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lll. SUMMARY

The pollen of ragweed (Ambrosia artemisiifolia) is one of the strongest allergy
triggers known and can cause allergic reactions such as asthma very quickly. Global
warming and changes in the environment (e.g. air pollution, heavy metal ions, etc.)
will result in an earlier and longer pollen season, enhanced pollen production and an

increase in pollen allergenicity with a negative effect on atopic patients.

In this study, we investigated the impact of elevated NO, at the transcriptome and
proteome levels of ragweed pollen. In addition the allergenicity of pollen was also
analyzed. Plants were exposed to 80 ppb NO, over a whole vegetation period and the
results from transcriptional analyses of ragweed pollen performed by lllumina
sequencing technology, suppression subtractive hybridization and quantitative
real-time RT-PCR were described. Two-dimensional difference gel electrophoresis
(2D-DIGE) was carried out to analyse the changes and abundances of proteins, and
S-nitrosylation assay was performed for the S-nitrosylated protein analysis of
ragweed pollen. The variation of pollen allergenicity was revealed by immunoblotting
analysis like dot blot, 1D-blotting and 2D-blotting. The influence of elevated NO, on
morphological changes of ragweed like inflorescence length, 50 seed weight, total

seed weight and pollen weight had also been assessed.

The experiment, using realistic outdoor light, temperature and NO, fumigation
conditions, allowed the investigation of the effects of NO, on ragweed over the
entire growing season. Elevated NO, significantly increased pollen production of the
first and second generation plants, while no significant changes could be observed
with regard to inflorescence length. Elevated NO, decreased the 50 seed weight and

total seed weight in both generations.

The gRT-PCR analysis of allergens showed that Amb a 1 is the most abundant of

ragweed pollen, and all of the tested allergens were induced by elevated NO, except

\
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Amb a CPI as compared to control pollen. Among them, Amb a 1.1, Amb a 1.2, Amb a

8 and Amb a 9 were significantly increased in both generations.

Analysis of the suppression subtractive hybridization showed that most upregulated
transcripts were involved in stress resistance whereas most of the downregulated

transcripts were involved in reproductive process.

Illumina sequencing of pollen of ragweed generated 587,972,236 and 517,737,064
reads (length 100 bp) in the first and second generation, respectively. De novo
assembly generated 35,136 unique transcripts with an average length of 722 bp.
Further annotation of the ragweed unique transcripts was performed and a total of
16,361 unique transcripts (46.56%) were assigned to at least one GO term. Among
them, 6,370 (38.93%) were assigned to the biological process category, 5,832
(35.65%) to the molecular function category, and 6,932 (42.37%) to the cellular
component category, while 4,601 (28.12%) unique transcripts were assigned to GO
terms of all three categories. A comparative transcriptome analysis by RNA-seq
revealed that GO terms of biological process including “response to cadmium”,
“response to salt stress” and “pollen tube growth” were the three most enriched
groups of both, induced and repressed genes of both generations. In GO term of
molecular function, the “ATP binding” was the largest group in both induced and
repressed genes of both generations, followed by the “protein binding”, the “zinc ion
binding” and the “DNA binding”. The expression patterns of allergens were analyzed
by RNA-seq according to the number of reads per contig in the Illumina libraries.
Parts of allergens were upregulated and the results showed that although the exact
fold changes of the transcripts varied between RNA-seq expression and gRT-PCR
analyses, the variation trend indicated good consistency between the two analytical

techniques.

Two-dimensional difference gel electrophoresis (2D-DIGE) and proteomic analysis

showed that Amb a 1 isoforms as well as another allergen with homology to Hev b 9

Vil



Ill. SUMMARY

from Hevea brasiliensis were upregulated in ragweed pollen due to the elevated NO,.
This confirmed the transcriptomic analysis which demonstrated that elevated NO,
upregulated the expression of genes encoding allergenic proteins in ragweed pollen.
A high percentage of the accumulated spots (23%) was related to stress resistance of
the NO,-induced proteins, followed by allergens (17%) and metabolic enzymes (14%).
Among the depressed proteins, glycolysis proteins account for the biggest part (15%)

followed by photosynthesis and stress proteins both of which account for 11%.

The analysis of protein S-nitrosylation identified 25 and 19 S-nitrosylated proteins in
the pollen of ragweed exposed to 80 ppb and 40 ppb NO,, respectively. Elevated NO,
significantly increased protein S-nitrosylation of ragweed pollen and this is the first

time to show S-nitrosylated allergens in pollen of ragweed.

Moreover, immunoblotting analysis with allergic patients’ serum revealed the
changes of allergenicity of pollen from ragweed plants exposed to different
concentrations of NO,. The results proved that elevated NO, significantly increased
the allergenicity of ragweed pollen with Amb a 1.1 contributing more than half of the

total allergenicity of ragweed pollen consistent with the results of former researches.

Our study adds a new set of crucial data which will help to further understand the
transcriptomic and proteomic changes which occur in ragweed pollen under elevated
NO, (80 ppb). The whole vegetation period exposure of common ragweed to
elevated NO, (80 ppb) caused a significant decrease of seed production but at the

same time an increase of pollen production and allergenicity.

Vil



2. Chapter — MATERIAL AND METHODS

1. Chapter — INTRODUCTION

1.1 Common ragweed (Ambrosia artemisiifolia)

Common ragweed (Ambrosia artemisiifolia) was described by Carl Linnaeus in the
18th century from North America (Linnaeus 1753). It is a herbaceous species
belonging to the Asteraceae family and has expanded its distribution out of its
native range to Europe (Chauvel et al. 2006), Australia (McFadyen 1984), Asia (Xu et
al. 2006), Africa and South America (Qbank). In Europe, common ragweed started to
attract people’s attention in the first decade of the 21st century. It has recently
increased in prominence as due to its allergenicity. Its ecological features and
anemophilous pollination strategy have also made it an important agricultural weed
(Mulligan 1979) as well as an important threat to environmental health (Oswalt and

Marshall 2008).

1.1.1 Ecology of common ragweed

Common ragweed is an erect annual broadleaf herb. It has a defined
bushy-branched or branchless hairy stem which contains compound pinnately lobed
leaves with whitish nerves. It has a superficial, fibrous root system and mature
common ragweed can grow up to 250 cm high (Watson and Teshler 2013). Male and
female flowers are in separate flower heads on the same monoecious habit plant.
The male heads are composed of 10 to 100 arranged flowers at the tops of stems
and branches. The female flower heads, however, are green, stemless, and
inconspicuous (Simard and Benoit 2011). The main flowering season of common
ragweed begins in August and ends in October. Minor amounts of airborne pollen,
however, can also be found in June and November (Zink et al. 2012). The seeds of
common ragweed are about 3 mm long with several short, thorny juts close to one
end. Each plant can easily produce 30,000 to 62,000 seeds which can be easily
distributed by rain, birds, burrowing animals, and humans (Smith et al. 2013). The
seeds can remain dormant for at least 39 years if conditions are unsuitable for

germination (Mulligan 1979).


http://www.q-bank.eu/Plants/BioloMICS.aspx?Table=Plants%20-%20Species&Rec=45&Fields=All
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Common ragweed is widespread in crop fields and it can be abundant in corn,
soybean, and some horticultural crops (Simard and Benoit 2012). It can also
successionally grow in disturbed areas such as roadsides, waste areas and dwellings

under construction (Bazzaz 1974, Lavoie et al. 2007).

Common ragweed was introduced into Europe during the last half of the 19th
century. It remained negligible in many of the European countries for more than a
century. An accelerated spread of the plant has been observed in the last twenty
years and it can now be detected in almost every European country (Dahl et al. 1999,
Jarai-Komlddi 2000, Rybnicek et al. 2000, Taramarcaz et al. 2005, Kéhler et al. 2006,
Trigo and Garcia-Sanchez 2006, Alberternst and Nawrath 2008). The spreading of
common ragweed plants in Germany occurred later, but was extremely fast. In 2007,
the infested area in Germany was 10 times larger than that found in 2000

(Alberternst and Nawrath 2008).

1.1.2 Allergenic potential of ragweed pollen

Common ragweed is the reason for the most severe and widespread allergies
caused by its pollen (Csepe et al. 2014). The first allergy of common ragweed pollen
was characterized as ‘autumnal catarrh’ by Wyman in the United States during the
last half of the 19th century (Wyman 1875). Through the years, ragweed pollen has
become the second most important key reason for seasonal asthma and rhinitis in
various cities in the United States (White and Bernstein 2003, Salo et al. 2011) and
Canada (Chan-Yeung et al. 2010). In Europe, dramatically increased clinical relevance
has been observed in the last decades (Burbach et al. 2009). More than 66% of
3,034 patients were allergic to ragweed as reported in a recent European study
(Bousquet et al. 2009). A full-grown plant can produce about 10° pollen grains
during 1 year (Fumanal et al. 2007) and it has been revealed that concentrations
lower than 5 — 10 ragweed pollen / m* can trigger afflictions for atopic persons

(Taramarcaz et al. 2005).
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The spatial distribution of airborne ragweed pollen from the most important
allergenic taxa in Europe has recently been described in a multi-author publication
(Sauliene and Veriankaite 2012, Skjgth et al. 2013) (Fig. 1). As shown, the worst
affected areas by common ragweed in Europe is the Pannonian Plain including
Ukraine, Hungary and some parts of Serbia, Croatia, Slovenia, Slovakia and Romania,

furthermore most parts of France, Italy and the south-east of Germany.

-
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Figure 1. A spatial assessment of the density of naturalised Ambrosia populations with flowering
potential. The map is based on the mean annual pollen index of Ambrosia from 368 stations in
Europe (Skjgth et al. 2013).

1.1.2.1 Mechanisms behind pollen allergy

Allergy is also known as hypersensitivity and indicates conditions in which immune
responses result in inconvenient consequences for individuals (Traidl-Hoffmann et al.
2009). Pollen has always been considered as allergen carriers. The pollen-induced
allergic reaction may arise when pollen reaches the mucosa and proteins of the

pollen surface, wall or cytoplasm, among them allergens, dissolve in the mucosal
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fluid. There are two steps that can be distinguished in this allergic reaction: the
sensibilization phase and the effector phase. 1) Sensitization phase: Once exposed
to the allergens of pollen, the immune system generates specific immunoglobulin E
(IgE) and IgG antibodies, which transmigrate and combine to the surfaces of mast
cells and basophils in epithelial tissues. 2) Effector phase: On a subsequent exposure,
allergens bind and crosslink such specific IgE antibodies existing on the surface of
basophils and mast cells, which then release the mediators of the allergic response,
such as histamine and cytokines. The stimulation of the nasal nerves with these
chemical compounds provokes reflexive sneezing, runny nose, whereas the
stimulation of the blood vessels causes swelling of the mucosa, leading to

congestion in the nose (the sniffles) (Peter et al. 2011).

Apart from allergens, pollens release bioactive, non-allergenic, pollen-associated
lipid mediators (PALMs), which may have immunomodulatory and proinflammatory
effects on the cells of the allergic immune response (Behrendt et al. 2001).
Furthermore, pollen release non-allergenic reduced nicotinamide adenine
dinucleotide phosphate (NADPH) oxidases, which have negative effects on airway
epithelial cells by generating reactive oxygen species (ROS) (Boldogh et al. 2005,
Dharajiya et al. 2007). Lastly, pollen can also carry biogenic and anthropogenic
factors that affect the allergen release, generate novel allergenic epitopes, and

regulate the epithelial microenvironment (Traidl-Hoffmann et al. 2009).

1.1.2.2 The physiological roles of allergens in pollen

Structural and architectural features of allergenic proteins appear to play a role in
their allergenicity. Researches have shown that pollen allergens from almost all
plant species belong to only a few (29 out of 7,868) protein families (Radauer and

Breiteneder 2006, Breiteneder 2008).

Interestingly not all members of these families are allergenic. Thus, allergenicity of a

given protein is not just dependent on the amino acid sequence or structure of the
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protein, but is also associated with the localization and the amount of the protein.
Generally, cells keep a tight control over the concentration and localization of
proteins. The fact that allergenic proteins are present in high amount indicates that
these proteins have physiological roles required by pollen. According to the data
from Allfam (http:// www.meduniwien.ac.at/allergens/allfam/), the top 5 families of
pollen allergens are profilin, expansins, prolamin, EF-hand domain containing
proteins, and Bet v 1-related proteins (Radauer et al. 2008). These seemingly
arbitrary families of proteins are indeed playing significant roles in pollen
germination and growth (Fig. 2). Profilin binding to actin modulates actin
microfilament polymerization (Kandasamy et al. 2007); expansins are involved in cell
wall-loosening to allow penetration of the stigma (Cosgrove et al. 1997); calcium
signaling pathways required for pollen tube growth are mediated by calcium binding
proteins such as EF-hand proteins (Steinhorst and Kudla 2013); the secreted nsLTPs
may function in pollen tube guidance down the transmitting tract in an
autocrine-like manner (Radauer and Breiteneder 2006); polar growth of pollen tube

requires massive cycling of vesicles along actin microfilaments (Songnuan 2013).
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Figure 2. Functions of top allergenic proteins in pollen growth (Songnuan 2013)
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1.1.2.3 The major allergens of ragweed pollen

The pollen of common ragweed is recognized as highly allergenic. Amb a 1, a 38-kDa
non-glycosylated protein belongs to the family of pectate lyase proteins, is the
major allergen in ragweed pollen. It is a highly allergenic molecule that is recognized
by 90% of ragweed-sensitized individuals and is regarded as a good detector for
specific ragweed sensitization (Gadermaier et al. 2008). At the protein level, Amb a
1 constitutes up to 15% of total protein in ragweed pollen extracts, as identified by
guantitative ELISA (Gadermaier et al. 2014). Minor allergens, Amb a 3, Amb a 4,
Amb a 5, Amb a 6, Amb a7, Amb a 8, Amb a 9, Amb a 10, Amb a 11 and Amb a CPI
have been also identified (Tab. 1). A recent study identified the presence of
allergenic terpenoids in common ragweed pollen grains (Taglialatela-Scafati et al.
2012). These secondary metabolites are known to induce potent inflammatory
responses and therefore can enhance the sensitizing properties of the allergenic

proteins of common ragweed pollen grains.
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1.1.3 Effect of environmental changes on common ragweed

Climate changes may increase the severity of pollen stimulated atopic disease by
influencing the large scale distribution and local incidence of allergenic species, the
flowering time, the pollen production and the allergenicity of individual pollen
grains (Storkey et al. 2014). An underlying element of climate change is the potential
changes in flowering phenology and pollen initiation associated with milder winters
and warmer seasonal atmospheric temperatures. The climate change might affect
allergic disease by several potential mechanisms. Firstly, extended pollen seasons
may perhaps increase the duration of allergy symptoms in individuals with allergic
disease. Secondly, the prolongation of human exposure to aeroallergens caused by
longer pollen seasons may thus increase allergic sensitization. Finally, increasing
atmospherical pollen counts might enhance the severity of allergic symptoms (Ziska

et al. 2011, Csepe et al. 2014, Storkey et al. 2014).

Rogers et al. (2006) revealed that ragweed plants derived from seeds breaking
dormancy earlier in spring accumulated more resources through the season. The
increased biomass and reproductive effort yielded a 54.8% higher pollen production
as compared to those released from dormancy 30 days later. However, the ragweed
plants released from dormancy later, but grown in elevated levels of CO, afterwards,
had increased biomass and pollen production, which compensated for any
disadvantages associated with a later beginning of the growing season (Rogers et al.
2006, Rueff et al. 2012). Researches have shown that under twice the normal CO,
concentration, pollen production of individual ragweed plants increases 30% to 90%

(Levetin and Van de Water 2001, Rogers et al. 2006).

Ozone can affect plant metabolism. Its toxicity is due to the generation of reactive
oxygen species (ROS), such as the superoxide anion radical (- O, ), hydrogen
peroxide (H,0,), hydroxyl radical (- OH), and singlet oxygen (*0,) (Mustafa 1990).
Pasqualini et al (2011) reported that after fumigation with 100 ppb ozone, pollen

viability was decreased. However, a significant enhancement of the ROS-generating
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enzyme NAD(P)H oxidase was found, which implied that ozone may increase
ragweed pollen allergenicity through stimulation of ROS-generating NAD(P)H

oxidase (Pasqualini et al. 2011).

Ragweed in urban locations where air pollutant concentrations and temperatures
are higher show earlier flowering and increased pollen production (Ziska et al. 2004).
Automobile exhaust pollution might also influence the allergenicity of common
ragweed pollen. Pollen from ragweed plants growing in urban parks and along
high-traffic roads that are highly exposed to pollution was more allergenic than the

pollen of plants from countryside areas (Ghiani et al. 2012).

1.1.4 Control of common ragweed

Common ragweed, which is native to North America, was unintentionally introduced
to new regions or brought along with various agricultural produce as an invasive
species (Laaidi et al. 2003, Simard and Benoit 2011). It ousts indigenous plant
species and its pollen allergens get into respiratory tracts with inhaled air
(Taramarcaz et al. 2005, Stach et al. 2007, Tosi et al. 2011). Common ragweed and its
pollen cause serious health problems and large sums of losses of the economy and
in various fields of daily life. The European and Mediterranean Plant Protection
Organization have considered common ragweed to be an invasive alien plant since

2004 (https://www.eppo.int/). The estimated costs of common ragweed in terms of

human health and agriculture for 40 European countries had been published in
2010. The human healthcare influences were estimated to affect around 4 million
people and the total estimated medical costs was € 2,136 million per year. Moreover,
the annual workforce productivity losses due to common ragweed were estimated
up to € 529 million (James 2010). Therefore, controlling this weed is not only an
agricultural issue, as most weeds are, but also an increasingly important public

health concern.


https://www.eppo.int/
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Seeking to ensure environmental quality both in rural and urban territories is a
major challenge for ragweed control in Europe (Brunel et al. 2010). Currently,
control options are recommended at two levels: (1) The countries still without
ragweed populations have to eliminate any vectors that may introduce ragweed via
contaminated crop seeds; (2) all countries that are already invaded by naturalised
ragweed populations should establish strict directives to control these populations

and try to avoid further spread at the local or regional scale.

Common ragweed is extremely resistant to atmospheric and soil pollution (Pichtel et
al. 2000, Ziska 2002) and it is still able to reproduce after destruction such as
mowing and defoliation (Brandes and Nitzsche 2006). Currently, common ragweed is
reasonably controlled in almost all major crops by mechanical, chemical or
combined measures, but has been revealed to develop resistance to herbicides over
time (Louis et al. 2005, Tokarska-Guzik et al. 2011). Another problem is that
harvesters and mowers may transport tens of thousands of ragweed seeds from
infected areas or roadside verges to places that have not yet been infected (Vitalos
and Karrer 2009, Karrer et al. 2012). Complete cleaning of machines after working in
infested areas is the most effective way to solve this problem. Additional
approaches like crop rotation and flora management can be used for ragweed
control on cultivable fields and other heavily infested habitat types like roadsides

(Kazinczi et al. 2008).

The long-term control of common ragweed is using biological measures (Gerber et
al. 2011, Fukano and Yahara 2012). In Canada, the oomycete Pustula tragopogonis
has been described from common ragweed (Hartmann and Watson 1980). Attack by
P. tragopogonis can be very damaging and significantly reduces pollen and seed
production if systemic infection is achieved. The beetles Zygogramma suturalis
Fabricius and Ophraella communa LeSage are natural enemies of common ragweed
and were studied as inundative biological control agents (Watson and Teshler 2013).

Gerber et al (2011) identified 18 insects and 5 fungal pathogens to be promising

10
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candidates for a classical biological control approach of common ragweed in Europe.
Virtually, almost all natural enemies that have colonized common ragweed in
Europe are polyphagous and cause little damage, making them unsuitable for a
system management approach (Smith et al. 2013). A combination of biological
agents with other common ragweed control tools will more likely be needed to

create acceptable methods for common ragweed management.

1.2 Nitrogen dioxide (NO,)

Air pollution is a worldwide challenge with increasing importance. Nitrogen dioxide
is one of the major pollutants in the atmosphere. It is an important atmospherical
trace gas because (1) of its health effects on human beings; (2) it absorbs visible
solar radiation and plays a role in reduced atmospheric visibility; and therefore has
(3) a potentially direct influence on worldwide climate change as an absorber of
visible radiation; (4) it is a main regulator of the oxidizing capacity of the free
troposphere by controlling the build-up and fate of radical species, including
hydroxyl radicals; and (5) it plays an important role in determining ozone (Os3)
concentrations because the photolysis of nitrogen dioxide is the only key initiator of

the photochemical formation of ozone (World Health 2000).

1.2.1 General description of nitrogen dioxide

Nitrogen dioxide gas is a strong oxidant of reddish-brown colour, which is soluble in
water (Wiberg et al. 2001). Combustion of fossil fuels in stationary sources (power
generation, heating) and in motor vehicles (internal combustion engines) is the
major source of anthropogenic emissions of nitrogen oxide. Therefore, NO,
concentrations are increased in industrial, downtown and roadside areas (Koehler et
al. 2013). Nitric oxide is another major source of nitrogen dioxide in the atmosphere.
In most ambient circumstances, nitric oxide is released and transformed into
nitrogen dioxide in the atmosphere. Even at low levels of reactants present in the
atmosphere, oxidation of nitric oxide by atmospheric oxidants such as ozone occurs

rapidly (World Health 2000). Altshuller (1956) estimated that 50% transformation of

11
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nitric oxide would take less than 1 minute at a nitric oxide concentration of 0.1 ppm

in the presence of an ozone concentration of 0.1 ppm.

Nitrogen dioxide, together with nitric oxide, comprise a main types of air pollutants
which affect aerosol formation and atmospheric chemistry subsequently influencing
the global environment. Atmospheric NO, is commonly detrimental to organisms
that are exposed to this gaseous free radical because of its reactive nature (Lerdau
et al. 2000, Kondo et al. 2008). Additionally, atmospheric NO, is a greenhouse gas
that affects the radiation budget of the Earth (Solomon et al. 1999) and which is also
responsible for agricultural crop reduction and forest ecosystem destruction
(Solomon et al. 1999). Finally, other ecological problems are induced when nitrogen
dioxide is wahed out of the atmosphere. Most of the nitrogen dioxides are removed
from the atmosphere through the formation of nitric acid (HNOs), which is one of
the main components of acid rain. Meanwhile, an increase of nitrogen in surface

waters could subsequently bring about eutrophication (Atkins et al. 1992).

To minimize the influences of nitrogen dioxides, worldwide efforts are undertaken
to monitor its level and decrease emissions to the environment (Schaap et al. 2013).
The mean global tropospheric NO; is shown as measured by Ozone Monitoring
Instrument (OMI) during the period of September 2013 (Fig. 3). The mean NO,
concentration in cities from over 141 countries is reported to be 27 ppb (Takahashi
and Morikawa 2014). As can be seen in this picture, clearly visible high
concentrations are detected in the industrial regions in China, Europe, South-Africa

and the USA.

12
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Figure 3. Global Map of Tropospheric Column Density of Nitrogen Dioxide observed by the
Ozone Monitoring Instrument (OMI), space-borne sensor of NASA (Unit: 10" molecules/cm?).

1.2.2 Health effects of nitrogen dioxide

Exposure to NO, can lead to health impacts. It can aggravate the lungs and result in
lower resistance to respiratory infections like influenza. Frequent exposure to higher
concentrations may cause serious respiratory disease. Moreover, NO, also leads to
aerosol formation, which is also harmful to health (Wiberg et al. 2001). The World
Health Organization (WHO) defines the annual limit value of NO, as corresponding
to 0.02 ppm (World Health 2000). Higher NO, levels could be associated with
increased asthma symptoms in preschool inner-city children (Peter et al. 2011). A
research based on 143 locations with different levels of NO, indicated that higher

NO, correllates to increased respiratory mortality (Behrendt et al. 2001).

The most consistent general impression given by epidemiological studies indicated
that nitrogen dioxide may induce increased respiratory disease in youths (5-15
years) and cause new-onset asthma in children (Traidl-Hoffmann et al. 2002). These
conclusions are of concern because reiterated respiratory illness in children lead to
increased lung damage in later life (Glezen 1989). Therefore, the increase of
nitrogen dioxide related illnesses could have later as well as immediate

consequences.
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On the other hand, NO, could lead to genotoxic effects. A study on human nasal
epithelium with short exposure durations at a concentration range of 0.01-10 ppm
NO, showed DNA strand fragmentation. The increase in DNA damage during
exposure to NO,, even at concentrations of 0.01 ppm, was dependent on exposure
duration (Koehler et al. 2013). Wiseman and Halliwell (1996) reported that reactive
oxygen species (ROS) / reactive nitrogen species (RNS) can lead to “‘structural
alterations of DNA, e.g. rearrangements, deletions, insertions, base pair mutations
and sequence amplification”. Concerning NO,, the DNA damage may be explained
by the formation of reactive nitrogen species (RNS) that are created by nitrogen

oxide which is in equilibrium with NO, in the atmosphere.

1.2.3 Effects of nitrogen dioxide on plants

Air pollutants can cause plant deterioration affecting vegetative parts, particularly
leaves with typical necrotic or chlorotic areas together with changes of mesophyll,
stomata and epidermis (Lorenzini et al. 1999). The air pollutants can also cause
morphological and physiological alterations that impact the development of
reproductive organs and consequently plant fertility (Rezanejad 2007). Furthermore,

pollutants can easily enter the soil and modify its pH, inducing root damage.

Atmospheric NO; has long been known to be either harmful or beneficial to plants
depending on the concentration and plant species (Capron and Mansfield 1977,

Sandhu and Gupta 1989, Wellburn 1990).

There are a variety of reports suggesting that lower concentrations of NO, have
positive effects on higher plants during long-term exposure studies. Exogenously
applied NO, has been known to regulate growth and development of the plant
(Sandhu and Gupta 1989, Takahashi et al. 2005, Takahashi et al. 2011). Takahashi et
al. (2005) reported that prolonged exposure to exogenous NO, at ambient

concentrations can nearly double the total leaf area, nutrient uptake and shoot

14
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biomass. Similar results have been found in numerous plant species, including
Arabidopsis thaliana and various horticultural species (Ma et al. 2007, Takahashi et
al. 2008, Xu et al. 2010). Additionally, exogenous NO, could accelerate flowering
time and increases flower number and fruit yield in tomato (Takahashi et al. 2011).
At the beginning, these positive impacts of NO, to plants were considered to be due
to utilization of the nitrogen from the NO, as a nutrient (Sandhu and Gupta 1989,
Ashenden et al. 1990). Plants were described to assimilate the nitrogen of NO, to
organic compounds, including amino acids (Wellburn 1990). Conceivably, NO, can
be an alternative nitrogen source (Morikawa et al. 1998) since some NO,-philic
plants that can even grow with NO, as the sole nitrogen source under laboratory

conditions (Morikawa et al. 2003).

Nowadays, more evidence showed that exogenous or atmospheric NO; is not only a
supplemental N source or a pollutant, but instead works as an airborne signalling
compound. NO,-philic plants which grow with exogenously supplied 150 ppb NO,
as unigue nitrogen source, integrated only a minor part of it (< 3%) into their total
plant N (Morikawa et al. 2004, Morikawa et al. 2005). This may indicate that the
contribution of NO,-source N to total N was extremely limited (Takahashi et al.
2005). Therefore, it appears probable that the major role of NO, is as a

multifunctional signal to stimulate plant growth, nutrient uptake and metabolism.

On the other hand, growing evidence shows that high concentration of NO, might
have a detrimental effect on plants, including reduction and deterioration of crop
and vegetable yield and quality (Maggs and Ashmore 1998, Haberer et al. 2006, Han
and Naeher 2006). The data from experiments showed that NO, at a ppm level may
cause visible injury symptoms in some vegetables (Mansfield and Freer-Smith 1981,
Nouchi 2002). Ashenden and Mansfield (1978) reported that two grass species
showed yield reductions after exposure to a mean concentration of 68 ppb NO, for
20 weeks during winter. Similarly, Kress and Skelly found that 62 ppb NO, might

cause a decrease in the relative growth rate of Pinus sylvestris L.(Kress and Skelly
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1982), while the same concentration caused an increase in shoot weight in some

broad-leaved trees (Freer-Smith 1984).

Gottardini et al. (2008) suggested that NO, may perhaps be a factor with a
statistically significant influence on the reduction on pollen viability of Austrian pine.
Since pollen viability was importantly related to pollen germinability and length of
pollen tubes, a potential influence on the reproduction of Austrian pine fumigated
with elevated NO, may be considered. Honour et al. (2009) have demonstrated a
variety of responses of a large number of herbaceous plant species to a NOx
concentration of 100ppb. The results indicate that plants are likely to show
significant changes in delayed flowering time, premature leaf senescence as well as
changes in surface waxes. Additionally, young plants are more sensitive to NO, than

older ones (Plotz et al. 2004).

1.3 Next-Generation Sequencing systems

Nucleic acid sequencing is a technique for identifying the exact order of nucleotides
of a particular DNA or RNA molecule. Classical methods were developed in the
1970s, known as Sanger sequencing based on the DNA polymerase-dependent
synthesis (Sanger et al. 1977). An intrinsic limitation of Sanger sequencing is its low
throughput, because of the requirement of in vivo amplification that was usually
achieved by cloning into bacterial hosts. Additional limitations of Sanger sequencing
are the difficulty of low abundance variant detection due to high background levels
and the high cost for each base (Mardis 2011). Nowadays, the Sanger strategy has
been partially supplanted by several “next-generation” sequencing (NGS)
technologies that offer remarkable improvements in cost-effective sequence

throughput, albeit at the expense of read lengths (Liu et al. 2012).
The production of low cost reads by next-generation sequencing technologies
renders them valuable in various areas. Significant applications include: (1) de novo

genome sequencing, whole-genome resequencing or more targeted sequencing for
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discovery of mutations or polymorphisms (Bentley 2006, Hodges et al. 2007, Porreca
et al. 2007, Velasco et al. 2007, Ossowski et al. 2008, Diguistini et al. 2009, Huang et
al. 2009, Xia et al. 2009, Li et al. 2010); (2) transcriptome analysis and cataloguing, in
which shotgun libraries derived from small RNAs or mRNA are deeply sequenced
(Axtell et al. 2006, Berezikov et al. 2006, Houwing et al. 2007, Sugarbaker et al. 2008,
Sultan et al. 2008, Jacquier 2009); (3) large-scale analysis of DNA methylation, by
deep sequencing of bisulfite-treated DNA (Cokus et al. 2008, Costello et al. 2009); (4)
genome-wide mapping of DNA-protein interactions, by deep sequencing of DNA
fragments pulled down by chromatin immunoprecipitation (ChIP-Seq) (Impey et al.
2004); (5) species classification and/or gene discovery by metagenomics and
pangenomics (Edwards et al. 2006, Huber et al. 2007, Turnbaugh et al. 2007, Qin et

al. 2010).

1.3.1 The lllumina sequencing system

In 2006, Solexa introduced the Genome Analyzer (GA) based on the concept of
‘sequencing by synthesis’ (SBS) to simultaneously produce 32—-40 bp sequence reads
from tens of millions of surface-amplified DNA fragments. In 2007 the company was
purchased by lllumina (Mardis 2008). The Illumina system utilizes a sequencing-
by-synthesis approach (Fig. 4). The library with fixed adaptors is denatured to single
strands and grafted to the flowcell. Then, bridge amplification is applied to form
clusters which contain clonal DNA fragments. Before sequencing, the library splices
into single strands with the help of a linearization enzyme (Mardis 2008) and then
four kinds of nucleotides (ddATP, ddGTP, ddCTP, ddTTP) labeled with different
cleavable fluorescent dyes complement the template one base at a time, and the

signal could be captured by a (charge-coupled device) CCD (Liu et al. 2012).

In early 2010, lllumina launched HiSeq2000, which adopted the same sequencing
strategy as GA. The output HiSeq2000 began with 200 G/run and improved to
currently 600 G per run which could be finished in 8 days (Rogers et al. 1996, Liu et

al. 2012). Even to this day, HiSeq 2000 is the cheapest in sequencing (about 0.02
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dollar /million bases) compared to Roche 454 and SOLiD (Liu et al. 2012). With the
assistance of Truseq v3 reagents and related softwares, HiSeq 2000 has improved an

excellent performance, especially on high GC sequencing (Rogers et al. 1996).

In 2011, a top sequencer bench, MiSeq, was launched which shared most
technologies with HiSeq. It is particularly convenient for amplicon and bacterial
sample sequencing. It could sequence 150 PE and generate 1.5 G/run in about 10
hours, including sample and library preparation time (Treangen and Salzberg 2012).

Revolutionary changes have happened in the life sciences with technical advances
and major breakthroughs in sequencing technologies, hence representing their
utility and importance in dealing with complicated biological issues. The spreading
and popularization of NGS allowed the investigators to perform projects at large
scales which previously had been accessible only in genome centers. It has not only
been critical with regard to genome variability clarification, but continues to be
crucial for the understanding of living systems and complex phenotypes (Bond et al.

1991).
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1.4 Principles and applications of proteomics

In the sequence of events beginning with the expression of genes towards synthesis
of the active proteins, proteomics might be regarded as a review of the end product
of the genes (Bernard et al. 2004). The goal of proteomics is to discover how
particular biological events affect protein expression patterns, structures,
post-translational modifications, and subsequently identification of the proteins

impacted by the conditions under analysis (Unlu et al. 1997).

1.4.1 Two-dimensional difference gel electrophoresis (2D-DIGE)

Two dimensional difference gel electrophoresis has proven to be a powerful
technique for investigating protein expression which allows the simultaneous
resolution of thousands of proteins (O'Farrell 1975). The separation of proteins
takes place in two steps, in the first dimension separation is dependent on their
charge using isoelectric focusing (IEF), and in the second dimension on their

molecular weight using SDS-PAGE (Marouga et al. 2005).

The 2D-DIGE technique involves labeling the lysine residues of the proteins in
different homogenates using one of three different spectrally resolvable cyanine
florescent dyes, called Cy2, Cy3 and Cy5. The use of these dyes allows the multiplex
analysis of three differentially labelled protein samples on the same gel. This
technique has been employed to identify proteins that are consistently differentially
expressed between different treatments (Minden et al. 2009). A pooled mixture that
contains an equal amount of each sample being examined is labeled with Cy2 and
used as an internal standard to match among multiple DIGE gels. Two different
samples individually labelled with Cy3 and Cy5, respectively, are added to the
internal standard. Quantitative comparison of expression pattern differences of
each sample is available through analysis of the replicate samples relative to the

same internal standard (Rozanas and Loyland 2008).
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1.4.2 S-nitrosylation

S-nitrosylation has emerged as an important nitric oxide (NO)-dependent post
translational modification (PTM) (Hess et al. 2005). S-nitrosylation refers to the
reversible incorporation of an NO moiety group to a reactive thiol of Cys residues,
forming a nitrosothiol (Hess and Stamler 2012). S-Nitrosylation regulates a wide
array of proteins involved in all major cellular activities and understanding of the
impact of this PTM provided insights into physiological but also pathophysiological

processes (Nakamura and Lipton 2011, Hess and Stamler 2012).

A thousand candidates for S-nitrosylation have been identified, many of them being
already characterized as targets for S-nitrosylation in animals (Astier et al. 2011).
These proteins are involved in major cellular activities, notably primary and
secondary metabolism, photosynthesis, genetic information processing, cellular

architecture, and responses to biotic and abiotic stresses (Astier et al. 2012).

Proteomic studies together with transcriptomic analysis could greatly contribute to
the building of comparative proteome maps of organisms under normal and altered
conditions (Diez 2010). The worthwhile information provided by qualitative and
guantitative proteome maps will lead to further identification of mechanisms

involved.
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1.5 Objectives of the present work

The pollen of ragweed (Ambrosia artemisiifolia) is one of the strongest allergy
triggers known and can cause allergic reactions such as asthma very quickly
(D'Amato et al. 2007). Changes in the environment (global warming, air pollution,
heavy metal ions, etc.) will result in an earlier and longer pollen season, enhanced
pollen production and an increase in pollen allergenicity with a negative effect on
atopic patients (D'Amato and Cecchi 2008). Nitrogen dioxide (NO,) is regarded as an
air pollutant which is reported to originate from the exhaust gas of vehicles.
Atmospheric NO; has long been known to be either harmful or beneficial to plants
depending on the concentration and plant species (Capron and Mansfield 1977,

Sandhu and Gupta 1989, Wellburn 1990).

From these perspectives, a comparative transcriptome, proteome and
immunohistochemistry analysis of allergenic pollen of ragweed would not only
benefit on the understanding the changes of the gene and protein expression in
ragweed pollen, but also allow to deeply understand the anticipated changes to

pollen allergens in response to elevated NO,.

The main objective of the present study was to investigate the impact of elevated

NO, on common ragweed pollen at the following levels:
1. The physiological and morphological levels.

2. The transcriptome level using quantitative qRT-PCR, Suppression Subtractive

Hybridization (SSH) libraries and the Illumina sequencing system.
3. The proteome level using 2D-DIGE, S-nitrosylation and LC-MS/MS.

4. In order to investigate the induction of potentially allergic influences on
ragweed pollen in response to elevated NO,, an allergic potential analysis was
performed by using dot blotting, 1D Western blotting and 2D Western blotting

with atopic serum.
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2.1 Plant material and NO, treatment

Seeds of ragweed (Fig. 5A) were collected from a single plant at an outdoor stand
(Waghdausel, Baden Wirttemberg, Germany) to avoid environmental-dependent
epigenetic effects on growth and development (Elwell and Cooper 2011). Seeds
were sown in standard soil (Floradur®, Bayerische Gartnerei Genossenschaft,
Munich, Germany) in small multiflor palettes (6 x 6 cm) and transferred into four
plexiglass sub-chambers (1,1 m x 0.9 m x 0.8 m) placed within phytotron walk-in
chambers
(http://www.helmholtz-muenchen.de/en/eus/environmental-simulation-facilities/p
hytotron/index.htmL) on 12th of April 2011. Fifteen days after germination, the
seedlings were transferred into single pots (@ 17 cm, Fig. 5B) and cultivated further
in the plexiglass sub-chambers. Plants were allowed to acclimate for two weeks and

NO, treatment was started on 10" of May 2011.

Two plexiglass sub-chambers were fumigated with 40 ppb NO, as control and the
other two with 80 ppb as treatment. The light period was 14.5 h; day/night
temperatures were 20-30 °C/10-20 °C and relative humidities were 80-85%/30-50%
(day/night). 40 ppb NO; (control) and 80 ppb NO, (treatment) were applied to the
plexiglass sub-chambers, respectively, for 10 h per day. Watering of the plants was
carried out automatically by a tube system applying 200 mL water per pot each day.

Pollen was sampled from 14" of June until 10" of July 2011 using a modified
ARACON system (BETATECH, Ghent, Belgium, Fig. 5D) that covered the
inflorescences. Pollen and inflorescences were sampled and stored at -80 °C until

analysis. The plants were cultivated further until 2"* August 2011 for seed collection.
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Figure 5. Ragweed was grown in the plexiglass sub-chambers. A: Ragweed seeds before
cultivation; B: A ragweed seedling before acclimation in a plexiglass sub-chamber; C: Mature
inflorescence and the start of pollen liberation; D: The modified ARACON system used to collect the

pollen.

Additionally, seeds that were collected from the plants grown in 40 ppb NO,in 2011
were also cultivated and formed the second generation plants (Fig. 6 & 7). However,
the second generation was treated with clean air (control) and 80 ppb NO,

(treatment).

2011 2012
r y n ul ug Sep B Mar Apr ay Jun 1 ug ip
st ) nd .
1" generation 2 generation
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Figure 6. Time line of the plexiglass sub-chambers experiment. Ragweed plants were cultivated
for two years; the first generation in 2011, and the second generation in 2012.

Field seeds

plexiglass sub-chambers
Control Experiments ‘ Elevated NOZ
2011

- Sa Seeds of
9 control

plexiglass sub-chambers

nd : nd
Experiments
2 Control 2012 ‘ ‘ Elevated NO2

Figure 7. A diagram showing ragweed seeds that were used in 2011 for the first generation and
2012 for the second generation.

2.2 Morphological analysis
2.2.1 Average pollen weight per inflorescence (mg)
Five inflorescences from each plant were randomly selected and pollen from each

inflorescence was weighed. The average weight was calculated.

2.2.2 Total seeds weight and 50 seeds weight (mg)
The total and 50 clean seeds from each plant (broken grains were removed) were

randomly sampled, counted and weighed.

2.2.3 Average length of inflorescence (cm)

Five inflorescences from each plant were randomly selected and carefully measured.

The average length was calculated.
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2.3 Comparative transcriptome analysis

2.3.1 Pollen RNA isolation and cDNA transcription

Pollen samples of 3 plants (5 inflorescences per plant) from each group (1** control,
1% treatment, 2" control, 2" treatment) were used for total RNA extraction using a
modified Qiagen RNeasy Mini Kit protocol. 150 uL of RLT buffer together with 10 mg
pollen was transferred into 2 mL tubes containing ceramic spheres (@ 1.4 mm), silica
spheres (@ 0.1 mm), and a single glass sphere (@ 4 mm). The pollen was
homogenised ten times at 6.5 ms ! for one minute on dry ice using a FastPrep 24
machine (MP Biomedicals). Chloroform (750 ulL) was added and incubated for 10
min on a shaker. Another 600 pL of RTL buffer was added and mixed. After
centrifugation, the supernatant was transferred to a new tube and mixed with 0.5
volumes of ethanol by gentle inversion. The solution was transferred to an RNeasy
column (RNeasy Mini Kit, Qiagen) and centrifuged at 10,000 g for 15 s. The column
was washed with 450 pL of RW1 buffer for 5 min. DNase digestion was carried out
using the RNase-Free DNase Set (Qiagen) following the manufacturer's instructions.
Then the column was incubated with 500 uL of RPE buffer twice for 2—3 min each
and total RNA was eluted according to the user manual of the RNeasy Mini Kit

(Qiagen).

Quantification of total RNA was performed using the NanoDrop System at 230, 260
and 280 nm. Only RNA samples with acceptable ratios of 260/280 (> 1.8) and
260/230 (> 2.3) were used and reverse transcribed. Two pg of total RNA was used
for cDNA synthesis using SuperScript Il Reverse Transcriptase (Invitrogen, Carlsbad,

CA, US) according to the manufacturer’s procedure.

2.3.2 Quantitative real-time RT-PCR of major allergenic genes
The cDNA samples were equally quantified and diluted 1:20. Quantitative real-time
RT—PCR (qRT—PCR) was performed in 20 UL reactions, containing 12.5 uL SYBR Green

ROX mix (Thermo Scientific QPCR, Surrey, UK), 1.25 uL each of the forward and
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reverse primers, 5 plL of diluted cDNA on an ABIPrism 7500 fast real time PCR system
(Applied Biosystems, Darmstadt, Germany). The amplification was performed
following this program: initial polymerase activation at 50 °C for 2 min and 95 °C for
10 min (1 cycle); followed by 40 cycles of 95 °C for 15 s and 60 °C for 1 min.
a-tubulin and 18S rRNA were used as internal standard genes. Three biological
replicates were carried out for each group (1* control, 1% treatment, 2" control and
2" treatment) and each transcript was quantified in triplicate for each sample. The
relative expression levels were calculated according to Pfaffl et al. (2002), using the

REST®software tool (QIAGEN GmbH).

The gene-specific primers for major ragweed allergens and standard genes, a

-tubuline, 18S rRNA were synthesised by Sigma-Aldrich (Tab. 2)
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Gene Forward & reverse primers (5’-3’) Gene Bank Annealing RT-PCR product
Accession No. temp. °C size/bp
Ambal.l F ggggctggtgacgaaaatattg M80558 56.3 250

R caccatgccttcctaggacatt

Ambal.2 F taacatcgttaacgccggtctcac M62981 59.5 230
R tgatatcgagcagcccatcggaa

Amba 1.3 F ggtcggggaaatcttaccttcagt M80560 59 188
R tgaccgtgtagacatcaccccatt

Ambald F tttgacgagcgaggcatgctat M80562 59 243
R ctctgacatggceggattcaccata

Amba 1.5 F ggagccagaatggatgacttggaa M80561 59 150
R tgtggaaccatatctcecggttca

Amb a5 F aggatccacagatgaagtcgatga M84987 58 125
R aaaccacttgccaaggacagtacc

Amb a6 F gtttcatggaggccaacgatgttc u89793 58.7 167
R gccacacgatcagctttggttt

Amba 8 F aacctgaggagatgaaaggca AY268427 56.5 172
R gcttggcctgttttcttgatge

Amba 9 F aagaatctcggctcggtgtca AY894657 58.5 141
R cttgccaacgtccttcattaagec

Amba CPI F gctaaattcgccatcgcetgaacac L16624 59.6 246
R ccgtccatatggagttaaggtgaggt

a-Tubulin F tgcagagggctgtttgcatga GW917730 58 119
R acccacgtaccagtgaacaaaag

18S rRNA F gaggccttgtcgttgtgtgtctat EF065545 59 554

R gcaagacaatgcgtcagggtact

Table 2. Primer sequences used for quantitative real-time RT—PCR analysis.
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2.3.3 Suppression Subtractive Hybridization (SSH) Library (First generation)
Two SSH libraries were constructed for ragweed pollen of the first generation:
control (40 ppb NO,) and treatment (80 ppb NO,). Pollen of five plants from control

and treatment, respectively, were pooled for the SSH analysis.

2.3.3.1 Purification of Poly (A) RNA

Poly (A) RNA was purified from total RNA following the protocol described by the
manual of Nucleo Trap® mRNA (MACHEREY-NAGEL). Briefly, the technique involved
the following steps:

(1) 100 pg total RNA was dissolved in 100 pL ddH,0 and adjusted to 200 plL with
buffer RMO.

(2) 15 pL Oligo(dT) latex beads suspension were added and centrifuged. The
supernatant was discarded and the Oligo(dT) latex beads pellet was collected.

(3) Washing steps were performed three times with 600 uL RM2 buffer and the
Oligo(dT) latex beads were dried afterwards.

(4) 30 pL pre-warmed (68 °C) RNase-free H,O was added and Oligo (dT) latex beads
were resuspended completely by pipetting up and down.

(5) The eluate was collected for use after 11,000 x g centrifugation for 1 min.

2.3.3.2 Construction of SSH Library

Reverse transcription of poly(A) RNA was performed by SuperScript® Il Reverse
Transcriptase Kit (Invitrogen). The cDNA pools of control and treatment were
guantified in duplicate, one as tester and the other as driver. The procedures were
according to the manual of PCR-SelectTM cDNA Subtraction Kit (Clontech) and with
the control cDNA (from human skeletal muscle) provided with the kit. The technique
involved the following steps:

(1) cDNA synthesis: Tester and driver ds cDNA were prepared from the two mRNA

pools under comparison (treatment and control).
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(2) Restriction digestion (blunt ends): Tester and driver cDNA were separately
digested by Rsa | to obtain shorter, blunt-ended molecules.

(3) Adaptor ligation: Two tester populations were created with different adaptors
(Driver cDNA had no adaptors).

(4) First hybridization: Differentially expressed sequences were equalized and
enriched.

(5) Second hybridization: Templates for PCR amplification were generated from
differentially expressed sequences.

(6) First PCR amplification: Only differentially expressed sequences were
exponentially amplified by Suppression PCR.

(7) Second PCR amplification: Background was reduced and differentially expressed

sequences were further enriched.

2.3.3.3 Fragments sequencing and data analysis

The second PCR amplification products were ligated to pGEM ®-T vector (Promega)
and transformed into E.coli for sequencing. An aliquot of competent E. coli cells was
thawed on ice and mixed with 100-200 ng PCR products in an Eppendorf tube. After
incubation on ice for 30 min, the mixture was treated at 42 °C (water bath) for 30
sec, and immediately cooled on ice for 2 min. 500 uL of LB medium was added, and
the samples were incubated at 37 °C for 30 min with agitation (1400 rpm).
Transformed bacterial suspensions were centrifuged, resuspended with 50 uL LB
medium, and plated on selective LB solid medium. Plasmid DNA from E. coli was
extracted using the QlAprep Spin Miniprep Kit (Qiagen, Hilden, Germany) according
to the manufacturer’s instructions. After verification of the target fragment being
correctly inserted by restriction digests, plasmid DNA was prepared for sequencing
according to the manufacturer’s instructions (plasmid DNA/water mixture 15 pL and

0.5 pL 10 uM primer) and processed by Eurofins MWG GmbH (Ebersberg, Germany).

30



2. Chapter — MATERIAL AND METHODS

Sequencing results were blasted with BLASTX against the NCBI database and also
with a local blast (BioEdit) against the Ambrosia transcriptome 454-sequencing

database (Kanter et al. 2013).

2.3.4 lllumina sequencing

[llumina libraries were constructed by lllumina HiSeq 2000 (illumina®, San Diego,
USA) and performed by the Institute of Human Genetics, Helmholtz Zentrum
Minchen. Pollen of three individual plants from each group (1% treatment, 1%
control, 2" treatment, and 2"° control) was randomly sampled to produce biological

samples for each group.

2.3.4.1 Analysis and quantitation of total RNA
Quantity of total RNA was analysed by Agilent RNA 6000 Nano Kit (Agilent
Technologies) on the Agilent 2100 Bioanalyzer (Agilent-Technologies). Finally, 3 ug of

high quality total RNA from each sample were prepared for the library construction.

2.3.4.2 Library construction and lllumina sequencing

High quality total RNAs were ready for library construction and the technique

involved the following steps:

(1) mRNA purification

(2) cDNA synthesis using a biotinylated oligo-d(T) primer and conversion of single
stranded cDNA into double-stranded cDNA.

(3) Adapters were ligated to both ends of randomly fragmented cDNA.

(4) Bind single-stranded fragments randomly to the inside surface of the flow cell
channels.

(5) Unlabeled nucleotides and enzyme were added to initiate solid-phase bridge
amplification.

(6) The enzyme incorporates nucleotides to build double-stranded bridges on the
solid-phase substrate.

(7) Denaturation leaves single-stranded templates anchored to the substrate.
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(8) Several million dense clusters of double—stranded DNA are generated in each
channel of the flow cell.

(9) The first sequencing cycle begins by adding four labelled reversible terminators,
primers, and DNA polymerase.

(10) After laser excitation, the emitted fluorescence from each cluster is captured
and the first base is identified.

(11) The next cycle repeats the incorporation of four labeled reversible terminators,
primers, and DNA polymerase.

(12) After laser excitation, the image is captured as before, and the identity of the
second base is recorded.

(13) The sequencing cycles are repeated to determine the sequence of bases in a
fragment, one base at a time.

(14) The data are aligned and compared to a reference and sequencing differences

are identified.

2.3.4.3 Bioinformatics analysis
Sequencing data were analysed and visualized by CLC genomics workbench 6.5 (CLC

bio®, Aarhus, Denmark).

2.4 Comparative proteome analysis

2.4.1 2D difference gel electrophoresis (2D-DIGE)

2D difference gel electrophoresis (2D-DIGE) was carried out to analyse the
differentially expressed proteins in the control (40 ppb NO,) and treatment (80 ppb
NO,) ragweed pollen. For the first generation plants, 10 individual plants from each
sub-chamber were randomly sampled, and five samples from each sub-chamber
were pooled to produce four biological samples. Each biological sample was

analysed in triplicate, as showed in Fig. 8.
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Treatment
80 ppb NO2
sub-chamber 1 sub-chamber 2
Bicy3 BCy5 BcCy3 BCy5
I 1 I 1
HHH
Gel Gel Gel Gel
1.2.3 4.5.6 7.8.9 10.11.12
L | L |
BCy5 Bicys HWCy5 BiCys
sub-chamber 1 sub-chamber 2
Control
40 ppb NO2

Figure 8. Experimental design of extracted protein samples in 2D-difference-gel electrophoresis

(2D-DIGE).

2.4.1.1 Protein extraction

Pollen pools (10 mg) were mixed with 300 pL acetone containing 10% TCA (w/v), 1%

DTT (w/v), 1% protease inhibitor (Sigma) and transferred to 2 mL tubes containing

ceramic spheres (@ 1.4 mm), silica spheres (@ 0.1 mm), and a single glass sphere (@

4 mm). The pollen and spheres were homogenised ten times at 6.5 ms™ for one min

on dry ice using a FastPrep 24 machine (MP Biomedicals).
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The samples were stored at -20 °C overnight and centrifuged at 25,000 g for 20 min
at 4 °C. The pellets were washed two times with precooled acetone containing 1%
DTT, incubated at -20 °C for 1 hour, and centrifuged. The vacuum dried pellets were
dissolved directly in iso-electric focusing (IEF) buffer (8 M urea, 20 mM DTT, 4%
CHAPS and 2% ampholyte pH 4-7) at 20 °C for 1 h. This solution was centrifuged at
20 °C for 20 min at 25,000 g and the supernatant was used for protein estimation
and electrophoresis analysis. Protein concentrations were measured according to

the Bradford assay (BIORAD) using BSA as a standard (Bradford 1976).

A 2D Clean-up Kit (GE Healthcare, Uppsala, Sweden) was used for protein
purification. After purification, the proteins were resuspended by incubation for 1 h
in labelling buffer (7 M urea, 2 M thiourea, 30 mM Tris-HCl, pH 8.5, 4% [w/v] CHAPS)

and adjusted to pH 8.5 using 5 M NaOH.

2.4.1.2 Cyanine dye fluorescent labelling of proteins

Protein labelling was performed using CyDye fluorescence according to the
manufacturer's minimal labelling protocol of fluorescence 2-D DIGE technology (GE
Healthcare). Cyanine dyes Cy2, Cy3, and Cy5 (1 nmol/uL in dimethylformamide)

were diluted to 400 pmol/uL for use.

Fifty ug of protein from each control and treatment sample were labelled with 400
pmol of Cy3 or Cy5 dye. Fifty ug of pooled internal standard which contained equal
amounts of each protein sample were labelled with Cy2 dye. Dye swap was used
between the different pollen pools to reduce the errors due to the CyDye (Fig. 4).
The labelling reaction was first incubated on ice for 30 min in the dark and then
terminated by the addition of 1 uL of 10 mM lysine and incubated for 15 min on ice.
The differentially labelled samples were immediately mixed in a 1:1:1 ratio
(treatment, control and internal standard) and adjusted to a final volume of 150 pL
by adding equal amounts of lysis buffer (7 M urea, 2 M thiourea, 2% IPG-buffer, pH
4-7, 2% DTT, 0.04% bromophenol blue, 4% CHAPS).
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2.4.1.3 Two-dimensional gel electrophoresis

Immobilized non-linear pH gradient strips (pH 4-7, 24 cm; GE Healthcare) were
rehydrated overnight at RT in rehydration buffer (7 M urea, 2 M thiourea, 2% CHAPS,
0.5% IPG buffer, pH 4-7, 0.8% DTT, 0.002% bromophenol blue). The CyDye-labelled
samples were applied to the strips by cup-loading and separated at 20 °C. Ettan
IPGphor3 Unit (GE Healthcare) was applied with the following settings: 150 V for 3 h,
300 V for 3 h, gradient from 300 to 1000 V for 6 h, gradient from 1000 to 10,000V
for 3 h, and 10,000 V for 3 h for a total of 51,750 Vh with a maximum current setting
of 75 mA per strip. Afterwards, the stripes were equilibrated in 10 mL equilibration
buffer (6 M urea, 2% SDS, 50 mM Tris-HCI, pH 8.8, 30% glycerol, 0.002%
bromophenol blue) containing 1% DTT for 15 min and containing 2.5%
iodoacetamide for 15 min orderly. After equilibration, the stripes were transferred
to 12.5% SDS-PAGE polyacrylamide gels for the second dimensional running at 12 °C

at 15 mA per gel for 16—18 h using the Ettan DALT six systems (GE Healthcare).

2.4.1.4 Image acquisition and visualization

The DIGE gels were scanned and visualized after electrophoresis using the Typhoon
9400 variable mode imager (GE Healthcare). Photo-multiplier tubes were set to
ensure maximum pixel intensity without spot saturation on each image. All gel
images were scanned at 100 nm resolution and analysed using Decyder software
(GE Healthcare). Differential in-gel analysis (DIA) module and biological variance
analysis (BVA) module were performed for data analysis. DIA was used for spot
detection and spot volumes/abundances calculation of the three images (Cy2, 3 and
5) and then normalisation was performed. The spots were manually matched
between multiple samples across all the gel images in an experiment via BVA. The
changes in the abundance of the spots across samples were statistically analysed.
The internal standard was employed to facilitate spot matching and allowed a
spot-by-spot standardisation for improved reproducibility and accurate
guantification of protein abundance changes across the samples. The one-way

anova was performed to compare the average standardised abundances of the
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replicate samples across the different conditions. Spots with reproducible and
significant variations, at least 1.5-fold up- or down-regulated, were considered as

differentially expressed spots of interest.

2.4.1.5 Spots picking and in-gel digestion

Preparative 2-DE gels were prepared using 300 ug of the unlabelled sample from the
control and treated samples and were then silver stained. The position of interesting
protein spots were confirmed according to the 2D-DIGE image. These spots were
manually excised, washed with water and further processed by the Research Unit
Protein Science (PROT, Helmholtz Zentrum Miinchen) for mass electroscopy (MS)
analysis. The gel pieces were washed with 200 pL of 60% actetonitrile (ACN) for 10
min followed by a 10 min wash in 200 uL H,0. Afterwards, the gel pieces were
incubated for 10 min with 200 uL of 100% ACN, then 100 pL of 5 mM DTT were
added to the gel pieces and incubated for 15 min at 60 °C to reduce the proteins.
After an additional dehydration step in 100% ACN, 100 uL of freshly prepared 25
mM iodacetamide (IAA) solution were added and incubated for 15 min at RT in the
dark. The gel cubes were washed for 5 min with 100 pL H,0 and dehydrated again

by incubation in 100% ACN for 10 min in order to remove the residual DTT and IAA.

After three wash steps in 50 mM ammoniumbicarbonate (ABC) for 10 min, the gel
cubes were air-dried for 15 min at 37 °C, then 100 pL of 0.01 pg/uL trypsin (Sigma)
in 50 mM ABC were added. After incubation for 10 min, 25 mM ABC was added to
cover the gel pieces completely during the overnight digestion at 37 °C. For elution,
100 pL of 60% ACN/0.1% trifluoroacetic acid (TFA) were added to the gel cubes, and
incubated for 15 min with shaking. The supernatant was transferred to a new tube,
and 100 pL of 99.9% ACN/0.1% TFA were added to the gel pieces, incubated for 30
min. The supernatant was pooled with the first supernatant. The supernatants
containing the eluted peptides were dried using a speedvac (UniEquip, San Diego,

USA) and stored at -20 °C until analysis.
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2.4.1.6 LC-MS/MS analysis

Thawed samples were dissolved in 60 pL of 2% ACN/0.5% trifluoroacetic acid by
incubation for 30 min at RT with shaking. The samples were centrifuged for 5 min at
4 °C before loading. LC-MS/MS analysis was performed as described by Hauck et al.
(2010). Each sample was automatically injected and loaded onto the trap column at
a flow rate of 30 puL/min in 95% buffer A (2% ACN/0.1% formic acid in HPLC-grade
water) and 5% buffer B (98% ACN/0.1% formic acid in HPLC-grade water). After 5
min, the peptides were eluted from the trap column and separated on the analytical
column using a 120 min gradient which increased from 5% to 31% buffer B at a flow
rate of 300 nl/min, followed by a short gradient from 31% to 95% buffer B over 5
min. Between each sample, the column was restored to 5% buffer B and allowed to

equilibrate for 20 min.

From the MS pre-scan, the ten most abundant peptide ions were selected for
fragmentation in the linear ion trap (if they exceeded an intensity of at least 200
counts and were at least doubly charged). During fragment analysis, a
high-resolution (60,000 full-width half maximum) MS spectrum was acquired from

the Orbitrap over a mass range from 300 to 1500 Da.

2.4.1.7 Data processing

Peptide identification was performed by Mascot (version 2.3; Matrix Science, Boston,
USA). The spectra were compared against the SwissPort database.

Scaffold software (version 3_00_03; Proteome Software Inc., Oregon, USA) was used
to validate the MS/MS-based peptide identifications and spectra. Peptide
identifications which could be established at greater than 80 % probability were
accepted as specified according to the Peptide Prophet algorithm (Keller et al.

2002).

In most cases, the molecular weight (Mw) and theoretical isoelectric point (pl) of

the search results correlated well with the 2-DE position of the corresponding spot.
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Proteins that contained similar peptides but could not be differentiated based on

the MS analysis alone were grouped to satisfy the principles of parsimony.

2.4.2 Protein S-nitrosylation detection

To detect the S-nitrosylated proteins in ragweed pollen, the biotin switch method
was chosen, which is based on the labelling of S-nitrosylated proteins with a biotin
moiety specifically on S-nitrosylated Cys (Jaffrey et al. 2001). For the first generation
plants, five individual plants from the chamber with 40 ppb NO, (control) and 80
ppb NO, (treatment), respectively, were randomly sampled to produce biological

samples and each biological sample was analysed in triplicate.

2.4.2.1 Protein extraction

Fifty mg pollen samples from each plant were used for total protein extraction. The
pollen, together with 150 pL of HEN buffer (HEPES 25mM, EDTA 1mM, Neocuprine
0.1m, pH 7.7) was transferred into 2 mL tubes containing ceramic spheres (@ 1.4
mm), silica spheres (@ 0.1 mm), and a single glass sphere (@ 4 mm). The pollen was
homogenised ten times at 6.5 ms* for one min on dry ice using FastPrep 24 machine
(MP Biomedicals). Then 500 pL of HEN buffer were added, the samples were
incubated at 37 °C for 1h with agitation (1400 rpm) and finally centrifuged at 25,000
g for 20 min at 4 °C. The protein concentration of the supernatant was measured
according to the Bradford assay (Bradford 1976) using BSA as a standard. The

samples were diluted by HEN buffer to 0.8 pg/uL for use.

2.4.2.2 Biotinylation of S-Nitrosylated proteins

The biotin switch assay was applied for the S-nitrosylation detection and followed
the steps below:

(1) 25 pL of S-Nitrosoglutathione (GSNO) (10mM) were added to two standard
samples (800 ug) as positive controls. Samples were incubated at room temperature

in darkness for 20 min.
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(2) 10 pL DTT (1M) were added to one of the positive controls and incubated at
room temperature in darkness for 10 min. This sample was the negative control.

(3) 10 pL S-Methyl thiomethanesulfonate (MMTS) (2 mM) and 80 pL Sodium
dodecyl sulfate (SDS) (25%, w/v) were added to all the samples (800 pg). The
samples were incubated at 50 °C in darkness for 20 min and vortexed every 5 min.
(4) 2 volumes of ice cold acetone were added afterwards and precipitated at -20 °C
for at least 20 min and centrifuged at 10000 x g and 4 °C for 20 min.

(5) The pellet was rinsed with ice-cold acetone and resuspend with HENS buffer
(HEPES 25 mM, EDTA 1mM, Neocuprine 0.1m, SDS 1%, pH 7.7). 50 uL of HENS buffer
were added with 0.8 uL Ascorbate (50mM) and 0.8 pL Biotin HPDP (50 mM).

(6) The samples were incubated at room temperature in darkness for 1 hour and 5%
of the sample was used for Western blot, and 95 % for purification.

(7) 2 volumes of ice cold acetone were added to both series of samples and
centrifuged at 10000 x g and 4 °C for 20 min. The proteins were then ready for

Western blot and purification.

2.4.2.3 Detection of S-nitrosylated proteins by immunoblotting

After the biotin switch assay, all the S-nitrosylated proteins were biotinylated and
detected by immunoblotting following the steps below.

(1) Protein samples were combined with nonreducing SDS-PAGE sample buffer
(62.5 mM Tris-HCI [pH 6.8], 2% [w/v] SDS, 10% [v/v] glycerol ) and resolved by
SDS-PAGE using a 4% (w/v) stacking gel and a 12% (w/v) separating gel on a
Mini-protean Il (Bio-rad, Munich, Germany) vertical electrophoresis system for
approximately 70 min at 30 mW in SDS running buffer consisting of 25 mM Tris, 192
mM glycine and 0.05% (w/v) SDS (LaemmlLi, 1970).

(2) The electrophoresed samples were transferred to a nitrocellulose membrane
(BIORAD, 0.2 um) for immunoblotting.

(3) The membrane was incubated in blocking buffer (10 mM Tris-HCI pH 7.5, 0.9%
[w/v] NaCl, 1ImM MgCl,.6H,0, 2% [w/v] BSA, 0.5% [v/v] Tween 20) for 1 hour or

overnight in darkness at 4 °C.
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(4) Afterwards, the membrane was incubated in antibody buffer (10 mM Tris-HCI
pH 7.5, 0.9% [w/v] NaCl, 1mM MgCl,.6H,0, 2% [w/v] BSA, 0.5% [v/v] Tween 20, 0.01%
Monoclonal Anti-Biotin antibody produced in mouse [Sigma]) for 3 hours in room
temperature or overnight in darkness at 4 °C.

(5) The membrane was washed 2 times with TBST buffer (10 mM Tris-HCI| pH 7.5,
0.9% [w/v] NaCl, 1 mM MgCl,.6H,0, 0.5% [v/v] Tween 20) for 10 min and with TBS
buffer (10 mM Tris-HCl pH 7.5, 0.9% [w/v] NaCl, 1 mM MgCl,.6H,0) for 10 min in
darkness at 4 °C.

(6) 10 pL 5-Bromo-4-chloro-3‘indolyphosphate-p-toluidine-salt (BCIP) buffer (50mg
BCIP in 1mL sterile ddH,0) and 10 uL Nitro-blue tetrazolium chloride (NBT) buffer
(100 mg NBT in 700 puL DMF and 300 pL ddH,0) were added in 3 mL AP buffer (100
mM Tris-HCl pH 9.5, 100 mM NaCl, 5 mM MgCl,.6H,0). The membrane was
incubated in it for 3 minutes at room temperature and then washed with water and

scanned (Epson Perfection 3170 Photo, Epson).

2.4.2.4 Purification and MS analysis of S-nitrosylated proteins

Purification of S-nitrosylated proteins were carried out according to the protocol of
Jaffrey (2001). Protein pellets were resuspended with 100uL of HENS Buffer and
200uL of Neutralization Buffer (20 mM Hepes-NaOH, pH 7.7, 100 mM NaCl, 1 mM
EDTA, 0.5% [v/v] Triton X-100). 15 pL of NeutrAvidin Agarose (Thermo) per mg
protein were added to purify biotinylated proteins. The biotinylated proteins were
incubated with the resin for 1 hour at room temperature. The beads were washed
five times with 10 volumes of Neutralization plus NaCl Buffer (20 mM Hepes-NaOH,
pH 7.7, 700 mM NaCl, 1 mM EDTA, 0.5% [v/v] Triton X-100). The beads were
incubated with Elution Buffer (20 mM Hepes-NaOH, pH 7.7, 100 mM NacCl, 1 mM
EDTA, 100 mM B- Mercaptoethanol) to recover the bound proteins. Protein samples
were combined with SDS-PAGE Sample Buffer (Nonreducing, 62.5 mM Tris-HCI [pH
6.8], 2% [w/v] SDS, 10% [v/v] glycerol ) and resolved by SDS-PAGE using a 4% (w/v)
stacking gel and a 12% (w/v) separating gel on a Mini-protean Il (BIO-RAD, Munich,

Germany) vertical electrophoresis system for approximately 70 min at 30 mW in
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running buffer consisting of 25 mM Tris, 192 mM glycine and 0.05% (w/v) SDS
(Laemmli, 1970). SDS-PAGE gel was equally divided into four parts and analysed by

MS as stated in 2.4.1.5, 2.4.1.6 and 2.4.1.7

2.5 Pollen allergen immunoreactivity analysis

The allergenic potential of ragweed pollen was detected by immunoblotting with
atopic patients’ immune serum in dotblots, one-dimensional polyacrylamide gel
electrophoresis  immunoblots and two-dimensional polyacrylamide gel

electrophoresis immunoblots.

2.5.1 Preparation of serum mix

Sera were drawn from individuals suffering from ragweed with CAP classes >3 (w1l
kUA/L > 3.5) with their informed consent (kindly provided by Prof. Dr.med.Dr.h.c
Thomas Ruzicka, Klinikum der Universitait Miinchen, Miinchen, Germany). Ten
patients” immune sera were selected for their ability to specifically detect ragweed
allergens and were pooled to carry out all immunochemical analyses. Sera from
healthy volunteers served as controls. The serum pool was aliquoted and stored at

20 °C until use. Details of atopic patients’ immune sera are provided in Tab. 3.

Patients ID w1 kUA/I Phadia
1 6,45
2 13,5
3 12,8
4 11,1
5 20,3
6 6,01
7 4,86
8 4,47
9 6,12
10 10,6

Table 3. Serum ragweed specific IgE concentration (w1 kUA/L) of patients’ immune sera.
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2.5.2 Protein extraction

Pollen samples (10 mg) were mixed with 300 pL ddH,0 and incubated at 37 °C for 1h
with agitation (1400 rpm). The samples were then centrifuged at 14,000 g for
10 min and the supernatants were ready to use. The soluble protein concentrations
of the supernatants were measured using the dye-binding method of Bradford

(1976), using bovine serum albumin as a standard.

2.5.3 Dot blot analysis

Dot blot technique was applied to assess the total allergenicity of ragweed pollen.
Pollen of six individual plants from each group (1% treatment, 1% control, 2™
treatment, 2™ control) were randomly sampled and three independent experiments

were performed.

Equal volumes of protein extracts (5 pg) were bound to nitrocellulose membrane
and the evaluation of immunoreactivity was performed using the Bio-Dot
Microfiltration Apparatus (BIO-RAD). The procedures for immunoassay followed the
protocol described by the manual of Bio-Dot Microfiltration Apparatus with slight
changes:

(1) The nitrocellulose membranes were rehydrated by 100 uL TBS (10mM Tris-HCI
pH 7.5, 0.9% [w/v] NaCl, 1mM MgCl,.6H,0) per well.

(2) Appropriate wells were filled with 50 uL of protein extracts (5 pg) and the entire
sample was allowed to filter through the membrane by gravity flow.

(3) After the antigen samples had completely drained from the apparatus, the
membrane was removed from the apparatus and stained with Ponceau S staining
solution (0.1% [w/v] Ponceau S in 5% [v/v] acetic acid) to assess the amount of
proteins loaded in each well.

(4) The membrane was incubated in blocking buffer (10mM Tris-HCI pH 7.5, 0.9%
[w/v] NaCl, 1ImM MgCl,.6H,0, 2% [w/v] BSA, 0.5% [v/v] Tween 20) for 1 hour at

room temperature.
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(5) The serum mix from patients allergic to ragweed was diluted 100 times with
TBST buffer (10mM Tris-HCl pH 7.5, 0.9% [w/v] NaCl, 1mM MgCl,.6H,0, 0.5% [v/v]
Tween 20) and the membrane was incubated in it overnight in darkness at 4 °C.

(6) The membrane was washed 3 times with TBST buffer for 10 min and incubated
in the second antibody buffer (10mM Tris-HCI pH 7.5, 0.9% [w/v] NaCl, 1mM
MgCl,.6H,0, 2% [w/v] BSA, 0.5% [v/v] Tween 20, 0.01% Anti-Human IgE (e-chain
specific)-Peroxidase antibody produced in goat [Sigma]) for 1 hour at room
temperature.

(7) After 3 washing steps with TBST buffer for 10 min, the membrane was
developed with WESTERN LIGHTNING PLUS —ECL (PerkinElmer) for 1min. The signals

were caught by FUSION X7 (VILBER) at an exposure time of 2 minutes.

Image analysis was applied to quantify reactivity signals and performed by Image J

1.47.

2.5.4 One-dimensional polyacrylamide gel electrophoresis immunoblot

To investigate the cause of the difference in dot blot allergenicity signals,
1D-immunoblot probed with the same serum mix used for dot blotting was carried
out. Pollen of three individual plants from each group (1% treatment, 1% control, 2"

treatment, and 2™ control) were randomly sampled and three independent

experiments were performed.

2.5.4.1 One-dimensional polyacrylamide gel electrophoresis

One-dimensional polyacrylamide gel electrophoresis (1-DE) was carried out
according to the protocol of Laemmli (1970). Protein samples (50ug) were combined
with 25 pL 2x sample buffer (62.5 mM Tris-HCI [pH 6.8], 2% [w/v] SDS, 10% [v/v]
glycerol, 5% [v/v] [B-mercaptoethanol], 0.001% [v/v] bromophenol blue) and
incubated in a water bath at 100 °C for 3 min prior to loading. The proteins were
resolved by SDS-PAGE using a 6% (w/v) stacking gel and a 14% (w/v) separating gel

on an Ettan DALTsix Electrophoresis Unit (GE-Healthcare) vertical electrophoresis
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system for approximately 18 hours at 30 mW in running buffer consisting of 25 mM
Tris, 192 mM glycine and 0.05% (w/v) SDS (pH 8.5). Pierce Prestained Protein
Molecular Weight Marker (20 — 120 kDa, Thermo) was utilized to monitor migration

and assess molecular masses.

2.5.4.2 1D Western blot

Once separation was completed, Western blot was performed according to the
following steps,

(1) The gel, nitrocellulose membrane and 9 pieces of Whatman® filters (Sigma),
were Incubated in transfer buffer (25 mM Tris-HCI (pH 7.6), 192 mM glycine, 20%
methanol, 0.03% SDS) for 2-5 min.

(2) 6 pieces of filters, membrane, gel and 3 pieces other filters were placed from the
bottom up in Trans-Blot® Turbo™ Transfer System (BIO-RAD).

(3) The process of transfer was performed under the electric current of mA equal to
the square centimetres of membrane multiplied by the number of membranes
multiplied by 2.5 for 1 hour.

(4) The membrane was stained with Ponceau S staining solution (0.1% [w/V]
Ponceau S in 5% [v/v] acetic acid) to assess the amount of proteins loaded in each
lane.

(5) The membrane was incubated in blocking buffer (10mM Tris-HCI pH 7.5, 0.9%
[w/v] NaCl, 1ImM MgCl,.6H,0, 2% [w/v] BSA, 0.5% [v/v] Tween 20) for 1 hour at
room temperature in the dark.

(6) The serum mix from patients allergic to ragweed was diluted 1:100 with TBST
buffer (10mM Tris-HCI pH 7.5, 0.9% [w/v] NaCl, 1ImM MgCl2.6H20, 0.5% [v/v] Tween
20) and the membrane was incubated in it overnight in darkness at 4 °C.

(7) The membrane was washed 3 times with TBST buffer for 10 min and incubated in
the second antibody buffer (10mM Tris-HCI pH 7.5, 0.9% [w/v] NaCl, 1mM
MgCl2.6H20, 2% [w/v] BSA, 0.5% [v/v] Tween 20, 0.01% Anti-Human IgE (e-chain
specific)-Peroxidase antibody produced in goat [Sigma]) for 1 hour at room

temperature.
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(8) The membrane was washed 3 times with TBST buffer for 10 min and developed
with WESTERN LIGHTNING PLUS —ECL (PerkinElmer) for 1min. The signals were

caught by FUSION XPRESS (VILBER) at an exposure time of 2 min.

2.5.4.3 Image analysis and MS analysis

Image analysis was applied to quantify reactivity signals and performed by Image J
1.47. Interesting slices were excised and analysed by LC-MS/MS as stated in 2.4.1.5,
24.16and2.4.1.7

2.5.5 Two-dimensional gel electrophoresis immunoblot

To further investigate the different allergenicity signals in dot blots and
one-dimensional polyacrylamide gel electrophoresis immunoblots, two-dimensional
gel electrophoresis immunoblotting was carried out. Pollen of three individual
plants from each group (1% treatment, 1% control, 2" treatment, and 2™ control)

were randomly sampled and three independent experiments were performed.

2.5.5.1 Two-dimensional gel electrophoresis

Equal amounts of protein samples were loaded onto immobilized non-linear pH
gradient strips (pH 3 —11, 24 cm; GE Healthcare), which had been rehydrated
overnight at RT in rehydration buffer (7 M urea, 2 M thiourea, 2% CHAPS, 0.5% IPG
buffer, pH 3 — 11, 0.8% DTT, 0.002% bromophenol blue). The samples were applied
to the strips by cup-loading and separated at 20 °C with a maximum current setting
of 50 mA per strip using an Ettan IPGphor3 Unit (GE Healthcare) with the following
settings: 150 V for 3 h, 300 V for 3 gradients from 300 to 1000 V for 6 h, a gradient
from 1000 to 10,000V for 3 h, and 10000 V for 3 h for a total of 51,750 Vh.

Afterwards, the stripes were equilibrated in 10 mL equilibration buffer (6 M urea, 2%
SDS, 50 mM Tris-HCI, pH 8.8, 30% glycerol, 0.002% bromophenol blue) containing 1%
DTT for 15 min and containing 2.5% iodoacetamide for 15 min, and then transferred

to 12.5% SDS-PAGE polyacrylamide gels. Second dimensional SDS-PAGE was
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performed in running buffer (250 mM Tris, 1.92 M glycine, 1% SDS) at 12 °C at 15
mA per gel for 16—18 h using the Ettan DALT six systems (GE Healthcare).

2.5.5.2 2D Western blot

The proteins in the gel were transferred to nitrocellulose membranes with equal size

following the same procedure as 2.5.4.2.

2.5.5.3 Image analysis and MS analysis
Image analysis was applied to quantify reactivity signals and performed by Image J
1.47. Interesting spots were excised and analysed by LC-MS/MS as stated in 2.4.1.5,

24.1.6and24.1.7.
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3. Chapter — RESULTS

3.1 Morphological variations

The influence of variability elevated 80 ppb NO, to ragweed was assessed in
consecutive years, 2011 and 2012, respectively, through reproductive measures
(inflorescence length, pollen production and seed production). The 80 ppb NO, was
compared with its equivalent control in the same generation to evaluate the

influence of elevated NO, to ragweed plants.

For both of these two generations (2011, 2012) ragweed plants, elevated NO,
obviously enhanced the pollen production of the plants. The pollen production per
inflorescence was increased by around 67% and 87% for 2011 and 2012 plants,
respectively. In contrast, elevated NO, reduced seed production not only with regard
to plant total seed production but also to single seed weight. Plant total seed
production was reduced under 80 ppb NO, conditions by 32% and 37 % in 2011 and
2012 plants, respectively, and 50 seed weight was reduced by 14% and 12%. On the
other hand, the inflorescence length showed no significant change between the 80

ppb NO; and the control (Tab. 4).

In summary, elevated NO, dramatically enhanced the pollen production and

significantly reduced the total seed production and single seed weight.

NO, Inflorescence Pollen/ inflorescences  Seeds/ plant Seeds/ 50 grains
+ SD +SD +SD +SD
1% 40 ppb (1) 23.73+1.12cm 79 £ 6 mg 1329 £ 85 mg 229+ 18 mg
1% 80 ppb (2) 2518 £1.57 cm 132+ 11 mg 905 £ 69 mg 199 £ 10 mg
p-value (2 vs 1) 0.327 1.8 x 10E-5* 2.3 x 10E-3* 1.9 x10E-3*
2" 0 ppb (3) 2448 +1.35cm 85+ 8 mg 1637 £ 77 mg 237 £ 16 mg
2" 80 ppb (4) 24.61+1.77 cm 159+ 12 mg 1024 + 53 mg 209 +9mg
p-value (3vs4) 0.5682 2.7 x 10E-5* 3.5 x 10E-3* 2.9 x 10E-3*

Table 4. Morphological data of ragweed plants of first and second generation. Mean value of

length of the inflorescences, pollen production and seed production (number of plants N = 20;
t-test; *= p-value < 0.05).
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3.2 Comparative transcriptome analysis

3.2.1 Quantitative real-time RT-PCR of major allergic genes in ragweed pollen

The relative expression variation of 10 major pollen allergens was analyzed by the
technique of qRT-PCR using highly-specific primers designed for each pollen allergen.
The selection of the optimal reference target was performed by geNorm software.
Finally, the housekeeping genes a-tubulin and 18S rRNA were chosen as optimal

references.

According to the AllFam database of allergen families, the pollen allergen genes can
be grouped into ten classes: pectate lyase(allergen Amb a 1.1, 1.2, 1.3, 1.4 and 1.5);
plastocyanine (Amb a 3); defensin-like protein (Amb a 4); group 5 (allergen Amb a 5);
non-specific lipid transfers protein (allergen Amb a 6); lastocyanin (Amb a 7); profilin
(allergen Amb a 8) ; calcium binding protein (allergen Amb a 9 and Amb a 10);
cysteine protease (Amb a 11) and the cystatin family for Amb a CPI (cystatin

proteinase inhibitor).

The relative expressions of four different allergens in 80 ppb NO, pollen were
significantly increased as compared to the control pollen of the first and second
generations (Fig. 9 & 10). Amb a 1.1 and Amb a 1.2, which belong to the pectate
lyase allergen gene family, showed almost twice the relative expression values as
compared to the control, both in the first and the second generation. The pectate
lyase allergen gene family contains the most important allergens, which are
responsible for skin test reactions of 95% of ragweed-sensitive individuals and which
show highest IgE antibody titers (Platts-Mills and Woodfolk 2011). Similarly, the
profilin (Amb a 8) and calcium binding protein (Amb a 9) gene families raised nearly
1.5 times, as compared to the control. On the other hand, Amb a CPI slightly
decreased, and Amb a 1.3, Amb a 1.4, Amb a 1.5, Amb a 5; Amb a 6 slight increases,

however, were not significant (Fig. 9 & 10).
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Figure 9. Real-time gRT-PCR analysis of pollen allergen genes of first generation ragweed pollen
(2011) of both, treated (80 ppb NO,) and control (40 ppb NO,) plants. Transcript levels were
normalised with respect to 18S-rRNA and a-tubulin transcript levels. Pair-wise fixed reallocation
randomisation test was performed according to Pfaffl et al., (2002). Mean values were obtained

from three independent PCR amplifications. * = p-value < 0.05
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Figure 10. Real-time qRT-PCR analysis for pollen allergen genes of second generation ragweed
pollen (2012) of both, treatedt (80 ppb NO,) and control (clean air) plants. Transcript levels were
normalised with respect to 18S-rRNA and a-tubulin transcript levels. Pair-wise fixed reallocation
randomisation test was performed according to Pfaffl et al., (2002). Mean values were obtained

from three independent PCR amplifications. * = p-value < 0.05
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3.2.2 Suppression Subtractive Hybridization (SSH) Library (1% generation)

Suppression subtractive hybridization is a technology that allows a PCR-based
amplification of only such cDNA fragments that differ between control and
experimental transcriptomes. In the present work, two libraries of control (40 ppb
NO,) and treatment (80 ppb NO,) were constructed and analysed, respectively.
Numerous transcripts present in 80 ppb NO, library were up-regulated due to the

elevated NO,.

As a result of two times of hybridization and two times of PCR amplification, only
differentially expressed sequences were exponentially amplified and the others
were subtracted. The PCR products were obviously different between 80 ppb NO,
and control SSH libraries and numerous bands disappeared as compared to the

non-subtracted PCR products (Fig. 11).

3.2.2.1 Disassociation and identification of differentially expressed sequences

Vector construction was adopted to achieve sequences disassociation with high
efficacy. Differentially expressed sequences were ligated to pGEM ©®-T vector
(Promega) and transformed into E.coli for further analysis. One thousand positive
single clones from each library were selected and screened by PCR. Large
differences in length were shown by PCR (Fig. 12). The clones yielding a single band
with lengths of more than 300 bp were sequenced as positive clones. Finally, 190

positive clones from each library were sequenced (Appendix. 1).

50



3. Chapter — RESULTS

M 1 23 4 5 6

Figure 11. PCR product of control and 80 ppb NO, SSH libraries before and after subtraction

M: Marker (100 bp DNA Ladder, Thermo); 1: PCR product of cDNA from human skeletal muscle
before subtraction; 2: PCR product of cDNA from control cDNA before subtraction 3: PCR
product of cDNA from 80 ppb NO, cDNA before subtraction; 4: PCR product of cDNA from
human skeletal muscle after subtraction 5: PCR product of cDNA from control cDNA after
subtraction; 6: PCR product of cDNA from 80 ppb NO, cDNA after subtraction.

—S00bp
—300bp

—500bp
—300bp

Figure 12. Representative PCR screening result of positive clones. M: Marker (100 bp DNA
Ladder, Thermo)
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3.2.2.2 Functional annotation of SSH fragments

A significant advantage of SSH is the comparability of differentially expressed
sequences between control and experimental groups. On the other hand,
investigating the transcriptome of non-model plants reflects a challenge due to the
shortage of a complete genome database for accurate annotation, especially with
respect to a particular plant part such as pollen. After annotation by Ambrosia
pollen 454-sequence database (Kanter et al. 2013) and NCBI database, the chart
revealed that more than half of the sequences can only match Ambrosia pollen
454-sequence database both in 80 ppb NO, and control SSH libraries. Moreover, the
percentage of non-annotated genes were 6% and 3% in 80 ppb NO, and control SSH

libraries, respectively (Fig. 13 & 14).

In the elevated NO, library, protein transport protein Sec61 beta accounted for the
largest share of 17%, whereas in the control library alpha-2 tubulin and SF16 protein
accounted for 15% and 12%, respectively (Fig. 13 & 14). The result of annotation
indicated that there are no overlapping genes in both libraries. The SSH process thus
effectively eliminated the same expressed genes and enriched the differentially

expressed genes.
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m 454-sequence data (54%) B serine-threonine protein kinase (5%)
M pi-tubulin (3%) M calcium-binding protein (5%)
splicing factor Prp8 (1%) B puroindoline b protein (1%)
W alpha-tubulin 7 (1%) W |ate embryogenesis abundant protein (1%)
= SAP domain-containing protein (1%) M proteasome subunit alpha (1%)
M transcription elongation factor s-1l (3%) M LTR retrotransposon Tmcl (1%)

protein transport protein Sec6l beta (17%) no hit (6%)

Figure 13. Annotation of the upregulated sequences blasted against ragweed pollen
454-sequence database and NCBI database.

W 454-sequence data (51%) M alpha-2 tubulin (15%)
M SF16 protein (12%) M lipoxygenase (1%)

integral membrane protein (1%) H calmodulin 24-like protein (1%)
B carbon monoxide dehydrogenase (1%) M retrotransposon protein (1%)
1 phosphoglucomutase (1%) M pollen coat-like protein (4%)
B myosin-1 (3%) B LIM domain protein PLIM-2 (3%)

pollen-specific protein SF3 (3%) no hit (3%)

3%
1o 1% 170~ 4%>%

1% _— 48

Figure 14. Annotation of the downregulated sequences blasted against the ragweed pollen
454-sequence database and the NCBI database.
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3.2.2.2.1 Reproduction related genes

The further description of each gene in these two libraries is provided in Tab.5.
Some of the genes in the control library are related to reproductive processes.
Knockout mutants of phosphoglucomutase severely impair male and female
gametophyte function; SF16 protein acts together with PLIM-1 to regulate the male
gamete maturation, pollen tube formation and fertilization; plant mutants without
myosins-1 show reduced aerial tissue and number of seeds per silique; pollen coat
protein plays an important role in dehydration and rehydration of the pollen grain
and pollen-stigma signalling. Since pollen is of crucial importance in plant
fertilization and reproduction as male gamete, the suppression of these
reproduction related genes by 80 ppb NO, at the transcriptome level may

subsequently affect the protein expression and even plant propagation.

3.2.2.2.2 Stress related genes

Based on the chemical property of nitrogen dioxide (NO,), elevated NO, is an abiotic
stress for plants. However, stress related genes were found in both libraries.
Numerous abiotic stress related genes (drought, cold, salt, heat, etc.) were
upregulated upon elevated NO,. Protein transport protein Sec61l beta, which
accounts for 17% in the 80 ppb NO, library, can increase cold resistance in plant;
Serine/threonine protein kinase and Calcium-binding protein which both account
for 5% in 80 ppb NO; library respond to salt, drought, oxidative stress and hot,

anoxia stress, respectively.

3.2.2.2.3 Other genes

Elevated NO, has effectively enhanced and restrained the expression of certain
genes which are related to reproduction and stress resistance in ragweed pollen. On
the other hand, some other noteworthy genes have also been influenced by the
environmental change. Transcription elongation factor s-ll, the expression of which
was upregulated in ragweed pollen, markedly reduced seed dormancy. Similarly, the

upregulation of Pi-tubulin may indicate an inhibition of tubulin assembly in pollen.

54



3. Chapter — RESULTS

Some of cytoskeleton and metabolic enzyme genes have been found in the libraries

and the changes of these genes may also have effects on plant growth.
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3.2.3 Transcriptome sequencing and RNA-Seq analysis by illumina sequencing

The Illumina system utilizes a sequencing-by-synthesis approach to allow the
comparative analysis of whole transcriptomes of two generations of common
ragweed pollen from plants exposed to 80 ppb (treatment) and 40 ppb NO; (control

2011) / clean air (control 2012), respectively.

3.2.3.1 De novo assembly of common ragweed pollen transcriptome

The transcriptome library of ragweed was prepared from lllumina sequencing data
of ragweed pollen. For lllumina sequencing data, three independent biological
replicates of each condition were performed and sequenced on the IlluminaHiSeq

2000 system with read lengths of 100 bp.

ltems 1st Control 1st Treatment  2nd Control 2nd Treatment Total

No.of reads 301,139,066 286,833,170 274,805,950 242 931,114 1,105,709,300
No.of assembled transcripts 35,136
Minimum length of transcripts 196
Maximun length of transcripts 10,492
Average length of transcripts 722
Total length of transcripts 25,380,299

Table 6. Summary of common ragweed pollen transcriptome sequencing dataset

For non-model organism studies, a de novo assembly is the only option for sequence
assembly. In order to cover the ragweed pollen transcripts as completely as possible,
de novo assembly was performed with the Illumina reads of pollen from ragweed
exposure to 40 ppb and 80 ppb NO; (2011), clean air and 80 ppb NO, (2012),
together with Illumina reads of pollen from ragweed exposure to 40 ppb and 80 ppb
ozone, 40 ppb and 120 ppb ozone, common air and 100 ppb ozone plus 100 ppb
NO, and 454-sequencing data of ragweed pollen produced under 40 ppb and 80 ppb
ozone (kindly provided by Dr. Ulrike Frank). After removing low quality and adaptor
sequences, 35,136 unique transcripts with an average length of 722 bp - the longest
transcript measured 10,492 bp - were generated (Tab. 6). This de novo assembly

result was used as RNA-seq reference in the RNA-seq process.
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3.2.3.2 Annotation of ragweed unique transcript sequences

The assembled ragweed unique transcripts were blasted by homologous search
against the databases of GenBank Viridiplantae database. A total of 86.72% (30,470)
unique transcripts had significant hits (E-value << 1e-6) in the database. Further
annotation of the ragweed unique transcripts was performed by assigning them
with gene ontology (GO) terms (Blast2Go plugins). A total of 16,361 unique
transcripts (46.56%) were assigned with at least one GO term (Fig. 15). Among them,
6,370 (38.93%) were assigned in the biological process category, 5,832 (35.65%) in
the molecular function category, and 6,932 (42.37%) in the cellular component
category, while 4,601 (28.12%) unique transcripts were assigned GO terms in all
three categories. It was also observed that the percentage of genes that could be

annotated was positively correlated with the length of genes (Fig. 16).

Sequences
0 5000 10000 15000 20000 25000 30000 35000

Without Blast Results

Without Blast Hits

With Blast Results

With Mapping Results

Annotated Sequences

Total Sequences

Figure 15. Numbers of annotated, mapped and blasted ragweed unique transcripts.

The ragweed unique transcripts were further classified into different functional
categories using a set of plant-specific GO slims (Blast2Go plugins). The top 15
groups of the biological process and molecular function categories are shown in Fig.
17. “Response to cadmium ion” and “response to salt stress” represented the most

two abundant groups in the biological process category. Other interesting highly
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abundant groups in the biological process category included “response to cold”,
“defense response to bacterium”, “pollen tube growth” and “regulation of flower
development” (Fig. 17A). In the category of molecular function, the most abundant
groups included “ATP binding”, “protein binding” and “zinc ion binding”, and other
appealing groups included “DNA binding”, “RNA binding”, “various ions binding”,

“kinase activity”, and “hydrolase activity” (Fig. 17B).
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Figure 16. Percentage of annotated sequences with length.
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Figure 17. Functional classification of ragweed unique transcripts (A) in the category of biological

process and (B) in the category of molecular function.

3.2.3.3 Comparative transcriptome profiles under elevated NO, in ragweed pollen
RNA-seq was performed for the comparative analysis of the transcriptomes of
ragweed pollen from plants exposed to 80 ppb and 40 ppb NO, (control 2011) /
clean air (control 2012), respectively. In total, 27,376 and 25,154 differentially
expressed unique transcripts were identified in the first and second generation of
ragweed pollen, among which 11,866 were induced by 80 ppb NO, stress and
15,510 repressed in first generation, while 13,948 were increased and 11,206

decreased in the second generation.
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GO terms were identified in the biological process and molecular function
categories that were significantly enriched in elevated NO,-induced and -repressed
genes in the first and second generation, respectively. The top 20 groups are shown
in Fig. 18 (biological process) and Fig. 19 (molecular function).

In the GO term of biological process, “response to cadmium”, “response to salt
stress” and “pollen tube growth” were the most three enriched groups in NO, up-
and down regulated genes of both generations. Most of the top 20 groups are the
same in the first and the second generation with few exceptions like “response to
wounding”, “abscisic acid mediated signalling pathway” and “photorespiration”,
which are only present in the first generation, whereas “defense response to
bacterium”, “gluconeogenesis” and “ubiquitin-dependent protein catabolic process”
are only present in the second generation (Fig. 18). The groups of “pollen tube
growth”, “membrane fusion”, “response to water deprivation”, “response to chitin”
and “plant-type cell wall modification” were highly enriched in NO;-induced

upregulated genes whereas “glycolysis” was highly enriched in NO,-induced

downregulated genes in both generations.
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Figure 18. The top 20 up- and downregulated groups of biological process in response to elevated
NO,. A: First generation B: Second generation.
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Figure 19. The top 20 up- and downregulated groups of molecular function in response to
elevated NO,. A: First generation B: Second generation.
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In the GO term of molecular function, the “ATP binding” was the largest group of
both generations, followed by the “protein binding”, the “zinc ion binding” and the
“DNA binding”. The “kinase activity” and “binding” were only present in the top 20
groups of the first generation, whereas “protein serine/threonine phosphatase
activity” and “ATPase activity” were only in the 20 groups of the second generation.
The "protein binding", "DNA binding", "metal ion binding", "nucleotide binding",
"DNA binding transcription factor activity”, "RNA binding", "ubiquitin-protein ligase
activity”, "GTPase activity" and "calmodulin binding" were highly enriched in

NO,-induced upregulated genes whereas “zinc ion binding” were highly enriched in

NO,-induced downregulated genes of both generations (Fig. 19)

3.2.3.4 Comparative analysis of allergens

Pollen allergens have always been the most important points of the common
ragweed research. In this transcriptome library, 7 ragweed pollen specific allergen
isoforms were identified. Three contigs were identified as Amb a 1.1 and all these
contigs were upregulated in 80 ppb treated pollen. Contig 525 and 881 were
confirmed as Amb a 1.2, all of these two contigs increased in the second generation.
However, contig 525 decreased in the first generation. Amb a 1.4 was upregulated in
both generations while Amb a 6 was downregulated in the first generation. Three
contigs were identified as Amb a 1.3, contig 221 increased in both generations,
however, contig 3057 decreased. Amb a 1.5 was composed of 4 contigs, contig 397
was upregulated and contig 5461 was downregulated in both generations. The Amb
a 3 and some contigs of other allergens had inconsistent expression patterns

between the first and second generation (Tab. 7).
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Allergen isoform contig number hits E-value Transformed change fold (log 10 )
1st generation 2nd generation

Amba 1.1 427 20 8,62E-110 1.49 2.45
428 40 0 11 1.3

1969 20  3,98E-146 1.01 1.69

Amba1.2 525 20 7,49E-152 -1.37 197
881 20  2,58E-66 1.29 1.62

Amba1.3 221 20 0 1.1 1.01
3057 20 2,35E-58 -1.11 -1.04

3634 20 1,11E-39 -1.45 21

Amba14 433 20 0 1.03 1.78
Amba15 397 20 0 1.04 1.35
2117 20 2,06E-8 -3.12 6.38

3264 20 1,05E-29 -1.26 2.05

5461 20 2,06E-137 -4.23 -7.3

Amb a3 28 22 9,40E-38 -1.08 1.15
Amb a 6 6178 20 212E-79 -0.18 NaN

Table 7. Identification of allergen isoforms in lllumina sequencing library of ragweed. NaN: not
present.

3.3 Comparative proteome analysis

3.3.1 2D-Difference-in-gel-electrophoresis (2D-DIGE) (1% generation)

The 2D-DIGE was used to distinguish differentially expressed soluble proteins from
ragweed pollen under 80 ppb (treatment) and 40 ppb NO, (control). Plants from the
same sub-chamber were grouped (control-1, control-2, treatment-1 and
treatment-2) for statistical analysis. Around 3568 spots were highly resolved and
detected, over a pH range of 4—7 and a molecular weight range of 10—-100 kDa. The
areas and volumes of spots were quantified by DeCyder 2D software (Fig. 20). These
values were expressed as a ratio (fold change) comparing to those corresponding in

the internal standard.

All spots were matched by gel-to-gel comparisons and the differences of the relative
abundance (vol %) of each spot were analysed. Those spots, the abundance of
which varied at least +1.5-fold between the treated and control pollen, were
considered as interesting spots. Finally, 65 interesting spots were selected. The
relative abundance of 35 spots significantly increased in the treated ragweed pollen
(Fig. 21A), whereas 30 spots decreased (Fig. 21B). Heat map analysis by hierarchical

clustering revealing the differential expressions of these 65 spots among the four
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groups is given in Fig. 22. It is clear to see the similar expression patterns in the

same treated groups and disparate between differently treated groups (Fig. 22).

Figure 20. Representative 2D-DIGE images of Ambrosia pollen proteins isolated from ragweed
pollen labelled with minimal CyDye DIGE fluorescence. A: The three overlaid photos; B: The Cy3
image corresponding to pollen of 40 ppb NO,; C: The Cy5 image corresponding to pollen of 80
ppb NO,; Nr. 1-57: Identified spots with significant differential expression.

The spots of interest were digested and analysed by LC-MS/MS, followed by a
homology-driven identification search. Thirty upregulated protein spots and 27
downregulated protein spots could be identified. These 57 differentially expressed
proteins are marked on the representative 2D-DIGE gel (Fig. 20A). The predicted

molecular masses and pls were generally consistent with the experimental data for
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the majority of the identified proteins, as judged from the location of spots on 2-D

gels.

Log Standard Abundance
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s
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Figure 21: Partitioning clustering analysis of 65 spots with abundance varied at least +1.5-fold
between the treated and control pollen. A: Partitioning clustering of 35 spots with increased
abundance upon 80 ppb NO,; B: Partitioning clustering of 30 spots with decreased abundance
upon 80 ppb NO,.
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Figure 22: Heat map of hierarchical clustering of 65 spots with abundance varied by group.

The identified proteins were categorised in functional groups according to their
predicted protein function (Fig. 23, Tab. 8). The differentially expressed spots, which
were upregulated in the first generation of 80 ppb NO, treated pollen could be
classified into the following functional categories: (1) allergen, (2) cytoskeleton, (3)
glycolysis, (4) tricarboxylic acid cycle, (5) calvin cycle, (6) metabolic enzymes, (7)
photosynthesis, (8) ammonia assimilation (9) protein folding, (10) stress, (11)

methyltransferase and (12) transport (Fig. 23A).

Proteomic analysis of the increased expressed 30 spots revealed that the largest
pool comprised 7 spots responsible for stress (23%) and 5 spots (17%) for
allergenicity. As shown in Tab. 8, the expression of five allergenic protein spots was
significantly upregulated. Interestingly, a homologue to the allergen Hev b 9 from
Hevea latex was found in the pollen of the treated group but not in the control
pollen. Additionally, glutamine synthetase cytosolic isozyme, which is known to be
important in the metabolism of nitrogen was also only found in 80 ppb NO, treated

pollen.
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Enlarged and three dimensional images of allergens and other important protein
spots are shown in Fig. 24. The spots of allergens are bigger and darker upon 80 ppb
NO, and their peak values of three dimensional images are significant higher as well.
The spots of Hev b 9 and glutamine synthetase cytosolic isozyme disappeared in the
figure of control pollen. In contrast, the spot of phosphoglucomutase is absent in
the figure of treatment pollen. The spot of 14-3-3 protein A slightly decreased upon

80 ppb NO; treatment (Fig. 24).

It is worth noting that the stress-related protein spots, elongation factor and

proteasome subunit alpha, the expression ratios of which were 2.66 and 2.58,

increased as well at the transcriptional level (Tab. 5).
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Figure 23. Function classifications of identified proteins of 80 ppb NO, treated and control pollen

of ragweed. A: Increased expressed protein of 80 ppb NO, treated ragweed pollen. B: Decreased

expressed protein of 80 ppb NO, treated ragweed pollen.
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Figure 24. Enlarged and three — dimensional images of selected important spots. The readout of
the DeCyder 7 module is shown for pollen allergen Amb a 1.1 (Spot Nr.1), Amb a 1.2 (Spot Nr.2),

Amb a 1.3 (Spot Nr.3), Amb a 1.4 (Spot Nr.4), Amb a 1.5 (Spot Nr.5), Enolase 1 (Hev b 9) (Spot
Nr.6), Glutamine synthetase cytosolic isozyme (Spot Nr.34), Phosphoglucomutase (Spot Nr.29),
and 14-3-3-like protein A (Spot Nr.28).

The downregulated protein spots could be classified in: (1) cytoskeleton, (2)
glycolysis, (3) tricarboxylic acid cycle, (4) calvin cycle, (5) metabolic enzymes, (6)

photosynthesis, (7) signalling protein, (8) reproduction, (9) protein folding, (10)

stress, (11) methyltransferase and (12) transport (Fig. 23B).
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Table 8. Identified differentially expressed proteins (best matched) of elevated NO, treated and control ragweed pollen.
Spot numbers correspond to Fig. 20. + = only detected in treated pollen; - = only detected in control pollen.
All matched proteins are stated in appendix. 2.

¥0-360°V 9L'}- cl T G8.29d VYH 3uolsiH /G
GS0-3LLv 88~ 68 14 6ry160 8¢ uiajoud A10jaioas jeadal you-auialshy  g9g
SI9YJ0 IAX
01-39¢°C €6°L- S8’y 86 YNALLD eydje jlungns uiodw|  6g
10-392°L 96'¢C 8C’L VA4 8€9460 | uixau Buiiog g
G0-39¥°L e T A 9 20000 onAjejed asedly uojoud adA-A €6
€0-306°9 60°C 98’y 96 €1L16¥0 aseyjuAs dLv 2§
paje|as podsueln] AX
€0-38¥°S Lz €8°G €6 G66eeeo aseura)sAoowoyjAsouspy LG
€0-36¢°L €9°)L- 619 G8 €9z¢céd ajeweln|by|fosaydoipAyenayjAysw-g 0
€0-362°¢C pASrA G0'6 1S 15¢6vd | asesdjsuenjAyjawAixoipAy auieg 6
asesdjsuen}jAyIs (AIX
¥0-365°C L)V 97’9 v9 geeled awzua dijew juspuadap-davN 8¥
90-320°S e Sv'L 6€ €65M8D aseA| auoiyjejn|bjhoyoe| Ly
€0-362°¢ sv'e 19°8 86 LEAT6D aseuly uisjoid pajeAnpoe-uaboyiy 9y
G0-38¥°L 66°L v’y €€ EAXHSO Oc asejeydsoyd uisjoud Gy
90-3¢¢°¢C €0°¢ 'L 1S 0s€e8vd awAzos| asejejed vy
€0-392°L 69°L- 9¢€'9 86 095270 asejelpAy sjejiuody ¢
Go-3LL°L 86°C 16°G yXA 0Ns160 eydje jlungns swosesjold Z¥
L-326°L €9°C 90°S VA4 LLLZYO 9sejonpal 9)eqlodseoIpAyspouo|y Ly
20-3.17°L 9¢€°¢C 89°G 1A 18LEYO asejeydsoydoiAd oluebiou] o
G0-388'8 99°¢C 699 VA4 9YMA9D Jojoey uonebuo|g  6¢
pajejas ssans X
€0-396°S vo'e- (44 VA4 28elvd Jojoey uonjeniul onpolieyny  ge
¥0-320°L 68°L 969 19 9¥0500 09NdO utuosadeyd /¢
90-3€¢°L 66°C "1 4 VA4 2I3s60 jungns Aioje|nbai asesjoid §9Z  9¢
¥0-381°6 9¢°¢C Sy’ €l 0Zaneo urejoid eQ@y 0L Yooys JesH  G¢

ssa20.4d uonepeibap pue Buip|oy
‘sisayjuhsoiq uisjoid :|IX

90-368°1L + rAN 6< LNMISD awzos| 21|0s0}Ad asejayjufs sauiwein|o  p¢
uoljejiwisse eluowwy X
90-3¢8°¢ 112 L'S L 68678d urajoud 1edueyud BulrjoAs-uabAXO €€
$0-3¢1°8 A 62'G oy ¥d44¥0 uisjoud z@ || waysAsojoud z¢
90-32¢¥ G6'L- 99 96 ¥SN4.D uigjoidode [jAydoiojyd /ydD || wayshsojoyd Lg
£0-3¢€£°C €9°C- (X} z8 6YM390  uisjoidode e ||Aydoiojys 00.d | waysAsojoud 0¢
m_mwr_«:>mo~051 X
i
VAONV-L onels jodg Id sse|\ Jejndajop *ON "22Y urdjoxd Surgdjenn )sagg sjodsg

3. Chapter — RESULTS

Juo9 3jqe]

72



3. Chapter — RESULTS

Among these proteins, glycolysis proteins account for the biggest part (15%, 4 spots)
followed by photosynthesis and stress proteins each accounting for 11% (3 spots).
Among the spots related to glycolysis, the expression of four spots were reduced;
the most prominent significantly reduced glycolysis protein spot was that of 2,3

bisphosphoglycerate.

All photosynthesis protein spots except oxygen-evolving enhancer protein were
reduced. Moreover, expression of three spots related to stress were reduced,
whereas 7 spots were significantly accumulated. It deserves to be noted that
phosphoglucomutase which showed decreased expression at the transcriptional

level (Tab. 5) was only found in the control pollen (Tab. 8).

3.3.2 S-nitrosylation in ragweed pollen (1* generation)

The biotin switch assay was applied for protein S-nitrosylation detection in ragweed
pollen under 80 ppb NO;and control. As shown in Western blot results of control
and treated ragweed pollen, around 20 bands were detected in the pollen exposed
to the elevated NO, (Fig. 25A) as compared to about 10 bands in the control pollen
(Fig.25B). More bands were seen in GSNO-treated pollen (positive control) and the

signals were totally subtracted by adding 100mM DTT (negative control) (Fig. 25).
The mean gray value of each lane was measured and calculated by Image J software.

As shown in Fig. 26, the band intensities of the pollen, which was exposed to

elevated NO, were significantly increased, indicating more S-nitrosylated proteins.
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Figure 25. Biotin switch assay western blot result of ragweed pollen. A: Western blot result of
ragweed pollen exposed to 80 ppb NO, (treatment); B: Western blot result of ragweed pollen
exposed to 40 ppb NO, (control); 250ul GSNO: 250ul GSNO treated pollen protein as positive
control; 100mM DTT: 250ul GSNO + 100mM DTT treated pollen protein as negative control; M:
PageRuler Prestained Protein Ladder (10-170 kDa), 1-5: protein of individual plant.

m Control ® Treatment

Mean gray value

[

Figure 26. Relative mean gray value of western blot bands intensity calculated by Image J (Error
bar=xSE, * = p-value<0.05).
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The purified S-nitrosylated proteins from control and treated pollen were separated
by SDS-PAGE and the gel was equally divided into four parts and analysed by
LC-MS/MS, followed by a homology driven search identification (Fig. 25).
Twenty-five proteins were identified in the elevated NO, treated ragweed pollen. In
contrast, the number of identified proteins was only 19 in control ragweed pollen

(Tab. 9).

The S-nitrosylated protein in ragweed pollen could be divided into the following
functional categories: (1) allergen, (2) cytoskeleton protein, (3) metabolic enzyme, (4)
signalling, (5) stress, (6) reproductive cycle and (7) protein synthesis and folding.
Allergens Amb a 1.1, Amb a 1.2, Amb a 1.3, Amb a 1.4, Amb a 1.5, Amb a 3, profilin
and Hev b 9 were found in both, 80 ppb NO, and control pollen. Some of the
detected proteins have been reported in animals and plants. However, six allergens
(Amb a 1.1, Amb a 1.2, Amb a 1.3, Amb a 1.4, Amb a 1.5, Amb a 3) and other nine
proteins (ATPase 8, glutamate decarboxylase, UTP--glucose-1-phosphate
uridylyltransferase, luminal-binding protein 2, Ras-related protein RABD2a,
monodehydroascorbate reductase, calreticulin, peptidyl-prolyl cis-trans isomerase
and 60S ribosomal protein L12) have never been reported as S-nitrosylated proteins
before  (Tab. 9). Six proteins  (actin-depolymerizing  factor 12,
adenosylhomocysteinase, glutamate decarboxylase, UTP--glucose-1-phosphate
uridylyltransferase, inorganic pyrophosphatase and calreticulin) were only

S-nitrosylated in the pollen exposed to elevated NO,.

It is noteworthy that twelve of these S-nitrosylated proteins displayed significantly
different expressions which were detected in 2D-DIGE result. Two proteins
(glyceraldehyde-3-phosphate dehydrogenase and 14-3-3-like protein A) were
downregulated and 10 proteins (Amb a 1.1, Amb a 1.2, Amb a 1.3, Amb a 1.4, Amb a
1.5, Hev b 9, triosephosphate isomerase, glutamate decarboxylase, inorganic
pyrophosphatase, monodehydroascorbate reductase and adenosylhomocysteinase)

were upregulated (Tab. 8).
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3.4 Allergen immunoreactivity analysis

3.4.1 Negative serum screening

Sera from 14 healthy volunteers served as negative controls. A screening of
immunoreactivity of these 14 sera to ragweed pollen was performed by dot blot
analysis. According to Fig. 27 B, some sera reacted with the pollen (Nr. 3, 5, 7, 13).
Therefore, these were not of any use. Finally, a pool comprising the sera of Nr. 1, 2,
4,6,8,9,10, 11, 12 and 14 was used as negative control in dot blot, 1D immunoblot

and 2D immunoblot analyses (Fig. 27).

A

13

Figure 27. Dot blot of ragweed pollen probed with sera from 14 healthy volunteers. A: stained with

Ponceau S dye for protein concentration detection; B: dot blot membrane probed with different sera.

3.4.2 Dot blot analysis

To assess the total allergenicity of pollen samples, protein dot blot analysis was
carried out. Identical and comparable volumes of soluble protein extracts were
bound on a nitrocellulose membrane and subjected to immunoreaction with a

serum mix from 10 ragweed allergic patients.
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11 v

Figure 28. Total allergenicity of pollen samples assessed with dot blotting. A: stained with

Ponceau S dye; B: representative dot blot membrane probed with a pool of selected patient sera;
I: first generation of ragweed pollen exposed to 40 ppb NO,; Il: first generation of ragweed
pollen exposed to 80 ppb NO,; Ill: second generation of ragweed pollen exposed to clean air; IV:
second generation of ragweed pollen exposed to 80 ppb NO,.
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Fig. 28 shows a representative membrane after immunodetection. Six biological
replicates were carried out for each group (horizontal line), and each biological
replicate was quantified in quadruplicate (vertical line). The protein amount was
shown to be equal in each well by staining with Ponceau S dye (Fig. 28A). Various
signal intensities revealed the different total allergenicity of each sample. However,

the 80 ppb treated pollen showed a higher allergenic potential (Fig. 28B).

H Control H NO:2

£

220

200

160

Integrated Optical Density (10D)

120

100
First generation Second generation
Figure 29. Assessment of total pollen allergenicity through image analysis the integrated optical

density (I0D) of immunoreactive spots. ** = p-value < 0.005

Image analysis was applied to quantify immunochemical signals: the integrated
optical density (I0D) of immunoreactive spots was measured. The mean results of
three independent experiments were calculated and statistically analysed. On
average, pollen exposed to elevated NO, showed a statistically higher IgE-binding
signal both in the first and in the second generation which indicated an increased

allergenicity of the 80 ppb NO,-treated pollen (Fig. 29).

3.4.3 1-D SDS-PAGE and immunoblot analysis

To investigate the differences in dot blot allergenicity signals in more detail, 1-D

Western blot, probed with the same sera mix used for dot blotting, was carried out.
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Fig. 30 shows a representative 1-D SDS PAGE, and a representative membrane after
immunodetection is shown in Fig.31. It can be seen that bands at Mw of 52, 38, 30,

12 and 10 kDa were recognized and the strongest signal was given by the band of 38

kDa.
. 5 MW
a b ¢ d e f g h i j k b
Slice Nr. (l.zoa)
- 85
1 S —— ——— — —— — ——
D) ‘
- 4 s - -2
- —-— - " s
-20
4
5

bl L R Y e

Figure 30. Image of the Coomassie Brilliant Blue stained SDS-PAGE gel. a-c: 1* treatment pollen

extract; d-f: 1* control pollen extract; g-i: 2" treatment pollen extract; j-I: 2" control pollen
extract.

a b < d e f g h i 9 K I MW Slice Nr.
(kDa)
o . ' - 52 1
- ’” - > 38 2
£ * £ 2 = 30 3
- 12 4
=P 10 5

Figure 31. 1-D Western blot analysis of major allergens in different pollen extracts. a-c: 1%
treatment pollen extract; d-f: 1% control pollen extract; g-i: 2" treatment pollen extract; j-I: 2
control pollen extract.
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Image analysis performed on 1-D immunoblots from three independent
experiments confirmed the dot blot results indicating a statistically significant higher
allergenicity of pollen from the plants exposed to 80 ppb NO; in comparison with
that of pollen from the plants of control (Fig. 32). The diverse total allergenicity was
ascribed to the different allergenic potential of these five allergen bands between
treatment and control. As shown by image analysis (Fig. 32A - E), the different
allergenic potential of each band was quantified and the contribution of the single

allergen bands to the total allergenicity was also analyzed (Fig. 32F).

A 52 kDa B 38 kDa
x
180 *x I
150 I
120
90
60
30 . - 30
. I [ 0
1st control 1st treatment 2nd control 2nd treatment 1st control 1st treatment 2nd control 2nd treatment
_—
a C 30 kDa D 12 kDa
=
2
w
e
@
(=]
©
-
=
o
o]
E 60
% " -
Pt e - :
T I
£ 0 e e
= 1st control 1st treatment 2nd control 2nd treatment 1st control Lst treatment 2nd control 2nd treatment
E 10 kDa F *
x [
240
10 kDa
u
180 12 kDa
30kDa
— N = 38 kD
120 2
m 52 kDa
30 * 60
0 T - - =
1st control 1st treatment 2nd control 2nd treatment 0
1st control 1st treatment 2nd control 2nd treatment

Figure 32. Statistical analysis of major allergens of each individual band in different pollen
extracts and contribution of the single allergens to the total allergenicity. * = p-value < 0.05
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The allergenic potential of the 38 kDa band was significantly upregulated in both,
the first and second generation of pollen exposed to 80 ppb NO, and it contributed
more than 70 percent of the total allergenicity of pollen extracts. The allergenic
potential of 12 and 10 kDa bands significantly increased in 80 ppb NO, pollen as

compared to the pollen of the control (Fig. 32).

Slice Nr. Accession Nr. Protein Name Allergen Name Percent coverage  Nr. of unique peptide MW (kDa)
(UniProtkB) (%)

1 P27759 Pectate lyase Amba 1.1 3 2 52
P27760 Pectate lyase Amba12 35 1
QOLEJO Enolase Hevb 9 3.8 1

2 P27759 Pectate lyase Amba 1.1 57 20 38
P27760 Pectate lyase Amba 1.2 41 11
P27761 Pectate lyase Amba13 36 9
P28744 Pectate Ivase Amba14 17 3
P27762 Pectate lyase Amba15 47 16

3 P27760 Pectate lyase Amba1.2 27 6 30
P27761 Pectate lyase Amba1.3 24 4

4 P27759 Pectate lyase Amba1.1 20 8 12
P27760 Pectate lyase Amba1.2 21 4
P00304 Plastocyanine Amba3 23 2

5 P27762 Pectate lyase Amba15 3 1 10

Table 10. Amb a isoforms and Hev b 9 homologue identified by LC-MS/MS in slices excised
from 1-D gel of Ambrosia artemisiifolia pollen extract.

Further identification of the proteins were carried out by LC—-MS/MS of the excised
SDS-PAGE (Tab. 10, see also Fig. 30). As shown, Amb a 1 isoforms were present in
each band. The specific IgE reactivity seen at 38 kDa in 1-D immunoblots,
corresponded to Amb a 1 isoforms: Amb a 1.1, 1.2, 1.3, 1.4 and 1.5. The specific
binding appearing at 12 kDa corresponded to Amb a 1.1, 1.2 and Amba 3. AHevb 9

homologue was detected in a slice at 52 kDa together with Amb a 1.1 and 1.2.

3.4.4 2-D gel and immunoblot analysis

Pollen extracts are complex mixtures of proteins, many of them having similar
masses, but different pl values, that cannot be differentiated by 1D SDS-PAGE alone.
In order to better resolve and characterize allergen proteins and their isoforms in
the ragweed pollen extracts, 2-D gel and western blots were employed with the
same serum mix used for dot blotting and 1D Western blotting. The specific IgE

reactivity is present in Fig. 33.
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Finally, nine spots were distinguished with the Mw of 52 (spot 1), 40 (spot 2), 38
(spot 3, 4, 5 and 6), 30 (spot 7 and 8) and 10 kDa (spot 9). It is known that the major
ragweed allergen for humans is Amb a 1, present in five isoallergenforms. All of
these isoallergenforms were detected in our 1-D immunoblot at Mw 38 kDa. In Fig
33, 2-D immunoblot shows strong recognition of several spots at Mw 38 kDa and PI
thus pointing to Amb a 1 isoforms. The specific bindings detected in 1D-SDS around
38 and 30 kDa were present in 2-D immunoblots as several dots. The detected

signal at 12 kDa in 1D-SDS had disappeared in 2-D immunoblots.

The allergenic potential of each spot and the contribution to total allergenicity has
also been analyzed and is shown in Fig.34. Spot 5 at Mw 38 kDa contributes almost
half of the total allergenicity of pollen extract, and is significantly increased in the
first and second generation of pollen exposed to 80 ppb NO, (Fig. 34 E). The
allergenic potentials of spot 8 at 30 kDa and spot 9 at 10 kDa were significantly
upregulated in both first and second generation of treatment pollen (Fig. 34 H & 1).
The allergenic potential of spot 6 at 38 kDa was significantly upregulated only in the
second generation exposed to 80 ppb NO, (Fig. 34 F). Taken together, pollen
sampled from 80 ppb treated plants showed a stronger allergenic potential than
pollen sampled from control plants of both first and second generation (Fig. 34 J).

These results confirmed the dot blot and 1-D immunoblotting analyses above.

These 9 IgE binding spots were further identified by LC-MS/MS (Tab. 11). Similar to
1-D immunoblotting results, all five Amb a 1 isoforms were found in 2-D
immunoblotting spots (spot 2, 3, 4, 5, 6 and 7). The strongest signal spot 5 could
correspond to a single allergen isoform Amb a 1.1 which would indicate that the
Amb a 1.1 was the largest contributor to the total allergenicity of ragweed pollen.
It's worth noting that spot 1 (52 kDa), spot 8 (30 kDa) and spot 9 (10 kDa)
correspond to the same allergen Hev b 9. This indicates new allergens in ragweed

pollen, which are homologous to Hev b 9, reacting also against human IgE.
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Figure 33. 2-D Western blot analysis of major allergens in different pollen extracts with patients’ sera.
M: PageRuler Prestained Protein Ladder (10-170 kDa, Thermo); A: Western blot result of 1* treatment pollen extract; B: Coomassie Brilliant Blue stained
2D-gel result of 1% treatment pollen extract; C: Western blot result of 2" treatment pollen extract; D: Coomassie Brilliant Blue stained 2D-gel result of 2"
treatment pollen extract; E: Coomassie Brilliant Blue stained 2D-gel result of 1% control pollen extract; F: Western blot result of 1% control pollen extract; G:
Coomassie Brilliant Blue stained 2D-gel result of 2" control pollen extract; H: Western blot result of 2" control pollen extract.
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Figure 34. Statistical analysis of major allergens of each individual spot of different pollen

extracts and contribution of single allergens to total allergenicity. * = p-value < 0.05

Spot Nr.  Accession Nr. Protein Name Allergen Name Percent coverage Nr. of unique peptide MW (kDa)
(UniProtkB) (%)

1 QILEJO Enolase Hevb 9 44 18 52

2 P27759 Pectate lyase Amba1.1 63 30 40
pP27762 Pectate lyase Amba 1.5 14 4
P27761 Pectate lyase Amba 1.3 49 17

3 P27759 Pectate lyase Amba 1.1 37 13 38
P28744 Pectate lyase Amba 1.4 33 10

4 P27760 Pectate lyase Amba 1.2 13 2 38
P27761 Pectate lyase Amba 1.3 17 5

5 P27759 Pectate lyase Amba 1.1 64 33 38

6 P27760 Pectate lyase Amba 1.2 51 15 38
P27761 Pectate lyase Amba 1.3 16 6

7 P27760 Pectate lyase Amba 1.2 12 2 30
P27761 Pectate lyase Amba 1.3 53 2

8 QILEJO Enolase Hevb 9 10 2 30

9 Q9LEJO Enolase Hevb9 15 3 10

Table 11. Amb a isoforms and Hev b 9 homologues identified by LC-MS/MS in spots excised
from 2-D gel of Ambrosia artemisiifolia pollen extract.
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4. Chapter — DISCUSSION

4.1 Morphological analysis of common ragweed upon NO, treatment

4.1.1 Effect of NO, on the pollen production of common ragweed

Generally, atmospheric NO, has long been known to be either harmful or beneficial
to plants depending on concentration and plant species (Capron and Mansfield 1977,
Sandhu and Gupta 1989, Wellburn 1990). This study demonstrated that the pollen
production per inflorescence increased by around 67% and 87% in 2011 and 2012
plants, respectively, upon NO, fumigation. There is not direct report of NO,
influencing pollen vyield, whereas other NO, induced morphological changes
revealed by previous reports might have effects on pollen production. Takahashi et
al (2011) showed that prolonged exposure to atmospheric nitrogen dioxide at 50
ppb appeared to stimulate the acceleration of flowering time by 3.2 days in tomato,
which subsequently increased the flowering duration. Furthermore, exposure to
NO; increased flower numbers per plant by a maximum of 60%. These increments of
flower number and flowering duration may lead to an increase of pollen grains.
Moreover, NO, could also enhance the shoot biomass, total leaf area, and contents
per shoot of carbon (C), nitrogen (N), sulphur (S), phosphorus (P), potassium (K),
calcium (Ca), magnesium (Mg), free amino acids, and crude proteins in seedlings of
Nicotiana plumbaginifolia (Takahashi et al. 2005). These positive effects on nutrient
uptake of the plant might enhance the plant’s physiological status, thereby boosting
the pollen yield. The increased pollen yield of common ragweed may result in a
higher concentration in the air with a negative effect on atopic patients (D'Amato

and Cecchi 2008).

4.1.2 Effect of NO, on seeds of common ragweed

High concentrations of NO, might have detrimental effects on plants, including
reduction and deterioration of crop and vegetable yield and quality (Maggs and
Ashmore 1998, Haberer et al. 2006, Han and Naeher 2006). The 50 seeds mass and

plant total seed mass of ragweed significantly decreased upon elevated NO, in both
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generations, and the amount of seeds per plant decreased as well as compared to
the control plants. Although many species produce more seeds at low concentrations
of NO; (Sandhu and Gupta 1989), decreased seed numbers reported under NO,, on
the other hand, often correlated with ozone and other air pollutions. Wahid and
colleagues (1995) showed a reduction of 42% and 37% in the grain yield of two
cultivars of rice (Oryza sativa L.) in polluted air containing 12 ppb NO, and 30-55 ppb
Os. Another study described significant yield reduction in two successive seasons
which ranged from 33% to 46% in wheat and from 37% to 51% in rice in ambient

polluted air with 20-25 ppb NO, (Maggs et al. 1995).

Decreased 50 seeds weight indicates lower seed nutrition and seed viability, which
may further influence the sexual reproduction of common ragweed. The polluted air,
which contained 12 ppb NO; proved to significantly reduce the 1000 grain weight of
rice (Wahid et al. 1995). The seed weight is determined by the process of seed filling.
Several processes are probably involved in this process, including storage, phloem
loading, carbohydrate hydrolysis, and phloem unloading into the seed (Prasad et al.
2008). Premature plant senescence is the main cause of losses in grain filling and
seed biomass yield due to leaf yellowing and deteriorated photosynthesis (Gepstein
and Glick 2013). NO, at higher levels may show visible injury symptoms in some
vegetables, which may further lead to premature plant senescence (Mansfield and
Freer-Smith 1981, Nouchi 2002). Additionally, various genes and transcription factors
are involved in seed filling. A study showed that exposure to NO,, even at
concentrations as low as 10 ppb could increase DNA damage (DNA strand
fragmentation) (Koehler et al. 2013). This kind of negative effect of NO, on DNA
structure might impact the expression of genes and further influence the seed filling

of ragweed.
Furthermore, recent studies suggest that basal abscisic acid (ABA) levels play an
important role during seed set and grain filling events (Govind et al. 2011). Sandhu et

al (1990) reported a significant increase of ABA (160%) in plants that were treated
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with 400 ppb NO, for 5 days as compared to an increase of only 82% on exposure for
just 7 h. Although the concentration of NO, in this study was significantly less than
400 ppb, the exposure time was much longer (over a whole vegetation period),
which might also induce in a disorder of ABA concentrations in the plant that could

further affect the grain filling process.

In both generations of ragweed plants, elevated NO, led to similar trends in
decreasing the seed number. Similarly, small effects on grains per ear/panicle of rice
and wheat induced by NO, have been reported (Maggs et al. 1995, Wahid et al.
1995). The seeds number of spermatophytes normally is determined by two factors,
ovule number or/and development and pollen viability or/and quality. Understanding
the factors that control ovule initiation is of great importance as the ovule number
and development will determine the number of seeds (Cucinotta et al. 2014). Various
genes and transcription factors are important in the regulation of the number and
development of ovules in plants (Elliott et al. 1996, Schneitz et al. 1997).
Furthermore, hormones play a key role in the ovule primordia formation and number.
Auxin is required for ovule primordia formation (Benkova et al. 2009) while cytokinin
positively regulates the number of ovules (Hwang et al. 2012)(Hwang et al.
2012)(Hwang et al. 2012). The treatment of plant with elevated NO, may regulate the
expression of related genes and/or transcription factors as well as stimulate the level
of hormones, thus influencing the quantity and/or quality of the ovules in common

ragweed.

Pollen viability is generally considered to indicate the ability of the pollen grain to
perform its function of delivering the sperm cells to the embryo sac following
compatible pollination (Shivanna et al. 1991). The quality and viability of pollen play
a pivotal role in determining seed yield and quality. Matthews and Bramlett (1986)
showed that the yields of developed and filled seeds, as well as apparent pollination
effectiveness were more strongly due to increasing viability than to increasing pollen

qguantity. Chichiriccé and Picozzi (2007) exposed plants of Crocus vernus to 200 —
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2000 ppb NO; and observed a pronounced inhibition of pollen germination. Similarly,
Masaru et al (1976) found a marked inhibition of tube elongation in Lilium
longiflorum pollen when exposed to high concentration of NO,. Another study
suggested that NO, might perhaps be a factor with a statistically significant influence
on reduction of pollen viability (Gottardini et al. 2008). All things considered, the
reduction of seed weight and seed number in this study may be partly considered as

a result of NO, induced pollen viability decrease.

4.2 Comparative transcriptomic analysis

4.2.1 Transcriptional analysis of allergen genes of ragweed pollen

Several highly expressed proteins in pollen behave as allergens for humans. The
close interaction between allergens and the immune system may explain the
allergenicity of an allergen. Profilins, calcium binding proteins (CBPs), B-expansins,
lipid transfer proteins (LTPs), pathogenesis related proteins (PRs), and a few
enzymatic proteins are the main allergen families of pollen grains, and profilins and

CBPs are most common (Radauer and Breiteneder 2006).

Common ragweed is the best known weed responsible for the most severe and
widespread allergies caused by its pollen (Csepe et al. 2014). A full-grown plant can
produce about 10° pollen grains during 1 year (Fumanal et al. 2007) and it has been
revealed that concentrations lower than 5 — 10 ragweed pollen / m? can trigger

afflictions for atopic persons (Taramarcaz et al. 2005).

4.2.1.1 Quantitative real-time RT—PCR of allergen genes of ragweed pollen

In this study, quantitative real-time RT-PCR of ragweed pollen allergens showed that
the elevated NO, significantly increased the allergen encoding transcripts. Amb a 1.1
and Amb a 1.2, which belong to the pectate lyase allergen gene family, showed
almost a 2-fold increased transcript level both in the first and second generation (Fig.
9). The pectate lyase allergen gene family is the most important ragweed allergen,

showing highest Ig E antibody titers and positive skin tests in 95% of
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ragweed-sensitive patients (Platts-Mills and Woodfolk 2011). Similarly, the profilin
(Amb a 8) and calcium binding protein (Amb a 9) gene families were raised about
1.5 times as compared to the control. On the other hand, Amb a CPI slightly
decreased, whereas Amb a 1.3, Amb a 1.4, Amb a 1.5, Amb a 5; Amb a 6 slightly

increased, however, not significantly (Fig. 9 & 10).

NO, is one of the major pollutants in the atmosphere and NO, concentrations are
increased in industrial, downtown and roadside areas (Koehler et al. 2013). Allergen
patterns can change in response to air pollution, which can modify the allergenic
potential of pollen (D'Amato et al. 2013). Real-time PCR based quantification of silver
birch allergen Bet v1 revealed a higher expression level in samples from central parts
of urbanized area when compared to the samples from the countryside (Ziarovska et
al. 2013). The same result was found by Cortegano et al. (2004), who reported that
the expression of a major allergen Cup a 3 from Cupressus arizonica pollen was

increased due to the pollution in the area.

4.2.1.2 RNA-seq analysis of allergens in ragweed pollen
The expression patterns of allergens were analyzed by RNA-seq according to the

number of reads per contig in the lllumina libraries (Tab. 7).

Four contigs were identified as Amb a 1.5, three contigs for Amb al.1 and Amb a 1.3,
respectively. Amb a 1.2 is composed of two contigs, whereas Amb a 1.4, Amb a 3 and
Amb a 6 have only one contig each. All the three contigs of Amb a 1 were
upregulated in the first and second generation of ragweed pollen and all of these
contigs were upregulated in 80 ppb treated pollen, consistent with the result of
gRT-PCR. The gRT-PCR results revealed a significant increase of Amb a 1.2 in both
generations, whereas the two contigs of Amb a 1.2 increased in the second
generation. Amb a 1.4 increased in gRT-PCR and RNA-seq in both generations,
whereas Amb a 8 and Amb a 9 were not found in the RNA-seq results. Amb a 1.3,

Amb a 1.5, Amb a 3 and Amb a 6 were slightly upregulated in gRT-PCR results of both
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generations, whereas their expression pattern in RNA-seq were more complicated
(Tab. 7). The results showed that although the exact fold changes of the transcripts
varied between RNA-seq expression and gRT-PCR analyses, the variation trend
indicated a good consistency between the two analysis techniques (Fig. 9 & 10, Tab.

7).

The lllumina sequencing technique has like all methods both, benefits and
shortcomings. In combination with gRT-PCR, however, it is a powerful tool that can
and will advance the procedure of analyzing gene expression variation. The
combination of multiple techniques, especially those adding complementary
information, has proven to be beneficial in terms of data consistency (Loewe 2013).
Next generation sequencing has become an integral part of molecular biology. A
technique like RNA-Seq seems to be quite a challenge, but by utilizing gRT-PCR at
various steps, the workflow can be significantly improved, either in terms of
reproducibility or overall speed. In some cases the use of gRT-PCR and NGS improved

and enriched data (Perkins et al. 2009, Meyer et al. 2011).

Overall, together with the gRT-PCR result, it is evident that elevated NO, resulted in

an increased level of allergen en coding transcripts.

4.2.2 Suppression Subtractive Hybridization (SSH) Library of of ragweed pollen

Suppression subtractive hybridization is a technology that allows a PCR-based
amplification of only cDNA fragments that differ between a control and an
experimental transcriptome. It is one of the most powerful and popular methods for

generating subtracted cDNA or genomic DNA libraries.

In the present work, two pollen libraries of control (40 ppb NO,) and treatment (80
ppb NO,) of the first generation of ragweed plants were constructed and analysed

and an enrichment of more than 1000-fold for rare sequences was achieved.
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4.2.2.1 Upregulated transcripts

Several transcripts were upregulated at the elevated NO, concentrations (Tab. 5).
These transcripts include tubulin, transcription elongation factor, splicing factor,
protein transport protein, serine/threonine protein kinase, late embryogenesis
abundant protein, calcium-binding protein, puroindoline b protein, SAP-domain

protein, proteasome, and LTR retrotransposon.

4.2.2.1.1 Stress related genes

Interestingly, most genes can be related to abiotic stress resistance, which implies
that 80 ppb NO,is astress for ragweed plants. Protein transport protein Sec61 beta,
which accounts for the largest part of 17% in the upregulated library, significantly
increases the cold resistance of Arabidopsis (Leroch et al. 2008). Serine/threonine
protein kinase, which accounts for 5% in the upregulated library is a kinase enzyme
that phosphorylates the OH group of serine or threonine. Protein
phosphorylation/dephosphorylation are major signalling events and are also induced
by osmotic stress in higher plants (Mao et al. 2010). Mao and colleagues showed that
transgenic Arabidopsis overexpressing a serine/threonine protein kinase had
enhanced tolerance to drought, salt, and freezing stresses, which were
simultaneously supported by physiological results, including decreased rates of water
loss, enhanced relative water content, strengthened cell membrane stability,

improved photosynthesis potential, and significantly increased osmotic potential.

Late embryogenesis abundant (LEA) protein, which is abundant in seeds and pollen,
increased in the pollen of ragweed exposed to 80 ppb NO,. Several studies
demonstrated that overexpression of LEA proteins could dramatically increase the
cold and dehydration tolerance (Houde et al. 1992, Ingram and Bartels 1996,

Thomashow 1999).

In this study, the expression of a calcium-binding protein was upregulated by 80 ppb

NO, at the transcriptional level. Calcium is essential for pollen germination and
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pollen tube growth. The action of Ca®* is primarily mediated by Ca**-binding proteins
and a large body of information has established a link between elevation of cytosolic
Ca’* at the pollen tube tip and its growth (Safadi et al. 2000). On the other hand,
signalling pathways involved in the response to environmental stresses form
interconnected networks in which Ca** plays a major role (Bouche et al. 2005). It has
been shown that Ca**-binding proteins play a key role in plant salt tolerance, as well

as in heat and anoxia resistance (Zielinski 1998, Zhu 2000).

4.2.2.1.2 Other upregulated genes

Furthermore, various genes that are involved in different biological process in
ragweed pollen have been upregulated by the elevated NO,. Pi-tubulin, the
expression of which is restricted to the male gametophyte, has been found in a
complex with beta-tubulin in mature sunflower pollen and may inhibit tubulin
assembly in pollen (Evrard et al. 2002). Splicing factor Prp8 and LTR retrotransposon
Tmcl have been reported as important regulators of spliceosome activation and
genome expansion (Pena et al. 2007, Todorovska 2007). Transcription elongation
factor s-1l is a transcript elongation factor that facilitates transcription by RNA
polymerase I, as it assists the enzyme to bypass blocks to mRNA synthesis (Saunders
et al. 2006). It has been proven to be involved in the seed dormancy process. Grasser
et al (2009) reported that Arabidopsis lines harbouring T-DNA insertions in the
coding sequence of transcription elongation factors displayed essentially normal
development. However a slightly earlier flowering and a clearly reduced seed
dormancy were evident, as compared to control plants. It has been noted that
another upregulated protein — puroindoline - which has a role in determining the
grain softness (Massa and Morris 2006) has been found to be allergenic in

IgE-mediated food allergy test in European patients (Pastorello et al. 2007).
4.2.2.2 Down regulated transcripts
Elevated 80 ppb NO;also caused a decrease of several transcripts of ragweed pollen

(Tab. 5). These transcripts include SF16 protein, SF3 Protein (PLIM 1), LIM domain
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protein PLIM-2, Pollen coat protein, Phosphoglucomutase, Myosin-1, Integral
membrane protein, Alpha-2 tubulin, Lipoxygenase, Retrotransposon protein, Carbon

monoxide dehydrogenase and Calmodulin 24-like protein.

4.2.2.2.1 Reproduction related genes
Different from the upregulated transcripts, the downregulated transcripts were more

related to reproductive processes.

SF16 protein which accounts for the second biggest part of 12% in the
downregulated library was reported to be pollen-specific and normally expressed
late in pollen development (Dudareva et al. 1994). Pollen-specific protein SF3 and
protein PLIM-2 contain 2 LIM zinc-binding domains, and act together with SF16
protein in the regulation of pollen-specific processes such as male gamete

maturation, pollen tube formation, or even fertilization (Baltz et al. 1992).

The pollen extracellular matrix contains proteins mediating species specificity and
components needed for efficient pollination (Mayfield et al. 2001). In this study, a
pollen coat protein was downregulated under elevated NO,. Mayfield and colleagues
reported that elimination of a pollen coat protein GRP17, resulted in delayed pollen
hydration that further affected the initiation of pollination in Arabidopsis (Mayfield
and Preuss 2000). Another pollen coat protein PCP1 has been proven to be involved
in pollen-stigma interactions (Stanchev et al. 1996). The decrease of pollen coat
protein in pollen of ragweed at the transcriptional level might have a negative effect
on pollen hydration and interactions with the stigma, which would further influence

the reproductive process of ragweed.

Phosphoglucomutase is a key enzyme of central metabolism which interconverts
glucose-6-phosphate and glucose-1-phosphate. In this study, 80 ppb NO, significantly
decreased phosphoglucomutase transcripts in pollen of ragweed. In Arabidopsis,

phosphoglucomutase plays a key role in reproduction. Egli et al (2010) have shown
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that the double mutant of two cytosolic phosphoglucomutase PGM2 and PGM3 has
normal ovules but approximately half remain unfertilized 2 days after pollination.
They attribute these phenotypes to an inability to effectively distribute carbohydrate
from imported or stored substrates (eg. sucrose) into the major biosynthetic (eg. cell
wall biosynthesis) and respiratory pathways (eg. glycolysis and the oxidative pentose
phosphate pathway). Disturbing these pathways is expected to have dramatic
consequences for germinating pollen grains, which have high metabolic and

biosynthetic activities (Egli et al. 2010).

Plant myosins have been implicated in several roles such as organelle movement,
endocytosis, plasmodesmata function and cytoplasmic stiffness (Sparkes 2010). The
expression of a myosin was suppressed at the transcriptional level in ragweed pollen
by the elevated NO,. Prokhnevsky et al (2008) reported that the knockout mutant of
two myosins xik/myal resulted in a significantly stunted phenotype with narrower
rosette diameter, and reduced aerial tissue and number of seeds per silique. Similarly,
an Oryza sativa (rice) T-DNA insertional line of a myosin displayed male sterility

under short-day length resulting in defective embryos (Jiang et al. 2007).

As discussed before, the 80 ppb NO, significantly suppressed the seed production not
only with regard to seed grain weight, but also the seed numbers of common
ragweed of both generations. With the down-regulation of reproduction related
genes at the transcriptional level, pollen development might be affected, leading to

male sterility and seeds reduction.

4.2.2.2.2 Other downregulated genes

Furthermore, various genes which are involved in different biological process in
ragweed pollen were downregulated by elevated NO,. Retrotransposons, the most
mobile genomic components, vary greatly in copy number over a relatively short
evolutionary timescale. They represent one of the most important factors affecting

the structural evolution of plant genomes, especially those of the higher plants
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(Todorovska 2007). The integral membrane proteins (IMP) are permanently attached
to the biological membranes (Saier et al. 2009). These proteins are involved in the
accumulation and transduction of energy and cell adhesion (Saier et al. 2009). A
calmodulin 24-like protein was found to be downregulated in pollen of ragweed
exposed to 80 ppb NO,. Calmodulin (CaM) is one of the best characterized
Ca’*-binding proteins, a highly conserved and multifunctional regulatory protein in
eukaryotes. Its regulatory activities are triggered by its ability to modulate the
activity of a certain set of CaM-binding proteins after binding to Ca*, and thereby
generating physiological responses to various stimuli like heat, drought, cold and salt

(Poovaiah and Reddy 1993, Reddy et al. 2011).

4.2.3 lllumina sequencing libraries of ragweed pollen grains

4.2.3.1 Whole transcriptome expression profiling of ragweed pollen

The application of next-generation sequencing (NGS) to transcriptomics, commonly
called RNA-seq, allows the nearly complete characterization of transcriptomic events
occurring in a specific tissue. It has proven particularly useful in non-model species,
which often lack the resources available for sequenced organisms (Strickler et al.

2012).

4.2.3.1.1 Sequence preprocessing

In this study, the lllumina sequencing libraries of ragweed pollen were composed of
pollen from ragweed plants exposed to 40 ppb (control 2011) /clean air (control 2012)
and 80 ppb NO,, respectively. An assessment of the unprocessed reads is critical to
check for sequence biases and contamination. Some other important measures to
consider are overall quality of the reads, length, duplication level, and overabundant
sequences. Additionally, the raw reads may contain the adaptor and/or linker
sequence used in the sequencing reaction, that need to be removed before assembly
(Schroder et al. 2010). In this study, after removing low quality, adaptor and barcode
sequences, a total of 587,972,236 and 517,737,064 reads of lengths of 100 bp were

obtained in the first and second generation, respectively.
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4.2.3.1.2 De novo assembly of ragweed pollen transcriptome

For nonmodel organism studies, a de novo assembly is the only option for sequence
assembly. In de novo assembly, the reads are assembled into contigs without the
guidance of a reference sequence. In addition, alternative splicing or mis-annotation

can be discovered (Strickler et al. 2012).

In order to cover the ragweed pollen transcripts as complete as possible, de novo
assembly in this study was performed with Illumina reads of pollen from ragweed
exposed to 40 ppb and 80 ppb NO,(2011), clean air and 80 ppb NO, (2012) together
with the lllumina reads of pollen from ragweed exposed to 40 ppb and 80 ppb ozone,
40 ppb and 120 ppb ozone, common air and 100 ppb ozone plus 100 ppb NO, and
454-sequencing data of ragweed pollen (Kanter et al. 2013). Since the lllumina
sequencing platform generates reads shorter than 454-sequencing, a combination of
454- sequencing and Illlumina may assist de novo assembly, based on NGS data from
Eschscholzia californica, Persea americana, and Arabidopsis thaliana (Wall et al.
2009). Finally, de novo assembly generated 35,136 unique transcripts with an

average length of 722 bp, the longest transcript measuring 10,492 bp.

4.2.3.1.3 Annotation of ragweed pollen unique transcripts

Annotation of ragweed unique transcripts showed that a total of 16,361 unique
transcripts (46.56%) were assigned to at least one GO term. Among them, 6,370
(38.93%) were assigned to the biological process category, 5,832 (35.65%) to the
molecular function category, and 6,932 (42.37%) to the cellular component category,
while 4,601 (28.12%) unique transcripts were assigned GO terms of all three
categories. Gene annotation is usually performed by using BLAST to find significant

matches to annotated genes.

4.2.3.1.4 Annotated transcripts in biological process

In this study, the whole ragweed pollen transcriptome data were gathered from

pollen of ragweed plants exposed to NO,, Oz and NO, plus Os. A total of 16,361

97



4. Chapter — DISCUSSION

unique transcripts (46.56%) were assigned to at least one GO term. Among them,
6,370 (38.93%) were assigned to the biological process category (Fig. 17). It is worth
mentioning that “response to cadmium ion” and “response to salt stress”
represented the most two abundant groups of the biological process category,
consistent with the fact that our transcriptome data were derived from ragweed
plants under abiotic stress. Other interesting highly abundant groups of the biological

process category included “oxidation-reduction process”, “response to cold” and

“defense response to bacterium” which also demonstrated pollen stress in this study.

Ozone is a strong oxidising agent, the phytotoxicity of O3 results primarily from the
oxidative stress imposed by the pollutant on sensitive components of the
plasmalemma (Zheng et al. 2000). The apoplastic antioxidants will react with the O3
within the wall space, presumably protecting the next level of organization (the
membrane) from injury (van Hove et al. 2001). Regarding the de novo assembly of
the transcriptome of ragweed pollen, part of the ragweed pollen were treated with
O3, which might stimulate the expression of transcripts involved in

“oxidation-reduction process” to reduce the negative effect by Os.

Usually one kind of stress is accompanied or followed by another stress. Putative
separate abiotic stress signalling pathways are also likely to interact in a similar
manner. In addition, several abiotic stress pathways share common elements that are
potential 'nodes' for crosstalk (Knight and Knight 2001). For instance, Ca®" signalling
has been implicated in plant responses to a number of abiotic stresses including low
temperature, osmotic stress, heat, oxidative stress, anoxia, and mechanical
perturbation (Knight 2000). In this study, elevated NO, and Os; enhanced the
expression of numerous transcripts which play key roles in other abiotic stress as

well.

Pollen grains play a vital role in the reproductive process of flowering plants as male

gametes. It's no surprise to find transcripts belonging to “pollen tube growth”,
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“regulation of flower development”, “embryo development ending in seed
dormancy”, and “vegetative to reproductive phase transition of meristem”. The
growing pollen tube delivers the sperm cells to the ovule in higher plants and thus is
central to the process of fertilization and sexual reproduction (Hepler et al. 2013).
The process of “vegetative to reproductive phase transition of meristem “ is involved
in transforming a meristem that produces reproductive structures, such as a flowers
or an inflorescence (Huijser and Schmid 2011). Therefore the high expression of
genes involved in reproductive processes hits well to the function of pollen as male

gametes.

4.2.3.1.5 Annotated transcripts in molecular function

In the category of molecular function, the most abundant groups included ATP
binding, protein binding, zinc ion binding and other appealing groups including
binding and kinase activity like metal ion binding, copper ion binding, calcium ion

binding, serine/threonine kinase activity, hydrolase activity and so on (Fig. 17).

It should be noted that allergenic proteins of ragweed pollen have specific molecular
functions and most of them are related to binding processes. Amb a 1, the major
allergen in ragweed pollen has the molecular function of metal ion binding (Rafnar et
al. 1991); Amb a 3 acts as copper ion binding protein (Klapper et al. 1980); Amb a 6, a
lipid transfer protein, plays a key role in lipid binding (Hiller et al. 1998), whereas
Amb a 9 and Amb a 10 belong to the calcium ion binding group (Wopfner et al.
2008) . The fact that allergenic proteins play a key role in binding processes implies
their vital roles in ragweed pollen. Pollen-specific proteins SF3 and PLIM-2, which
both contain 2 LIM zinc-binding domains, act together with SF16 protein to regulate
pollen-specific processes such as male gamete maturation, pollen tube formation, or

even fertilization (Baltz et al. 1992).

Kinase activity is known to be indispensable for pollen viability and quality. Mu and

colleagues (1994) identified a serine/threonine kinase and suggested that it might
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play a role in signal transduction events during pollen development and/or
pollination. A High level of hydrolases activity is absolutely necessary for pollen in the
fertilization process. Pollen lands in the pollination droplet and germinates in the
micropyle. The pollen tube tip secretes proteases and hydrolases (Pettitt 1985) as it
slowly digests through integumentary tissue to reach the egg cell within the female

gametophyte (Singh 1978).

4.2.3.2 Comparative transcriptome profiles under elevated NO, in ragweed pollen

Expression analysis is another important application of RNA-Seq. By looking at
changes in gene expression between tissues, over time, or by treatments, a greater
understanding of the genes critical in certain responses may be gained. It has proven
to be accurate and sensitive, without the problem of background signals from
nonspecific binding found in array-based measures of expression (Hoen et al. 2008).

Typically, in non-model plant transcripomics where no reference genome exists, the
reads are assembled de novo, and the number of reads per contig is used as an

indicator of expression (Alagna et al. 2009, Barakat et al. 2009).

In total, 27,376 and 25,154 differentially expressed unique transcripts were identified
in the first and second generation of ragweed pollen, among which 13,948 were
induced by 80 ppb NO; stress and 11,206 repressed in first generation, while 11,866
increased and 15,510 decreased in the second generation. Then, these NO,-induced
and repressed genes were identified in GO terms in the biological process and

molecular function categories, respectively (Fig. 18 & 19).

4.2.3.2.1 Differentially expressed genes in biological process

As expected, GO terms including “response to salt stress”, “response to cold”,
“response to water deprivation”, “response to wounding”, and “oxidation-reduction
process” were highly enriched in both induced and repressed genes in both

generations (Fig. 18). This further validated the efficiency of the elevated NO, stress

treatments and the reliability of gene expression data in this study. In addition, GO
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terms related to responses to various other types of abiotic stresses, indicated the
crosstalk of different stress responses in ragweed pollen to be the same as those

reported in other plant species (Rodriguez et al. 2010).

In addition to the responses to abiotic stresses, biotic stress response processes were
also found. GO terms including “response to chitin” and “defense response to
bacterium” were highly enriched in NO, downregulated genes. Chitin is a polymer of
—N-acetyl-D-glucosamine that is a major component of fungal cell walls and has been
recognized as a general elicitor of plant defense responses for many years (Boller
1995). Fungal infection induces the expression of chitinases in plant cells, and these
chitin-degrading enzymes accumulate at the site of invasion. In addition, the
resulting chitin fragments (chitooligosaccharides) also appear to function as elicitors
of numerous downstream defense response genes (Eckardt 2008). These changes of
ragweed pollen in biotic stress response processes indicate the signal crosstalk

between response to elevated NO; and to fungal & bacterial pathogens.

Plant hormones are known to be involved in plant responses to various stresses. In
this study, GO terms including “response to abscisic acid stimulus” and “abscisic acid
mediated signalling pathway” were highly enriched in both up- and downregulated
genes. Knowledge of the various stressors capable of altering endogenous abscisic
acid (ABA) concentration has also been extended. Thus, water deficit, water logging,
osmotica, high and low temperatures, mineral deprivation, wounding, and long
photoperiod have all been reported to induce ABA accumulation in affected plants,
plant parts and tissues (Cowan et al. 1997). These results imply that ABA was also

involved in ragweed pollen responses to the elevated NO, stress.

Interestingly, the GO term “pollen tube growth” represented the third most
abundant up- and downregulated group of the biological process category. It is worth
mentioning that in the SSH libraries, SF 3 protein and PLIM-2 protein, both related to

pollen tube formation, were depressed by elevated NO, treatment. Sexual
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reproduction in plants requires elongation of the pollen tube through the
transmitting tissues toward the ovary. Therefore, tube growth rate is an important
determinant of pollen competitive ability, which describes the reproductive success
of a pollen grain (Gorla and Frova 1997). The expression changes of pollen tube
growth related genes at the transcriptional level is consistent with the fact that the
seeds of ragweed plants under elevated NO, showed reduced seeds weight and seed

number in both generations.

4.2.3.2.2 Differential expressed genes in molecular function
Regarding the top 20 up- and downregulated GO terms of molecular function, most

of them are involved in binding processes (Fig. 19).

ATP binding is biggest group altered in both generations. The ATP binding process
was proved to be of great concern in pollen. Quilichini and colleagues (2010)
reported ABCG26, a member of the ATP-binding cassette (ABC) transporter
superfamily, is required for pollen exine formation in Arabidopsis. Mutants of
ABCG26 are severely reduced in fertility, with most siliques failing to produce seeds
by self-fertilization and mature anthers failing to release pollen (Quilichini et al. 2010).
Another paper revealed that the ATP-binding cassette transporter OsABCG15 is
required for anther development and pollen fertility in rice (Niu et al. 2013). In
ragweed pollen, this large variation of gene expression in the ATP binding process
may lead to negative effects on pollen viability and fertility which further impact the
quality and quantity of seeds. ATP-binding process is also involved in abiotic stress
resistance. A paper identified a new DEAD-box helicase ATP-binding protein (OsABP)
from rice which is upregulated in response to multiple abiotic stress treatments
including NaCl, dehydration, ABA, blue and red light (Macovei et al. 2012).

Metal ion binding including “zinc ion binding”, “calcium ion binding”, “copper ion
binding” and “calmodulin (CaM) binding” were highly enriched in both induced and

repressed genes of both generations. Calcium is essential for pollen germination and
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pollen tube growth. Since the action of Ca®" is primarily mediated by Ca®" binding
proteins such as calmodulin (CaM), the CaM binding proteins in pollen should also be
important in ca® regulated pollen germination and tube growth. Exogenous CaM
enhances pollen germination and pollen tube growth (Ma et al. 1999), whereas CaM
antagonists and anti-CaM serum inhibit pollen germination and tube growth and
stop cytoplasmic streaming in a concentration-dependent manner (Obermeyer and
Weisenseel 1991). On the other hand, Ca** plays a major role in signalling pathways
involved in the response to environmental stresses including osmotic, salt, cold,heat

and oxidative stress (Bouche et al. 2005).

The GO term of “Nucleotide binding” including “DNA binding” and “RNA-binding”
were highly and differently enriched in both induced and repressed genes of
ragweed pollen exposed to 80 ppb NO,. DNA and RNA binding proteins in eukaryotes
have crucial roles in all aspects of post-transcriptional gene regulation. Lorkovic
(2009) provided clear evidence for the involvement of glycine-rich RNA-binding
proteins in the plant response to various stress conditions (cold, dehydration, salt
and ABA stress). Two DNA binding proteins, DDB1A and DDB2, were proved to

contribute to UV tolerance, heat tolerance and floral patterning (Ly et al. 2013).

The kinase activity including hydrolase activity, ATPase activity, GTPase activity,
ubiquitin-protein ligase activity, protein serine/threonine kinase and protein
serine/threonine kinase phosphatase activity were enriched in 80 ppb treated
ragweed pollen. An E3 ubiquitin ligase ARC1 was demonstrated to promote the
ubiquitination of proteins during the rejection of self-Incompatible Brassica pollen
(Stone et al. 2003). ATPase and GTPase are essential for pollen viability. The RAC/ROP
GTPases of plants are molecular switches that pivotally control the polarized pollen
tube growth process. Perturbing RAC/ROP regulation results in pollen tube
depolarization defects ranging from broader and slower-growing to balloon-tipped
and growth-arrested pollen tubes (Cheung and Wu 2008). Jakobsen et al. (2005)

found that a P-type ATPase MIA is essential for pollen release and subsequent
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germination in Arabidopsis. Together with the function of serine/threonine kinase
and hydrolase discussed before, the NO, induced expression variations of kinase at
the transcriptional level may have negative effects on pollen tube growth and

consequent low level of fertilization of ragweed female gametes.

4.3 Proteome analysis

Although the analysis of gene expression at the transcriptional level is beneficial for
identifying candidates for further functional studies, the up- or down-regulation of
certain transcript does not necessarily have predictive power for the expression
changes of the protein (Noir et al. 2005). For instance, regulation of
post-translational and/or post-transcriptional may have effects on the accumulation
of proteins encoded by high levels of transcripts, whereas low levels of a transcript
may be sufficient for adequate accumulation of the specific protein (Noir et al. 2005).
With regard to ragweed pollen, Kanter and colleagues found that the transcription
level of the major allergen Amb a 1 was elevated in the pollen from ozone-treated
(80 ppb) plants but no significant difference was seen at the protein level, as tested

by direct ELISA (Kanter et al. 2013).

Therefore, in addition to transcriptomics, proteomics are also important in a systems

biology approach.

4.3.1 Functional categories of mature pollen proteins
Proteome analysis of the differentially expressed spots in ragweed pollen upon NO,

treatment assigned to the different functional categories.

4.3.1.1 Allergens

Although the concentration of pollen can be used as an indicator of the allergenic
potential, the underlying mechanism of allergenicity depends on the specific protein
allergens of pollen (Ahlholm et al. 1998, Beggs 2010). Recent studies have examined

the effects of environmental variables (such as temperature and precipitation) and
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air pollutants on the concentration of various proteins (mainly allergenic proteins) of

pollen or their overall allergenicity (Sheffield et al. 2011).

In this study, the 2D-DIGE results showed an increase of Amba 1.1, Amba 1.2, Amb a
1.3, Amb a 1.4, Amb a 1.5 as well as of another allergen with homology to Hev b 9
from Hevea brasiliensis. Ozone resulted in an allergen increase in Lolium perenne and
rye (Masuch et al. 1997, Eckl-Dorna et al. 2010), and elevated CO, resulted in an
increased Amb a 1 level in ragweed pollen (Singer et al. 2005).

The increase of major pollen allergen proteins upon elevated NO, is in accordance
with the transcriptional data and may further impact the allergenic potential of

ragweed pollen.

4.3.1.2 Cytoskeleton dynamics

Polarization by cytoplasmic and cytoskeletal reorganization is crucial for pollen
germination. It requires a continuous deposition of new cell wall and plasma
membrane after pollen tube growth reached the maximum tip region (Mascarenhas
1993). Considering the ragweed pollen spot annotation in this study, a small
proportion of identified proteins were categorized as related to cytoskeleton
dynamics (>3%) (Fig. 15). An actin-97 protein was proved to be upregulated upon 80
ppb NO,, whereas a tubulin-alpha-1 decreased. The main function of these
cytoskeletal proteins is their contribution to the deposition of cell-wall components
(Cai et al. 2005). These expression changes of cytoskeletal proteins suggest complex
machinery available in mature pollen to intercede reorganization leading to pollen
germination and rapid tube elongation and orientation (Palevitz et al. 1994, Vidali

and Hepler 2001).

4.3.1.3 Photosynthesis related proteins
Photosystems are functional and structural units of protein complexes involved in
photosynthesis and are located in the chloroplasts (Pakrasi 1995). Interestingly, in the

pollen from plants exposed to 80 ppb NO,, three photosystem proteins (Photosystem
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| P700 chlorophyll a apoprotein, Photosystem Il CP47 chlorophyll apoprotein and
Photosystem |l D2 protein) were downregulated, whereas an oxygen-evolving
enhancer protein was upregulated (Tab. 5).

Photosystem | (PSI) is a multisubunit protein complex initiating one of the first steps
of solar energy conversion by light-driven electron transport (Bengis and Nelson
1975). In plants, the PSI complex consists of at least 19 protein subunits,
approximately 175 chlorophyll molecules, 2 phylloquinones and 3 FesS4 clusters
(Ben-Shem et al. 2003) . Photosystem Il (PSll) functions as a light energy-driven
water—plastoquinone oxidoreductase (Bricker et al. 2012). In higher plants at least
seven major intrinsic proteins appear to be absolutely required for PSIl (Burnap and
Sherman 1991). These are CP47, CP43, the D1 protein, the D2 protein, a and B
subunits of cytochrome b559, and the 4.8 kDa psb/ gene product. Any unexpected
disorder of these components leads to a loss of normal PS Il assembly and a loss of

the ability to evolve oxygen (Bricker 1992, Bricker et al. 2012).

The majority of flowering plants exhibit maternal inheritance of chloroplast DNA
(cpDNA) (Corriveau and Coleman 1988, Birky 1995), although there are numerous
exceptions, i.e. paternally or biparental biased inheritance (Shore and Triassi 1998). A
landmark study by Corriveau and Coleman (1988) examined the potential for
paternal plastid inheritance in 235 species of angiosperms from 80 different families.
They detected plastid DNA in either the generative cells or/and sperm cells in pollen
from 26 genera, indicating the potential for the paternal chloroplast genome to be
transmitted to offspring. Paternal chloroplast inheritance has subsequently been
documented in a wide range of angiosperms (Clement and Pacini 2001, Ji et al. 2004).
Meanwhile large-scale studies have screened pollen grains for evidence of plastids or

plastid DNA in generative or sperm cells (Zhang et al. 2003).

Although the function of theses photosystem proteins has not been studied yet in

pollen, these results demonstrate the presence of photosystem proteins in pollen

106



4. Chapter — DISCUSSION

and suggest that these photosystem proteins may play important roles in NO;

tolerance of ragweed pollen.

4.3.1.4 NH," assimilation

Glutamine synthetase (GS) is the key enzyme involved in ammonia (NH3) assimilation
by plants (Temple et al. 1998). GS takes charge of primary NH," assimilation in plants
by catalyzing the ATP-dependent conversion of glutamate (Glu) into glutamine (Gln)
scavenging NH," (Coruzzi 2003). The amino acid glutamine is essential for pollen
development (Moreno et al. 1988).

In this study, 80 ppb NO, increased the expression of a glutamine synthetase
cytosolic isozyme in ragweed pollen (Tab. 5). This protein is absent in control pollen
which implies the high concentration of NO, acts as a trigger to switch on its
expression. Ribarits et al (2007) reported that inactivation of a gene of glutamine
synthetase resulted in failure of the first pollen mitosis, resulting in male sterility in
tobacco plants. Targeted inactivation of glutamine synthetase has been used as a
novel and reversible male sterility system in transgenic tobacco plants (Mamun 2007,
Ribarits et al. 2009). As discussed before, elevated NO, may produce adverse effects
on pollen viability. Since glutamine synthetase plays a key role in pollen development,
the extra expression of glutamine synthetase might partly compensate the

NO,-induced pollen viability damage in common ragweed.

4.3.1.5 Metabolism and energy generation

The task of the pollen grain in plant reproduction includes the production of a tube
to deliver the sperm cells to the embryo sac. Therefore, it seems normal that the
pollen grain saves proteins required for pollen tube germination and early growth, as
well as proteins for energy metabolism (Mascarenhas 1993). In this study, several
differential expressed proteins were identified to be involved in energy generation
(including glycolysis, tricarboxylic acid cycle and calvin cycle) and metabolic processes.
Studies suggest that the majority of the Arabidopsis and Oryza sativa pollen

polypeptides are involved in metabolism (at least 42%) and high percentages of
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energy generation proteins have been identified (at least 17%) as well (Noir et al.

2005, Dai et al. 2006).

It is worth noting that glutamate decarboxylase, which increased about 2 times in the
treated pollen, is involved in feedback controls of Ca2+—permeable channels to
fluctuate intracellular Y -aminobutyric acid (GABA) levels and thus modulates pollen
tube growth (Yu et al. 2014). Elevated NO, decreased the amount of glycolytic
glyceraldehyde-3-phosphate dehydrogenase. Interestingly, deficiency of this protein

resulted in male sterility of Arabidopsis (Munoz-Bertomeu et al. 2010).

4.3.1.6 Cellular transport and signaling
In view of the vast physiological and metabolic events that takes place in the mature
pollen grain it is no surprise to detect transport and signalling molecules in ragweed

mature pollen proteomes (Tab. 5).

14-3-3 proteins are major regulators in plant development and physiology including
primary metabolism and signal transduction pathways, and typically there is a
phosphorylation-dependent interaction with the target protein (Pertl et al. 2011). In
this study, a 14-3-3 protein decreased 1.6-fold in the ragweed pollen exposed to 80
ppb NO,. Elmayan and Simon (2007) suggested that 14-3-3 proteins may interact
directly with the C-terminal part of NADPH oxidase, resulting in reduced ROS
production which may further influence the allergenic potential of ragweed pollen.
Another work reported that 14-3-3 proteins also played a key role in the pollen tube
elongation of conifers (Bhatt and Lazzaro 2003). 14-3-3 proteins are also involved in

responses to biotic and abiotic stresses (Roberts et al. 2002, Chen et al. 2006).

The proteins involved in transport processes in this work were importin, sorting nexin,
ATP synthase and V-type ATP synthase catalytic. Importin proteins which decreased
1.93 times mediate the nuclear import and export pathways that regulate diverse

cellular functions (Dingwall and Laskey 1991). It has been demonstrated to be
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specifically required for pollen tube elongation by in vitro assays in mutant rice grains
(Han et al. 2011). On the other hand, ATP synthase which was upregulated by 2.09
times had been proved to be highly expressed in pollen grains at the later
developmental stage and played an important role in pollen formation in Arabidopsis
(Li et al. 2010). The expression changes of proteins involved in the transport and
signalling process suggest that the ragweed pollen changed the transport and

signaling patterns to better adapted to the high concentration of NO,.

4.3.1.7 Stress response

A clear portion of stress related proteins were identified in the ragweed pollen
proteome analyses (Tab. 5). Among them, 7 proteins were upregulated whereas 3
proteins were downregulated. As mentioned by Dai et al. (2006), the pollen, as a
highly compact tri-cellular organism, must have gained the ability during evolution to
deal with extracellular stresses after release from the anther as well as intracellular
stresses resulting from the active metabolism of germinating pollen and its

interaction with cells of the stigma and the style.

The expression of an inorganic pyrophosphatase was upregulated due to the
elevated NO, treatment. Plants with reduced inorganic pyrophosphatase were less
able to cope with drought stress due to an inability to synthesize sufficient ABA
(George et al. 2010). In another report, two inorganic pyrophosphatases which were
expressed in pollen tubes led to an inhibition of growth, when they were

phosphorylated in a Ca®* - dependent manner (de Graaf et al. 2006).
Interestingly, an elongation factor and a proteasome subunit alpha which were found

to be increased in the 2D-DIGE results were also found to be upregulated in the SSH

data.
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The differential expression of stress related proteins led to the suggestion that the
plants recognize even 80 ppb NO; as stress and stimulate related proteins in pollen

grains to protect themselves against the stress.

4.3.1.8 Reproduction related protein

In the SSH results, phosphoglucomutase was downregulated in ragweed pollen due
to the elevated NO,. In 2D-DIGE, phosphoglucomutase was only found in the control
spots which indicated a significant decrease in the pollen after elevated NO,
treatment. As discussed before, lack of phosphoglucomutase may have dramatic
consequences for germinating pollen grains and reproduction processes (Egli et al.

2010).

4.3.2 Protein S-nitrosylation in ragweed pollen

S-nitrosylation, also known as S-nitrosation, constitutes the most studied and best
described NO-dependent posttranscriptional modification in plants. It refers to the
reversible covalent binding of a NO moiety to the thiol group of a cysteinyl residue
(Cys) of a target protein, leading to the formation of an S-nitrosothiol (Astier et al.
2011). Identification of plant S-nitrosylated proteins has been achieved on a
proteome-wide scale from plant tissues, cell suspensions, cellular extracts, or
organelles treated with nitrosylating agents, thus leading to elevated levels of
S-nitrosylated proteins (Astier et al. 2012). A thousand candidates for S-nitrosylation
have been identified, many of them being already characterized as targets for
S-nitrosylation in animals. These proteins are involved in major cellular activities,
notably primary and secondary metabolism, photosynthesis, genetic information
processing, cellular architecture, and response to biotic and abiotic stresses (Astier et

al. 2012).
In this work, the proteomic analysis of ragweed pollen by LC-MS/MS resulted in the
identification of 25 S-nitrosylated proteins belonging to allergens, cytoskeleton

proteins, metabolic proteins, stress-related proteins, signalling proteins and protein
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folding proteins (Tab. 9). Elevated NO, significantly enhanced the protein
S-nitrosylation in ragweed pollen and 6 additional proteins were only S-nitrosylated

by elevated NO,.

4.3.2.1 S-nitrosylation of allergens in ragweed pollen
Since the conversion between NO and NO, is rather fast and they always maintain a
balance in the atmosphere, elevated NO, may also lead to an increase in the

concentration of NO (Diring et al. 2011).

In this study, 25 and 19 S-nitrosylated proteins were found in the pollen of ragweed
plants exposed to 80 ppb NO, and 40 ppb NO,, respectively. Among them, 7 pollen
allergens including Amb a 1.1, Amb a 1.2, Amb a 1.3, Amba 1.4, Amba 1.5 Amb a 3,
profiling and Hev b 9 were confirmed to be S-nitrosylated which has never been
reported before. As can be seen, the mean gray value of Western blot bands intensity
was upregulated upon high concentration of NO, which implied an increase of
S-nitrosylated allergens in ragweed pollen (Fig. 25). As the expression of all these
S-nitrosylated allergens increased at the protein level, it is not clear if the
upregulation of S-nitrosylation was due to the high expression of protein or due to
more S-nitrosylated sites of them. Recently it was shown that “in vivo” nitration of
allergens enhanced the allergenic potential of proteins by antigen processing
(Gruijthuijsen et al. 2006, Karle et al. 2012). Therefore the increase of structural
modification of allergen proteins by NO, might also have an effect on the

allergenicity of ragweed pollen.

4.3.2.2 S-nitrosylation of cytoskeleton proteins

Ragweed pollen contained the cytoskeleton proteins actin and actin-depolymerizing
factors, which had already been described to undergo S-nitrosylation in animal and
plant systems (Jaffrey et al. 2001). The dynamic nature of the cytoskeleton filaments
allows cells a rapid response to intracellular and extracellular signals by changing

shape and translocating intracellular organelles or vesicles. Conformational changes
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of cytoskeleton components due to S-nitrosylation might be involved in directing
vesicles loaded with toxic metabolites to the infection site and deflating the contents

into the extracellular space (Collins et al. 2003).

4.3.2.3 S-nitrosylation of metabolic proteins

In this work, 6 metabolic enzymes were identified as potential candidates for
S-nitrosylation. Interestingly, an adenosylhomocysteinase, a UTP--glucose-1
-phosphate uridylyltransferase and a glutamate decarboxylase were only
S-nitrosylated in the pollen of plants exposed to 80 ppb NO,. Lindermayr et al (2006)
reported that S-nitrosylation of adenosyltransferases in Arabidopsis will significantly
inhibit the enzyme activity and markedly reduce ethylene emission of Arabidopsis
cell cultures, which may further regulate plant growth, plant development, and plant
defense reactions. UTP--glucose-1-phosphate uridylyltransferase was proved to play
an important role during pollen maturation especially with regard to pollen starch
accumulation. It belongs to the “late” pollen gene as it preferentially expressed in
maturing pollens (Huang et al. 2011). A dsRNA-mediated transcriptional gene
silencing of UTP--glucose-1-phosphate uridylyltransferase showed the failure of
starch accumulation in pollen which thus led to sterile pollen in rice (Mu et al. 2009).
As discussed before, glutamate decarboxylase was proved to play a key role in
modulating pollen tube growth by regulating the GABA biosynthesis (Yu et al. 2014).
Conformational changes of metabolic enzymes due to S-nitrosylation might lead to
changes of enzyme activity and further influence on pollen viability in ragweed

pollen.

4.3.2.4 S-nitrosylation of stress-related proteins

Within  the  stress-related proteins, inorganic  pyrophosphatase and
monodehydroascorbate reductase (MDHAR) were found to be S-nitrosylated in
ragweed pollen. An interesting find is monodehydroascorbate reductase, a flavin
adenine dinucleotide (FAD) enzyme that catalyzes the reduction of

monodehydroascorbate (MDA) radical to ascorbate using NAD(P)H as an electron
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donor. MDHAR is part of the ascorbate-glutathione enzymatic antioxidant cycle and
its activity is inhibited by thiol-modifying reagents (Sano and Asada 1994), which
suggest that S-nitrosylation could be involved in the regulation of enzymatic activity.
The inorganic pyrophosphatase was only S-nitrosylated in the treated pollen and it

was related to the synthesis of abscisic acid and pollen tube growth.

4.3.2.5 S-nitrosylation of signalling proteins

Another cluster of S-nitrosylated proteins in ragweed pollen includes several
signalling proteins like 14-3-3-like protein, Luminal-binding protein and Ras-related
protein RABD2a. Ras is a molecular switch that cycles between an inactive
GDP-bound state and an active GTP-bound state, to regulate a number of cellular
processes, including cell growth, differentiation and apoptosis (Wittinghofer 1998).
Many proteins within the Ras superfamily contain redox-sensitive Cys residues that
are susceptible to S—nitrosylation (Raines et al. 2007). In mammals, Ras
S-nitrosylation is also implicated in the initiation of tumorigenesis and maintenance
of established tumors (Lander et al. 1995). S-nitrosylation of wild-type Ras by
endothelial NO synthase has been shown to promote pancreatic tumor growth (Lim
et al. 2008). The S-nitrosylation of Ras has not been reported in plants until now. A
study reported that lacking Ras-related protein RABD2 resulted in short and bushy

seedling with low fertility in Arabidopsis (Pinheiro et al. 2009).

S-nitrosylation of plant proteins is now the subject of increasing research effort but
there are several challenges for the future. In this work, the elevated concentration
of NO, significantly enhances protein S-nitrosylation of pollen of common ragweed.
Identification of ragweed pollen proteins being potential targets for S-nitrosylation is
a promising starting point to get insight in physiological as well as regulatory
functions of NO, in ragweed. The effect of S-nitrosylation on ragweed pollen proteins,
if enzyme activities are inhibited or enhanced due to S-nitrosylation or if a structural
alteration followed by change of the protein function is the result of the modification,

will have to be analyzed.
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4.3.2.6 Influence of post-translational modification on pollen allergenic potential

Post-translational modification (PTM) is the chemical modification of a protein after
its translation, and there are several different PTMs, such as phosphorylation,
tyrosine nitration, S-nitrosylation, ADP-ribosylation, myristoylation, isoprenylation,
glycosylation (Aebersold and Goodlett 2001). PTMs have been shown to affect
almost every aspect of protein activity, including function, localization, stability, and

dynamic interactions with other molecules (Webster and Thomas 2012).

Elevated NO, may lead to protein tyrosine nitration and protein S-nitrosylation
(NO,/NO conversion). Protein tyrosine nitration (PTN) is a post-translational
modification occurring under the action of a nitrating agent. Tyrosine is modified in
the 3-position of the phenolic ring by the addition of a nitro group (NO,) (Abello et al.
2009). The heterogeneous reaction of the protein with the gaseous reactants NO,
was found to form nitrated proteins as well as protein degradation and aggregation
products (Shiraiwa et al. 2012). Interestingly, tyrosine residues of pollen allergens are
efficiently nitrated by the air pollutants nitrogen dioxide and ozone at levels reached
in urban air (Franze et al. 2003). Franze et al (2005) demonstrated that birch pollen
proteins including the allergen Bet v 1 could be efficiently nitrated by traffic-related

air pollution (high concentrations of nitrogen oxides and ozone).

In this study, elevated NO, concentrations significantly enhanced the allergenicity of
ragweed pollen, which was demonstrated by dot blot, 1D-immunoblot and
2D-immunoblot. Nitration of tyrosine residues may alter immunogenicity and
allergenicity of proteins. A recent experiment found a higher amount of specific IgE
against nitrated than against untreated allergen Bet v 1 in sera from birch
pollen-allergic patients indicateing that allergen nitration is relevant in vivo and can
contribute to allergenicity in polluted environments (Gruijthuijsen et al. 2006). The
detection of IgE specific for nitrated Bet v 1a, which does not bind unmodified Bet v 1
or nitrated unrelated proteins, implies that nitration generates novel allergenic

epitopes (Gruijthuijsen et al. 2006). Another study showed that nitration of Bet v 1
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alters antigen processing and presentation via Human Leukocyte Antigen DR
(HLA-DR), by enhancing both the quality and the quantity of the Bet v 1-specific
peptide repertoire (Karle et al. 2012). It is not clear for which purpose this nitration
reaction occurs in biological systems. A possible explanation is that NO, groups may
serve as markers for foreign proteins and guide the immune system (Franze et al.
2005).

Since protein nitration may play a central role in the promotion of allergies, a
possible mechanism would be that the elevated concentration of NO, leads to
further nitration of allergen protein or other proteins that boost the allergenic

potential of allergens or even generate new allergens in ragweed pollen.

In this study, 7 pollen allergens were confirmed to be S-nitrosylated in the pollen of
ragweed plants exposed to 80 ppb NO, and 40 ppb NO,. As can be seen, the mean
gray value of Western blot bands intensity was upregulated at the high concentration
of NO, which implies an increase of S-nitrosylated allergens in ragweed pollen.
Another recent important work allowing a better comprehension of the NO signalling
in plants and involving S-nitrosylation concerns the NAD(P)H oxidase and reactive
oxygen species (ROS) synthesis (Yun et al. 2011). This observation raises the
possibility that modification of this specific Cys residue might regulate the activity of
NAD(P)H oxidase. The activity of NAD(P)H oxidase and further ROS synthesis in

pollen may affect the allergenic potential which will be discussed below.

As discussed before, due to the balance of NO, and NO in the atmosphere, elevated
NO, may lead to an increase of NO concentration. This exogenous NO may further
result in more S-nitrosylation proteins in ragweed pollen and the modification of
protein might regulate the NAD(P)H oxidase and reactive oxygen species (RQOS)

synthesis (Yun et al. 2011).

Furthermore, a recent study showed that a protein of the 14-3-3 family was able to

interact directly with the C-terminal part of NADPH oxidase, and that modification of
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its expression in tobacco cells led to reduced ROS production (Elmayan and
Simon-Plas 2007). In this study, the expression of a 14-3-3 family protein significantly
decreased 1.63 fold in 2D-DIGE result. This down-regulation may have an impact on
the expression of NADPH oxidase and further increase the ROS production of

ragweed pollen.

4.4 Immunoblotting analysis of ragweed pollen
Several highly expressed proteins in pollen behave as allergens for humans. The close
interaction between allergens and the immune system may explain the allergenicity

of an allergen (Gadermaier et al. 2014).

When pollen grains enter the upper respiratory tract and land on the mucosa,
allergens are released upon rehydration. In some cases, primarily in grasses, the
allergens are carried by microscopic (5.0 um) sub-pollen particles, which may be
derived from pollen grain bursting in the atmosphere during rainfall. The particles are
subsequently able to directly reach the lower respiratory tract without further
assistance. Mast cells serve as one of the most important mediators in the
pathogenesis of respiratory allergies, as well as in other chronic inflammatory
diseases. The commonly accepted view is that allergens trigger immunoglobulin E
(IgE) antibody production from B-lymphocytes, and IgE molecules bind them to the
corresponding receptors on the surface of mast cells. The specific IgE antibodies are
subsequently bound and cross-linked by allergens onto the surface of mast cells; this
triggers the exocytotic release of cytoplasmic granules, which contain an array of
preformed and newly synthesized mediators involved in the allergic inflammatory
response (e.g., histamine, proteases, prostaglandins, leukotriene, and cytokines)

specifically from mast cells (Swindle and Metcalfe 2007).
In order to compare the allergenicity of pollen of ragweed plants exposed to different
concentrations of NO,, immunoblotting analysis with allergic patients’ sera was

applied. The dot blot results showed that 80 ppb NO, significantly increased the total
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allergenicity of the pollen (Fig. 28 & 29) whereas Western blotting revealed the IgE
reactivity changes of specific allergens (Fig. 31-33). As expected, Amba 1.1
contributed more than half of the total allergenicity of ragweed pollen, which is

consistent with the literature (Gadermaier et al. 2008, Gadermaier et al. 2014).

Urban air pollutants, like nitrogen dioxide (NO,), can influence the allergenicity of
pollen. Cuinica indicated higher IgE recognition by patient sera sensitized to the
pollen extracts from NO, exposed samples in comparison to the non-exposed
samples (Cuinica et al. 2014). Similar results were presented by Sousa et al (2002),
who observed high IgE reactivity to allergens in Acernegundo pollen after in vitro
exposure to SO, and NO,. Other authors showed that SO, and NO, increased the
allergenic potential of pollen (Behrendt et al. 1997). A field experiment demonstrates
that ragweed pollen collected along high-traffic roads showed a higher allergenicity

than pollen from low-traffic roads and vegetated areas (Ghiani et al. 2012).

4.4.1 Putative mechanisms involved in NO; induced allergenic potential increase

Elevated NO, clearly increased the allergenicity of ragweed pollen. The reasons might
be various aspects like expression pattern, protein post-translational modification,
reactive oxygen species (ROS) and other influences on ragweed pollen due to the

elevated NO,.

4.4.1.1 Changes in expression patterns of pollen allergens

Allergen patterns can change in response to air pollution, which can modify the
allergenic potential of pollen (D'Amato et al. 2013). In this study, allergens were
upregulated both at the transcriptional and protein levels. These enhanced
expression patterns will certainly increase the allergenic potential which may have

negative effects on atopic patients.
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4.4.1.2 A potential new allergen from ragweed pollen with homology to Hev b 9
from Hevea brasiliensis

The pollen of common ragweed (Ambrosia artemisiifolia) is a major cause of hay
fever and associated asthma in North America and Europe. Proteins from natural
latex (Hevea brasiliensis) have been recognized as a potent source for type | allergic
reactions (cutaneous, nasal, bronchial, and systemic reactions) (Axelsson et al. 1987,
Spaner et al. 1989). It was further demonstrated that the sera of latex allergic
patients show considerable cross-reactivity with ragweed pollen extracts. IgE-binding
to latex allergens in immunoblots was inhibited effectively by the ragweed pollen
extract, which indicated close homology of the essential allergens in ragweed pollen

and latex (Fuchs et al. 1997).

In this work, certain allergens which could bind to ragweed allergic human IgE
antibodies were detected by 1D-immunoblots and 2D-immunoblots. Further analysis
of LC-MS/MS revealed the presence of the expected allergens of ragweed pollen (e.g.
Amb a 1 isoforms and Amb a 3) as well as another allergen with homology to Hev b 9
from Hevea brasiliensis. This Hev b 9 homologue was detected in the band of 52 kDa
in 1D-immunoblots and in the spots with molecular weight of 52, 15 and 10 kDa in
2D-immunoblots. The molecular weight of Hev b 9 from Hevea brasiliensis is 51 kDa
which matches the assumed molecular weight of the Hev b 9 homologue in ragweed
pollen of around 52 kDa. On this basis, the detected presence of Hev b 9 homologue
at a molecular weight of 15 and 10 kDa may either indicate a different fold pattern or
fragments which could also reveal an allergenic potential with the allergic human Igk

antibodies.

An increasing number of allergens will presumably be found by future studies,

requiring a lot more work with regard to allergen identification. However, this study

identified a new putative allergen from ragweed pollen.
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4.4.1.3 Other influences on ragweed pollen

Besides the issues discussed above, atmospheric pollution could also enhance the
pollen allergenic potential through some peculiar ways. By attaching to the surface of
pollen grains and of plant-derived paucimicronic particles, pollutants can modify the
morphology of these antigen-carrying agents and alter their allergenic potential
(D'Amato 2002). A scanning electron microscopy study of pollen grains indicated that
in polluted areas, airborne particles accumulated on the surface of pollen grains and
changed the shape and tectum of pollen (Chehregani et al. 2004). Pollutants were
also demonstrated to interact directly with pollen grains, affecting cell wall structure
and leading to increased release of allergens or sub-pollen particles containing
allergens. Motta et al. (2006) demonstrated that exposure to a mix of O3 and NO,
clearly resulted in damage of the pollen, which induced the release of
allergen-containing cytoplasmic granules from grass pollen.

.:'
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Figure 35. Putative mechanisms involved in NO, induced allergenic potential increase of pollen of
common ragweed.

In this study, pollen from ragweed plants exposed to 80 ppb NO, showed a significant
increase of allergenic potential, which was demonstrated by immunoblot assay with
ragweed allergic human IgE antibodies. The mechanisms involved in this
phenomenon are discussed in different ways (Fig. 35) and might lead to a preliminary

understanding of the impact of NO, on ragweed pollen allergenicity and even
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provide a new link between air pollution and the increased prevalence of respiratory

allergic diseases. However, the underlaying mechanisms remain to be elucidated.

4.5 Conclusion

This dissertation has investigated the effects of exposure of common ragweed to
elevated NO, (80 ppb) over the whole vegetation period. Significant decreases of the
seed production were observed, whereas the pollen production was increased.
Furthermore, the pollen allerginicity as tested by immunoreaction was also increased.
The allergen Amb a 1.1, which corresponds to the 38 kDa protein was proved to be
the major allergen (it contributed more than half of IgkE binding ability) of pollen of

ragweed and it was upregulated at the transcriptional and protein level.

The whole transcriptome and proteome of ragweed pollen was analyzed by lllumina
sequencing and 2D-DIGE. The annotation and GO term analysis indicated the major
genes involved in different biological processes and molecular functions. The change
of gene expression patterns were also studied by RNA-seq. The expression of some
allergens were upregulated in the RNA-seq result and further confirmed by the

gRT-PCR.

The significant effect of S-nitrosylation observed in this work showed that NO,
affected the post-translational modification of pollen proteins. Since high
concentrations of NO, may lead to nitration of proteins and thus further increase the
allergenicity, the protein S-nitrosylation of ragweed pollen observed in this work

should be further analyzed.

Putative mechanisms involved in NO; induced allergenic potential increase of pollen
of common ragweed have been discussed, however, the real mechanisms remain to
be elucidated. Taking into consideration that the results were obtained at NO,

concentrations of 80 ppb, which may be present in seriously polluted areas, this NO,
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influence on ragweed pollen may also happen in the natural environment and induce

negative effects on atopic patients.

121



5. Chapter — REFERENCES

5. Chapter — REFERENCES

Adolphson, C., L. Goodfriend and G. J. Gleich (1978). "Reactivity of ragweed allergens with IgE

antibodies. Analyses by leukocyte histamine release and the radioallergosorbent test and

determination of cross-reactivity." J Allergy Clin Immunol 62(4): 197-210.

Ahlholm, J. U., M. L. Helander and J. Savolainen (1998). "Genetic and environmental factors affecting

the allergenicity of birch (Betula pubescens ssp. czerepanovii [Orl.] Hamet-ahti) pollen." Clin Exp
Allergy 28(11): 1384-1388.

Alagna, F., N. D'Agostino, L. Torchia, M. Servili, R. Rao, M. Pietrella, . . . G. Perrotta (2009).
"Comparative 454 pyrosequencing of transcripts from two olive genotypes during fruit development."
BMC Genomics 10: 399.

Alberternst and Nawrath (2008). Spreading and distribution of common ragweed (Ambrosia

artemisiifolia) in Germany. Proceedings of the 4th European Symposium on Aerobiology, Turku.

Altshuller, A. P. (1956). "Thermodynamic Considerations in the Interactions of Nitrogen Oxides and
Oxy-Acids in the Atmosphere." Japca J Air Waste Ma 6(2): 97-100.

Ashenden, T. W., S. A. Bell and C. R. Rafarel (1990). "Effects of nitrogen dioxide pollution on the growth
of three fern species." Environ Pollut 66(4): 301-308.

Astier, J., A. Kulik, E. Koen, A. Besson-Bard, S. Bourque, S. Jeandroz, . . . D. Wendehenne (2012).
"Protein S-nitrosylation: what's going on in plants?" Free Radic Biol Med 53(5): 1101-1110.

Astier, J., S. Rasul, E. Koen, H. Manzoor, A. Besson-Bard, O. Lamotte, . . . D. Wendehenne (2011).
"S-nitrosylation: an emerging post-translational protein modification in plants." Plant Sci 181(5):
527-533.

Atkins, D. H. F., M. Gerboles and I. Quirino (1992). A Survey of Nitrogen Dioxide in Western Europe

Axelsson, J. G., S. G. Johansson and K. Wrangsjo (1987). "IgE-mediated anaphylactoid reactions to
rubber." Allergy 42(1): 46-50.

Axtell, M. J., C. Jan, R. Rajagopalan and D. P. Bartel (2006). "A two-hit trigger for siRNA biogenesis in
plants." Cell 127(3): 565-577.

Baltz, R., C. Domon, D. T. Pillay and A. Steinmetz (1992). "Characterization of a pollen-specific cDNA

from sunflower encoding a zinc finger protein." Plant J 2(5): 713-721.

122



5. Chapter — REFERENCES

Barakat, A., D. S. Diloreto, Y. Zhang, C. Smith, K. Baier, W. A. Powell, . . . J. E. Carlson (2009).

"Comparison of the transcriptomes of American chestnut (Castanea dentata) and Chinese chestnut

(Castanea mollissima) in response to the chestnut blight infection." BMC Plant Biol 9: 51.

Bazzaz, F. A. (1974). "Ecophysiology of Ambrosia Artemisiifolia: A Successional Dominant." Ecology
55(1): 112-119.

Beggs, P. J. (2010). "Adaptation to impacts of climate change on aeroallergens and allergic respiratory
diseases." Int J Environ Res Public Health 7(8): 3006-3021.

Behrendt, H., W. M. Becker, C. Fritzsche, W. Sliwa-Tomczok, J. Tomczok, K. H. Friedrichs and J. Ring

(1997). "Air pollution and allergy: experimental studies on modulation of allergen release from pollen

by air pollutants." Int Arch Allergy Immunol 113(1-3): 69-74.

Behrendt, H., A. Kasche, C. Ebner von Eschenbach, U. Risse, J. Huss-Marp and J. Ring (2001).

"Secretion of proinflammatory eicosanoid-like substances precedes allergen release from pollen grains

in the initiation of allergic sensitization." Int Arch Allergy Immunol 124(1-3): 121-125.

Ben-Shem, A., F. Frolow and N. Nelson (2003). "Crystal structure of plant photosystem I." Nature
426(6967): 630-635.

Bengis, C. and N. Nelson (1975). "Purification and properties of the photosystem | reaction center

from chloroplasts." J Biol Chem 250(8): 2783-2788.

Benkova, E., M. G. Ivanchenko, J. Friml, S. Shishkova and J. G. Dubrovsky (2009). "A morphogenetic
trigger: is there an _emerging concept in plant developmental biology?" Trends Plant Sci 14(4):
189-193.

Bentley, D. R. (2006). "Whole-genome re-sequencing." Curr Opin Genet Dev 16(6): 545-552.

Berezikov, E., F. Thuemmler, L. W. van Laake, I. Kondova, R. Bontrop, E. Cuppen and R. H. Plasterk
(2006). "Diversity of microRNAs in human and chimpanzee brain." Nat Genet 38(12): 1375-1377.

Bernard, K. R., K. R. Jonscher, K. A. Resing and N. G. Ahn (2004). "Methods in functional proteomics:

two-dimensional polyacrylamide gel electrophoresis with immobilized pH gradients, in-gel digestion

and identification of proteins by mass spectrometry." Methods Mol Biol 250: 263-282.

Bhatt, A. and M. Lazzaro (2003). "Role of 14-3-3 proteins in conifer pollen tube elongation." Bulletin of

the South Carolina Academy of Science.

Birky, C. W., Jr. (1995). "Uniparental inheritance of mitochondrial and chloroplast genes: mechanisms
and evolution." PNAS 92(25): 11331-11338.

123



5. Chapter — REFERENCES

Boldogh, 1., A. Bacsi, B. K. Choudhury, N. Dharajiya, R. Alam, T. K. Hazra, . . . S. Sur (2005). "ROS
generated by pollen NADPH oxidase provide a signal that augments antigen-induced allergic airway
inflammation." J Clin Invest 115(8): 2169-2179.

Boller, T. (1995). "Chemoperception of Microbial Signals in Plant Cells." Annu Rev Plant Phys 46:
189-214.

Bond, J. F,, R. D. Garman, K. M. Keating, T. J. Briner, T. Rafnar, D. G. Klapper and B. L. Rogers (1991).
"Multiple Amb a | allergens demonstrate specific reactivity with IgE and T cells from ragweed-allergic
patients." J Immunol 146(10): 3380-3385.

Bouche, N., A. Yellin, W. A. Snedden and H. Fromm (2005). "Plant-specific calmodulin-binding
proteins." Annu Rev Plant Biol 56: 435-466.

Bousquet, P. J., G. Burbach, L. M. Heinzerling, G. Edenharter, C. Bachert, C. Bindslev-Jensen, . . . T.
Zuberbier (2009). "GA2LEN skin test study lll: minimum battery of test inhalent allergens needed in
epidemiological studies in patients." Allergy 64(11): 1656-1662.

Bradford, M. M. (1976). "A rapid and sensitive method for the quantitation of microgram quantities of

protein utilizing the principle of protein-dye binding." Anal Biochem 72: 248-254.

Brandes, D. and J. Nitzsche (2006). "Biology, introduction, dispersal, and distribution of common

ragweed (Ambrosia _artemisiifolia _L.) with special regard to Germany." Nachrichtenbl Deut
Pflanzenschutzd 58(11): 286-291.

Breiteneder, H. (2008). "Can any protein become an allergen?" Rev Fr Allergol 48(3): 135-138.

Bricker, T. M. (1992). "Oxygen evolution in the absence of the 33-kilodalton manganese-stabilizing
protein." Biochemistry 31(19): 4623-4628.

Bricker, T. M., J. L. Roose, R. D. Fagerlund, L. K. Frankel and J. J. Eaton-Rye (2012). "The extrinsic
proteins of Photosystem II." Biochim Biophys Acta 1817(1): 121-142.

Brunel, S., E. Branquart, G. Fried, J. V. Valkenburg, G. Brundu, U. Starfinger, . . . R. Baker (2010). "The
EPPO prioritization process for invasive alien plants." EPPO Bulletin 40(3): 407-422.

Bruno Chauvel, F. D., Catherine Cardinal-Legrand, Francgois Bretagnolle (2006). "The historical spread

of Ambrosia artemisiifolia L. in France from herbarium records." J Biogeogr 33(4): 665-673.

Burbach, G. J., L. M. Heinzerling, C. Rohnelt, K. C. Bergmann, H. Behrendt, T. Zuberbier and G. study
(2009). "Ragweed sensitization in Europe - GA(2)LEN study suggests increasing prevalence." Allergy
64(4): 664-665.

124



5. Chapter — REFERENCES

Burnap, R. L. and L. A. Sherman (1991). "Deletion mutagenesis in Synechocystis sp. PCC6803 indicates

that the Mn-stabilizing protein of photosystem Il is not essential for O, evolution." Biochemistry 30(2):
440-446.

Cai, G., E. Ovidi, S. Romagnoli, M. Vantard, M. Cresti and A. Tiezzi (2005). "Identification and
characterization of plasma membrane proteins that bind to microtubules in pollen tubes and
generative cells of tobacco." Plant Cell Physiol 46(4): 563-578.

Capron, T. M. and T. A. Mansfield (1977). "Inhibition of Growth in Tomato by Air Polluted with
Nitrogen Oxides." J Exp Bot 28(102): 112-116.

Chan-Yeung, M., N. R. Anthonisen, M. R. Becklake, D. Bowie, A. Sonia Buist, H. Dimich-Ward, . . . J.
Manfreda (2010). "Geographical variations in the prevalence of atopic sensitization in six study sites
across Canada." Allergy 65(11): 1404-1413.

Chauvel, B., F. Dessaint, C. Cardinal-Legrand and F. Bretagnolle (2006). "The historical spread of

Ambrosia artemisiifolia L. in France from herbarium records Journal of Biogeography Volume 33, Issue
4." ) Biogeogr 33(4): 665-673.

Chehregani, A., A. Majde, M. Moin, M. Gholami, M. Ali Shariatzadeh and H. Nassiri (2004). "Increasing

allergy potency of Zinnia pollen grains in polluted areas." Ecotoxicol Environ Saf 58(2): 267-272.

Chen, F.,, Q. Li, L. Sun and Z. He (2006). "The rice 14-3-3 gene family and its involvement in responses
to biotic and abiotic stress." DNA Res 13(2): 53-63.

Cheung, A. Y. and H. M. Wu (2008). "Structural and signaling networks for the polar cell growth

machinery in pollen tubes." Annu Rev Plant Biol 59: 547-572.

Clement, C. and E. Pacini (2001). "Anther plastids in angiosperms." Bot Rev 67(1): 54-73.

Chichiricco, G. and P. Picozzi (2007). "Reversible inhibition of the pollen germination and the stigma

penetration in Crocus vernus ssp. vernus (Iridaceae) following fumigations with NO,, CO, and O3
Gases." Plant Biol (Stuttg) 9(6): 730-735.

Cokus, S. J., S. Feng, X. Zhang, Z. Chen, B. Merriman, C. D. Haudenschild, . . . S. E. Jacobsen (2008).
"Shotgun bisulphite sequencing of the Arabidopsis genome reveals DNA methylation patterning."
Nature 452(7184): 215-219.

Collins, N. C., H. Thordal-Christensen, V. Lipka, S. Bau, E. Kombrink, J. L. Qiu, . . . P. Schulze-Lefert
(2003). "SNARE-protein-mediated disease resistance at the plant cell wall." Nature 425(6961):
973-977.

125



5. Chapter — REFERENCES

Corriveau, J. L. and A. W. Coleman (1988). "Rapid Screening Method to Detect Potential Biparental
Inheritance of Plastid DNA and Results for Over 200 Angiosperm Species." Am J Bot 75(10):
1443-1458.

Cortegano, |., E. Civantos, E. Aceituno, A. del Moral, E. Lopez, M. Lombardero, . . . C. Lahoz (2004).

"Cloning and expression of a major allergen from Cupressus arizonica pollen, Cup a 3, a PR-5 protein

expressed under polluted environment." Allergy 59(5): 485-490.

Coruzzi, G. M. (2003). "Primary N-assimilation into Amino Acids in Arabidopsis." Arabidopsis Book 2:
€0010.

Cosgrove, D. J., P. Bedinger and D. M. Durachko (1997). "Group | allergens of grass pollen as cell
wall-loosening agents." PNAS 94(12): 6559-6564.

Costello, J. F., M. Krzywinski and M. A. Marra (2009). "A first look at entire human methylomes." Nat
Biotechnol 27(12): 1130-1132.

Cowan, A. K., G. R. Richardson and J. C. G. Maurel (1997). "Stress-induced abscisic acid transients and

stimulus-response coupling." Physiol Plantarum 100(3): 491-499.

Csepe, Z., L. Makra, D. Voukantsis, |. Matyasovszky, G. Tusnady, K. Karatzas and M. Thibaudon (2014).
"Predicting daily ragweed pollen concentrations using Computational Intelligence techniques over two
heavily polluted areas in Europe." Sci Total Environ 476-477: 542-552.

Cucinotta, M., L. Colombo and I. Roig-Villanova (2014). "Ovule development, a new model for lateral

organ formation." Front Plant Sci 5: 117.

Cuinica, L. G., I. Abreu and J. Esteves da Silva (2014). "Effect of air pollutant NO(,) on Betula pendula,
Ostrya carpinifolia and Carpinus betulus pollen fertility and human allergenicity." Environ Pollut 186:
50-55.

D'Amato, G. (2002). "Environmental urban factors (air pollution and allergens) and the rising trends in

allergic respiratory diseases." Allergy 57 Suppl 72: 30-33.

D'Amato, G., C. E. Baena-Cagnani, L. Cecchi, I. Annesi-Maesano, C. Nunes, |. Ansotegui, . . . W. G.

Canonica (2013). "Climate change, air pollution and extreme events leading to increasing prevalence

of allergic respiratory diseases." Multidiscip Respir Med 8(1): 12.

D'Amato, G. and L. Cecchi (2008). "Effects of climate change on environmental factors in respiratory

allergic diseases." Clin Exp Allergy 38(8): 1264-1274.

D'Amato, G., L. Cecchi, S. Bonini, C. Nunes, I. Annesi-Maesano, H. Behrendt, . . . P. van Cauwenberge

(2007). "Allergenic pollen and pollen allergy in Europe." Allergy 62(9): 976-990.

126



5. Chapter — REFERENCES

Dalle-Donne, I., A. Milzani, D. Giustarini, P. Di Simplicio, R. Colombo and R. Rossi (2000). "S-NO-actin: S-
nitrosylation kinetics and the effect on isolated vascular smooth muscle." J Muscle Res Cell Motil 21(2):
171-181.

Dalle-Donne, I., R. Rossi, D. Giustarini, R. Colombo and A. Milzani (2003). "Actin S-glutathionylation:
evidence against a thiol-disulphide exchange mechanism." Free Radic Biol Med 35(10): 1185-1193.

Diring, I., W. Béchlin, M. Ketzel, B. A, F. U and W. S (2011). "A new simplified NO/NO, conversion

model under consideration of direct NO,-emissions." Meteorol Z 20(1): 067-073.

Dahl, A., S.-O. Strandhede and J.-A. Wihl (1999). "Ragweed — An allergy risk in Sweden?" Aerobiologia
15(4): 293-297.

Dai, S., L. Li, T. Chen, K. Chong, Y. Xue and T. Wang (2006). "Proteomic analyses of Oryza sativa mature

pollen reveal novel proteins associated with pollen germination and tube growth." Proteomics 6(8):
2504-2529.

Day, L., D. G. Bhandari, P. Greenwell, S. A. Leonard and J. D. Schofield (2006). "Characterization of
wheat puroindoline proteins." FEBS J 273(23): 5358-5373.

de Graaf, B. H., J. J. Rudd, M. J. Wheeler, R. M. Perry, E. M. Bell, K. Osman, . . . V. E. Franklin-Tong
(2006). "Self-incompatibility in Papaver targets soluble inorganic pyrophosphatases in pollen." Nature
444(7118): 490-493.

Dharajiya, N., B. K. Choudhury, A. Bacsi, I. Boldogh, R. Alam and S. Sur (2007). "Inhibiting pollen

reduced nicotinamide adenine dinucleotide phosphate oxidase-induced signal by intrapulmonary

administration of antioxidants blocks allergic airway inflammation." J Allergy Clin Immunol 119(3):
646-653.

Diez, J. (2010). "Altered degradation of extracellular matrix in myocardial remodelling: the growing

role of cathepsins and cystatins." Cardiovasc Res 87(4): 591-592.

Diguistini, S., N. Y. Liao, D. Platt, G. Robertson, M. Seidel, S. K. Chan, . . . S. J. Jones (2009). "De novo
genome sequence assembly of a filamentous fungus using Sanger, 454 and lllumina sequence data."
Genome Biol 10(9): R94.

Dingwall, C. and R. A. Laskey (1991). "Nuclear targeting sequences--a consensus?" Trends Biochem Sci
16(12): 478-481.

Dudareva, N., J. L. Evrard, D. T. Pillay and A. Steinmetz (1994). "Nucleotide sequence of a

pollen-specific cDNA from Helianthus annuus L. encoding a highly basic protein." Plant Physiol 106(1):
403-404.

Dutcher, S. K. (2001). "The tubulin fraternity: alpha to eta." Curr Opin Cell Biol 13(1): 49-54.

127



5. Chapter — REFERENCES

Eckardt, N. A. (2008). "Chitin signaling in plants: insights into the perception of fungal pathogens and
rhizobacterial symbionts." Plant Cell 20(2): 241-243.

Edwards, R. A., B. Rodriguez-Brito, L. Wegley, M. Haynes, M. Breitbart, D. M. Peterson, . . . F. Rohwer
(2006). "Using pyrosequencing to shed light on deep mine microbial ecology." BMC Genomics 7: 57.

Egli, B., K. Kolling, C. Kohler, S. C. Zeeman and S. Streb (2010). "Loss of cytosolic phosphoglucomutase

compromises gametophyte development in Arabidopsis." Plant Physiol 154(4): 1659-1671.

Elliott, R. C., A. S. Betzner, E. Huttner, M. P. Oakes, W. Q. Tucker, D. Gerentes, . . . D. R. Smyth (1996).
"AINTEGUMENTA, an APETALA2-like gene of Arabidopsis with pleiotropic roles in ovule development
and floral organ growth." Plant Cell 8(2): 155-168.

Elmayan, T. and F. Simon-Plas (2007). "Regulation of plant NADPH oxidase." Plant Signal Behav 2(6):
505-507.

Evrard, J. L., I. Nguyen, M. Bergdoll, J. Mutterer, A. Steinmetz and A. M. Lambert (2002). "A novel
pollen-specific_alpha-tubulin_in_sunflower: structure and characterization." Plant Mol Biol 49(6):
611-620.

Franze, T., M. G. Weller, R. Niessner and U. Poschl (2005). "Protein nitration by polluted air." Environ
Sci Technol 39(6): 1673-1678.

Fratelli, M., H. Demol, M. Puype, S. Casagrande, |. Eberini, M. Salmona, . . . P. Ghezzi (2002).
"Identification by redox proteomics of glutathionylated proteins in oxidatively stressed human T
lymphocytes." Proc Natl Acad Sci U S A 99(6): 3505-3510.

Freer-Smith, P. H. (1984). " The Responses of Six Broadleaved Trees During Long-Term Exposure to SO,
and NO,." New Phytol 97(1): 49-61.

Fuchs, T., S. Spitzauer, C. Vente, J. Hevler, S. Kapiotis, H. Rumpold, . .. R. Valenta (1997). "Natural latex,
grass pollen, and weed pollen share IgE epitopes." J Allergy Clin Immunol 100(3): 356-364.

Fukano, Y. and T. Yahara (2012). "Changes in defense of an alien plant Ambrosia artemisiifolia before

and after the invasion of a native specialist enemy Ophraella communa." PLoS ONE 7(11).

Fumanal, B., B. Chauvel and F. Bretagnolle (2007). "Estimation of pollen and seed production of

common ragweed in France." Ann Agric Environ Med 14(2): 233-236.

Gadermaier, G.,, M. Hauser and F. Ferreira (2014). "Allergens of weed pollen: an overview on

recombinant and natural molecules." Methods 66(1): 55-66.

128



5. Chapter — REFERENCES

Gadermaier, G., N. Wopfner, M. Wallner, M. Egger, A. Didierlaurent, G. Regl, . . . T. Hawranek (2008).
"Array-based profiling of ragweed and mugwort pollen allergens." Allergy 63(11): 1543-1549.

George, G. M., M. J. van der Merwe, A. Nunes-Nesi, R. Bauer, A. R. Fernie, J. Kossmann and J. R. Lloyd

(2010). "Virus-induced gene silencing of plastidial soluble inorganic pyrophosphatase impairs essential

leaf anabolic pathways and reduces drought stress tolerance in Nicotiana benthamiana." Plant Physiol
154(1): 55-66.

Gepstein, S. and B. R. Glick (2013). "Strategies to ameliorate abiotic stress-induced plant senescence."
Plant Mol Biol 82(6): 623-633.

Gerber, E., U. Schaffner, A. Gassmann, H. L. Hinz, M. Seier and H. MULler-SchARer (2011). "Prospects
for biological control of Ambrosia artemisiifolia in Europe learning from the past." Weed Res 51(6):
559-573.

Ghiani, A., R. Aina, R. Asero, E. Bellotto and S. Citterio (2012). "Ragweed pollen collected along

high-traffic roads shows a higher allergenicity than pollen sampled in vegetated areas." Allergy 67(7):
887-894.

Glezen, W. P. (1989). "Antecedents of chronic and recurrent lung disease. Childhood respiratory
trouble." Am Rev Respir Dis 140(4): 873-874.

Ghosh, B., M. P. Perry, T. Rafnar and D. G. Marsh (1993). "Cloning and expression of immunologically

active recombinant Amb a V allergen of short ragweed (Ambrosia artemisiifolia) pollen." J Immunol
150(12): 5391-5399.

Gorla, S. and C. Frova (1997). Pollen tube growth and pollen selection. Pollen Biotechnology for Crop

Production and Improvement. pp. 333-351

Gottardini, E., A. Cristofori, F. Cristofolini, S. Maccherini and M. Ferretti (2008). "Ambient levels of

nitrogen dioxide (NO,) may reduce pollen viability in Austrian pine (Pinus nigra Arnold) trees —

Correlative evidence from a field study." Science of The Total Environment 402(2-3): 299-305.

Govind, G., C. Seiler, U. Wobus and N. Sreenivasulu (2011). "Importance of ABA homeostasis under

terminal drought stress in regulating grain filling events." Plant Signal Behav 6(8): 1228-1231.

Grasser, M., C. M. Kane, T. Merkle, M. Melzer, J. Emmersen and K. D. Grasser (2009). "Transcript
elongation factor TFIIS is involved in arabidopsis seed dormancy." J Mol Biol 386(3): 598-611.

Griffith, 1. J., J. Pollock, D. G. Klapper, B. L. Rogers and A. K. Nault (1991). "Sequence polymorphism of

Amb a | and Amb a Il, the major allergens in Ambrosia artemisiifolia (short ragweed)." Int Arch Allergy
Appl Immunol 96(4): 296-304.

129



5. Chapter — REFERENCES

Gruijthuijsen, Y. K., I. Grieshuber, A. Stocklinger, U. Tischler, T. Fehrenbach, M. G. Weller, . . . A. Duschl
(2006). "Nitration_enhances the allergenic potential of proteins." Int Arch Allergy Immunol 141(3):
265-275.

Haberer, K., L. Jaeger and H. Rennenberg (2006). "Seasonal patterns of ascorbate in the needles of

Scots Pine (Pinus sylvestris L.) trees: correlation analyses with atmospheric O; and NO, gas mixing

ratios and meteorological parameters." Environ Pollut 139(2): 224-231.

Han, M. J,, K. H. Jung, G. Yi and G. An (2011). "Rice Importin betal gene affects pollen tube

elongation." Mol Cells 31(6): 523-530.

Han, X. and L. P. Naeher (2006). "A review of traffic-related air pollution exposure assessment studies

in the developing world." Environment International 32(1): 106-120.

Hartmann, H. and A. K. Watson (1980). "Damage to Common Ragweed (Ambrosia_artemisiifolia)
Caused by the White Rust Fungus (Albugo tragopogi)." Weed Science 28(6): 632-635.

Hepler, P. K., C. M. Rounds and L. J. Winship (2013). "Control of Cell Wall Extensibility during Pollen
Tube Growth." Molecular Plant 6(4): 998-1017.

Hess, D. T., A. Matsumoto, S. O. Kim, H. E. Marshall and J. S. Stamler (2005). "Protein S-nitrosylation:
purview and parameters." Nat Rev Mol Cell Biol 6(2): 150-166.

Hess, D. T. and J. S. Stamler (2012). "Regulation by S-nitrosylation of protein post-translational
modification." J Biol Chem 287(7): 4411-4418.

Hiller, K. M., B. C. Lubahn and D. G. Klapper (1998). "Cloning and expression of ragweed allergen Amb
a6." Scand J Immunol 48(1): 26-36.

Hodges, E., Z. Xuan, V. Balija, M. Kramer, M. N. Molla, S. W. Smith, . . . W. R. McCombie (2007).

"Genome-wide in situ exon capture for selective resequencing." Nat Genet 39(12): 1522-1527.

Hoen, P. A., Y. Ariyurek, H. H. Thygesen, E. Vreugdenhil, R. H. Vossen, R. X. de Menezes, ... J. T. den

Dunnen (2008). "Deep sequencing-based expression analysis shows major advances in robustness,

resolution and inter-lab portability over five microarray platforms." Nucleic Acids Res 36(21): e141.

Honour, S. L., J. N. Bell, T. W. Ashenden, J. N. Cape and S. A. Power (2009). "Responses of herbaceous

plants to urban air pollution: effects on growth, phenology and leaf surface characteristics." Environ
Pollut 157(4): 1279-1286.

Houde, M., R. S. Dhindsa and F. Sarhan (1992). "A molecular marker to select for freezing tolerance in
Gramineae." Mol Gen Genet 234(1): 43-48.

130



5. Chapter — REFERENCES

Houwing, S., L. M. Kamminga, E. Berezikov, D. Cronembold, A. Girard, H. van den Elst, . .. R. F. Ketting
(2007). "A role for Piwi and piRNAs in germ cell maintenance and transposon silencing in Zebrafish."
Cell 129(1): 69-82.

Huang, S., R. Li, Z. Zhang, L. Li, X. Gu, W. Fan, . .. S. Li (2009). "The genome of the cucumber, Cucumis
sativus L." Nat Genet 41(12): 1275-1281.

Huang, Z.,, Z. Gan, Y. He, Y. Li, X. Liu and H. Mu (2011). "Functional analysis of a rice late

pollen-abundant UDP-glucose pyrophosphorylase (OsUgp2) promoter." Mol Biol Rep 38(7):
4291-4302.

Huber, J. A., D. B. Mark Welch, H. G. Morrison, S. M. Huse, P. R. Neal, D. A. Butterfield and M. L. Sogin
(2007). "Microbial population structures in the deep marine biosphere." Science 318(5847): 97-100.

Huijser, P. and M. Schmid (2011). "The control of developmental phase transitions in plants."
Development 138(19): 4117-4129.

Hundertmark, M. and D. K. Hincha (2008). "LEA (Late Embryogenesis Abundant) proteins and their

encoding genes in Arabidopsis thaliana." BMC Genomics 9:118

Hwang, 1., J. Sheen and B. Muller (2012). "Cytokinin signaling networks." Annu Rev Plant Biol 63:
353-380.

Impey, S., S. R. McCorkle, H. Cha-Molstad, J. M. Dwyer, G. S. Yochum, J. M. Boss, . . . R. H. Goodman
(2004). "Defining the CREB regulon: a genome-wide analysis of transcription factor regulatory
regions." Cell 119(7): 1041-1054.

Ingram, J. and D. Bartels (1996). "The Molecular Basis Of Dehydration Tolerance In Plants." Annu Rev
Plant Physiol Plant Mol Biol 47: 377-403.

Jarai-Komlédi, M. (2000). "Some details about ragweed airborne pollen in Hungary." Aerobiologia
16(2): 291-294.

Jacquier, A. (2009). "The complex eukaryotic transcriptome: unexpected pervasive transcription and
novel small RNAs." Nat Rev Genet 10(12): 833-844.

Jaffrey, S. R., H. Erdjument-Bromage, C. D. Ferris, P. Tempst and S. H. Snyder (2001). "Protein

S-nitrosylation: a physiological signal for neuronal nitric oxide." Nat Cell Biol 3(2): 193-197.

Jakobsen, M. K., L. R. Poulsen, A. Schulz, P. Fleurat-Lessard, A. Moller, S. Husted, . . . M. G. Palmgren
(2005). "Pollen development and fertilization in Arabidopsis is dependent on the MALE
GAMETOGENESIS IMPAIRED ANTHERS gene encoding a type V P-type ATPase." Genes Dev 19(22):
2757-2769.

131



5. Chapter — REFERENCES

James, B. (2010). "Assessing and controlling the spread and the effects of common ragweed in
Europe." Final report: ENV.B2/ETU/2010/0037 UK: Natural Environment Research Council; 2010. :
456.

Ji, X., Q. Zhang, Y. Liu and Sodmergen (2004). "Presence of plastid and absence of mitochondrial DNA

in_male reproductive cells as evidence for cytoplasmic inheritance in Turnera ulmifolia and
Zantedeschia aethiopica." Protoplasma 224(3-4): 211-216.

Jiang, S. Y., M. Cai and S. Ramachandran (2007). "ORYZA SATIVA MYOSIN Xl B controls pollen
development by photoperiod-sensitive protein localizations." Dev Biol 304(2): 579-592.

Kohler, B., R. Gehrig, B. Clot, V. Ciotti and G. Maspoli (2006). "Measurement of airborne ragweed

pollen in Switzerland: Quantification of the risk level and indicator of the local spread of the plant."
Journal of Cultivated Plants 58 (11)(S): 299-303.

Kandasamy, M. K., B. Burgos-Rivera, E. C. McKinney, D. R. Ruzicka and R. B. Meagher (2007).

"Class-specific_interaction of profilin _and ADF isovariants with actin in the regulation of plant

development." Plant Cell 19(10): 3111-3126.

Kanter, U., W. Heller, J. Durner, J. B. Winkler, M. Engel, H. Behrendt, . .. D. Ernst (2013). "Molecular and

immunological characterization of ragweed (Ambrosia artemisiifolia L.) pollen after exposure of the

plants to elevated ozone over a whole growing season." PLoS One 8(4): e61518.

Karrer, G., M. |, L. F and L.-V. M (2012). The influence of quantity, quality and distances of seeds

dispersed by different vectors on the dynamics of ragweed. The European Conference on Biological

Invasions, Pontevedra, Spain.

Kazinczi, G., |I. Béres, R. Novak, K. Biro and Z. Pathy (2008). "Common ragweed (Ambrosia

artemisiifolia): a review with special regards to the results in Hungary. |. Taxonomy, origin and

distribution, morphology, life cycle and reproduction strategy." Herbologia 9(1): 55-91.

Klapper, D. G., L. Goodfriend and J. D. Capra (1980). "Amino acid sequence of ragweed allergen Ra3."
Biochemistry 19(25): 5729-5734.

Knight, H. (2000). "Calcium signaling during abiotic stress in plants." International Review Of Cytology -
a Survey Of Cell Biology, Vol 195 195: 269-324.Knight, H. and M. R. Knight (2001). "Abiotic stress
signalling pathways: specificity and cross-talk." Trends Plant Sci 6(6): 262-267.

Koehler, C., S. Thielen, C. Ginzkey, S. Hackenberg, A. Scherzed, M. Burghartz, . . . N. H. Kleinsasser

(2013). "Nitrogen dioxide is genotoxic in urban concentrations." Inhal Toxicol 25(6): 341-347.

Kondo, K., K. Yamada, A. Nakagawa, M. Takahashi, H. Morikawa and A. Sakamoto (2008). "Molecular
characterization of atmospheric NO,-responsive germin-like proteins in azalea leaves." Biochem
Biophys Res Commun 377(3): 857-861.

132



5. Chapter — REFERENCES

Koyama, H., T. Ito, T. Nakanishi, N. Kawamura and K. Sekimizu (2003). "Transcription elongation factor

S-Il_maintains_transcriptional fidelity and confers oxidative stress resistance." Genes Cells 8(10):
779-788.

Kress, L. and J. Skelly (1982). "Response of Several Eastern Forest Tree Species to Chronic Doses of
Ozone and Nitrogen Dioxide." Plant Dis 66(12): 1149-1152.

Kuncewicz, T., E. A. Sheta, I. L. Goldknopf and B. C. Kone (2003). "Proteomic analysis of S-nitrosylated

proteins in mesangial cells." Mol Cell Proteomics 2(3): 156-163.

Laaidi, M., K. Laaidi, J. P. Besancenot and M. Thibaudon (2003). "Ragweed in France: an invasive plant

and its allergenic pollen." Ann Allergy Asthma Immunol 91(2): 195-201.

Laemmli, U. K. (1970). "Cleavage of structural proteins during the assembly of the head of

bacteriophage T4." Nature 227(5259): 680-685.

Lander, H. M., J. S. Ogiste, S. F. Pearce, R. Levi and A. Novogrodsky (1995). "Nitric oxide-stimulated
guanine nucleotide exchange on p21ras." J Biol Chem 270(13): 7017-7020.

Lavoie, C., Y. J. andAlbane and G. D. Merlis (2007). "How did common ragweed (Ambrosia

artemisiifolia _L.) spread in Québec? A historical analysis using herbarium records." Journal of
Biogeography 34(10): 1751-1761.

Leonard, R., N. Wopfner, M. Pabst, J. Stadlmann, B. O. Petersen, J. O. Duus, . . . F. Altmann (2010). "A
new allergen from ragweed (Ambrosia artemisiifolia) with homology to art v 1 from mugwort." J Biol
Chem 285(35): 27192-27200.

Lerdau, M. T,, J. W. Munger and D. J. Jacob (2000). "The NO, Flux Conundrum." Science 289(5488):
2291-2293.

Leroch, M., H. E. Neuhaus, S. Kirchberger, S. Zimmermann, M. Melzer, J. Gerhold and J. Tjaden (2008).

"Identification of a novel adenine nucleotide transporter in the endoplasmic reticulum of

Arabidopsis." Plant Cell 20(2): 438-451.

Levetin, E. and P. Van de Water (2001). "Environmental contributions to allergic disease." Curr Allergy
Asthma Rep 1(6): 506-514.

Li, R., W. Fan, G. Tian, H. Zhu, L. He, J. Cai, . . . J. Wang (2010). "The sequence and de novo assembly of
the giant panda genome." Nature 463(7279): 311-317.

Li, W.-Q., X.-Q. Zhang, C. Xia, Y. Deng and D. Ye (2010). "MALE GAMETOPHYTE DEFECTIVE 1, Encoding
the FAd Subunit of Mitochondrial F1IFO-ATP Synthase, is Essential for Pollen Formation in Arabidopsis
thaliana." Plant Cell Physiol 51(6): 923.

133



5. Chapter — REFERENCES

Lim, K. H., B. B. Ancrile, D. F. Kashatus and C. M. Counter (2008). "Tumour maintenance is mediated by
eNOS." Nature 452(7187): 646-649.

Lind, C., R. Gerdes, Y. Hamnell, I. Schuppe-Koistinen, H. B. von Lowenhielm, A. Holmgren and I. A.

Cotgreave (2002). "Identification of S-glutathionylated cellular proteins during oxidative stress and

constitutive metabolism by affinity purification and proteomic analysis." Arch Biochem Biophys 406(2):
229-240.

Lindermayr, C., G. Saalbach, G. Bahnweg and J. Durner (2006). "Differential inhibition of Arabidopsis

methionine adenosyltransferases by protein S-nitrosylation." ) Biol Chem 281(7): 4285-4291.

Lindermayr, C., G. Saalbach and J. Durner (2005). "Proteomic identification of S-nitrosylated proteins

in Arabidopsis." Plant Physiol 137(3): 921-930.

Linnaeus, C. (1753). Species Plant 2: 2.

Liu, J., M. Ishitani, U. Halfter, C. S. Kim and J. K. Zhu (2000). "The Arabidopsis thaliana SOS2 gene
encodes a protein kinase that is required for salt tolerance." PNAS 97(7): 3730-3734.

Liu, L., Y. Li, S. Li, N. Hu, Y. He, R. Pong, . .. M. Law (2012). "Comparison of next-generation sequencing

systems." ) Biomed Biotechnol 2012: 251364.

Loewe, R. P. (2013). "Combinational usage of next generation sequencing and qPCR for the analysis of

tumor samples." Methods 59(1): 126-131.

Lorenzini, G., L. Guidi, C. Nali and G. F. Soldatini (1999). "Quenching analysis in poplar clones exposed
to ozone." Tree Physiol 19(9): 607-612.

Lorkovic, Z. J. (2009). "Role of plant RNA-binding proteins in development, stress response and

genome organization." Trends Plant Sci 14(4): 229-236.

Louis, S. S., A. Ditommaso and A. K. Watson (2005). "A Common Ragweed (Ambrosia_artemisiifolia)
Biotype in Southwestern Québec Resistant to Linuron." Weed Technol 19(3): 737-743.

Ly, V., A. Hatherell, E. Kim, A. Chan, M. F. Belmonte and D. F. Schroeder (2013). "Interactions between
Arabidopsis DNA repair genes UVH6, DDB1A, and DDB2 during abiotic stress tolerance and floral

development." Plant Sci 213: 88-97.

Ma, C.-y., X. Xua, L. Hao and J. Cao (2007). "Nitrogen Dioxide-Induced Responses in Brassica

campestris Seedlings: The Role of Hydrogen Peroxide in the Modulation of Antioxidative Level and
Induced Resistance." Agricultural Sciences in China 6(10): 1193-1200.

134



5. Chapter — REFERENCES

Ma, L. G., X. D. Xu, S. J. Cui and D. Y. Sun (1999). "The presence of a heterotrimeric G protein and its

role in signal transduction of extracellular calmodulin in pollen germination and tube growth." Plant
Cell 11(7): 1351-1363.

Macovei, A., N. Vaid, S. Tula and N. Tuteja (2012). "A new DEAD-box helicase ATP-binding protein
(OsABP) from rice is responsive to abiotic stress." Plant Signal Behav 7(9): 1138-1143.

Maggs, R. and M. R. Ashmore (1998). "Growth and yield responses of Pakistan rice (Oryza sativa L.)
cultivars to O3 and NO,." Environ Pollut 103(2-3): 159-170.

Maggs, R., A. Wahid, S. R. A. Shamsi and M. R. Ashmore (1995). "Effects of ambient air pollution on
wheat and rice yield in Pakistan." Water Air Soil Poll 85(3): 1311-1316.

Mamun, A. N. (2007). "Reversible male sterility in transgenic tobacco carrying a dominant-negative

mutated glutamine synthetase gene under the control of microspore-specific promoter." Indian J Exp
Biol 45(12): 1022-1030.

Mansfield, T. A. and P. H. Freer-Smith (1981). "Effects Of Urban Air Pollution On Plant Growth." Biol
Rev 56(3): 343-368.

Mao, X., H. Zhang, S. Tian, X. Chang and R. Jing (2010). "TaSnRK2.4, an SNF1-type serine/threonine
protein kinase of wheat (Triticum aestivum L.), confers enhanced multistress tolerance in Arabidopsis."
J Exp Bot 61(3): 683-696.

Mardis, E. R. (2008). "The impact of next-generation sequencing technology on genetics." Trends
Genet 24(3): 133-141.

Mardis, E. R. (2008). "Next-generation DNA sequencing methods." Annu Rev Genomics Hum Genet 9:
387-402.

Mardis, E. R. (2011). "A decade's perspective on DNA sequencing technology." Nature 470(7333):
198-203.

Marouga, R., S. David and E. Hawkins (2005). "The development of the DIGE system: 2D fluorescence

difference gel analysis technology." Anal Bioanal Chem 382(3): 669-678.

Mascarenhas, J. P. (1993). "Molecular Mechanisms of Pollen Tube Growth and Differentiation." Plant
Cell 5(10): 1303-1314.

Masaru, N., F. Syozo and K. Saburo (1976). "Effects of exposure to various injurious gases on

germination of lily pollen." Environ Pollut 11(3): 181-187.

Massa, A. N. and C. F. Morris (2006). "Molecular evolution of the puroindoline-a, puroindoline-b, and

grain softness protein-1 genes in the tribe Triticeae." ) Mol Evol 63(4): 526-536.

135



5. Chapter — REFERENCES

Matthews, F. R. and D. L. Bramlett (1986). "Pollen Quantity and Viability Affect Seed Yields from
Controlled Pollinations of Loblolly Pine." South J Appl For 10(2): 78-80.

Mayfield, J. A., A. Fiebig, S. E. Johnstone and D. Preuss (2001). "Gene families from the Arabidopsis
thaliana pollen coat proteome." Science 292(5526): 2482-2485.

Mayfield, J. A. and D. Preuss (2000). "Rapid initiation of Arabidopsis pollination requires the
oleosin-domain protein GRP17." Nat Cell Biol 2(2): 128-130.

McFadyen (1984). Annual ragweed in Queensland. Seventh Australian Weeds Conference, Perth,

Australia.

Meyer, E., G. V. Aglyamova and M. V. Matz (2011). "Profiling gene expression responses of coral larvae

(Acropora millepora) to elevated temperature and settlement inducers using a novel RNA-Seq
procedure." Mol Ecol 20(17): 3599-3616.

Minden, J. S., S. R. Dowd, H. E. Meyer and K. Stuhler (2009). "Difference gel electrophoresis."
Electrophoresis 30 Suppl 1: S156-161.

Moreno, R. M. B., F. Macke, M.-T. Hauser, A. Alwen and E. Heberle-Bors (1988). "Sporophytes and
Male Gametophytes from in Vitro Cultured, Immature Tobacco Pollen." Sexual Reproduction in Higher
Plants: 137-142.

Morikawa, H., M.Takahashi and K. Irifune (1998). "Molecular mechanism of the metabolism of

nitrogen dioxide as an alternative fertilizer in plants." Stress Responses of Photosynthetic Organisms :

Molecular Mechanisms and Molecular Regulations: 227-237.

Morikawa, H., A. Sakamoto and M. Takahashi (2003). "A novel aspect of the nitrogen metabolism

revealed by the study on the metabolism of nitrogen oxides in plants." Tanpakushitsu Kakusan Koso
48(15 Suppl): 2130-2137.

Morikawa, H., M. Takahashi, A. Sakamoto, T. Matsubara, G. Arimura, Y. Kawamura, . . . H. Suzuki (2004).
"Formation of unidentified nitrogen in plants: an implication for a novel nitrogen metabolism." Planta
219(1): 14-22.

Morikawa, H., M. Takahashi, A. Sakamoto, M. Ueda-Hashimoto, T. Matsubara, K. Miyawaki, . . . H.
Suzuki (2005). "Novel metabolism of nitrogen in plants." Z Naturforsch C 60(3-4): 265-271.

Mu, H., J. H. Ke, W. Liu, C. X. Zhuang and W. K. Yip (2009). "UDP-glucose pyrophosphorylase2 (OsUgp2),

a_pollen-preferential gene in rice, plays a critical role in starch accumulation during pollen
maturation." Chinese Sci Bull 54(2): 234-243.

136



5. Chapter — REFERENCES

Mulligan, G. A. (1979). The Biology of Canadian weeds. Ottawa, Information Service, Agriculture

Canada.

Mu, J. H,, H. S. Lee and T. H. Kao (1994). "Characterization of a pollen-expressed receptor-like kinase
gene of Petunia inflata and the activity of its encoded kinase." Plant Cell 6(5): 709-721.

Munoz-Bertomeu, J., B. Cascales-Minana, A. Irles-Segura, |. Mateu, A. Nunes-Nesi, A. R. Fernie, . . . R.
Ros (2010). "The plastidial glyceraldehyde-3-phosphate dehydrogenase is critical for viable pollen
development in Arabidopsis." Plant Physiol 152(4): 1830-1841.

Mustafa, M. G. (1990). "Biochemical basis of ozone toxicity." Free Radic Biol Med 9(3): 245-265.

Nakamura, T. and S. A. Lipton (2011). "Redox modulation by S-nitrosylation contributes to protein

misfolding, mitochondrial dynamics, and neuronal synaptic damage in neurodegenerative diseases."
Cell Death Differ 18(9): 1478-1486.

Niu, B. X, F. R. He, M. He, D. Ren, L. T. Chen and Y. G. Liu (2013). "The ATP-binding Cassette Transporter
OsABCG15 is Required for Anther Development and Pollen Fertility in Rice." J Integr Plant Biol 55(8):
710-720.

Noir, S., A. Brautigam, T. Colby, J. Schmidt and R. Panstruga (2005). "A reference _map of the

Arabidopsis thaliana mature pollen proteome." Biochem Biophys Res Commun 337(4): 1257-1266.

Nouchi, I. (2002). Responses of Whole Plants to Air Pollutants, Springer Japan.

O'Farrell, P. H. (1975). "High resolution two-dimensional electrophoresis of proteins." J Biol Chem
250(10): 4007-4021.

Obermeyer, G. and M. H. Weisenseel (1991). "Calcium channel blocker and calmodulin antagonists

affect the gradient of free calcium ions in lily pollen tubes." Eur J Cell Biol 56(2): 319-327.

Ossowski, S., K. Schneeberger, R. M. Clark, C. Lanz, N. Warthmann and D. Weigel (2008). "Sequencing
of natural strains of Arabidopsis thaliana with short reads." Genome Res 18(12): 2024-2033.

Oswalt, M. L. and G. D. Marshall (2008). "Ragweed as an example of worldwide allergen expansion."
Ann Allerg Asthma Im 4(3): 130-135.

Pakrasi, H. B. (1995). "Genetic analysis of the form and function of photosystem | and photosystem II."
Annu Rev Genet 29: 755-776.

Palevitz, B. A., B. Liu and H. C. Joshi (1994). "y-Tubulin in tobacco pollen tubes: association with

generative cell and vegetative microtubules." Sexual Plant Reproduction 7(4): 209-214.

137



5. Chapter — REFERENCES

Pasqualini, S., E. Tedeschini, G. Frenguelli, N. Wopfner, F. Ferreira, G. D'Amato and L. Ederli (2011).
"Ozone affects pollen viability and NAD(P)H oxidase release from Ambrosia artemisiifolia pollen."
Environ Pollut 159(10): 2823-2830.

Pastorello, E. A., L. Farioli, A. Conti, V. Pravettoni, S. Bonomi, S. lametti, . . . C. Ortolani (2007). "Wheat

IgE-mediated food allergy in European patients: alpha-amylase inhibitors, lipid transfer proteins and

low-molecular-weight glutenins. Allergenic molecules recognized by double-blind, placebo-controlled

food challenge." Int Arch Allergy Immunol 144(1): 10-22.

Pena, V., S. Liu, J. M. Bujnicki, R. Luhrmann and M. C. Wahl (2007). "Structure of a multipartite
protein-protein interaction domain in splicing factor prp8 and its link to retinitis pigmentosa." Mol Cell
25(4): 615-624.

Peng, Y. L., Y. Shirano, H. Ohta, T. Hibino, K. Tanaka and D. Shibata (1994). "A novel lipoxygenase from
rice. Primary structure and specific expression upon incompatible infection with rice blast fungus." J
Biol Chem 269(5): 3755-3761.

Perkins, T. T., R. A. Kingsley, M. C. Fookes, P. P. Gardner, K. D. James, L. Yu, . . . G. Dougan (2009). "A
strand-specific RNA-Seq analysis of the transcriptome of the typhoid bacillus Salmonella typhi." PLoS
Genet 5(7): €1000569.

Pertl, H., S. Rittmann, W. X. Schulze and G. Obermeyer (2011). "Identification of lily pollen 14-3-3

isoforms and their subcellular and time-dependent expression profile." Biol Chem 392(3): 249-262.

Peter, D., S. J. Martin, D. R. Burton and I. M. Roitt (2011). Roitt's Essential Immunology, Includes
Desktop Edition, 12th Edition, Wiley-Blackwell.

Pettitt, J. M. (1985). "Pollen Tube Development and Characteristics of the Protein Emission in
Conifers." Ann Bot-London 56(3): 379-397.

Pfaffl, M. W., G. W. Horgan and L. Dempfle (2002). "Relative expression software tool (REST) for
group-wise comparison and statistical analysis of relative expression results in real-time PCR." Nucleic
Acids Res 30(9): e36.

Pichtel, J., K. Kuroiwa and H. T. Sawyerr (2000). "Distribution of Pb, Cd and Ba in soils and plants of two
contaminated sites." Environ Pollut 110(1): 171-178.

Pinheiro, H., M. Samalova, N. Geldner, J. Chory, A. Martinez and I. Moore (2009). "Genetic evidence
that the higher plant Rab-D1 and Rab-D2 GTPases exhibit distinct but overlapping interactions in the
early secretory pathway." J Cell Sci 122(Pt 20): 3749-3758.

Platts-Mills, T. A. and J. A. Woodfolk (2011). "Allergens and their role in the allergic immune response."
Immunol Rev 242(1): 51-68.

138



5. Chapter — REFERENCES

Plotz, S. G., C. Traidl-Hoffmann, I. Feussner, A. Kasche, A. Feser, J. Ring, . . . H. Behrendt (2004).
"Chemotaxis and activation of human peripheral blood eosinophils induced by pollen-associated lipid
mediators." J Allergy Clin Immunol 113(6): 1152-1160.

Poovaiah, B. W. and A. S. Reddy (1993). "Calcium and signal transduction in plants." CRC Crit Rev Plant
Sci 12(3): 185-211.

Porreca, G. J., K. Zhang, J. B. Li, B. Xie, D. Austin, S. L. Vassallo, . . . J. Shendure (2007). "Multiplex
amplification of large sets of human exons." Nat Methods 4(11): 931-936.

Prokhnevsky, A. I., V. V. Peremyslov and V. V. Dolja (2008). "Overlapping functions of the four class XI

myosins _in_Arabidopsis _growth, root hair elongation, and organelle motility." PNAS 105(50):
19744-19749.

Qin, J., R. Li, J. Raes, M. Arumugam, K. S. Burgdorf, C. Manichanh, . . . J. Wang (2010). "A human gut

microbial gene catalogue established by metagenomic sequencing." Nature 464(7285): 59-65.

Quilichini, T. D., M. C. Friedmann, A. L. Samuels and C. J. Douglas (2010). "ATP-Binding Cassette
Transporter G26 |Is Required for Male Fertility and Pollen Exine Formation in Arabidopsis." Plant
Physiology 154(2): 678-690.

Radauer, C. and H. Breiteneder (2006). "Pollen allergens are restricted to few protein families and

show distinct patterns of species distribution." J Allergy Clin Immunol 117(1): 141-147.

Radauer, C., M. Bublin, S. Wagner, A. Mari and H. Breiteneder (2008). "Allergens are distributed into

few protein families and possess a restricted number of biochemical functions " J Allergy Clin Immun
121(4): 847-852.

Radauer, C., M. Bublin, S. Wagner, A. Mari and H. Breiteneder (2008). "Allergens are distributed into

few protein families and possess a restricted number of biochemical functions." J Allergy Clin Immunol
121(4): 847-852 e847.

Rafnar, T., I. J. Griffith, M. C. Kuo, J. F. Bond, B. L. Rogers and D. G. Klapper (1991). "Cloning of Amb a |
(antigen E), the major allergen family of short ragweed pollen." J Biol Chem 266(2): 1229-1236.

Raines, K. W., M. G. Bonini and S. L. Campbell (2007). "Nitric oxide cell signaling: S-nitrosation of Ras
superfamily GTPases." Cardiovasc Res 75(2): 229-239.

Reddy, A. S. N,, G. S. Ali, H. Celesnik and I. S. Day (2011). "Coping with Stresses: Roles of Calcium- and
Calcium/Calmodulin-Regulated Gene Expression." Plant Cell 23(6): 2010-2032.

Rezanejad, F. (2007). "The effect of air pollution on microsporogenesis, pollen development and

soluble pollen proteins in Spartium junceum L. ." Turk J Bot 31: 183-191.

139



5. Chapter — REFERENCES

Ribarits, A., A. N. Mamun, S. Li, T. Resch, M. Fiers, E. Heberle-Bors, . . . A. Touraev (2007). "Combination

of reversible male sterility and doubled haploid production by targeted inactivation of cytoplasmic

glutamine synthetase in developing anthers and pollen." Plant Biotechnol J 5(4): 483-494.

Ribarits, A., A. N. K. Mamun, S. Li, T. Resch, M. Fiers, E. Heberle-Bors, . . . A. Touraev (2009). "A Novel

and Reversible Male Sterility System Using Targeted Inactivation of Glutamine Synthetase and Doubled

Haploidy." Advances in Haploid Production in Higher Plants: 285-294.

Roberts, M. R., J. Salinas and D. B. Collinge (2002). "14-3-3 proteins and the response to abiotic and
biotic stress." Plant Mol Biol 50(6): 1031-1039.

Rodriguez, M. C., M. Petersen and J. Mundy (2010). "Mitogen-activated protein kinase signaling in
plants." Annu Rev Plant Biol 61: 621-649.

Roebber, M., R. Hussain, D. G. Klapper and D. G. Marsh (1983). "Isolation and properties of a new

short ragweed pollen allergen, Ra6." J Immunol 131(2): 706-711.

Rogers, B. L., J. P. Morgenstern, I. J. Griffith, X. B. Yu, C. M. Counsell, A. W. Brauer, . . . M. C. Kuo (1991).

"Complete sequence of the allergen Amb alpha Il. Recombinant expression and reactivity with T cells

from ragweed allergic patients." J Immunol 147(8): 2547-2552.

Rogers, B. L., J. F. Bond, J. P. Morgenstern, C. M. Counsell and I. J. Griffith (1996). Immunological
Characterization of the Major Ragweed Allergens Amb a | and Amb a ll, Springer US.

Rogers, C. A., P. M. Wayne, E. A. Macklin, M. L. Muilenberg, C. J. Wagner, P. R. Epstein and F. A. Bazzaz

(2006)."Interaction of the onset of spring and elevated atmospheric CO, on ragweed (Ambrosia

artemisiifolia L.) pollen production." Environ Health Perspect 114(6): 865-869.

Rozanas, C. R. and S. M. Loyland (2008). "Capabilities using 2-D DIGE in proteomics research : the new
gold standard for 2-D gel electrophoresis." Methods Mol Biol 441: 1-18.

Rueff, F., B. Przybilla, A. Walker, J. Gmeiner, M. Kramer, D. Sabanes-Bove, . . . T. Herzinger (2012).

"Sensitization to common ragweed in southern Bavaria: clinical and geographical risk factors in atopic

patients." Int Arch Allergy Immunol 159(1): 65-74.

Rybnicek, O., B. Novotnd, E. Rybnickova and K. Rybnic¢ek (2000). "Ragweed in the Czech Republic."
Aerobiologia 16(2): 287-290.

Safadi, F,, V. S. Reddy and A. S. Reddy (2000). "A pollen-specific novel calmodulin-binding protein with
tetratricopeptide repeats." J Biol Chem 275(45): 35457-35470.

Saier, M. H., M. R. Yen, K. Noto, D. G. Tamang and C. Elkan (2009). "The Transporter Classification
Database: recent advances." Nucleic Acids Res 37: D274-D278.

140



5. Chapter — REFERENCES

Salo, P. M., A. Calatroni, P. J. Gergen, J. A. Hoppin, M. L. Sever, R. Jaramillo, . . . D. C. Zeldin (2011).
"Allergy-related outcomes in relation to serum IgE: results from the National Health and Nutrition
Examination Survey 2005-2006." J Allergy Clin Immunol 127(5): 1226-1235 e1227.

Sandhu, R. and G. Gupta (1989). "Effects of nitrogen dioxide on growth and yield of black turtle bean
(Phaseolus vulgaris L.) cv. 'Domino'." Environ Pollut 59(4): 337-344.

Sandhu, R., G. Gupta and C. Mulchi (1990). "Response of abscisic acid in soybean leaves to NO,

exposure." Environ Pollut 66(2): 173-178.

Sanger, F., S. Nicklen and A. R. Coulson (1977). "DNA sequencing with chain-terminating inhibitors."
PNAS 74(12): 5463-5467.

Sano, S. and K. Asada (1994). "cDNA cloning of monodehydroascorbate radical reductase from

cucumber: a high degree of homology in terms of amino acid sequence between this enzyme and
bacterial flavoenzymes." Plant Cell Physiol 35(3): 425-437.

Sauliene, I. and L. Veriankaite (2012). "Analysis of high allergenicity airborne pollen dispersion:

common ragweed study case in Lithuania." Ann Agric Environ Med 19(3): 415-419.

Saunders, A., L. J. Core and J. T. Lis (2006). "Breaking barriers to transcription elongation." Nat Rev Mol
Cell Biol 7(8): 557-567.

Schaap, M., R. Kranenburg, L. Curier, M. Jozwicka, E. Dammers and R. Timmermans (2013). "Assessing
the Sensitivity of the OMI-NO, Product to Emission Changes across Europe " Remote Sens 5:

4187-4208.

Schneitz, K., M. Hulskamp, S. D. Kopczak and R. E. Pruitt (1997). "Dissection of sexual organ

ontogenesis: a genetic analysis of ovule development in Arabidopsis thaliana." Development 124(7):
1367-1376.

Schroder, J., J. Bailey, T. Conway and J. Zobel (2010). "Reference-free validation of short read data."
PLoS One 5(9): e12681.

Sheffield, P. E., K. R. Weinberger and P. L. Kinney (2011). "Climate change, aeroallergens, and pediatric

allergic disease." Mt Sinai J Med 78(1): 78-84.

Shenton, D. and C. M. Grant (2003). "Protein S-thiolation targets glycolysis and protein synthesis in

response to oxidative stress in the yeast Saccharomyces cerevisiae." Biochem J 374(Pt 2): 513-519.

Shivanna, K. R., H. F. Linskens and M. Cresti (1991). "Pollen viability and pollen vigor." Theor Appl
Genet 81(1): 38-42.

141



5. Chapter — REFERENCES

Shore, J. and M. Triassi (1998). "Paternally biased cpDNA inheritance in Turnera ulmifolia
(Turneraceae)." Am J Bot 85(3): 328.

Simard, M.-). and D. L. Benoit (2012). "Potential Pollen and Seed Production from Early- and

Late-Emerging Common Ragweed in Corn and Soybean." Weed Technol 26(3): 510-516.

Simard, M. J. and D. L. Benoit (2011). "Effect of repetitive mowing on common ragweed (Ambrosia

artemisiifolia L.) pollen and seed production." Ann Agric Environ Med 18(1): 55-62.

Singer, B. D., L. H. Ziska, D. A. Frenz, D. E. Gebhard and J. G. Straka (2005). "Increasing Amb a 1 content
in_common ragweed (Ambrosia artemisiifolia) pollen as a function of rising atmospheric CO,
concentration." Funct Plant Biol 32(7): 667-670.

Singh, H. (1978). Embryology of Gymnosperms.

Skjgth, C. A., B. Sikoparija and S. Jager (2013). Allergenic Pollen-A Review of the Production, Release,

Distribution and Health Impacts.

Smith, M., L. Cecchi, C. A. Skjoth, G. Karrer and B. Sikoparija (2013). "Common ragweed: a threat to

environmental health in Europe." Environ Int 61: 115-126.

Solomon, S., R. W. Portmann, R. W. Sanders, J. S. Daniel, W. Madsen, B. Bartram and E. G. Dutton
(1999). "On the role of nitrogen dioxide in the absorption of solar radiation Journal of Geophysical
Research: Atmospheres. Volume 104, Issue D10." ) Geophys Res-Atmos 104(D10): 12047-12058.

Songnuan, W. (2013). "Wind-pollination and the roles of pollen allergenic proteins." Asian Pac J Allergy
Immunol 31(4): 261-270.

Sousa, R., L. Duque, A. J. Duarte, C. R. Gomes, H. Ribeiro, A. Cruz, . . . |. Abreu (2012). "In_vitro

exposure of Acer negundo pollen to atmospheric levels of SO(,) and NO(,): effects on allergenicity and

germination." Environ Sci Technol 46(4): 2406-2412.

Spaner, D., J. Dolovich, S. Tarlo, G. Sussman and K. Buttoo (1989). "Hypersensitivity to natural latex." J
Allergy Clin Immunol 83(6): 1135-1137.

Sparkes, I. A. (2010). "Motoring around the plant cell: insights from plant myosins." Biochem Soc Trans
38(3): 833-838.

Stach, A., M. Smith, C. A. Skjoth and J. Brandt (2007). "Examining Ambrosia pollen episodes at Poznan

(Poland) using back-trajectory analysis." Int J Biometeorol 51(4): 275-286.

Stanchey, B. S., J. Doughty, C. P. Scutt, H. Dickinson and R. R. Croy (1996). "Cloning of PCP1, a member

of a family of pollen coat protein (PCP) genes from Brassica oleracea encoding novel cysteine-rich

proteins involved in pollen-stigma interactions." Plant J 10(2): 303-313.

142



5. Chapter — REFERENCES

Steinhorst, L. and J. Kudla (2013). "Calcium - a central regulator of pollen germination and tube
growth." Biochim Biophys Acta 1833(7): 1573-1581.

Stone, S. L., E. M. Anderson, R. T. Mullen and D. R. Goring (2003). "ARC1 is an E3 ubiquitin ligase and
promotes the ubiquitination of proteins during the rejection of self-incompatible Brassica pollen."
Plant Cell 15(4): 885-898.

Storkey, J., P. Stratonovitch, D. S. Chapman, F. Vidotto and M. A. Semenov (2014). "A process-based

approach to predicting the effect of climate change on the distribution of an invasive allergenic plant

in Europe." PLoS One 9(2): e88156.

Strickler, S. R., A. Bombarely and L. A. Mueller (2012). "Designing a transcriptome next-generation

sequencing project for a nonmodel plant species." Am J Bot 99(2): 257-266.

Sugarbaker, D. J.,, W. G. Richards, G. J. Gordon, L. Dong, A. De Rienzo, G. Maulik, . . . R. Bueno (2008).

"Transcriptome sequencing of malignant pleural mesothelioma tumors." PNAS 105(9): 3521-3526.

Sultan, M., M. H. Schulz, H. Richard, A. Magen, A. Klingenhoff, M. Scherf, . . . M. L. Yaspo (2008). "A
global view of gene activity and alternative splicing by deep sequencing of the human transcriptome."
Science 321(5891): 956-960.

Swindle, E. J. and D. D. Metcalfe (2007). "The role of reactive oxygen species and nitric oxide in mast

cell-dependent inflammatory processes." Immunol Rev 217: 186-205.

Taglialatela-Scafati, O., F. Pollastro, A. Minassi, G. Chianese, L. D. Petrocellis, V. D. Marzo and G.
Appendino (2012). "Sesquiterpenoids from Common Ragweed (Ambrosia artemisiifolia L.), an Invasive
Biological Polluter." Eur J Org Chem 2012(27): 5162-5170.

Takahashi, M., S. E. Adam, D. Konaka and H. Morikawa (2008). "Nitrogen dioxide at an ambient level

improves the capability of kenaf (Hibiscus cannabinus) to decontaminate cadmium." Int J
Phytoremediat 10(1): 73-76.

Takahashi, M., A. Sakamoto, H. Ezura and H. Morikawa (2011). "Prolonged exposure to atmospheric

nitrogen dioxide increases fruit yield of tomato plants." Plant Biotechnol 28(5): 485-487.

Takahashi, M. and H. Morikawa (2014). "Differential responses of Arabidopsis thaliana accessions to

atmospheric nitrogen dioxide at ambient concentrations." Plant Signal Behav 9(3).

Takahashi, M., M. Nakagawa, A. Sakamoto, C. Ohsumi, T. Matsubara and H. Morikawa (2005).
"Atmospheric nitrogen dioxide gas is a plant vitalization signal to increase plant size and the contents
of cell constituents New Phytologist Volume 168, Issue 1." New Phytol 168(1): 149-154.

143



5. Chapter — REFERENCES

Takahashi, M., A. Sakamoto, H. Ezura and H. Morikawa (2011). "Prolonged exposure to atmospheric

nitrogen dioxide increases fruit yield of tomato plants." Plant Biotechnol J 28(5): 485-487.

Taramarcaz, P., B. Lambelet, B. Clot, C. Keimer and C. Hauser (2005). "Ragweed (Ambrosia) progression
and its health risks: will Switzerland resist this invasion?" Swiss Med Wkly 135(37-38): 538-548.

Temple, S. J., C. P. Vance and J. S. Gantt (1998). "Glutamate synthase and nitrogen assimilation."
Trends Plant Sci 3(2): 51-56.

Thomashow, M. F. (1999). "Plant Cold Acclimation: Freezing Tolerance Genes and Regulatory
Mechanisms." Annu Rev Plant Physiol Plant Mol Biol 50: 571-599.

Todorovska, E. (2007). "Retrotransposons and their role in plant - Genome evolution." Biotechnol
Biotec Eq 21(3): 294-305.

Tokarska-Guzik, B., K. Bzdega, K. Koszela, |. Zabiriska, B. Krzu$, M. Sajan and A. Sendekl (2011).
"Allergenic invasive plant Ambrosia artemisiifolia L. in Poland: threat and selected aspects of biology."
Biodiv. Res. Conserv. 21: 39-48.

Tosi, A., B. Wuthrich, M. Bonini and B. Pietragalla-Kohler (2011). "Time lag between Ambrosia
sensitisation and Ambrosia allergy: a 20-year study (1989-2008) in Legnano, northern Italy." Swiss
Med Wkly 141: w13253.

Traidl-Hoffmann, C., T. Jakob and H. Behrendt (2009). "Determinants of allergenicity." J Allergy Clin
Immunol 123(3): 558-566.

Traidl-Hoffmann, C., A. Kasche, T. Jakob, M. Huger, S. Plotz, I. Feussner, . . . H. Behrendt (2002). "Lipid
mediators from pollen act as chemoattractants and activators of polymorphonuclear granulocytes." J
Allergy Clin Immunol 109(5): 831-838.

Treangen, T. J. and S. L. Salzberg (2012). "Repetitive DNA and next-generation sequencing:

computational challenges and solutions." Nat Rev Genet 13(1): 36-46.

Trigo, M. d. M. and J. Garcia-Sanchez (2006). "Ambrosia artemisiifolia L., nueva especie para la flora

aléctona invasora de Andalucia (Espafia)." Acta Botanica Malacitana 31: 203-205.

Turnbaugh, P. J., R. E. Ley, M. Hamady, C. M. Fraser-Liggett, R. Knight and J. I. Gordon (2007). "The
human microbiome project." Nature 449(7164): 804-810.

Unlu, M., M. E. Morgan and J. S. Minden (1997). "Difference gel electrophoresis: a single gel method

for detecting changes in protein extracts." Electrophoresis 18(11): 2071-2077.

144



5. Chapter — REFERENCES

van Hove, L. W.,, M. E. Bossen, B. G. San Gabino and C. Sgreva (2001). "The ability of apoplastic
ascorbate to protect poplar leaves against ambient ozone concentrations: a quantitative approach."
Environ Pollut 114(3): 371-382.

Velasco, R., A. Zharkikh, M. Troggio, D. A. Cartwright, A. Cestaro, D. Pruss, . . . R. Viola (2007). "A high
quality draft consensus sequence of the genome of a heterozygous grapevine variety." PLoS One 2(12):
el326.

Vidali, L. and P. K. Hepler (2001). "Actin and pollen tube growth." Protoplasma 215(1-4): 64-76.

Vitalos, M. and G. Karrer (2009). Dispersal of Ambrosia artemisiifolia _seeds along roads: the

contribution of traffic and mowing machines. Biological Invasions: Towards a Synthesis, Proceedings 8:
53-60

Wahid, A., R. Maggs, S. R. Shamsi, J. N. Bell and M. R. Ashmore (1995). "Effects of air pollution on rice
yield in the Pakistan Punjab." Environ Pollut 90(3): 323-329.

Wall, P. K., J. Leebens-Mack, A. S. Chanderbali, A. Barakat, E. Wolcott, H. Liang, . . . C. W. dePamphilis
(2009). "Comparison of next generation sequencing technologies for transcriptome characterization."
BMC Genomics 10: 347.

Watson and M. Teshler (2013). Ambrosia_artemisiifolia L., common ragweed (Asteraceae). Québec,

Canada.

Wellburn, A. R. (1990). "Tansley Review No. 24 Why are atmospheric oxides of nitrogen usually

phytotoxic and not alternative fertilizers? New Phytologist Volume 115, Issue 3." New Phytol 115(3):
395-429.

White, J. F. and D. I. Bernstein (2003). "Key pollens in North America." Ann Allerg Asthma Im 91(5):
425-435.

Wiberg, E., N. Wiberg and A. F. Holleman (2001). Inorganic chemistry. New York, San Diego.

Wiseman, H. and B. Halliwell (1996). "Damage to DNA by reactive oxygen and nitrogen species: role in

inflammatory disease and progression to cancer." Biochem J 313 ( Pt 1): 17-29.

Wittinghofer, A. (1998). "Signal transduction via Ras." Biol Chem 379(8-9): 933-937.

Wopfner, N., P. Gruber, M. Wallner, P. Briza, C. Ebner, A. Mari, . . . F. Ferreira (2008). "Molecular and

immunological characterization of novel weed pollen pan-allergens." Allergy 63(7): 872-881.

World Health, O. (2000). "Air quality guidelines for Europe." WHO Reg Publ Eur Ser(91): V-X, 1-273.

Wyman, M. (1875). "Autumnal Catarrh." Boston Medical and Surgical Journal 93: 209-212.

145



5. Chapter — REFERENCES

Xia, Q., Y. Guo, Z. Zhang, D. Li, Z. Xuan, Z. Li, . . . J. Wang (2009). "Complete resequencing of 40

genomes reveals domestication events and genes in silkworm (Bombyx)." Science 326(5951): 433-436.

Xu, H., S. Qiang, Z. Han, J. Guo, Z. Huang, H. Sun, . . . F. Wan (2006). "The status and causes of alien
species invasion in China." Biodivers Conserv 15(9): 2893-2904.

Xu, Q., B. Zhou, C. Ma, X. Xu, J. Xu, Y. Jiang, . . . L. Hao (2010). "Salicylic acid-altering arabidopsis

mutants response to NO(,) exposure." Bull Environ Contam Toxicol 84(1): 106-111.

Yu, G. H., J. Zou, J. Feng, X. B. Peng, J. Y. Wu, Y. L. Wu, . . . M. X. Sun (2014). "Exogenous

gamma-aminobutyric acid affects pollen tube growth via modulating putative Ca2+-permeable

membrane channels and is coupled to negative regulation on glutamate decarboxylase." J Exp Bot
65(12):3235-48.

Zhang, Q., Y. Liu and Sodmergen (2003). "Examination of the cytoplasmic DNA in male reproductive

cells to determine the potential for cytoplasmic inheritance in 295 angiosperm species." Plant Cell
Physiol 44(9): 941-951.

Zheng, Y. B., T. Lyons, J. H. Ollerenshaw and J. D. Barnes (2000). "Ascorbate in the leaf apoplast is a

factor mediating ozone resistance in Plantago major." Plant Physiol Bioch 38(5): 403-411.

Zhu, J. K. (2000). "Genetic analysis of plant salt tolerance using Arabidopsis." Plant Physiol 124(3):
941-948.

Ziarovska, J., M. Labajova, K. Razna, M. Bezo, V. Stefunova, T. Shevtsova, . . . J. Brindza (2013).
"Changes in expression of BetV1 allergen of silver birch pollen in urbanized area of Ukraine." J Environ
Sci Health A Tox Hazard Subst Environ Eng 48(12): 1479-1484.

Zielinski, R. E. (1998). "Calmodulin And Calmodulin-Binding Proteins In Plants." Annu Rev Plant Physiol
Plant Mol Biol 49: 697-725.

Zink, K., H. Vogel, B. Vogel, D. Magyar and C. Kottmeier (2012). "Modeling the dispersion of Ambrosia
artemisiifolia L. pollen with the model system COSMO-ART." Int J Biometeorol 56(4): 669-680.

Ziska, L., K. Knowlton, C. Rogers, D. Dalan, N. Tierney, M. A. Elder, . . . D. Frenz (2011). "Recent
warming by latitude associated with increased length of ragweed pollen season in central North
America." PNAS 108(10): 4248-4251.

Ziska, L. H. (2002). "Sensitivity of ragweed (Ambrosia artemisiifolia) growth to urban ozone
concentrations." Funct Plant Biol 29(11): 1365-1369.

146



5. Chapter — REFERENCES

Ziska, L. H., J. A. Bunce and E. W. Goins (2004). "Characterization of an urban-rural CO,/temperature

gradient and associated changes in initial plant productivity during secondary succession." Oecologia
139(3): 454-458.

147



APPENDIX

APPENDIX
Appendix 1. Sequence data of SSH libraries
Library Acc.No. Protein Family
Control CAA52782 SF16 protein
> control 17

TAGCGTGGTCGCGGCCGAGGTAAGTCAACCACACCAGATCAAACTCGCGTTTCCTAGGTAGAACAAGGGAGGAAGTAGGT
GCCATCAAGATTCAGGCGGCTTATCGTGGATACATGGCAACAAGGGCTTTCCGGTCTTTAAGAGCAATGAGGAGGCTGAAC
CTGTGGCTTCAAGGACAGGCAGTCAAACGTCAAACGACGTTCGCCTTAATGCGCATACAGACAATGGGTCGTGTCCAGTCT

CAGGTTCGGGTCAGGAGGATTCGAATGGCTGAAGTGAATGAGGCTCTCCAACGACAGCTTATCCAAAGGCGACTAAAGAT

TCTTGACAAACAAGCTTTTGATCTAAGTCCCAGATCAAAGGAACAAGTAGAAGCCAGCTTACGAAGCAAAAAGGAGGCTG

CTGAAAGGAGATTAAAGGCATTGGCTTATGCGTACCTGCCCGGGCGGCCGCTCGAA

> control 31
TAGCGTGGTCGCGGCCGAGGTAAGTCAACCACACCAGATCAAACTCGCGTTTCCTAGGTAGAACAAGGGAGGAAGTAGGT
GCCATCAAGATTCAGGCGGCTTATCGTGGATACATGGCAACAAGGGCTTTCCGGTCTTTAAGAGCAATGAGGAGGCTGAAC
CTGTGGCTTCAAGGACAGGCAGTCAAACGTCAAACGACGTTCGCCTTAATGCGCATACAGACAATGGGTCGTGTCCAGTCT
CAGGTTCGGGTCAGGAGGATTCGAATGGCTGAAGTGAATGAGGCTCTCCAACGACAGCTTATCCAAAGGCGGCTAAAGAT
TCTTGACAAACAAGCTTTTGATCTAAGTCCCAGATCAAAGGAACAAGTAGAAGCCAGCTTACGAAGCAAAAAGGAGGCTG
CTGAAAGGAGATTAAAGGCATTGGCTTATGCGTACCTGCCCGGGCGGCCGCTA

> control 105
TAGCGTGGTCGCGGCCGAGGTAAGTCAACCACACCAGATCAAACTCGCGTTTCCTAGGTAGAACAAGGGAGGAAGTAGGT
GCCATCAAGATTCAGGCGGCTTATCGTGGATACATGGCAACAAGGGCTTTCCGGTCTTTAAGAGCAATGAGGAGGCTGAAC
CTGTGGCTTCAAGGACAGGCAGTCAAACGTCAAACGACGTTCGCCTTAATGCGCATACAGACAATGGGTCGTGTCCAGTCT
CAGGTTCGGGTCAGGAGGATTCGAATGGCTGAAGTGAATGAGGCTCTCCAACGACAGCTTATCCAAAGGCGGCTAAAGAT
TCTTGACAAACAAGCTTTTGATCTAAGTCCCAGATCAAAGGAACAAGTAGAAGCCAGCTTACGAAGCAAAAAGGAGGCTG
CTGAAAGGAGATTAAAGGCATTGGCTTATGCGTACCTGCCCGGGCGGCCGCTCGAA

> control 153
TAGCGTGGTCGCGGCCGAGGTAAGTCAACCACACCAGATCAAACTCGCGTTTCCTAGGTAGAACAAGGGAGGAAGTAGGT
GCCATCAAGATTCAGGCGGCTTATCGTGGATACATGGCAACAAGGGCTTTCCGGTCTTTAAGAGCAATGAGGAGGCTGAAC
CTGTGGCTTCAAGGACAGGCAGTCAAACGTCAAACGACGTTCGCCTTAATGCGCATACAGACAATGGGTCGTGTCCAGTCT
CAGGTTCGGGTCAGGAGGATTCGAATGGCTGAAGTGAATGAGGCTCTCCAACGACAGCTTATCCAAAGGCGGCTAAAGAT
TCTTGACAAACAAGCTTTTGATCTAAGTCCCAGATCAAAGGAACAAGTAGAAGCCAGCTTACGAAGCAAAAAGGAGGCTG
CTGAAAGGAGATTAAAGGCATTGGCTTATGCGTACCTGCCCGGGCGGCCGCTA

Control NP001147673 SF3 Protein (PLIM 1)

> control 18
TTCGAGCGGCCGCCCGGGCAGGTACCACAAACAATGTTTTAGGTGTATTCACGGAGGGTGCCCTTTAACACACTCTTCGTAT
GCCGCCCTCAATGGCGTTCTTTACTGCAGACACCATTTTGCTCAACTCTTCCTGGAAAAAGGCACATTGTCTCATGTTCTCAT
GGCTGCAGACCGCAAGAAAAACACAGTCCCAGTCGATCAAGAAACCCAACCTGCTGATGACAAGCTACTCAAACAGGAGG
AAACTCAAGTTGACAAGCTGGTAACCCAACAGGAAACTGATCAAGTTGACAATGTAATCCAACAGGAAGGTGAAGTTGAA
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AGCAAACCCGAGACTACAGAAAAAACGAATGAATTTGAAGAGCAAGAATCCTAGACACGAGACGTTTGTCACAAATCTAG
CTTGTTAATTGGTCGGTGTTACTGAAAAGCCATATACAGTAGTACATCGGCCGCGACCACGCTA

> control 48
TCAATGGCGTTCTTTACTGCAGACACCATTTTGCTCAACTATTCCTGGAAAAAGGCACATTGTCTCATGTTCTCATGGCTGCA
GACCGCAAGAAAAACACAGTCCCAGTCGATCAAGAAACCCAACCTGCTGATGACAAGCTACTCAAACAGGAGGAAACTCA
AGTTGACAAGCTGGTAACCCAACAGGAAACTGATCAAGTTGACAATGTAATCCAACAGGAAGGTGAAGTTGAAAGCAAAC
CCGAGACTACAGAAAAAACGAATGAATTTGAAGAGCAAGAATCCTAGACACGAGACGTTTGTCACAAATCTAGCTTGTTAA
TTGGTCGGTGTTACTGAAAAGCCATATACAGTAGTACCTCGGCCGCGACCACGCTAATCAACTAGTGCGGCCGCCTGCAGGT
CGACCATATGGGAG

> control 130
TAGCGTGGTCGCGGCCGATGTACTACTGTATATGGCTTTTCAGTAACACCGACCAATTAACAAGCTAGATTTGTGACAAACGT
CTCGTGTCTAGGATTCTTGCTCTTCAAATTCATTCGTTTTTTCTGTAGTCTCGGGTTTGCTTTCAACTTCACCTTCCTGTTGGAT
TACATTGTCAACTTGATCAGTTTCCTGTTGGGTTACCAGCTTGTCAACTTGAGTTTCCTCCTGTTTGAGTAGCTTGTCATCAGC
AGGTTGGGTTTCTTGATCGACTGGGACTGTGTTTTTCTTGCGGTCTGCAGCCATGAGAACATGAGACAATGTGCCTTTTTCC
AGGAAGAGTTGAGCAAAATGGTGTCTGCAGTAAAGAACGCCATTGAGGGCGGCATACGAAGAGTGTGTTAAAGGGCACC
CTCCGTGAATACACCTAAAACATTGTTTGTGGTACCTGCCCGGGCGGCCGCTCGA

> control 21
CGAGCGGCCGCCCGGGCAGGTACCACAAACAATGTTTTAGGTGTATTCACGGAGGGTGCCCTTTAACACACTCTTCGTATG
CCGCCCTCAATGGCGTTCTTTACTGCAGACACCATTTTGCTCAACTCTTCCTGGAAAAAGGCACATTGTCTCATGTTCTCATG
GCTGCAGACCGCAAGAAAAACACAGTCCCAGTCGATCAAGAAACCCAACCTGCTGATGACAAGCTACTCAAACAGGAGGA
AACTCAAGTTGACAAGCTGGTAACCCAACAGGAAACTGATCAAGTTGACAATGTAATCCAACAGGAAGGTGAAGTTGAAA
GCAAACCCGAGACTACAGAAAAAACGAATGAATTTGAAGAGCAAGAATCCTAGACACGAGACGTTTGCCACAAATCTAGC
TTGTTAATTGGTCGGTGTTACTGAAAAGCCATATACAGTAGTACATCGGCCGCGACCACGCTA

> control 33
TTCGAGCGGCCGCCCGGGCAGGTACCACAAACAATGTTTTAGGTGTATTCACGGAGGGTGCCCTTTAACACACTCTTCGTAT
GCCGCCCTCAATGGCGTTCTTTACTGCAGACACCATTTTGCTCAACTCTTCCTGGAAAAAGGCACATTGTCTCATGTTCTCAT
GGCTGCAGACCGCAAGAAAAACACAGTCCCAGTCGATCAAGAAACCCAACCTGCTGATGACAAGCTACTCAAACAGGAGG
AAACTCAAGTTGACAAGCTGGTAACCCAACAGGAAACTGATCAAGTTGACAATGTAATCCAACAGGAAGGTGAAGTTGAA
AGCAAACCCGAGACTACAGAAAAAACGAATGAATTTGAAGAGCAAGAATCCTAGACACGAGACGTTTGTCACAAATCTAG
CTTGTTAATTGGTCGGTGTTACTGAAAAGCCATATACAGTAGTACATCGGCCGCGACCACGCTA

> control 71
CGAGCGGCCGCCCGGGCAGGTACCACAAACAATGTTTTAGGTGTATTCACGGAGGGTGCCCTTTAACACACTCTTCGTATG
CCGCCCTCAATGGCGTTCTTTACTGCAGACACCATTTTGCTCAACTCTTCCTGGAAAAAGGCACATTGTCTCATGTTCTCATG
GCTGCAGACCGCAAGAAAAACACAGTCCCAGTCGATCAAGAAACCCAACCTGCTGATGACAAGCTACTCAAACAGGAGGA
AACTCAAGTTGACAAGCTGGTAACCCAACAGGAAACTGATCAAGTTGACAATGTAATCCAACAGGAAGGTGAAGTTGAAA
GCAAACCCGAGACTACAGAAAAAACGAATGAATTTGAAGAGCAAGAATCCTAGACACGAGACGTTTGCCACAAATCTAGC
TTGTTAATTGGTCGGTGTTACTGAAAAGCCATATACAGTAGTACATCGGCCGCGACCACGCTA
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Control AF116850 LIM domain protein PLIM-2

> control 10
AACACCGACCAATTAACAAGCTAGATTTGTGACAAACGTCTCGTGTCTAGGATTCTTGCTCTTCAAATTCATTCGTTTTTTCTG
TAGTCTCGGGTTTGCTTTCAACTTCACCTTCCTGTTGGATTACATTGTCAACTTGATCAGTTTCCTGTTGGGTTACCAGCTTGT
CAACTTGAGTTTCCTCCTGTTTGAGTAGCTTGTCATCATCAGGT

Control ABM66381 Pollen coat protein

> control 49
TAGCGTGGTCGCGGCCGAGGTACATTATGATTCTCTTTTTTGTTCGAGTGTATATAAAATAAAACAAAACAAAATGAAATAAA
ATACAAAAAAGAATTGGTTATGTTAATTGAATAGATAGTTATGATGGTTGATGAAATGGTCCCTAGAGGTTCATTTGTTCATTC
CAGTTGCATCTTTGGCTGCATCTACTGCTCCTTGTGCACTTGCCACCTGCCCGGGCGGGCCGCTCGAAATCACATAGTGCGG
CCGCCTGCAAGGTCGAAC

> control 85
TAGCGTGGTCGCGGCCGAGGTACATTATGATTCTCTTTTTTGTTCGAGTGTATATAAAATAAAACAAAACAAAATGAAATAAA
ATACAAAAAAGAATTGGTTATGTTAATTGAATAGATAGTTATGATGGTTGATGAAATGGTCCCTAGAGGTTCATTTGTTCATTC
CAGTTGCATCTTTGGCTGCATCTACTGCTCCTTGTGCACTTGCCACCTGCCCGGGCGGCCGCTCGAA

> control 163
TAGCGTGGTCGCGGCCGAGGTACATTATGATTCTCTTTTTTGTTCGAGTGTATATAAAATAAAACAAAACAAAATGAAATAAA
ATACAAAAAAGAATTGGTTATGTTAATTGAATAGATAGTTATGATGGTTGATGAAATGGTCCCTAGAGGTTCATTTGTTCATTC
CAGTTGCATCTTTGGCTGCATCTACTGCTCCTTGTGCACTTGCCACCTGCCCGGGCGGCCGCTCGAA

Control AEH27529 Phosphoglucomutase

> control 137
AGATGCTCCTGGACTTTTGATGGGGATATGTCCCAGTAAACCCATTGTAAGTTGAAGATATTGTAAGACAAAAATGCACTAAT
ACACCTAACCTCGGCCGCGACCACGCTA

Control XP002533960 Myosin-1

> control 8
TTCGAGCGGCCGCCCGGGCAGGTACATAAATTCAAGAAACAAGTGAAGGATACGTTGGAAGAGGTTAAACAAGTTGAAGC
CAAGGGACTCACAGATTTACTATCCGAGATCAAGCCGATTTACAAACATCTTCACAAGATAAACACTAGACTTGCATCATGGT
TGCAACAAAGCATATTGCTCAACAATGAACTCGACACAATAAACTCGTATTTGTGCAACATCCAGGAAGAAATAACACAGGA
AGAAATCAAGTTCAGTGCACATCAGGCTGCAAAGTTCAAAGGTGATATATTAAACATGAAACAAGAAAACAACAAAGTTAA
TGAAGAACTTGAAGCAGGTTTAGATCATGCCATTGCCCTAAAACATGAAATAGAGCAAACTCTAGAAAGACTAGAAAGAAA
GTTTGGTCTTTCTGCCAATCAAAATCAGCCACGTAAGAGATGGTCATCAAGGCGGTCACTAAGCTTGAGGTCATTACTTTTT
GGTGGTACCTCGGCCGCGACCACGCTAATCAACTAGTGCGGCCGCCTGCAGGTCGAACCATAT

> control 12
TTCGAGCGGCCGCCCGGGCAGGTACATAAATTCAAGAAACAAGTGAAGGATACGTTGGAAGAGGTTAAACAAGTTGAAGC
CAAGGGACTCACAGATCTACTATCCGAGATCAAGCCGATTTACAAACATCTTCACAAGATAAACACTAGACTTGCATCATGGT
TGCAACAAAGCATATTGCTCAACAATGAACTCGACACAATAAACTCGTATTTGTGCAACATCCAGGAAGAAATAACACAGGA
AGAAATCAAGTTCAGTGCACATCAGGCTGCAAAGTTCAAAGGTGATATATTAAACATGAAACAAGAAAACAACAAAGTTAA

150




APPENDIX

TGAAGAACTTGAAGCAGGTTTAGATCATGCCATTGCCCTAAAACATGAAATAGAGCAAACTCTAGAAAGACTAGAAAGAAA
GTTTGGTCTTTCTGCCAATCAAAATCAGCCACGTAAGAGATGGTCATCAAGGCGGTCACTAAGCTTGAGGTCATTACTTTTT
GGTGGTACCTCGGCCGCGACCACGCTA

> control 25
TTCGAGCGGCCGCCCGGGCAGGTACATAAATTCAAGAAACAAGTGAAGGATACGTTGGAAGAGGTTAAACAAGTTGAAGC
CAAGGGACTCACAGATCTACTATCCGAGATCAAGCCGATTTACAAACATCTTCACAAGATAAACACTAGACTTGCATCATGGT
TGCAACAAAGCATATTGCTCAACAATGAACTCGACACAATAAACTCGTATTTGTGCAACATCCAGGAAGAAATAACACAGGA
AGAAATCAAGTTCAGTGCACATCAGGCTGCAAAGTTCAAAGGTGATATATTAAACATGAAACAAGAAAACAACAAAGTTAA
TGAAGAACTTGAAGCAGGTTTAGATCATGCCATTGCCCTAAAACATGAAATAGAGCAAACTCTAGAAAGACTAGAAAGAAA
GTTTGGTCTTTCTGCCAATCAAAATCAGCCACGTAAGAGATGGTCATCAAGGCGGTCACTAAGCTTGAGGTCATTACTTTTT
GGTGGTACCTCGGCCGCGACCACGCTA

>control 92
TTCGAGCGGCCGTCCGGGCAGGTACATAAATTCAAGAAACAAGTGAAGGATACGTTGGAAGAGGTTAAACAAGTTGAAGC
CAAGGGACTCACAGATCTACTATCCGAGATCAAGCCGATTTACAAACATATTCACAAGATAAACACTAGACTTGCATCATGGT
TGCAACAAAGCATATTGCTCAACAATGAACTCGACACAATAAACTCGTATTTGTGCAACATCCAGGAAGAAATAACACAGGA
AGAAATCAAGTTCAGTGCACATCAGGCTGCAAAGTTCAAAGGTGATATATTAAACATGAAACAAGAAAACAACAAAGTTAA
TGAAGAACTTGAAGCAGGTTTAGATCATGCCATTGCCCTAAAACATGAAATAGAGCAAACTCTAGAAAGACTAGAAAGAAA
GTTTGGTCTTTCTGCCAATCAAAATCAGCCACGTAAGAGATGGTCATCAAGGCGGTCAGTAAGCTTGAGGTCATTACTTTTT
GGTGGTACCTCGGCCGCGACCACGCTA

>control 114
TGAGCGGCCGCCCGGGCAGGTACATAAATTCAAGAAACAAGTGAAGGATACGTTGGAAGAGGTTAAACAAGTTGAAGCC
AAGGGACTCACAGATCTACTATCCGAGATCAAGCCGATTTACAAACATCTTCACAAGATAAACACTAGACTTGCATCATGGTT
GCAACAAAGCATATTGCTCAACAATGAACTCGACACAATAAACTCGTATTTGTGCAACATCCAGGAAGAAATAACGCAGGAA
GAAATCAAGTTCAGTGCACATCAGGCTGCAAAGTTCAAAGGTGATATATTAAACATGAAACAAGAAAACAACAAAGTTAAT
GAAGAACTTGAAGCAGGTTTAGATCATGCCATTGCCCTAAAACATGAAATAGAGCAAACTCTAGAAAGACTAGAAAGAAAG
TTTGGTCTTTCTGCCAATCAAAATCAGCCACGTAAGAGATGGTCATCAAGGCGGTCACTAAGCTTGAGGTCATTACTTTTTG
GTGGTACCTCGGCCGCGACCACGCTA

> control 121
GAAACAAGTGAAGGATACGTTGGAAGAGGTTAAACAAGTTGAAGCCAAGGGACTCACAGATCTACTATCCGAGATCAAGC
CGATTTACAAACATCTTCACAAGATAAACACTAGACTTGCATCATGGTTGCAACAAAGCATATTGCTCAACAATGAACTCGAC
ACAATAAACTCGTATTTGTGCAACATCCAGGAAGAAATAACACAGGAAGAAATCAAGTTCAGTGCACATCAGGCTGCAAAG
TTCAAAGGTGATATATTAAACATGAAACAAGAAAACAACAAAGTTAATGAAGAACTTGAAGCAGGTTTAGATCATGCCATTG
CCCTAAAACATGAAATAGAGCAAACTCTAGAAAGACTAGAAAGAAAGTTTGGTCTTTCTGCCAATCAAAATCAGCCACGTAA
GAGATGGTCATCAAGGCGGTCACTAAGCTTGAGGTCATTACTTTTTGGTGGTACCTCGGCCGCGACCACGCTA

Control BAD62122 Integral membrane protein
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> control 128
TTCGAGCGGCCGCCCGGGCAGGTACTAGTGCAACTAAAATCAGGGCAACCAAGCTGTCCGCAATTATACATCTATAGCAGTG
CAGATAAAGTCATTCCTGCAGGATCTGTAGAGTCTTTCATAGAGGTGCAGCAGAGAATGGGACGTGTTGTCAGGTCATGCA
ACTTTAAATCAACACCTCATGTAGATCATTTTAGACACGAACCCGAGTTGTACCTCGGCCGCGACCACGCTA

> control 172
TTCGAGCGGCCGCCCGGGCAGGTACTAGTGCAACTAAAATCAGGGCAACCAAGCTGTCCGCAATTATACATCTATAGCAGTG
CAGATAAAGTCATTCCTGCAGGATCTGTAGAGTCTTTCATAGAGGTGCAGCAGAGAATGGGACGTGTTGTCAGGTCATGCA
ACTTTGAATCAACACCTCATGTAGATCATTTTAGACATGAACCCGAGTTGTACCTCGGCCGCGACCACGCTA

Control CAL35827 Alpha-2 tubulin

> control 2
TAGCGTGGTCGCGGCCGAGGTACCAGTGCACAAACGCCCTTTTCGCAAACATCATATCGAATTTATGATCAATCCGACTGAA
AACCTCCGAAACTGCAGTGTTGTTGCTGATCATACATACTGCGCGTTTCACCTTCGCCAAATCTCCGCCAGGCACCACCGTAG
GAGCCTGGTAGTTGATGCCGCACTTGAATCCCGTAGGACACCAGTCGACGAATTGAACCGTCTTTTTTGTTTTGATTGATCC
AACGGCATTGTTAACGTCTTTTGGAGCAATGTCTCCACGGTACCTGCCCGGGCGGCCGCTCGAA

> control 34
TCGAGCGGCCGCCCGGGCAGGTACCGTGGAGACATTGCTCCAAAAGACGTTAACAATGCCGTTGGATCAATCAAAACAAA
AAAGACGGTTCAATTCGTCGACTGGTGTCCTACGGGATTCAAGTGCGGCATCAACTACCAGGCTCCTACGGTGGTGCCTGG
CGGAGATTTGGCGAAGGTGAAACGCGCAGTATGTATGATCAGCAACAACACTGCAGTTTCGGAGGTTTTCAGTCGGATTGA
TCATAAATTCGATATGATGTTTGCGAAAAGGGCGTTTGTGCACTGGTACCTCGGCCGCGACCACGCTAATCACCTAGTGCGG
CCGCCTGCAGGTCGACCATATGGGAGAG

> control 38
TAGCGTGGTCGCGGCCGAGGTACCGTGGAGACATTGCTCCAAAAGACGTTAACAATGCCGTTGGATCAATCAAAACAAAAA
AGACGGTTCAATTCGTCGATGGTGTCCTACGGGATTCAAGTGCGGCATCAACTACCAGGCTCCTACGGTGGTGCCTGGCGG
AGATTTGGCGAAGGTGAAACGCGCAGTATGTATGATCAGCAACAACACTGCAGTTTCGGAGGTTTTCAGTCGGATTGATCAT
AAATTCGATATGATGTTTGCGAAAAGGGCGTTTGTGCACTGGTACCTGCCCGGGCGGCCGCTCGA

> control 67
TAGCGTGGTCGCGGCCGAGGTACCAGTGCACAAACGCCCTTTTCACAAACATCATATCGAATTTATGATCAATCCGACTGAA
AACCTCCGAAACTGCAGTGTTGTTGCTGATCATACATACTGCGCGTTTCACCTTCGCCAAATCTCCGCCAGGCACCACCGTAG
GAGCCTGGTAGTTGATGCCGCACTTGAATCCCGTAGGACACCAGTCGACGAATTGAACCGTCTTTTTTGTTTTGATTGATCC
AACGGCATTGTTAACGTCTTTTGGAGCAATGTCTCCACGGTACCTGCCCGGGCGGCCGCTCGAA

> control 69
TCGAGCGGCCGCCCGGGCAGGTACCGTGGAGACATTGCTCCAAAAGACGTTAACAATGCCGTTGGATCAATCAAAACAAA
AAAGACGGTTCAATTCGTCGACTGGTGTCCTACGGGATTCAAGTGCGGCATCAACTACCAGGCTCCTACGGTGGTGCCTGG
CGGAGATTTGGCGAAGGTGAAACGCGCAGTATGTATGATCAGCAACAACACTGCAGTTTCGGAGGTTTTCAGTCGGATTGA
TCATAAATTCGATATGATGTTTGCGAAAAGGGCGTTTGTGCACTGGTACCTCGGCCGCGACCACGCTA

> control 72

TCGAGCGGCCGCCCGGGCAGGTACCGTGGAGACATTGCTCCAAAAGACGTTAACAATGCCGTTGGATCAATCAAAACAAA
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AAAGACGGTTCAATTCGTCGACTGGTGTCCTACGGGATTCAAGTGCGGCATCAACTACCAGGCTCCTACGGTGGTGCCTGG
CGGAGATTTGGCGAAGGTGAAACGCGCAGTATGTATGATCAGCAACAACACTGCAGTTTCGGAGGTTTTCAGTCGGATTGA
TCATAAATTCGATATGATGTTTGCGAAAAGGGCGTTTGTGCACTGGTACCTCGGCCGCGACCACGCTA

> control 78
TAGCGTGGTCGCGGCCGAGGTACCAGTGCACAAACGCCCTTTTCGCAAACATCATATCGAATTTATGATCAATCCGACTGAA
AACCTCCGAAACTGCAGTGTTGTTGCTGATCATACATACTGCGCGTTTCACCTTCGCCAAATCTCCGCCAGGCACCACCGTAG
GAGCCTGGTAGTTGATGCCGCACTTGAATCCCGTAGGACACCAGTCGACGAATTGAACCGTCTTTTTTGTTTTGATTGATCC
AACGGCATTGTTAACGTCTTTTGGAGCAATGTCTCCACGGTACCTGCCCGGGCGGCCGCTCTGAA

> control 41
TAGCGTGGTCGCGGCCGAGGTACCGTGGAGACATTGCTCCAAAAGACGTTAACAATGCCGTTGGATCAATCAAAACAAAAA
AGACGGTTCAATTCGTCGACTGGTGTCCTACGGGATTCAAGTGCGGCATCAACTACCAGGCTCCTACGGTGGTGCCTGGCG
GAGATTTGGCGAAGGTGAAACGCGCAGTATGTATGATCAGCAACAACACTGCAGTTTCGGAGGTTTTCAGTCGGATTGATC
ATAAATTCGATATGATGTTTGCGAAAAGGGCGTTTGTGCACTGGTACCTCGGCCGCGACCACGCTA

> control 45
TTCGAGCGGCCGCCCGGGCAGGTACCGTGGAGACATTGCTCCAAAAGACGTTAACAATGCCGTTGGATCGATCAAAACGA
AAAAGACGGTTCAATTCGTCGACTGGTGTCCTACGGGATTCAAGTGCGGGATCAACTACCAGGCTCCTACGGTGGTGCCTG
GCGGAGATCTGGCGAAGGTGAAACGTGCAGTATGTATGATCAGCAACAACACTGCAGTTTCGGAGGTTTTTAGTCGGATTG
ATCATAAATTCGATATGATGTTCGCTAAACGGGCGTTTGTGCACTGGTATTTGGGTGAAGGGATGGAAGAAGGCGAGTTCTC
GGAGGCGCGAGAAGATCTTGCAGCCCTGGAGAAAGATTATGAAGAAGTTGTTCAAGACAGTCAGCAGGAGGAGTACCTC
GGCCGCGACCACGCTA

> control 59
TAGCGTGGTCGCGGCCGAGGTACCAGTGCACAAACGCCCTTTTCGCAAACATCATATCGAATTTATGATCAATCCGACTGAA
AACCTCCGAAACTGCAGTGTTGTTGCTGATCATACATACTGCGCGTTTCACCTTCGCCAAATCTCCGCCAGGCACCACCGTAG
GAGCCTGGTAGTTGATGCCGCACTTGAATCCCGTAGGACACCAGTCGACGAATTGAACCGTCTTTTTTGTTTTGATTGATCC
AACGGCATTGTTAACGTCTTTTGGAGCAATGTCTCCACGGTACCTGCCCGGGCGGCCGCTCGAA

> control 63
TAGCGTGGTCGCGGCCGAGGTACCAGTGCACAAACGCCCTTTTCGCAAACATCATATCGAATTTATGATCAATCCGACTGAA
AACCTCCGAAACTGCAGTGTTGTTGCTGATCATACATACTGCGCGTTTCACCTTCGCCAAATCTCCGCCAGGCACCACCGTAG
GAGCCTGGTAGTTGATGCCGCACTTGAATCCCGTAGGACACCAGTCGACGAATTGAACCGTCTTTTTTGTTTTGATTGATCC
AACGGCATTGTTAACGTCTTTTGGAGCAATGTCTCCACGGTACCTGCCCGGGCGGCCGCTCGAAATCACTAAGTGCGGCCG
CCTGCAGGTCGACCATATGGGAGAG

> control 75
TAGCGTGGTCGCGGCCGAGGTACCAGTGCACAAACGCCCTTTTCGCAAACATCATATCGAATTTATGATCAATCCGACTGAA
AACCTCCGAAACTGCAGTGTTGTTGCTGATCATACATACTGCGCGTTTCACCTTCGCCAAATCTCCGCCAGGCACCACCGTAG
GAGCCTGGTAGTTGATGCCGCACTTGAATCCCGTAGGACACCAGTCGACGAATTGAACCGTCTTTTTTGTTTTGATTGATCC
AACGGCATTGTTAACGTCTTTTGGAGCAATGTCTCCACGGTACCTGCCCGGGCGGCCGCTCA

> control 84

TAGCGTGGTCGCGGCCGAGGCACCAGTGCACAAACGCCCTTTTCGCAAACATCATATCGAATTTATGATCAATCCGACTGAA
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AACCTCCGAAACTGCAGTGTTGTTGCTGATCATACATACTGCGCGTTTCACCTTCGCCAAATCTCCGCCAGGCACCACCGTAG
GAGCCTGGTAGTTGATGCCGCACTTGAATCCCGTAGGACACCAGTCGACGAATTGAACCGTCTTTTTTGTTTTGATTGATCC
AACGGCATTGTTAACGTCTTTTGGAGCAATGTCTCCACGGTACCTGGCC

> control 101
TAGCGTGGTCGCGGCCGAGGTACCGTGGAGACATTGCTCCAAAAGACGTTAACAATGCCGTTGGATCAATCAAAACAAAAA
AGACGGTTCAATTCGTCGACTGGTGTCCTACGGGATTCAAGTGCGGCATCAACTACCAGGCTCCTACGGTGGTGCCTGGCG
GAGATTTGGCGAAGGTGAAACGCGCAGTATGTATGATCAGCAACAACACTGCAGTTTCGGAGGTTTTCAGTCGGATTGATC
ATAAATTCGATATGATGTTTGCGAAAAGGGCGTTTGTGCACTGGTACCTGCCCGGGCGGCCGCTCA

> control 112
TCGAGCGGCCGCCCGGGCAGGTACCAGTGCACAAACGCCCTTTTCGCAAACATCATATCGAATTTATGATCAATCCGACTGA
AAACCTCCGAAACTGCAGTGTTGTTGCTGATCATACATACTGCGCGTTTCACCTTCGCCAAATCTCCGCCAGGCACCACCGTA
GGAGCCTGGTAGTTGATGCCGCACTTGAATCCCGTAGGACACCAGTCGACGAATTGAACCGTCTTTTTTGTTTTGATTGATC
CAACGGCATTGTTAACGTCTTTTGGAGCAATGTCTCCACGGTACCTCGGCCGCGACCACGCTA

> control 119
TTGAGCGGCCGCCCGGGCAGGTACCGTGGAGACATTGCTCCAAAAGACGTTAACAATGCCGTTGGATCAATCAAAACAAA
AAAGACGGTTCAATTCGTCGACTGGTGTCCTACGGGATTCAAGTGCGGCATCAACTACCAGGCTCCTACGGTGGTGCCTGG
CGGAGATTTGGCGAAGGTGAAACGCGCAGTATGTATGATCAGCAACAACACTGCAGTTTCGGAGGTTTTCAGTCGGATTGA
TCATAAATTCGATATGATGTTTGCGAAAAGGGCGTTTGTGCACTGGTACCTCGGCCGCGACCACGCTA

> control 120
TCGAGCGGCCGCCCGGGCAGGTACCGTGGAGACATTGCTCCAAAAGACGTTAACAATGCCGTTGGATCAATCAAAACAAA
AAAGACGGTTCAATTCGTCGACTGGTGTCCTACGGGATTCAAGTGCGGCATCAACTACCAGGCTCCTACGGTGATGCCTGG
CGGAGATTTGGCGAAGGTGAAACGCGCAGTATGTATGATCAGCAACAACACTGCAGTTTCGGAGGTTTTCAGTCGGATTGA
TCATAAATTCGATATGATGTTTGCGAAAAGGGCGTTTGTGCACTGGTACCTCGGCCGCGACCACGCTA

> control 150
TCGAGCGGCCGCCCGGGCAGGTACCGTGGAGACATTGCTCCAAAAGACGTTAACAATGCCGTTGGATCAATCAAAACAAA
AAAGACGGTTCAATTCGTCGACTGGTGTCCTACGGGATTCAAGTGCGGCATCAACTACCAGGCTCCTACGGTGGTGCCTGG
CGGAGATTTGGCGAAGGTGAAACGCGCAGTATGTATGATCAGCAACAACACTGCAGTTTCGGAGGTTTTCAGTCGGATTGA
TCATAAATTCGATATGATGTTTGCGAAAAGGGCGTTTGTGCACTGGTACCTCGGCCGCGACCACGCTA

> control 152
TCGAGCGGCCGCCCGGGCAGGTACCGTGGAGACATTGCTCCAAAAGACGTTAACAATGCCGTTGGATCAATCAAAACAAA
AAAGACGGTTCAATTCGTCGACTGGTGTCCTACGGGATTCAAGTGCGGCATCAACTACCAGGCTCCTACGGTGGTGCCTGG
CGGAGATTTGGCGAAGGTGAAACGCGCAGTATGTATGATCAGCAACAACACTGCAGTTTCGGAGGTTTTCAGTCGGATTGA
TCATAAATTCGATATGATGTTTGCGAAAAGGGCGTTTGTGCACTGGTACCTCGGCCGCGACCACGCTA

> control 162

CGAGCGGCCGCCCGGGCAGGTACCGTGGAGACATTGCTCCAAAAGACGTTAACAATGCCGTTGGATCGATCAAAACGAAA
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AAGACGGTTCAATTCGTCGACTGGTGTCCTACGGGATTCAAGTGCGGGATCAACTACCAGGCTCCTACGGTGGTGCCTGGC
GGAGATCTGGCGAAGGTGAAACGTGCAGTATGTATGATCAGCAACAACACTGCAGTTTCGGAGGTTTTTAGTCGGATTGAT
CATAAATTCGATATGATGTTCGCTAAACGGGCGTTTGTGCACTGGTATTTGGGTGAAGGGATGGAAGAAGGCGAGTTCTCG
GAGGCGCGAGAAGATCTTGCAGCCCTGGAGAAAGATTATGAAGAAGTTGTTCAAGACAGTCAGCAGGAGGAGTACCTCG
GCCGCGACCACGCTA

> control 179
TAGCGTGGTCGCGGCCGAGGTACCAGTGCACAAACGCCCTTTTCGCAAACATCATATCGAATTTATGATCAATCCGACTGAA
AACCTCCGAAACTGCAGTGTTGTTGCTGATCATACATACTGCGCGTTTCACCTTCGCCAAATCTCCGCCAGGCACCACCGTAG
GAGCCTGGTAGTTGATGCCGCACTTGAATCCCGTAGGACACCAGTCGACGAATTGAACCGTCTTTTTTGTTTTGATTGATCC
AACGGCATTGTTAACGTCTTTTGGAGCAATGTCTCCACGGTACCTGCCCGGGCGGCCGCTA

> control 188
TCAAGTGCGGCATCAACTACCAGGCTCCTACGGTGGTGCCTGGCGGAGATTTGGCGAAGGTGAAACGCGCAGTATGTATGA
TCAGCAACAACACTGCAGTTTCGGAGGTTTTCAGTCGGATTGATCATAAATTCGATATGATGTTTGCGAAAAGGGCGTTTGT
GCACTGGTACCTCGGCCGCGACCACGCTA

> control 189
TAGCGTGGTCGCGGCCGAGGCACCAGTGCACAAACGCCCTTTTCGCAAACATCATATCGAATTTATGATCAATCCGCCTGAA
AACCTCCGCAACTGCAGTGTCGTTGCTGATCATACATACTGCGCGTTTCACCTTCGCCAAATCTCCCCCAGGCACCCCCGTAG
GAGCCTGGTAGTTGATGCCGCACTTGAATCCCGTAGGACACCAGTCGACGAACTGAACCGTCTTTTTTGTTTTGATTGATCC
AACGGCATTGTTAACGTCTTTTGGAGCAATGTCTCCACGGTCCCTGCCCGGGCGCCCGCTCA

Control CAQ58078 Lipoxygenase

> control 16

TTGGGAGCTCTCCCATATGGTCGACCTGCAGGCGGCCG

> control 20

ACTAGTGCGGCCGCCTGCAGGTCGACCATATGGGAGAGCTCCCAACG

Control ABB47557 Retrotransposon protein

> control 26

CGGGGGTTTTTTTTTTTTTTTTTITTITITTITITTITITTITTITITTITITTITTITITTITITITTITTITTTTITTTITTTITITITTITTTTTTCAAAGTCAA
AACGACATAAACCATTTCTATTAGTATTAGTTATTAATGTTGTATCACTTGAGAAATCAAGTTTAGTAGAAACGACAACTCAAT
GCCACAACCACTTTCATCCTTTACTTCACCAACACCCTTTCTCATATTCATTTCACCTGCCCGGGCGGCCGCTCGAA

Control CCA62925 Carbon monoxide dehydrogenase

> control 155

CTGCCCGGGCGGCCGCTAATCACTAGTGCGGCCGCCTGCAGGTCGACCATATGGGAGAGCTCCCAAACG

Control ADC80732 Calmodulin 24-like protein
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> control 39
TCGGTAGGAAAGGCACCACCTTTCATCATCTGCCTAAACTCTTTATAATCGACCATCCCATCTCCATCCGCGTCTACTTTCTTCA
CCATGATCCGGCAATCCTCAACGGTTCGGCCTTGTCCCAAGCCAAGAGAAGTCAAGACACCTGCCCGGGCGGLCCGCTCGA
A

> control 136
GGTGGAAAGGCACCACCTTTCATCATCTGCCTAAACTCTTTATAATCGACCATCCCATCTCCATCCGCGTCTACTTTCTTCACCA
TGATCCGGCAATCCTCAACGGTTCGGCCTTGTCCCAAGCCAAGAGAAGTCAAGACACCTGCCCGGGCGGCCGCTCGAA

NO2 ABV55999 Alpha-tubulin 7

> treatment 30

AAAAAAGACGGTTCAATTCTTCTACTGGTGTCCTACGGTATTCAAGTGCGGCATCAACTACCAGGCTCCTACGGTGGTGCC

NO2 AAK94059 Pi-tubulin

> treatment 6
TTCGAGCGGCCGCCCGGGCAGGTACTTGGGTGAAGGGATGGAAGAAGGCGAGTTCTCGGAGGCGCGAGAAGATCTTGC
AGCCCTGGAGAAAGATTATGAAGAAGTTGTTCAAGACAGTCAGCAGGAGGAGTACCTCGGCCGCGACCACGCTA

> treatment 77
TAGCGGCCGCCCGGGCAGGTACTTGGGTGAAGGGATGGAAGAAGGCGAGTTCTCGGAGGCGCGAGAAGATCTTGCAGC
CCTGGAGAAAGATTATGAAGAAGTTGTTCAAGACAGTCAGCAGGAGGAGTACCTCGGCCGCGACCACGCTA

> treatment 86
TTCGAGCGGCCGCCCGGGCAGGTACTTGGGTGAAGGGATGGAAGAAGGCGAGTTCTCGGAGGCGCGAGAAGATCTTGC
AGCCCTGGAGAAAGATTATGAAGAAGTTGTTCAAGACAGTCAGCAGGAGGAGTACCTCGGCCGCGACCACGCTA

NO2 XP002532142 Transcription elongation factor s-Il

> treatment 31
CGGCCGCGACCACGCTAATACAATAGTGCGGCCGCCTGCAGGTCGACCATATGGAGAGCTCCCAACGCG

NO2 AAZ32862 Splicing factor Prp8

> treatment 37

CCCGGGCGGCCGCTCGAAATCACTAGTGCGGCCGCCTGCAGGTCGACCATATGGGAGAGCTCCCAAAC

NO2 ACG31189 Protein transport protein Sec61 beta

>treatment 4
CCAAGCTTTTTTTTTTTITTITTITTTTTITTTITTITITTTITITTTTITTITTITTITTITTITTITTITTITTITTITTITTTACCTCGGCCGCGACCACGCT
A

> treatment 57
TTCGAGCGGCCCCCCGGGCAGGTACAAGCTTTTTTTTTITTITTITTITTTITTTTITTITITTITTTITTITTITTITITTITTITITTITTITTITITTITTTITT
TTTTTTTTTTTTTTTTTACCTCGGCCGCGACCACGCTA
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> treatment 58

TTGAGCGGCCGCCCGGGCAGGTCAAGCTTTTTTTTTTTITITTITITTITTITITTITTTTITTITTITTTITTITITTITTITTTTTACCTCGGCCG
CGACCACGCTA

> treatment 61

ACAAGCTTTTTTTTTTTTTITTTTTITTITTITITTTITITITTITITTITTITTITTTITTITTTITTTITTTTTITTTTITTITTITTTTTITITTITTTACCTG
CCCGGGCGGCCGCTCGA

> treatment 89

TAGCGGCCGCCCGGGCAGGTCCGGGCAGGGGTACAAGCTTTTTTTTTTTTITTITTTTITITTTTITTITTITTITTTITTITTITITTITTTT

TTTTTTTTTITTITTTTTTTITTTTTTTTACCTCGGCCGCGACCACGCTA

> treatment 95
TTCGAGCGGCCGCCCGGGCAGGTACAAGCTTTTTTTTTTTTTTTITTITTITTITTITITTTTITTTITITTTTITITTIITTITITITTTITTTTT
TTTTTTTTACCTCGGCCGCGACCACGCTA

> treatment 2
TCGAGCGGCCGCCCGGGCAGGTCCGGGCAGGGGTACAAGCTTTTTTTTTTTTTITTTTTITTITTITITITTITTITITTITTTITTTITTITTT
TTTTTTTTTTTITTITTTITTITTITTTTTTACCTCGGCCGCGACCACGCTA

> treatment 37
TTCGAGCGGCCGCCCGGGCAGGGGCTTTTTTTTTTTTTTITTTTTTTITTITTITTITITTITTITTITTITTTITITTTITITTITITTITITTITTITTTI
TACCTCGGCCGCGACCACGCTA

> treatment 65
TTCGAGCGGCCGCCCGGGCAGGTCCGGGCAGGGGTCCAAGCTTTTTTTITTTTTTTTTITTITTTTITTITTTITITITTITTITTTITTT
TTTTTTTTTTITTITTITTITTITITTITITITTITTTTTTACCTCGGCCGCGACCACGCTA

> treatment 66
GACAAGCTTTTTTTTTITTTTITTTITTTTTITTITTITTITTITTITTIITTITITTITTITITTTTITTITTITTTITITITTITTTITTITTACCTGCCCGGGC
GGCCGCTCGA

> treatment 69
TCGAGCGGCCGCCCGGGCAGGTCAAGCTTTTTTTTTTTITTTTITITTTTTITTITTITTITTITTITTITTITITTITTTITTITTITTITTTITITTT
TTTTACCTCGGCCGCGACCACGCTA

> treatment 75

ACCAACCTTTTTTTTTTITTTITITTITITTTTITTITTITTTITITTITITITITITTITTTTITTTTTTTACCTCGGCCGCGACCACGCTA

> treatment 82

TACAAGCTTTTTTTTTTTTTTITITITTTTTIITTITITTITTITTIITTTITTITITTITTITTITITTITTITTITTTTITITITITTTITTITTITTTACC
TGCCCGGGCGGCCGCTCGA
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> treatment 102
TAGGGTGGTCGCGGCCGAGGTACAAGCTTTTTTTTTTTTITTTITTITTITTITTITITTTITTITTTTTITTITTITITTITTITTITTITITTTITTTITTAC
CTGCCCGGGCGGCCGCTCGA

> treatment 103
TTGAGCGGCCGCCCGGGCAGGTACAAAGTTTTTTTTITTTTTITTTTITTTITTTTTTITTITTTITTITTITTITITTITTITTITTITTITTITTITITT
TTTTACCTCGGCCGCGACCACGCTA

> treatment 106

CAAGGTTTTTTTTTTTTITTITTTITTITTTITITITTITTITITITTITITTITITITTITTTITTITITITTITITTITITTITTTITTITTITTITTTITACCTCGGCCG
CGACCACGCTA

> treatment 110

CAAGCTTTTTTTTTTTTTTTTITTTITITTITTTITTITTTITTITITTTITTITITTITTITITTITTITTITTTTTTACCTCGGCCGCGACCACGCTA

> treatment 112

CCCCCCTTTTTTTTTTTTITITTITTTTTITITTITTTTITTI T T TTIITITITITTITTITITTITITTITTITTTTITITTITTITTITTTITTTITTITTITTTTTACCT
CGGCCGCGACCACGCTA

> treatment 129
TACAAGCATTTTTTTTTTTTTITTITTTTITTITITTT T T T TITTITTITITTITTTITTITTTTTITTITITTITTITTITTTITTITTITTTACCTCGGCCGCGAC
CACGCTA

> treatment 150
CAGGGTTTTTTTITTTTTITTITITTITTTITTITITTITTITITTITITTTTITTTTITITTTITTITITTITITITITTITTITTTTITTITTACCTCGGCCGCGAC
CACGCTA

> treatment 154
ACAACTTTTTTTTTTITTITTTITTITITTIT T T T T TTITITI T T T TTITTTITTITTITTTTTTITTITTITITTITTITTITTTACCTCGGCCGCGACCA
CGCTA

> treatment 155
CGGCCTTCCGGGCAGGTACAAGCTTTTTTTTTTTITTITTTITTITTITTTITTITTITTITTITITTITITTTTITTITTTITTTITTITITTTACCTCGG
CCGCGACCACGCTA

> treatment 152
CCCGAAGTCGCATGTTCCCGGCCGCCATGGCCCCGGGATTAGCGGCCGCCCGGGCAGGGACAAGCTTTTTTITTITTITTTITTI
TTTTTTTTTITTTTITTITITT T T T T I T I TTITITTIT T T T TTITTITTITTITTTTTTITTITTITTTTTTTACCTCGGCCGCGACCACGCTA

> treatment 174
AACACCAGGGTTTTCCCAGTCACGACGTTGTAAAACGACGGCCAGTGAATTGTAATACGACTCACTATAGGGCGAATTGGG
CCCGACGTCGCATGCTCCCGGCCGCCATGGCCGCGGGATTTCGAGCGGCCGCCCGGGCAGGTACAAGCTTTTTTTTTTTTT
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TTTTTTTTITTITTTTTITITTTTITTITITTITITTITTITITTITTITTITTTTTTTTTACCTCGGCCGCGACCACGCTA

> treatment 17

TAGCGGCCGCCCGGGCAGGTACAAGCTTTTTTTTTTITTTTITTITTTITTTITTITITTITTTITTITITTITTITIITITTITTITITTITTTITTTTTIT I
ACCTCGGCCGCGACCACGCTA

> treatment 20

TAGCGTGGTCGCGGCCGAGGTACAAGCCTTTTTTTTTTITTTTTTITTITTTITITTTITTITTTITITTITITTITITITITTITITTITTITTTITTITITTT T
TTTTTACCTGCCCGGGCGGCCGCTCGA

> treatment 22
GGGGATTTGCTGCAAGGCGATTAAGTTGGGTAACCCCAGGGTTTTCCCAGTCCCGACGTTGTAAAACGGCGGCCAGTGAA
TTGTAATTCGACTCCCTATAGGGGGAATTGGGCCCGACGTTGCATGTTCCCGGCCCCCATGGCCGCGGGATTTCGAGCGGC
CGCCCGGGCAGGTACAAGCTTTTTTTTTTTITTITTITTTTITTITTITTTITITTITTITITTITTITTTTITTTITTTITITTITITTITITITTITTITTTTA
CCTCGGCCGCGACCACGCTA

> treatment 28
ATACAGGGCGCGTCCATTCGCCATTCAGGCTGCGCAACTGTTGGGAAGGGCGATCGGTGCGGGCCTTTTCGCTATTACGCC
AGCTGGGGAAAGGGGGATGTGCTGCAAGGCGATTAAGTTGGGTAACCCCAGGGTTTTCCCAGTCACGACGTTGTAAAACG
ACGGCCAGGGAATTGTAATTCGACTCCCTATAGGGCGAATTGGGCCCGACGTCGCATGCTCCCGGCCCCCATGGCCGCGGG
ATTAGCGTGGTCGCGGCCGAGGTACAAACTTTTTTTTTITITTTTTTTITTITITTTITITTITTITITITITITTTITTITTTITTTTACCTGC
CCGGGCGGCCGCTCGA

> treatment 29
TCGAGCGGCCGCCCGGGCAGGTACAAGCTTTTTTITTTTTTTTTITITTITITITTIITTITTITTITTITTITITTITTITITTITTITTITTTITITTT
ACCTCGGCCGCGACCACGCTA

> treatment 39
CGAGCGGCCGCCCGGGCAGGTACAAACTTTTTTITTTITTTTITTITTITTITITTITITTITITTITTITTITITTTITTITTITTITTTTITITTITITT
TTTTTTTTTTACCTCGGCCGCGACCACGCTA

> treatment 40
TTTTTTTTTTTTTTITTTTTITTITITITTITITTTATTATTATTTTTITTTTTITTITTITITTITTITTTTTTTTACGACCTCGGCCGCGACCACGC
TA

> treatment 66

TTTTTTTTTITTITTTTITTITTTITTTITITTITTTTTTITTACCTGCCCGGGCGGCCGCTCGA

> treatment 74
TTCGAGCGGCCCCCCGGGCAGGTACAAGCTTTTTTTTTTTITTITTTTTITTITTITTITTTITTITITTTTITTTTTTTTITTTTTTTTTTITTTT
TTTTTTTTTTTTTTTTTTTTTTACCTCGGCCGCGACCACGCTA

> treatment 87

TTTTTTTTTITITTITITTTITTTITTTTTITITTITTITTITITTITITTTTACCTCGGCCGCGACCACGCTA
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> treatment 89
TTCGAGCGGCCGCCCGGGCAGGTACAAGCTTTTTTTTTTTITTITTTITTITTITTITTITITTITTITTITTTITTTITIT T T T TITTITITTITITITTIT 11T
TTTTTTTTTTTTTTTACCTCGGCCGCGACCACGCTA

> treatment 7

CCAAGCTTTTTTTTTTTTTITTTITTTITTTTTITTTTITTITCCAAGCTTTTTTTTTTTTTTTITTITTITTTITTITITITTITITTITTTTITITTTTTTTT
ACCTCGGCCGCGACCACGCTA

> treatment 36
TAGGGTGGTCGCGGCCGAGGTACAAGCTTTTTTTTITTTTITTTITTITTITTITTTITITTTTITTTTITTIT T T T TITTITTITTITTITTITTITTITTIT
TTTTTTTACCTGCCCGGGCGGCCGCTCGAA

> treatment 55

TTTTTTTTITTITITTTITTI I T T T I T I T I T TITITITTTITTITITTITITTITTTITTITITTITTITTITTITITTITTTITTTTTACCTGCCCGGGCGGCCG
CTCGA

NO2 XP002518508 Serine/threonine protein kinase

> treatment 96
GAGCGGCCGCCCGGGCAGGTACTTTTTTACTTGCTACACAAAACAAATGTTAGCGTGTGGATTTTTTCACTCACTTCGCCTT
TTACTGTGTGTTTGTGTAAGAACATCATACGACCAATTTGTCAACTCCCCATTTTCGACAAGTTGGTTGTGATGACCATGTAAC
CCCTTCTGTTACTTAAATGTCGACAAAGGCAGTGTTACTTTCAAGGGCAGAACAGTCATTTTGATGGTATTGGATCATGCGCA
AGGGACTCGAGGGCTGCAACCACATCACTGATTGATGGGCGGATCGATGGATCCGTATTGAGACACATGGCTGCTATAGCC
AACACTTGGCTCAAACTAGCCTGTGAATAATTTCCATCAAGAAGTGGGTCAACCAGTTCGGAGTATTTCTTTGGGTCCTTGAT
CCTTGTCTCAGCCCAACGAACGAGATGTAGCTCTTCGCTTTCCCTTGTCAAATCAATGGCCCTCCTTCCTGTAATGAGTTCCA
GCAACACAACTCCGTAGCTGTAAATATCTGATTTTACGACCTCGGCCGCGACCACGCTA

> treatment 101
TAGCGTGGTCGCGGCCGAGGTCGTAAAATCAGATATTTACAGCTACGGAGTTGTGTTGCTGGAACTCATTACAGGAAGGAG
GGCCATTGATTTGACAAGGGAAAGCGAAGAGCTACATCTCGTTCGTTGGGCTGAGACAAGGATCAAGGACCCAAAGAAAT
ACTCCGAACTGGTTGACCCACTTCTTGATGGAAATTATCCACAGGCTAGTTTGAGCCAAGTGTTGGCTATAGCAGCCATGTG
TCTCAATACGGATCCATCGATCCGCCCATCAATCAGTGATGTGGTTGCAGCCCTCGAGTCCCTTGCGCATGATCCAATACCATC
AAAATGACTGTTCTGCCCTTGAAAGTAACACTGCCTTTGTCGACATTTAAGTAACAGAAGGGGTTACATGGTCATCACAACC
AACTTGTCGAAAATGGGGAGTTGACAAATTGGTCGTATGATGTTCTTACACAAACACACAGTAAAAGGCGAAGTGAGTGAA
AAAATCCACACGCTAACATTTGTTTTGTGTAGCAAGTAAAAAAGTACCTGCCCGGGCGGCCGCTCGAA

> treatment 105
TAGCGTGGTCGCGGCCGAGGTCGTAAAATCAGATATTTACAGCTACGGAGTTGTGTTGCTGGAACTCATTACAGGAAGGAG
GGCCATTGATTTGACAAGGGAAAGCGAAGAGCTACATCTCGTTCGTTGGGCTGAGACAAGGATCAAGGACCCAAAGAAAT
ACTCCGAACTGGTTGACCCACTTCTTGATGGAAATTATCCACAGGCTAGTTTGAGCCAAGTGTTGGCTATAGCAGCCATGTG
TCTCAATACGGATCCATCGATCCGCCCATCAATCAGTGATGTGGTTGCAGCCCTCGAGTCCCTTGCGCATGATCCAATACCATC
AAAATGACTGTTCTGCCCTTGAAAGTAACACTGCCTTTGTCGACATTTAAGTAACAGAAGGGGTTACATGGTCATCACAACC
AACTTGTCGAAAATGGGGAGTTGACAAATTGGTCGTATGATGTTCTTACACAAACACACAGTAAAAGGCGAAGTGAGTGAA
AAAATCCACACGCTAACATTTGTTTTGTGTAGCAAGTAAAAAAGTACCTGCCCGGGCGGCCGCTCGAA

> treatment 169

160




APPENDIX

TCGAGCGGCCGCCCGGGCAGGTACTTTTTTACTTGCTACACAAAACAAATGTTAGCGTGTGGATTTTTTCACTCACTTCGCC
TTTTACTGTGTGTTTGTGTAAGAACATCATACGACCAATTTGTCAACTCCCCATTTTCGACAAGTTGGTTGTGATGACCATGTA
ACCCCTTCTGTTACTTAAATGTCGACAAAGGCAGTGTTACTTTCAAGGGCAGAACAGTCATTTTGATGGTATTGGATCATGCG
CAAGGGACTCGAGGGCTGCAACCACATCACTGATTGATGGGCGGATCGATGGATCCGTATTGAGACACATGGCTGCTATAG
CCAACACTTGGCTCAAACTAGCCTGTGGATAATTTCCATCAAGAAGTGGGTCAACCAGTTCGGAGTATTTCTTTGGGTCCTT
GATCCTTGTCTCAGCCCAACGAACGAGATGTAGCTCTTCGCTTTCCCTTGTCAAATCAATGGCCCTCCTTCCTGTAATGAGTT
CCAGCAACACAACTCCGTAGCTGTAAATATCTGATTTTACGACCTCGGCCGCGACCACGCTA

> treatment 70
TTCGAGCGGCCGCCCGGGCAGGTACTTTTTTACTTGCTACACAAAACAAATGTTAGCGTGTGGATTTTTTCACTCACTTCGC
CTTTTACTGTGTGTTTGTGTAAGAACATCATACGACCAATTTGTCAACTCCCCATTTTCGACAAGTTGGTTGTGATGACCATGT
AACCCCTTCTGTTACTTAAATGTCGACAAAGGCAGTGTTACTTTCAAGGGCAGAACAGTCATTTTGATGGTATTGGATCATGC
GCAAGGGACTCGAGGGCTGCAACCACATCACTGATTGATGGGCGGATCGATGGATCCGTATTGAGACACATGGCTGCTATA
GCCAACACTTGGCTCAAACTAGCCTGTGGATAATTTCCATCAAGAAGTGGGTCAACCAGTTCGGAGTATTTCTTTGGGTCCT
TGATCCTTGTCTCAGCCCAACGAACGAGATGTAGCTCTTCGCTTTCCCTTGTCAAATCAATGGCCCTCCTTCCTGTAATGA
GTTCCAGCAACACAACTCCGTAGCTGTAAATATCTGATTTTACGACCTCGGCCGCGACCACGCTA

> treatment 134
TAGCGTGGTCGCGGCCGAGGTCGTAAAATCAGATATTTACAGCTACGGAGTTGTGTTGCTGGAACTCATTACAGGAAGGAG
GGCCATTGATTTGACAAGGGAAAGCGAAGAGCTACATATCGTTCGTTGGGCTGAGACAAGGATCAAGGACCCAAAGAAAT
ACTCCGAACTGGTTGACCCACTTCTTGATGGAAATTATCCACAGGCTAGTTTGAGCCAAGTGTTGGCTATAGCAGCCATGTG
TCTCAATACGGATCCATCGATCCGCCCATCAATCAGTGATGTGGTTGCAGCCCTCGAGTCCCTTGCGCATGATCCAATACCATC
AAAATGACTGTTCTGCCCTTGAAAGTAACACTGCCTTTGTCGACATTTAAGTAACAGAAGGGGTTACATGGTCATCACAACC
AACTTGTCGAAAATGGGGAGTTGACAAATTGGTCGTATGATGTTCTTACACAAACACACAGTAAAAGGCGAAGTGAGTGAA
AAAATCCACACGCTAACATTTGTTTTGTGTAGCAAGTAAAAAAGTACCTGCCCGGGCGGCCGCTCA

NO2 XP002520716 Late embryogenesis abundant protein

> treatment 38
TAGCGTGGTCGCGGCCGAGGTACCGTGGAGACATTGCTCCAAAAGACGTTAACAATGCCGTTGGATCAATCAAAACAAAAA
AGACGGTTCAATTCGTCGACTGGTGTCCTACGGGATTCAAGTGCGGCATCAACTACCAGGCTCCTACGGTGGTGCCTGGCG
GAGATTTGGCGAAGGTGAAACGCGCAGTATGTATGATCAGCAACAACACTGCAGTTTCGGAGGTTTTCAGTCGGATTGATC
ATAAATTCGATATGATGTTTGCGAAAAGGGCGTTTGTGCACTGGTACCTGCCCGGGCGGCCGCTCGA

NO2 CAB63264 Calcium-binding protein

> treatment 99

ATTCGAGCGGCCGCCCCGGCAGGTACCAGCCTTTTTTTTTTITITTITTITTTITTTTITTTTTIGGTTTTITTTITTTITTITITITTITTITTTT
TTTTTTTTTTTTAGAGAACTTATGATTCTTTATTCAATTTGAATTCCCATAAAGATACATGGTGATGAACAAGATGGTATAGAAA
AAAAAAAGTTCCAATAGATGGAAAAATCAAGTGGGATCTTTGGTTGTAAAGGCACCACCTTTCATCATCTGCCTAAACTCTTT
ATAATCGACCATCCCATCTCCATCCGCGTCTACTTTCTTCACCATGATCCGGCAATCCTCAACGGTTCGGCCTTGTCCCAAGCC
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AAGAGAAGTCAAGACTGCCCGAAGCTCCTCAACCGTGATGAACCCATCTCCATTTTTGTCGAACACATTAAACGCATCTTTC

ATATCCTTTTCTTCGTCCCTCTCTTCCATTATTATTGCTTCATACAACCTCTCAAATTCCTCCATGTTCACTGACCCATCACCATCC
GTATCAATATGATCAATCATGTGTTCAAGATCCTTCTCGGGTATAACAAACCCAAGACGTTCAAGAGAGTTGGATAGCTCACC
TCGGCCGCGACCACGCT

> treatment 121
ATCGAGCGGCCGCCCCGGCAGGTACAAACCTTTTTTTTTITTITITTITTITITTITTITTITITITGGTTTTTTTTTTITTITTITITTITITTT
TTTTTTTTTTTTTAGAGAACTTATGATTCTTTATTCAATTTGAATTCCCATAAAGATACATGGTGATGAACAAGATGGTATAGAA
AAAAAAAAGTTCCAATAGATGGAAAAATCAAGTGGGATCTTTGGTTGTAAAGGCACCACCTTTCATCATCTGCCTAAACTCT
TTATAATCGACCATCCCATCTCCATCCGCGTCTACTTTCTTCACCATGATCCGGCAATCCTCAACGGTTCGGCCTTGTCCCAAG
CCAAGAGAAGTCAAGACTGCCCGAAGCTCCTCAACCGTGATGAACCCATCTCCATTTTTGTCGAACACATTAAACGCATCTT
TCATATCCTTTTCTTCGTCCCTCTCTTCCATTATTATTGCTTCATACAACCTCTCAAATTCCTCCATGTTCACTGACCCATCACCAT
CCGTATCAATATGATCAATCATGTGTTCAAGATCCTTCTCGGGTATAACAAACCCAAGACGTTCAAGAGAGTTGGATAGCTCA
CCTCGGCCGCGACCACGCTA

> treatment 123
TTCGAGCGGCCGCCCCGGCAGGTACAAGCTTTTTTTTTTTTITITTITTITTITIGTITTTITTTITITTITTITTTITITTITITTITITTTT
TTTTAGAGAACTTATGATTCTTTATTCAATTTGAATTCCCATAAAGATACATGGTGATGAACAAGATGGTATAGAAAAAAAAGT
TCCAATAGATGGAAAAATCAAGTGGGATCTTTGGTTGTAAAGGCACCACCTTTCATCATCTGCCTAAACTCTTTATAATCGACC
ATCCCATCTCCATCCGCGTCTACTTTCTTCACCATGATCCGGCAATCCTCAACGGTTCGGCCTTGTCCCAAGCCAAGAGAAGT
CAAGACTGCCCGAAGCTCCTCAACCGTGATGAACCCATCTCCATTTTTGTCGAACACATTAAACGCATCTTTCATATCCTTTTC
TTCGTCCCTCTCTTCCATTATTATTGCTTCATACAACCTCTCAAATTCCTCCATGTTCACTGACCCATCACCATCCGTATCAATATG
ATCAATCATGTGTTCAAGATCCTTCTCGGGTATAACAAACCCAAGACGTTCAAGAGAGTTGGATAGCTCACCTCGGCCGCGA
CCACGCTA

NO2 CAQ43070 Puroindoline b protein

> treatment 62
TGCTGCAAGGCGATTAAGATGGGTAACGCCAGGGTTTTCCCAGTCACGACGTTGTAAAACGACGGCCAGTGAATTGTAATA
CGACTCCCTATAGGGGGAATTGGGCCCGACGTCGCATGCTCCCGGCCCCCATGGCCCCGGGATTTCGAGCGGCCGLCLCCGG
GCAGG

NO2 NP195678 SAP-domain protein

> treatment 83
CGACCGAAGCTCCTCAACCGTGATGAACCCATCTCCACTTTCGTCGAGCACAATAAACGCATCTTTCATATCCTTTTCTTCGTC
CCTCTCTTCCATTATTATTGCTTCATACAACCTCTCAAATTCCTCCATGTTCACTGACCCATCACCATCCGTATCAATATGATCAAT
CATGTGTTCAAGATCCTTCTCGGGTATAACAAACCCAAGACGTTCAAGAGAGTTGGATAGCTCACCTCGGCCGCGACCACG
CTA

NO2 CBJ27423 Proteasome subunit alpha

> treatment 149
ATCCCGCGGCCATGGCGGCCGGGAGCATGCGACGTCGGGCCCAATTCGCCCTATAGTGAGTCGAATTACAATTCACTGGCC
GTCGTTTTACAACGTCGTGACTGGAAAAACCCTGGCGTTACCCAACTTAATCGCCTTGCAGCACATCCCCCTTTCGCCAGCT
GGCGTAATAGCGAAGAGGCCCGCACCGATCGCCCTTCCCAACAGTTGCGCAGCCTGAATGGCGAATGGACGCGCCCTGTAT
CGGCGC
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NO2

FR692049

LTR retrotransposon Tmcl

> treatment 108

CGGGGGTTTTTTTTTTTTTTTITTITTTITTITITTTTITTTITTITTITITTITTITITITTITITTITITTITITTITTITTITTTITTITTITTTTITITTITCAAAGTCAA
AACGACATAAACCATTTCTATTAGTATTAGTTATTAATGTTGTATCACTTGAGAAATCAAGTTTAGTAGAAACGACAACTCAAT

GCCACAACCACTTTCATCCTTTACTTCACCAACACCCTTTCTCATATTCATTTCACCTGCCCGGGCGGCCGCTCGAA
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Appendix 2. List of proteins identified by LC-MS/MS.

Ratio of average spot volume (80 ppb NO, vs. 40 ppb NO,) after application of the processing
modules (different in-gel analysis and biological variance analysis) is given. One-way ANOVA
was carried out to calculate significance. Only proteins with a protein score difference of less
than 100 are shown. Best match per spot is indicated in bold. * MW was calculated by ExPaSy;
+ = only detected in treated pollen; - = only detected in control pollen.

M t
Spo Accessio M - asc‘:o - Spot
Best protein match #unique #unique  Protei p-value
t# n w ) ratio
peptides  spectra n
I: Allergen
Pollen allergen Amb a 1.1 P27759 43 13 21 1708 1.89 1.23E-0
Pollen allergen Amb a 1.2 P27760 44 11 18 1292.5 1.71 5.88E-1
Pollen allergen Amb a 1.4 pP28744 43 5 8 1239.5 1.71 5.88E-1
3 Pollen allergen Amb a 1.3 P27761 43 10 11 712.1 1.58 2.05E-0
Pollen allergen Amb a 1.4 pP28744 43 8 9 623.2 1.58 2.05E-0
Pollen allergen Amb a 1.4 P28744 43 6 8 823.2 1.56 9.79E-0
Pollen allergen Amb a 1.5 P27762 44 15 19 1162 1.56 2.23E-0
6 Enolase 1 (Hev b 9) QOLEJO 48 3 3 203.7 + 5.96E-0
Glutamine synthetase 5.96E-0
cytosolic isozyme 1-3 QLVI8 39 3 3 159.4 + 3
II: Cytoskeleton Proteins
7 Actin-97 P30171 42 8 8 516.4 -2.09 1.13E-0
Actin-related protein 3 P61158 47 3 3 428.6 -2.09 1.13E-0
8 Tubulin-alpha-1 chain P46259 50 18 26 2220.4 1.54 3.00E-0
Tubulin beta-2 P61857 50 16 22 2150.7 1.54 3.00E-0
Tubulin beta-9 P29517 50 15 17 2134.2 1.54 3.00E-0
Il: Metabolism
Glucose and ribitol 5.02E-1
9 dehydrogenase Q75KH3 32 3 3 165.3 -1.89 :
. . 4.54E-0
10  Triosephosphate isomerase  P48493 21 5 7 3245 2.05
6
rrobable lactoylglutathione Q8W593 39 2 3 258.8 205 4.54E-0
yase A
Glyceraldehyde-3-phosphat
2.59E-0
11 edehydrogenase P26519 36 3 3 150.2  -1.87
4
V-type proton ATPase catalytic Q40002 64 3 3 97.6 -1.87 2.59E-0
4
Fructose-bisphosphate 8.46E-0
12 aldolase P46257 38 2 2 140 1.56 A
13 2,3-bisphosphoglycerate Q9M9K1 61 5 5 287.3 -3.08 6.93E-0
Phosphoglycerate kinase Q42961 50 3 4 205.6 -3.08 6.93E-0
Glucose-6-phosphate 2.32E-0
14 isomerase P34795 62 7 9 454 -2.58 5
15 D|hyqrollt|poyllfysme-re3|due 2 29E-0
succinyltransierase Q8H107 50 3 4 305  -2.69
3
Tubulin beta-5 P46265 50 5 5 280 -2.69 2.22E-0
; P37223 2.22E-0
NADP-dependent malic 64 3 4 233 269
enzyme 3
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Mascot
Spot . . . Spot
Best protein match Accession Mw  #unique #unique  Protein p-value
# ratio
peptides  spectra score
16  Isocitrate Q06197 46 2 3 201 3.02  5.18E-03
dehydrogenase
Phosphoglycerate kinase Q42961 50 2 2 117 3.02 5.18E-03
Tgat shock 70 kDa protein g 17 73 2 2 98.7 302  5.18E-03
Succinate
17 dehydrogenase 082663 70 5 5 299.3 1.96 1.89E-06
1g  Ribulose bisphosphate ) rrg 53 2 2 82.6 236  6.30E-03
carboxylase
GDP-mannose
3,5-epimerase Q93VR3 43 2 2 78.6 -2.36 6.30E-03
19 Transketolase Q43848 80 3 4 205.9 -2.55 1.48E-02
20 E.hos”hog'ycerate Q42961 50 3 3 2513  1.88  1.39E-03
inase
50S ribosomal protein L9 POA7R1 16 2 3 207 1.88 1.39E-03
1  Clutamate Q07346 57 18 26 2817.7 203  2.37E-04
decarboxylase ’ ’ :
GDP-mannose
22 3,5-epimerase Q93VR3 43 2 2 109.5 -2.33 4.96E-04
23 Cytochrome c1-1 P25076 35 4 7 373.9 -1.63 1.04E-06
Protein disulfide
24 isomerase Q67UF5 47 4 4 165.7 2.36 2.77E-04
Pollen allergen Amb a 1.1 pP27759 43 3 3 112.8 2.36 2.77E-04
Pollen allergen Amb a 1.2 P27760 44 2 98.8 2.36 2.77E-04
25 Beta-fructofuranosidase Q8WA4S6 62 6 8 435.1 1.99 1.88E-06
Soluble inorganic Q43187 24 5 5 3736 199  1.88E-06
pyrophosphatase
Glutamine synthetase
cytosolic isozyme 1-2 Q8LCE1 39 4 5 353.5 1.99 1.88E-06
Glutamine synthetase
cytosolic isozyme 1-3 QILVI8 39 4 4 340.4 1.99 1.88E-06
Alpha-1,4-glucan-protein
26 synthase P80607 41 2 2 85.2 2.21 1.63E-03
27 NADH dehydrogenase P80269 26 4 5 376.7 -1.79 1.79E-03
IV: Signalling proteins
28  14-3-3-like protein A P93214 29 9 11 1320 -1.63 2.05E-03
V: Reproductive cycle
29 Phosphoglucomutase P93805 63 7 8 661.5 - 1.48E-05
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Mascot
Spot . . . Spot

Best protein match Accession ~Mw  #unique #unique  Protein p-value

# ratio

peptides  spectra score

VI: Photosynthesis

30 Photosystem |P700 Q6EW49 82 2 3 123 263  2.33E-03
chlorophyll a apoprotein
Tubulin beta-9 P29517 50 2 2 110.5 -2.63 2.33E-03
Photosystem Il CP47

31 chlorophyll apoprotein Q7FNS4 56 2 2 87.7 -1.95 4.32E-06
Glucose and ribitol Q75KH3 32 2 2 78.5 195  4.32E-06
dehydrogenase

32 Photosystem Il D2 protein Q4FFP4 40 2 2 111 -2.44 8.43E-04
14-3-3-like protein A P93214 29 2 2 109.9 244  8.43E-04
Phosphoglycerate kinase Q42961 50 2 2 98.7 -2.44 8.43E-04

33 Oxygen-evolving enhancer g qgq 1 3 4 2015 277  3.83E-06
protein
VIl: Ammonia
assimilation
Glutamine synthetase

34 cytosolic isozyme 1-1 Q56WN1 39 3 4 243.7 + 1.89E-06
Glutamine synthetase Q8LCE1 39 3 3 236.8 + 1.89E-06
cytosolic isozyme 1-2
Glutamine synthetase
cytosolic isozyme 1-3 Q9LviI8 39 2 3 159.8 + 1.89E-06
VIII: Protein biosynthesis,
folding and degradation

35 e shock 70kDaprotein  ngmivpy 73 8 1 7042  -2.36  9.78E-04
Tgat shock 70 kDa protein g 7 73 6 7 683 2236  9.78E-04
26S protease regulatory

36 X QI9SEI2 47 6 6 305.9 2.99 7.23E-06
subunit

37  Chaperonin CPN60 Q05046 61 10 1 626.1 1.89 1.07E-04

38 Eukaryotic initiation factor P41382 a7 4 4 306.6 -2.04 5.96E-03
Manadehydroascorbate Q42711 47 3 3 258.6  -2.04  5.96E-03
reductase
IX: Stress related

39 Elongation factor Q6YW46 47 5 5 287.8 2.66 8.88E-05
Actin-97 P30171 42 3 4 225.3 2.66 8.88E-05
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Mascot
Spot . . . Spot
Best protein match Accession ~Mw  #unique #unique  Protein p-value
# ratio
peptides  spectra score
Soluble inorganic
40 pyrophosphatase Q43187 24 3 3 276.5 2.36 1.77E-02
Enolase 1 (Hev b 9) QILEJO 48 2 3 225.6 2.36 1.77E-02
Monodehydroascorbate
41 reductase Q42711 47 3 4 297.6 2.63 1.57E-11
Phosphoglycerate kinase Q42961 50 3 3 225.7 2.63 1.57E-11
Chaperonin CPN60 Q05046 61 2 3 198.8 2.63 1.57E-11
42 Proteasome subunit alpha  Q9LSUO 27 10 12 1759.4 2.58 1.11E-05
43 Aconitate hydratase Q42560 98 14 18 1318 -1.69 1.26E-03
44 Catalase isozyme P48350 57 5 8 623.5 3.03 2.32E-06
Glutamine synthetase
cytosolic isozyme 1-2 Q8LCE1 39 5 6 557.8 3.03 2.32E-06
45 Protein phosphatase 2C Q8RXV3 33 2 2 102 1.99 1.48E-05
Phosphoglycerate kinase Q42961 50 2 2 96.3 1.99 1.48E-05
46 a’.“toge”'ac“"ated Protein o) va7 58 4 4 1939 245  3.29E-03
inase
47 Lactoylglutathione lyase Q8W593 39 3 3 129.6 -2 5.02E-06
V-type proton ATPase B :
catalytic Q40002 64 2 3 112.2 2 5.02E-06
Actin-97 P30171 42 2 2 110 -2 5.02E-06
NADP-dependent malic
48 enzyme P37223 64 3 5 269.7 -1.77 2.50E-04
X: Methyltransferase
Serine
49 hydroxymethyltransferase = P49357 57 2 2 107.3 -2.37 2.25E-03
1
Tubulin beta-9 P29517 39 2 2 99.8 -2.37 2.25E-03
Manadehydroascorbate Q42711 47 2 2 89.6 237  2.25E-03
reductase
5-methyltetrahydropteroylt ) :
50 riglutamate P93263 85 10 16 17211 1.63 1.39E-03
51 Adenosylhomocysteinase 023255 53 5 6 457.8 2.11 5.48E-03
Isocitrate dehydrogenase Q06197 46 5 5 396.8 211 5.48E-03
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Mascot
Spot . . . Spot
Best protein match Accession ~Mw  #unique #unique  Protein p-value
# ratio
peptides  spectra score
XI: Transport related
52 ATP synthase Q49L13 56 8 ) 497.8 2.09 6.50E-03
V-type proton ATPase ) :
53 catalytic Q40002 64 11 12 741.3 2.22 1.46E-05
54 . .
Sorting nexin 1 Q9FG38 47 2 2 112.3 2.56 1.76E-07
Protein disulfide isomerase Q67UF5 47 2 2 99.6 2.56 1.76E-07
55 Importin subunit alpha Q71VM4 58 2 2 79.1 -1.93 2.36E-10
GDP-mannose Q93VR3 43 2 2 68.9 193 2.36E-10
3,5-epimerase
XII: Others
%8 Cysteine-rich repeat Q9LRJ9 28 4 4 2909  -1.88  4.77E-05
secretory protein 38 ’ ’ '
Glucose and ribitol _ 4.77E-05
dehydrogenase Q75KH3 32 3 3 220.6 1.88
57 Histone H4 P62785 11 2 2 68.8 -1.76 4.09E-04
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