a problem
addressed through the combined IN and AN approach for DE analysis.
Several single nucleotide polymorphisms between Zymoseptoria tritici strain
79.2.1A reads and the available reference genome IPO323 were found.
Since the protein hits of the MS dataset were given with their predicted
molecular weight, the weight was used as a first filtering factor. Based on the
results in chapter 5 above, which suggested a protein above 12.4 kDa size
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and below 30 kDa, proteins outside of this range were discarded. Filtering
MS protein hits further for proteins more abundant in NCA secretome
compared than in non-NCA secretome reduced the candidate list from 232 to
37 protein hits (Table 9.3 below). The protein hits remaining in the MS
candidate list, consisted of some genes annotated with no function and
otherwise functions similar to the top differentially expressed genes in the
RNAseq dataset. Surprisingly, eleven proteins hits seemed to be intracellular
proteins, with no predicted secretion signal, such as a ubiquitin-protein
ligase, a cytoskeleton protein or ribosomal proteins. These were regarded
less likely candidates for the NCA effector. Quantitative MS data for the
candidate protein 69140 (identified in chapter 4 and 5 above) showed a lower
normalized total spectra value in NCA (394.24) than in non-NCA (448.86).
This value represents the counts for MS identified peptides (here equivalent
to “spectra”) with a hit to protein 69140, normalized for the total peptide count
in the MS analysis of FM1 E1 and F2 E1 respectively. Thus, these
normalized total spectra represent relative protein abundance within a given
sample. Lower abundance in NCA positive secretome than in secretome
negative for the NCA was not consistent with the hypothesis of the NCA
effector being more abundant in the NCA positive secretome. Consequently,
the candidate 69140 was omitted in this analysis.

6.3.3.3. Nineteen top candidate transcripts and proteins
were found

In order to rank NCA effector candidates, identified transcripts and
proteins were assigned a starting score of nine, which was reduced for each
predicted property consistent with an effector candidate. NCA effector
candidates ranking with score one fulfilled all expected predicted properties
(for details see section 6.2.2.8 above).Through this ranking, RNAseq
generated 17 top candidate transcripts (ranking score one) for the NCA
effector, while MS generated three top candidate proteins.
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Eight of the 17 RNAseq top candidates were regarded as the most
promising. These candidates were predicted to be secreted, had a predicted
pI below or equal to 7 (necessary for binding to the anion exchange column)
and were in the expected weight range of 12 kDa to 35 kDa. Furthermore,
these top candidates had no predicted function or domains allowing
speculation about an NCA effector mechanism (see Table 6.3 below). Out of
these eight most promising candidates two, number 69140 and 104571,
appeared in all three datasets, RNAseq AN and IN as well as the MS
dataset. On a side note, visual inspection of RNA reads of gene 69140
covered the region of the alternative transcription initiation site, further
supporting the hypothesis that the annotated start codon may in fact be missannotated. The nine remaining top candidate transcripts out of the 16 for the
RNAseq were either not predicted to be secreted, had a predicted pI too high
for anion exchange results or both (see Table 6.4 below). Two of these,
96846 and 96096, were identical in sequence, which was only revealed by
visual inspection of reads assembled to the annotated genome. The
annotated coordinates of transcript 96846 covered a stop codon within the
sequence. Assuming this stop codon was genuine, transcripts 96846 and
96096 were identical, but originated from chromosome 11 and 10
respectively.
MS generated 3 top candidates (ranking score one), of which 104571
was present in the RNAseq score one top candidate list (see Table 6.5
below). The other two top ranking candidates in the MS analysis had no
predicted function but a predicted pI inconsistent with the anion exchange
separation.
NCA effector candidates below ranking score one were provided in the
annex (see Table 9.2 and Table 9.3 below). Top candidate 69140 was
analysed in detail in chapter 5 above and was not further analysed in this
chapter since MS analysis revealed a high protein abundance of 69140 in
non-NCA secretome. The latter was inconsistent with the hypothesis of an
effector highly abundant in NCA secretome but not in non-NCA secretome.
NCA effector candidate 104571 was analysed further down in detail.
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Table 6.3 Top candidate transcripts from RNAseq. These top candidates are predicted to
be secreted, carry a signal-peptide and have no known function. Candidate 69140 has
been analysed with the data suggested in chapter 5 above (bold red).The presence (Pres) in all
datasets (all), including MS or both RNA sequencing datasets (both) is indicated. Amino acid
length (aa), Cysteine number (Cys) and percentage of cysteines (%-Cys) within the protein are
given. Predicted disulphide bonds (S=S) are marked with “error”, if the prediction was based on
insufficient data. Isoelectric point (pI), molecular weight in kDa (MW) and predicted
transmembrane domains (TMM) are given. Signal-peptide prediction and Localisation (Loc) are
also given.
gene_ID/
Pres Function
location
91285
all no function
Raf-1 kinase inhibitor domain,
104571
all Phosphatidylethanolaminebinding-like
Candidate, missing signal69140
all peptide, Barwin, Expansin
domain
106335 both no function
108877
no function
Defence/pathogenesis
109710 both related, plant PR similar, SCP
extracellular domain

aa

Cys

130

10

%Cys
7.7

230

2

0.9

215

8

3.72

238
111

5
6

2.1
5.4

No
1

200

5

2.5

1

109031

no function

177

6

3.4

96543

Similar
to
class
II
hydrophobins/
Predicted 143
RNA-binding, PIN domain

8

5.6
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0

Sign
-Pep
YES

Secr

25

0

YES

Secr

23

0

YES

Secr

4.7
6.0

24
12

0
0

YES
YES

Secr
Secr

7.0

22

0

YES

Secr

2
7.5
(error)

17

1

YES

Secr

13

0

YES

Secr

S=S

pI

MW

TMM

No

6.1

14

No

5.7

4(erro 6.2
r)
6

4

5.6

Loc

Table 6.4 Top candidate transcripts from RNAseq, which were predicted to have an isoelectric
point inconsistent with anion exchange i.e. substantially above 7, or are not secreted. These
are highlighted in bold red. The presence (Pres) in all datasets (all), including MS or both RNA
sequencing datasets (both) is indicated. Amino acid length (aa), Cysteine number (Cys) and
percentage of cysteines (%-Cys) within the protein are given. Predicted disulphide bonds (S=S) are
marked with “error”, if the prediction was based on insufficient data. Isoelectric point (pI), molecular
weight in kDa (MW) and predicted transmembrane domains (TMM) are given. Signal-peptide
prediction and Localisation (Loc) are also given.
gene_ID/
Pres. Function
location
93838
no function

aa

Cyst

122

4

%Cys
3.3

95998

no function

175

4

2.3

89085

no function

163

8

4.9

Chr3:
775393776028

no function

211

7

96846
96096

104658

both

no function, same sequence as
176
96096 until stop
no function, same sequence as
495
96846, stop codon in annotation
Putative
glucan
1,3-betaglucosidase,
defence
254
mechanisms, von Willebrand
factor/coagulation

S=S

pI

MW TMM Sign-Pep Loc

No
1
(error)
4
(error)

9.1

13

0

YES

Secr

9.9

20

2

NO

Plas

9.5

19

0

NO

Mito

3.3

3
(error)

11.
3

23

0

NO

Secr

7

4.0

3
(error)

6.1

20

0

YES

Mito

11

2.2

0

8.8

56

0

YES

Mito

5

1.8

No

5.4

26

0

YES

Cyto

95852

no function

216

6

2.8

3
(error)

6.4

24

3

NO

Plas

96820

Only partially supported by
reads, not over whole range, 135
incorrectly annotated?

6

4.4

No

5.4

15

0

YES

Nucl

Table 6.5 Top candidate transcripts from mass spectrometry. The first two candidates were
predicted to have an isoelectric point inconsistent with anion exchange i.e. substantially
above 7. The remaining top candidate is found in all datasets of MS and RNAseq and fulfils all major
requirements regarding prediction. Inconsistencies with the expected pI or location are highlighted in
bold red. The presence (Pres) in all datasets (all) is indicated. Amino acid length (aa), Cysteine
number (Cys) and percentage of cysteines (%-Cys) within the protein are given. Predicted disulphide
bonds (S=S), isoelectric point (pI), molecular weight in kDa (MW) and predicted transmembrane
domains (TMM) are given. Signal-peptide prediction (S-Pep) and Localisation (Loc) are also given.
gene_ID/ Pres Function
location
.
65910
no function
102133
no function
104571
all Raf-1 kinase inhibitor domain,
Phosphatidylethanolaminebinding-like

aa

Cyst

288
56
230

1
0
2

%Cys
0.4
0
0.9
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S=S

pI

No

9.2
9.8
5.7

M
W
32
6
25

TM
M
0
1
0

S-Pep

Loc

NO
NO
YES

Cyto
Mito
Secr.

Top candidate 104571, top ranking with score one according to the
ranking described above and present in all three datasets, was annotated by
Dr. Blondy Canto, Biotechnological Researcher at CICY, Mexico to be
containing a rapidly accelerated fibrosarcoma 1 (Raf-1) kinase inhibitor
protein (RKIP) domain. Gene 104571 had expressed sequence tags (EST)
support on the JGI database for IPO 323 (Grigoriev et al., 2011), contained
two exons and was located on chromosome 5, an essential chromosome. It
was located about 1 298 kilobases (kb) from the closest chromosome end
with the coordinates 1 561 998-1 563 034. There were numerous genes in
the general area 30 kb around 104571. In the direct proximity of 5 kb four
genes were found up- and downstream of 104571. In the upstream 5 kb
region of gene 104571 were two genes number 93305 and 72281. Another
two genes were in the 5 kb downstream region, genes number 104572 and
86154. There were no known repeats in the region several kilobases up- or
downstream.
The CDS was 693 bp long and contained two exons (see Figure 6.17
below). The protein translated for the annotated CDS was 230 amino acids
long, had a predicted average weight of 24877.58 Dalton, a predicted pI of
5.66 and contained only 2 cysteines, which corresponded to 0.87 % cysteine
content. The most abundant amino acid (aa) was leucine (26 aa, 10.87 %)
followed by alanine, proline and valine (23 aa, 10.00 %) and threonine
(20 aa, 8.7 %) (see Figure 6.18 below). No disulphide bridges or
transmembrane domains were predicted for this protein. As a requirement to
become a top NCA effector candidate, SignalP predicted a signal-peptide
and Wolf PSort predicted an extracellular localization.
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001
051
101
151
201
251
301
351
401
451
501
551
601
651

ATGCAATTCCTCTCCCTCTTCGCCTTCGTGGCCACGACGGTCAGCGCTGC
TGCCATTGAGTCCCGTCAGGTGTGCTCAGTCACTCCGCTCCTCGACCTTG
TGGACATCAGGAGGGCTTTCGTCAGCGCGCAGTTGGTCCCAGTGACCCCT
GCCCAGTTTCGTCCAATGGGCCCGAATGCGAACTTAGAGAATACCTTTGA
TCCTCTACTTTCAGTTTCGGTGACCTATGGCCGAAAGGCCGTCACCCTGG
GCAACACCTTCTCTCTCGCGGAGACTGTCCTCGAGCCAGCGATTAGCTTC
ACAGCTGAGCGCCTCGTGAACCCCTACACGACAAAGTATACCATCATCAT
GGCGGACCCGGATGCCCCTAGCCCGACGACTTCGATCCTTACGAACTTCT
TGCATTTGATTGTTTCAGACGCACAGCCTGTCTGCGTTGCTGATCAAGAA
CGCAAGACCGTTGCCCCATACCTACCCCCGACGCCATTGTTAACTCCTCA
CCGATACGCCTTCTTCGTCTACCGCCAGCCTCCAGGCTACGTCGCTCCGC
CTCCATTGCAGAACTTGCTCGGTGTTGTCCGCGCCGGCTTCAACGTCACC
AAGTATGCCGATGACAACGGCCTTGAAGGCCCTATTGGAGGCAACTTCTA
CCGCGAGGGGCTTGCGAACTTTCTTGGTGGTGTCGGCCAGTAA
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Figure 6.17 Coding DNA sequence annotated for the protein 140571 in the JGI database.
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MQFLSLFAFVATTVSAAAIESRQVCSVTPLLDLVDIRRAFVSAQLVPVTP
AQFRPMGPNANLENTFDPLLSVSVTYGRKAVTLGNTFSLAETVLEPAISF
TAERLVNPYTTKYTIIMADPDAPSPTTSILTNFLHLIVSDAQPVCVADQE
RKTVAPYLPPTPLLTPHRYAFFVYRQPPGYVAPPPLQNLLGVVRAGFNVT
KYADDNGLEGPIGGNFYREGLANFLGGVGQ
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Figure 6.18 Amino acid sequence for the coding DNA sequence annotated for the protein
140571 in the JGI database.

In blastn, the nucleotide sequence of top candidate 104571 only
aligned to the annotated gene of origin in Z. tritici. The protein sequence
alignment in blastp only showed <46 % identity with predicted proteins from
several microbial organisms (see Figure 6.19 below).
The first five hits were from the following organisms: The pathogen
Sphaerulina musiva (46 % amino acid (aa) identity) (Feau et al., 2010) (see
Figure 6.20 below), causing leaf spot and canker disease on poplar trees and
a harmless pioneering species in the primary successional community known
as “warehouse staining” Baudoinia compniacensis (44 % aa identity)
(Grigoriev et al., 2011) (see Figure 6.20 below). Furthermore, Colletotrichum
orbiculare causing anthracnose in Cucurbitaceae (42 % aa identity) (Damm
et

al.,

2013)

(see

Figure

6.21

below)

and

the

relative

species

Colletotrichum gloeosporioides, a mallow pathogen (two hits, 36 % and
37 %) (Mortensen, 1988) (see Figure 6.21 and Figure 6.22 below). These
were followed by several hits found in Apis sp. (bee) and Bombus sp.
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(bumblebee) as well as several plants species, such as Vitis vinifera,
Sorghum bicolor (a grass) and Physcomitrella patens (for all the latter
species about 30 % aa identity) (see Figure 6.19 below). These organisms
belong to a wide range of groups, ranging from pathogenic fungi to plants.
Candidate NCA effector 104571 was analysed for homology with
proteins and presence of known domains, in order to estimate a function
consistent with a role in pathogenicity. The RKIP domain present in 104571
is part of the PEBP family. The PEBP domain features two conserved central
regions, CR1 and CR2 representing the ligand-binding site. The C-terminal
region is absent in plant and bacterial PEBP homologues and both Nterminal

and

C-terminal

regions

are

the

least

conserved

(http://www.ebi.ac.uk/interpro/entry/IPR008914 on 14.07.2014). The pfam
domain search revealed the PEBP domain with a domain alignment (see
Figure 6.23 below).
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Figure 6.19 Blastp 104571 protein sequence alignment in the NCBI database. An overview
over the first 18 hits.
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Figure 6.20 Blastp sequence alignment of protein 104571 with hit one and two.
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Figure 6.21 Blastp sequence alignment of protein 104571 with hit three and four.

Figure 6.22 Blastp sequence alignment of protein 104571 with hit one and two.
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Figure 6.23 Alignment of amino acid 72-218 of candidate gene 104571 to pfam domain
PF01161. The protein is predicted to contain the phosphatidylethanolamine-binding protein
(PEBP) domain (line #SEQ contains the protein sequence). Amino acid (aa) sequence of the
sequence query protein 104571. Important homology regions of the PEBP domain are indicated
by red squares.
#HMM: Hidden Markov Model protein sequence alignment. The most conserved positions are
indicated by capital letters. #MATCH: Match between the query sequence and the HMM.
Conservative substitutions are indicated by a '+'. #PP: posterior probability/degree of confidence
in each individual aligned residue. Degree of confidence in each individual aligned residue (0=05%, 1=5-15% and so on; 9=85-95% and a '*' means 95-100% posterior probability – see #SEQ
colour code). #SEQ: 104571 query sequence. Deletions in the query sequence with respect to
the HMM are indicated by a '-'.
Coloured according to posterior probability:
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6.4. Discussion
In chapter 4 and 5, protein 69140 of Z. tritici was identified as a
potential NCA effector and protein 69140 was analysed in silico and with
molecular biology methods. Experimental data was inconclusive and a
remaining NCA after knock-out of 69140 was observed. Thus, a
comprehensive approach to identify effector candidates was undertaken,
using mass spectrometry and RNA sequencing. These two methods were
used to complement each other, both comparing the respective data of NCA
and non-NCA cultures. A comparison of an RNA sequencing analysis
including and excluding new transcripts was carried out to reduce the risk of
missing important transcripts. Identified top candidates were then analysed in
silico, and if possible, a potential mechanism suggested.

RNA sequencing and mass spectrometry yielded gene candidates,
which fulfilled most or all expected properties for the candidate NCA inducing
protein. These properties included size, predicted pI, predicted secretion
signal and either having no predicted function or a predicted function that
allowed speculating on possible mechanisms. Of these candidates, only very
few appeared in all lists. One, 104571, appeared in all datasets and very
closely fit the above listed characteristics. This top candidate allowed a
plausible hypothesis for a mechanism involving hijacking of the innate plant
immune system resulting in programmed cell death of the host, discussed
below.
In order to estimate the number of transcripts missed in the IN
analysis (ignores new transcripts), the AN analysis (allows new transcripts)
was used. It was expected that the identification of novel transcripts would
involve a substantial amount of hand-curation of data. This would be due to
unrestricted alignment of reads anywhere in the genome as opposed to
alignment restricted to known genes. However, since no effector has been
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positively identified as of yet, unknown genes have the potential to be very
important. During visual inspection, a substantial number of the 69 novel
transcripts identified in the AN analysis were found to be repeats. However,
among these 69, 15 (about 21 %), were potentially yet un-annotated genes.
Of these 15, three were in fact positively identified as new transcripts and
included in the DE analysis. The remainder could not be confirmed in the
context of this analysis with certainty. Of the 69 unannotated assembled
transcripts within the DE RNAseq AN analysis, 12 were potentially not yet
described genes, three were sufficiently supported by reads to be included.
Considering the high number of 10 952 existing gene models annotated for
this pathogen through substantial research, 3 undescribed genes and 12
possible undescribed genes was a surprisingly high number to be discovered
in this subset limited to DE transcripts.
One of the newly discovered transcripts, 117719, was found annotated
in the reference genome on the JGI homepage (Goodwin et al., 2011;
Grigoriev et al., 2011). This gene was not present in the annotation file
(Goodwin et al., 2011), and its inclusion in the AN dataset supports the
argument for performing both types of analysis in order to not miss potential
effector candidates. These numbers for missed new genes were drawn from
the day 13 DE subset of the complete read assembly. In the course of the
manual

curation

of

differentially

expressed

transcripts,

anecdotal

observations up and downstream of DE transcripts as well as the analysed
DE genes further confirmed the hypothesis that a strict exclusion of new
genes excludes many mapped reads. Therefore more missed unannotated
genes in the IN analysis as well as more assembled repeats of the AN
analysis were expected in the entire read assembly. In the context of
searching for an elusive effector, the complementary analyses of IN and AN
data applied here successfully included possibly crucial information. For an
analysis of general DE or the expression level of known transcripts, however,
a more restricted method is clearly recommended to avoid laborious hand
curation.
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The overlap of discovered transcripts in the DE analysis in both
RNAseq approaches was reasonably low. Of 128 transcripts in the IN
analysis and 148 in the AN analysis, 69 and 92 were unique to the respective
datasets, with an overlap of only 54 (see Figure 6.16 above). This
unexpected low overlap may be due to the bias introduced through restriction
of alignment to new transcripts in the IN analysis. Many reads in the AN
analysis would have aligned to repeats or other regions not considered to be
part of the transcriptome in the IN. This may possibly reduce the number of
reads aligning to annotated transcribed genes that may contain some
repetitive sequence. The small overlap again justifies the analyses of these
datasets with different, likewise justifiable approaches, to avoid missing
information.

In the DE RNAseq analysis, several annotated transcripts were found
to contain stop codons within the coordinates described in the annotation file.
While RNA reads did align well with very few single nucleotide
polymorphisms between the IPO 323 (Dutch) strain and the 79.2.1A
(Australian) Z. tritici strain, the annotation appears to be in need of more
manual curation. An example for this need was two proteins in the top DE
candidates from chromosome 10 and 11, 96096 and 96846 respectively.
Over the entire length, gene 96846 is identical to 96096, but 96096 is
predicted to be longer and extend beyond the identical region. However, a
stop codon in the annotated “ORF” of 96096 at the end of the identical region
strongly suggests that the two genes are, in fact, identical. Another good
example is the candidate gene found in chapter 4 and analysed in chapter 5
above. The plausible secretion signal-peptide at the protein start cannot be
found based on the annotated reference genome. However, the genome
sequence contains a plausible start codon further upstream of the predicted
start codon. Using this alternate start codon, a secretion signal is predicted in
SignalP, which was discussed in chapter 5 above. More manual curation of
the reference gene annotation is therefore needed.
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The DE RNAseq generated numerous strong NCA candidates, with
many transcripts achieving a score of one or two. The top candidate 104571,
RKIP-like, is particularly interesting. It appears to fulfil the expected
properties of size, pI, was present in all 3 datasets and has a possible
involvement in apoptosis, discussed below. Top candidate 69140, described
in detail in chapter 5 above, was found to be more expressed in NCA day 13
samples than in non-NCA day 13 samples. This gene candidate was
discarded from the MS dataset ranking, however, because it appeared to be
more abundant in the inactive secretome. Several other candidates scoring
number one on the RNAseq top candidate list appear to be inconsistent with
expectations. The proteins contained predicted localization signals or
domains that suggest localization in mitochondria, nucleus or cytosol. These
properties contradict the hypothesis that the NCA is caused by a protein(s)
secreted by the fungus into the wheat apoplast. On the other hand, predicted
properties may not always be accurate and exclusion of these proteins
should not be based on this data alone. One example of this inconsistency is
the presence of proteins in the anion exchange fraction of MS analysis, which
disputed the accuracy of the predicted pI of these proteins. Many of the highranking candidates have no predicted domain or a domain predicted to be
involved in defence/pathogenesis or apoptosis. Candidates without known
domains may carry domains involved in yet unknown biomolecular disease
mechanisms. Candidates with defence/pathogenesis or apoptosis related
domains allow hypothesizing about a biomolecular mechanism for NCA
development. For one candidate, 96820, reads mapped only to part of the full
sequence length and it required more experimental evidence before further
consideration. Consequently, the DE RNAseq analysis was considered as a
successful approach to discover new NCA candidates for future investigation.

SDS-PAGE as well as MS analysis produced data that differed
between the NCA and non-NCA inducing condition, consistent with the
difference in NCA development in planta (see Figure 6.14 above). SDSPAGE revealed a protein band in a position comparable to the strong
candidate protein found in chapter 4 and knocked out in 5 above. This same
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strength protein band was not found in earlier comparisons between NCA
and non-NCA secretome when pre-anion exchange secretomes were
compared (Wagner, 2010). This unexpected band may originate from a
concentration of the strong candidate protein from non-NCA secretome
through anion exchange. The infiltration of this fraction did not induce NCA
(see Figure 6.9 and Figure 6.14 above), suggesting that the candidate gene
is, in fact, not involved in pathogenicity. The positive identity of the protein(s)
in this band, however, can only be determined through further targeted
analysis. Another possibility for the origin of this band lies in a protein
exhibiting similar properties. Verified knock-out mutants of the candidate
gene from chapter 4 and 5 above showed a low intensity band residing in the
same position. This indicates the possibility of another protein present in
lower quantities in pre-anion exchange secretome with similar properties in
size and pI.

In the MS analysis, about 200 protein hits were found. The top
candidate list contained several proteins with unknown function and some
related to metabolic processes. A surprising number of proteins, 11 out of 37,
were expected to be intracellular. These proteins may be contaminants due
to accidental cell lysis or autolysis after long culturing. While a certain amount
of cell death in cultures is expected, another possibility for this bias may arise
through a concentration of cytosolic/hydrophilic proteins through the anion
exchange chromatography, resulting in a non-representative concentration of
intracellular

proteins.

However,

the

NCA

secretome

before

anion

exchange(crude) does induce NCA, while the flow through of the anion
exchange chromatography as well as the wash (which together contain the
bulk of the protein in the secretome) do not. The likelihood of intracellular
proteins being highly abundant in crude secretome and causing NCA is low,
the collection of a specific NCA inducing intracellular protein exclusively in
the eluate even lower. Thus, the interference of intercellular proteins with the
outcome of the assay is considered as highly unlikely.
MS analysis of the secretome after anion exchange generated
intentionally substantially less NCA candidates than in the DE RNAseq
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analysis. The complexity of the NCA and non-NCA secretome was reduced
through anion exchange chromatography to be able to focus on NCA
candidates. Furthermore, MS relies on annotated genes, excluding new
discoveries. The top candidate RKIP-like (104571), previously mentioned in
DE RNAseq analysis, was found among the top candidates again.
Interestingly, the predicted pIs of two of the three MS protein
candidates with scores of one are much higher than expected for binding to
the anion exchange column (pI of 9.21 and 9.77). Proteins with a pI lower
than the pH of 8.8 of the running buffer were expected to be negatively
charged and were expected to bind to the column. Proteins with a pI of 8.8
and higher were expected to be positively charged and not bind to the
column. This suggests that predicted pI values may differ substantially from
their experimental value. This finding supports the argument that predicted
properties should be given less weight when ranking and evaluating top
candidate genes.
The MS analysis generated equally good, but less NCA candidates
than the RNAseq, with several proteins achieving a score of one or two.
Many of these high-ranking candidates have no predicted domain, and they
may carry unknown disease mechanisms functionality. MS analysis was
therefore considered a valuable approach to complement DE RNAseq for
NCA effector candidate investigation.

The strong candidate 69140 identified and analysed in chapter 4 and 5
appears in all datasets and was initially ranked the second best candidate in
the RNAseq DE analysis, due to the reference annotation missing the
plausible secretion signal-peptide. It was manually set to scoring number
one. In MS data, it was discarded since the quantitative data of secretome
suggested a concentration lower in NCA than non-NCA anion exchange
chromatography fractions. This would be consistent with the finding of the
strong band on SDS-PAGE and support the candidate to be not involved in
pathogenicity since the non-NCA sample did not induce NCA. Interestingly,
the higher presence of this protein in non-NCA secretome and its apparent
up-regulation in RNAseq data conflict with each other. However, since no
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specific protein was targeted for quantification, the MS data may not be
accurate enough for accurate quantitative comparisons. Furthermore,
RNAseq data may not always reflect the proteome due to regulatory
mechanisms or protein stability and subsequent accumulation. However, in
the initial hypothesis, the NCA is expected to be present or more abundant in
the NCA secretome compared to non-NCA secretome. Thus, the exclusion of
those proteins from the MS analysis that were quantitatively more abundant
in non-NCA secretome samples is justified, reducing the importance of the
candidate 69140.

Literature regarding the Raf-1 kinase inhibitor protein (RKIP) (top
candidate 104571), revealed an involvement of this domain in conserved cell
signalling and programmed cell death. In the review of Odabaei et al. (2004),
RKIPs belong to the phosphatidylethanolamine-binding protein (PEBP)
family, which is a highly conserved group found in different forms of
organisms such as bacteria, fungi, nematodes, plants, insects and mammals.
In plants, proteins with this domain are involved in the morphological switch
between shoot growth and flower structures or regulation of several signalling
pathways such as the MAP kinase pathway, including the mentioned RKIP
(http://www.ebi.ac.uk/interpro/entry/IPR008914

on

14.07.2014).

The

candidate 104571 with a molecular weight of ~25 kDa is reasonably
consistent with the PEBP families’ 21- to 23-kDa expected weight range,
considering the N- and C-terminal regions are generally not well conserved.
Interestingly, the region upstream or downstream within several kb did not
contain repeats, but many genes. Such an environment may not be subject
to high mutation and evolution rates, but this would have to be confirmed in
detailed analyses. According to Odabaei et al. (2004), RKIPs are expected to
be cytosolic proteins and generally bind hydrophobic ligands such as GTP,
GDP, and small GTP-binding proteins as well as others. RKIPs have been
shown to act as signal modifiers, for example a higher cytosolic concentration
of RKIP sensitizes tumour cells to chemotherapeutic drug-induced apoptosis
(Odabaei et al., 2004). In Arabidopsis thaliana, the Raf-like mitogen-activated
protein kinase kinase kinase (MAPKKK) enhanced disease resistance 1
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(EDR1) is involved in negative regulation of plant defence responses and cell
death (Zhao et al., 2014). In edr1 deletion mutants, a MKK4/MKK5MPK3/MPK6 kinase cascade is not down regulated by EDR1, enhancing
resistance to pathogens including powdery mildew fungus, bacteria and
oomycetes and over-expression of the kinase cascade causes mildew
induced cell death (Zhao et al., 2014). Ethylene-induced senescence
appears to be enhanced in A. thaliana mutants with no regulation and Zhao
et al. conclude that EDR1 is involved in fine tuning of plant innate immunity
(2014). The Triticum aestivum TaEDR1 was cloned and characterised in
2005 (Niu et al., 2005, p. 1) and in an attempt to breed for powdery mildew
resistance, an anti-TaEDR1 transgenic wheat line was successfully created
(YongJing, 2010). The molecular basis of this resistance remains elusive with
very limited literature about TaEDR1 available (Niu and He, 2009). The
knowledge accrued so far, however, suggests that an RKIP-like protein may
be involved in an increased necrosis and chlorosis in the wheat plant
comparable to the interaction described in A. thaliana. While 104571 is likely
to be secreted into the apoplast due to its secretion signal, it remains
unknown if it can enter plant cells. It is likely that the target of 104571 is only
accessible from the plant cytosol. Based on the hypothesis proposed above,
104571 must enter the plant cytosol in order to act as an inhibitor of TaEDR1.
Although this hypothesis remains to be tested, given the evidence presented
above and the predicted role of TaEDR1 in innate immunity, 104571 appears
to be a very promising candidate gene for the NCA.

Extensive research has been carried out to identify candidate effectors
involved in disease development of Z. tritici. High throughput methods have
been applied early 2005 (Keon et al., 2005a) to gain insight into the
processes underlying disease. A model was built in which the fungus hijacks
the plant immune system leading to programmed cell death in the host
(Hammond-Kosack and Rudd, 2008; Keon et al., 2007) and extensive
knowledge about expressed genes and the genome accrued (Goodwin et al.,
2011; Kema et al., 2008). Up to the present, Mg3LysM have been identified
to be important for fungal evasion of pathogen triggered immunity (PTI) (Lee
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et al., 2014).Recognition of β-1,3-glucan, a cell wall component of Z. tritici, by
wheat was reported to convey complete resistance to the pathogen in
susceptible host lines. Z. tritici appeared to prevent detection of the β-1,3glucan through expression of a β-1,3-glucanase (Shetty et al., 2009). ZtWor1
was found to regulate candidate effector genes (Mirzadi Gohari et al., 2014)
and may lead to discovery of more. Furthermore, Kellner et al. (2014)
compared host and non-host interaction and their data contributed to
understanding of regulators of such interactions. However, no effector
eliciting necrosis and chlorosis has been discovered yet. The generated
comprehensive lists of top scoring candidate proteins are expected to shed
light on the identity of the NCA effector(s), since the data is based on
conditions specifically producing a necrosis and chlorosis activity in wheat.
Many candidates may carry so far undiscovered functionality since no
similarity to known domains and structures was annotated. These latter
candidates do not allow for mechanistic speculation, but are equally strong
candidates.
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6.5. Conclusion
The established methods for production and separation of the NCA in
chapter 4 and 5 above were successfully used to generate transcriptome and
protein data with relevance to the NCA. Transcripts and proteins with a top
score of one or two for the NCA have been identified and compiled into two
comprehensive lists. The data generated may also be useful in the future for
annotation purposes or analysis of metabolic pathways in response to
nutritional stimuli as well as comparison with in planta expression during
infection.
Within the scope of this analysis, the annotation of the IPO323
reference genome could greatly benefit from additional revision with NGS
data. While the presence of many annotated genes was supported by the
RNAseq reads, some new transcripts were identified. Annotated genes were
frequently found in need of manual curation in respect to stop codons or to
join transcripts originally predicted to be two separate genes. The generated
RNAseq data may be useful for future improvement of the annotation by
visually comparing the aligning reads with possible ORFs. This would provide
further use of the generated data, but is not part of this work.
Since the MS approach is limited to the annotated genes, no new
proteins were discovered. Against the background of significant research into
this pathogen however, this approach by itself may represent a strong bias
towards candidates that are already predicted. Differences in individual
protein stability in the secretome may further contribute to a bias. RNAseq on
the other hand, looks into a very different part of the biology, revealing the
entire transcriptome at the harvesting time point not limited to function or
location. This approach gives a broad picture with many genes identified,
which may overlook the information relevant to the research question. This
complementary approach combining both techniques increases the likelihood
to find the NCA candidate using at least one technique and provides
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complementary data allowing focussing on candidates that are top ranking in
both biologically relevant questions: Which genes are more expressed in
NCA positive cultures and which proteins are more abundant in NCA
secretome compared to non-NCA secretome?
Using both approaches, the candidate transcripts were reduced to a
core set of 18 genes that were further analysed for predicted properties.
These predicted properties partially contradicted the expected properties for
the NCA effector and the focus remained on candidates, which fulfilled these
properties. One transcript stood out as the top candidate in both RNAseq and
MS data. The homology of this candidate with a known inhibitor suggests the
hypothesis of involvement in host apoptosis. While the Raf-1 kinase inhibitor
sensitises cancer cells to drug treatment resulting in apoptosis in human
cancer cells, such a kinase inhibitor appears, as of yet, not to have been
described in wheat. The wheat homolog TaEDR1 of the Raf-1 kinase, with
which the inhibitor is hypothesised to interact, has been characterised. In
wheat TaEDR1 seems to be involved in pathogenesis in a highly conserved
apoptosis related manner. The current model of Z. tritici disease involves a
secreted effector interfering with host plant cell signalling leading to
apoptosis. Thus, a secreted fungal Raf-1 kinase inhibitor mimicking a plant
regulator for immune response is consistent with the current Z. tritici – wheat
interaction model. In this new hypothesis, the fungal Raf-1 kinase inhibitor
mimics

an

(unknown)

innate

plant

regulator

targeting

TaEDR1.

Consequently, TaEDR1 activity is suppressed and negative regulation of the
plant immune response reduced. The plant cell is sensitised to pathogen
presence that ultimately leads to programmed cell death as an intrinsic plant
immune response. This hypothesis is consistent with the described function
of the Raf-1 kinase inhibitor in mammalian cells suggesting 104571 as a
strong NCA candidate gene. Candidate 69140 appears less likely to be
involved in NCA directly, but the data is inconclusive until further
experimental data, in particular heterologous gene expression, sheds light on
its individual effect on plant tissue.
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This study revealed a top candidate with a plausible mode-of-action
and uncovered several further top ranking candidates for investigation of
involvement in the NCA.
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7. Overall discussion
Recent studies in plant-pathogen interactions have revealed an
increasing number of known effectors involved (Jones and Dangl, 2006;
Pritchard and Birch, 2011). These effectors are defined as molecules which
are involved in virulence, primarily aiding the pathogen in host attack (Oliver
and Solomon, 2010). Increasingly used in plant disease prevention (e.g.
through resistance breeding), these effectors are in consequence a central
focus in disease research (Vleeshouwers and Oliver, 2014), both in
biotrophic and necrotrophic pathogens.
The subject of this thesis was a necrosis and chlorosis activity (NCA)
produced by the hemibiotrophic and ultimately necrotrophic pathogen
Zymoseporia tritici under specific in vitro growth conditions. The NCA
symptoms closely resembled symptoms seen in the transition phase necrosis
and chlorosis symptoms during disease development in planta. Refinement
of these specific growth conditions was attempted as well as an improvement
to in planta assay conditions. A preliminary characterisation of this NCA was
undertaken and different proteomics and transcriptomics techniques
deployed to identify probable NCA effector candidates. Furthermore, it was
intended to determine the involvement of such effector candidates in the
NCA using molecular biology techniques.
The search for effectors in pathogen culture filtrates, which cause
disease like symptoms in the host plant, has proven successful in the past,
for example in the closely related pathogen Parastagonospora nodorum
(Oliver et al., 2012). While the current work was not successful in providing a
conclusion on the NCA effector candidate 69140 involvement in the in vitro
produced NCA, it was hypothesised that 69140 may be one of several
players acting in concert or in redundancy. Whether the NCA effector(s)
produced in vitro will prove identical with those causing comparable
symptoms during disease can only be deduced by the generation of knockPage 224 / 264

out mutants lacking the capacity to produce NCA in vitro and in planta.
However, Z. tritici has proven to be able to produce a proteinaceous host
active substance as opposed to previously assumed toxins (Kema et al.,
1996; Keon et al., 2007).
The hypothesis of a starvation phase of Z. tritici inducing the
production of the NCA has been previously proposed, but was found to be
unlikely (Keon et al., 2007). As of yet, no individual condition was identified
responsible for induction of the in vitro produced NCA effector. If the in vitro
produced NCA effector is the causative agent for similar symptoms in
disease development, this knowledge, however, may prove crucial. Necrosis
and chlorosis in the flag leaves and the 2-3 following leaves results in
photosynthetic tissue loss, which, together with accompanying metabolic
effects, are the major driver for yield loss (Robert et al., 2006). Since Z. tritici
is not known to affect the suitability of wheat grains for human consumption,
yield loss is the key driver for crop protection and fungicide use, turning an
NCA inducing effector into an important aspect of Z. tritici research.
Two of the three domains annotated for the two top candidates
generated through the functional genomics approaches allowed speculation
on possible host mechanisms. In this speculation, the expansin and Raf1Kinase inhibitor (RKIP) domain are hypothesised to trigger, or in this case
hijack, a plant immune system response ultimately leading to programmed
cell death. While 69140 knock-out strains were still pathogenic and retained
the ability to produce the NCA, frequently lower levels of NCA were observed
than in wild type Z. tritici cultures grown under the same NCA producing
conditions. This observation may be a correlation. However, another
possibility was co-action of several effectors as was found in the so called
zig-zag-zig model in oomycetes (Hein et al., 2009), where multiple layers of
pathogen effector, plant recognition and new pathogen effector have evolved.
P. nodorum, a necrotrophic relative to Z. tritici, is known to produce at least
five different effectors (Oliver et al., 2012). Thus, it is possible that several
mechanisms activate plant immune responses simultaneously or in short
sequence after each other.
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In this proposed model, a host dependent trigger (reflecting disease
susceptibility) would induce the secretion of proteins 69140 and 104571 of
Z. tritici, while the necrotic and chlorotic effect of the proposed NCA effectors
themselves would be independent of the resistance level (genotype) of the
wheat line. At the onset of necrosis and chlorosis, expression of the 69140
protein carrying the expansin domain is triggered and expression of
Mg3LysM effector is reduced, revealing Z. tritici to recognition by wheat (Lee
et al., 2014). Chitin may then in turn be increasingly recognized by the plant
cells eliciting immune response, while the expansin domain weakens the
plant cell wall triggering a response reminiscent of pathogen attack (Nühse,
2012) (see Figure 7.1 below). The latter two steps, however, lead to effector
triggered susceptibility (ETS) (Hammond-Kosack and Rudd, 2008) rather
than direct destruction. A second (or more) effector, with a mode-of-action
further increasing the susceptibility like the RKIP which dampens an immune
system repressor, may then ultimately push the plant cell over a threshold
level, leading to a signalling cascade for programmed cell death. The
necessity of a certain amount, or quality, of light for this interaction may be
explained by the intrinsic acidification of plant cell walls triggered by blue and
red light photoreceptors of plants (den Os et al., 2007; J. Theo M. Elzenga et
al., 2000; J. T. M. Elzenga et al., 2000). Such sophisticated regulation of
different disease stages would conform with the findings of Goodwin et
al.(2011) and Ohm et al. (2012), who proposed proteins as major players in
evading host defences, rather than carbohydrate degradation during the
symptomless stage of infection.
Two factors may be responsible for the extent of the disease in this
model. Firstly, a host dependent factor triggers the induction of effectors with
a varying level of induction between different hosts. Secondly, the
effectiveness of the interplay of effectors on the host may vary, including the
intensity of the weakening effects of the expansin on the cell wall. An even
more speculative model can be considered, including the recently found
RNase activity of the barwin domain in wheat. If the protein 69140 exhibits
both activities, it may be possible to weaken the plant cell wall and then enter
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the plant cell through cell membrane holes that may form. However, this is
highly speculative.
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Figure 7.1 A model illustrating the hypothesis of Z. tritici hijacking plant signalling
cascades integrating NCA effector candidates 69140 and 104571. The depicted events refer
to the interaction with a susceptible wheat line nine days post inoculation at the onset of
necrosis and chlorosis. (1) A host-dependent trigger induces production (2) of effectors in
Z. tritici. While the host is exposed to light, the cell wall is acidified (3), allowing the uncontrolled
action of the 69140 expansin domain (3), leaving the cell wall weakened and the host cell in an
alerted state. Through this loosened cell wall and possible membrane integrity loss, 104571
RKIP may be able to enter the plant cell and reach its target (4) TaEDR1 of the host. Further
effectors (depicted as ?) or chitin recognition may play a similar role outside or inside of the host
cell, ultimately leading to signalling cascades involving TaMPK6 and TaMPK3 kinases. These
both are involved in programmed cell death (PCD) and hypersensitive response (HR) in the
plant. The effectors indirectly trigger PCD, creating reactive oxygen species (ROS). The already
weakened plant cell loses integrity entirely and nutrients are provided for fungal growth
(adapted from (Hammond-Kosack and Rudd, 2008).

In the model suggested above, a quantitative trait analysis of wheat
with respect to the necrosis and chlorosis symptoms would not lead to an
exact target gene. Several activities would be involved in necrosis and
chlorosis development, some of which do target structural components of the
wheat cell. Cell wall degrading enzymes have already been the focus of
research (Siah, A. et al., 2010, 2009; Tian et al., 2009) and these would not
be directly linked to a gene in a gene-for-gene manner as found by Brading
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et al. (2002). However, the multiple loci with small effect found by Raman et
al. (2009) and Miedaner et al. (2013) may in part reflect alleles in wheat
genes for cell wall related functions, contributing through their diversity to a
higher or lower level of cell wall susceptibility to expansin action.
While the suggested model is consistent with the present findings,
other candidate NCA effectors without a predicted domain or function are just
as likely to be the causative agent inducing NCA. Since no domains or
function have been identified in these genes, no speculation about a possible
mechanism was undertaken.
Refinement of the specific growth conditions was not achieved and no
conditions were found, which would individually induce the NCA production.
A thorough understanding of the general regulation and metabolism in many
fungal pathogens is still lacking, despite its usefulness in fundamental
research as well as crop protection. This information, however, is often only
available for model organisms, such as Saccharomyces cerevisiae. However,
such

research

is

increasingly

undertaken,

applying

genome

scale

approaches (Duan et al., 2013).

Further research is needed to confirm or exclude candidates from the
NCA effector candidate lists for involvement in the NCA mechanism. The fact
that Z. tritici knock-out mutants of 69140 showed variable NCA may indicate
a mechanism involving more than one single actor in the mechanism.
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8. Future research
In this work, a comprehensive list of NCA effector candidates was
generated, which await gene disruption to determine their involvement in
necrosis and chlorosis development in planta. Gene 69140 needs to be
either confirmed or discarded as a protein involved in NCA through
expression and testing of the host response to the pure protein. Furthermore,
the remaining factor able to induce the NCA needs to be identified, using the
generated lists of NCA effector candidates.
In this context, the generated gene knock-out mutants provide material
to create double knock-out mutants. These can be used, either to investigate
the pathogenicity of Z. tritici in absence of 69140 (as an NCA effector) and
another NCA inducing protein, or allow easier purification of a newly
discovered NCA effector in absence of the highly abundant protein 69140 (if
not involved in NCA). Methods to quantify virulence in knock-outs of Z. tritici
on different wheat cultivars can then be applied using high throughput
automated image analysis (Stewart and McDonald, 2014)
The generated RNA sequencing data could be analysed with respect
to media influence of the transcriptome. Besides possibly elucidating aspects
of metabolic regulation, the RNA sequencing data may allow extensive
improvement of manual annotation of the Z. tritici IPO323 reference genome
and the 79.2.1A strain used in this laboratory. This annotation would improve
start and stop-codons, introns and further new genes, all of which would
contribute to the growing knowledge of this emerging model pathogen.
Furthermore, in an approach similar to the reasoning in chapter 6, instead of
comparing NCA inducing and non-inducing conditions, day 6 and day 13 of
the inducing conditions could be analysed for differential expression. Day 6
represents an early stage of the culture, when only a low level of NCA can be
observed, while the NCA is present at day 13. This approach may reduce the
variation within the RNA sequencing data due to the difference in metabolism
in Z. tritici between the different media.
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While the light involvement may or may not be based on the putative
expansin action, the artefacts discovered in NCA symptom development may
be a concern for research on Z. tritici in wheat conducted under artificial light
conditions. If the NCA effector produced in vitro and the NCA agent in
disease development in planta are identical, artificial lighting may introduce a
substantial bias in the outcome of Z. tritici infection experiments compared to
natural conditions. However, this may also be an advantage. If the necessary
light conditions that promote NCA development in planta isuch as wavelength
range and intensity, are known, the effect could be used to enhance these
differences to reveal more subtle differences in NCA development between
wheat lines. Light in general plays a major role for infection efficiency in the
Z. tritici-wheat interaction (Keon et al., 2007; Wagner, 2010) (personal
correspondence with Dr Andrew Milgate DPI, Wagga Wagga, Australia). If
differences in this infection efficiency can be induced by light, the opposite
may hold true also. Investigations into plant protection by alterations of the
light, which reaches the plant, may provide another pathway for crop
protection, even if partial. This approach is speculative, but it has been
shown that plant perception of a certain red light to far red light ratios
compromise plant immunity in Arabidopsis thaliana (de Wit et al., 2013),
while pepper, tomato and pumpkin seedlings benefitted of a certain red light
wavelength range exposure by lower disease levels (Islam et al., 2002).
While large scale coloured covers in this context may not be an option, a
food-grade dye, which washes off leaves with time and filters certain
wavelengths may be. Such spray-application would require exact prediction
systems for disease outbreak, e.g. described by Beyer et al. (2012), since
they would have to be applied in advance. While this approach is highly
speculative and based on the unproven assumption of pH dependent
expansin action, simple application of plant defence elicitors such as salicylic
acid is equally simple and is used in plant protection (Thakur and Sohal,
2013). Instead of targeting the light induced pH change in the cell wall, a
reduction of the immune system response using elicitors may be an equally
interesting approach, since molecular disease development suggests
hijacking of the plant immune system.
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Once finally identified, the identity or identities of the protein(s)
involved in NCA will allow detailed characterisation of the underlying
mechanism. These effectors may be knocked-out, the disease phenotype
analysed and for further analysis, they can be expressed in heterologous
expression systems. Host reaction to the purified effector(s) can then
subsequently be analysed as has been done in P. nodorum for the effector
ToxA (Vincent et al., 2011). As a newly emerging tool, the clustered regularly
interspaced short palindromic repeats (CRISPR) and CRISPR-associated
(Cas) system may be used in yeast for the expression (DiCarlo et al., 2013)
as it allows very specific homologous recombination, including regulation on
a genome scale. With these properties, this molecular biology tool may also
be used in Z. tritici directly, to regulated the expression of target genes for
gene function investigation (Sander and Joung, 2014).
These analyses can be carried out on metabolite production,
proteome changes and transcriptomic analyses, providing complementary
information to understand the interaction. Furthermore, transcription profiling
targeting these effectors may elucidate the expression profile, possibly
allowing conclusions which events or signalling causes their expression.
It remains to be determined whether gene 69140 represents a protein
with expansin domain function and whether this has been acquired through
horizontal gene transfer. The same applies for gene 104571 and the RKIP
domain it may carry. It appears, however, that horizontal gene transfer is not
an isolated event, but rather, albeit not frequent, occurs often enough to
expect

rapid

transfer

between

species

in

high

selective

pressure

environments such as agriculture (Nikolaidis et al., 2014). The examples of
SnToxA and PtToxA in Parastagonospora nodorum and Pyrenophora triticirepentis, creating a new important pathogen through transfer of a toxin
(Friesen et al., 2006; Moffat et al., 2014) raise the question if the current
pathogen “breeding” can be counteracted. Higher genetic diversity in the host
may be an important step towards reducing the rapid evolution in crop
pathogens as suggested by McDonald (McDonald, 2014). Especially in the
context of highly adaptive and rapidly evolving pathogens such as Z. tritici the
creation of a “super-pathogen” in crop fields through horizontal gene transfer
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may not be an unrealistic scenario. Thus, research needs to focus on the
mechanisms underlying disease with the aim to stabilize the plant-pathogen
interaction and decrease evolutionary pressure on pathogen development.
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9. Annex

9.1. Additional information
Table 9.1 Primers.
Primer name

Sequence

(5'

to

3')

Restriction

enzyme

sites

in

bold/underlined

mgNCA KO5'f

GCCTACGTTAATTAACTTCTTATACGCTTGAGATCGG

mgNCA KO5'r

ACTTTTGGTTACGCCGTCTAGTATAGGAAGCGAAGGAGCAC

mgNCA KO3'f

ATGCATGGTTGCCTAGTGATCTCAAGGTGATCAGCATTG

mgNCA KO3'r

TGCACGTCCTGCAGGAACACAGTCTTTCCGACACC

HYG_F

AGACGGCGTAACCAAAAGT

HYG_R

TCACTAGGCAACCATGCAT

ITS1

TCCGTAGGTGAACCTGCGG

ITS4

TCCTCCGCTTATTGATATGC

mgNCA ko screening 5'

CCAAATGCCGAGACCGACATAG

mgNCA ko screening 3'

GCTCGTTCATCTGTCCGAACAC

HYG_screen_F

GTTTCCACTATCGGCGAGT

HYG_screen_R

ATGAGCTGATGCTTTGGG

Exp_69140_f

AAGAATTCATGGCAGCAGGTTACGCAAACG

Exp_69140_r

CGCCGAGGTACCGAGAAGTTTCCATCAGC

5´ AOX1

GACTGGTTCCAATTGACAAGC

3´ AOX1

GCAAATGGCATTCTGACATCC

Table 9.2 Candidate transcripts from RNAseq from rank 1 to rank 4. The presence (Pres) in
all datasets (all) including MS, or both RNA sequencing datasets (both) or only in one RNAseq
dataset and MS (MS) is indicated. Log2-fold change (logFC), final rank (Rank) and ranking
contributors uniqueness (Uni), presence of a signal-peptide (Sign-Pep), molecular weight (MWR) and contribution of the function to ranking (Funct) are indicated as well as function found
through annotation (Function), amino acid chain length (aa) and molecular weight in kDa (MW).
gene_ID/
SignPres logFC Rank Uni
MW-R Funct
Function
aa MW
location
Pep
91285
all
6.2
1
1
1
3
3
no function
131 14
Raf-1 kinase
inhibitor domain,
104571
all
4.4
1
1
1
3
3
231 25
Phosphatidylethanol
amine-binding-like
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96820

3.7

1

1

1

3

3

3.7

1

1

1

3

3

no function
136
Candidate, missing

15

signal-peptide,
69140

all

Barwin,

Expansin

215

23

239

26

123

14

domain
3.4

1

1

1

3

3

3.1

1

1

1

3

3

no function,
hypothetical protein
no function

3.0

1

1

1

3

3

no function

217

24

2.8

1

1

1

3

3

112

12

2.7

1

1

1

3

3

201

22

2.7

1

1

1

3

3

254

28

2.7

1

1

1

3

3

no function
Defence/pathogenes
is related, plant PR
similar, SCP
extracellular domain
Putative glucan 1,3beta-glucosidase,
defence
mechanisms, von
Willebrand
factor/coagulation
no function

176

19

2.5

1

1

1

3

3

no function

164

18

2.3

1

1

1

3

3

115

13

109031

2.1

1

1

1

3

3

178

20

96846

2.1

1

1

1

3

3

177

19

96543

2.1

1

1

1

3

3

144

16

96096

2.085

3

1

1

1

3

320

35

3.8

2

0

1

3

3

308

34

3.4

2

1

1

3

2

232

26

3.4

2

1

1

3

2

173

19

109275

3.2

2

1

1

3

2

no function
no function, no hits
with protein
databases. Probable
Mg specific protein
(novel gene).No Trp
and His. Small (177
amino acids), 18.6%
Alanine, protein.
no function, same
sequence as 96096
until stop
Similar to class II
hydrophobins/Predic
ted RNA-binding,
PIN domain
no function, same
sequence as 96846,
stop codon in
annotation
no function,
hypothetical protein
Putative cutinase
Putative serine
carboxypeptidases
databases
Aflatoxin
biosynthesis
regulatory protein,
nucleus,

258

28

Chr3:
1294809-

2.8

2

1

0

3

3

266

29

106335

both

93838
95852

both

108877
109710

both

104658

95998

both

89085
96225

69789

both

both

77282
105049

both

Page 235 / 264

no function

1295660
94844
106138
93514
34130
92924
16863
97627

2.7
2.7
2.6
2.5
2.5
2.3
2.3
2.1
2.1
3.0
3.0

2
2
2
2
2
2
2
2
2
3
3

1
1
1
1
1
1
1
1
1
0
1

0
0
0
0
0
0
0
1
0
0
1

3
3
3
3
3
3
3
3
3
3
1

3
3
3
3
3
3
3
3
3
3
3

111438

2.9

3

1

1

3

1

103460

2.5

3

1

1

1

3

106276
103310
90360

both

both
both

109435

MS

2.3

3

1

1

1

3

44980

both

2.2

3

1

1

3

1

2.2

3

1

1

1

3

44955
93433

MS

2.1

3

1

1

1

3

99379

both

2.1

3

1

1

1

3

4.7

4

1

1

3

0

76589

71724

all

4.2

4

1

1

3

0

13483

MS

3.7

4

1

1

1

2

79746

both

3.5

4

1

1

0

3

88691

both

3.1

4

1

1

1

2

74453

3.1

4

1

1

3

0

117719

3.0

4

1

0

1

3

96095
96877

3.0
2.7

4
4

1
1

0
0

1
1

3
3

95724

2.6

4

1

1

3

0

102519

2.6

4

1

0

1

3

111739

2.5

4

1

0

1

3

2.4
2.3

4
4

1
1

0
0

1
1

3
3

2.3

4

1

1

3

0

43288
80919
74217

both
both
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no function
no function
no function
no function
no function
no function
no function
no function
no function
no function
no function
Putative biotin[acetyl-CoAcarboxylase] ligase
Ferritin like
Defence
mechanisms, von
Willebrand
factor/coagulation
Putative esterase,
thioesterase
no function
no function, major
royal jelly protein
Putative chitinase
Putative endo-beta1,4-glucanase
Putative endo alpha1,4
polygalactosaminida
se
Putative FAD
binding protein
no function
Putative
hydrophobin-like
protein
Putative glycoside
hydrolase
Putative
hydrophobin,
originally found as
new gene
no function
no function
Putative beta-1,6-Nacetylglucosaminyltr
ansferase
no function, no ATG
at start
Putative C-type
lectin
no function
no function
Putative
chloroperoxidase,
unknown function

163
113
140
144
224
278
174
211
128
144
381

18
12
15
16
25
31
19
23
14
16
42

305

34

373

41

653

72

311

34

326

36

426

47

378

42

241

27

274

30

463

51

76

8

817

90

297

33

106

12

583
445

64
49

186

20

101

11

463

51

391
98

43
11

281

31

17511

2.3

4

1

1

3

0

108534

2.2

4

1

1

3

0

2.2

4

1

1

3

0

2.1

4

1

1

3

0

2.1
2.1
2.1

4
4
4

1
1
1

0
1
1

1
0
0

3
3
3

91275

2.1

4

1

0

1

3

71439

2.0

4

1

1

1

2

39691
33131

2.0
2.0

4
4

1
1

0
1

1
1

3
2

27804

both

107824
40830
80332
79751

both
both

Putative
exonuclease
Involved in RNA
processing and
modification
Putative
lysophospholipase
K-homology type
RNA binding protein
no function
no function
no function
Putative caspase,
possibly involved in
apoptosis
Glucose-methanolcholine
oxidoreductase
no function
Chloroperoxidase

239

26

244

27

211

23

137

15

328
77
53

36
8
6

320

35

637

70

101
412

11
45

Table 9.3 Candidate transcripts from mass spectrometry (MS). The presence (Pres) in MS and
RNAseq datasets (all) is indicated. Absolute difference in Quantitative Value (Normalized Total
Spectra) (Diff) and fold difference (Fold), final rank (Rank) and ranking contributors uniqueness (Uni),
presence of a signal-peptide (Sign-Pep), molecular weight (MW-R) and contribution of the function to
ranking (Funct) are indicated as well as function found through annotation (Function) and molecular
weight in kDa (MW).
Signgene_ID Pres Diff Fold Rank Uni
MW-R Funct
Function
MW
Pep
65910
2.2 2.0
1
1
1
3
3
no function
32
102133
2.5 1.9
1
1
1
3
3
no function
15
Putative Raf-1 kinase inhibition
104571 all 3.7 1.8
1
1
1
3
3
25
(RKIP) domain
ZPS1 family protein, secreted,
42164
13.4 3.0
2
1
1
3
2
32
probable cell wall hypothetical
protein
103686
5.6 1.9
2
1
0
3
3
no function
31
Reductases with broad range of
74599
5.0 1.9
2
1
0
3
3
34
substrate specificities
85901
3.1 1.9
2
1
0
3
3
no function
14
Pyridoxamine 5'-phosphate
104937
3.1 1.9
2
1
0
3
3
22
oxidase
106843
3.1 1.9
2
1
0
3
3
no function
12
105661
1.9 1.9
2
1
0
3
3
no function
29
76646
1.9 1.9
2
1
0
3
3
no function
25
Trp repressor binding protein104294
1.9 1.9
2
0
1
3
3
22
like/protoplast-secreted
35421
1.3 1.9
2
1
0
3
3
no function
27
100300
0.4 1.0
2
1
0
3
3
no function
23
85137
3.8 1.9
3
0
0
3
3
no function
31
Predicted fumarylacetoacetate
93207
3.8 1.9
3
0
1
3
2
26
hydrolase
Molecular chaperone of the GrpE
102569
3.1 1.9
3
1
0
3
2
27
family
108912
3.1 1.9
3
0
0
3
3
no function
28
94274
3.8 1.9
4
1
1
3
0
G protein signalling regulators
17
76589
all 5.9 1.9
4
1
1
3
0
MgEND2, ribosomal protein S14 25
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67881

0.3

1.1

4

0

0

3

2

37911

8.1

1.9

5

1

0

3

0

65778

6.9

1.9

5

1

0

3

0

71358

5.6

1.9

5

1

0

3

0

72265

3.1

1.9

5

1

0

3

0

102517
52044

2.5
2.5

1.9
1.9

5
5

1
1

0
0

3
3

0
0

73494

1.9

1.9

5

1

0

3

0

96942

1.9

1.9

5

1

0

3

0

82765

1.9

1.9

5

1

0

3

0

74038

1.9

1.9

5

1

0

3

0

107903

3.1

1.7

5

1

0

3

0

64923

4.4

1.9

6

0

0

3

0

103593

3.1

1.9

6

0

0

3

0

100120
98880

1.9
1.3

1.9
1.9

6
6

0
0

0
0

3
3

0
0

57170

11.2 1.2

6

0

0

3

0

SNARE protein YKT6,
synaptobrevin/VAMP superfamily
Profilin, cytoskeleton
Lysophospholipase, lipid
transporter and metabolism
Dehydrogenases, secondary
metabolite related
Cyclophilin type peptidyl-prolyl
cis-trans isomerase
Nucleolar GTPase/ATPase p130
Proline biosynthetic process
Glucose/ribitol dehydrogenase,
metabolism
Enoyl-CoA hydratase/isomerase,
lipid transport/metabolism
Glucose/ribitol dehydrogenase,
metabolism
U1 snRNP component , RNA
processing
Ubiquitin-protein ligase
NADP-dependent mannitol
dehydrogenase
Copper, zinc containing
superoxide dismutase, H2O2
Cytochrome c
60S ribosomal protein L10A
Ubiquitin and ubiquitin-like
proteins

22
17
26
27
20
15
28
27
31
34
20
17
28
16
13
24
26

9.2. Media

9.2.1. Liquid culture
Table 9.4 Fries Base (FB) medium.
Chemicals / Instructions
Ammonium tartrate dibasic [(NH4)2C4H406]
Ammonium nitrate [NH4NO3] (Ajax Finechem, Thermo Fisher
Scientific™ Australia, Scoresby, Victoria, Australia)
Magnesium sulphate [MgSO4•7H2O] (Scharlau, Sentmenat, Spain)
Potassium dihydrogen orthophosphate [KH2PO4] (Chem-Supply,
GILLMAN, South Australia, Australia)
Potassium phosphate dibasic [K2HPO4]
Sucrose [C12H22O11] (Chem-Supply)
Yeast extract (Bacto, Liverpool, NSW, Australia)
If not used as base for other media: ddH2O
Autoclave at 121 °C at 1.1•105 Pa for 20 min and keep at 4 °C in
the dark.
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Quantity
5

Unit
g•L-1

1

g•L-1

0.5

g•L-1

1.3

g•L-1

2.6
30
1
to 1 000 mL

g•L-1
g•L-1
g•L-1
mL

Table 9.5 Fries 2 (F2) medium.
Chemicals / Instructions
Quantity
Unit
Use FB ingredients (without water) and add the following:
1
Medium F2 trace element stock 1
1
mL·L-1
ddH2O
to 1 000 mL
mL
Autoclave at 121 °C at 1.1·105 Pa for 20 min and keep at 4 °C in
the dark.
Add 2Medium F2 trace element stock 2 directly prior to use.
0.1
mL·L-1
1.
Medium F2 trace element stock 1 (1 000 times concentrated (1 000x)): Sodium chloride
[NaCl] 20 mg·L-1(Merck); calcium dichloride dihydrate [CaCl2·2H2O] 26 mg·L-1 (Ajax
Finechem); zinc sulphate monohydrate [ZnSO4·H2O] 0.88 mg·L-1 (Ajax Finechem);
manganese(II)
sulphatetetrahydrate
[MnSO4·4H2O]
0.81 mg·L-1
(Merck);
iron(III)
-1
trichloridehexahydrate [FeCl3·6H2O], 0.8 mg·L . Autoclave at 121 °C at 1.1·105 Pa for 20 min
and keep at 4 °C in the dark.
2
Medium F2 trace element stock 2 (10 000 times concentrated (10 000x)): Thiamine 100 µg·L1
; pyridoxine 100 µg·L-1; riboflavin 100 µg·L-1; biotin, 25 µg·L-1; nicotinamide 100 µg·L-1; paraaminobenzoic acid 100 µg·L-1 (Merck); D-pantothenic acid hemicalcium salt 100 µg·L-1;
inositol, 10 mg·L-1. Sterile filter, store at 4 °C in the dark.
Table 9.6 Fries 3 (F3) medium.
Chemicals / Instructions
Quantity
Unit
Use FB ingredients (without water) and add the following:
3
Medium F3 trace element stock
2
mL·L-1
2
ddH O
to 1 000 mL
mL
Autoclave at 121 °C at 1.1·105 Pa for 20 min and keep at 4 °C in
the dark.
3
Medium F3 trace element stock: Lithium chloride [LiCl] 167 mg·L-1 (Mallinckrodt, Clayton,
Victoria, Australia); copper sulphatepentahydrate [CuSO4·5H2O] 227 mg·L-1 (Ajax
Finechem); molybdic acid [H2MoO4] 34 mg·L-1; manganese(II) chloride tetrahydrate
[MnCl2·4H2O] 72 mg·L-1; cobalt(II) chloride hexahydrate [CoCl2·6H2O] 80 mg·L-1 (Ajax
Finechem). Autoclave at 121 °C at 1.1·105 Pa for 20 min and keep at 4 °C in the dark.
Table 9.7 Fries 3 modified medium 1 (FM1).
Chemicals / Instructions
Quantity
Unit
Use FB ingredients (without water) and add the following:
3
Medium F3 trace element stock
2
mL·L-1
ddH2O
to 1 000 mL
mL
Autoclave at 121 °C at 1.1·105 Pa for 20 min and keep at 4 °C in
the dark.
Add 2Medium F2 trace element stock 2 directly prior to use.
0.1
mL·L-1
2
Medium F2 trace element stock 2 (10 000 times concentrated (10 000x)): Thiamine
100 µg·L-1; pyridoxine 100 µg·L -1; riboflavin 100 µg·L -1; biotin, 25 µg·L -1; nicotinamide
100 µg·L -1; para-aminobenzoic acid 100 µg·L -1 (Merck); D-pantothenic acid hemicalcium
salt 100 µg·L -1; inositol, 10 mg·L-1. Sterile filter and store at 4 °C in the dark.
3
Medium F3 trace element stock: Lithium chloride [LiCl] 167 mg·L-1 (Mallinckrodt, Clayton,
Victoria, Australia); copper sulphatepentahydrate [CuSO4·5H2O] 227 mg·L-1 (Ajax
Finechem); molybdic acid [H2MoO4] 34 mg·L-1; manganese(II) chloride tetrahydrate
[MnCl2·4H2O] 72 mg·L-1; cobalt(II) chloride hexahydrate [CoCl2·6H2O] 80 mg·L-1 (Ajax
Finechem).Autoclave at 121 °C at 1.1·105 Pa for 20 min and keep at 4 °C in the dark
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Table 9.8 Lysogeny Broth Medium (LB) (Bertani, 2004), liquid and agar.
Chemicals
Stock conc.
Final conc. Quantity
Tryptone (Bacto)
100 %
1.0 %
10
Yeast extract (Bacto)
100 %
0.5 %
5
NaCl
100 %
1.0 %
10
Agar (Bacto) (if required)
100 %
1.5 %
15
ddH2O
up to
1000.0
Dissolve in 800 mL ddH2O. When dissolved, fill up to 1 L, autoclave and store at 4 °C.

Unit
g
g
g
g
mL

Table 9.9 Low Salt Lysogeny Broth Medium (LB) (Bertani, 2004), liquid and agar.
Chemicals
Stock conc.
Final conc. Quantity Unit
Tryptone (Bacto)
100 %
1.0 %
10 g
Yeast extract (Bacto)
100 %
0.5 %
5 g
NaCl
100 %
1.0 %
5 g
Agar (Bacto) (if required)
100 %
1.5 %
15 g
ddH2O
up to
1000.0 mL
Dissolve in 800 mL ddH2O. Adjust to pH 8 using NaOH. When dissolved, fill up to 1 L, autoclave
and store at 4 °C.
Table 9.10 MES (2-(N-morpholino) ethanesulfonic acid) at pH 5.3.
Chemicals
Stock conc.
Final conc. Quantity Unit
acetosyringone
100 %
1M
19.5 g
ddH2O
100 %
90 mL
ddH2O
up to
100.0 mL
Dissolve 19.5 g MES (2-(N-morpholino) ethanesulfonic acid) in 90 mL of ddH2O and stir at
50 °C until MES is completely dissolved. Adjust pH to 5.3 with 5 M NaOH and make up the
volume to 100 mL. Filter-sterilise, then store at 4 °C.
Table 9.11 Buffer I.
Chemicals
Stock conc.
Potassiumphosphate at pH 7
1M
MES (see Table 9.10 above)
1M
NaCl
1M
MgSO4
1M
CaCl2
1M
FeSO4
1M
(NH4)2SO4
1M
ddH2O
Fill up to 1 L with ddH2O, autoclave and store at 4 °C.

Final conc.
10 mM
40 mM
2.5 mM
2 mM
0.45 mM
9 µM
4 mM
up to

Quantity
10.00
40.00
2.50
2.00
0.45
9.00
4.00
1000.0

Unit
mL
mL
mL
mL
mL
mL
mL
mL

Table 9.12 Acetosyringone in dimethyl sulphoxide (DMSO) (1 000x).
Chemicals
Stock conc.
Final conc. Quantity Unit
acetosyringone
100 %
200 mM
390 mg
DMSO
100 %
10 mL
Dissolve acetosyringone in DMSO and filter sterilise using a 0.2 µm Minisart® single use filter
(Sartorius Stedim Australia, Dandenong South, Victoria, Australia) on a 30 mL Luer Lock Tip
syringe (Terumo® Corporation, Macquarie Park, New South Wales, Australia), store as 1 mL
aliquots in 1.5 mL reaction Tubes (Eppendorf) at room temperature.
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Table 9.13 Induction medium with acetosyringone (IM+AS).
Chemicals
Stock conc.
Final conc. Quantity
Glucose
1M
1.0 %
10
Glycerol
50 % (v/v)
0.5 %
10
Agar (Bacto) (if required)
100 %
1.5 %
15
Buffer I(see Table 9.11 above)
up to
1000.0
Fill up to 1 L with Buffer I and autoclave. Add 1 mL acetosyringone from Table 9.12
before use.

Unit
mL
mL
g
mL
above

9.2.1.1. V8 PDA

V8 Vegetable Juice (Campbell, Silverwater, Australia )was prepared in
advance by centrifuging for 15 min at 18 000 g, filtered through two layers of
muslin cloth and stored at -20 ºC.
Table 9.14 V8 PDA, table for 1 L medium.
Chemicals
Final conc. Quantity
V8 Juice, centrifuged and filtered
15 %
150
Potato dextrose agar (Oxoid, Basingstoke, England)
1 % (w/v)
10
CaCO3
0.3 % (w/v)
3
Agar (Bacto)
1.5 % (w/v)
15
ddH2O
85 %
850
Prepare required amount, adjust pH with HCl to pH 6 and autoclave at 121 °C for 20 min.
Allow to cool to 55 °C and pour plates under sterile conditions.

Unit
mL
g
g
g
mL

9.3. SDS-Page and running buffer

Table 9.15 SDS-PAGE 12 % resolving gel.
Chemicals
Acrylamide/bis 37.5:1 (Bio-Rad)
Tris adjusted to pH 8.8 with 1 M HCl
SDS
ddH2O
Tetramethylethane (TEMED)
Ammoniumpersulfate (APS)
final volume

Stock conc.
40 % (w/v)
1.5 M
10 % (w/v)
100 %
100 %
10 % (w/v)
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Final conc.
12 % (w/v)
0.375 M
0.15 % (w/v)
88.3 %
0.036 %
0.018 % (w/v)

Volume
3.0
2.5
0.1
4.4
0.007
0.07
10

Unit
mL
mL
mL
mL
mL
mL
mL

Table 9.16 SDS-PAGE 16 % resolving gel.
Chemicals
Acrylamide/bis 37.5:1 (Bio-Rad)
Tris adjusted to pH 8.8 with 1 M HCl
SDS
ddH2O
Tetramethylethane (TEMED)
Ammoniumpersulfate (APS)
final volume

Stock conc.
40 % (w/v)
1.5 M
10 % (w/v)
100 %
100 %
10 % (w/v)

Final conc.
16 % (w/v)
0.375 M
0.15 % (w/v)
88.3 %
0.036 %
0.018 % (w/v)

Volume
4.0
2.5
0.1
3.4
0.007
0.07
10

Unit
mL
mL
mL
mL
mL
mL
mL

Table 9.17 SDS-PAGE stacking gel.
Chemicals
Acrylamide/bis 37.5:1 (Bio-Rad)
Tris adjusted to pH 6.8 with 1 M HCl
SDS
ddH2O
Tetramethylethane (TEMED)
Ammoniumpersulfate (APS)
final volume

Stock conc.
40 % (w/v)
0.5 M
10 % (w/v)
100 %
100 %
10 % (w/v)

Final conc.
4 % (w/v)
0.125 M
0.15 % (w/v)
88.3 %
0.036 %
0.018 % (w/v)

Volume
1
2.5
0.1
6.5
0.01
0.05
10

Unit
mL
mL
mL
mL
mL
mL
mL

Final conc.
0.1 % (w/v)
0.3 % (w/v)
1.5 % (w/v)

Quantity
1
3
15
up to 1

Unit
g
g
g
L

Table 9.18 Laemmli running buffer for SDS-PAGE.
Chemicals
SDS
Tris
Glycine
ddH2O

9.4. Molecular Biology buffers, reagents and media

9.4.1. Buffers
Table 9.19 Tris EDTA / TE-Buffer, 50 mL.
Chemicals
Stock conc.
Final conc.
Volume Unit
Tris adjusted to pH 8 with HCl
1M
10 mM
0.5 mL
EDTA adjusted to pH 8 with NaOH
0.5 M
1 mM
0.1 mL
ddH2O
up to
50.0 mL
Prepare stock solutions, then add the amount of each component. Fill up to 50 mL with ddH2O
to reach the final concentration and store at 4 °C.
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Table 9.20 TE-RNAse buffer, 50 mL.
Chemicals
Stock conc.
Final conc.
Volume Unit
Tris adjusted to pH 8 with HCl
1M
10 mM
0.5 mL
EDTA adjusted to pH 8 with NaOH
0.5 M
1 mM
0.1 mL
Ribonuclease A from bovine pancreas
10 mg·mL-1
100 µg·mL-1
500 µL
ddH2O
up to
50.0 mL
Prepare stock solutions then add the amount of each component. Fill up to 50 mL with ddH2O to
reach the final concentration and store at 4 °C.
Table 9.21 Fungal Homogenising buffer.
Chemicals
Stock conc.
Final conc.
Volume Unit
Tris adjusted to pH 8 with HCl
1M
10 mM
0.5 mL
EDTA adjusted to pH 8 with NaOH
0.5 M
2 mM
0.2 mL
NaCl
1M
0.4 mM
0.02 mL
ddH2O
up to
50.0 mL
Prepare stock solutions then add the amount of each component. Fill up to 50 mL with ddH2O to
reach the final concentration and store at 4 °C.
Table 9.22 Fungal Lysis buffer.
Chemicals
Stock conc.
Final conc.
Volume Unit
Tris adjusted to pH 7.5 with HCl
1M
50 mM
2.5 mL
EDTA adjusted to pH 7.5 with NaOH
0.5 M
50 mM
5.0 mL
SDS
10 % (w/v)
1 % (w/v)
5.0 mL
ddH2O
up to
50.0 mL
Prepare stock solutions then add the amount of each component. Fill up to 50 mL with ddH2O to
reach the final concentration and store at 4 °C.
Table 9.23 Alkaline Lysis Solution I, 100 mL.
Chemicals
Stock conc.
Final conc.
Volume
Glucose
100 %
50 mM
0.9
Tris adjusted to pH 8 with HCl
1M
25 mM
2.5
EDTA adjusted to pH 8 with NaOH
0.5 M
Ribonuclease A from bovine pancreas
10 mg·mL-1
100 µg·mL-1
1
ddH2O
up to
100.0
Prepare stock solutions then add the amount of each component. Fill up to 100 mL with
to reach the final concentration and store at 4 °C.

Unit
g
mL
mL
mL
ddH2O

Table 9.24 Alkaline Lysis Solution II, 10 mL.
Chemicals
Stock conc.
Final conc.
Volume Unit
NaOH
10 M
200 mM
200 µL
SDS
10 % (w/v)
1 % (w/v)
1 mL
ddH2O
up to
10.0 mL
Prepare stock solutions then add the amount of each component. Fill up to 10 mL with ddH2O to
reach the final concentration and keep at room temperature.
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Table 9.25 Alkaline Lysis Solution III, 100 mL.
Chemicals
Stock conc.
Final conc.
Volume
Potassium Acetate
5M
3M
60
Acetic acid
glacial
2M
11.5
SDS
10 % (w/v)
1 % (w/v)
5.0
ddH2O
up to
100.0
Prepare stock solutions then add the amount of each component. Fill up to 100 mL with
to reach the final concentration and store at room temperature.

Unit
mL
mL
mL
mL
ddH2O

9.4.2. Reagents

9.4.2.1. TE Phenol / Chloroform / Isoamyl Alcohol

Mix chloroform with isoamyl alcohol in a ratio 24:1. Mix phenol
(saturated with 10 mM Tris buffer and 1 mM EDTA at pH 8.0, Sigma) that has
settled overnight in a ratio 1:1 with chloroform isoamyl alcohol.

9.5. Southern Blot buffers and solutions
Table 9.26 Sodium dodecyl sulfate (SDS) solution, 20%, 100 mL.
Chemicals
Stock conc.
Final conc.
SDS
100 %
20 %
ddH2O
100 %
80 %
ddH2O
up to
Dissolve 20 g SDS in 70 mL ddH2O, fill up to 100 mL.

Quantity
20
70
100.0

Unit
G
mL
mL

Table 9.27 Sodium hydroxide (NaOH) solution, 5 M, 100 mL.
Chemicals
Stock conc.
Final conc. Quantity Unit
NaOH
100 %
5M
19.99
g
ddH2O
100 %
80
mL
ddH2O
up to
100.0 mL
To 80 mL water, slowly add 19.99 g of NaOH pearls and mix well. Fill up to 100 mL with ddH2O.
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Table 9.28 Tris-HCl, pH 9.5, 100 mL.
Chemicals
Stock conc.
Final conc. Quantity
Tris
100 %
2M
24.23
ddH2O
100 %
80
ddH2O
up to
100.0
To 80 mL water, add 24.23 g of Tris. Adjust pH to 9.5 with 10 M (36%) HCl, then fill up to
100 mL.
Table 9.29 Hydrochloric acid (HCl) solution at 250 mM, 1L (re-usable).
Chemicals
Stock conc.
Final conc.
Volume
HCl
10 M (36 %)
250 mM
25
ddH2O
100 %
97.5 %
900
ddH2O
up to
1000.0
To 900 mL water, slowly add 25 mL HCl and mix well. Fill up to 1 L with ddH2O.

Unit
g
mL
mL

Unit
mL
mL
mL

Table 9.30 Sodium hydroxide (NaOH) solution at 400 mM, 1 L (re-usable).
Chemicals
Stock conc.
Final conc. Quantity Unit
NaOH
100 %
400 mM
16
g
ddH2O
100 %
800
mL
ddH2O
up to
1000.0 mL
To 800 mL water, slowly add 16 g of NaOH pearls and mix well. Fill up to 1 L with ddH2O.
Table 9.31 Sodium phosphate (NaPO4) buffer at pH 7.0 at 1 M, about 1L.
Type
Chemicals
Stock conc.
Final conc. Quantity Unit
Solution 1:
100
%
1M
268
g
Na2HPO4·7H2O
ddH2O
up to
1000.0 mL
Solution 2:
100 %
1M
138
g
NaH2PO4·H2O
ddH2O
up to
1000.0 mL
Prepare both solutions. Pour solution 1 in a 2 L beaker and add solution 2 until pH 7 is reached.
Table 9.32 Hybridisation buffer for Southern Blot, 500 mL.
Chemicals
Stock conc.
Final conc. Quantity Unit
Sodium phosphate (NaPO4) buffer at pH 7
1M
500 mM
250
mL
SDS
20 %
7%
175
mL
ddH2O
up to
500.0 mL
Combine 250 mL sodium phosphate buffer (see Table 9.31 above) with 175 mL SDS solution
and fill up to 500 mL with ddH2O. If the SDS in the buffer has precipitated at any time,
microwave and swirl until dissolved.
Table 9.33 Wash buffer for Southern Blot, 500 mL.
Chemicals
Stock conc.
Final conc. Quantity Unit
Sodium phosphate (NaPO4) buffer at pH 7
1M
100 mM
50
mL
SDS
20 %
1%
25
mL
ddH2O
up to
500.0 mL
Combine 50 mL sodium phosphate buffer (see Table 9.31 above) with 25 mL SDS solution
(Table 9.26 above) and fill up to 500 mL with ddH2O. If the SDS in the buffer has precipitated at
any time, microwave and swirl until dissolved.
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Table 9.34 DIG-Base buffer, 1L.
Chemicals
Stock conc.
Final conc. Quantity Unit
Maleic acid
100 %
100 mM
11.61
g
NaCl
100 %
150 mM
8.80
g
ddH2O
100 %
800
mL
ddH2O
up to
1000.0 mL
Dissolve maleic acid and NaCl in 800 mL ddH2O and adjust pH to 7.5 with 5 M NaOH (about
40 mL, see Table 9.27 above). Fill up with ddH2O to 1 L and autoclave. Let cool before further
use
Table 9.35 DIG-Wash buffer, 200 mL.
Chemicals
Stock conc.
Final conc. Quantity
Tween-20
100 %
0.3 %
600
DIG-Base buffer
100 %
99.7 %
200
To 600 µL Tween-20 add DIG Base buffer (see Table 9.34 above) up to 200 mL.

Unit
µL
mL

Table 9.36 Blocking Solution concentrate, 50 mL.
Chemicals
Stock conc.
Final conc. Quantity Unit
Blocking agent*
100 %
10 % (w/v)
5
g
DIG-Base buffer
100 %
99.7 %
50 mL
Dissolve 5 g of blocking agent in 30 mL of sterile DIG Base buffer in a sterile 50 mL Greiner
Tube (Greiner-Bio-One). Microwave and swirl to dissolve entirely, then add DIG Base buffer
(see Table 9.34 above) up to 50 mL (e.g. in a Falcon tube). Store at 4 °C until use.
*Blocking Reagent For nucleic acid hybridization and detection (Roche Diagnostics, Castle Hill,
NSW, Australia)
Table 9.37 Blocking Solution, 50 mL.
Chemicals
Stock conc.
Final conc. Quantity Unit
Blocking Solution concentrate *
10 %
1 % (w/v)
5
g
DIG-Base buffer
100 %
99.7 %
50 mL
Directly before use take 5 mL Blocking Solution concentrate (see Table 9.36 above) and fill up
to 50 mL with sterile DIG Base buffer in a 50 mL Greiner Tube (Greiner-Bio-One).
Table 9.38 Antibody solution, Anti-DIG-AP 1:10 000, 10 mL.
Chemicals
Stock conc.
Final conc. Quantity Unit
Anti-Digoxigenin-AP*
100 %
0.01 %
1
µL
Blocking Solution
100 %
99.99 %
10 mL
Centrifuge Anti-DIG-AP for 5 min at 10 000 rpm in a tabletop centrifuge. To sterile 10 mL
Blocking Solution (Table 9.37 above) add 1 µL Anti-DIG-AP (1:10 000) in a sterile 50 mL
Greiner Tube (Greiner-Bio-One). Store at -20 °C until use and thaw at room temperature before
use.
*Anti-Digoxigenin-AP, Fab fragments from sheep (Roche Diagnostics)
Table 9.39 DIG-Detection buffer pH 9.5, 1 L.
Chemicals
Stock conc.
Final conc. Quantity Unit
NaCl
100 %
100 mM
5.84
g
100 %
50 mM
10.17
G
MgCl2·6H2O
ddH2O
100 %
800
mL
ddH2O
up to
1000.0 mL
Dissolve NaCl and MgCl2 in 800 mL ddH2O and adjust pH to 9,5 with Tris at pH 9.5 (about
100 mL). Fill up with ddH2O to 1 L and sterile filter into 30 mL aliquots.
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Table 9.40 CDP-Star solution, CDP-Star 1:1 000, 10 mL.
Chemicals
Stock conc.
Final conc. Quantity Unit
CDP-Star*
100 %
0.1 %
100
µL
DIG-Detection buffer
100 %
99.9 %
10
mL
ddH2O
up to
1000.0 mL
To sterile 10 mL DIG Detection buffer (see Table 9.39 above) add 100 µL CDP-Star (1:1000).
Keep at –20 °C and in aluminium foil for storage and thaw at room temperature before using.)
*CDP-Star Disodium 4-chloro-3-(methoxyspiro {1,2-dioxetane-3,2'-(5'-chloro)tricyclo
[3.3.1.13,7]decan}-1-4-yl)phenyl phosphate (Roche Diagnostics)
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