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1. SUMMARY

The spread of common ragweed (A. artemisiifolia) due to global warming poses a health threat
through its allergenic pollen, yet there is limited research on how rising temperatures and their
interactions with air pollution affect its allergenic potential. This study examines the impact of
elevated temperature (+ 4 °C) and elevated NO: in two Bavarian regions with different climates,
simulating future conditions. Ragweed plants were grown under controlled conditions to assess
the effects on plant growth, pollen release phenology, pollen allergenicity of aqueous pollen and
the production of allergenicity related compounds in pollen. Additionally, this study explores the
proteomic changes in pollen, focusing on stress responses, metabolic processes, and expression of

allergenic proteins.

The findings included that 1), warmer temperatures boosted plant growth, reduced pollen
release per male inflorescence while extended the release period, but beyond certain limits, the
plant growth promotion diminished. Elevated NO2 promoted pollen release, especially under
higher temperatures. 2), both elevated temperature and elevated NO: affected pollen flavonoid
content, with temperature having a greater impact on flavonoid composition. Elevated temperature
reduced the ability of pollen flavonoids to inhibit allergen-1gE binding. 3), elevated temperature
and NO, independently and synergistically, increased the allergenicity of aqueous protein extracts
and the levels of NADPH and NADH oxidases in pollen, with the highest levels observed under
combined treatments. Synergistic effects between elevated temperature and elevated NO2 on
increasing H202 were also observed. 4), Amb a 1 and its isoforms contributed the most to the
detected allergenicity in aqueous protein extracts. Proteins such as peptidyl prolyl cis trans
isomerase, calmodulin, and calreticulin, may also contribute to ragweed pollen allergenicity. 5),
proteomic analysis revealed that in the relatively warmer climate, elevated temperature and its
combination with elevated NOg, significantly induced Amb a 1 and its isoforms while reduced
several other allergenic proteins involved in cell wall biogenesis, and degradation. 6), invitro
nitration experiments implied possible structural conformational changes in allergens, potentially

altering the allergenicity of ragweed pollen.



1. SUMMARY

In conclusion, the combination of high temperatures and air pollutants like NO2 exacerbate
ragweed pollen’s health risks, particularly in warmer regions. Strategies to reduce NOz levels and

curb ragweed spread are vital for mitigating its allergenic impacts.

As biotic factor fungi associated with leaves of outdoor-grown ragweed plants were assessed
by ITS barcoding and to get isolates for examining their impact on ragweed pollen allergenicity.
The fungal community on ragweed leaves comprised Ascomycota and Basidiomycota, and certain
fungal taxa, such as Podospora, Bipolaris, and Sporobolomyces, exhibited preferences for specific
leaf layers, suggesting spatial niche differentiation within the plant. Among the tested fungal
isolates, Beauveria bassiana appeared to contain allergenic proteins that interact with commercial
ragweed pollen to enhance allergic responses, underscoring the need to identify specific allergenic
components within B. bassiana. Other fungal isolates showed no obvious IgE binding,
highlighting variability in allergenic potential and the need for further research under diverse

conditions.

Vi
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Figure 2 - 4: Daily average of relative humidity (rh) (A) and light intensity with daily sum of
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1.1 Impacts of common ragweed (Ambrosia artemisiifolia 1.)

1.1.1 Common ragweed as invasive and allergenic plant
1.1.1-1 Characteristics of common ragweed

Common ragweed (Ambrosia artemisiifolia L., Asteraceae), is an annual herbaceous plant of
high environmental and health concern. As a serious weed in many areas world-wide it causes

yield losses in agricultural land (Alberternst et al., 2016; Essl et al., 2015; Makraet al., 2015;

Montagnani et al., 2017; Simard et al., 2020), and, moreover, poses a health risk because of its

high pollen allergenicity (Gard, 2012; Gentili et al., 2018; McGoey and Stinchcombe, 2021).

Ragweed plants are characterized by a high reproductive capacity with 70,000 and 100,000
seeds per plant annually. The seeds are persistent for up to 30 to 40 years and are able to
germinate in a wide range of soil conditions even under nutrient-deficient soils or barren

wastelands (Baskin and Baskin, 1980; Karrer, 2016; Toole and Brown, 1946). Consequently,

ragweed plants are able to thrive in various habitats, including wastelands, roadsides, arable fields

(Burge and Rogers, 2000; Claude et al., 2007; Essl et al., 2009; MacKay and Kotanen, 2008;

Milakovic et al., 2014; Pinke et al., 2013; Webster and Nichols, 2012), railway embankments,

landfill sites, construction sites (Bullock et al., 2012), and urban ruderal habitats. Notably, these

locations are typically in close proximity to human living environments, and include urban areas

and high traffic sites with prominent air pollution (Ziska et al., 2003).

It has been known that common ragweed is a thermophilic plant, with a wide temperature

range of growth starting at 0.9 °C and an upper limit at 40 °C (Deenet al., 1998; Deen et al.,

2001). Moreover, anincrease in temperature within the range of 8 to 31.7 °C stimulates the

growth of ragweed plants (Bazzaz, 1974; Gentili et al., 2019). This characteristic of ragweed

plants may imply a favorable response to global warming, as suggested by previous studies

indicating that thermophilic plants tend to exhibit increased growth rates in warmer conditions.
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1.1.1-2 Invasion of common ragweed in Europe

Since the introduction of ragweed to Europe from North America during the second half of

the 19th century (Jarai-Komlodi and Juhasz, 1993; Makra et al., 2005) it rapidly spread in the late

20th century in over 30 European countries (Bullock et al., 2012; Carosso and Gallesio, 2000;

Comtois, 1998; Hrabovsky et al., 2016; Jarai-Komlddi and Juhdsz, 1993; Makraet al., 2005;

Makraet al., 2014; Reznik, 2009; Rodinkovaet al., 2012).

In Germany, the main expansion of the invading ragweed populations from eastern and

southern Europe occurred between 2000 and 2007 (Alberternst and Nawrath, 2008; Buters etal.,

2015; Hall et al., 2020; Nawrath and Alberternst, 2014). Control of ragweed has only partly been

successful. For example, in Bavaria continuous monitoring and eradication measures resulted only

in a reduced but not a full control of ragweed expansion (Alberternst et al., 2016; Buters et al.,

2015; DPA and Local, 2020; Hoflich et al., 2016).

1.1.2 Impacts of common ragweed on human health

The most direct danger to humans is the ragweed pollen emitted during flowering. Upon
inhalation of airborne ragweed pollen, the immune system of individuals sensitized to ragweed
pollen reacts by releasing chemical mediators, including histamine and cytokines, in significant
quantities (Schindler, 1993) (Figure 1 - 1). As a result, affected individuals show a range of
allergic reactions, including hay fever, running nose and itchy eyes, even severely allergic asthma

and rhinitis (Bouletet al., 1997; DellaValle etal., 2012; Jones et al., 2019).
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Figure 1 - 1: Schematic diagram showing type 1 hypersensitivity reactions (Pedrosaetal., 2014). APC
= antigen-presenting cell; Th cell = helper T cell; B cell = bursa-derived cell; IgE = Immunoglobulin E.
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Ragweed pollen allergy has increasingly garnered global attention. Within its native North
American range, air quality reports from 1994 to 2010 revealed a discernible pattern indicating
earlier and extended pollen seasons and increased airborne pollen concentrations of common

ragweed (Breton etal., 2006; Chan-Yeunget al., 2010; Frenz, 1999; White and Bernstein, 2003;

Zhang et al., 2015), and also an increase in ragweed sensitized patients jumping from 15 to 26%

(Arbes-Jr et al., 2005; Bousquet et al., 2008).

Also in certain Asian countries, the prevalence of ragweed pollen allergy has been

documented, with observed frequencies of 11.8% among 170 Nepali patients (Monika et al., 2020)

and 8.66% among 4203 Chinese children (Wang et al., 2020). Thus world-wide, the human

population sensitized to ragweed pollen is rising (Lake et al., 2017). In Europe, ragweed pollen

allergy affects over 10 million individuals, leading to annual economic losses of approximately

Euro 7.4 billion (Ariano et al., 2015; Heinzerling et al., 2009; Schaffner et al., 2020). The

prevalence of Ambrosia pollen sensitization varies by country, ranging from the highest value

reached 53.8% in Hungary to 2.3% in Finland (Ariano et al., 2015). Moreover, the clinical

significance of ragweed pollen has risen, establishing it as a major contributor to hay fever

(Beqgs, 2015; Burbach et al., 2009; Celenk and Malyer, 2017; Oh, 2018; Schmidt, 2016). For

instance, the frequency of ragweed pollen sensitization in Austria increased from 8.5%to 17.5%

between 1997 and 2007 (Hemmer etal., 2011). In addition, a consistent annual rise in the number

of patients with ragweed pollen allergies in Romania from 2014 to 2018 was observed,

accompanied by an expanding geographic range (Leru et al., 2019). Furthermore, the rate of

sensitization to ragweed pollen in Germany witnessed a significant rise, surging from 21.4%

between 1998 and 2007 to 36.3% between 2008 and 2017 (Forkel et al., 2020). Collectively, these

observations highlight the widespread occurrence and severity of ragweed pollen allergies

(Bocsanet al., 2019; Leru et al., 2022; Leruet al., 2019). It is noteworthy that Bavaria, situated in

southern Germany, possesses one of the most substantial recorded ragweed populations in the

country (Bundesamt, 2021), with 20 - 30% of allergy patients already exhibiting sensitivity to

ragweed pollen (Buterset al., 2015; Ruéff et al., 2012).

The increasing prevalence of ragweed pollen allergies is not only linked to the unrestrained

spread of ragweed plants but also to the long-distance transport of ragweed pollen to regions
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devoid of ragweed plants (Lorenzo etal., 2006; Menzel et al., 2021). Notably, pollen remains

active after undergoing long-distance transport and can lead to sensitization (Celenk, 2019). The

exceptionally high concentrations of Ambrosia pollen in Leicester (United Kingdom) and Leiden
(Netherlands) on September 4 and 5, 2014, were potentially caused by pollen transported from

source areas on the Pannonian Plain and Ukraine (de Weger et al., 2016). Similar long-distance

transport of Ambrosia pollen has been extensively documented, including routes from Eastern

Europe to Italy (Cecchi et al., 2007), from Western Europe to Hungary (Makra et al., 2007), and

from southern regions like Ukraine to Poland (Kasprzyk etal., 2011; Stach et al., 2007; Stepalska

et al., 2020).

Therefore, the locally established ragweed populations and those in neighboring countries
collectively suggest that the severity and incidence of ragweed allergies for example in Bavaria

continue to increase (DPAand Local, 2020).

1.2 Allergenic potential of ragweed pollen

1.2.1 Increased pollen allergic symptoms correlate with pollen exposure

Prior studies have established a positive correlation between the immune response and the
quantity of inhaled pollen (Jager, 2000). This suggests a positive association between the
concentration of allergenic pollen, and the severity of symptoms at a population level (Ariano et

al., 2015; Schmidt, 2016; Ziska et al., 2019). As mentioned above, pollen amounts are closely

linked to expansion of ragweed populations. Additionally, enhanced plant growth including longer

male inflorescences contribute to an increase in pollen release (Alberternst et al., 2016; Essl et al.,

2015; Gentili et al., 2019; Montagnani et al., 2017; Zhao et al., 2017b). Moreover, a promotion of

its reproductive growth leading to a moderate increase in pollen release has also been shown,

when environmental factors (such as NOz) impede plant growth (Zhang et al., 2020a; Zhao et al.,

2016; Zhao et al., 2017b). Hence, a strong correlation exists between environmental factors,

responses of ragweed plants and the quantity of pollen production as well as pollen exposure.

Beyond the impact of pollen release on pollen allergy symptoms, an early onset and

prolonged duration of the pollen season can increase pollen exposure, potentially worsening
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allergy symptoms (D'Amato et al., 2007; Gentili et al., 2019; Rasmussen et al., 2017; Ziska et al.,

2011). Clinical and epidemiological data establish associations between ragweed pollen exposure

and patterns of allergic sensitization (Ariano et al., 2015; Bocsan et al., 2019; Chenet al., 2018a;

Leruetal., 2019).

1.2.2 Allergenicity related compounds in ragweed pollen

In addition to the impacts of temporal and spatial variations in pollen exposure, the
physicochemical properties of ragweed pollen can directly determine its allergenicity. Ragweed
pollen, a major contributor to fall pollen allergies, contains water-soluble proteins that can be

rapidly released upon contact with humans, eliciting allergic hypersensitivity reactions (Oh, 2018;

Volcheck, 2009). Allergy sufferers exhibit varying reactions to minor allergens, and thus,
immunoblotting assays, employing multiple antibodies within pollen-specific patient sera
mixtures, are utilized in diagnostics for a comprehensive evaluation of potential allergenicity to

pollen allergens (Chenetal., 2012; Gémez-Esquivel et al., 2021; Grijincu et al., 2023; Morales et

al., 2012a; Vakili-Moghaddam et al., 2019; Wopfner et al., 2008), particularly to all ragweed

allergens (Chenget al., 2023; Gentili et al., 2019; Oberhuber et al., 2008; Zhao et al., 2016).

Alternatively, increased expression of transcripts or quantities of major allergens, such as Betv 1

for birch pollen (Ahlholm et al., 1998; Beck et al., 2013; Buters et al., 2008; Seutter-Von Loetzen

et al., 2014) and Amb a 1 for ragweed pollen (Choi et al., 2018; El-Kelish et al., 2014; Kanter et

al., 2013; Pasqualini et al., 2011; Singer et al., 2005; Zhao et al., 2017a) have been considered as

indicators of potential allergenicity.

In addition to allergenic proteins, immunomodulatory compounds have been identified in
pollen, participating in the allergic inflammatory response. These include substances that stimulate
and enhance allergic inflammation responses, such as reactive oxygen species (ROS)-related

compounds (Bacsiet al., 2005; Boldogh et al., 2005; Pasqualini et al., 2011; Pazmandietal.,

2012), lipids (Bashir et al., 2012; Dahl, 2018), pollen-derived adenosine (Gilles et al., 2012;

Mueller et al., 2016; Wimmer et al., 2015), and non-allergenic pollen-derived substances (Buhner

et al., 2023; Codina and Lockey, 2017; Gilles et al., 2012). Additionally, compounds that mitigate

or suppress allergic reactions, like flavonoids, have been identified (Reinmuth-Selzle et al., 2017).

5
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1.2.2-1 Allergens in ragweed pollen

Pollen serves as a significant source of proteins (Komosinska-Vassev et al., 2015),

constituting one of the primary sources of respiratory allergens in humans (Howlett et al., 1981;

Negrini, 1992). The latest information from Allfam
(http://www.meduniwien.ac.at/allergens/allfam/) identifies the top five families of pollen allergens
as profilin, prolamin, expansins, EF-hand domains containing proteins, and Ole e 1 — related

proteins (Radauer et al., 2014). These proteins play indispensable roles in the growth and

development of pollen (Radauer et al., 2008; Songnuan, 2013; Stanley, 1971), particularly in the

crucial processes of germination and fertilization of pollen tubes (Chae and Lord, 2011; Ischebeck

et al., 2014). However, within the same protein family, not all members elicit allergic reactions,

indicating variations in their allergenicity. These differences arise from structural variations,
including distinct amino acid sequences or conformational changes, as well as disparities in the

composition and accessibility of their allergenic epitopes (Dall'antonia et al., 2014; lvanciuc et al.,

2009; Seidler et al., 2024 Songnuan, 2013; Stadler and Stadler, 2003; Traidl-Hoffmann et al.,

2009). Moreover, numerous allergens, for instance, Amb a 1 in ragweed pollen (Wolf et al., 2017;

Wopfner et al., 2009), Bet v 1 in birch pollen (Grutsch et al., 2017; Kofler et al., 2012; Smole et

al., 2010; Wagner et al., 2008), and some other respiratory allergens (Caraballo et al., 2020; Park

et al., 2002), exist in multiple isoforms that exhibit variations in allergenicity, despite sharing

comparable molecular sizes, similar or identical biological functions, and similar amino acid

sequences (Pomés et al., 2018; Radauer et al., 2014). The production of protein isoforms may be

caused by alternative mRNA splicing, variable promotor usage, as well as post translational

modifications (Smith and Kelleher, 2013, 2018). To date, a total of 11 well-characterized

allergens, featuring diverse isoforms present in ragweed pollen, have been identified and described

in the WHO/IUIS allergen nomenclature database (Table 1 - 1) (Organization and Societies,

1994). The identification of new allergens is still ongoing.

The IgE reactivity, serving as an indicator of allergenicity, varies greatly among the 11
identified ragweed pollen allergens. For instance, Amb a 1, the major ragweed allergen, elicited a

response in over 90% of the ragweed-sensitized population (Adolphson et al., 1978; Pichler et al.,




1: Chapter - INTRODUCTION

2015). Additionally, Amba 11 (Bouley et al., 2015) and Amb a 12 (Zhao et al., 2016), two other

allergens, demonstrated sensitization rates as high as 66% and 68%, respectively, suggesting their
crucial role as allergenic components in pollen. The remaining 8 allergens were considered minor

allergens, with sensitization rates ranging from 30% - 50% for Amb a 3 (Adolphson et al., 1978),

20% - 40% for Amb a 4 (Léonard et al., 2010), 10% - 15% for Amb a 5 (Ghosh et al., 1993;

Metzler et al., 1992), Amba 9 and Amb a 10 (Wopfner etal., 2008), 20% - 35% for Amb a 6

(Roebberetal., 1983) and Amb a 8 (Wopfner etal., 2008), 15% - 20% for Amb a 7 (Roebber and

Marsh, 1991), respectively.

Table 1 - 1: Known allergens incommon ragweed pollen (Adolphson et al., 1978; Bouley et al.,
2015; Ghoshet al., 1993; Groeme et al., 2016; Léonard et al., 2010; Metzler et al., 1992; Pichler et

al., 2015; Roebber et al., 1983; Roebber and Marsh, 1991: Wopfner et al., 2008; Zhao et al., 2016)

IgE- Molecular
Allergens  reactivity Weight Description
(%) (kDa)
Ambal >90 38 Pectate lyase, with 5 main isoforms; Involved in the pectin
catabolic process
Amba3 30-50 11 Plastocyanin; Copper-binding proteins;
Amba4  20-40 30 Defensin-like protein linked to polyproline-rich region
Amb a5 10-15 5 Cystein-rich protein
Amb a 6 20-35 10 Non-specific lipid transfer protein type 1; Involved in wax or
cutin deposition inthe cell walls; Panallergen
Amba7 15-20 12 Plastocyanin; Copper-binding proteins; partly known
sequence
Amb a 8 20-35 14 Profilin; Actin-binding proteins; Panallergen
Amb a9 10-15 9 Polcalcin; with 2 EF-hand domains; Calcium-binding
proteins; Panallergen
Ambal0 10-15 17 Polcalcin-like protein, 4 EF-hand domains; Calcium-binding
proteins; Panallergen
Amball 50-66 37 Cysteine protease
Ambal2 41-68 48 Enolase; Involved in the glycolytic process

The IgE reactivity for a specific allergen is driven by various factors, such as its amino acid

sequence or structure (Dall'antonia et al., 2014; Ivanciuc et al., 2009; Ivanciuc et al., 2003; Stadler

and Stadler, 2003), indicating potential variations in allergenicity among distinct isoforms of the

same allergen. For instance, to date, there are five isoforms of Amb a 1, with their amino acid
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sequence identities ranging from 63% to 86% (Organization and Societies, 1994). Immunological

characterization showed varying levels of IgE binding activities among these isoforms, with Amb

a 1.01 displaying the highest allergenic potential (Wolf et al., 2017). In addition, the timing of

allergen expression and release influences the quantity of allergen, subsequently impacting the

intensity of the allergic reaction and, ultimately, the allergenic potential of the allergen (Oh, 2022;

Tegartet al., 2021; Zhang and Steiner, 2022).

Generally, the substantial expression and release of allergenic proteinsin pollen are
associated with vital physiological functions essential for pollen. For instance, Amb a 1, a 38 kDa

protein belonging to the pectate lyase protein family (Adolphson et al., 1978; Oberhuber et al.,

2008; Wopfner et al., 2005). Pectate lyases are enzymes involved in plant cell wall organization

by degrading pectines, which are important for pollen growth (El-Kelish et al., 2014; Hugouvieux-

Cotte-Pattat et al., 2014). Moreover, the minor allergens, including Amb a 6 (10 kDa), Amb a 8

(14 kDa), Amb a 9 (9 kDa), and Amb a 10 (17 kDa), pertain to the families of non-specific lipid
transfer proteins, profilins, and polcalcins, respectively. These protein families, are recognized as
pan-allergens, which are ubiquitous allergenic proteins in all plant families, playing essential roles

in fundamental processes across organisms (Hauser et al., 2010; McKennaet al., 2016; Wopfner et

al., 2008). For example, non-specific lipid transfer proteins could play roles in depositing wax or
cuticle in the cell walls, contributing to the ability of plants to withstand stress stimuli, including

drought and heat stress (El-Kelish et al., 2014; Gao et al., 2022; Liu et al., 2015). Additionally, the

secretion of this protein was found to guide pollen tubes down the transmitting tract (Radauer and

Breiteneder, 2006). Regarding profilins, the binding of this protein to actin regulates actin

microfilament polymerization and depolymerization (Kandasamy et al., 2007). This regulation is

essential for the polar growth of pollen tubes, which necessitates the circulation of vesicles in

large numbers along actin microfilaments (Songnuan, 2013). As for polcalcins with EF-hand

domains, this calcium-binding protein mediates calcium signaling pathways that are necessary for

pollen tube growth (Steinhorst and Kudla, 2013). Furthermore, Amba 12, a 48 kDa protein, is

assigned to the enolase family (Zhao et al., 2016), a potential pan-allergen in pollen and plant

foods (Grijincu et al., 2023). Enolase plays a crucial role in the glycolytic pathway, a pivotal route

for energy production in organisms (Avilan et al., 2011), and it can mitigate the elevated energy
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requirements during both pollen development and pollen tube growth (Chen et al., 2018b; Selinski

and Scheibe, 2014; Yue et al., 2014).

1.2.2-2 Allergic inflammation enhancers

ROS-related substances, such as NADPH oxidase and hydrogen peroxide (H202), released
during pollen hydration have been shown to increase ROS levels in epithelial cells and mouse

conjunctival cells, thereby inducing allergic airway inflammation (Bacsi et al., 2005; Boldogh et

al., 2005; Pasqualini et al., 2011; Smiljanic et al., 2017; Swindle and Metcalfe, 2007; Van-Der

Vliet, 2011; Wanget al., 2009). Itis known that ROS usually refers to a reactive form of oxygen,

such as superoxide anion (-Oz27), H202, and hydroxyl radical (-OH) (Krumova and Cosa, 2016;

Madkour, 2019). Itis generally suggested that the basal levels of ROS generated under favorable

environmental conditions are not only non-damaging to cells (Foyer and Noctor, 2005), but also

play a limited role in plant developmental processes (Mhamdiand VVan-Breusegem, 2018) or are

linked to the regulation of morphogenetic processes associated with phytohormones such as

cytokinins and auxins (Xia et al., 2015). Extensive research has shown that ROS serve as signaling

molecules in plants, regulating various physiological processes such as pollen tube growth (Kaya

etal., 2014; Kim et al., 2021b; Potocky et al., 2007), root development (Eljebbawi et al., 2021;

Manzano et al., 2014; Swanson and Gilroy, 2010), and flower senescence in plants (Cavaiuolo et

al., 2013; Rogers and Munné-Bosch, 2016; Rogers, 2012).

However, stressful environmental conditions, such as drought, heat, and salt stress (Sachdev

et al., 2021; Singh et al., 2022; You and Chan, 2015), can excessively accelerate cellular ROS

concentrations, ultimately leading to oxidative stress (Gill and T uteja, 2010). T his oxidative stress

can cause damage to membrane lipids, proteins, and nucleic acids, and eventually results in cell

deathin plants (Baxter et al., 2014; Huang et al., 2019; Jaleel et al., 2009). To counteract the

excess production of ROS, plants trigger adaptive responses to environmental challenges. These
responses involve the utilization of antioxidant enzyme systems such as superoxide dismutase

(SOD) (Hayyan et al., 2016; Wang et al., 2018), catalase (CAT), and peroxidase (POD) (Almagro

et al., 2009; Nokthai et al., 2010), as well as hon-enzymatic antioxidants like glutathione (GSH)

(Khanna-Chopra and Chauhan, 2015; Kumar etal., 2012; Vaidyanathan et al., 2003; Xu et al.,
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2006) and flavonoids (Basu et al., 2010; Chutipaijit et al., 2009; Gorgini-Shabankareh et al., 2021;

Xu et al., 2008), to neutralize ROS. Under stress conditions such as drought (Basu et al., 2010;

Gorgini-Shabankareh et al., 2021; Qayyum et al., 2021; Sharmaand Dubey, 2005; Zlatev et al.,

2006), heat (Chakraborty and Pradhan, 2011; Kaur et al., 2018; Khanna-Chopra and Chauhan,

2015; Kim et al., 2020; Kumar et al., 2012; Xu et al., 2006), or elevated Os (Eltayeb et al., 2007;

Rao et al., 1996), these antioxidants are significantly increased alongside the level of intracellular

RQOS, promoting the conversion of ROS to harmless substances and thereby reducing oxidative
damage to cells. Notably, during these reactions, the oxidative activity of NADPH oxidase
produces superoxide (-O2 ) ions, a major ROS, which are subsequently converted to H202 by

superoxide dismutase (Marino et al., 2011; Sheng et al., 2014; Vignais, 2002). Furthermore, at the

transcriptional level, ROS play a pivotal role in regulating gene expression in plants. They mediate
the activation or suppression of transcription factors, thereby modulating the expression of genes

necessary for adaptation to environmental challenges (Zandi and Schnug, 2022), such as the

activation of defense genes (Exposito-Rodriguez et al., 2017) and the jasmonic acid pathway

(Zhang et al., 2020c) by H20.. Additionally, ROS regulate the expression of cell wall-related

genes, facilitating cell wall remodeling, which encompasses both stiffening and loosening, to

bolster plant tolerance to stress (Mase and Tsukagoshi, 2021).

Environmental conditions are known to influence the formation of ROS-related compounds
in many plant species, including common ragweed, which showed increased levels of ROS-related
compounds like NAD(P)H oxidase and H20: in pollen when exposed to elevated O3 (Pasqualini et

al., 2011). Furthermore, ragweed pollen from Metropolitan region in Madrid with high levels of

NO:2and SO2 had higher levels of NADPH oxidase activity and H2O> content than pollen from a

less polluted area (Lucas et al., 2019). However, it remains unclear whether changes in NAD(P)H

oxidase or H20: levels in ragweed pollen occur at elevated temperatures or at elevated
temperatures combined with NO2, and how these changes might impact individuals suffering from

ragweed allergies.

In addition to ROS-related substances, lipids in ragweed pollen may also promote allergic

inflammatory reactions (Bashir et al., 2012). Pollen lipids were shown to be ligands to allergenic

proteins and induce a type 2 reaction in effector cells in the mammalimmune system (Dahl, 2018;
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Traidl-Hoffmann et al., 2002). Moreover, the presence of pollen-derived adenosine in ragweed

pollen extracts significantly enhanced ragweed pollen-induced allergic airway inflammatory

responses (Gilles et al., 2011; Wimmer et al., 2015). In addition, the presence of pollen-derived

non-allergenic substances in ragweed pollen extracts, including the low-molecular-weight
compound and phytoprostane E1, may regulate IgE-mediated allergy responses by inducing IgE

production in Th2-primed B cells (Oeder et al., 2015). Future in-depth studies of pollen-derived

adenosine and pollen-derived non-allergic substances will facilitate the development of

therapeutic strategies to limit these allergen-independent pathways.

1.2.2-3 Allergic inflammation reducers

Flavonoids, a class of plant secondary metabolites, exhibit widespread occurrence in nature
and are prevalent in various plant organs, with pollen standing out as a particularly rich source

(Camposet al., 1997; EI-Ghouizi et al., 2023). These compounds are known for their diverse

biological functions, including antioxidant activity (Sina et al., 2015), anti-inflammatory effects

(H&maéldinen et al., 2007; Muhlemann et al., 2018), and anti-allergic properties (Gentili et al.

2019; Grutsch et al., 2014). These properties lead to speculation that flavonoids may mitigate the

allergenic potential of pollen.

There are more than 4000 different compounds that make up flavonoids (Dugo et al., 2005).

The content and composition of flavonoids in pollen are sensitive to a wide range of

environmental factors, including but not limited to: temperature (Gentili et al., 2019;

Mohammadrezakhanietal., 2018), photoperiod (Taylor, 1965), air pollutants (SO2, NOz, CO,

hydrocarbons, and atmospheric particulate matter) (Rezanejad, 2009; Robles et al., 2003), ozone

(Og3) (Dixon and Paiva, 1995), drought (Ballizany et al., 2012; Kanget al., 2011; Yuan et al.,

2012), and CO2 (El-Kelish et al., 2014).

Recent research indicates two mechanisms through which flavonoids modulate allergic
responses. On one hand, flavonoids potentially diminish the intensity of allergic reactions by
reducing IgE production, mainly inhibiting the release of histamine and cytokines from mast cells

(Kimata et al., 2000; Mlcek et al., 2016; Wei et al., 2012; Zhang et al., 2018). On the other hand,

flavonoids potentially disrupt the binding of IgE to pollen allergens (Romano et al., 1996),
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consequently diminishing allergenicity. This hypothesis gains further support from several studies
indicating that glycosylated quercetin- and kaempferol-type flavonoids, along with naringenin, act

as physiological ligands for Bet v 1, the major birch allergen (Grutsch et al., 2014; Kofler et al.,

2012; Seutter-Von Loetzen et al., 2014). The flavonoid-Bet v 1 complex formed may cover

allergen epitopes.

In ragweed pollen, it is known that within a certain temperature range, the content of

flavonoids decreases with increasing temperature (Gentili et al., 2019). Additionally, drought,

CO2, and NOz impact the contents of some flavonoid derivatives (El-Kelish et al., 2014; Zhao et

al., 2017b). Moreover, a direct role for rutin in pollen allergenicity modulation was tested,

showing an inverse relationship between the total flavonoid concentration and overall allergenicity

(Gentili et al., 2019). However, it has not been studied whether there is a direct interference of

flavonoids with IgE binding to specific ragweed allergens. Furthermore, it remains unclear
whether elevated temperature and NO2 modify flavonoid amounts and composition in a way that

alters allergen-1gE binding in ragweed.

1.3 Environmental factors influencing plant growth traits and

allergenic potential of ragweed pollen

Environmental changes affect the growth of ragweed plants through various factors related to

climate change, including warming, and precipitation (IPCC, 2013, 2022). Notably, changes in the

composition of ambient air, such as rising carbon dioxide (CO2) levels, and increases in air
pollutants like nitrogen oxides (NOx), sulfur oxides (SOx), and Os, also make significant

contributions to climate change (Hasanuzzaman et al., 2016; Hasanuzzaman et al., 2017; Zhang

and Steiner, 2022). These environmental changes have been shown in ragweed plants to affect

seed yield, weight, and germination (Bae et al., 2016; Faroog et al., 2019; Leskovsek et al., 2012;

Zhaoet al., 2017b), as well as survival tolerance ranges for seedling growth (Deen et al., 1998;

Deenet al., 2001; Gentili et al., 2019; Leskovsek etal., 2012; Onen et al., 2017). Phenology-

related traits of ragweed plants such as the duration of pollen release (Deen et al., 1998), pollen

production and metabolism in ragweed pollen (El-Kelish et al., 2014; Kanter et al., 2013; Zhao et
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al., 2017b) are also affected. Among these effects, alterations in the duration of pollen release,
along with changes in pollen production, may influence pollen allergenicity by affecting pollen

inhalation and exposure in individuals allergic to ragweed pollen (D'Amato et al., 2007; Gentili et

al., 2019; Leiblein-Wild and Tackenberg, 2014; Rasmussenetal., 2017; Ziska et al., 2011; Ziska

et al., 2019). Moreover, enviromental changes can modify pollen allergenicity by upregulating

allergen expression in pollen (Choi et al., 2018; Kanter et al., 2013; Singer et al., 2005; Zhao et al.,

2017a; Ziska et al., 2011) or chemically altering the protein structure of translated allergens (Kim

etal., 2014; Lucaset al., 2019; Poschland Shiraiwa, 2015; Zhao et al., 2016).

1.3.1 Climate change and relation to pollen allergenicity

1.3.1-1 Effects of climate change on allergenic plants

Climate change refers to long-term shifts in temperature and precipitation (IPCC, 2013,

2022), which are the main drivers of plant growth and pollen development (Gray and Brady, 2016;

Hatfield and Prueger, 2015; Zhang and Steiner, 2022). A previous study indicated that herbaceous

plants, such as grasses and ragweed, are highly sensitive to climate, especially ambient

temperature and water availability, compared to other taxa (Matyasovszky etal., 2015). However,

the response to elevated temperatures and drought during the growing season varied among
different grass species. This has been seen in the case that elevated temperatures and drought have
been observed to lead to lower total pollen weight, allergen content, and protein content in pollen
extracts of two timothy grasses, while these changes were not consistent across different species

of perennial ryegrass (Jung et al., 2021).

Climate change exerts significant effects on the prevalence and severity of allergy by not
only modulating the temporal (such as onset and duration of pollen release) and spatial (such as

pollen load) magnitude of subject exposure to pollen (Choi et al., 2021; Levetin, 2021; Van-Vliet

et al., 2002), but also affecting the allergenic potency of the pollen itself (Choi et al., 2021; Gentili

etal., 2019; Zhaoet al., 2016). For example, drought often associated with climate change, can

significantly impact allergenic plants, including negatively affecting plant growth (Gusmao et al.

2012). For drought-treated ragweed plants, the risk of pollen exposure for pollen-sensitized
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patients was reduced due to the suppression of ragweed pollen (El-Kelish et al., 2014). However,

allergic symptoms may not be alleviated, due to increased levels of both, the major pollen allergen

Amb a 1, and oxidative stress indicators (El-Kelish et al., 2014).

In addition, CO2 stands prominent among major greenhouse gases, with its escalating

concentrations intricately linked to global warming and climate change (NOAA, 2023;

Organization, 2022). Climate monitoring revealed that elevated COz levels in the atmosphere

extended the duration of allergenic pollen seasons and augmented pollen loads, consequently

amplifying pollen allergenicity (Kim et al., 2021a; Schmidt, 2016). Chamber experiments

demonstrated that elevated CO2 concentrations, exceeding 600 ppm, increased Amb a 1 levels in

ragweed pollen (Choi et al., 2018). At 700 ppm COg, increasing pollen yield (Kelish et al., 2014)

and transcripts encoding allergenic ragweed proteins (Amb a) were found (El-Kelish et al., 2014).

A follow-up invivo study in mouse indicated that pollen from ragweed plants cultivated under 700
ppm CO:2 induced more pronounced allergic lung inflammation compared to those grown under
380 ppm CO2. Moreover, increased allergic symptoms correlated with the interplay of multiple

metabolites in the pollen (Rauer et al., 2021).

Moreover, ozone (Oz) ranks among major contributors to air pollution and global warming

(EPA, 2023; Organization, 2022). Elevated environmental ozone levels enhanced the allergenicity

of birch pollen, evident in escalated allergen content (Beck et al., 2013). Under controlled

conditions, elevated levels of Oz fumigation during the plant growing season did not induce Amb

a 1 content but upregulated stress-related transcripts in ragweed pollen (Kanter et al., 2013).

Conversely, an elevation in allergen content was observed in rye (Secale cereal) pollen (Eckl-

Dornaet al., 2010). Invitro Os treatment of ragweed pollen for seven consecutive days did not

elevate Amb a 1 levels but stimulated ROS-generating NAD(P)H oxidase, potentially heightening

ragweed pollen allergenicity (Pasqualini et al., 2011).

1.3.1-2 Effects of temperature on pollen allergenicity

In addition to the aforementioned factors associated with climate change, global warming—
referring to sustained increase in global temperatures—has the potential to trigger a greater health

problem with increasing individuals in the European region in the forthcoming decades
14
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(Rasmussen et al., 2017). However, the effects of elevated temperature on alterations in pollen

allergenicity are intricate.

From the aspect of pollen season, analysis of long-term pollen data from 60 North American
stations spanning from 1990 to 2018 reveals widespread advancements and prolongation of pollen
seasons (+ 20 days) along with an increase in pollen concentrations (+ 21%) across North

America. These changes are strongly correlated with observed warming trends (Andereqg et al.,

2021). In addition, the temperature increase over the past two decades has already resulted in an

earlier start to the ragweed pollen season in the northern hemisphere (Ziskaet al., 2019). These

monitoring results find validation in common garden experiments involving 38 European ragweed
populations across Europe, highlighting a flowering season that starts up to 5 weeks earlier in

warmer regions (Leiblein-Wild and Tackenberg, 2014).

Moreover, regarding the pollen load, a study revealed that the continuous warming trends
observed across various climate regions of the United States between 2000 and 2010 contributed
to an elevation in both the average peak daily and annual totals of airborne pollen counts during

the same period (Seth and Bielory, 2021). A comparable outcome emerged in southern Germany,

where a decade-long observation in Bavaria demonstrated that rising temperatures, particularly

during the spring seasons, correlated with an escalation in pollen loads (Rojo et al., 2021).

Furthermore, at the molecular levels, pollen samples from monitoring research utilizing
volumetric traps have shown a positive correlation between temperature and the concentration of

Phlp 5 for the Poaceae family (Alan et al., 2018; Scevkova et al., 2020). In controlled field

studies, birch pollen sampled from two common gardens with different daily mean temperatures

during the growing season, demonstrated that higher temperature significantly induced the amount

of Bet v 1 (Ahlholm et al., 1998). However, the absolute allergen content (primarily Phlp 1 and
Phl p 5) of the timothy cultivars was consistently and significantly lower in the warmer treatments

(Jung et al., 2021). In chamber experiments, ragweed plants grown under three constant thermal

regimes revealed that an increase in temperature can enhance pollen sensitization by modulating

Amb a 1-IgE binding activity (Gentili et al., 2019).
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One of the reasons for the diverse responses of plant pollen to elevated temperatures is the
challenge to isolate the interaction of other environmental factors with temperature in outdoor

plant growth (Ahlholm et al., 1998; Buters et al., 2008; Morales et al., 2012b). Moreover, plant

species and cultivars differ in temperature requirements and tolerances (Bita and Gerats, 2013;

Chaudhary etal., 2020; Wahid et al., 2007). Furthermore, plant reactions to elevated temperatures

are contingent upon factors such as the maximum temperature reached, the frequency of high-

temperature events, and the diurnal timing of their incidence (Stella et al., 2021; Sun et al., 2019).

Elevated temperatures can accelerate metabolic processes and photosynthesis (Bernacchi et

al., 2023; Lippmann et al., 2019; Nievola et al., 2017). However, despite their preference for

warmer temperatures, thermaophilic plants may still experience stress during periods of extreme

heat (Bita and Gerats, 2013). Specifically, when subjected to temperatures at least 5 °C above

their optimal growing conditions, higher plants manifest a distinct set of cellular and metabolic

responses necessary for survival under such conditions (Choi et al., 2016; Guy, 1999), and this

may also be reflected in pollen composition (Hinojosa et al., 2019).

1.3.2 Air quality indicator of NO; and its relation to pollen allergenicity

1.3.2-1 General information of NO2

NO:2 or NOx (a mixture of different gaseous nitrogen oxides including NO2) pollution is one
of the major pollutants in the atmosphere, created mostly by the direct mixing of air oxygen and
nitrogen in combustion processes including transportation, industrial production, and energy

production in thermal power stations (Energy and Change, 2013; EPA, 2023).

The currentannual guideline value for atmospheric NO2 set by the World Health

Organization (WHO) is 40 g m-2 (approximately 21.3 ppb) (Organization, 2022). NO2 levels

exceeding this threshold on an annual basis are deemed detrimental to health, and exposure
beyond this limit should not occur more than 18 times in any calendar year. Additionally, the
hourly limit for nitrogen dioxide is capped at 200 pug m-2 (approximately 106 ppb) (Parliament and

Union, 2008). The Federal States and the German Environment Agency (UBA) have conducted an

air quality assessment, utilizing data available since 2001 and from around 400 automatic
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measuring stations across Germany (Agency, 2001). In 2018 and 2019, nearly 42% and 20% of
measuring stations situated near road traffic recorded NO2 concentrations exceeding the annual
mean limit of 40 pg/m3, respectively, signaling an overall decrease in NO2 pollution across

Germany (Nasr et al., 2020). However, in 2022, the annual mean value measured at the Munich

station in Bavaria, close to road traffic, was 49 pg/m3—a level significantly surpassing the WHO
recommendation (Agency, 2023). Furthermore, point measurements in Munich during May and
July 20186, the pre-pollination season of Ambrosia, registered NO2 peaks of up to 106 ppb in the

central city area of Munich (Zhu et al., 2020).

1.3.2-2 Impact of NOzon humans and plants

Nitrogen dioxide is associated with negative impacts on human health, as elevated levels of
nitrogen dioxide may contribute to airway inflammation and impaired lung function, increasing

susceptibility to respiratory infections (Hesterberget al., 2009; Kelly, 2014). A dose-response

study indicated that exposing asthma patients to high concentrations of nitrogen dioxide for short

periods multiple times a day can increase allergic inflammation (Barck et al., 2005). Additionally,

a case study conducted in mountainous regions suggested a positive correlation between

cumulative exposure to nitrogen dioxide and influenza incidence (Zeng et al., 2020).

The impact of NO2 exposure on plant growth is twofold, depending on the concentration and
exposure time of NO treatment, as well as the different plant species and growth stages studied.
When the NO2 concentration is within an optimal range, it can confer benefits to plant growth

(Takahashiand Morikawa, 2014). For instance, Arabidopsis seedlings exposed to an environment

with 10 - 50 ppb of NO2 for several weeks exhibited more than a twofold increase in shoot
biomass, total leaf area, and major mineral element content per seedling compared to unexposed

seedlings (Takahashiand Morikawa, 2019a). Likewise, enhancements in fruit yield, flower

quantity, biomass, major mineral element content, and cellular contents were observed in various

horticultural plants subjected to 50 + 10 ppb of NO2 for 96 days (T akahashietal., 2011), 50 - 200

ppb of NO2 treatment for 5 - 6 weeks (Adam et al., 2008), or treated with 150 + 50 ppb of NO2 for

10 weeks (Takahashiet al., 2005), respectively. Conversely, if the NO2 concentration or exposure

time is excessive, oxidative stress is induced in plants, rendering NO2 detrimental to their well-
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being. The primary mechanisms through which nitrogen dioxide negatively impacts plants involve
inducing oxidative stress, leading to cell membrane rupture, protein oxidation, and other cellular

injuries (Takahashiand Morikawa, 2019b; Zhao et al., 2016).

1.3.2-3 Effects of NO2 on pollen allergenicity

In comparison to temperature, the investigation into the influence of NO2 on pollen
allergenicity is predominantly centered on its potential to induce alterations in the expression of
allergenic proteins in pollen, or to impact the structure of these proteins, thereby modifying the

allergenicity of pollen (Barck et al., 2005; Cuinica et al., 2014; Zhao et al., 2016; Zhou et al.,

2021).

In investigations concerning the impacts of environmental pollutants on pollen allergenicity,
numerous pollen samples were gathered from outdoor locations characterized by elevated levels of
air pollution. For instance, in a study of Cassia siamea pollen, pollutants, including NO2, led to
protein extracts from Cassia siamea pollen triggering increased production of total white blood
cells and lymphocytes in animals, in parallel with elevated IgE antibody production and enhanced

type | hypersensitivity reaction (Hinge et al., 2017). Similarly, in Cannaindica(Majd etal., 2004)

and Platanus (Zhou et al., 2021) pollen, air pollutants such as NO2 heightened pollen sensitization

by influencing pollen structure, protein release, and protein structure in pollen. Meanwhile, studies
on ragweed pollen revealed that air pollutants, including high concentrations of NO2, and SO,
enhance pollen sensitization by simultaneously modifying allergen expression and expression

patterns (Ghiani et al., 2012). However, the focus of these studies has been on exploring the

influence of nitrogen dioxide, a major air pollutant, on pollen allergenicity, acknowledging that

the impact of additional pollutants on pollen allergenicity cannot be disregarded.

In support of chamber experiments assessing the singular impact of NO2, NO2-exposed Acer
negundo pollen exhibited higher protein content and greater allergen-IgE binding compared to

non-exposed pollen (Sousaet al., 2012), atrend similarly observed for Betula pendula, Ostrya

carpinifolia, and Carpinus betulus pollen (Cuinica et al., 2014). In ragweed pollen, application of

40 ppb or 80 ppb NO:2 throughout the plant growth season resulted in a significant increase in

allergen-encoding transcripts with higher NO2 concentration (Zhao et al., 2017a). Additionally,
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under identical experimental conditions, two-dimensional immunoblots and LC-MS/MS detected
more Amb a 1, demonstrating higher allergenic potential under elevated NO2 conditions (Zhao et

al., 2016), providing evidence of an augmented risk to human health invitro.

1.3.2-4 Effects of NO2 on protein structure

In terms of changes in protein structure, nitration of proteins, a post-translational
modification (PTM)occurringthrough reactions with nitric oxide (NO) and other nitrogen oxides,
has been shown to modify protein structure and function, indicating its involvement in diverse

oxidative stresses (Chaki et al., 2011; Takahashiand Morikawa, 2019b) and inflammatory

conditions (Corpas et al., 2009). Particularly noteworthy is its potential to augment the ability of

proteins to induce immune responses (Ackaert et al., 2014; Gruijthuijsen et al., 2006; Karle et al.,

2012). The alteration in the allergenic potential of a protein due to tyrosine nitration is a complex
phenomenon influenced by several factors, including the specific protein, the degree of nitration,

and individual immune responses (Corpas et al., 2009). Chemically nitrated Bet v 1 exhibited

increased immunogenicity and allergenicity compared with untreated Betv 1, primarily attributed

to enhanced presentation of allergen-derived HLA-DR-associated peptides (Karle et al., 2012),

structural changes with oligomerization (Ackaert et al., 2014), and the proliferation of specific T-

cell lines which was considered as immune effects (Gruijthuijsen et al., 2006).

It has been shown that this PTM occurs typically involving the nitration of tyrosine residues

(Radi, 2004), and can be predicted by computational predictors (Nilamyani et al., 2021; Xie et al.,

2018). However, protein tyrosine nitration exhibits a selective nature, as evidenced by several
studies indicating that not all exposed tyrosine residues or proteins undergo nitration

(Ischiropoulos, 2003; Souza et al., 1999). Moreover, the abundance of tyrosine residues within a

specific protein does not reliably determine its susceptibility to nitration (Bayden et al., 2011;

Ischiropoulos, 1998).

Thus, this study aims to clarify which ragweed pollen allergens are susceptible to nitration
and to investigate the subsequent alterations in allergenicity following nitration. Specifically, the
research seeks to determine whether nitration enhances, diminishes, or results in no significant

change in the allergenic properties of the ragweed pollen allergens.
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1.3.3 Effects of combined elevatedtemperature and elevatedNO> on pollen

allergenicity

So far, limited research exists on pollen allergenicity governed by multiple factors in
greenhouse conditions. It is known that in an outdoor study, in urban areas with elevated air
pollutant concentrations and ambient daytime temperatures, ragweed plants increased in height

and released pollen earlier and in greater quantities (Ziska et al., 2004). Additionally, in a chamber

experiment, elevated CO2 concentrations, combined with drought, resulted in heightened levels of
specific flavonoid metabolites and transcripts encoding allergenic ragweed proteins (Amb a) (El-

Kelish et al., 2014). Conversely, drought alleviated the increase in pollen load induced by elevated

CO2 concentrations (El-Kelish et al., 2014). Regarding the two single factors of elevated NO2 and

increased temperature, previous studies have shown that each of them could stimulate ragweed

pollen production (Gentili et al., 2019; Zhao et al., 2017b). However, the implications of future

warming conditions on ragweed plants remain uncertain, including both potential benefits and
detriments. Furthermore, it remains unclear whether the growth of ragweed plants is
synergistically promoted by elevated temperature and NOz, or if these factors mutually inhibit

each other's effects when combined.

Taken together, considering the most pessimistic scenario of RCP 8.5, the pathway with the
highest greenhouse gas emissions in the absence of climate change policies among the entire set of
RCPs for the next 50 years, a projected 4-degree temperature rise is anticipated in the Bavarian

region by the year 2070 (Hausfather, 2019; IPCC, 2013; Loucks, 2021; Riahi et al., 2011). Given

the existing knowledge about nitrogen dioxide, particularly the elevated levels in the Munich area

(Agency, 2023; Zhu et al., 2020) and its recognized role as a pollen allergenicity enhancer (Zhao

etal., 2017a; Zhao et al., 2016), coupled with Munich being heavily affected by ragweed plants

(Buterset al., 2015; Hall et al., 2020) and ragweed hay fever disease (Brandes and Nitzsche, 2006;

Ruéff et al., 2012), there is an urgent need to comprehend the changes in ragweed pollen

allergenicity over the next 50 years in Bavaria. This understanding becomes crucial in the context
of warmer temperatures and elevated nitrogen dioxide levels. Furthermore, Wirzburg, situated in

the northwest of Bavaria, presents a distinct climate from Munich in the northern Pre-Alps region
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(Falk and Mellert, 2011; Rubel et al., 2017), exhibiting an average summer temperature 1.5 K

higher than that of Munich during the climatological period of 1981 - 2010 (Wetterdienst, 2016).

Therefore, it is imperative to assess the effects of NO2 and future temperatures on the
seasonal abundance of pollen, the duration of the pollen season, as well as the pollen allergenicity
for a comprehensive risk evaluation of ragweed pollen, which holds significant importance for the

management, prevention, and control of ragweed plants and the associated pollen allergy.

1.4 Plant-associated fungi influencing plant growth and allergenic

potential of ragweed pollen

1.4.1 Plant-associated fungi and their interactions with plants

Biotic factors include all living organisms that interact with plants within their ecosystem

(Orcuttand Nilsen, 2000). Fungi, in particular, are integral biotic components of terrestrial

ecosystems (Fairs et al., 2010; Marinkovich, 2004), fulfilling diverse and critical roles in nutrient

cycling, decomposition, and symbiotic relationships with plants (Finlay et al., 2006; Giri and

Saxena, 2017; Mohan et al., 2014).

Plant-associated fungi, form different relationships with plants, exerting influence over their

growth, health, and survival (Berg, 2009; Motaunget al., 2020; Poudel et al., 2021). Based on

fungal-plant interactions, these plant-associated fungi can be categorized into several types: 1)
Pathogenic fungi, capable of causing plant diseases. Infection by these fungi may lead to plant

wilting and stunted growth (EI-Khallal, 2007; Karagiannidis et al., 2002; Luo et al., 2014).

Additionally, it can impact pollen characteristics (Bastia et al., 2000; Ma et al., 2000; Pontaroli et

al., 2000) and the allergenic potential of the pollen (Gayatri S et al., 2012; O'riordain et al., 2002;

Sinkevi¢iené et al., 2023). Upon pathogenic fungal infection, many plant species produce defense-

related proteins, predominantly classified as pathogenesis-related proteins (PRs) (Midoro-Horiuti

etal., 2001; Midoro-Horiuti et al., 2000; Sinha et al., 2014; VVan-Loon et al., 2006). Previous

studies have demonstrated that approximately 25% of pollen allergens belong to plant PRs and

their homologs (T raidl-Hoffmann et al., 2002; VVan-Loon and Van-Strien, 1999).
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In addition, 2) fungi forming symbiotic relationships with plants, such as mycorrhizal fungi,
collaborate with the plant root system to enhance nutrient supply and promote plant growth

(Artursson et al., 2006; Diagne et al., 2020; Mohammadiet al., 2011). 3) A less well defined

group of fungi are endophytes which grow inside plant tissues with neutral, positive or negative

effects on plants growth and biochemical traits (Chaudhary et al., 2022; Obersteiner et al., 2016).

Moreover, 4) plant-associated fungi may also be saprophytic, with some decomposing plant

residues, affecting soil nutrient cycling and, consequently, plant growth (Almonacid et al., 2015;

Fracchia et al., 2000; Saldajeno et al., 2008).

1.4.2 Biotic factors inducing allergen expression in pollen

In addition to affecting pollen production and thus altering pollen allergenicity, plant-

associated fungi can affect the expression of pollen allergens that determine pollen allergenicity.

Several major allergens, such as Bet v 1 in birch pollen (Ipsen and Lgwenstein, 1983; Swoboda et

al., 1994), Ole e 1 in olive pollen (Asturias et al., 1997), Aln g 1 in alder pollen (Breitenederetal.,

1992), Cora 1 in hazelnut pollen (Pastorello et al., 2002), Que a 1 in white oak pollen

(Niederberger et al., 1998), and Fag s 1 in European beech pollen (Moraeset al., 2018), share

homology with group 10 of PRs. PR 10 belongs to a family of intracellular acidic proteins with a

molecular weight range of 16 to 19 kDa, involved in plant defense responses (Somssich et al.,

1988; Van-Loon et al., 1994; Warner et al., 1993). The expression of one gene encoding group 10

of PRswas up-regulated in yellow lupine root nodules in response to Pseudomonas syringae

(Sikorski et al., 1999). Similarly, expression of PR 10 was induced in soybean during

Phytophthora sojae infection (Xu et al., 2014), and in Lilium regale Wilson during Fusarium

oxysporum infection (He et al., 2014).

In addition, certain minor allergens such as Art v 2 in mugwort (Nilsen and Paulsen, 1990),

and Prup9 in peach pollen (Blanca et al., 2020), belong to the PR 1 family consisting of acidic

and small proteins with a molecular weight between 14 and 17 kDa (Breenet al., 2017; VVan-Loon

and Van-Strien, 1999). Genes encoding group 1 of PRs were activated in Solanum tuberosum

upon treatment with Phytophthora infestans (Taylor etal., 1990; Zaynab et al., 2021), aswell as in

Solanum lycopersicum during Ralstonia solanacearum infection (Chen et al., 2023). PR 1 protein
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accumulated in Nicotiana langsdorfii leaves upon tobacco mosaic virus infection (Gordon-Weeks

etal., 1997).

Moreover, one pollen allergen, Ole e 9, belonging to group 2 of PRs, has been identified in

olive pollen (Huecaset al., 2001). PR 2 is a member of the -1,3-glucanases family, consisting of

monomeric enzymes with a molecular weight between 20 and 30 kDa (Sinha et al., 2014).

Expressions of B-1,3-glucanase genes were induced in Arachis hypogaea seedlings against

Macrophomina phaseolina (Iwuala et al., 2020), in Triticum aestivum against Bipolaris

sorokiniana (Aggarwal et al., 2011), and in rice seedlings against Magnaporthe oryzae (Wang et

al., 2021).

1.4.3 Fungal colonization and its impact on pollen allergenicity

In addition to pathogenic fungi inducing plant stress and the subsequent expression of PRs in
pollen, the pollen-associated microbiome can also impact pollen allergenicity through various
ways. Fungi and bacteria are the predominant microbial colonizers of airborne pollen (Grewling et

al., 2019; Magyar et al., 2022; Manirajan et al., 2018). A positive correlation was observed

between the diversity of the colonized microbiome and pollen allergenicity (Manirajan et al.,

2019; Obersteiner et al., 2016). In addition, pollen has the potential to serve as a carrier for

compounds secreted by colonizing bacteria and fungi, responsible for inducing lung inflammation

and allergic sensitization responses (Oteros et al., 2019).

Moreover, once fungi colonize, they cannot be separated from pollen, leading to the

inhalation of both pollen and colonizing fungi into the airways together (Magyar et al., 2022).

However, it is known that fungal spores (Burge and Rogers, 2000; Denning et al., 2006; Kaur,

2021), fungal fragments, and proteins from inside fungal cells (Gdrny et al., 2002) are relevant

causative agents for fungal allergies, ranking as the second most important cause of outdoor

airborne allergies, with up to 80% of asthmatics sensitized (Lopez and Salvaggio, 1985).

Additionally, various allergen surveys have reported that many individuals suffer from

sensitization to multiple allergens (polysensitized) (Bousquet etal., 2010; Luo et al., 2019; Salo et

al., 2014). Hence, when inhaling pollen and fungi simultaneously, polysensitized individuals are
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likely to experience allergic reactions to both pollen and fungal allergens, thereby amplifying the

index of allergic symptoms related to pollen.

Furthermore, certain fungal proteins exhibit homologies to specific pollen allergens thus
sharing the capacity to bind specific antibodies due to their similar molecular structures. This

phenomenon results in cross-reactivity with pollen allergens (Aalberse, 2007; Ghosh et al., 2014;

Porter etal., 2015; San Sequndo-Acosta et al., 2019; Sircar et al., 2020). In such cases, the

allergenicity reflected by both pollen and colonizing fungi is further amplified.

1.4.4 Homology induced cross-reactivity

IgE cross-reactivity were widely observed within aeroallergens and/or food allergens,

(Popescu, 2015), and within fungal allergens (Morales-Amparano et al., 2021; Simon-Nobbe et

al., 2008). According to the Official Allergen List by the WHO/IUIS Allergen Nomenclature

Subcommittee (http://www.allergen.org), fungal airway allergens share sequence similarities with

2 of the 11 reported of ragweed pollen allergens, namely enolase and pectate lyase.

As highlighted in Table1 - 1, Amb a 12 is a member of the enolase family and exhibits

homology with Cla h 6 (Cladosporium herbarum) (Simon-Nobbe et al., 2000), Asp f 22

(Aspergillus fumigatus), Pen ¢ 22 (Penicillium citrinum) (Laiet al., 2002), Alt a 6 (Alternaria

alternata) (Breitenbach and Simon-Nobbe, 2002), Cur | 2 (Curvularia lunata) (Sharmaet al.

2006), and Rho m 1 (Rhodotorula mucilaginosa) (Changet al., 2002). Additionally, Amb a 1

(Table 1 - 1), belonging to the pectate lyase family, shares homology with Pen ¢ 32 (Penicillium

citrinum) (Chiu et al., 2008).

Considerable evidence supports cross-reactivity among enolase allergens within
aeroallergens. In the range of fungal allergens, cross-reactivity have been identified between

enolase allergens, suchas Asp f 22 and Penc 22 (Changet al., 2002), and Asp f 22 and Alt a 6

(Lai et al., 2002). In addition, cross-reactivity of enolase allergens has been demonstrated between

fungal and pollen allergens, including Hev b 10 and Asp f 6 (Crameri, 1998; Rihs et al., 2001;

Wagner et al., 2001), Hev b 9 and Alt a 6 (Simon-Nobbe et al., 2000; Wagner et al., 2000) and

Hev b 9 and Cla h 6 (Simon-Nobbe et al., 2000). Additionally, reports indicated cross-reactivity
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between pectate lyase allergens within pollen allergens, such as between Amb a 1 and its mugwort

homologue Art v 6 (Jahn-Schmid et al., 2012), and between Art v 1 and Art v 4 (Léonard et al.

2010; Oberhuber et al., 2008).

1.5 Objectives of the present work

Based on the open questions and complexity of environmental interactions, plant growth and
the relation of both to pollen allergenicity (Figure 1 - 2), this work addressed three new aspects of
ragweed pollen allergenicity.
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Figure 1 - 2: Research clues showing environmental factors, including climate change, air quality, and
microbes, can alter allergic inflammation responses by influencing plant pollen exposure and the
production of allergenicity-related compounds in ragweed pollen, which have an unclear effect on
human health.

1.5.1 What is the influence of elevatedtemperature on the allergenic potential of

ragweed plants with and without nitrogen dioxide in the ambient air?

The primary objectives of the first part of this study were to assess the impact of current and
future anthropogenic environmental influences (elevated temperature, presence/absence of
elevated NOz2, and their combination) on an allergenic plant associated with high health risks. Two
factors (temperature and nitrogen dioxide) were applied in controlled experiments representing
modeled temperature regimes in two distinct urban areas in Bavaria now and under future
conditions i.e. assuming a 4 °C temperature increase as well as NOzas air pollutant. The analysis
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encompassed plant traits (growth, phenology) and pollen characteristics. Pollen characteristics
were further characterized by proteome sequencing, and further identification of proteins eliciting

IgE reactions beyond the 11 known ragweed pollen allergens.

In addition, factors modulating pollen allergenicity (enhancers such as oxidative stress
indicators and tyrosine nitrated residues, and attenuators like total flavonoid compounds) were
included. Specifically, among these factors, questions remained regarding which ragweed pollen
allergens can be nitrated and how allergenicity changes after nitration. Hence, a preliminary
inquiry using recombinantallergens (rAmb a) expressed in Escherichiacoli (E. coli) bacteria was
conducted and the allergenicity of TNM-treated rAmb awas further assessed. Allergenicity was

tested using dot blot and two dimensional immunaoblot.

This approach was aimed at not only shedding light on changes in the expression of IgE-
reactive proteins in ragweed pollen, butalso gaining understanding of how and which allergenicity
modulators from pollen released under conditions of elevated temperatures, elevated NO2, and
their combined treatments, could influence the allergenicity of ragweed allergens. Moreover, this
study may contribute to predicting the potential changes in ragweed pollen allergenicity under
scenarios where pollutants like nitrogen dioxide decrease, ideally reaching zero, while global

warming persists unabated.

1.5.2 Are biotic factors such as plant associated fungi also to be considered in

ragweed pollen allergenicity?

The existence of cross-reactions between ragweed pollen allergens and fungal allergens
remains unknown. This study used a collection of field sampled ragweed seedling leaves to
characterize the leaf associated fungal communities using lllumina sequencing. Additionally, the
samples were used to isolate, culture and identify (morphology, Sanger sequencing) fungi
associated with ragweed leaves. Finally, the fungal isolates were used to test the cross-reactions
with ragweed pollen using enzyme-linked immune-sorbent assays (ELISA) with specific

antibodies detecting Amb a 1 and Amb a 12, respectively.
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1.5.3 Hypotheses

These analyses aim to validate the hypotheses that heightened metabolic activities in ragweed
plants under elevated temperature and increased stress reactions under elevated NO: levels interact
positively to increase allergenicity through different mechanisms [H1]. Specifically, elevated
temperature do not directly lead to increased allergenicity of purified proteins but rather amplify
stress reactions under elevated NO., resulting in the overexpression of stress-related proteins in
pollen, including ragweed allergens, thereby potentially enhancing IgE binding activities in
combined treatments [H1 a]. Another potential mechanism for increased allergenicity with
elevated NO2 treatments involves the nitration of allergens containing tyrosine residues in their
protein sequence, potentially leading to enhanced IgE binding [H1 b]. Additionally, the activity of
oxidative stress-related enzymes increases in response to elevated NO2, moreover, being amplified
with the addition of elevated temperature [H1 c]. Furthermore, a reduced flavonoid content in
pollen under elevated temperature and an altered flavonoid composition under elevated NO>
collectively reduce the potential to attenuate pollen allergenicity in combined treatments [H1 d].
Lastly, elevated temperature extends ragweed pollen exposure regardless of elevated NO2, while
also inducing a higher pollen load when combined with elevated NO2 compared to instances of
elevated temperature and elevated NO2 alone [H1 e]. On the other hand, plant-associated fungi
colonizing ragweed pollen during release potentially contribute to cross-sensitization among

ragweed-allergic patients [H2].

These analyses offer insights into potential future changes in ragweed pollen allergenicity
due to rising temperature and elevated nitrogen dioxide, posing threats to human health.
Additionally, a preliminary investigation of the potential for cross-reactivity between ragweed-

colonizing fungi and ragweed allergens has been explored.
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2: Chapter— MATERIAL AND METHODS

2.1 Phytotron experiments simulating temperature increase and

atmospheric NO; under actual and future (2070) conditions

2.1.1 Plant materials and growth conditions
2.1.1-1 Experimental design with temperature and NO: as factors

Two scenarios, simulating both currentand future conditions, were independently conducted
in two consecutive years: experiment 1 for the Munich area in 2018 and experiment 2 for the
Wirzburgarea in 2019, as detailed below. Each experiment included two factors: temperature and
NOs2. The investigation aimed to address whether a region with a currently moderate climate (e.g.,
Munich) might anticipate a higher risk of increased ragweed allergenicity compared to a region
with an already warmer climate (e.g., Wirzburg), the latter having a summer average 1.5 K higher

than Munich.

As a simplified assumption, the same temperature course but at different levels based on an
average seasonal course of climatic conditions between May and September in the Munich region
(Twm) were used for both experiments. This foundational temperature profile was derived as an
average from temperature data recorded at the Helmholtz Munich weather station between 2002

and 2005, a dataset previously utilized in phytotron experiments with ragweed (Kanter et al.

2013; Zhao et al., 2016). The climatological period of 1981 - 2010 served as the basis for

calculating the temperature difference between Munich and Wirzburg (Wetterdienst, 2016),

resulting in the established 1.5 K temperature contrast between these two regions. Elevated
temperature scenarios in both experiments were constructed by introducing a 4 °C increment to
the temperature curves of the foundational profile in each experiment, thus approximately

representing the anticipated increase under the RCP 8.5 scenario for 2070 (Hausfather, 2019;

IPCC, 2013; Loucks, 2021: Riahi et al., 2011).
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As an additional factor, NO2 was maintained at a constant concentration of 80 ppb, following

the protocol established in prior experiments (Zhao et al., 2016). This approach served the dual
purpose of testing the reproducibility of experimental conditions and facilitating meaningful
comparisons of results. In addition, the selected concentration aligns closely with current elevated
levels of NO2 observed near heavily trafficked roads (Agency, 2023), such as those places near
motorways and busy urban roads in the Munich area, where concentrations can reach up to 106

ppb (Zhu et al., 2020). Moreover, it is worth noting that achieving an air quality status of 0 ppb

NO2would be considered ideal, contingent upon a cessation of all fossil fuel burning.

In each experiment and each chamber, two sub-chambers served as technical repetitions
(Table 2 - 1). The resulting treatments were coded by Temperature (T), region Munich (M),
Warzburg (W), temperature increase by 4 °C (4), and addition of 80 ppb in the sub-chamber
atmosphere (N). The corresponding abbreviations used in text, tables and figures are Twm, TmN,
Twm4, Tm4N for the experiment “Munich” (2018), and Tw, TwN, Tw4, Tw4N for the experiment

“Wiirzburg” (2019), respectively.

Table 2 - 1: lllustration of experimental design for the phytotron chamber experiments with
temperature and NO: as factors. Tw=Twm + 1.5 °C.

Scenario Phytotron Treatment Temperature NO, (ppb)
Subchamber (EK)  Abbreviation

“Munich” (M) EK1.1 TuN current M 80
EK 1.2 Tm current M 0
EK 1.3 TuN current M 80
EK 1.4 Twm current M 0
EK 2.1 Tué current M + 4 °C 0
EK 2.2 Twé4N current M + 4 °C 80
EK 2.3 Tué current M + 4 °C 0
EK 2.4 Twé4N current M + 4 °C 80

“Wiirzburg” (W) EK 11 Tw current W 80
EK 1.2 TwN current W 0
EK 13 Tw current W 80
EK 1.4 TwN current W 0
EK 2.1 Tw4 current W + 4 °C 0
EK 2.2 Tw4N current W + 4 °C 80
EK 2.3 Tw4 current W + 4 °C 0
EK 2.4 Tw4N current W + 4 °C 80
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2.1.1-2 Phytotron chamber conditions and plants cultivation

For both aforementioned experiments, seeds of common ragweed (A. artemisiifoliaL.) were
provided by Julius Kihn Institut Braunschweig, Germany. These seeds, sourced from outdoors,
and harvested in 2012, were used to eliminate any potential impact of parental life history

conditions on the subsequent generation’s growth and development (Elwell et al., 2011). Sowing

took place on standard soil (Floradur®, Bayerische Gartnerei Genossenschaft, Minchen,
Germany), and the seeds were then placed in a conventional growth chamber with a day/night
temperature maintenance of 20/18 °C and a light/dark cycle of 14/10 hours. After four weeks, the
seedlings were transplanted into 17 cm round pots using the same substrate as for initial sowing.
Subsequently, they were transferred to phytotron chambers following the procedures outlined in

previous experiments (Kanter et al., 2013).

However, logistical challenges encountered by the technical staff during the annual chamber
maintenance resulted in unintended deviations from the planned protocoland resulted in different
conditions for seedling growth in the two experiments during the early growth phases as detailed
in Figure 2 - 1. Here, DAS is an abbreviation for days after sowing. Before placement in the
growth chamber, seeds underwent vernalization in trays with plastic lids, keptin darknessat 4 °C
for 48 hours in experiment 1 and 64 hours in experiment 2, respectively. Transplantation occurred
for seedlings at DAS 25 in experiment 1 and DAS 38 in experiment 2. The inevitable delay in
transplanting during the second experiment was a result of phytotron chamber maintenance.
Figure 2 - 1 provides comprehensive details on the experimental timeline, highlighting key points
such as seeding, transplanting, initiation of treatments, and measurement of average plant height in

the initial nine weeks of both experiments.

In both experiments, following acclimatization to the controlled conditions in the phytotron
chambers, the future temperature treatment (Figure 2 - 2) and the NO> treatment (Figure 2 - 3)
commenced at DAS 59. The temperature elevation was implemented gradually, witha 2 °C
increase over two consecutive days. Throughout plant growth, indoor conditions, including light
intensity and relative humidity, were meticulously regulated, and also recorded by sensors, with

specifics documented and presented in Figure 2 - 4. Each plant received daily individualized
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irrigation to prevent both drought stress and overwatering (administered automatically via drip
irrigation). The irrigation volume and frequency adjusted according to plant growth. Manual
supplementation of water occurred when heightened evaporation from the plant leaves transpired

due to the elevated temperature treatment.

However, in addition to the previously discussed inevitable annual maintenance (refer to
Figure 2 - 1) and network malfunctions (refer to Figure 2 - 4), the temperatures recorded on some
specific days during experiment 2 (2019) in the Wirzburgscenario, did notalign with the
anticipated values (Figure 2 - 2). Firstly, the average daily temperatures recorded for Tw from
DAS 38 to DAS 58, preceding the stress application, exhibited an increase (0.86 £0.49 °C)
compared to the mean daily temperature for Tw4. Following this, Twa experienced intermittent
delays in temperature increase on specific days: DAS 62 to DAS 65, DAS 75, DAS 77 to DAS 79,
and DAS 100 to DAS 104, with mean daily temperature differences of 1.83+ 0.04 °C, 0 °C, 1.83
+0.16 °C, and 0.33+ 0.03 °C, respectively, in comparison to those observed for Tw. In addition,
the daily mean temperature of Twexhibited an anomalous increase on DAS 76, resulting 1.47 °C
higher than that recorded of Tw4 on the same day. Excluding these 14 specific values, the daily
temperature difference between Tw4 and Tw remained at 3.14 + 0.34 °C, spanning from DAS 60
to DAS 154 (indicated by blue and red triangles in Figure 2 - 2 B). While in experiment 1, the
average daily temperature difference between Twm4 and Twm, recorded throughout experiment 1
(2018) of the Munich scenario from DAS 60 to DAS 128, consistently held at 3.54 £0.11°C
(indicated by blue and red circles in Figure 2 - 2 A). Although the recorded temperature
differences fell slightly below the anticipated 4 °C, they aligned with the temperature increases

projected by RCP 8.5 for the year 2100 (increase by 3.0 5.1 °C) (Hausfather, 2019).

Consequently, the ensuing discussion remains applicable to the expected temperature rise (plus

4 °C) for a future simulation. To investigate the impact of temperature (a4 °C temperature
increase), elevated NOz, and their interaction on the differential plant traits and pollen properties
in ragweed, the eight conditions derived from the two sets of experiments were categorized into 10
clusters. Experiment 1 yielded five clusters: TMN vs Tm, TM4N vS Tm4, Tm4vs Tm, Tm4AN vs
TwmN, and Tm4N vs Twm. Experiment 2 contributed other five clusters: TwN vs Tw, Tw4N vs Tw4,

Twavs Tw, Tw4AN vs TwN, and TwAN vs Tw.
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Figure 2 - 1: Schematic diagram showing raising and growth of ragweed plants in the first nine weeks
under simulated temperatures in two regions of Bavaria: “Munich” (A) and “Wiirzburg” (B). DAS,
days after sowing. I, sowing of seeds, at DAS 0 in both scenarios; Il, vernalization and germination of
seeds, from DAS 0 to DAS 25 in the Munich scenario and from DAS 0 to DAS 38 in the Wirzburg
scenario (the longer period in B was due to maintenance of the phytotron chambers); 111, transplanting,
DAS 25 in the Munich scenario and DAS 38 in the Wiirzburg scenario; IV, acclimatization of
seedlings, from DAS 25 to DAS 59 in the Munich scenario, from DAS 38 to DAS 59 in the Wiirzburg
scenario; V, start of experimental treatments (temperature and NO2), at DAS 59 in both scenarios; VI,
measured average plant height, at DAS 45, DAS 52, DAS 60 and DAS 63 in the Munich scenario and
DAS 53, DAS 56 and DAS 63 inthe Wurzburg scenario, respectively. Scaled long and narrow arrows
indicated the number of days after sowing (DAS) in weeks (W); other short fat arrows indicated special
dates mentioned during two independent experiments.
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Figure 2 - 2: Daily average temperature based on real-time records in the four individual sub-chambers
(1-4) of each phytotron chambers in two independent experiments simulating temperatures in two
regions in Bavaria: “Munich” control (A, blue circles) and elevated temperature (A, red circles),
“Wiirzburg” control (B, blue triangles) and elevated temperature (B, red triangles). The following table
lists the daily average temperature differences (mean + standard deviation) recorded for Tw4 and Tw on
specific dates (from DAS 62 to DAS 65, at DAS 75 and DAS 76, from DAS 77 to DAS 79, and from
DAS 100 to DAS 104). Abbreviations: DAS, days after sowing; Twm, current temperature Munich, Tw,
current temperature Wirzburg; Tm4, and Tw4, temperature increase by 4 °C in Munich and Wirzburg,
respectively. Identical and vital phytotron chamber experiments started in ‘“Munich” at day 25 and in
“Wiirzburg” at day 38. Harvests was completed in “Munich” at day 130 and in “Wiirzburg” at days
154.
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Figure 2 - 3: Daily average of NO2 concentrations in the phytotron sub-chambers during two
independent experiments simulating (A) Munich and (B) Wirzburg temperature conditions. Sub-
chambers were flushed with purifiedair (Ghirardo et al., 2020b) without NO> addition (white
symbols) or fumigated to a final NO2 concentrations of 80 ppb (black symbols); means + sd (n=4 sub-
chambers). DAS, days after sowing. NO2 fumigation started at day 59 in the both scenarios.

2.1.2 Pollen harvest and characterization of plant traits

Owing to substantial growth variations among plant individuals, periodic trimming of plants
became necessary during the experiments to prevent uneven shading among neighboring plants.
Ultimately, the harvest included nine plants per sub-chamber in experiment 1 and ten plants per
sub-chamber in experiment 2. Pollen harvesting utilized modified Aracon® systems, conducted

when 80% of the plants released pollen as per the methodology outlined previously (Kanter et al.

2013). The pollen collection concluded on DAS 130 for experiment 1 and on DAS 154 for
experiment 2 (refer to Figure 2 - 2), and the collected pollen was stored at -80 °C for subsequent
analysis. Twelve plants from each treatment were randomly selected to determine the following
traits: 1) Average plant height (cm): the upper part above the soil in all scenarios per plant was
measured shortly before pollen harvesting. The average plant height was calculated; 2) The
average length of male inflorescence size (cm): the average of all male racemes per plant was
taken and analyzed; 3) Pollen season period from the beginning to the end (days): The onset of
pollination was recorded from daily care recording in all scenarios since the sowing date of
ragweed seeds. The start of the pollen release was set at the first time-point at which obvious
yellow airborne pollen could be observed. The end of the pollen season was noted when no more
pollen came out from the male flowers. Statistically, the average pollen season length has been
assessed, i.e., Duration (days) = the end (days) - the start (days). The average values of the start

and period of pollen season were calculated; 4) Average pollen yield per male inflorescence (mg):
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pollen from each plant was pooled after pollen harvesting and weighed. The average weight was

calculated per inflorescence.
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Figure 2 - 4: Daily average of relative humidity (rh) (A) and light intensity with daily sum of PPFD (B)
in the phytotron chambers during two independent experiments simulating temperatures intwo regions
in Bavaria (“Munich” and “Wiirzburg”) under control (“Tm”, “Tw”) and future (“Tm4”, “Tw4”)
temperature conditions. DAS, days after sowing. PPFD = Photosynthetic Photon Flux Density (in the
experiment “Wiirzburg” climatic conditions no data recording between day 138 and 147 due to
network malfunction).
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2.1.3 Sera pool and aqueous pollen extract preparation

2.1.3-1 Patient sera pools

The sera from 29 patients, individually sensitized to ragweed pollen and with Immuno CAP®
classes > 3 (refer to Table 2 - 2) (kindly provided by Prof. Dr.med.Dr.h.c Thomas Ruzicka,
Klinikum der Universitat Miinchen, Munich, Germany), were pooled (designated as pool 1) for
the dot blot assays. The serum pool 1 was aliquoted into 300 pL and stored at — 20 °C until use.
Simultaneously, serafrom 28 atopic individuals allergic to ragweed pollen, showcasing a diverse
range of Immuno CAP® classes (see Table 2 - 3), were pooled (designated as pool 2) for two-
dimensional immunoblot assays. Pool 2 was aliquoted into 400 pL and stored at — 20 °C until use.
Additionally, the serafrom 16 patientsin list 3 (refer to Table 2 - 4) were employed for cross-
reactivity assessments through ELISA and dot blot assays, maintained at — 20 °C until use. Sera

from nine healthy volunteers were used as controls, as previously mentioned (Zhao et al., 2016).

Table 2 - 2: Details 0of 29 patients’ serain pool 1 used in the immunoblot assays

Name  Concentration CAP- Name  Concentration  CAP- Name  Concentration CAP-
(kUM Class * (kUM Class * (kUM Class *

1 0.46 1 11 1.06 2 21 1.17 2

2 0.58 1 12 1.49 2 22 0.75 2

3 1.96 2 13 2.27 2 23 1.61 2

4 1.13 2 14 7.05 3 24 2.76 2

5 2.65 2 15 9.78 3 25 10.6 3

6 2.07 2 16 30.6 4 26 1.86 2

7 1.62 2 17 5.45 3 27 317 4

8 5.02 3 18 4.46 3 28 1.14 2

9 1.86 2 19 1.73 2 29 0.72 2

10 2.59 2 20 0.92 2

*Methods: CAP-FEIA (Fluorescent Enzyme Immunoassay); Spec. IgE: CAP-Class 0: < 0.35 kU/I; CAP-Class 1:
0.35 - <0.7 kU/l; CAP-Class 2: 0.7 - < 3.5 kU/l; CAP-Class 3: 3.5 - < 17.5 kU/l; CAP-Class 4: 17.5 - <50.0 kU/I;
CAP-Class 5: 50.0 - 100.0 kU/I; CAP-Class 6: > 100.0 kU/I.

2.1.3-2 Pollen sample pools

The specifics of the assays, the biological samples analyzed for each treatment, the counting

units constituting one biological replicate per treatment, the technical replicates utilized, and the
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quantity of initial pollen/protein in the relevant solvent are detailed in Table 2 - 5. Varying
numbers of individual plants were employed across different assays, as indicated in the table.
Consistently, three technical replicates were executed for all assays; however, liquid
chromatography with tandem mass spectrometry (LC-MS/MS) sequencing was conducted only
once for each biological sample. The starting amounts of pollen in both experiments were
consistent. The assays of NAD(P)H oxidase initiated with 20 milligrams (mg) of pollen in 600 uL
of 0.1 M NH4HCOs buffer, while H202 assays commenced with 10 mg of pollen in 100 pL of
water. Both dot blot assays for total allergenicity and LC-MS/MS sequencingwere initiated with
30 mg of pollen in 600 pL of NHsHCOs buffer. The two-dimensional immunoblotting assays
initiated with 60 mg of pollen in 1.5 mL of the same buffer. Moreover, both flavonoid content and
composition measurements were initiated with 20 mg of pollen in 400 pL of methanol (Merck,

Germany).

Table 2 - 3: Details of 28 patients' serain pool 2 used in the immunoblot assays

Name Concentration (kU/I)  CAP-Class * Name Concentration (kU/I)  CAP-Class *

5.02 3 15 1.86 2
2 7.05 3 16 2.59 2
3 9.78 3 17 1.06 2
4 30.6 4 18 1.49 2
5 8.02 3 19 2.27 2
6 9.54 3 20 1.73 2
7 5.45 3 21 0.92 2
8 4.46 3 22 1.17 2
9 89.8 5 23 0.75 2
10 4.18 3 24 1.61 2
11 4.47 3 25 2.76 2
12 10.6 3 26 1.86 2
13 317 4 27 1.14 2
14 1.96 2 28 0.72 2

*Methods: CAP-FEIA (Fluorescent Enzyme Immunoassay); Spec. IgE: CAP-Class 0: < 0.35 kU/I; CAP-
Class 1: 0.35 - < 0.7 kU/l; CAP-Class 2: 0.7 - < 3.5 kU/I; CAP-Class 3: 3.5 - < 17.5 kU/I; CAP-Class 4: 17.5
- <50.0 kU/I; CAP-Class 5: 50.0 - 100.0 kU/I; CAP-Class 6: > 100.0 kU/I.
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Table 2 - 4: Sera list 3 of 16 patients’ seraused in the cross-reactivity via ELISA

Name  Concentration ~ CAP- Sampling Date  Name  Concentration CAP- Sampling Date
(kU Class * (kUM Class *

1 0.46 1 31.01.2013 9 5.02 3 08.10.2013

2 0.58 1 31.01.2013 10 1.86 2 12.11.2013

3 1.96 2 08.04.2013 11 2.59 2 12.11.2013

4 113 2 10.04.2013 12 1.06 2 08.03.2014

5 2.65 2 23.04.2013 13 1.49 2 22.07.2014

6 2.07 2 07.05.2013 14 2.27 2 14.08.2014

7 1.62 2 14.05.2013 15 7.05 3 14.07.2015

8 2 2 16.05.2013 16 31.7 4 2021

*Methods: CAP-FEIA (Fluorescent Enzyme Immunoassay); Spec. IgE: CAP-Class 0: < 0.35 kU/I; CAP-Class 1:
0.35 - <0.7 kU/l; CAP-Class 2: 0.7 - < 3.5 kU/l; CAP-Class 3: 3.5 - < 17.5 kU/l; CAP-Class 4: 17.5 - <50.0 kU/I;
CAP-Class 5: 50.0 - 100.0 kU/I; CAP-Class 6: > 100.0 kU/I.

2.1.3-3 Aqueous pollen extract preparation

Aqueous protein extracts from the pollen used in this study were acquired through hydrating
the pollen in 0.1 M ammonium bicarbonate (NH4sHCOg3, pH 8.1, Carl Roth GmbH, Karlsruhe,

Germany), except for determining the H202 content where H20 was used as solvent.

Protease inhibitors (1 tablet in 10 ml buffer, cOmplete™, Mini, EDT A-free, Sigma-Aldrich,
Taufkirchen, Germany) were added to the aqueous solutions. The methodology of extracting
pollen with an 0.1 M NH4HCOs solution has been previously implemented on birch pollen (Buters

et al., 2005).

Pollen was hydrated using the aforementioned buffer, and subsequently, the pollen-hydration
buffer system underwent agitation at room temperature (RT) for one hour at 1,400 rpm (Janke &
Kunkel Orbital Shaker Table, Germany). Afterwards, the pollen suspension was centrifuged
(Thermo Scientific Fresco 21) at 21,100 g for 30 minutes at 4 °C. T he supernatant was collected

as crude protein extract, aliquoted, and preserved at - 20 °C until subsequent analysis.
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Table 2 - 5: Pollensamples used for analyses

Biological replicates  Unit for biological Technical  Start pollen amount
Method(s)_assays _ _ .
per treatment replicate per treatment  replicates in solvent
NAD(P)H oxidase 20 mg / 600 pL
. . 8 per plant 3
in both experiments NH,HCO,
H,0, in 10 mg / 100
22 . 10 per plant 3 i h
both experiments ddH,0
Dot blot assay in 30 mg / 600 pL
) 11 per plant 3
experiment 1 NH4HCO;
Dot blot assay in 30 mg / 600 pL
. 17 per plant 3
experiment 2 NH,HCO;
Flavonoids of
o 20 mg / 400 pL
concentration in both 12 per plant 3
. Methanol
experiments
Flavonoids immunoblot
. 20 mg / 400 pL
assays in both 1 Pool of 12 samples 3
. Methanol
experiments
2D-immunoblot in 60 mg/1.5ml
. 3 Pool of 4 samples 3
both experiments NH,HCO,
12 from Ty, 14
Label-free LC-MS/MS 30 mg / 600 pL
. . from TyN, 16 from  per plant 1
in experiment 1 NH4HCO,
T4, 17 from T,,4N
Label-free LC-MS/MS 30 mg / 600 pL
) ) 6 per plant 1
in experiment 2 NH4HCO;

2.1.3-4 Protein purification by methanol and chloroform precipitation

The crude protein extract underwent additional purification for dot-blot analysis, 2D

immunoblot assays, and LC-MS/MS sequencing, utilizing methanol and chloroform (Merck,

Germany) precipitation (Wessel and Fliigge, 1984).

In detail, 200 pL of the protein supernatant was blended with 800 pL of methanol and then

centrifuged at 9,000 g for 30 seconds. Subsequently, the solution was mixed with 200 pL of

chloroform and subjected to another centrifugation at 9,000 g for 30 seconds. T his was followed
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by the addition of 600 pL of ddH20, and the samples were centrifuged at 9,000 g for 30 seconds.
The resultant solution exhibits three layers: a circular protein flake in the interphase layer which is
needed, a substantial aqueous layer on the top, and a smaller chloroform layer at the bottom. Thus,
the upper portion of the aqueous layer was discarded firstly, trying not to disturb the protein flake.
Then, methanol (600 uL) was introduced, and the solution underwent centrifugation at 16,000 g
for 2 minutes. As much of the methanol-chloroform solution was removed. Pellets were air-dried
for 10 minutes and then re-suspended with 100 pL of ¥z Buffer B (25 mM NaH2PQO4, 2.5 mM Tris-
HCI, 2 M urea, adjusted to pH 8.0 with NaOH) or 1% SDS (Sigma, Germany) (exclusively for
LC-MS/MS). Protein dissolution was achieved by shaking at 1400 rpm for 10 minutes. The
supernatant was collected following a 5-minute centrifugation at 21,100 g at 4 °C and stored at -

20 °C until use.

2.1.3-5 Quantification of proteins

Two methods were employed in this study for the quantification of protein concentrations.

The first method utilized the Bradford assay (Protein Dye Reagent, BioRad, Germany) (Bradford

1976), employing bovine serum albumin (BSA) as the internal standard. Quick Start Bovine
Serum Albumin Standard (BioRad, Germany) was used for calibration. Protein samples (5 pL
unknown protein sample/3 pL BSA standard + 20 uL/22 uL ddH-0O, respectively) were combined
with 200 pL of reagent dye (1:4 dilution) and loaded into Nunclon 96-well flat-bottom and
transparent plates (Thermo Fisher Scientific, Denmark). Following a 5-minute incubation at RT,

absorbance was measured at 595 nm using a Tecan Reader Infinite M1000 Pro (Tecan, Germany).

The second method involved the use of the Pierce™ BCA Protein Assay Kit (Thermo
Scientific™, Germany) following the manufacturer’s instructions with some modifications. Quick
Start Bovine Serum Albumin Standards were employed for calibration instead of the BSA stock
solution provided in the kit. Protein samples (5 uL of unknown protein sample/3 uL of BSA
standard + 20 puL/22 pL of ddH20, respectively) were combined with 200 pL of reagent dye (1
part of solution A diluted with 50 parts of solution B) and loaded into 96-well plates. After a 30-
minute incubation at 37 °C, absorbance was measured at 562 nm using a Tecan Reader Infinite
M1000 Pro.
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2.1.4 Dot-blot assay

2.1.4-1 Applications of dot blot assay

Dot blot assay served multiple applications in this study, including: a) exploring the impact
of flavonoids on the binding activity between allergens and immunoglobulin E (IgE) with sera
from patients allergic to ragweed pollen; b) evaluating the total allergenicity of ragweed pollen; c)
examining whether tetranitromethane (TNM) induction can modify the allergenicity of any rAmb
a protein; and d) investigating the cross-reactions between fungal isolates and ragweed pollen

(Table 2 - 6).

2.1.4-2 Procedure of dot blot assay

For dot blot analysis, 30 uL of each sample was evenly applied per well on a nitrocellulose
(NC) membrane (0.2 um) (GE Healthcare Life Sciences, Amersham, Germany) using the Bio-
Dot® Microfiltration Apparatus (Bio-Rad, Hercules, CA, USA). Subsequently, the NC membrane
was stained with a ponceau S acidic solution (0.1% ponceau S in 5% acetic acid) for 5 minutes,

following the method outlined previously (Bannur et al., 1999), and the staining was documented

in image format (600 dots per inch resolution) using a scanner.

The stained NC membrane was then immersed in a blocking buffer [TBST (TBS: 10 mM
Tris—HCI (pH 7.5), 0.9% NaCl, 1 mM MgCl,-6H20; T: 0.5% Tween 20) supplemented with 5%
milk powder (blotting grade, low fat, Carl Roth GmbH, Karlsruhe, Germany)] for 1 hour at RT.
Subsequently, the NC membrane was transferred to the first detecting antibody buffer and left
overnight at 4 °C. Details of the applied detection antibodies and their dilutions are provided in
Table 2 - 6. Following three washes with TBST for 10 minutes each, the NC membrane was
incubated with detecting antibody buffer for 1 hour at RT. After three additional washes in TBST
for 10 minutes, the NC membrane was transferred to the antibody buffer [TBST + 1:10,000
diluted monoclonal rat anti-mouse 1gG2b antibody horseradish peroxidase (HRP) conjugated
(provided by MAB Monoclonal Antibody Core Facility, HMGU, Munich, Germany)] for 1 hour at
RT, if the detecting antibody was the monoclonal unconjugated mouse anti-human IgE antibody

(Sigma-Aldrich, St. Louis, USA). Finally, after three washes in TBST buffer for 10 minutes each,
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the NC membrane was incubated with ECL Select Western Blotting Detection Reagent (GE
Healthcare, Amersham Place, UK) for 5 minutes at RT. Imaging and quantification were

performed following Zhao et al. (2016) with a FUSION-FX7 Spectra System (Vilber,

Eberhardzell, Germany) after 5 minutes of exposure, using the Image J 1.5.2 software (open
source). For total allergenicity assays, the ratios of the integrated optical density (I0D) of

immuno-reactive spots to the 10D of Ponceau S dye-stained spots were calculated.
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2.1.5 The role of flavonoids interfering with IgE binding activities

2.1.5-1 Determination of total flavonoid content in pollen

The concentration of flavonoids in pollen extracts was determined using the AICIz

colorimetric method following published protocols (Gentili et al., 2019; Pekaland Pyrzynska,

2014) with slight modifications outlined below.

For each assay (refer to Table 2 - 5), 20 mg of ragweed pollen was mixed with 400 uL of
methanol. The mixture was shaken for 1 h at RT with a speed of 1400 rpm. Subsequently, the
soluble fraction was obtained through two rounds of centrifugation at 21,100 g for 10 min at 4 °C
and stored at - 20 °C until use. Pollen extract samples (8 uL pollen extract + 72 uL ddH>0) were
loaded into 96-well plates, with each pollen sample prepared in six copies to ensure robustness.
Following this, all samples were combined with 24 pL of NaNO2 (5% w/v) (Sigma Aldrich,
Germany) and allowed to incubate for 5 minutes. Subsequently, atriplicate of the sextuplicate
pollen extract samples underwent a 6-minute incubation with 24 pL of AICIs (10% w/v) (Sigma
Aldrich, Germany), serving as a specific treatment, while the remaining triplicate, considered as a
control, received an equal volume of ddH20. Neutralization of all samples with 160 pL of 1M
NaOH followed, and the entire process was carried out at RT over a 10-minute period.

Absorbance at 510 nm was quantified using the Tecan Reader Infinite M1000 Pro.

Each technical replicate (3 per biological replicate) underwent three measurements. To
eliminate background absorbance, the average values from triplicates without AICIs were
subtracted from those with AICIs. A linear calibration curve was established using quercetin
(Sigma Aldrich, USA) dissolved in methanol at concentrations of 50 ug/mL, 100 pg/mL, 200
pg/mL, 500 pg/mL, and 750 pg/mL. Results were expressed as milligrams of quercetin

equivalents per gram of pollen (mg QE/g pollen).

2.1.5-2 Determining the influence of flavonoids in the allergen-IgE binding activity

A pool of 24 randomly selected samples covering all treatments was assembled for analysis.

Protein content (ug/mg pollen) and total flavonoid content (ug/mg pollen) were assessed for each
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sample (Figure 2 - 5). Utilizing the linear regression established between protein concentration
and total flavonoid concentration per mg of pollen, varying amounts (0.1, 0.3, 1.6, and 3.2 pg) of
flavonoids within a realistic range were chosen when 3 g of protein was employed in the dot blot
assays. Protein concentration in this context was determined using the Bradford assay (refer to
section 2.1.3-5). Flavonoid content was quantified using the AICIz colorimetric method (refer to

section 2.1.5-1).

The BSA (Sigma Aldrich, USA) powder was dissolved to the desired concentration in 0.1 M
NH4COs supplemented with protease inhibitor, EDT A-Free. CRP, servingas a comprehensive

pool of all ragweed allergens (Gentili et al., 2019), was utilized in this study. A portion of pollen

extract was prepared from 50 mg of CRP in 1.0 mL 0.1 M NH4HCOs supplemented with protease
inhibitor, following the procedure outlined in section 2.1.3-3. Subsequently, proteins from the
pollen extract were purified and precipitated using the methanol-chloroform precipitation method
(refer to section 2.1.3-4). Quantification of protein concentration was conducted through the

Bradford assay (refer to section 2.1.3-5).
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Figure 2 - 5: Linear regression between protein concentration and total flavonoid concentration per mg
pollen. Red dots indicate the 4 ratios between protein concentration and total flavonoid concentration
used at 1:10 dilution in the experiment. “ratio 1”=30 pg / 0 pg, “ratio 2”=30 g / 16 pg, “ratio 3” =
30 ug /32 pg, ‘ratio 4” =30 pg / 50 pg. Black dots indicate randomly selected pollen samples fromall
treatments for regression, the black line represents the best fit for the given selected samples (Cheng et
al., 2023).

45



2: Chapter - MATERIAL AND METHODS

rAmb a 1 was acquired following the procedure outlined in section 2.2.1 and quantified using

the Bradford assay (refer to section 2.1.3-5).

Equivalent quantities of flavonoids from distinct biological replicates under the same
treatment were extracted following the guidelines in section 2.1.5-1 and then combined. The
mixtures of flavonoid extracts underwent vacuum drying at 4 °C using the Univapo 100H device
(Uniequip, Germany) to remove methanol. Subsequently, the flavonoid pellets were reconstituted
in ddH-0 to maintain a consistent flavonoid concentration. Additionally, commercial quercetin

was diluted in ddH20 to achieve the desired concentration.

Protein and flavonoid samples were mixed in a 96-well plate, reaching a total volume of 50
uL (with only 30 L loaded) shortly before the initiation of the immunoblot. Controls were
introduced for both flavonoids and proteins, incorporating samples without flavonoids and vice

versa, to assess their background signals during the immunoblot.

In the dot blot assays, the procedure outlined in section 2.1.4-2 was adjusted as follows: the
first detecting antibody buffer consisted of TBST-2% milk plus a 1:200 dilution of sera pool 2; the
secondary detecting antibody buffer was TBST with a 1:50,000 dilution of monoclonal
unconjugated mouse anti-human IgE antibody; and the subsequent detecting antibody buffer was

TBST witha 1:10,000 dilution of monoclonal rat anti-mouse 1gG2b antibody HRP conjugated.

2.1.5-3 UPLC-MSMS analysis of flavonoids profiles

For ultra-performance liquid chromatography-tandem mass spectrometry (UPLC-MSMS)
analyses, the flavonoids extracted in section 2.1.5-1 and processed in section 2.1.5-2 were
combined (600 uL methanol/ 30 mg fresh pollen), followed by methanol removal using N>
stream. The resulting extract was finally re-suspended in 400 pL of 50% (v/v) acetonitrile in
water. After centrifugation for 20 minutes at 21,100 g and 4 °C, 350 L of the supernatant was
transferred into amber glass vials (350 pL each). The samples underwent processing by the
Environmental Simulation Unit (EUS) at the Helmholtz Zentrum Munchen, Munich, Germany.
Details of non-targeted metabolomics analysis, including chromatography and MS parameters,

were executed following the protocols outlined in their published work (Berti¢ et al., 2021;
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Ghirardo et al., 2020a). All LC-MS hyper-grade chemicals (methanols/water) were purchased

from Merck (Darmstadt, Germany), and acetonitrile was obtained from Honeywell (Puchheim,
Germany). Data obtained from measurements were processed using Metaboscape 4.0 (Bruker),

with parameter settings consistent with those detailed in previous work (Berti¢ et al., 2021).

2.1.6 Oxidative stress indicators in ragweed pollen

2.1.6-1 NAD(P)H oxidase levels

The detection of ROS-related compounds, such as NAD(P)H oxidase, indicative of oxidative
stress, was conducted through the nitro blue tetrazolium (NBT) assay, following the procedures

outlined previously (Bacsi et al., 2005; Boldogh et al., 2005).

Pollen grains (20 mg) were hydrated in 600 uL of 0.1 M NHsHCO3 containing proteinase
inhibitor at RT for 1 h, with a stirring speed of 1,400 rpm. After a 30-minute centrifugation at 4 °C
with a speed of 21,100 g, the supernatant was collected. A 25 pL solution (per assay) was
combined with 2 mM NBT (Sigma), with or without 100 U superoxide dismutase (SOD, Sigma),
along with 100 uM NADH (ROTH) or 100 uM NADPH (ROTH), and adjusted to a final volume
of 240 L using ddH-0. The reaction assay underwent incubation at 37 °C for 30 min with a
stirring speed of 1,000 rpm, followed by the removal of the supernatant through a 5-minute
centrifugation with a speed of 21,100 g at 4 °C. Residual NBT was eliminated by washing with 1
mL phosphate-buffered saline (PBS) buffer (0.127 M NaCl, 7 mM Na2HPO4+7H20, 3mM
NaH2PO4+H-0, pH adjusted to 7.4 using NaOH). The precipitate was completely dissolved in 250
ML methanol with gentle rotation for 20 min at RT. After a 5-minute centrifugation at a speed of
21,100g at 4 °C, 200 pL of supernatant per assay was collected and measured in 96-well
microplates with an absorbance of 530 nm. The results were expressed as Asso per mg of pollen.

Eight randomly selected plants per treatment underwent the assay in triplicates.

2.1.6-2 H202 content

Ten mg of pollen were suspended in 100 pL of water and incubated at 4 °C for 30 minutes

with agitation at 1000 rpm, followed by a 20-minute centrifugation at 4 °C with a speed of 21,100
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g. Theresulting supernatant was collected, and the H202 content was quantified precisely
following the Peroxide Assay Kit (Catalog Number MAK311, Sigma) manual. Absorbance at 585
nm was taken, and the results were expressed as pMol ug1. Each assay was conducted in

triplicate.

2.1.7 Pollen allergen immune-reactivity detection

2.1.7-1 Dot-blot assays for total allergenicity

Eleven pollen samples from experiment 1 and 17 samples from experiment 2 were randomly
chosen for each treatment (refer to Table 2 - 5). Each sample utilized a starting pollen amount of
30 mg in 600 pL of 0.1 M NH4HCO:s. Pollen extracts were treated with the methanol-chloroform
precipitation (refer to section 2.1.3-4), dissolved in 1/4 Buffer B, and quantified through the

Bradford assay (refer to section 2.1.3-5).

An equivalent volume of protein extracts (3 pg in 30 uL TBS buffer) was loaded and
conducted following the procedures outlined in sections 2.1.4-2. The only modification was the
dilution of the first detecting antibody buffer (TBST -2% milk + 1:100 dilution of the sera pool 1).

Images were captured and processed as described above (see 2.1.4-2).

2.1.7-2 Two-dimensional gel electrophoresis immunoblot

Two-dimensional immunoblot assays were conducted to delve deeper into each IgE-reactive
protein's contribution to the overall pollen allergenicity, as indicated by dot blot analyses.
Moreover, the use of LC-MS/MS for spot identification allows for the characterization of novel

IgE-reactive proteins.

Equal amounts of pollen samples from four plants were randomly pooled, resulting in three
biological samples for each treatment, and three technical replicates were independently
performed (refer to Table 2 - 5). The pollen pools (60 mg / 1.5 mL) were re-suspended in 0.1 M
NHsHCOs with proteinase inhibitor and shaken at RT for 1 h. After a 30-minute centrifugation at

4 °C, the pollen extracts were aliquoted and stored at —20 °C until use.
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The protein solution underwent purification using the methanol-chloroform precipitation
method (refer to 2.1.3-4), was re-suspended in 1/4 Buffer B, and quantified using the BCA kit
(referto 2.1.3-5). Following the BCA Kit assay, the volume of the protein extract, containing 15
g of proteins for each biological sample, was calculated. A total volume of 100 uL for each
sample was achieved by supplementing with 1/4 Buffer B. For further protein purification, the 2D
Clean-Up Kit (Cytiva 80-6484-51, Sigma) was employed, adhering precisely to the provided
protocol. Additionally, three internal standards, containing 15 g of protein each, were prepared:
one comprised the pool of 12 biological samples from experiment 1, another involved the pool of
12 biological samples from experiment 2, and the last one was the amalgamation of 24 biological

samples from both Experiments.

After purification using the 2D Clean-Up Kit, protein pellets were re-suspended in 125 pL of
rehydration buffer [7 M urea, 2 M Thiourea (PlosOne), 2% Chaps (PlosOne), 0.5% IPG buffer
(GE Healthcare), 0.8% DL-Dithiothreitol (DDT, Sigma), 0.002% Bromophenol blue (BPB,
Sigma)]. Subsequently, the re-suspended protein solution was loaded onto Immobiline® Drystrips
(pH 3-11 NL, 7 cm, GE Healthcare) with the Drystrip Cover Fluid (GE Healthcare) in the
Immobiline Drystrip Reswelling tray (GE Healthcare) at RT for 20 to 24 h. After rehydration, the

strips were processed accordingto previously published method (Zhao et al., 2016), with

adjustments made to isoelectric focusing. Specifically, the times and voltages (V) were modified
as follows: 20 V for 12 h, a gradient from 100 V to 500 V for 1 h, a gradient from 500 V to 1000
V for 1 h, a gradient from 1000 V to 2000 V for 1 h, a gradient from 2000 V to 4000 V for 1 h, a
gradient from 4000 V to 7000 V for 1 h, and 7000 V for 3 h, totaling 32350 VVh. Subsequently, the
strips were transferred to 4 — 20% Mini-PROTEAN T GX Precast Protein gels (BIO-RAD) and run
in a buffer (25 mM Tris, 192 mM glycine, 0.1% SDS) at RT, setat 100V for 1.5h. Upon
completion, the separated proteins were transferred to a 0.2 um NC membrane using the Mini
Trans-Blot® Electrophoretic Transfer Cell (Bio-Rad) with transfer buffer (running buffer + 20%
methanol) set at 100 V for 1 h 15 min. The NC membrane was subsequently processed as
described above in a dot blot assay (refer to sections 2.1.4-2). However, the first detecting

antibody buffer was modified to TBST-2% milk plus a 1:50 dilution of the previously mentioned
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sera pool 2. Image acquisition and visualization, and the subsequent spots intensity quantification

followed the procedures described earlier (see section 2.1.4-2).

The values of spot intensity were expressed as a ratio (relative abundance) comparingto
those corresponding in the internal standard. All spots were matched by gel-to-gel comparisons
and the changes of the relative abundance of each spot were analyzed. Those spots, the abundance
of which varied at least + 2-fold between the treated and control pollen (fold change, FC), were

considered as interesting spots and picked up for the following LC-MS/MS analysis.

2.1.7-3 Preparative gels and in-gel digestion and LC-MS/MS analysis

Fifteen g of protein pooled from both experiments underwent two-dimensional separation,
as previously described. Visualization of proteins in the gel was achieved using the silver stain
method. Specifically, the resulting 2D gels were subjected to fixation in a solution of 50% (v/v)
methanoland 12% (v/v) acetic acid for two 15-minute cycles, followed by three washes in 50%
(v/v) methanol for 20 minutes each. Subsequent steps involved sensitizing the gels in 0.02% (w/v)
Na>S203 for 1 to 2 minutes, followed by a 5-minute wash with ddH20. The gels were then stained
with a solution consisting of 2 g/L. AgNOs and 0.075% (v/v) formaldehyde (37%) for 20 minutes.
After a 1-minute wash with ddH20, the gels were developed in a solution containing 60 g/L
Na2COgz, 5 mg/L NazS:03, and 0.05% (v/v) formaldehyde (37%) until spots became visible (2 to 3
minutes in this study). To prevent excessive darkening of the gel background, a stop solution
containing 0.5% (w/v) glycine was applied for 15 minutes. Finally, the gels were stored in a
solution composed of 20% (v/v) ethanol and 2% (v/v) glycerin. It is essential to prepare the

staining and developing solutions shortly before use.

In the storage solution, the visualized protein spots on the two-dimensional gels were picked
up and rinsed in ddH20. Subsequently, the samples were dispatched to the Research Unit Protein
Science at HMGU, Munich, Germany, where they assisted in the meticulous washing, digestion,
and analysis of the spots through LC-MS/MS. Peptide identification was executed using Mascot
version 2.6.2 (Matrix Science, Boston, USA), where the spectra were matched against the
SwissProt_GreenPlants_spiked database (37335 proteins). Filtering criteria for peptides and

spectra included the use of trypsin as the specific protease, allowance for one missed cleavage, a
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parent ion tolerance of 10 ppm, a fragment ion tolerance of 0.02 Da, a fixed carbamidomethylation
modification, and variable modifications such as deamination of glutamine or asparagine, or
methionine oxidation. Subsequently, the acquired metadata underwent further analysis using

Scaffold software version 5.0.1 (Proteome Software).

For protein identification, peptides were exclusively accepted and counted if the Mascot ion
score exceeded 30 and met the criteria of a 95% minimum in peptide thresholds and a minimum of
2 unique peptides in the protein thresholds. Razor peptides were also incorporated into analysis.
Among the identified proteins, only the top five proteins according to their respective protein
scores are listed. This process was consistent with the established procedures outlined in several

studies (Holzmeister et al., 2011; Zhao et al., 2016).

2.1.8 Comparative proteomic analysis

2.1.8-1 Sample preparation for LC-MS/MS

The protein samples underwent analysis at the Research Unit Protein Science over two
consecutive years. All experiment 1 samples (pertaining to the Munich scenario), including 12
from Twm, 14 from TmN, 16 from Tm4, and 17 from Twm4N, were subjected to LC-MS/MS
sequencing (referto Table 2 - 5). However, owing to a shift in financial support during this
timeframe, the number of biological replicates per treatment for sequencing was reduced.

Ultimately, six plants were randomly chosen per treatment in experiment 2.

For each sample, 30 mg of pollen was hydrated in 600 pL of 0.1 M NH4HCOg3, following the
procedure outlined in section 2.1.3-3. After employing the methanol-chloroform precipitation
method, the resulting pellets were re-suspended in 1% SDS, dissolved in 1/4 Buffer B, and
quantified using the Pierce™ BCA Protein Assay Kit. Subsequently, ten pug of protein in 10 pL of
1% SDS per sample were dispatched to the Research Unit Protein Science at HMGU, Munich,

Germany.
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2.1.8-2 Data processing for qualitative analysis based on peak intensities

Finally, an untargeted LC-MS/MS proteomic analysis was conducted on trypsin-digested

pollen fractions. The data were processed according to Zhao et al. (2016). For quantification, the

peak intensity of each peptide, based on normalized abundances, was utilized, and the median
value for each peptide across biological replicates was extracted. Notably, Amba 1, 8,9, and 12
exhibit the presence of two or more isoforms. Due to high amino acid sequence similarities among
these isoforms, this study considered the relevant isoforms as one protein group. Consequently, all
peptides attributed to the same proteome were summed up and assigned to the respective

identified protein, encompassing both unique and razor peptides in this investigation.

The differential expression patterns of proteins in ragweed pollen under different treatments
were investigated. In addition, the expression profiles of ten well-established ragweed pollen
allergens (indicated in Table 1 - 1) and other IgE-reactive proteins (indicated in Table 3 - 6) were
accessible, and differential expression analysis of these allergenic proteins in the mentioned 9
clusters were conducted. Moreover, those proteins exhibiting an abundance change of at least £

1.5-fold (Kanter et al., 2013; Zhao et al., 2016) with statistically differences were subjected to

gene ontology (GO) classification via UniProtKB entries and the Panther Classification System
database. As a result, significantly upregulated and downregulated proteins in the aforementioned
9 clusters were annotated with GO terms, such as biological processes (BP), molecular function
(MF) and cellular component (CC), and Reactome pathways. T he classification of these proteins
into specific functional categories was facilitated by a set of plant-specific GO slims available at

https://www.uniprot.org/uploadlists/ and https://pantherdb.org/.
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2.2 Recombinant Amb a and TNM induction on rAmb a

allergenicity

2.2.1 rAmb a expression in E.coli

2.2.1-1 Gene cloning of rAmb a and vector construction in E.coli

The preparation of vectors for rAmb a construction was conducted collaboratively with Dr.
Feng Zhao, encompassing gene cloning and vector construction of rAmb a in E. coli (unpublished

work). A comprehensive outline of the principal steps and results is presented below.

Genomic DNA from commercial ragweed pollen (CRP, Thermo Fisher Scientific, Sweden)
served as the template for gene cloning. The nucleotide information of the 10 target genes
underwent alignment with the National Center for Biotechnology Information (NCBI) database.
Primers were strategically designed in the N-terminal to C-terminal order, incorporating restriction

enzymes, as illustrated in Table2 - 7.

The PCR products obtained from gene cloning were ligated into the pET M-14 vector (EMBL
Protein Expression and Purification Core Facility) (Figure 2 - 6) after being digested with the
specified restriction enzymes (Table 2 - 7), respectively. Following this, the reaction system
underwent transformation into BL21 (DE3) pLysS E. coli (Promega, Germany). Finally, the
confirmed bacterial targets resistant to Kanamycin (Kan*) were preserved in sterile glycerol at a

final concentration of 30% (v/v) and stored at - 80 °C until needed.
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Xhol (158)
Notl (166)
Eagl (166)
HindIII (173)
Sall (179)
Sacl (190)
EcoRI (192)
BamHI (198)
Epnl (208)
Neol (218)

Dralll (5106)

f1 origin

Smal (4279) Xbal (314)

Kanamycin®

pETM-14

5348 bp

\ EcoRV (1552)

Onigin (3265)
Sapl (3087)

Figure 2 - 6: Map of the pETM-14 vector including tags and protease recognition sites.

2.2.1-2 Expression and purification of recombinant ragweed allergens

The expression and purification of rAmb a under denatured conditions, following the
QlAexpress system, were carried out with the assistance of two master's students, Nikolaus
Repgen and Julia Ruiz Capella. The 6 x His affinity tag was employed for the expression and

purification of rAmb a (see Figure 2 - 6).

In general, the procedures for expressing and purifying rAmb a in E. coli adhered to the
protocol outlined in the QlAexpress system manual with slight modifications. Notably, during the
reactivation and amplification of positive colonies of rAmb a in (Luria-Bertani) liquid medium

(LB) (Protocols, 2006) at 37 °C, all rAmb a were shaken at 200 rpm/min, except forrAmb a 1,

which was shaken at 100 rpm/min. Additionally, when isopropyl 3-D-1-thiogalactopyranoside
(IPTG) was introduced to induce the expression of the target protein in E. coli, a concentration of
0.5mM IPTG was added for all rAmb a variants, and the system was shaken at 37 °C for 4 hours
at 200 rpm/min, except forrAmb a 1. For rAmb a 1, 0.1 mM IPTG was added, and the system was

shaken overnight at 28 °C at 100 rpm/min.
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2.2.1-3 Quality control and quantification of the purified rAmb a

Prior to utilizing the purified rAmb a, a thorough quality control assessment was conducted
using 4 — 20% Mini-PROTEAN® TGX™ Precast Protein Gels (Bio-Rad, USA), applying 150 V
for 1 h. Protein visualization on the gel was achieved using Coomassie Brilliant Blue. The gel
underwent staining for 30 minutes in a staining buffer (0.1% Coomassie Blue R250 in 10% acetic
acid, 50% methanol, and 40% ddH20) and was subsequently destained overnight in a destaining
buffer (50% (v/v) methanolin water with 10% (v/v) acetic acid). For the quantification of rAmb a,
the Bradford method (refer to section 2.1.3-5) was employed. Ultimately, the protein solution

concentration was adjusted to 0.4 pg/pL.
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2.2.2 Tyrosine-nitration detectionof rAmb a

2.2.2-1 Induction of rAmb a

Firstly, all ten rAmb a were expressed and purified following the procedures outlined in
section 2.2.1-2. Qualitative confirmation was obtained through SDS-PAGE gel analysis, revealing

the molecular weight of the rAmb a (refer to Figure 2 - 7).

rAmb a kDa
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‘ — -

- -— 17
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Figure 2 - 7: Visulization of rAmb a on 4 — 20 % Tris-Glycine SDS-PAGE gel stained with Coomassie
Brilliant Blue. Lanes: 1 and 13, molecular weight markers; 2 - 11,rAmb al, 3, 4,5, 6, 8,9, 10,11 and
12;12, bovine serum albumin (BSA).

Subsequently, all ten rAmb a underwent in vitro treatment with TNM. A follow-up
investigation to determine whether tyrosine nitration occurred in any of the TNM-treatedrAmb a
was conducted using dot blot analysis, as outlined below. By comparing signal intensities of the
same protein with and without TNM treatment, it can be inferred thatrAmb a 1, rAmb a 3, rAmb a
8,rAmb a 11, and rAmb a 12 may undergo nitration by TNM invitro (refer to Figure 2 - 8).
Furthermore, an evaluation of the altered allergenicity of rAmb a due to TNM treatment was

conducted through dot blot analysis using a pool of patient sera (Figure 2 - 9).
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(A) TNM treated (B) Not treated (A) Ponceau S (B) Dot blot assay

rAmb a 8 ® © Ambat ® o
rAmb a 1 rAmb a 9 ® ©® Ambati -~ ™
rAmb a 3 rAmb a 10 ® ©® Amba12 .
rAmb a 4 @ rAmba11 ® ® Amba3

® Ambai2
rAmb a 5 » o Amb a 8
rAmb a 6 ® &sa -+ -+
TNM TNM

Figure 2 - 8: In vitro induction of rAmb a treated Figure 2 - 9: Altered allergenicity of rAmb a (Amb a
with TNM (A) and without TNM (B) determinedby 1, 11,12, 3 and 8) with (+) and without (-) TNM

dot blot assays. The order of the protein samples treatment. Representative dot blot membranes
was shown in A. The order of the samplesin B was  stained with Ponceau S dye (A) and then probed
identical to that in A. with a pool of selected patient sera (B).

The results of the pre-experiment demonstrated a clear increase in the allergenicity of rAmb a
12 following TNM treatment, as observed with mixed sera from ragweed sensitized patients (refer
to Figure 2 - 9). Subsequent investigations delved into the impact of TNM-nitrated variants of
rAmbal, rAmba3, rAmbag8,rAmb a 11, and rAmb a 12 on individuals allergic to ragweed
pollen. Consequently, in vitro tyrosine nitration of rAmb a (1, 3, 8, 11, and 12) induced by TNM

was performed witha TNM/Tyrratio set at 5:1 (Yang et al., 2010). The TNM stock solution

utilized in the study was in methanol at a final concentration of 0.5 M. The volumes of TNM
added varied depending on the Tyr content of each allergen protein, as outlined in Table2 - 8. The
reaction between TNM and the protein occurred on ice for 30 minutes. BSA served as a negative
control, demonstrating resistance to nitration by TNM.

Table 2 - 8: The volumes of diluted protein solution and stock solution of TNM used for in vitro
tyrosine nitration

Allegens Volume of diluted protein solution (0.4 pg/pL) (WL)  Volume of 0.5 M TNM (L)

rAmb al 53 1
rAmb a3 23 1
rAmb a8 23 1
rAmb a 11 17 1
rAmb a 12 17 1
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2.2.2-2 Detection of nitrated proteins by dot blot

The dot-blot assay aimed to ascertain potential nitration of rAmb a by TNM. Following the
procedure outlined earlier (referto 2.1.4-2), slight modifications were introduced for this dot-blot
assay, involving the use of two detection antibodies. The initial detection antibody was anti-nitro
tyrosine (monoclonal, mouse-derived, clone 1A6; EMD Millipore, USA) diluted at 1:2000 in
TBST. Subsequently, the second detection antibody employed was rat-anti-mouse 1gG 2b
conjugated with HRP (provided by MAB Monoclonal Antibody Core Facility, HMGU, Munich,
Germany) at a dilution of 1:20,000 in TBST (referto Table 2 - 6). Membrane visualization was
conducted using the aforementioned fusion system, with an exposure time of 5 minutes. Image

analysis utilized Image J, following established protocols.

2.2.2-3 Detection of allergenicity by immunoassay

Generally, 3 pg of proteins underwent treatment with and without TNM nitration, and the
resulting allergenicity of the recombinant proteins was assessed and compared through dot-blot
immunoblotting analysis. The dot-blot assay procedure mirrored the previously outlined steps
(referto 2.1.4-2). Notably, serum from serum list 3 was used as the first detection antibody in the
primary phase of the study, ata dilution of 1:100. The exposure time for membrane visualization
was standardized at 5 minutes. All other procedural steps remained consistent with the previously
described protocol. Ultimately, the ratio between IgE binding activity levels (post-TNM/pre-TNM

nitration) was calculated and established.
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2.3 Analysis of leave associated fungal communities via Illumina

MiSeq Sequencing

2.3.1 Genomic DNA preparation

2.3.1-1 Field sampling of ragweed leaves

To explore fungi associated with A. artemisiifolia (for both pathogenic and endophytic), two
fresh leaves per plant were gathered from 18 naturally growing plants of comparable size in
August 2019. The selected plants were situated in an open waste grassland near Building 41b on
the HMGU campus in Neuherberg, Munich, Germany. Leaf samples were individually storedat -

80 °C until processing.
2.3.1-2 DNA extraction

Before DNA extraction, each leaf sample was placed in 2 mL tubes containing two stainless
steel beads (@ 5mm), swiftly frozen in liquid nitrogen for 10 seconds, and homogenized five times
at 6.0 ms™! for 1 minute using a FastPrep 24 machine (MP Biomedicals, USA). Following each
FastPrep program, samples were frozen again in liquid nitrogen for 10 seconds. About 60 mg of
the sample was utilized for DNA extraction with the DNeasy® PowerSoil® Kit (Qiagen, Hilden,
Germany). Steps 1 and 2 in the protocol were omitted, as cell disruption was accomplished
through the aforementioned procedure. The subsequent steps adhered strictly to the manufacturer's
instructions. The experiment included two negative controls: one employing sterile water instead
of leaf samples and the other utilizing sterile water indicating the aseptic operating environment.
Genomic DNA quantification was conducted using the NanoDrop System (ND-1000

Spectrophotometer) at wavelengths of 230, 260, and 280 nm.
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2.3.2 Preparation for lllumina sequencing

2.3.2-1 PCR amplification

Genomic DNA served as templates, and Next-Generation Sequencing (NGS) techniques,
specifically Illumina MiSeq, were employed to assess the species richness of fungal associates
naturally occurring on ragweed leaves. Barcode gene sequencing, utilizing the ITS2 region, was

conducted with primer 1T S3mixF/1T S4mixR (Tedersoo et al., 2015), including adaptor sequences

as outlined in the MiSeq Amplicon guide (Table 2 - 9). The PCR amplification setup is detailed in
Table 2 - 10, and the amplification procedure followed the program outlined in Table 2 - 11. Each
sample underwent three independent PCRs, executed with 28, 30, and 32 cycles in the PCR

program, respectively.

The PCR products obtained underwent processing through agarose gel electrophoresis on a
1.5% gel, composed of 2.25 g of agarose (USB Corporation, Cleveland, OH, USA), 150 mL of 1x
Tris-Acetate-EDTA (T AE) buffer, and 0.1% EtBr (Ethidium Bromide solution, Sigma-Aldrich,
Buchs, Switzerland). A running buffer of 1x TAE was utilized. The 50x T AE buffer stock
solution (1 L) comprised 242 g of Tris base in ddH20, 57.1 mL of glacial acetic acid, and 100 mL
of 0.5 M EDTAsolution (pH 8.0). Electrophoresis was conducted using a Consort model
instrument (peglab, Erlangen, Germany). 10 puL of each sample was mixed with 2 pL of 6x DNA
loading dye (Thermo Fisher Scientific). As a DNA standard, 3 uL of GeneRuler 1 kb DNA
Ladder (Thermo Fisher Scientific) was employed. Gels were run at 120V for 1.5 hours. Gel
documentation was executed using a Gel Documentation system (Quantum M1 1100/26 MX Gel
Documentation, Vilber Lourmat, Germany) and MegaCapt software (Version 16.0.7.0, Vilber

Lourmat, Germany).
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2.3.2-2 PCR products purification

Three PCR products per sample were pooled and subjected to purification using the
Agencourt AMPure XP PCR purification procedure (Beckman Coulter, Inc., USA). The
purification was conducted in accordance with the manufacturer's instructions in a 96-well format.
An AMPure XP volume of 50 pL was added to the 50 pL. PCR reaction volume. The purified
products were then analyzed on a 1.5% gel, running at 120V for 1.5 hours, as previously

described.

Table 2 - 9: Sequencing primers used for ITS2 PCR as described previouly (Nickel et al., 2018)

Primer name Orientation Primer Sequence Target family

ITS3-Mix1  fw TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG Fungi
CATCGATGAAGAACGCAG

ITS3-Mix2  fw TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG Chytridiomycota
CAACGATGAAGAACGCAG

ITS3-Mix3  fw TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG Sebacinales
CACCGATGAAGAACGCAG

ITS3-Mix4  fw TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG Glomeromycota
CATCGATGAAGAACGTAG

ITS3-Mix5  fw TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG Sordariales
CATCGATGAAGAACGTGG

ITS4-Mix1l rv GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG  Fungi
TCCTCCGCTTATTGATATGC

ITS4-Mix2  rv GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG  Chaetothyriales
TCCTGCGCTTATTGATATGC

ITS4-Mix3  rv GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG  Archaeorhizomycota
TCCTCGCCTTATTGATATGC

ITS4-Mix4d  rv GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG  Tulasnellaceae
TCCTCCGCTGAWTAATATGC

fw = forward, rv = reverse. Primer sequences consist of adaptor sequences (MiSeq Amplicon guide, bold and
italic) and ITS primer.

Table 2 - 10: Reaction setup for PCR amplification

Component 50 yL Reaction
Template DNA (10 ng/pL) 1yl

10 uM Forward Primer 0.5 L

10 UM Reverse Primer 0.5 L

NEB Next High-Fidelity Master Mix 10 uL

H,0 molecular grade to 20 pL
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Table 2 - 11: Thermo-cycling program for the PCR amplification

Step Temperature Time

Initial polymerase activation 95 °C 5 minutes

28 cycles 95 °C 30 seconds
55 °C 30 seconds
72 °C 1 min

Final Extension 72 °C 10 minutes

Hold 4°C

2.3.2-3 DNA quantification

The resulting products were quantified using the Biotium AccuClear Ultra High Sensitivity
dsDNA Quantification Kit, including 7 DNA standards (Biotium, USA), following the
manufacturer's instructions. Specifically, 10 uL of DNA standard was pipetted into the respective
wells and thoroughly mixed. The prepared 96-well plate (Nunclon 96 Flat Bottom Black
Polystyrol, ThermoFisher Scientific, Denmark), containing both PCR products and DNA
standards, was immediately shaken inside the Tecan Reader and read after a 10-minute incubation,

employing the settings detailed in Table 2 - 12.

Table 2 - 12: Tecan reader setting for Biotium AccuClear UltraHigh Sensitivity dsSDNA quantification

Mode Fluorescence top reading
Excitation Wavelength 468 nm
Emission wavelength 507 nm
Excitation bandwidth 5nm
Emission bandwidth 5nm

Gain 100 Manual
Number of flashes 50

Flash frequency 400 Hz
Integration time 20 ps

Lag time 0ps

Settle time 10 ms
Z-Position (Manual) 20000 pm
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2.3.2-4 Indexing and DNA sequence library preparation

Sequencing adapters from the Nextera Index Kit v2 Set A (Illumina, Hayward, USA) were
employed for indexing (see Table 2 - 13). Considering the previously measured DNA
concentrations, each sample was diluted to a concentration of 10 ng/uL for the Indexing PCRs,

following the program outlined in Table 2 - 14.

Table 2 - 13: Reaction setup for indexing PCR

Component 50 pL Reaction
DNA (10 ng/pL) 1L

Primer 1 (i7 series) 25uL

Primer 2 (i5 series) 25l

NEB Next High-Fidelity Master Mix 12.5 uL

H,O molecular grade to 25 WL

Table 2 - 14: Thermo-cycling program for the PCR

Step Temperature Time

Initial polymerase activation 95 °C 5 minutes

8 cycles 95 °C 30 seconds
55 °C 30 seconds
72°C 1 min

Final Extension 72°C 10 minutes

Hold 4°C

The obtained products from the indexing PCR underwent purification using the Agencourt
AMPure XP PCR purification procedure, following the aforementioned steps. Subsequently, 20
pL of ddH20 was utilized to elute the DNA pellet, and 16 pL was extracted for the subsequent
phase. Reassurance of successful indexing was achieved by re-evaluating the fragment length on a
gel, which indicated an augmented length post-indexing. Five PCR products, both pre- and post-
indexing, were subjected to 1.5% gel electrophoresis at 120 V for 1.5 hours, and the fragment
sizes were compared to affirm the indexing PCR quality. The Biotium AccuClear Ultra High
Sensitivity dsDNA Quantification Kit, inclusive of 7 DNA standards, facilitated the quantification

of the purified indexing PCR products, employing the same previously described procedure.
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Following quantification, the purified indexing PCRs were diluted to a concentration of 10 nM per
sample. A pooled solution was created by combining 3 puL from each sample and 1 pL from each

negative control into a single 500 pL reaction tube.

The DNA sequence library, once constructed, underwent quantification using Qubit (Qubit 3,
Invitrogen, Thermo Fisher Scientific) to determine nucleotide concentration. Subsequently, a 50
UL aliquot of the sequence library was prepared at a concentration of 4 nM. This prepared aliquot
was dispatched to the sequencing laboratory (Core Facility Genomics at HMGU, Munich,
Germany) equipped with the necessary kit (MiSeq v3 Kit, Illumina). The sequencing was carried

out employing the lllumina MiSeq system.

2.3.2-5 Bioinformatics sequence analysis

Sequencing data were supplied in FASTQ format for subsequent analysis with the help of Dr.
Fabian Weikl. The raw data underwent processing using the PIPITS v2.1 ITS analysis pipeline

(Gweon et al., 2015), executed on Linux Ubuntu (version 16.04.02). The UNITE reference

database version 7.2 (Kdljalg et al., 2013) was utilized during this process. PIPITS initially

readied the MiSeq sequences for ITS extraction, eliminating potentially erroneous sequences.
Subsequently, fungal ITS sub-regions, specifically the 1T S2 regions, were extracted and matched

against the reference database.

To maintain analytical integrity, samples with low sequence counts were excluded to prevent
bias in the analyses. Sequences lacking affiliation with any organism in the public database were
excluded from subsequent analyses. Furthermore, sequences attributed to protozoa, protista,
plantae, and chromista, along with those associated with Tracheophyta (primarily assigned to A.

artemisiifolia), were removed. Theresulting sequences were categorized into OT Us (operational

taxonomic units) and phylotypes. Following the definitions described previously (Gweon et al.
2015), OTUs encompass sequence groups exceeding 97% identity. Phylotypes, on the other hand,

denote sequence groups grouped under the same taxonomic units, such as genus or species.
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2.4 Fungal isolates and their identification and cross-reactivity

with ragweed pollen

2.4.1 lIsolation and cultivation of fungal isolates
2.4.1-1 Isolation from ragweed leaves

Fresh leaf samples (refer to section 2.3.1-1) were individually immersed in 15 mL of 0.5%
Tween 20 buffer, and gently rotated in a 50 mL Falcon tube at 15 rpm for 10 minutes. The
washing process involved two replacements of the 0.5% Tween 20 buffer, followed by surface
drying of the leaves using sterile filter paper. Subsequently, the cleaned leaves were arranged on
sterile, single-layer filter paper and placed in petri dishes containing 10 mL of distilled water
supplemented with 0.1% ampicillin (Sigma-Aldrich, Taufkirchen, Germany) and 0.1%

kanamycin. Incubation occurred at 25 °C under natural day/night conditions for 7 days.

After this period, the growing fungal hyphae on the incubated leaves were examined using a
dissecting microscope. The solution was homogenized with gently shaking and mixing, and 100
UL of the solution was extracted. Following a 10-fold dilution with sterile water, the diluted
solution was evenly inoculated onto 2% malt extract agar (MEA) consisting of 2% malt extract
and 1.5% agar, with a final pH of 5.5 + 0.3, supplemented with 0.1% ampicillin and 0.1%
kanamycin. Two aliquots of each raw solution sample were stored in glycerol with a final

concentration of 30% at -80 °C.

Inoculated plates were kept under natural diurnal conditions at 25 °C. Following a 5-day
incubation, the plates underwent examination, and each newly emerging colony was meticulously
picked and transferred to a fresh MEA plate. After another seven days of growth, all isolated
colonies underwent an initial screening for morphological similarity on the MEA medium. Among
the screened colonies sharing similar traits, only one colony was chosen for the subsequent
isolation step. By incorporating synthetic nutrient agar (SNA), a low-nutrient medium conducive

to the sporulation of various fungi, some colonies could be characterized based on microscopic
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features. The SNAmedium composition included 1 g/LL KH2PO4, 1 g/L KNOs3, 0.5 ¢/

MgS0s4-7H20, 0.5 g/L KCI, 0.2 g/L glucose, 0.2 g/L sucrose, and 20 g/L agar.

2.4.1-2 Purification of fungal isolates by single spore technique

After morphological and microscopic characterization of fungal isolates (Table 3 - 11), 15

cultures underwent further purification, employing single-spore isolation techniques (Choi et al.

1999; Noman et al., 2018), for fungal species identification and subsequent examination of cross-

reactivity between fungal extracts and ragweed pollen allergens.

In detail, fungal isolates cultured on MEA were transferred to new SNA plates and incubated
for 7 days. Using a dissecting microscope, 100-300 fungal spores in 0.1 mL of 0.5% Tween 20
were inoculated onto 2% water agar (WA, 20 ¢g/L agar in ddH20 with a pH of 5.6 £ 0.3). The
spore-solution was spread using stainless steel spreaders, then air-dried for 10 minutes.
Specifically, the WA was prepared two days in advance and air-dried at room temperature for 2
hours to remove excess water film. The air-dried WA plates were subsequently incubated at 28 °C
for 2 to 4 hours. Following this, a small piece (0.5 x 0.5 cm) of agar medium containing one
germinated spore was excised and placed on 2% potato dextrose agar (PDA, 4 g/L potato extract,
20 g/L dextrose, 15 ¢/L agar with a final pH of 5.6 +0.3). Fungal growth was monitored after 7
days of incubation at RT, and pure colonies of fungal isolates were further cultured on MEA.
Additionally, for fast-growing colonies, pure white, largely appressed hyphal tips were transferred

to obtain a pure culture.

2.4.2 ldentification of fungal isolates by Sanger Sequencing

2.4.2-1 DNA extraction

After further single-spore purification on water agar, 26 morphologically distinct colonies
(with two isolates being morphologically similar) underwent additional characterization based on

their DNA sequences, amplified by Sanger sequencing.

Mycelia were aseptically harvested from 10-day cultures for DNA extraction using the
DNeasy® PowerSoil® Kit. The procedure precisely followed the steps outlined in section 2.3.1-2,
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which included homogenization via the FastPrep 24 machine. Genomic DNA quantification was
conducted with the NanoDrop System at 230, 260, and 280 nm. Subsequently, DNA concentration

measurements guided the dilution of DNAto 10 ng/uL.

2.4.2-2 ITS PCR for Sanger sequencing

The genomic DNA obtained served as the template for PCR amplification, employing Q5
Hot Start High-Fidelity DNA Polymerase (NEB, UK) in 50 pL volumes. The PCR setup is
detailed in Table 2 - 15, with the modification of incorporating 100 ng DNA. Primers ITS1-F

(TCCGTAGGTGAACCTGCGG) and ITS4-R (TCCTCCGCTTATTGATATGC) (White et al.

1990) were utilized for amplifying the ITS region (ITS1and ITS2) along with the 5.8S ribosomal
RNA gene. The amplification process adhered to the program outlined in Table 2 - 16.
Subsequently, the PCR products obtained underwent processing in a 2% gel, running at 125V for
1.5hours, as detailed in section 2.3.2-1. Hereafter, the PCR products were purified using the
Agencourt AMPure XP PCR purification procedure, precisely following the instructions outlined
in section 2.3.2-2, and subsequently controlled using a 1.5% gel, running at 120 V for 1.5 hours,

as detailed earlier in section 2.3.2-1.

PCR products were successfully generated from 27 fungal isolates, targeting the fungal ITS1
+ 1TS2 + 5.8S regions. Due to morphological similarities and nearly identical PCR fragment
lengths, 15 fungal isolates were selected for Sanger sequencing. Eurofins MWG GmbH facilitated
the sequencing process, and the obtained sequences were subjected to a BLAST search against the
UNITE database (https://unite.ut.ee/analysis.php#). T he results with the highest similarity score

were considered for further analysis.
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Table 2 - 15: Reaction setup for PCR

Component 50 pL Reaction Final Concentration
5 X Q5 reaction buffer 10 WL 1X

5 X Q5 High GC Enhancer (optional) 10 WL 1X

10 mM dNTPs 1pL 200 pM

Template DNA 5L <1,000 ng

10 uM Forward Primer 2.5 L 0.5uM

10 uM Reverse Primer 25 0.5uM

Q5 Hot Start High-Fidelity DNA Polymerase 0.5 pL 0.02 U/uL
Nuclease-Free Water to 50 pL

Table 2 - 16: Thermo-cycling program for the PCR

Step Temperature Time
Initial polymerase activation 98 °C 30 seconds
32 cycles 98 °C 10 seconds
63 °C 30 seconds
72°C 30 seconds
Final Extension 72°C 2 minutes
Hold 8°C

2.4.3 Cross-reactions between fungal isolates and ragweed pollen

Dot blot assay was used to screen the IgE-reactive patterns of fungal isolates, ragweed pollen
and their combination, probed with patients' sera allergic to ragweed pollen, respectively. Aqueous
extracts of fungal isolates and ragweed pollen were prepared following the procedure outlined in
section 2.1.3-3. Notably, preceding the hydration of fungal mycelia in NH4HCOs3, an additional
homogenization step was executed using the FastPrep 24 machine, with program details precisely
specified in section 2.3.1-2. Protein concentrations for both extracts were quantified using the
Bradford method, as described in section 2.1.3-5. The procedures for dot blot assay was exactly

following the steps as described in section 2.1.4.
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2.5 Statistics

The data underwent initial processing for normal distribution using the Shapiro-Wilk test
through IBM SPSS Statistics 21. Two-way ANOVA, complemented by Fisher’s LSD tests, was
employed when the data satisfied the criteria of normal distribution and homogeneity of variance
(p > 0.05), considering temperature and NO: as factors, along with their interaction. GraphPad
Prism software for Windows (version 9.0.2) facilitated these analyses. In cases where the data did
not meet the assumptions, the Kruskal-Wallis test and Dunn’s test were utilized for statistical
testing. Additionally, the unpaired two-tailed Student’s t-test was applied. Principal component
analysis score plots and loading plots were generated using RStudio (version 2022—02-16 for

Windows) (Cheng et al., 2023). Tables were created in Excel 2016, and figures were plotted using

GraphPad Prism. Venn diagrams were generated online (Tang et al., 2023), and Multivolcano

plots were produced online using BioLadder (bioladder.cn). Detailed procedures for each analysis

are presented in the respective results sections.
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3: Chapter— RESULTS

3.1 Plant growth characteristics in response to elevated

temperatures and elevated NO;

Alterations in plant sizes, such as plant height and male inflorescence size, and observations
on pollen release are presented and compared within treatments, for both experiments separately.
A comparison between the two experiments was impeded by a technical failure of temperature
control in the second experiment which prevented comparable temperature curves betweenthe
two experimental runs. However, distinct responses in plant growth parameters and pollen release

are reported and compared with the necessary care in the following paragraphs.
3.1.1 Plant height indicating plant growth and development

In both experiments, ragweed plants in all conditions showed a classic sigmoid increase in
height throughout the period spanning from DAS 45 to DAS 126 for experiment 1 (the Munich
scenario, Figure 3 -1 A), and from DAS 53 to DAS 122 for experiment 2 (the Wiirzburg scenario,
Figure 3 - 1 B). In experiment 1, ragweed plants subjected to elevated temperature-related
conditions (Tm4 and Tm4N) experienced a delayed onset of the stationary phase, occurring
approximately 17 days later (initiating around DAS 104), in comparison to those grown under
ambient temperature-related conditions (Tm and TmN), which entered the stationary phase around
DAS 87. In contrast, in experiment 2, ragweed plants exposed to the Tw4 condition displayed a
delay in the stationary phase by about 14 days (commencingat approximately DAS 115)
compared to ragweed plants subjected to Tw, TwN, and Tw4N conditions (commencing at

approximately DAS 101).
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Figure 3 - 1: Time courses of the average plant height (12 plants per condition, mean + standard
deviation) of A. artemisiifolia plants grown in two experiments under current (T) and future
temperature (T4) simulations with 80 ppb (N) and no (0 ppb) NO: in the ambient air: A), the “Munich”
scenario, measured between DAS 45 and DAS 126;and B), the “Wiirzburg” scenario, measured
between DAS 53 and DAS 122. Red arrows in the figure indicate the initiation of experimental
treatments on DAS 59. Abbreviations: DAS, days after sowing; Twm, current temperature Munich; Tw,
current temperature Wirzburg; Tm4, and Tw4, temperature increase by 4 °C in Munich and Wirzburg,
respectively.

Moreover, in both experiments, there were no significant differences in ragweed plant heights
among experimental conditions within the same year when stress treatments were applied at DAS
59 and DAS 60 (Table 3 - 1 and Figure 3 - 2). However, in experiment 1, the heights of ragweed
plants subjected to elevated temperature-related conditions (Tm4 and Tm4N) were consistently and
significantly higher (p < 0.05) than those of plants grown under ambient temperature-related
conditions (Tm and TmN) at DAS 87, DAS 104 and DAS 126 (Table 3 - 1 A). Specifically, a

temperature increase by 4 °C significantly augmented plant height at DAS 126, manifesting
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notable increases of 46.3% and 36.6% in the final height of ragweed plants subjected to treatments
represented by clusters Tm4vs Twm, and Tm4N vs TmN, respectively. Conversely, in experiment 2,
ragweed plants exposed to the Tm4N condition exhibited significantly greater heights at DAS 80
and DAS 87 compared to those subjected to the T wm4 condition, demonstrating substantial
increases of 22.2% and 23.3%, respectively (Table 3 - 1 B). Furthermore, the significant
differences in plant heights between conditions subsequently diminished, with only a slight
increase in final plant height of 14.8% (p = 0.17) observed in the Tw4 vs Twcluster as the

temperature increased by 4 °C.

Table 3 - 1: Plant heights (12 plants per condition, mean + standard deviation) of A. artemisiifolia
plants measured on specific days in the “Munich” scenario (A) and “Wiirzburg” scenario (B), in
agreement with the data plottedin Figure 3 - 1. Statistically significant results (ANOVA) followed by
Fisher’s LSD test are indicated by different letters (n =12, p <0.05). The ANOVA results revealed a
statistically significant source of variation (p < 0.05) for plant height at DAS 87, DAS 104, and DAS
126 inexperiment 1 (A), and at DAS 80 and DAS 87 in experiment 2 (B), respectively. Ftest; DFn =
degrees of freedom in the numerator; DFd = degrees of freedom in the denominator; p < 0.05.
Abbreviations for experimental settings are as in Figure 3 - 1.

A DAS Plant height (cm) in experimnt 1 (the Munich scenario) Two-way ANOVA
Tu TuN Tué TwéN Source of variation ~ F (DFn, DFd) p
45 47+13 44+09 47+11 48+12

60 17.3+9.0 17.8+7.0 17.5+6.8 156 £6.7

63 26.2+12.2 26.4+10.1 255+10.1 23.0%11.2

70 32.7+121 33.1+112 326+111 289+116

75 395+115 39.4+£100 40.7+115 37.7+125

81 434+113 442 +8.0 49.4+10.2 487135

87 46.7+122 a 48.6+8.0 a 584+10.1b 58.6+12.5 b Temperature increase F (1, 44) =10.9 <0.05
104 465+13.0 a 520+119a 68.1+127 b 70.6+12.9 b Temperature increase F (1, 44) =27.7 <0.05
126 46.9+134 a 522+122a 68.6+13.7 b 71.3+13.2 b Temperature increase F (1, 44) =26.6 <0.05

B DAS Plant height (cm) in experimnt 2 (the Wirzburg scenario) Two-way ANOVA
Tw TwN Twb Tw4N Source of variation ~ F (DFn, DFd) p
53 6520 72+138 53%11 58+16
56 7.3+28 75+3.9 6.4+21 75+25

63 18.1+6.6 17.3+8.3 16.9+59 21372

73 40.1+£119 38.3+11.1 36.8+10.1 442+88

80 56.3+13.4 ab 51.2+12.4 ab 48.1+10.8 a 58.8+9.5 b Interaction F (1,44)=5.06 0.03
87 64.8%10.6 ab 61.1+14.7 ab 55.8+12.0 a 68.8+10.7 b Interaction F (1,44)=5.23 0.03
94 69.5+10.3 709+146 66.2+148 7521123

101 724+124 75.8£13.7 745+£16.1 80.0x+145

108 73.6+14.0 77.2+119 81.7+152 81.0+14.6

115 74.0+14.4 77.8+11.3 84.1+16.4 81.0+14.6

122 74.0+14.4 77.8+11.3 84.8+16.7 81.0+14.6
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DAS 103

Figure 3 - 2: Representative pictures of A. artemisiifolia plant grown under the corresponding
conditions for the Munich scenario at DAS 60 and DAS 103 (A), and Wirzburg scenario at DAS 56
and DAS 97 (B), respectively. Experimental settings and abbreviations in the figures remain the same
asin Figure 3- 1.

3.1.2 Male inflorescences size at harvest

In experiment 1, there were significant enhancements in the average length of male
inflorescences per plant, showing increases of 90.9% and 81.8% in clusters Tm4 vs Tm and Tm4N
vs TmN, respectively, in response to the 4 °C temperature increase (Figure 3 - 3 A). Similarly, in
the second experiment, elevated temperature significantly stimulated the average length of male
inflorescences in plants in clusters Tw4 vs Twand Tw4N vs TwN, with increases of 26.1% and

18.1%, respectively (Figure 3 - 3 B).
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3.1.3 Pollen release

In experiment 1, both the initiation and duration of the ragweed pollen season exhibited
significant responses to elevated temperature (Table 3 - 2). The commencement of pollen release
was notably delayed by 6.5 and 5.4 days, respectively, in clusters Tm4 vs Tmand Tm4N vs TmN,
due to elevated temperature (Figure 3 - 3 C). Conversely, elevated temperature resulted in evident
extensions of pollen durations by 13.0and 11.4 days in clusters Tm4 vs Tm and Tm4N vs TmN,
respectively (Figure 3 - 3 E). However, in experiment 2, the onset of pollen release was
significantly influenced by the interaction between elevated NO2 and elevated temperature (Table
3 - 2). A noticeable advancement of 10.5 days in pollen release was observed due to elevated NO-
under conditions related to elevated temperature (refer to the Tw4N vs Tw4 cluster) (Figure 3 - 3
D). Moreover, the duration of pollen release was substantially affected by both elevated NO2 and
elevated temperature (Table 3 - 2), resulting in notable extensions of 11.0 days (p < 0.05), 7.4
days (p = 0.09), and 8.1 days (p = 0.06) in pollen durations in clusters Tw4 vs Tw, Tw4N vs TwN,

TwN vs Tw, respectively (Figure 3- 3 F).

Furthermore, pollen release per male inflorescence was predominantly influenced by elevated
NO:zin experiment 1 (Table 3 - 3), resulting in notable inductions of 56.5% and 25.3% in pollen
release in clusters TmNvs Tm, Tm4AN vs Twm4, respectively. A similar but not significant NO2
induction of 32.7% in pollen release in experiment 2 was observed in the Tw4N vs Tw4. In
contrast, a significant reduction of 45.8% in pollen release was observed in the cluster Tw4 vs Tw

in response to elevated temperature (Figure 3 - 3 G and H).
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Figure 3 - 3: Growth characteristics of A. artemisiifolia plants in two experiments (“Munich”,
“Wiirzburg”) under current (T) and future temperature (T4) simulations with 80 ppb and 0 ppb NO: in
the ambient air. A and B), average length of male inflorescence; C and D), start of pollenrelease; E and
F), length of pollen season; G and H), average pollenrelease per male inflorescence. Experimental
settings and abbreviations in the figures remain the same as in Figure 3 - 1. Boxplots with median from
12 plants in each condition, min/max whiskers were applied for plotting. Statistically significant results
(ANOVA) followed by Fisher's LSD test are indicated by different letters for all parameters, with the
exception that average pollenamount per male inflorescence, whichwas tested using Kruskal -Wallis
testand Dunn's test (p < 0.05) (Chenget al., 2023).
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Table 3 - 2: Results of Two-way ANOVA with temperature increase (T+4°C) and addition of 80 ppb
NO: (NO>) as factors intwo experiments simulating current and future scenarios in the region of
Munich and Wirzburg, respectively. Measured parameters (quantitative variables, n = 12 plants per

99 ¢

condition) were “average length of male racemes per plant”, “start of pollenrelease”, and “length of

pollen season”; significant factors are indicated in bold; df = degree of freedom, F test, p < 0.05.

Munich Wiirzburg
Parameter Factor df F p df F p
Awverage lengthof T+ 4.0°C 1 119 <0.0001 1 17 0.0002
male inflorescence  NO2 1 0.6 0.4367 1 1 0.2760
per plant [cm] T+ 4.0°CxNO2 1 04 05302 1 03 05706
Residual 44 44
Start of pollen T+ 4.0°C 1 4 0.0400 1 04 0.5206
release [days] NO:2 1 1 0.2487 1 0.1652
T+ 4.0°CxNO2 1 0.04 0.8483 1 0.0081
Residual 44 44
Length of pollen T+ 4.0°C 1 21 <0.0001 1 0.0040
season [days] NO2 1 1 0.2545 1 0.0439
T+ 4.0°CxNO2 1 0.09 0.7652 1 03 05577
Residual 44 44

Table 3 - 3: Results of One-way ANOVA (Kruskal-Wallis test) with temperature increase (T + 4 °C)
and addition of 80 ppb NO2 (NO3) as factors impacting average pollenrelease per male inflorescence.
Experimental settings and abbreviations in the figures remainthe same as in Figure 3 - 1. Significant
factors are indicated in bold; N = number; df = degree of freedom, p<0.05.

Test  statistics

p (adjusted for

Variable Groups N Median df . .
(Chi-square) ties)

Tm + Twé 24 0.0673 1 10.48 0.001
TmN + Tm4N 24 0.0911 1

NC2 Tw + Twé 24 0.1546 1 2.266 0.132
TwN + Tw4N 24 0.1673 1

Tm + TuN 24 0.0798 1 0.061 0.805
Twéd + Tm4N 24 0.0791 1

T Tw + TwN 24 0.1734 1 7.075 0.008
Twé + Tw4N 24 0.1523 1
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3.2 The role of flavonoids in the IgE binding activity

3.2.1 Total flavonoids concentration (TFC) in pollen

Both elevated NO2 and temperature increase significantly influenced the TFC in ragweed
pollen, as illustrated in Table 3 - 4 and Figure 3 - 4. Notably, in experiment 1, there were distinct
reductions of 15.4% and 39.2% in TFC in pollen extracts due to elevated NO2 treatment in clusters
TmNvs Tm, TMAN Vs T4, respectively. Conversely, in experiment 2, considerable increases of
29.0% and 22.4% in TFC were observed in elevated temperature treatment in clusters Tw4 vs Tw

and Tw4N vs TwN, respectively.
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Figure 3 - 4: Total flavonoids concentration of A. artemisiifolia pollen inthe Munich scenario (A), and
Wirzburg scenario (B). Description for pollen samples and abbreviations in the figures remain the
same as in Figure 3 - 1. Kruskal-Wallis test, and the Dunn's test were indicated by different letters
(boxplots with min/max whiskers, 12 plants per condition) (p < 0.05).

Table 3 - 4: Results of One-way ANOVA (Kruskal-Wallis test) with temperature increase (T + 4 °C)
and addition of 80 ppb NO2 (NOz) as factors impacting total flavonoids concentration. Experimental
settings and abbreviations in the figures remain the same as in Figure 3 - 1. Significant factors are
indicated in bold; N = number; df = degree of freedom, p< 0.05.

Test statistics p (adjusted for

Variable Groups N Median df . .
(Chi-square) ties)
Tm + Tmé 24 33.7099 1 4.423 0.035
NG, TmN + Tm4N 24 233840 1
Tw + Twé 24 455778 1 0.043 0.837
TwN + Tw4N 24 43.8827 1
Tm + TmN 24 295568 1 0.715 0.398
- Tmd + Tw4N 24 30.0815 1
Tw + TwN 24 354568 1 4.868 0.027
Tw4 + Tw4N 24 51.3210 1
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3.2.2 Flavonoid composition

3.2.2-1 Overview of flavonoid composition in ragweed pollen

A total of 62 flavonoid metabolites were identified through LC-MS/MS in both experiments.

These profiles were categorized into five groups exhibiting similar patterns, with groups

contributing less than 0.5% to the total flavonoid composition assigned to the category of “others”

(Figure 3 - 5). Clearly, flavonoids belonging to the quercetins group were predominant in ragweed

pollen samples, constituting an average of 77.5% of the total flavonoid composition. The second-

largest contribution to the total flavonoid composition came from the coumarins and
hydroxycoumarins group (averaging 12.3%), followed by the kaempferols group (averaging

5.5%), the naringenins group (averaging 1.1%), and the genisteins group (averaging 0.6%). The

“others” group comprised 2.9% on average of the total flavonoid composition.
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Figure 3 - 5: Relative abundance of each flavonoid group contributing to the flavonoid composition in

ragweed pollen for eight conditions across two experiments. Three independent measurements per
condition were averaged, and each flavonoid group is distinguished by a unique color. Experimental

settings and abbreviations in the figures remain the same as in Figure 3 - 1.
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3.2.2-2 Effects of elevated NO2 and temperatures on the flavonoid composition in

ragweed pollen

Principal Component Analysis (PCA) unveiled distinct differences in the distribution of the
62 flavonoid components in ragweed pollen under simulated conditions (refer to Figure 3 - 6).
These differences are depicted in the score plots, where three independent samples corresponding
to each condition are represented by closely clustered scatters of the same color. The resulting
eight clusters across two experiments signify a good repeatability and a high degree of similarity
among samples within the conditions, while also revealing marked differentiation between the

conditions.

PCAfor experiment 1 revealed that a 4 °C temperature increase accounted for most of the
variance (PC1, 43.7%). Additionally, a notable NO2 effect was observed, with the flavonoid
composition undergoing substantial changes, more pronounced in NO2-free treatments than in
elevated NO2 treatments. Elevated NO: significantly altered the flavonoid composition in ambient
temperatures, explaining 32% of the variance, while a similar but milder effect was observed in
elevated temperatures (Figure 3 - 6 A). Likewise, PCA for experiment 2 indicated that elevated
temperature explained 53.4% of the variance in flavonoid composition. Moreover, elevated NO>
contributed to 19.5% of the variance in flavonoid composition in conditions involving Tw4-
temperature. However, a noteworthy temperature effect emerged in PCA, with the impact on
alterations in flavonoid composition remarkably minimized in conditions involving Tw-

temperature compared to those involving Tw4-temperature (Figure 3 - 6 B).

A more intricate categorization facilitated the classification of 62 flavonoid compounds into
13 subgroups. These subgroups, along with the respective compound counts, were as follows:
flavonoid glycosides (14), flavones and flavonols (12), hydroxycoumarins (8), coumarins (7),
isoflavonoids (6), O-methylated flavonoids (5), flavanonols (3), flavanones (comprising 2
flavonoid species), chalcones and dihydrochalcones (1), epigallocatechins (1), flavonoid-3-O-
glycosides (1), isoflavonoid O-glycosides (1), and pterocarpans (1). Simultaneously, in light of the
high degree of similarity observed in the PCA score plots among the three samples within the

same condition, the abundance of each flavonoid component from each condition was averaged.
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The discerned variations in the top 30 flavonoid composition in ragweed pollen under different
conditions in PCA were visualized through heat maps, supplemented with subgroup information.
Evidently, the clustering of treatments in both experiments in the heat maps aligns with the
observations in PCA, indicating that temperature was a key factor explaining a higher variance in

the flavonoid composition of ragweed pollen (Figure 3 - 7).

In experiment 1, the clustering of flavonoid composition revealed that among the 14
flavonoid glycosides, four were the mostabundant in ragweed pollen in all four conditions.
Notably, a specific compound (with the reference ID rpn 128) belonging to the coumarins
subgroup exhibited higher enrichment in the elevated NO2-treatment compared to NO2-free
treatment, contributing greatly to the altered flavonoid composition due to NO. Conversely, one
compound from the flavones and flavonols subgroup (with the reference ID rpn 136), two from
the hydroxycoumarins subgroup (with the reference IDs rpn 163 and rpn 164), and one from the
O-methylated flavonoids subgroup (with the reference ID rpn 133), showed substantial variations
between ambient and elevated temperatures, playing crucial roles in the temperature-induced
alterations in flavonoid composition. Moreover, two compounds (with the reference IDs rpn 138
and rpn 155) from the flavones and flavonols subgroup, along with one (with the reference ID rpn
149) from the flavonoid glycosides subgroup, displayed alterations under both elevated NO2 and

elevated temperature treatments (Figure 3- 7 A).

In experiment 2, one among the 12 flavones and flavonols, and one among the 8
hydroxycoumarins ranked first and second, respectively, in relative abundance in ragweed pollen
under all four conditions. Additionally, the only flavonoid-3-O-glycoside and one among the 14
flavonoid glycosides followed. Furthermore, one hydroxycoumarin (with the reference ID rpn
159) was enriched in NO2-free treatments, remarkably contributing to the altered flavonoid
composition due to NO2. Conversely, two compounds from the flavones and flavonols subgroup
(with the reference IDs rpn 135 and rpn 182) exhibited significantly increased relative abundance
due to elevated temperature. Their enrichment in the respective elevated temperature treated
conditions notably contributed to the alteration in flavonoid composition induced by temperature
increases. Additionally, two compounds from the hydroxycoumarins group (with the reference
IDs rpn 161 and rpn 165), one from the flavonoid glycosides group (with the reference ID rpn
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116), and one from the isoflavonoid O-glycosides group (with the reference ID rpn 171)
responded to both temperature increase and elevated NO2 with changes in their respective relative

abundance (Figure 3 - 7 B).
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Figure 3 - 6: Principal Component Analysis (PCA) revealing a larger impact of elevated temperature
(A, experiment 1; B, experiment 2) than elevated NO2 on flavonoid composition in ragweed pollen.
The abbreviations for experimental settings are as described previously. Each conditionwas repeated in
triplicate. Eight conditions in this study were distinguished by unique colors, while ellipsesindicate a
95% confidence for each condition.
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Figure 3 - 7: Heat maps of the top 30 differential flavonoids at the subgroup level for ragweed pollen
samples from conditions with treatments of elevated temperature and elevated NO: in experiment 1
(panel A), and experiment 2 (panel B). The conditions are indicated at the bottom of the figures. The
color gradient (red — white — blue) indicates the relative abundance in Z-score (high—median — low) of
flavonoid compounds, respectively. The color scheme was applied consistently in both heat maps.
Clustering of conditions was performed using the average linkage algorithm with the Euclidean
distance. Flavonoids exhibiting noticeable differences in color intensities are pointed out and
accompanied by corresponding subgroup information at the right side of each panel. The abbreviations
for conditions are consistent with those previously described in Figure 3 - 1.
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3.2.3 IgE-binding activities modulated by the addition of flavonoids

Due to their prominent representation among flavonoids (Figure 3 - 5), quercetins were
selected as a model to investigate the potential interference of flavonoids with antigen-IgE binding
activity. The addition of 0.3, 1.6, and 3.2 g of quercetin, respectively, led to a significant
inhibition of IgE binding when using ragweed-sensitized patients’ Sera against the major ragweed
allergen, Amb a 1 (5 ug) (Figure 3 - 8 A). Similarly, the IgE-binding activities against 3 g
protein extracted from commercial ragweed pollen (CRP) were obviously inhibited by an addition
of quercetinat 1.6 and 3.2 g, respectively (Figure 3 - 8 B). Notably, the respective control groups

containing BSA or no protein did not exhibit any signal (Figure 3 -8 A).

Primarily, to delve deeper into the impact of added flavonoids on allergen-IgE binding,
specific quantities of flavonoids, namely 1.6 and 3.2 g, were employed in subsequent
experiments (Figure 3 - 8 B). Flavonoids obtained from pollen samples in the two phytotron
chamber experiments exhibited varying interfering effects on allergen-IgE binding activity under
distinct treatments (Figure 3 - 8 C and D). In experiment 1, flavonoids extracted from the ambient
temperature conditions (Twm and TmN) displayed the most potent inhibition of allergen-IgE binding
at both 1.6 and 3.2 pg, while interference by Tm4N was evident only at 3.2 ug (Figure 3-8 C). In
comparison, in experiment 2, only flavonoids derived from ambient temperature Tw (Twand
TwN) exhibited significant inhibition of allergen-1gE binding at the highest tested amount of 3.2

ug (Figure 3-8 D).
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Figure 3 - 8: Interference of quercetin with the binding between patient sera IgE and protein extract
from commercial ragweed pollen (CRP) or recombinant ragweed major allergen Amb a1 (rAmb a 1).
(A) Representative images of dot blot membranes showing protein spots stained with Ponceau S (left)
and the corresponding immunoblots (right). (B) Integrated optical density of IgE-reactivity of
immunoblotted spots upon quercetin additionto rAmb a 1 (red curve) or protein extract from
commercial ragweed pollen (CRP) (blue curwe). Interference of flavonoid extracts from different
conditions with IgE-binding activity of 3 pg purified commercial ragweed pollen protein (CRP), (C) in
experiment 1 and (D) in experiment 2. Description for pollen samples and abbreviations in the figures
remain the same as in Figure 3 - 1. Columns represent the means of three independent dot blot assays.
Statistical analysis by unpaired two-tailed Student's t-test was used. Differences are indicated by letters
(p < 0.05) (mean + standard deviation, n = 3) (Chenget al., 2023).

3.3 Quantification of the allergenicity associated compounds in

ragweed pollen

3.3.1 NAD(P)H oxidases activities

In the NBT assay results, the introduction of exogenous NADPH or NADH significantly
elevated the NBT reduction activity across all conditions when compared to the baseline results of
the initial column lacking SOD, NADPH or NADH. Moreover, this reduction of NBT by ragweed

pollen extracts was significantly prevented by the addition of SOD, suggesting that NAD(P)H
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oxidase is the main source of these ROS-related compounds in ragweed pollen (Figure 3 -9 A and
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Figure 3 - 9: Assays for NAD(P)H oxidase activities (A, experiment 1; D, experiment 2), NADPH
oxidase levels (B and E) and NADH oxidase levels (Cand F) in ragweed pollen. A and D): Description
for pollen samples and abbreviations in the figures remain the same as in Figure 3- 1. A and D):
NAD(P)H oxidase activity was assayed in the absence and presence of SOD, NADH and NADPH
(indicated with “+” and “-”, which is equal to “in presence” and “in absence”, respectively). The data
are means of three independent experiments and each experiment was performed with 8 samples per
condition. Only the significant differences regarding the assay were shown in the graphs by stars (p <
0.05). B, C, E and F): NAD(P)H oxidase activity was assayed by adding extra NADH and NADPH.
Statistically significant results (ANOVA) followed by Fisher's LSD test are indicated by different
letters (p < 0.05); boxplots with min/max whiskers (Cheng et al., 2023).

ANOVA analysis revealed that both elevated temperature and elevated NO: had significant
induction effects on NADPH oxidase and NADH oxidase in ragweed plant pollen in both
experiments. However, no significant effect of NO2 on the induction of NADPH oxidase was
found in ragweed pollen from experiment 1 (the Munich scenario). In addition, the interaction
between elevated temperature and NO2 tended to be significant in the induction of NADPH
oxidase (p = 0.0866) and NADH oxidase (p = 0.0858) in ragweed pollen from experiment 2 (the

Wirzburgscenario) (Table 3 - 5). In experiment 1, an overall increase of 18.4% in NADPH
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oxidase (Figure 3 - 9 B) and 20.8% in NADH oxidase (Figure 3 - 9 C) was observed in ragweed
pollen from elevated temperature treated conditions compared to ambient temperature treated
conditions. In addition, elevated NO2 led to an overall increase of 12.6% in NADH oxidase when
comparing ragweed pollen from the elevated NO2 treated conditions and the NO.-free treated
conditions (Figure 3 - 9 C). Similarly, the comparison of ragweed pollen from the Tw4 condition
and Tw condition in experiment 2, revealed significant alterations in the levels of NADPH oxidase
(Figure 3 - 9 E) and NADH oxidase (Figure 3 - 9 F) due to elevated temperature, with overall
increases of 25.8% and 26.0%, respectively. A less but also significant overall increase of 6.8% in
NADPH oxidase (Figure 3 - 9 E) and 10.0% in NADH oxidase (Figure 3 - 9 F) was observed in

response to elevated NO2 in experiment 2.

Table 3 - 5: Results for allergenic indicators of ragweed pollen using Two-way ANOVA with
temperature increase (T + 4 °C) and addition of 80 ppb NO2 (NO) as factors in two experiments.
Measured parameters (quantitative variables) were indicators for pollenallergenicity in ragweed pollen
extracts: ‘total allergenicity”, “NADPH oxidase”, “NADH oxidase”, and “H20: content”. Significant
factors are indicated in bold; df = degree of freedom, F test, p < 0.05.

Source of Munich Wirzburg

Parameters  variation df  F(dfn, dfd) p df  F(dfn, dfd) p

NADPH T+ 4.0°C 1 F(1,28)=16 0.0004 1 F(1,28)=105 <0.0001

oxidase NO2 1 F(1,28)=0.8 0.376 1 F(1,28)=9 0.0065
T+ 4.0°CxNO. 1 F(1,28)=0.7 0.413 1 F(1,28)=3 0.0866
Residuals 28 28

NADH T+ 4.0°C 1 F(1,28)=25 <0.0001 1 F(1,28)=57 <0.0001

oxidase NO: 1 F(1,28)=10 0.004 1 F(1,28)=10 0.0042
T+ 4.0°CxNO2 1 F(1,28)=0.1 0.7246 1 F(1,28)=3 0.0858
Residuals 28 28

H20: T+ 4.0°C 1 F(1,36)=0.03 0.8593 1 F(1,36)=04 0.5456

content NO2 1 F(1,36)=05 04731 1 F(1,36)=0.006 0.9403
T+ 40°CxNO2 1 F(1,36)=12 0.0013 1 F(1,36)=0.7 0.4067
Residuals 36 36

Total T+ 4.0°C 1 F(1,40)=5 0.0356 1 F(1,64)=6.097 0.0162

allergenicity NO: 1 F(1,40)=33 <0.0001 1 F(1,64)=3.352 0.0718
T+ 40°CxNO, 1 F(1,40)=5 0.0274 1 F(1,64)=1.055 0.3081
Residuals 40 64
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3.3.2 H,0O; level

In experiment 1, the H202 contents were 66.1% higher in pollen due to the elevated NO2
treatment only under elevated temperature treated conditions (Tm4N vs Twm4), and were 52.0%
lower under 4 °C higher temperature compared to ambient temperature (Tm4 vs Twm) (Figure 3 - 10
A). Therefore, the lack of a significant difference in the H202 content in the combined treatment
indicated a significant interaction between temperature and NO2 (Table 3 - 5). In experiment 2,
neither NO2 nor temperature increase exhibited significant effects on the H.O: content in the

pollen extracts (Figure 3 - 10 B).

3.3.3 Total allergenicity of ragweed pollen protein extracts

In experiment 1, elevated temperature, elevated NO2, and their interaction significantly
triggered pollen allergenicity (Table 3 - 5). Elevated NOz led to significantly higher allergenicity
levels in pollen extracts from conditions of TmN and Tm4N compared to those from conditions of
Twm and Twmé4 (NO2-free treatment), with TmN intensity being 1.5 folds that of Tm,and Tm4N
intensity being 2.1 folds that of Tm4. Additionally, elevated temperature, when combined with
elevated NOz, significantly heightened pollen allergenicity, as indicated by Twm4N intensity being
1.4 times higher than that of TmN. Notably, the dot-blot assay revealed the highest total

allergenicity of the allergenic proteins under the combined condition Tm4N (Figure 3 - 10 C).
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Figure 3 - 10: H202 content (Aand B) and total allergenicity of A. artemisiifolia pollen determined by
dot blot assays (C and D) in ragweed pollensamples: Aand C for experiment 1; B and D for
experiment 2. Description for pollen samples and abbreviations in the figures remain the same as in
Figure 3 - 1. The data are means of three independent assays with 10 pollen samples each for H20:
content in both experiments (Aand B), 11 pollen samples for total allergenicity inexperiment 1 (C),
and 17 pollensamples for total allergenicity per condition in experiment 2 (D). Significant differences
based on results of two-way ANOVA followed by Fisher's LSD test are indicated by different letters
(boxplots with min/max whiskers, p < 0.05) (Chengetal., 2023).

Similarly, in experiment 2, elevated temperature played a significant role in inducing pollen
allergenicity. Pollen allergenicity was notably influenced by the higher temperature at Tw4N vs
TwN, with an increase of 24.2%. T he same effect of NO2 was observed but was not significant (p
=0.0718). Assignificant increase in NO2z-induced allergenic potential of ragweed pollen was
observed in Tw4-treated plants, as evidenced by a 19.0% increase in the intensity of Tw4N

comparedto Tw4 (Table 3 - 5 and Figure 3 - 10 D).
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3.4 IgE-reactive proteins in pollen and their contributions to total

allergenicity

3.4.1 The contribution of each IgE-reactive protein to total allergenicity

3.4.1-1 Overview of the IgE-reactive spots

The allergenic potential of aqueous proteins extracted from ragweed pollen was assessed by
summarizing the IgE binding intensity of each protein spot to the patient's sera following their
separation based on isoelectric point and molecular mass, as described in section 2.1.7-2. In both
experiments, 25 spots with molecular weights (Mw) of 11 - 17 kDa (spots 1 - 5), 25 - 35 kDa
(spots 6 - 9), 35 - 40 kDa (spots 9, 10 - 20, 25), and 48 - 52 kDa (spots 21 - 24) were identified
(Figure 3 - 11). In experiment 1, the cumulative pollen allergenicity, especially affected by
elevated NO2 and the combination of elevated temperature and elevated NO2, as determined by
2D immunoblotting (Figure 3 - 12 A), aligned with the findings from total allergenicity assessed
through dot blotting (Figure 3 - 10 C). For experiment 2, the pollen allergenicity, as evaluated by
2D immunoblotting, exhibited a similar trend in response to temperature increase compared to
total allergenicity determined by dot blotting (Figure 3 - 12 B and Figure 3 - 10 D), although the

difference was not statistically significant.

In experiment 1, the allergenic potential of each spotand its contribution to total allergenicity
is indicated in Table 3 - 6. Notably, five spots (10, 13, 14, 15, and 19) consistently contributed
more than 5% to total allergenicity across all conditions. Additionally, spot 8 in Tm4, spot11in
TwmN, spot12in Tm and Tm4, and spot 18 in Tm4 and Tm4N exceeded the 5% threshold.
Cumulatively, these spots accounted for over 50% of the total allergenicity in all conditions.
Among them, spot 14, with a molecular weight (Mw) range of 35 - 40 kDa, exhibited the highest
contribution to total allergenicity acrossall conditions, and its intensity was most pronounced

under the combined Tw4N condition (Table 3 - 6).

In experiment 2, five spots (9, 10, 13, 14, and 19) contributed more than 5% to the total

allergenicity under Tw-—treated conditions, with the additional inclusion of spot 15 in TwN
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surpassing the 5% threshold. For the two Tw4- treated conditions, four spots (13, 14, 15, and 19)
contributed more than 5% to the total allergenicity, and spots (8, 9, and 10) in Tw4, as well as
spots (12 and 18) in Tw4N, exceeded the 5% threshold. Cumulatively, these spots accounted for

over 50% of the total allergenicity in their respective conditions (Table 3 - 6).

3.4.1-2 Effects of elevated NO2 and elevated temperatures on IgE reactivity of ragweed

pollen allergens

In experiment 1, NOz2 significantly increased the allergenic potential in spots 6, 7, 14, and 19
under elevated temperature-treated conditions (Tm4N vs Twm4 cluster), while in spots 8, 10, 11, and
16 under ambient temperature-treated conditions (TmN vs Twm cluster). Additionally, elevated
temperature significantly heightened the pollen allergenic potential in spot 22 under elevated NO2
treated conditions (Tm4N vs TmN cluster). Furthermore, a noteworthy positive interaction between
elevated temperature and NOz, inducing the allergenic potential of ragweed pollen, was observed
in spots1, 2,4, 8,10, 15, 18, 19, 20, 21, 22, 23, 24, and 25 in the Tm4N vs Twm cluster (Figure 3 -

13A).

In experiment 2, elevated NO2 notably heightened the allergenic potential of ragweed pollen
in spot 22; conversely, it considerably diminished the allergenic potential in spot 16 under both
temperature-treated conditions. Additionally, significant changes in allergenic potential resulting
from temperature increase were identified in spots 13 and 14, exhibiting increases in the Tw4N vs
TwN cluster. Conversely, a reduction was observed in spot 10 within the Tw4N vs TwN cluster,
and reductions were noted in spots 16, 22 and 23 within the Tw4 vs Tw cluster. Additionally, a
significant interaction between elevated temperature and NO2 was observed in the Tw4N vs Tw
cluster. This interaction resulted in an augmentation of ragweed pollen allergenicity in spots 14,

15,17, and 18, while mitigating ragweed pollen allergenicity in spots 10 and 16 (Figure 3 - 13 B).
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Figure 3 - 12: Contribution of the single spots visualized by 2D immunoblot to the total allergenicity of
ragweed pollenin experiment 1 (A) and experiment 2 (B). Three pollen sample pools per condition and
each pool from 4 plants were used in each assay. Bar plots with mean + standard deviation. Description
for pollen samples and abbreviations in the figures remain the same as in Figure 3 - 1.
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Table 3 - 6: The mean percentage of each individual spot (25 spots intotal) contributing to the total
allergenicity in ragweed pollen across conditions intwo experiments obtained by two-dimension
immunoblot. Description for pollen samples and abbreviations in the figures remain the same as in

Figure 3 - 1. The contribution of each spot to the total allergenicity is distinguished by a color gradient,

where the lowest contribution is given in light gray, the middle contribution in light blue, and the
highest contribution inred. The top five spots in each condition that contributed most to the total

allergenicity are shown in bold.

Experiment 1

Experiment 2

Spots Twm TwN Tvd TwAN Tw TwN Tw4 Tw4N
Spotl 0.22% 0.44% 0.63% 1.07% 057% 0.87% 0.39% 1.70%
Spot2 0.17% 0.36% 0.38% 0.41% 0.20% 0.49% 0.41% 0.74%
Spot3 1.67% 0.64% 0.39% 0.42% 0.46% 0.84% 0.17% 0.34%
Spot4 0.18% 0.37% 0.43% 0.37% 0.15% 0.18% 0.12% 0.53%
Spot5 1.00% 2.73% 1.26% 0.63% 0.77% 0.53% 0.23% 0.72%
Spot6 1.39% 1.35% 1.11% 1.41% 0.79% 0.87% 1.07% 1.35%
Spot7 1.79% 2.42% 1.22% 2.22% 197% 1.81% 4.00% 1.68%
Spot8 2.16% 4.25% 6.51% 4.30% 423% 327% 8.40% 2.77%
Spot9 4.45% 3.44% 3.26% 7.89%  8.48% 2.27%
Spot 10 5.58% 8.03% 4.06%
Spot 11 2.84% 297% 3.93% 477% 4.37% 3.83% 1.99%
Spot12 8.66% 3.90% 5.81% 3.08% 4.57% 3.02%

Spot 13 6.91%

Spot 14

Spot 15 343% 6.88% 8.43%

Spot16 1.82% 3.91% 3.58% 2.47% 290% 2.75% 0.61% 0.90%
Spot17 255% 2.59% 4.06% 2.61% 159% 2.63% 1.70% 4.03%
Spot18 2.96% 4.29% 5.59% 5.34% 352% 3.76% 4.54% 5.86%
Spot19 5.14% 5.84% 6.27% 6.06% 6.49% 8.14% 7.78%
Spot20 2.73% 3.30% 3.87% 4.26% 3.35% 2.76% 1.97% 3.75%
Spot21 0.41% 0.61% 2.21% 3.18% 0.78% 0.26% 0.61% 0.73%
Spot22 1.16% 0.97% 3.84% 4.94% 2.02% 0.52% 1.46% 1.50%
Spot23 0.25% 0.85% 1.14% 2.00% 1.06% 0.19% 0.65% 0.35%
Spot24 0.28% 0.61% 1.22% 2.96% 0.82% 0.22% 0.41% 0.28%
Spot25 0.07% 0.35% 0.49% 1.41% 0.11% 0.13% 0.22% 0.10%
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3.4.2 Identification of new IgE-reactive proteins

Further identification of 17 spots (indicated in Figure 3 - 11) was performed using LC-
MS/MS. The IgE-reactive proteins identified within these spots mostly matched the expected size
of the protein ladder, except for the major allergen Amb a 1 isoforms with molecular weights
ranging from 42.3 to 44.1 kDa, which were predominant in all spots except spots 1 and 2. Another
known ragweed pollen allergen with a similar molecular weight (43.2 kDa) as Amb a 11 was
detected in spots 9, 10, and 11. Several known minor allergens of A. artemisiifolia pollen were
also identified: Amb a 12 with a molecular weight of 48.0 kDa was present in spots 18, 19, 21,
and 22; Amb a 3 with a molecular weight of 11.4 kDa was found in spots 4 and 5; Amb a 8 with a
molecular weight of 14.2 kDa was detected in spots 1 and 2, and Amb a 10 with a molecular

weight of 17.8 kDa was identified in spot 1 (referto Table 3 - 7).

Additionally, homology database searches revealed six other allergenic proteins, namely
calmodulin in spot 1, peptidyl-prolyl cis-trans isomerase FKBP 15-2 in spot 3, nucleoside
diphosphate kinase 1V in spot 4, phosphoglycerate kinase (cytosolic) in spot 15, calreticulin in

spot 16, and triosephosphate isomerase (cytosolic) in spots 18, 19, and 21 (Table 3 - 7).
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Figure 3 - 13: Individual spot intensity based on IgE binding after 2-D gel electrophoresis of pollen
extracts representing pollen allergenicity under four conditions in experiment 1 (A) and in experiment
2 (B), respectively. Description for pollen samples and abbreviations in the figures remain the same as
in Figure 3 - 1. Significant differences based on results of two-way ANOVA followed by Fisher's LSD
test are indicated by letters (p<0.1).
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3: Chapter — RESULTS

3.5 Comparative proteomic analysis of ragweed pollen aqueous

extracts from temperature and NO; treatments

3.5.1 Differential expression patterns of proteins in ragweed pollen in response to

elevatedNO; and elevatedtemperature

3.5.1-1 Abundance of established ragweed pollen allergens

In both experiments, the identified ragweed allergens consisted of isoforms of Amba 1 [a
1.0101,a1.0201,a1.0202, 2 1.0304, a1.0305, a 1.0401 (only in experiment 1), a 1.0402, a
1.0501, a1.0502], as well as Amb a 3. 0101, Amb a 4.0101, Amba 5.0101, Amba 6.0101, Amb a
8 (2 8.0101anda 8.0102), Amba 9.0102, Amba 10.0101, Amba 11.0101, and Amb a 12.0102

(Table 3 - 8).

In experiment 1, with fold change limits of 1.5 (upregulation) and 0.667 (downregulation), a
significant upregulation in the abundance in response to elevated NO2 were observed in Amb a
1.0305 in Tm4N vs Tm4 cluster. Conversely, downregulations in response to elevated NO2 were
observed in Amb a 1.0201 and Amb a 1.0401 in TmN vs Twm cluster, without statistically
significant differences. Moreover, a4 °C temperature increase markedly amplified the abundance
of Amb a 1.0201 by 47-fold in the Tm4N vs TmN cluster. Conversely, there was a downregulation
in the abundance of Amb a 1.0305 (p = 0.085) in response to the same temperature increase in the

Twm4 vs Twmcluster (Table 3 - 8).

In experiment 2, with the same 1.5 fold change limits as before, the abundance of Amb a
5.0101 was significantly upregulated due to elevated NO2 in Tw4N vs Tw4 cluster. Similarly,
abundance upregulations in response to elevated NO2 were observed in Amb a 1.0201 and Amb a
5.0101in TwN vs Tw cluster, however, without statistically significant differences. In contrast, in
the TwN vs Tw cluster, elevated NO2 downregulated the abundance of Amb a 4.0101, Amba
8.0102, Amba 9.0102 and Amb a 10.0101, with statistical differences in Amb a 10.0101 (p<
0.05) and Amb a 8.0102 (P = 0.068) (Table 3 - 8). In addition, elevated temperature resulted in

noticeable increases in the abundance of Amb a 1.0305 (p = 0.056, p > 0.1) and Amb a 1.0402
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3: Chapter — RESULTS

(both p values less than 0.05) in both the Tw4 vs Twand Tw4N vs TwN clusters, respectively.
Similar trends of increased abundance were observed for Amb a 1.0201 (p=0.098) in Tw4 vs Tw
cluster and Amb a 1.0101 (p < 0.05) in Tw4N vs TwN cluster in response to the same temperature
increase. Conversely, substantial reductions in the abundance of Amb a 4.0101 (p < 0.05,p > 0.1)
and Amb a 10.0101 (both p values less than 0.05) due to elevated temperature were observed in
both Tw4 vs Twand Tw4N vs TwN clusters, respectively. Moreover, significant downregulations
in the abundance of Amb a 5.0101, Amb a 8.0101, and Amb a 8.0102 were observed in the Tw4
vs Twcluster, as well as Amb a 9.0102, however, without statistically significant difference.
Furthermore, the abundance of Amba 1.0201, Amb a 1.0305, and Amb a 1.0402 was significantly
higher in the Tw4N condition than in the Tw condition, with Amb a 1.0201 exhibiting a notable
12-fold increase in abundance in the Tw4N vs Tw cluster. In comparison, the abundances of Amb
a4.0101 (p =0.05), Amba 8.0102 (p < 0.05) and Amb a 10.0101 (p < 0.05), respectively, were

obviously lower in the Tw4N condition than in the Tw condition (Table 3 - 8).

3.5.1-2 Abundance of the identified IgE-reactive proteins

In addition to the established ragweed pollen allergens (Amb a) and their isoforms, six other
allergenic proteins (referred to Table 3 - 7), were identified in the ragweed pollen extract (Table 3
- 9). Notably, there were no significant changes in the abundance of the listed allergenic proteins
within the elevated NO2-treatment clusters (TmMNvS Tm, TM4N vs Tm4, TwN vs Tw, and Tw4N vs

Twa).

In experiment 1, significant downregulations in abundance were observed in response to a 4
°C temperature increase for cytosolic phosphoglycerate kinase and two calreticulins in the Tm4vs
Twm cluster, as well as one calreticulin (accession number Q9SLY8) in the Tm4Nvs TmN cluster.
Identical significant downregulations for these three proteins were observed under Tm4N

compared to ambient temperature Tm (Table 3 - 9).

In experiment 2, temperature increase caused significant downregulations in the abundance

of calmodulin, chloroplastic/mitochondrial nucleoside diphosphate kinase 1V (with the exception

100
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of p>0.1in Tw4 vs Twcluster), and cytosolic phosphoglycerate kinase in both Tw4 vs Twand
Tw4N vs TwN clusters. Additionally, one calreticulin (accession number Q9SLY8) in the Tw4 vs
Twcluster and the other calreticulin (accession number Q9ZPP1) in the Tw4N vs TwN cluster
were significantly downregulated in response to elevated temperature (Table 3 - 9). Furthermore,
significant downregulations in the abundance of the listed IgE-reactive proteins (excluding the
cytosolic triosephosphate isomerase) were observed under Tw4N compared to temperature Tw

(Table3-9).
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3: Chapter — RESULTS

3.5.1-3 Expression levels of proteins in ragweed pollen

As a result, experiment 1 yielded a total of 6268 identified peptides, correspondingto 1602
proteins in TmNvs Twm, 1637 proteinsin Tm4N vs Twm4, 1606 proteins in Tm4 vs Twm, 1618 proteins
in Tm4Nvs TmN, and 1597 proteins in Tm4Nvs Twm (Figure 3 - 14 A). In experiment 2, 5555
peptides were identified, representing 1465 proteins in TwN vs Tw, 1494 proteins in Tw4N vs
Tw4, 1448 proteins in Tw4 vs Tw, 1486 proteins in Tw4N vs TwN, and 1455 proteins in Tw4N vs
Tw (Figure 3 - 14 B). To visually depict significant changes in protein abundance within specific
clusters, volcano plots [logl0 (P-value) vs log2 (fold change of condition/another condition)] and
Venn diagrams were generated for a comprehensive representation of quantitative data (Figure 3 -

14 and Figure 3 - 15, A and B, respectively).

Specifically, in response to elevated NOz, clusters TMN vs Tm, TM4AN VS Tm4, TwN vs Tw,
and Tw4N vs Tw4 exhibited significant differential expression in 30 (17 upregulations and 13
downregulations), 4 (one upregulation and three downregulations), 127 (74 upregulations and 53
downregulations), and 17 (6 upregulations and 11 downregulations) proteins, respectively. In
comparison, a4 °C temperature increase led to significant changes in 423 (305 upregulations and
118 downregulations), 226 (141 upregulations and 85 downregulations), 416 (209 upregulations
and 207 downregulations) and 220 (74 upregulations and 146 downregulations) proteins in
clusters Tm4 vs Tm, TMAN Vs TmN, Twavs Twand Tw4N vs TwN, respectively. Furthermore, in
the combination treatments of clusters Tm4N vs Tm and Tw4N vs Tw, 374 (249 upregulations and
125 downregulations) and 473 (231 upregulations and 242 downregulations) proteins displayed
significant alterations, respectively (Figure 3 - 14 C). Among the 374 proteins significantly
differentially expressed in response to the combined treatments in experiment 1, 329 overlapped
with those affected by elevated temperature alone. Additionally, 11 proteins were shared as
influenced by both elevated NO2 and elevated temperature. Notably, no proteins were identical
only to those altered by elevated NO> (Figure 3 - 15 A). However, in experiment 2, out of the 473
proteins significantly differentially expressed under the combined treatments, 288 proteins were
commonly shared with those affected by elevated temperature alone, while 17 proteins showed

common alterations in response to elevated NOzalone. Moreover, 86 proteins were shared

106



3: Chapter — RESULTS

between those influenced by both elevated NO: and elevated temperature. Remarkably, one
protein was significantly expressed under elevated NO2 (TwN), elevated temperature (Tw4)and
the combined treatment (Tw4N), with respect to the control treatment (T w), respectively (Figure 3

-15B).

In summary, in experiment 1, elevated temperature exerted a more pronounced impact on
alterations in the pollen proteome than elevated NO2, evident in the increased number of red
points (P < 0.05, |logis FC| > 1.0) in clusters Tm4 vs Tm (423) and Tm4N vs TmN (226) compared
to clusters TmNvs Twm (30) and Tm4N vs Twm4 (4), respectively. Through the comparisons between
clusters Tm4Nvs Tm (374), Tm4vs Twm (423),and TmN vs Twm (30), it is evident that the impact of
elevated temperature on alterations in the pollen proteome was mitigated with the addition of
elevated NOz2. Similarly, in experiment 2, the introduction of elevated NO2 mitigated the impact of
elevated temperature on altering the pollen proteome, as evidenced by fewer red points in the
Tw4N vs TwN cluster compared to the Tw4 vs Tw cluster. Furthermore, elevated NO2 under Tw
conditions played a more pivotal role in shaping the pollen proteome than under T w4 conditions,
as indicated by a higher number of red points in the TwN vs Tw cluster compared to the Tw4N vs
Tw4 cluster. These findings collectively underscore the greater influence of temperature compared

to elevated NO: in shaping the pollen proteome.

3.5.2 Classification of differentially expressed proteins in ragweed pollen

3.5.2-1 Overview of Gene ontology (GO) annotation for proteins significantly

differentially expressed in ragweed pollen

Eventually, among the proteins exhibiting significant up- or down-regulation (a total of 1837
proteins, as illustrated in Figure 3 - 14 C) within 10 specific clusters, GO term assignments were
made for 30 proteins in TmMNvs Twm, 4 proteins in Tm4N vs T4, 423 proteins in Tm4 vs T, 226
proteins in TmM4Nvs TmN, 374 proteins in Tm4N vs Twm, 127 proteins in TwN vs Tw, 17 proteins in
Tw4N vs Tw4, 416 proteins in Tw4 vs Tw, 220 proteins in Tw4N vs TwN, and 473 proteins in

Tw4N vs Tw. Notably, these significantly altered proteins were distributed across three GO
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categories, with 2016 (87.3%) assigned to cellular component (CC), 2234 (96.7%) to molecular

function (MF), and 2121 (91.8%) to biological process (BP) (Figure 3 - 16).

Clearly, the GO classification of the terms related to CC, MF, and BP exhibited differences
between the clusters subjected to elevated NO; and elevated temperature. Thetemperature-
treatment-related clusters showed a higher degree of enrichment and a greater number of
annotated GO terms in each of the three GO categories compared to elevated NO- treatment-

related clusters (Figure 3 - 16).

In experiment 1, in the elevated NO2 treatments, the TmN vs Twm cluster exhibited enrichment
in 11 CC terms (49 counts), 8 MF terms (53 counts), and 9 BP terms (53 counts), while the Tm4N
vs Twm4 cluster showed enrichment in 3 CC terms (3 counts), 4 MF terms (6 counts), and 3 BP
terms (4 counts). In contrast, elevated temperature resulted in a notable increase in annotated
terms. Evidently, a 4 °C temperature increase enriched the Tm4vs Twm cluster with 16 CC terms
(820 counts), 14 MF terms (825 counts), and 15 BP terms (719 counts), and the Tm4N vs TmN
cluster with 15 CC terms (422 counts), 13 MF terms (449 counts), and 14 BP terms (373 counts).
Additionally, the combined effect of elevated temperature and elevated NO2 showed comparable
enrichment in the Tm4Nvs Twm cluster with 15 CC terms (732 counts), 14 MF terms (724 counts),
and 15 BP terms (633 counts) when compared to the clusters subjected to elevated temperature

treatments (Figure 3 - 16).

In comparison, in experiment 2, the elevated NO2 treatments (TwN vs Twand Tw4N vs Tw4
clusters) resulted in 14 CC terms (227 counts), 13 MF terms (242 counts), and 12 BP terms (210
counts), and 10 CC terms (21 counts), 6 MF terms (29 counts), and 7 BP terms (25 counts),
respectively. Elevated temperature enriched the Tw4 vs Tw cluster with 16 CC terms (731 counts),
13 MF terms (789 counts), and 15 BP terms (673 counts), and the Tw4N vs TwN cluster with 16
CC terms (373 counts), 13 MF terms (406 counts), and 12 BP terms (357 counts). Furthermore,
the concurrent rise in temperature and NOz led to greater GO enrichment in the Tw4N vs Tw
cluster. Specifically, there were 16 CC terms (842 counts), 13 MF terms (911 counts), and 14 BP
terms (768 counts), surpassing the enrichment observed with elevated temperature or elevated

NO:zalone (Figure 3 - 16).
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3: Chapter — RESULTS

In summary, in both experiments, the temperature-treatment-related clusters showed a higher
degree of enrichment and a greater number of annotated GO terms in each of the three GO
categories in contrast to elevated NOz treatment-related clusters. Consequently, the comparisons
within treatments indicate that temperature exerts a greater influence than NOz on the proteome of

ragweed pollen (Figure 3 - 16).

3.5.2-2 Association between applied treatments and the GO functional classifications of

differentially expressed proteins

In order to enhance the focus of the analysis and provide clearer insights into the association
between applied treatments and the GO functional classifications of differentially expressed
proteins, only those classifications with a minimum of 5 proteins in each treatment-related cluster
were taken into consideration (based on the results shown in Figure 3 - 16). As a result, the Tm4N
vs Twm4 cluster was excluded from the analysis and clusters treated with elevated NO2 included
TmN Vs Tm, TwN vs Tw, and Tw4N vs Tw4. Moreover, the elevated temperature treatments
comprised elevated temperature alone and elevated temperature combined with elevated NO2.
These treatments were represented by the clusters Tm4 vs Tm, TMANvVS TmN, Tw4 vs Tw, Tw4N

vs TwN, Tw4N vs Tw, and Tw4N vs Tw (Figure 3 - 17).

For the CC category, the five most abundantly regulated groups, both up- and down-

regulated, consistently observed in elevated NO2- and/or elevated temperature- treated clusters

EEINT3

were “cytoplasm”, “membrane

L IN13 l” 113
b

, “cytosol”, “nucleus”, and “mitochondrion”. In addition,

exclusively in the elevated temperature-treated clusters, upregulated proteins were associated with

b3 99 ¢

“ribosome”, “proteasome”, “endosome” and “chromosome”, while downregulated proteins were

linked to the “organelle lumen” (Figure 3 - 17 A and B).

In the MF category, the GO term “catalytic activity” emerged as the most abundant among

both up- and down-regulated proteins, exhibiting enrichment across all clusters. Binding-related

LT3

GO terms, including “nucleotide binding”, “metal ion binding”, and “protein binding”, followed
closely, being enriched in both treatments related clusters. Conversely, GO terms such as “signal

transducer activity”, “DNA binding”, and “motor activity” were enriched exclusively in the

elevated temperature-treated clusters. Notably, proteins within the “structural molecular activity”
110
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GO term exhibited significant upregulation in response to elevated temperature. Similar patterns
were evident in proteins annotated with “RNA binding” and “transporter activity”, with a majority

of these proteins upregulated in the elevated temperature-treated clusters (Figure 3 - 17 C and D).
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Figure 3 - 17: Proteins with significant differences (upregulation in the upper part and downregulations
in the lower part) in each treatment related cluster, subjected to GO classification interms of cellular
component (A) and (B), molecular function (C) and (D) and biological function (E) and (F) with a
threshold of 5 proteins (sum of up- and down-regulations) per classification. Blues represent elevated
NO:-treated clusters; reds, black and brown signify clusters subjected to elevated temperature
treatment; purple and greenshading indicate clusters subjected to a combination treatment. Description
for abbreviations in the figures remain the same as in Figure 3 - 1.

In the BP category, the GO term “metabolic process” ranked as predominant among both up-
and down-regulated proteins, demonstrating consistent enrichment across all clusters.
Furthermore, a substantial number of proteins were associated with GO terms such as “response t0

RT3

stimulus”, “transport”, “regulation of biological process”, and “cell organization and biogenesis”,

particularly enriched in the elevated temperature-treated clusters. Meanwhile, a limited number of

proteins were linked to the GO terms “cellular homeostasis,”, “development”, “defense response”,
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“cell growth”, and “cellular component movement”, with the latter four terms exclusively

enriched in response to elevated temperature treatments (Figure 3 - 17 D and E).

3.5.2-3 Annotation of differentially expressed proteins based on specific functional

category

A more detailed classification of these significantly altered proteins into functional groups
based on their predicted functions is presented, with the protein count assigned to each respective
function detailed in Table 3 - 10 for experiment 1 and Table 3 - 11 for experiment 2. In both
experiments, the identified functional categories encompassed: (1) allergens, with other allergen in
both experiments and Ambrosia allergens exclusively in experiment 2; (2) cell wall
biogenesis/degradation; (3) cytoskeleton dynamics; (4) glucose metabolism, including glycolysis;
(5) metabolic process, including one-carbon metabolic process, nitrogen metabolism, sulfur
metabolism, carbon utilization and NAD(P)H dehydrogenase activity; (6) protein biosynthesis,
folding, and degradation processes; (7) translation; (8) transport-related; (9) protein modification,
such as methylation, phosphorylation, ubiquitination, and protein glycosylation (only in
experiment 1); (10) secondary metabolite; (11) signaling; (12) stress and defense-related; (13)

reproductive structure development; (14) photosynthesis, and (15) tricarboxylic acid cycle.

Notably, in experiment 1, significantly differentially expressed proteins homologous to other
allergens, and involved in sulfur metabolism, as well as in the biosynthesis process of flavonoid,
isoprene, riboflavin, lignin and steroid, were consistently down-regulated in three clusters (Tm4 vs
Twm, TM4N Vs TmN, Tm4N Vs Twm), each of which were related to treatments with a 4 °C increase in
temperature. Conversely, a consistent up-regulation was observed in proteins associated with
NAD(P)H dehydrogenase activities, protein glycosylation, and fatty acid biosynthesis within the
same clusters from elevated temperature treated conditions. In addition, functional categorization
of both significantly up- and down-regulated proteins, more pronouncedly observed in the same
three clusters under elevated temperature treatment comparedto elevated NO, encompassed
cytoskeletal dynamics and cell wall biogenesis/degradation, influencing cellular structure.

Moreover, alterations were noted in glycolysis, the tricarboxylic acid cycle and photosynthesis,
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pivotal for cellular energy and nutrient provision, alongside the modulation of signaling pathways,

especially those activated by plant growth regulators (Table 3 - 10).

In experiment 2, the expression of pollen allergens varied significantly under both, elevated
temperature and elevated NOztreatments. Amb a 1 isoforms in ragweed pollen were consistently
upregulated in response to elevated temperature. Conversely, Amba 4, Amba5and Amba 8
isoforms (A. artemisiifolia), Bet v 6 (Betula pendula), Catr 1 (Catharanthus roseus), Salk 4 (Kali
turgidum), Salk 4 (Kali turgidum), and Gly m 3 (Glycine max) were downregulated in response to
elevated temperature. Notably, Amb a 5 showed an exceptional upregulation in response to

elevated NOz in the Tw4N vs Tw4 cluster (Table 3 - 12).
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3.6 Tyrosine nitration in recombinant ragweed allergens

The allergenicity of proteins, including rAmb a 1, 3, 8, and 11, as well as commercial
ragweed pollen (CRP), exhibited distinct alterations upon TNM nitration when tested against 16
patient sera (Table 3 - 12). These variations aligned with patient-specific responses in allergic
reactions. Notably, rAmb a 1 and rAmb a 8 displayed the highest likelihood (31.25%) of increased
allergenicity after TNM nitration. Similarly, TNM nitration of rAmb a 3, 11, and CRP indicated
potentially induced allergenicity, with percentages of 18.75%, 25.00%, and 20.00%, respectively.
Conversely, there were higher probabilities of reduced allergenicity after TNM nitration for rAmb
al, 3,and CRP, with percentages of 43.75%, 37.50%, and 33.33%, respectively. rAmb a 8 and 11
exhibited an equal likelihood of increased and decreased allergenicity after TNM nitration, at
31.25% and 25%, respectively. Furthermore, in the case of rAmb a 12, consistent down-regulation

of allergenicity was observed acrossall 16 patient sera tested.

Table 3 - 12: The alteredallergenicity of rAmb a proteins (Amba 1,11, 12, 3 and 8) accessed with and
without TNM treatment, followed by probing with 16 individual patient (P) serum. The allergenicity
index was computed by subtracting the integrated optical density (IOD) of the immunoblotting after
TNM treatment from the 10D of the immunoblotting without TNM. Criteriafor determining up- or
down-regulation in allergenicity were established as follows: up, 1, index > 0.1;no change, —, -0.1 <
index < 0.1;down, |,index <-0.1. NA means no data.

Patient rAmbal rAmba3 rAmba8 rAmball rAmbal2 CRP
P1 1 - 1 1 ! -
P2 ! - - 1 ! !
P3 ! - - - ! !
P4 ! 1 1 1 ! !
P5 — — 1 — l —
P6 1 1 1 1 ! NA
P8 1 1 1 - ! -
P9 ) ! ! - ! !
P11 - ) ! ) ! 1
P12 ! ! - ! ! }
P13 ! ! ! ! ! -
P14 ! ! — - 1 1
P15 ! ! 1 ! ! —
Up-regulation (%)  31.25% 18.75% 31.25%  25.00% 20.00%
No change (%) 25.00% 43.75% 37.50% 50.00% 46.67%

Down-regulation (%) 43.75% 37.50% 31.25% 25.00%  100.00% 33.33%
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3.7 Characterization of ragweed plant-associated fungi

3.7.1 Community analysis of leave associated fungi of common ragweed by

lllumina sequencing
3.7.1-1 Evaluation of the primary steps for creating the sequence library

PCR amplifications of genomic DNA extracted from leaves of 18 plants, distinguishing
between the leaves at the upper and lower positions, yielded bands within the appropriate range of
ITS2 sequence sizes, approximately 500 bp per sample. Two negative controls, one for DNA
extraction and the other for PCR amplification, confirmed the absence of contamination during
DNA extraction (see Figure 3 - 18). Analysis of fragment lengths demonstrated an average
increase of 70 bp in PCR products following indexing, providing evidence of successful indexing

for lllumina sequencing library preparation (refer to Figure 3 - 19).

NTC M

750 bp
500 bp

750 bp
500 bp

Figure 3 - 18: Representative fungal ITS2 PCR products of the 18 samples from upper (A) and lower
(B) leaves. NTC, negative technical control for PCR amplification; NEC, negative environmental
control for DNAextraction; M, Marker (GeneRuler 1 kb DNA Ladder, Thermo Fisher Scientific).
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B [
I S

Figure 3 - 19: Five PCR products were randomly selected for fragment length analysis using the
Fragment Analyzer. Upon comparing the paired gel bands after (higher band) and before (lower band)
indexing, a consistent pattern emerged, indicating that the majority of the samples exhibited a size
difference of 70 bp.

3.7.1-2 Overview of the fungal community

Following processing and quality filtering conducted by PIPITS, DNA sequencing of the
ITS2 region produced a total of 80,070 high-quality reads, ranging from 61 to 8,045 reads per
sample (Table 3 - 13). These sequences were classified into 415 OT Us (operational taxonomic
units), with the majority assigned to three fungal phyla. Ascomycota emerged as the predominant
phylum, constituting 66.5%, followed by Basidiomycota (23.9%). Aminor portion of OT Us
belonged to the Chytridiomycota phylum, accounting for 0.2%. Approximately 7.5% of OTUs
could not be assigned to a specific phylum due to either an unclear ITS sequence or an unclarified
taxonomic position of the reference sequence. Additionally, 2.2% of the sequences lacked an entry
in the database (Figure 3 - 20 A). Further classification at lower taxonomic levels grouped these
OTUs into 17 classes and 24 orders. At the class level, Dothideomycetes dominated (36.9%),
followed by four other classes each exceeding 5%: Leotiomycetes (8.9%), Agaricomycetes
(8.7%), Tremellomycetes (8.7%), and Sordariomycetes (8.2%) (Figure 3 - 20 B). Furthermore, at
the order level, a substantial number of OT Us were assigned to Pleosporales, constituting 27.3%

(Figure 3-20C).
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A filter was implemented, setting a minimum sequence count threshold of 150 per sample
(referto Table 3 - 13). Subsequent analysis of alpha diversity indices revealed significant
differences in the fungal composition at the two leaf positions within sampled ragweed plants.
These distinctions encompassed changes in both the abundance extent within fungal communities
(richness index, p < 0.01) and the distribution of abundance amongspecies (evenness index, p <
0.01) on the two leaf positions. The variations in fungal patterns were predominantly influenced
by low-abundance species (Shannon index, p = 0.01) rather than high-abundance species
(Simpsonindex, p = 0.82) (Figure 3 - 21 A - D). In contrast, there were no significant differences
observed either in the abundance of fungal species (richness index, p = 1) or in the distribution of
abundance among species (evenness index, p = 0.98) within the respective leaf position across

plants (Figure 3 - 21 E, F).

Table 3 - 13: The sequence counts of fungal ITS2 sequences per sample determined by Illumina
sequencing, considering both the lower and upper positions of leaves for each plant. When the numbers
in front of two sample IDs match, it signifies that the samples originated from the same plant. The
concluding letter inthe ID specifiesthe specific section from which the sample was collected. In this
context, the label “M” designates samples sourced from the lower leaves, while “T” designates samples
from the upper leaves. The color gradient, ranging from dark to light, visually denotes the decreasing
height of the harvested samples. Similarly, the length of the bar graph corresponds to the sequence
counts, illustrating a gradient from the highest to the lowest counts.

Plant ID Harvest Sequence Counts Plant ID Harvest Sequence Counts
(Lower layer) height (cm)  (sum per sample) (Upper layer) height (cm)  (sum per sample)
150M 20 8045 | 6FT 45 162

20T™M 23.5 71 \ 17QT 57 812

11KM 24 664 | T 55 79

3cM 29.5 051 | 21UT 40 632

17QM 28.5 878 20TT 47 533

225M 35.5 509 \ 11KT 48 ldga

21UM 20 13MT 50 463

8HM 21.5 278 | 1AT 57 453

9IM 27.5 010 22ST 71 Bs7

16PM 21 424 | 14NT 51 B3s

7GM 20 B 8HT 43 B12

18RM 18 166 | 3CT 59 l2s3

13MM 25 Boss | 18RT 36 [ss

6FM 22.5 2923 | 2BT 59 51

5EM 25 2639 | 7GT 40 hao

1AM 28.5 2506 5ET 50 b17

14NM 25.5 2352 | 150T 40 1150

2BM 29.5 2264 | 16PT 42 61
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2.7% unidentified

Classess less than 5%

[N NIRN RN

41% Eurotiomycetes
2.9% Microbotryomycetes
2.2% Lecanoromycetes
1.9% Exobasidiomycetes
1.4% Taphrinomycetes
1.0% Cystobasidiomycetes
0.5% Agaricostilbomycetes

0.2% Arthoniomycetes

(A) Phyla

= 66.3% Ascomycota
23.8% Basidiomycota
0.2% Chytridiomycota
2.2% unidentified

|
|
]
O3 7.5% unknown

(B) Classes

11.3% unknown

8.7% Tremellomycetes

8.2% Sordariomycetes

0.2% Pezizomycetes

0.2% Spizellomycetes

36.9% Dothideomycetes Cantharellales

8 9% Leotiomycetes

8 7% Agaricomycetes

(C) Orders OTU Counts

Pleosporales
Tremellales HEll
Capnodiales -

Helotiales Bl

Hypocreales [ ]

Erysiphales B
Chaetothyriales [
Agaricales B
Polyporales [}
Dothideales "
Sporidiobolales l
Taphrinales t
Kylariales t
Cystofilobasidiales b
Filobasidiales Ii
Microstromatales |t
Sordariales b
Cystobasidiomycetes_ord Incertae_sedis
Diaporthales
Entylomatales
Hymenochaetales
Leucosperidiales
Russulales
Teloschistales
Agaricostilbales P
Caliciales
Candelariales

™r

Corticiales
Eurotiales P
Lecanorales
Thelephorales
Atheliales
Botryosphaeriales
Cystobasidiales
Glomerellales
Holtermanniales
Lichenostigmatales
Microbotryales
Mytilinidales
Pezizales
Phaeomoniellales
Spizellomycetales [1
Thelebolales |1

= ™r

Tilletiales |1
Trichosphaeriales I

wninown [
unidentified I

Figure 3 - 20: Taxonomic classification of obtained OTUs at the phylum (A), class (B) and order (C)

lewvels.

Furthermore, Principal Coordinates Analysis (PCoA) illustrated a distinct fungal pattern
distribution between the two leaf positions in ragweed plants as the 95% confidence intervals
generated therein did not overlap. Conversely, symbols representing sampled plants (each

identified by distinct colors) exhibit an almost uniform distribution. The nearly overlapping

confidence intervals suggest that the disparities in fungal communities among the sampled plants

were not statistically significant. Additionally, sampled height demonstrated a greater impact on

the community compared to plant height and plant cube volume, aligning with the correlation

between leaf positions and sampled height in the sampling methodology (Figure 3 - 21 G).
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Furthermore, the top 30 OT Us collectively accounted for over 85% of the total fungal
community within the samples. A comparison between a-diversity indices showed a consistent
similarity of richness (Figure 3 - 21 E), and evenness (Figure 3 - 21 F) in individual plants at the
corresponding leaf position. Notably, lower leaves exhibited a higher fungal species richness
compared to upper leaves, aligning with the previously mentioned richness index (p < 0.01).
Moreover, the relative abundance of each OTU in every sample, denoted by the respective colored
bar length, exhibited a similar pattern within positions but differed between them, corroborating

the findings of the evenness index (p < 0.01) mentioned earlier (Figure 3 - 22 A).

Moreover, sample-to-sample differentials in the heat map, coupled with the sorting of
samples based on sampled height, were examined to elucidate variations in the relative abundance
of fungal species at the genus taxonomic level across samples (Figure 3 - 22 B). Notably, species
affiliated with the genus taxon “unknown_Capnodiales (Order)” were present in all leaf samples,
displaying the highest relative abundance. Subsequently, fungal species associated with the genus
taxon “unknown_Didymellaceae (Family)” and Podospora were enriched in leaf samples at
different leaf positions, predominantly situated at the lower leaves (indicated by lighter green
colors in Figure 3 - 22 B), indicating a potential spatial distribution of these fungi. Additionally,
the enrichment of fungal species from the genera Pseudopithomyces, Bipolaris, Neoascochyta,
Sporobolomyces, and Aureobasidium exhibited variations based on leaf positions. T he first three
genera were more abundant in the upper leaves, while the last two were more prevalent in the

lower leaves.
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Table 3 - 15: The blast results of 15 isolates obtained via UNITE using Sanger sequencing. Sequential
to the sequencing sample number (Sample 1 - 15) for each fungal isolate, characters provide details
about the corresponding leaf sample, serving as the source of the fungal isolate. Specific information
about the leaf samples can be found in Table 3 - 13. The species identified per sample with the highest

identity score were emphasized in bold. Owing to their high sequence similarities, additional potential
identifications for certain candidates were explored, accompanied by their respective identity scores.
The table exclusively provides relevant information for the primary species when multiple species were
identified in blast results from the same sample and shared identical taxonomic levels of genus, family,

and order.
. Identity Genus Family Order
Fungal isolate Species score
(blast via UNITE) Value
(%)
Samplel-19VT B. bassiana 99.63 0 Beauveria Cordycipitaceae ~ Hypocreales
Sample2-9IT A. brassicae 98.87 0 Alternaria Pleosporaceae Pleosporales
A. sp. 98.87 0
A. alternata 98.87 0
Sample3-16PT P. corylophilum 99.82 0 Penicillium Aspergillaceae Eurotiales
Sample4-7GT A.sp. 99.63 0 Alternaria Pleosporaceae Pleosporales
A. arborescens 99.62 0
A. alternata 99.62 0
Sample5-19VT  A. tenuissima 96.24 0 Alternaria Pleosporaceae Pleosporales
G. indica 94.97 0 Gibberella Nectriaceae Hypocreales
Sample6-9IT P. chartarum 99.3 0 Pseudopithomyces Didymellaceae Pleosporales
Sample7-7GT Clonostachys 99.81 0 Clonostachys Bionectriaceae Hypocreales
C. epichloe 98.31 0
Sample8-8HM G. tricincta 100 0 Gibberella Nectriaceae Hypocreales
G. acuminata 99.81 0
Sample9-8HM A. fumigatus 99.63 0 Aspergillus Aspergillaceae Eurotiales
P. 99.26 0 Penicillium Aspergillaceae Eurotiales
P. solitum 99.26 0
P. commune 99.08 0
Sample10-8HM  A. alternata 99.62 0 Alternaria Pleosporaceae Pleosporales
A 99.81 0
A. pomicola 100 0
Sample11-8HM M. bolleyi 100 0 Microdochium Pleosporaceae Xylariales
Sample12-3CT B. sorokiniana 99.45 0 Bipolaris Pleosporaceae Pleosporales
Sample13-3CT C.cladosporioides ~ 99.61 0 Cladosporium Cladosporiaceae  Capnodiales
Sample14-9IT C. protuberata 99.64 0 Curvularia Pleosporaceae Pleosporales
Sample15-8HT  C. lunata 99.11 0 Curvularia Pleosporaceae Pleosporales
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3.7.2 Identification of ragweed plant-associated fungi by Sanger sequencing

3.7.2-1 Characterization of fungal isolates based on cultivation

Among the fungal isolates cultured on MEA plates, a total of 64 distinct early-emerging

colonies were identified, distinguished by their cultural and morphological traits (Table 3 - 14).

3.7.2-2 ldentification of fungal isolates by Sanger sequencing

The complete ITS sequences were subjected to blasting against the UNITE database
(https://unite.ut.ee/analysis.php#), resulting in the identified candidates with their respective
identity scores (Table 3 - 15). By selecting the highest identity score, seven genera encompassing
fifteen distinct fungal species were identified. These include Beauveria (with one species, B.
bassiana), Alternaria (comprising four species - A. brassicae, Alternaria sp., A. tenuissima, and A.
alternata), Penicillium (with one species, P. corylophilum), Pseudopithomyces (with one species,
P. chartarum), Clonostachys (with one species, Clonostachys), Gibberella (with one species, G.
tricincta), Aspergillus (with one species, A. fumigatus), Microdochium (with one species, M.
bolleyi), Bipolaris (with one species, B. sorokiniana), Cladosporium (with one species, C.

cladosporioides), and Curvularia (comprising two species, C. protuberate and C. lunata).

When comparing the ITS-based identification of isolates with the ITS2 sequences obtained
from Illlumina sequencing, at the lowest taxonomic level, six fungal isolates were successfully
matched at the genus level. These include Alternaria (4 isolates), Penicillium (1 isolate),
Pseudopithomyces (1 isolate), Bipolaris (1 isolate), Cladosporium (1 isolate), and Curvularia (2
isolates). Additionally, four fungal isolates were linked to the family taxonomic level,
correspondingto Bionectriaceae, Nectriaceae, Aspergillaceae, and Pleosporaceae, with each
family associated with a single fungal isolate. Furthermore, B. bassianawas associated in the

ITS2-derived fungal community at the order level (Table 3 - 15 and Figure 3 - 22).
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3.8 Immuno-reactivity analysis of fungal proteins and ragweed

pollen extract

Dot blotting of ragweed pollen extracts, along with the addition of 3 ug CRP, when probed
with patient sera, revealed distinct signals, indicating successful IgE-reaction detections in the
assay. Adding CRP to sample 1 (referencing B. bassiana) resulted in significantly higher IgE-
binding compared to sample 1 alone. No significant IgE-binding was observed upon adding CRP
to samples 8, 11, and 15, corresponding to G. tricincta, M. bolleyi, and C. lunata, respectively.
Neither the remaining 11 fungal isolates nor their combinations with CRP showed any detectable

IgE-binding signals (Figure 3 - 23).
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Figure 3 - 23: The integrated optical density of IgE reactivity measured between patient seraallergic to
ragweed pollenand 3 pg of protein extracting from commercial ragweed pollen (CRP, represented by
the first grey column), 15 fungal isolates (displayed in the remaining grey columns), and the addition of
3 g of CRP to each sample (shown in the black columns). BSA (bovine serum albumin) serves as the
negative control for measuring background signal. The identification numbers of the 15 fungal isolates
correspond to the blast results outlined in Table 3 - 15. Columns represent the means of three
independent dot blot assays. Statistical analysis by unpaired two-tailed Student's t-test was used for the
comparisons between the addition of 0 ug and 3 pg of CRP to each sample. Differences are indicated
by redstars (p < 0.05) (mean + standard deviation).

131



4: Chapter — DISCUSSION

4: Chapter— DISCUSSION

4.1 How do elevated temperature, elevated NO3, and their

interaction affect ragweed plant growth, traits and pollen release?

4.1.1 Experimental constraints
4.1.1-1 Conditions during early plant development

Two independent experiments were conducted simulating current ambient and future
elevated temperatures in combination with and without NO2 fumigation. The scenarios were
chosen to represent a moderate (Munich) and warmer (Wirzburg) urban area in Bavaria. The
environmental parameters within the highly controlled phytotron chambers, encompassing light
intensity, relative humidity (refer to Figure 2 — 4), UV radiation, atmospheric gas composition,
and water supply, were meticulously standardized and have previously successfully been applied

in published studies with ragweed (El-Kelish et al., 2014; Kanter et al., 2013; Zhao et al., 2016).

However, seedling cultivation until the application of temperature regimes was different in the two
experiments because of unforeseen needs for chamber maintenance in 2019 at the start of
experiment 2 (refer to Figure 2 — 1 and Figure 2 — 2). Consequently, experiment 1 involved
cultivating seedlings in a phytotron chamber, whereas experiment 2 necessitated using an
alternative climate chamber with different light spectra and temperatures. These modifications
might have induced unforeseen adaptive changes in the plants’ size and growth rate, particularly

during the initial stages of seedling growth.

Thus the observed differences in seedling growth may lead to part of the variances in plant
and pollen traits at harvest, aligning with studies indicating that early seedling development
influenced later-life features and stress tolerance through impacting resource capture in

competitions for light and soil nutrients (Krishnan et al., 2011; Lowry and Smith, 2018; Tanget

al., 2023). Consequently, the examination of plant traits and pollen properties focused on within-

experiment factor effects rather than inter-experiment comparisons.
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4.1.1-2 Temperature simulations in experiment 2

Additionally, during DAS 62— 65, DAS 75, DAS 77 — 79, and DAS 100 — 104, the
temperature differences between the elevated-temperature treatment chamber (T w4) and the
ambient-temperature treatment chamber (T w) in experiment 2 were found to be 1.83+ 0.04°C, 0
°C,1.83+0.16°C, and 0.33 £ 0.03 °C, respectively (Figure 2 —2). These values represent a
deviation of 4 °C from the anticipated temperature difference. Specifically, DAS 38 - 48
corresponds to the lag phase of the growth curve, characterized by initial and slow plant
development (Figure 3 — 2). A mild temperature increase within the optimal range during this
phase could facilitate robust seedling establishment, leading to increased cell elongation and

expansion (Hartley et al., 2012), which lays the foundation for vigorous growth in subsequent

stages. This may ultimately lead to an early flowering season (Burghardt et al., 2016; Capovilla et

al., 2015b), as well as larger plant size (plant height and male inflorescence size) and higher yields

at harvest (Gray and Brady, 2016; Schlenker and Roberts, 2009). Hence, the cumulative effects on

plant size observed during the lag phase (Table 3 -1 B) might mitigate the impact of elevated
temperature treatments in experiment 2 on plant height increase. This observation may partially
elucidate the significant increase in plant height attributed to elevated temperature in experiment
1, whereas a similar effect was not observed in experiment 2. Moreover, during the lag phase,
elevated temperatures can stimulate pollen production and release by boosting metabolic activity

and enhancing resource availability (Borghi et al., 2019; Hartley et al., 2012). Thus, the higher

temperatures recorded in the Tw-treated chamber duringthis period compared to T w4-treated
chamber may partially explain the greater pollen release observed in the Tw-treated plants as

compared to the Tw4-treated plants in experiment 2.

4.1.2 Single and interactive effects of elevatedtemperature and NO; on plant

growth

4.1.2-1 Elevated temperature plays a vital role in governing ragweed plant size

Generally warmer climates favor the growth of A. artemisiifolia (ragweed) as reflected by

plant size (Deen et al., 1998). In the present experiments, this effect was manifested through the

133



4: Chapter — DISCUSSION

promotion of both plant height and the average length of male inflorescences at harvest under
elevated temperature treatments, as observed consistently in two independent experiments. These
results align with greenhouse experiments showing that rising temperatures lead to proportional
increases in plant size across various thermal regimes, including 15/9 h light-dark cycles of 18 -

14 °C, 24 - 20 °C, and 30 - 26 °C, respectively (Gentili et al., 2019). Furthermore, Skalova (2019)

observed positive correlations between ragweed growth and temperature across five different
temperature ranges ranging from 10 - 26 °C, supporting the notion that warmer temperatures

enhance plant development.

However, it’s crucial to note that in experiment 2, the height of ragweed plants did not
significantly increase under elevated temperature treatment. Besides the above discussed influence
in growth conditions during early seedling development, animportant factor is likely the elevated
temperature (Tw4) in the relatively warmer climate of the Wiirzburgexperiment surpassing the
optimal growth temperature for ragweed. This finding is consistent with previous research by
Bazzaz (1974), who found that while ragweed growth responded positively to temperatures

between 8 and 31.7 °C, it declined when temperatures exceeded 31.7 °C up to 40 °C.

Taken together, the overall argument supports the idea that warmer temperatures generally
promote ragweed growth, but it also highlights the importance of considering optimal temperature

ranges for different experimental conditions.

4.1.2-2 Interactive effects of elevated temperature and NO2 treatments on ragweed plant

size

In the current study, contrasting the effects of 0 ppb and 80 ppb of NO2 treatments under
ambient temperature conditions revealed no significant alterations in plant heights or male
inflorescence size. This finding corroborates prior research indicating that ragweed plants exposed
to 80 ppb NO2 exhibited no significant change in male inflorescence size compared to those under

0 ppb or 40 ppb NO2 (Zhao et al., 2017h).

Surprisingly, the positive effect of elevated temperature on promoting ragweed plant height

was attenuated by elevated NO2 under the elevated temperature treated conditions of experiment
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2. This attenuation was observed in plant heights measured at DAS 80 and DAS 87. Furthermore,
when the plants reached their final heights, no significant differences were observed across
treatments. These findings suggest that there is an interaction between elevated temperature and
elevated NOz in the relatively warmer climate and prompt consideration of potential mechanisms
underlying this phenomenon. Itis likely that when elevated temperature in the relatively warmer
climate exceeds the optimum growth temperature for ragweed, as outlined in section 4.1.2-1,
elevated NO2 may prompt adjustments in plant nitrogen metabolism. These adjustments impact
vital biological processes such as photosynthesis, protein synthesis, signaling transduction and

transport (Gonzélez-Pérez et al., 2008; Vranova et al., 2002; Wang et al., 2019; Zeevaart, 1976),

thereby offsetting the heat stress-induced damage to the plant. This argument is supported by
previous studies, which suggest that nitrogen dioxide can serve as an additional nitrogen source

for plants (Takahashiand Morikawa, 2019a; Takahashiet al., 2011). Furthermore, nitrogen

fertilization has been reported to alleviate the negative impacts of abiotic stresses, such as heat

stress, on plant growth (Amarasekare and Savage, 2012; Waraich et al., 2011; Waraich et al.,
2012). Overall, the argument presents a comprehensive analysis of the complex interplay between
NO2 and plant growth, shedding light on the multifaceted factors influencing plant responses to

environmental stimuli.

4.1.3 Single and interactive effects of elevatedtemperature and NO; on pollen

release of ragweed plant

4.1.3-1 Start of pollen release

The phenological development of common ragweed, specifically the timing of the pollen
season, plays a critical role in determining the duration of the pollen season. Most pollen-
monitoring studies do not clearly distinguish between the onset of pollen release and flower

opening, as these events typically occur simultaneously (Kolek et al., 2021; Zhang et al., 2019).

In both experiments, plants were exposed to elevated temperature and NO> stress starting

from DAS 59 and 60. Prior to this period, experimental setups such as humidity (Dahl et al., 2013)

and light intensity (Deenet al., 1998; Deen et al., 2001), which may impact the phenological
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development of ragweed plants, were consistent across all four conditions in both experiments.
Regarding temperature, an additional factor influencing the phenological development (Deen et

al., 1998; Prank et al., 2013), both temperature treatments were consistently controlled in

experiment 1 but varied slightly in experiment 2, as previously outlined in section 4.1.1-2,
Therefore, the disparity in the initial timing of pollen release among ragweed plants across
treatments could be ascribed to the effects of elevated temperature and NO2 post-DAS 60 but

before pollen release.
4.1.3-1.1 Effects of elevated temperatures on pollen phenology

In experiment 1, an elevated temperature increase of 4 °C occurring several days before
pollen release notably delayed the release. Similarly, in experiment 2, the impact of a 4 °C
temperature rise on postponing pollen release was also observed under NO2-free conditions. A

similar observation has been documented by Barnes et al. (2001), indicating that lower

temperatures during ragweed vegetation periods led to earlier airborne pollen release, but the
effect depended upon interactions with wind disturbances and rainfall. These findings suggest that
environmental temperatures shortly preceding pollen release are crucial in determining the

initiation of pollen release. It is likely due to the increased sensitivity of plants to heat stress 7 to

15 days prior to anthesis, coinciding with pollen development (Sato, 2008). However, this finding

contradicts the study by Gentili et al. (2019), which demonstrated that ragweed plants began

flowering significantly earlier at intermediate (24 — 20 °C) and high (30— 26 °C) thermal regimes

compared to a low thermal regime (18 — 14 °C), while with no significant differences between the
intermediate and high thermal regimes. One possible explanation for this discrepancy might be the
even higher thermal regime resulting from the elevated temperature treatment in both climates in

this study compared to the high thermal regime conducted by Gentili et al. (2019). Specifically,

the temperatures in the Tw4-condition of this study, which included a 4 °C elevation, potentially
surpassed the upper threshold for optimal flowering induction, thereby leading to a different

phenological response. Moreover, Burghardt et al. (2016) demonstrated that fluctuating warm

temperatures and constant warm temperatures resulted in opposite flowering phenology in several

Arabidopsis accessions. Consequently, the simulated naturally occurring and fluctuating
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temperatures in this study, compared to the constant warm thermal ranges used by Gentili et al.

(2019), may also contribute to the observed inconsistencies in phenology.

Similar to the results in the present experiments on ragweed, advancements in pollen release

have also been reported in other plant species, such as olive (Bonofiglio et al., 2013), birch

(Méndez et al., 2005), and oak (Fernandez-Martinez et al., 2012), in response to approximate

increases of 1 °C, 0.4—0.7 °C, and 1.6 £ 0.6 °C in annual mean temperature, respectively.

Overall, these findings consistently indicate that temperature is a major environmental factor

influencing the flowering phenology of certain plant species (Ziska et al., 2019). Moreover,

considering all the findings, it suggests that the severity (Sato et al., 2000), timing (Lippmann et

al., 2019; Springate and Kover, 2014), and fluctuations (Burghardt et al., 2016) of heat stress

experienced during various plant developmental stages (Bernacchiet al., 2023) may influence

phenological timings differently. Therefore, it is critical to consider the magnitude, the exposure
period of temperature changes, moreover, the plant developmental stage when evaluating their
effects on flowering phenology. Future research should aim to disentangle these complex
interactions by conducting controlled experiments that systematically vary temperature increases,
exposure durations, and seedling stages, providing a more comprehensive understanding of how

climate change may impact plant reproductive timing.
4.1.3-1.2 Interactive effects of elevated temperatures and elevated NO2 on pollen phenology

Surprisingly, a notable interaction between elevated NO: and elevated temperature on the
onset of pollen release was observed in experiment 2. However, it should be noted that the onset
of ragweed pollen release under the Tw4N condition in experiment 2 occurred shortly after the
commencement of elevated NOz2 treatment, resulting in a relatively limited period of NO2
exposure before pollen release began. This short treatment duration may not have been sufficient
to accumulate signals that significantly affect pollen release. This is supported by previous studies,
which have shown that the effects of environmental factors on plant reproductive development do
not become apparent until a certain level of signaling molecules is accumulated or in shortage

(Choetal., 2017; Riboni et al., 2013; Shim and Jang, 2020). Therefore, the current experimental

results may not fully reflect the potential effects of NO2 on pollen release. To address this
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limitation, future studies should consider extending the duration of NO treatment and making
observations at multiple stages of pollen development to assess the effects of NO2 on pollen
release fully. Additionally, a series of experiments could be designed to gradually increase the
NO2 treatment time and record its dynamic changes on pollen release to gain a deeper

understanding of the effects of NO2 on plant reproductive development.

4.1.3-2 Length of pollen reason

The duration of the ragweed pollen season is notably postponed by elevated temperature, in
agreement with hypothesis H1 e. This finding is consistent with pollen release susceptible to
termination by low temperatures and the occurrence of the first frosts, suggesting a potential delay

in pollen season under warm temperatures at the end of the vegetation period (Deen et al., 1998).

This study confirms such delays, revealing obviously extended durations of the ragweed pollen
season under elevated temperatures in both experiments and irrespective of NO2 concentrations.
These findings align with a study that reported a lengthening of the ragweed pollen season over
decades due to delayed fall frosts and an extended frost-free period along a latitudinal gradient in

North America (Ziska et al., 2011). Similarly, other plant species, such as Parietaria, olive, and

cypress in western Liguria, have exhibited substantial increases in the duration of pollen seasons
over 27 years, associated with a rise in the number of days with temperatures exceeding 30 °C

(Ariano et al., 2010). Collectively, the findings above indicating delayed senescence in ragweed

plants under elevated temperature suggest that elevated temperature extended the durations of
pollen release primarily by slowing down the plants’ senescence rather than promoting earlier

pollen release.

Remarkably, elevated NO2 significantly lengthened the pollen season in the second
experiment. Taken together, these findings suggest that under elevated temperature conditions in
the relatively warmer climate, elevated NO2 prolongs the pollen season by advancing the onset of
pollen release rather than delaying the plants’ senescence. The earlier onset and extended duration
of pollen release can increase the exposure period to allergenic pollen, thereby potentially

exacerbating symptoms and increasing healthcare burdens, in agreement with hypothesis H1 e.
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4.1.3-3 Pollen release per male inflorescence

4.1.3-3.1 Elevated temperature in the relatively warmer climate reduces pollen release per

male inflorescence

Elevated temperature showed no significant impact on pollen release per male inflorescence
in @ moderate climate while significantly reduced pollen release in the relatively warmer climate.

Similarly, Schlenker and Roberts (2009) demonstrated that yield growth for annual crops, such as

corn, soybean, and cotton, increased gradually with temperatures up to 29 °C to 32 °C but

decreased sharply with temperatures exceeding this threshold.

These contrasting responses highlight the complexity of plant reproductive responses to
temperature variations and underscore the importance of considering local climatic conditions
when predicting the impacts of climate change on plant phenology. In moderate climates, the
potential for increased total pollen release due to enhanced vegetative growth could contribute to
higher pollen loads in the atmosphere, thereby exacerbating allergic responses in susceptible
individuals. Conversely, in relatively warmer climates where temperatures may surpass the
optimal range for reproductive development, reduced pollen release per inflorescence could offset
the expected increase in pollen load, although this does not necessarily mitigate the overall public
health impact due to prolonged pollen seasons. Taken together, these findings are in agreement

with hypothesis H1e.
4.1.3-3.2 Elevated NO:z induces pollen release per male inflorescence

80 ppb NO2 in the atmosphere significantly increased the average pollen release per male
inflorescence. Due to pruning measures implemented during plant growth to mitigate excessive
inter-plant competition within the spatially limited phytotron chambers, data on pollen yield per
plant were not collected. Utilizing pollen release per male inflorescence as a comparable unit
across treatments, the results reaffirmed the regulatory impact of elevated NO2 on pollen release

per inflorescence in ragweed plants, as observed in a previous study by Zhao et al. (2017b).

Overall, the effects of NOz on pollen release depend on the concentration of NO2 and the

specific plant species. In contrast to ragweed plants, elevated NO2 (up to 36 ppb) resulted in a
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shorter pollen season in birch (Kolek et al., 2021). Tomato plants exposed to 50 ppb of NO>

exhibited an earlier and prolonged pollen season, along with increased pollen production, in

comparison to those with no NOz exposure (Takahashiet al., 2011). Furthermore, Nicotiana

plumbaginifolia seedlings subjected to 200 ppb of NO2 for 10 weeks displayed a doubled shoot
size and enhanced cell constituent content compared to those exposed to 100 ppb of NO>

(Takahashietal., 2005). A previous study involved horticultural plants exposed to 50, 100 and

200 x 102 ppb of NO2 for 5-6 weeks, resulting in a twofold increase in biomass, both above and
below ground, for each species compared to growth in the absence of NO2 (below 5 x 103 ppb)

(Adam et al., 2008). Collectively, in conjunction with the studies mentioned above (T akahashi et

al., 2005), mass spectrometry analysis of carbon (C), nitrogen (N), phosphorus (P), potassium (K),

calcium (Ca), and magnesium (Mg) content suggests that exogenous NO2 functions more as a
signaling molecule than a vital nutrient source in stimulating plant growth, nutrient uptake, and

metabolism (T akahashiand Morikawa, 2019hb).

Hence, considering the collective impact on ragweed plant growth and pollen release, it can
be deduced that airborne NO2 acts as a survival stressor, prompting plants to adapt to their
surroundings by reallocating resources when confronted with this stress. Under such
circumstances, plants might opt to channel more resources towards reproductive structures, such
as pollen, without noteworthy alterations in other growth parameters. This shift in metabolic
allocation serves as a survival strategy, enabling plants to uphold their reproductive capacity in

challenging environments (Lundgren and Des-Marais, 2020; Shaar-Moshe et al., 2019).

4.1.4 Compounds in pollen affecting pollen allergenicity under elevated

temperature and NO; treatments

4.1.4-1 Total flavonoid concentration was modulated by elevated temperature and NO>

The total flavonoid concentration (TFC) in ragweed pollen exhibits contrasting responses to
elevated temperature and elevated NOz2, as observed in the conducted experiments. The TFC in
ragweed pollen increases in response to elevated temperature, contradicting hypothesis H1 d and

the findings of Gentili et al. (2019), who reported an increase in the TFC of ragweed pollen with
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decreasing temperatures. This divergence may stem from differences in experimental conditions,

with day and night real-time temperature fluctuations while Gentili et al. (2019) used three

constant temperature ranges, each differing by 6 °C, starting from seed germination. Burghardt et
al. (2016) support this speculation with observations on Arabidopsis thaliana, indicating reversed
reproductive development and physiological growth under fluctuating temperatures compared to

constant ones.

Moreover, variations in seed origins and genetic backgrounds may also contribute to the
disparate effects of elevated temperature on TFC in ragweed pollen. Seeds in this study originated

from Braunschweig, Germany, while Gentili et al. (2019) used seeds from a rural site near Milan,

Italy. Differences in genetic backgrounds among legume seeds have been observed to result in

inconsistent relationships between treatments and flavonoid content (Davis et al., 2008), and this

may also apply to ragweed. Furthermore, Gentili et al. (2019) used aqueous pollen extracts to

simulate the hydration process of ragweed pollen inhaled in the airway, while the present study
used methanolic extracts. Previous studies demonstrate that these two different solvents yield

varying fractions and amounts of pollen TFC (El-Kelish et al., 2014; Zhao et al., 2017b),

indicating that direct comparisons between the results of the two methods may not be appropriate.

Elevated NO2 resulted in a significant decrease in the TFC of ragweed pollen samples, as

evidenced in experiment 1, which is consistent with a previous study (Zhao et al., 2017b).

However, the significant induction of TFC by elevated temperature was only evident in
experiment 2, while the impact of elevated NO2 on TFC reduction diminished. A potential
explanation for this discrepancy could be the prolonged exposure to elevated temperatures due to
the delayed senescence of ragweed plants and the 1.5 °C higher environmental temperature
applied in experiment 2. Several studies have demonstrated that flavonoid biosynthesis and
accumulation are dynamic processes influenced by temporal factors such as the duration of stress

exposure (Ahmed et al., 2021; Hakan et al., 2017). These findings suggest that extended exposure

to elevated temperature may lead to greater TFC accumulation in ragweed pollen, potentially

resulting in a more pronounced effect of elevated temperature in experiment 2.
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4.1.4-2 Flavonoid composition

4.1.4-2.1 Elevated temperature has a greater effect on flavonoid composition than elevated

NO:2

In both experiments, elevated temperature had a more substantial impact on the flavonoid
composition of ragweed pollen compared to elevated NOz, suggesting temperature as a primary
driver of flavonoid changes under climate change conditions. This finding aligns with previous
studies indicating that elevated temperature can disrupt metabolic pathways involved in flavonoid

biosynthesis, resulting in changes in flavonoid profiles (Gouot et al., 2019; Mohammadrezakhani

etal., 2018; Torresetal., 2017).

Moreover, the interaction between elevated temperature and elevated NO: yielded complex
and varied responses in ragweed pollen flavonoid composition. Experiment 1 revealed that the
combined presence of elevated temperature and NOz had less pronounced effects on flavonoid
composition compared to individual treatments. This may indicate the prioritization of resources

under combined stress conditions in a moderate climate (Nieves-Cordones etal., 2019; Zheng et

al., 2016). However, experiment 2 revealed a contrasting outcome, with elevated NO> exhibiting a

more pronounced effect in combination with elevated temperature on flavonoid composition in
ragweed pollen. Under the above discussed condition of temperature in experiment 2 eventually
surpassing the optimum, resources may be allocated towards defense mechanisms against
oxidative stress induced by NOz2, thereby amplifying the effects of NO2 on flavonoid metabolism

(Pooja and Munijal, 2019; Rehman et al., 2023).

4.1.4-2.2 Expression of specific flavonoids regardless of treatments

Regardless of experimental treatments, methanolic extracts of ragweed pollen consistently
revealed quercetins as the predominant flavonoid group. This observation aligns with the

flavonoid composition of ragweed pollen cultivated under natural conditions (Mihajlovic et al.,

2015) and under experimental conditions involving elevated ozone (Kanter et al., 2013) and

elevated CO2 (El-Kelish et al., 2014), respectively. Quercetin plays pivotal roles in various plant
physiological processes, including seed germination, pollen growth, and photosynthesis (Singh et

al., 2021). Notably, when cultivated on quercetin-supplemented media, model plants such as
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Arabidopsis thaliana, Nicotiana tabacum, and Lemna gibba exhibited enhanced growth compared
to control groups. Additionally, these plants demonstrated reduced levels of oxidized proteins,
suggesting that quercetin acts as a broad-spectrum antioxidant stress protectant for plants (Kurepa

etal., 2016).

4.1.4-2.3 Expression of specific flavonoids in response to elevated temperatures with or

without elevated NO2

Specifically, elevated temperature treatment notably affected derivatives within the flavones
and flavonols, hydroxycoumarins, and O-methylated flavonoids subgroups. Previous studies have
shown that elevated temperatures can influence the expression and accumulation of these specific

flavonoid compounds in various plant species, such as Betula pendula (Lavola et al., 2013), Salix

myrsinifolia (Lavolaetal., 2013), Populus tremula (Randriamanana et al., 2015) and Brassica

Oleracea (Mglmann et al., 2015). These findings indicate a temperature-sensitive regulation of

biosynthetic pathways leading to the production of these flavonoid subgroups and their derivatives

(Jamloki et al., 2021). Particularly, the flavonol subgroup has been recognized for its role as a

crucial antioxidants in plants, contributing to the maintenance of cellular reactive oxygen species
homeostasis under heat stress, promoting pollen viability, pollen tube growth, and thereby

enhancing plant reproduction (Muhlemann et al., 2018).

In comparison, elevated NO2 treatment-induced changes in the coumarins subgroup and its
hydroxycoumarins derivatives. T his specific response may indicate the activation of defense
mechanisms against oxidative stress triggered by elevated NO. It has been reported that
coumarins possess antioxidant properties and are implicated in plant responses to oxidative stress

and pathogen defense (Lei et al., 2015). Therefore, the enrichment of coumarin derivatives under

elevated NO2 conditions suggests a targeted metabolic response aimed at mitigating the adverse

effects of reactive nitrogen species on cellular homeostasis (Farnese et al., 2016).

Furthermore, exposure to the combined elevated NO2 and elevated temperature led to
alterations in specific derivatives belonging to flavonoid glycosides and isoflavonoid O-glycosides
subgroups. It has been reported that glycosylation of flavonoids enhances plant stress defense by

improving their stability, accessibility, antioxidant activity, detoxification capacity, and signaling
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properties (Behr et al., 2020; Yang et al., 2018; Zhang et al., 2022). Thus, the observed changes in

glycosylated flavonoid derivatives may represent adaptive strategies aimed at enhancing stress
tolerance and maintaining cellular homeostasis in ragweed pollen exposed to concurrent elevated
temperature and elevated NO2. Additionally, the exclusive enrichment of flavonoid-3-O-glycoside
in experiment 2 may suggest a heightened stress level for ragweed plant growth. Taken together,
these responses reflect targeted metabolic adjustments aimed at mitigating oxidative stress

induced by each stressor.

4.1.4-3 Interference of flavonoids in IgE-binding activities

Remarkably, flavonoids extracted from pollen samples of ragweed plants cultivated at lower
temperatures exhibited a more pronounced inhibition of allergen-1gE-binding activities compared
to those from plants grown at higher temperatures in both experiments. This observation suggests
that certain flavonoid compounds expressed in ragweed pollen under ambient temperatures may

possess the ability to inhibit allergen-1gE-binding activities effectively.

In particular, rutin, a distinct type of flavonoid glycoside, has been shown to respond to the
combined treatment of elevated temperature and elevated NO2. Previous research has documented

rutin’s impact on IgE-allergen binding activities in ragweed pollen (Gentili etal., 2019). The

concentration of rutin displayed a negative correlation with the intensity of ragweed allergen-I1gE
binding, highlighting its potential role in reducing pollen allergenicity. Additionally, other
temperature-responsive flavonols present in ragweed pollen, such as kaempferol-type flavonoids
and naringenins, were identified to interfere with IgE-allergen binding. Studies have demonstrated

that the flavonoid-Bet v 1 complex can cover allergen epitopes (Grutsch et al., 2014; Kofler et al.,

2012; Seutter-Von Loetzen et al., 2014). However, future investigations should focus on isolating

differentially expressed flavonoid compounds in ragweed pollen under different treatments, and
independent studies should be conducted to elucidate their specific functions in IgE-allergen

binding.

Moreover, specific flavonoid compounds with distinct functions in anti-allergy therapy have

been identified (Bansode etal., 2018; Castell et al., 2014; Vo, 2020). Augmenting the quantity of

added quercetins to the allergen significantly impeded the binding of IgE to the ragweed allergen.
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Beyond ragweed allergen, the protein-quercetin complex emerged as the primary phytochemical
covalently bound to peanut proteins, leading to a significant reduction in IgE binding to peanut

proteins (Plundrich et al., 2017). Subsequent in vivoand in vitro studies demonstrated that

conjugating quercetin with ovalbumin, a well-known food allergen, not only diminished IgE-

protein binding butalso reduced the overall allergenicity of ovalbumin (Zhang et al., 2020b).

Moreover, quercetin-type flavonols have been associated with temperature responses, with their

concentrations increasing at lower temperatures (Albert et al., 2009; Schmidt et al., 2010). Hence,

the study’s findings suggest that ragweed pollen grown under ambient temperature conditions
exhibits a lower allergenic potential due to potentially higher quercetin amounts compared to
pollen grown under elevated temperatures and its robust inhibition of IgE binding to antigens.
Unfortunately, pollen samples from the control conditions were running out; thus, in future work,
there is abundant room for further progress in determining individual flavonoid components in

pollen using LC-MS/MS.

4.1.5 Effect of temperature and elevatedNO; on oxidative indicators regulating

pollen allergenic potential

4.1.5-1 NAD(P)H oxidase

Both elevated NO2 and elevated temperature could enhance NADPH and NADH oxidase in
ragweed pollen. The finding that elevated NOz increased reactive oxygen species (ROS)-related
enzyme activities [NAD(P)H oxidase] aligns with a study indicating significantly higher NADPH
oxidase activity in pollen samples from ryegrass plants exposed to high levels of NO2 and SO2

compared to samples from less air-polluted areas (Lucas et al., 2019). Similar effects on inducing

these oxidative stress marker enzymes in ragweed pollen have been reported for ozone exposure

(Pasqualini et al., 2011) and drought (EI-Kelish et al., 2014). Furthermore, when exposed to half,

equal, and twice the legal limit for European vegetation protection for 6 hours separately, most
forest pollen species (Acer negundo, Betula pendula, Quercus robur) exhibited a significant
increase in NADP H oxidase activity at the highest concentration of NO2. However, in the same
study, exposure to the same concentration gradient of ozone for 6 hours resulted in varied NADPH

oxidase activity among pollen species (Pereiraetal., 2021). The differences in NADPH oxidase
145




4: Chapter — DISCUSSION

activity among pollen from different plant species influenced by environmental factors can be
attributed to their varying intensity and localization, thereby indicating different functions based

on the plant families (Smiljanic et al., 2017; Wang et al., 2009).

The NAD(P)H oxidase complex, known as a respiratory burst response to environmental

stress in plants (Lamb and Dixon, 1997; Speranza and Scoccianti, 2012), suggests that ragweed

plants in this study, indicated by elevated NAD(P)H activities under increased temperature and
NOz, experienced and reacted to stressful conditions. This strengthens the hypothesis of H1 ¢ that
both elevated NO2 and increased temperature contribute to oxidative stress in ragweed pollen,

potentially exacerbating its allergenicity.

4.1.5-2 H202 content

Both elevated NO2 under elevated temperature conditions and elevated temperature under
elevated NO2 conditions significantly increase the H202 contentin ragweed pollen in experiment
1. This observation suggests synergistic effects between these treatments on oxidative stress
pathways in ragweed pollen. Moreover, the interaction between elevated NO; and elevated
temperature in inducing H202 content in ragweed pollen is emphasized, contrary to hypothesis H1
c. This interaction reflects a cumulative impact on oxidative stress pathways, potentially affecting

pollen viability and reproductive fitness (Wahid et al., 2007). Notably, under NO2-free conditions,

elevated temperature significantly reduced the H202 content. This finding highlights the
contrasting effects of elevated temperature alone, indicating a temperature-dependent modulation

of ROS homeostasis in ragweed pollen (De-Pintoetal., 2015; Locato et al., 2008).

However, contrasting results are observed in experiment 2, where neither elevated NO>
alone, elevated temperature alone, nor their combination significantly affected the H202 content of
ragweed pollen extracts. As for other factors discussed above, it is plausible that the elevated
temperature conditions in experiment 2 already induced maximal H20: production, thereby

masking any additional effects of NO2 or their combination.
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4.1.5-3 Other oxidative indicators

Additionally, it is crucial to consider the potential limitations of these responses, as ROS
responses in plants are dynamic processes involving transformations between different reactive

forms, such as superoxide anion, H202, and hydroxyl radical (Krumova and Cosa, 2016; Madkour,

2019). In agreement, published work suggests that other enzyme systems influence ROS dynamics
under various environmental conditions and pollution levels. For example, superoxide dismutase

(SOD) converts the superoxide anion to the more stable hydrogen peroxide (Hayyan et al., 2016;

Wanget al., 2018). In invitro exposure experiments with Dactylis glomerata pollen, Os

fumigation at 61 ppb for 6 hours did not affect SOD activity but doubled H202 content in pollen,
whereas NO2 fumigation at 106 ppb for 6 hours doubled SOD activity but did not alter H202

content (Galveias et al., 2021). Similarly, peroxidase (POD) and catalase (CAT) are involved in

the breakdown of hydrogen peroxide (Almagro et al., 2009; Nokthai et al., 2010).

Moreover, glutathione peroxidase (GP X) and glutathione reductase (GR) are intracellular
antioxidant enzymes that enzymatically reduce hydrogen peroxide to water to limit its harmful

effects (Iskusnykh et al., 2013). These enzymes are the chief oxidants in plant cells, participating

in cell signal transduction and redox balance (Harohalli Masthigowda et al., 2022; MeSE and

Turfan, 2019; Xie et al., 2022). The involvement of these enzyme systems in ROS metabolism

highlights the complexity of antioxidant defense mechanisms in plants. Therefore, the observed
changes in H202 content may represent only a snapshot of the overall ROS dynamics in ragweed
pollen. The interconversion between ROS species is influenced by various factors, including
enzymatic activities and environmental conditions, which may not be fully captured by H202

measurements alone.

In conclusion, the argument contributes to the broader field of ragweed plant physiology and
stress ecology by elucidating the complex interactions between elevated NO2, elevated
temperature, and oxidative stress pathways. Further research involving NAD(P)H oxidase
activities and H20: content in ragweed pollen can offer valuable insights into these mechanisms,

advancing our understanding of plant responses to environmental stressors.
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4.1.6 Immunoblotting analysis of ragweed pollen

4.1.6-1 Changes in the allergenicity of aqueous proteins of ragweed pollen

In both scenarios, elevated temperature and elevated NO2 enhanced the total allergenicity of
ragweed pollen, based on the results obtained both by dot bot and 2D-immunoblot (Table 3 -5
and Figure 3 — 10). The effect of elevated temperature on inducing pollen allergenicity is
remarkably consistent with findings of increased allergenicity of ragweed pollen in the study of

Gentili et al. (2019), despite different experimental settings.

In addition, the finding that 80 ppb NO:2 increased allergenicity under both temperature

regimes reproduced the results of Zhao et al. (2016) based on the same Twm scenario and the same

level of 80 ppb NOz in their experiment. Moreover, a consistent induction of NOz resulting in
heightened IgE recognition in pollen was noted in Betula pendula, Ostrya carpinifolia, and

Carpinus betulus (Cuinica et al., 2014), and in Acer negundo pollen (Sousaet al., 2012), when

subjected to in vitro NO2 exposure, in comparison to samples without NO2 exposure. Furthermore,
a field study indicated that ragweed pollen sampled along high-traffic roads exhibited greater
allergenicity compared to pollen collected from low-traffic roads and vegetated areas, as reported

by Ghiani et al. (2012). Thus the consistent results in both experiments in the present work suggest

that the effect of NO2 on pollen allergenicity has been intensified at higher temperatures.

4.1.6-2 Alterations in the abundance of major IgE-reactive proteins in ragweed pollen

4.1.6-2.1 Dominance of Amb a 1 isoforms in ragweed pollen allergenicity

The predominance of Amb a 1 isoforms in the total allergenicity of ragweed pollen was

evident in 2D immunoblots, consistent with prior studies (Gadermaier et al., 2008; Gentili et al.,

2019; Zhao et al., 2016). Moreover, these results align with earlier studies that showed the

presence of Amb a 1 isoforms, Amb a 11, and Amb a 12 in spots where their allergenic potential

was affected by elevated NO2 (Zhao et al., 2016) and responsive to increased temperatures

(Gentili etal., 2019).
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Similar incrementsin Amb a 1 isoforms correlated with heightened pollen allergenicity under

conditions like elevated CO2 (Choi et al., 2018; EI-Kelish et al., 2014; Singer et al., 2005), drought

(El-Kelish et al., 2014), and high-traffic roads (Ghiani et al., 2012), suggesting a potential

exacerbation of ragweed pollen allergy in urban and climate change-affected areas. Similar
inductions were noted for homologous pectate lyase allergens in Arizona cypress pollen exposed

to traffic-related air pollution (Shahali et al., 2009), and in Humulus Scandens pollen collected

from areas with air pollutants, including PM 10, PM 2.5and O3 (Lu et al., 2020). Therefore, these

findings underscore the significant roles of pectate lyase proteins in facilitating plants’ adaptation
to environmental stimuli. They also highlight the intricate interplay between environmental factors

and allergen expression, with potential implications for public health.
4.1.6-2.2 Contribution of Amb a 11 and Amb a 12 in ragweed pollen allergenicity

The high sensitization rate observed for Amb a 11, up to 66%, underscores its substantial
contribution to the augmentation of IgE responses. This finding aligns with previous research

indicating the pivotal role of Amb a 11 in allergic reactions triggered by ragweed pollen exposure

(Bouley et al., 2015; Groeme et al., 2016). However, the detection of Amb a 11 presentsa

challenge due to its structural resemblance to Amb a 1, necessitating sophisticated techniques such

as 2D blotting analysis for accurate visualization and differentiation (Bordas-Le Floch et al., 2015;

Bouley et al., 2015; Chenet al., 2018a; Gentili et al., 2019; Zhao et al., 2016). Consequently,

limited research has demonstrated the specific expressions of CP allergens in pollen under
different environmental conditions, aside from investigations conducted with ragweed pollen

subjected to elevated levels of NO2 (Zhao et al., 2016) and increased temperatures (Gentili et al.

2019). Nevertheless, the alteration of Amb a 11 under simulated conditions could be mainly

attributed to two aspects.

On one hand, proteins belonging to the cysteine protease family, which degrade certain

proteins to enable nutrient remobilization, particularly nitrogen (N) (Diaz-Mendozaetal., 2014;

Roberts et al., 2012), induce a broad spectrum of defense responses, including leaf senescence and

plant cell death (Cai et al., 2018; Ge et al., 2016; Misas-Villamil et al., 2016). This suggests that

plants can recycle proteins in response to abiotic stress through the hydrolysis of plant proteins as

a first line of defense for plant survival (Liu et al., 2018a). On the other hand, various studies have
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revealed that under stressful conditions such as drought, salt stress, cold and endoplasmic
reticulum stress, plants often regulate the gene expression or protein activity of cysteine proteases

through regulatory signals, such as phytocystatins (Kunert etal., 2015; Mangena, 2020; Subburaj

et al., 2017), to impact plant growth and enhance plant stress tolerance. These phytocystatins

participate in abscisic acid-mediated stress signal transduction (Rabbaniet al., 2003; Subburaj et

al., 2017; Tanetal., 2017) or engaging in the salicylic acid signaling pathway (Van-Der Linde et

al., 2012a; Van-Der Linde et al., 2012h).

Therefore, these prior studies propose that under stress-inducing conditions, such as elevated
NO:2and elevated temperature, there is a likelihood of heightened degradation of various
substances and activation of signal transduction, potentially leading to the induction of Amb a 11
in ragweed pollen. Moreover, the induction of Amb a 11 in ragweed pollen may result in higher
pollen allergenicity. However, the direct association between Amb a 11 induction in pollen and its
allergenicity in patients sensitized to ragweed pollen remains inadequately explored. Further
research elucidating the molecular mechanisms underlying Amb a 11-mediated immune responses
is warranted, offering insights into potential therapeutic strategies for mitigating allergic reactions

associated with ragweed pollen exposure.

In addition, the induction of Amb a 12 may also contribute to increased IgE-reactive

intensity, given its significant prevalence of IgE reactivity (Bordas-Le Floch et al., 2015; Zhao et

al., 2016). Amb a 12, an enolase, plays a crucial role in providing additional ATP by regulating

the glycolytic pathway, aiding plants in coping with environmental stresses (Giegé et al., 2003;

Plaxton, 1996). Its consistent induction has been observed in ragweed plants under various

stressors (Zhao et al., 2016), Populus euphratica facing heat stress (Ferreira et al., 2006), and

Mesembryanthemum crystallinum under salt stress (Barkla et al., 2009), demonstrating its role in

environmental adaptation.

Hence, an explanation for the heightened allergenicity lies in the augmented abundance of
allergens in response to treatments, particularly the induction of Amb a 1 and its isoforms, and

additionally, the overexpression of minor allergens, such as Amb a 11 and Amb a 12.
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4.1.6-3 ldentification of potential IgE-reactive proteins in ragweed pollen

In this context, the discovery of additional potential allergenic proteins beyond the known
allergens presents an opportunity to deepen our understanding of allergic responses. For instance,
the peptidyl-prolyl cis-trans isomerase protein detected in spot 3, which has also been observed in

elevated NOz-treated ragweed pollen (Zhao et al., 2016), has garnered attention due to its

identification in pollen and fungal allergens (Cadot et al., 2000; Ghosh et al., 2014; Pemberton,

2006; Sircar et al., 2020).

Moreover, the identification of calmodulin, a calcium-modulated protein, as a putative
allergen highlights the phenomenon of cross-reactivity among pollen allergens. Studies
implicating calmodulin homologs in various pollen species, including Amb a 9 and Amb a 10 in

common ragweed pollen (Wopfner et al., 2008), an allergenic calmodulin in Amaranthus palmeri

pollen (Bonuraet al., 2008; Gomez-Esquivelet al., 2021), Bet v 4 in birch pollen (Engel et al.,

1997), Ole e 3 and Ole e 8 in olive pollen (Ledesmacet al., 1998; Ledesma et al., 2000), and Phl p

7 in timothy grass (Niederberger et al., 1999). These findings underscore the potential for

enhanced IgE-allergen binding activity, suggesting a broader immunological significance beyond
individual allergen specificity. Expanding upon these insights, it’s crucial to consider the

implications of allergen cross-reactivity in clinical settings. High cross-reactivity among allergens
from the calmodulin family, as evidenced by sensitization prick tests with pollen-allergic patients

(Garmatiuk et al., 2013; Hayek et al., 1998; Moya et al., 2021; Vakili-Moghaddam et al., 2019;

Valenta et al., 1998; Verdino et al., 2002; Wopfner et al., 2007), underscores the need for

comprehensive diagnostic approaches to assess allergic sensitization profiles accurately.
Moreover, elucidating the structural and functional characteristics of allergenic proteins can
provide valuable insights into the molecular basis of allergic responses, informing the

development of targeted therapeutic interventions.

Additionally, the discovery of calreticulin, a high-capacity calcium-binding protein, sharing

homology with Penicilliumchrysogenum allergen Pen ch 31 (Gelebart et al., 2005), suggests its

potential as an IgE-reactive allergen in ragweed pollen susceptible individuals. Studies by Wang et

al. (2017) and Gong et al. (2022) have further indicated that calreticulin may function as both an
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allergen and an adjuvant, thereby promotingimmune responses and contributing to the
development of allergic diseases. Moreover, calreticulin’s ability to interact with immune cells

and influence the overall immune response to allergen exposure (Raghavan et al., 2013; Williams

et al., 2016) underscores its immunological significance in allergic reactions. Further research is
warranted to elucidate the molecular mechanisms underlying its involvement in allergic responses

and explore its potential as a therapeutic target for allergic diseases.

The nucleoside diphosphate kinase identified in spot 4 and the cytosolic triosephosphate
isomerase identified in spots 18, 19, and 21, with no homologs identified and in allergens such as
food, fungi, and pollen, indicate that these two proteins may not be associated with pollen
allergenicity. The highly conserved nature of these two proteins and their widespread presence in

various tissues suggest that they are likely to have been detected by chance.

4.1.7 Comparative analysis of protein expression profiles in ragweed pollen

4.1.7-1 Amb a1 and its isoforms in ragweed pollen

4.1.7-1.1 Environmental effects on the abundance of Amb a 1 isoforms

Amb a 1.0201 and Amb a 1.0402 displayed consistent significant increases in abundance due
to elevated temperature. T his suggests that these isoforms may be upregulated as part of a stress
response mechanism, potentially enhancing the allergenic properties of ragweed pollen in warmer
climates. Additionally, the differential regulation of Amb a 1 isoforms in the two experiments
indicates complex regulatory mechanisms, which highlights tthe sensitivity of allergen expression
to environmental changes (Ciappetta, 2016). Collectively, the consistent upregulation across
experiments underscores the robustness of this response, highlighting the importance of
temperature as a key factor influencing ragweed allergen expression (Ciappetta, 2016). The
temperature-dependent response aligns with research indicating that environmental temperature
significantly influences alternative splicing events, leading to the generation of distinct isoforms

(Capovilla et al., 2015a; Del-Mondo et al., 2022). Taken together, these findings emphasize the

importance of considering multiple environmental factors in understanding and predicting allergen

responses.
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Similar selective modulation of elevated NO2 on the expression of specific Amb a 1 isoforms
was demonstrated by the significant increase in the abundance of Amb a 1.0305 and the
significant decrease in the abundance of Amb a 1.0401. These findings align with the previous
studies that NO2 exposure potentially alters the allergenic profile of ragweed pollen in polluted

environments (Ghiani et al., 2012; Zhao et al., 2016). Alterations in isoform abundance in

response to elevated NO2 imply potential protein modifications during metabolism, particularly

through NOz-induced S-nitrosylation (Kovacs and Lindermayr, 2013; Lindermayr et al., 2006;

Zhaoet al., 2016) and protein nitrosylation (Holtgrefe et al., 2008), well-documented processes

affecting protein function and signaling pathways.

In addition to individual effects, an interactive effect is evidenced by the significantly
enhanced abundance of Amb a 1.0101, which was observed exclusively under elevated NO2
conditions in experiment 2. Additionally, elevated NO2 under ambient temperature conditions
produced opposite results in the abundance change of Amb a 1.0201, with a significant decrease in
experiment 1 and a substantial increase in experiment 2. The contrasting changes in Amb a 1.0201
abundance between the two experiments highlight the nuanced nature of the interaction between a

mild temperature increase of 1.5 °C and elevated NO-.

The specific responses of different Amb a 1 isoforms to these environmental factors suggest
that the allergenic profile of ragweed pollen could vary significantly under future climate change

scenarios, contrary to hypothesis H1 a, but consistent with the study of Verhage et al. (2017).

Hence, future research should focus on elucidating the pathways through which NO2 and
temperature jointly influence allergen expression. Controlled experiments that systematically vary
temperature and NO2 conditions will be essential for understanding the thresholds and limits of
these effects. Additionally, studying a wider range of plant species and environmental conditions

can help determine if similar patterns are observed across different ecosystems.
4.1.7-1.2 Varying allergenicity within Amb a 1 isoforms

Remarkably, despite a dynamic balance between expression levels, it is plausible that Amb a
1 isoforms with similar abundance may possess varying allergenicity, potentially due to

differences in secondary structure. T his finding supports the research that variations in amino acid
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sequences or secondary structures among different Amb a 1 isoforms resulted in distinct patterns

of IgE binding and immunogenicity (Buzan et al., 2022). For instance, Amb a 1 (amino acid

residues located at 26—180) displayed higher IgE-binding activity compared to Amb a 1a (amino

acid residues located at 181-396) (Wopfner et al., 2009), and Amb a 1.01 exhibited higher IgE-

binding activity compared to Amb a 1.02 or 03 isoforms (Wolf et al., 2017). These observations

suggest that even minor structural differences among isoforms can significantly impact their

allergenic potential.

As mentioned above, alternative splicing events due to elevated temperature and post-
translational modifications by elevated NO2 could lead to changes in protein stability and function

(Zhang and Mount, 2009), emphasizing the complexity of environmental factors on allergen

expression. Understanding these molecular mechanisms is crucial for deciphering the underlying
biology driving allergen responses to environmental cues and informing targeted strategies for

allergy management and prevention (Zahid et al., 2022).

4.1.7-2 Established minor allergens in ragweed pollen

The finding that significant decreases observed in Amb a 8.0101 and Amb a 8.0102 in

response to elevated temperature aligns with the finding by El-Kelish et al. (2014), who

demonstrated downregulation of the Amb a 8.1 transcript under elevated CO2 conditions in a
greenhouse experiment. Moreover, the overall effect of elevated temperature on decreasing these
allergen proteins may be attributed to their involvement in essential metabolic pathways sensitive

to temperature changes. Notably, this profilin, a protein reported in numerous plants (Vidali et al.

2009) and yeast species (Lu and Pollard, 2001), may be particularly susceptible to such

disruptions.

Furthermore, the significant induction of Amb a 5.0101, a cysteine-rich protein, in response
to elevated NO2 may be attributed to its involvement in nitrogen metabolism (Pan and Wang
2017) and the antioxidant response triggered in pollen by increased NO2 concentrations (Gow et

al., 2004; Holtarefe et al., 2008). In addition, treatment with elevated NO2 could influence the

regulation of metabolic pathways in plants, potentially leading to a redistribution of resources

within the plant (Savchenko and Tikhonov, 2021). Consequently, plants may adjust the rate of
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synthesis of proteins such as defensins-like proteins (including Amb a 4.0101) and polcalcin-like
proteins (including Amb a 10.0101) to adapt to changes in metabolic pathways, resulting in

decreased expression of these proteins (Liu et al., 2018a).

Together, these novel findings, presented for the first time, unveil alterations in the levels of
minor allergens in ragweed pollen, mainly involved in responding to environmental changes rather

than contributing to variations in pollen protein allergenicity.

4.1.7-3 Protein sequence homologies to known allergens in other plant species

Consistent down-regulation of four allergen homologs was observed under elevated
temperature conditions in both experiments. This finding of the downregulated profilin proteins
(Mal d 4 homologue in apple) due to elevated temperature aligns with the decreased abundance of
Amb a 8 isoforms discussed in section 4.1.7-2, suggesting that elevated temperature may reduce
the allergenicity of certain pollen types. Additionally, a similar reduction was observed in an
isoflavone reductase (Ole e 12 homologue in olive pollen)) in experiment 1 and a phenylcoumaran
benzylic ether reductase (Bet v 6 homologue in birch pollen) in experiment 2. This finding is
consistent with a recent study showing that heat stress in sweet corn seedlings led to the down-
regulation of genes encoding phenylcoumaran benzylic ether and isoflavonoid reductases (Wang

et al., 2023). These enzymes share up to 81% sequence similarity (Karamloo et al., 2001) and are

crucial for plant metabolism, particularly in the biosynthesis of lignans and isoflavonoids, which

are essential for plant defense and adaptation to environmental challenges (Del-Mondo et al.,

2022; Niculaes et al., 2014; Wei et al., 2022). Consequently, it can be inferred that heat stress

decreases lignan and isoflavonoid biosynthesis, leading to the loosening of the cell wall and
promoting plasma membrane fluidity to facilitate the influx of substances, biomass, and

information (Niculaes et al., 2014).

Furthermore, the observed down-regulation of cyclophilins (Cat r 1 homologue in
Catharanthus roseus) under elevated temperature conditions in both experiments is notable.
Cyclophilins are involved in protein folding and function as chaperones in stress responses

(Andreevaetal., 1999). Their reduction, contrary to the expected increase in alternative splicing

events under heat stress (Jo et al., 2022), as discussed in section 4.1.7-1, suggests a complex

155



4: Chapter — DISCUSSION

regulatory mechanism governing gene expression and protein synthesis in response to elevated
temperatures. This finding warrants further investigation to understand the precise role of

cyclophilins in heat stress adaptation.

Collectively, these results highlight the adaptive strategies in different metabolic pathways
employed by plants to cope with elevated temperatures. The reduction in reductases regulating
lignan and isoflavonoid biosynthesis, coupled with changes in profilin and cyclophilin levels,
indicates a shift in metabolic and defensive priorities. This shift could enhance the plant’s ability
to maintain cellular integrity and function under stress but may also alter its interaction with the

environment, including its allergenic properties.

4.1.7-4 IgE-reactive proteins with sequences homologies to known allergens in ragweed

pollen

Among the potential IgE-reactive proteins discussed in section 4.1.6-3, the peptidyl-prolyl
cis-trans isomerase protein and its isoforms with their overall expression exhibited a significant
decrease in response to combined elevated temperature and elevated NO:z in experiment 2. The
reduction of this protein is in accordance with the significantly decreased expression of
cyclophilin discussed in section 4.1.7-3, which belongs to the immunophilin superfamily and

regulates the peptidyl-prolyl cis-trans isomerase activity (Kaur et al., 2015; Noir et al., 2005).

However, this finding contrasts with the results of Zhao et al. (2016), who observed a significant
increase of this protein in ragweed pollen treated with elevated NO2 compared to pollen treated
without NO2. The discrepancy may be primarily attributed to the introduction of elevated
temperature treatment, potentially reducing the synthesis or stability of this protein, as discussed

in section 4.1.7-2.

Moreover, LC-MS/MS quantification of calmodulin in this study revealed a significant
decrease in samples treated with elevated temperature. This finding correlates with the reduced
expression of Amb a 9 and Amb a 10 due to elevated temperature treatment in experiment 2 and

aligns with the observed reduction of cyclophilin discussed above (Kaur et al., 2015).
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Furthermore, calreticulin, cytosolic phosphoglycerate kinase and chloroplastic/mitochondrial
nucleoside diphosphate kinase 1V exhibited a similar elevated temperature-dependentreduction.
This protein, crucial for various cellular processes including protein folding, glycolysis, and
nucleotide metabolism, respectively (Jia et al., 2009), also displayed sensitivity to heat stress

(Conway et al., 1995) and induction in rice under cold treatment (Guo et al., 2023).

Collectively, these findings suggest that elevated temperature, especially when combined
with elevated NO2, exerts a multifaceted impact on the expression and stability of key proteins
involved in plant defense and metabolism. Although these proteins may be induced by
environmental stress at the transcriptional level, they may not remain stable at higher temperatures
eventually. The reduction in the expression of these proteins under stress conditions points to a
potential weakening of the plant’s defensive capabilities and metabolic efficiency, which could

have broader implications for plant health and productivity under future climate scenarios.

4.1.7-5 Protein in vitro tyrosine nitration in ragweed pollen

In this study, in vitro nitration experiments were conducted on recombinant allergens,
revealing potential modifications by nitration in Amb a 1, Amba 3, Amb a 8, Amb a 11, and Amb
a 12. With the exception of Amb a 12, the other four proteins exhibited a 20-30% possibility of
enhancing the IgE response based on the tested sera following nitration, in line with hypothesis H1
b. Despite the relatively low probability, the potential for structural conformational changes in
allergens, resulting in altered allergenicity through post-translational modifications, remains
significant, as discussed above in sections 4.1.6-3 and 4.1.6-4. In agreement, NO2 was found to
induce S-nitrosylation of five Amb a 1 isoforms and Amb a 3 in ragweed pollen, potentially
exacerbating the allergenicity of ragweed pollen under elevated NO: treatments, as documented

by Zhao et al. (2016). A similar augmentation effect of NO2 on the allergenicity of birch pollen

allergen Betv 1, attributed to the formation of nitro-tyrosine residues, was also observed

(Gruijthuijsen et al., 2006; Karle et al., 2012). In this regard, conducting additional

immunoprecipitation analyses using anti-biotin and anti-nitrotyrosine antibodies in future studies

could provide further evidence and insights into these mechanisms.
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4.1.8 GO Annotation of differentially expressed proteins in ragweed pollen

4.1.8-1 Molecular function with catalytic activity

In the category of molecular function, the most abundant group across all treatments was the
catalytic activity, which involves the catalysis of biochemical reactions at physiological
temperatures, known as enzymes (Cooper, 2000), and highlights their importance in pollen for all

processes during pollen tube growth and interactions during fertilization (Krichevsky etal., 2007;

Wang et al., 2010). These enzymatic activities also act as secondary messengers, integrating

environmentaland intracellular signals to optimize pollen tube performance under varying

physiological conditions (Grudkowska and Zagdanska, 2004; Zhenget al., 2019).

Simultaneously, some allergenic proteins in ragweed pollen have specific molecular
functions and some of them are related to catalytic processes. For instance, Amb a 1, the major
allergen in ragweed pollen, exhibits pectate lyase activity, which is crucial for pectin degradation

(Marin-Rodriguez et al., 2002). Amb a 12, an enolase, plays a key role in specific peptide-bond

cleavages and energy production by regulating the glycolytic pathway (Grijincu et al., 2023; Zhao

etal., 2016). Amb a 11, a cysteine protease, along with its homologous proteins, play crucial roles

in regulating anther development and pollen formation in various plants (Bouley et al., 2015;

Groemeet al., 2016; Li et al., 2021). Thus, the critical role and high demand of catalytic reactions

in pollen growth and development suggest the relatively high prevalence of Amba 1, Amba1l,
and Amb a 12. This observation aligns with the results from 2D-immunoblots, as discussed in

section 4.1.6-2.

4.1.8-2 Molecular function with binding-related terms

The second most abundant group across all treatments consisted of binding-related terms,
including nucleotide binding, metal ion binding, and protein binding. Several allergenic proteins
in ragweed pollen exhibited these binding activities, implying their crucial roles in the
physiological processes of ragweed pollen and their contribution to enhanced allergenic potential

(Abdullah et al., 2016; Chen et al., 2016).
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Particularly, certain molecular functions, including DNA binding and RNA binding, were
significantly upregulated exclusively under elevated temperature treatments. This finding indicates
a robust transcriptional and post-transcriptional regulatory response in ragweed pollen. This
response may facilitate rapid adaptation to thermal stress by promoting the expression of stress-
responsive genes and alternative splicing events, which generate protein isoforms better suited to

the altered environmental conditions (Jo et al., 2022; Liu et al., 2022; Shiina and Shimizu, 2020).

Thisis in accordance with the findings discussed in section 4.1.7-1. Similarly, the increased
activities of molecular functions, including signal transducer activity, motor activity, structural
molecular activity, and transporter activity, associated with cytoskeleton dynamics under elevated
temperature conditions highlight their crucial role in the directionality and speed of pollen tube

elongation (Chenet al., 2023; Yuan et al., 2023). These findings align with previous studies,

which indicated that these activities were highly sensitive to temperature fluctuation (Prasad et al.

2015; Prasad et al., 2008). The actin-binding protein Amb a 8, a profilin, and its homologies are

particularly importantin this context, as they regulate actin polymerization, which is vital for

cytoskeletal reorganization during pollen tube growth (Sunyer et al., 2009; Vidali et al., 2001).

Thisis in accordance with the findings discussed in sections 4.1.7-2 and 4.1.7-3. T hese findings
suggest that elevated temperatures not only impact the expression of allergenic proteins but also

modulate the molecular functions that are critical for pollen viability and allergenicity.

4.1.8-3 Annotations in biological processes

Among the biological process categories, the annotation with metabolic process ranked the
highest in number across all treatments. These metabolic processes are fundamental to
maintaining cellular energy balance and biosynthesis, essential for pollen viability and fertilization

capacity (Liu et al., 2023; Zhu and Thompson, 2019). T he consistent enrichment of this term

suggests that both up- and down-regulated proteins contribute to the dynamic regulation of

metabolic pathways, facilitating pollen adaptation to fluctuating environmental conditions.

Proteins associated with the response to stimulus and defense response were particularly
enriched due to elevated temperature, highlighting ragweed pollen’s ability to perceive and react
to environmental changes.
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Similarly, the enrichment of the GO terms “transport”, “regulation of biological process”,
“cellular homeostasis”, and “cellular component movement” indicates a robust network of
transport proteins and regulatory molecules. These elements ensure the efficient movement of
ions, metabolites, and signaling molecules, which is essential for maintaining cellular homeostasis

under stress conditions, such as elevated temperature (Chowdharyetal., 2011; Slieker, 2024).

Moreover, the specific enrichment of cell organization and biogenesis proteins in elevated
temperature-treated clusters emphasizes the need for structural and functional reorganization of
cellular components to cope with thermal stress. This reorganization is crucial for sustaining
pollen tube growth and ensuring successful fertilization, as discussed earlier in relation to

cytoskeleton dynamics (Chen et al., 2009; Yuan et al., 2023). Collectively, these insights provide a

comprehensive understanding of the molecular basis of ragweed pollen’s response to elevated

temperatures, with implications for managing allergenicity in the context of climate change.

4.1.8-4 Annotations in cellular component

The consistent regulation of proteins associated with the cytoplasm, membrane, cytosol,
nucleus, and mitochondrion across all treatments underscores the central role of these cellular
components in pollen. In accordance with previous research, the cytoplasm and cytosol are the
primary sites for metabolic activities and signal transduction pathways, potentially facilitating

immediate responses to elevated NO2 and elevated temperature (Hoppert and Mayer, 1999;

Verkman, 2002). Additionally, the involvement of the membrane highlights its role in maintaining

cellular integrity and mediating transport processes essential for cellular homeostasis (Conde et

al., 2011). Moreover, the regulation of the nucleus is crucial for the transcriptional reprogramming

necessary to adapt to stress (Mammoto et al., 2012), while the involvement of the mitochondrion

emphasizes the importance of energy metabolism in supporting stress responses (Picard et al.
2018). Collectively, the enriched differentially expressed proteins align with the annotations for
cellular components, as well as those for molecular functions and biological processes discussed

above.

The exclusive upregulation of proteins associated with the ribosome, proteasome, endosome,

and chromosome in elevated temperature-treated clusters further emphasizes the complex adaptive
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mechanisms activated in response to thermal stress. The regulation of the chromosome may be
attributed to its role in stress perception and signal transduction when plants encounter oxidative

stress caused by elevated temperature (Balestrazziet al., 2013). This leads to the modulation of

gene expression, ultimately resulting in a plant response. The upregulation of ribosomal proteins
indicates an increased demand for protein synthesis to support cellular functions and repair

mechanisms under stress (Petibon et al., 2021). The involvement of the proteasome, especially the

ubiquitin-proteasome system, suggests enhanced protein degradation processes to remove

damaged or misfolded proteins, maintaining cellular proteostasis (Sun et al., 2021; Wang and

Schippers, 2019). The upregulation of the endosome highlights its role in trafficking and sorting
proteins and lipids, crucial for maintaining cellular organization and function under stress

conditions (Geldner, 2004; Muller et al., 2007). Conversely, the downregulation of proteins linked

to the organelle lumen in elevated temperature-treated clusters suggests a reduction in activities
associated with specific organelles, possibly to reallocate resources towards more critical stress

response functions (Sasaki and Yoshida, 2015). This downregulation could indicate a strategic

shift in cellular priorities, focusing on immediate survival and adaptation rather than routine

organelle maintenance.

4.1.9 Functional categories of significantly regulated proteins in ragweed pollen

4.1.9-1 Enhanced ragweed plant growth is mainly associated with increased metabolic

activities

Pollen is essential for plant reproduction, and changes in protein composition and expression
levels in plants due to environmental conditions can also affect the protein profiles of mature

pollen (Hinojosaet al., 2019). Thus, in terms of functional category, the induced plant height in

ragweed plants due to the individual and combined effects of elevated temperature and elevated
NO:2 may be reflected in the enhanced abundant proteins related to metabolic activities and plant

growth regulators, observed in the protein profiles of their pollen (Khan et al., 2019).

Primarily, proteins related to metabolic processes in response to elevated temperature were

notably more abundant among up-regulated proteins in experiment 1 than that in experiment 2,
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indicating a positive plant growth in experiment 1. These findings align with the previously
described opposite effects of elevated-temperature treatments on plant height in the two climates,

outlined in section 4.1.2-1.

Additionally, in both climates, several proteins involved in plant growth regulator-activated
signaling pathway were more significantly up-regulated by elevated temperatures compared to
elevated NO:. This association might be attributed to the conducive temperatures that stimulate
the metabolic process within plants, especially the synthesis of growth regulators, activating cell
division and elongation, subsequently impacting plant height, as previously reported in crop

species (Fahad et al., 2016; Pateland Franklin, 2009).

It is noteworthy that the intense differential changes in proteins associated with the
photosynthetic process were caused by elevated temperature rather than by elevated NO2. The

photosynthesis process, including the Calvin cycle (Bertsch et al., 1993; Meissner et al., 1999), C4

acid pathway (Niessen et al., 2012), and nitrate assimilation (Kawaharaetal., 2013), was mostly

downregulated in response to elevated temperature. This finding is contrast to a prior study
highlighting the notable adaptability of ragweed plants across a broad temperature range (5 to 35

°C) and their heightened photosynthetic activity under elevated temperatures, as observed in

mature ragweed plants (Bazzaz, 1974). However, proteins involved in carbon fixation and energy
production, which are highly regulated by photosynthetic process, showed significant
upregulations in response to elevated temperature. This enhancement promotes greater biomass
accumulation and inflorescence development, as evidenced by the increased plant size and male

inflorescence length observed in Arabidopsis thaliana (Meyer etal., 2007). Thus, it can be

speculated that ragweed plants are more likely to achieve positive growth despite a deficient
photosynthesis, suggesting a hermetic dose response in ragweed plants under elevated temperature

stress in a moderate climate (Agathokleous, 2021).

4.1.9-2 Effects of elevated temperature and elevated NO2 on ragweed reproductive

response

The comprehensive characterization of functional categories of significantly regulated

proteins in ragweed pollen provides a molecular framework for understanding its physiological
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responses and adaptive strategies. By elucidating the roles of reproductive structure development
factors, stress-responsive proteins, and secondary metabolite biosynthesis enzymes, this study
contributes to the broader understanding of ragweed pollen biology, shedding light on ragweed

pollen’s resilience and reproductive strategies (Khan et al., 2018; Zenda et al., 2022).

4.1.9-2.1 Reproductive structure development

Reproductive structure development factors include processes during reproductive structure
development, such as pollen tube elongation, growth, and overall development, along with flower
development, embryo and seed development, which are tightly regulated and essential for

successful pollination and fertilization (Shi and Yang, 2010).

Elevated temperature significantly upregulated proteins associated with reproductive
structure development in experiment 1, but exhibited the opposite trend in experiment 2. This
finding aligns with previous studies indicating that increases in temperature within an optimal
range can stimulate reproductive processes and enhance pollen output in various plant species

(Gray and Brady, 2016; Hatfield and Prueger, 2015). However, while surpassing the temperature

threshold, the resulting heat stress can lead to the denaturation of proteins and impair enzymatic

functions critical for reproductive development (Bita and Gerats, 2013; Resentini et al., 2023).

This observation is consistent with the hypothesis in the section 4.1.3-3.1. Overall, the impact of
elevated temperature on reproductive structure development aligns with previous research by

Hatfield and Prueger (2015) and Poidevin et al. (2021), underscoringthe vulnerability of

pollination to heat stress across diverse species. Given the anticipated rise in temperatures
associated with climate change, particularly during crucial developmental stages, the potential

impact on production is significant.

Particularly, in experiment 2, elevated temperature resulted in the up-regulation of proteins
associated with pollen development and pollen tube growth, which are linked to reproductive
structure development. Conversely, proteins related to flower development were predominantly
down-regulated. The up-regulation of proteins involved in pollen tube growth under elevated
temperature conditions highlights the plant’s attempt to ensure that the limited pollen produced is

more efficient in achieving fertilization. Pollen tube growth is a critical phase in the reproductive
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process, as it determines the successful delivery of sperm cells to the ovule (Hepler et al., 2013).

In addition, the down-regulation of flower development proteins may explain the observed
decrease in pollen release per male inflorescence under elevated temperature conditions, as
outlined in the section 4.1.3-3.1. Reduced investment in flower development likely results in
fewer and less robust flowers, thereby decreasing the overall pollen output. This phenomenon

aligns with previous research indicating that elevated temperatures can negatively impact flower

formation and development, leading to reduced reproductive success (Bita and Gerats, 2013).
Collectively, the findings from experiment 2 underscore the complex interplay between elevated
temperature and plant reproductive strategies. The up-regulation of proteins associated with pollen
development and tube growth, coupled with the down-regulation of flower development proteins,
suggests an adaptive mechanism to ensure reproductive success despite reduced pollen quantity

under stress conditions.

Similarly, elevated NOz induced differential expression of multiple proteins associated with
the development of reproductive structures under ambient temperature conditions. T his finding
suggests induced pollen production due to elevated NO2, consistent with the observation discussed

in section 4.1.3-3.2 and previous research by Zhao et al. (2016). Notably, under elevated

temperature conditions, the NO2-induced differential expression of these proteins was no longer
observed. These findings imply a complex interplay between elevated NO2 and elevated
temperature in regulating the development of reproductive structures in ragweed, suggesting that
the combined stressors of elevated NO: and elevated temperature may overwhelm the plant’s
adaptive mechanisms. Elevated temperatures alone already impose significant stress on plants,
leading to substantial changes in protein expression associated with various physiological

processes, including pollen development and tube growth (Bita and Gerats, 2013). The additional

stress from elevated NO2 may disrupt these processes, preventing the plant from effectively up-

regulating proteins involved in reproductive structure development.
4.1.9-2.2 Cytoskeleton dynamics

Polarization through rearrangement of the cytoplasm and cytoskeleton is essential for pollen
germination. After pollen tube growth reaches its maximal tip region, there must be a continual

deposition of new cell walls and plasma membranes (Mascarenhas, 1993). Thus, cytoskeleton
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dynamics, including cytoskeletal organization and cell wall remodeling, is essential to pollen’s

resilience and reproductive strategies under stress conditions (Mollet et al., 2013; Selinski and

Scheibe, 2014).

Obviously, proteins associated with cytoskeleton dynamics were significantly differentially
expressed under elevated temperature conditions in both experiments. This finding aligns with
previous research indicating that proteins, such as actin and tubulin isoforms, involved in
cytoskeletal functions like pollen tube elongation and growth, are sensitive to temperature changes

(Cai et al., 2005). Elevated temperatures can disrupt the organization of cytoskeletal elements,

affecting pollen tube growth and directional guidance toward the ovule, as shown in previous

studies (Bita and Gerats, 2013; Resentini et al., 2023).

Similarly, the differential expression of cytoskeleton-related proteins due to elevated NO2
was observed particularly under ambient temperature conditions in experiment 2, suggesting that
elevated NOz in a relatively warmer climate facilitates reorganization in mature pollen. This
facilitation could enhance pollen germination and rapid tube elongation and orientation, promoting

successful fertilization (Palevitz et al., 1994; Vidali et al., 2001). However, while ach

environmental factor individually promoted the reorganization of cytoskeletal elements, their
concurrent presence appears to diminish this effect. This negative interaction could result from the
plants’ need to balance the competing demands of managing oxidative stress induced by NO2 and

thermal stress, leading to a compromise in cytoskeletal protein expression.
4.1.9-2.3 Energy generation

Energy generation processes, including glycolysis, tricarboxylic acid cycle, and Calvin cycle,

along with metabolic processes, are crucial for pollen tube elongation and growth (Chen et al.

2017; Choi et al., 2014; Noir et al., 2005). Obviously, proteins associated with metabolic

processes, glucose metabolism (including glycolysis), and tricarboxylic acid cycle exhibited more
significant up-regulation under elevated temperature treatment in experiment 1, but demonstrated
a considerable down-regulation in experiment 2. These findings again support an optimal
temperature range can positively impact ragweed growth by optimizing metabolic processes

(Fahadet al., 2016; Khan et al., 2019; Pateland Franklin, 2009). While temperatures beyond the
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optimal range can lead to thermal stress, disrupting enzymatic activities and metabolic pathways

(Liu et al., 2023; Zenda et al., 2022). The down-regulation of proteins involved in glucose

metabolism, the tricarboxylic acid cycle and the Calvin cycle reflects a shift towards a stress-
induced metabolic state, where energy-consuming processes are down-regulated to prioritize

cellular maintenance and survival (Liu et al., 2023; Zhu and Thompson, 2019).

Similarly, a greater number of proteins associated with glycolysis and tricarboxylic acid
cycle was upregulated in response to elevated NO2 under ambient temperature conditions than
under elevated temperature conditions alone. The findings suggests that elevated NO> under the
ambient temperature conditions enhances metabolic activity, potentially increasing energy
production and promoting pollen production. This aligns with previous findings that NO> can act
as a signaling molecule and nitrogen fertilization, stimulating similar induction of Amb a 12 and

enhancing pollen development and production (Grijincu et al., 2023; Zhao et al., 2016; Zhao et al.,

2017b). In contrast, these findings also suggest that the combined stress of elevated temperature
and elevated NO2 may exceed the plant's metabolic capacity, and the overall metabolic burden
may lead to a down-regulation of key metabolic proteins as a protective response to conserve

energy and reduce damage.
4.1.9-2.4 Cellular transport and signaling

Each stage of pollen tube development and fertilization involves cell-to-cell signaling and
transport-related molecules between the male gametophyte and female tissues. The up-regulation
of V-type proton ATP synthase, ATP synthase and clathrin, as well as proteins involved in GTP-
mediated signaling and calcium ion-dependent signaling, suggests that elevated temperature

enhances the cellular machinery necessary for pollen tube elongation and growth (Chen et al.

2017; Choi et al., 2014; Lietal., 2010). Thisis consistent with previous findings that underscore

the role of these proteins in facilitating the dynamic cellular changes required for effective pollen

tube navigation (Songet al., 2009; Zhao et al., 2016). Particularly, the observed up-regulation of

calcium ion-dependent signaling under elevated temperature conditions highlights the pivotal role

of calcium as a universal signaling molecule in pollen tube growth (Shiand Yang, 2010; Zheng et

al., 2019). Calcium ions play a critical role in maintaining the oscillatory nature of pollen tube

growth, affecting various downstream targets that regulate actin dynamics and vesicle trafficking
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(Geldner, 2004; Muller et al., 2007). This finding aligns with prior studies indicating that elevated

temperatures can enhance calcium-dependent processes, thereby supporting the rapid elongation

and directional growth of pollen tubes towards the ovule (Wopfner et al., 2008).

On the other hand, the up-regulation of ATP synthase in response to elevated NOz, as

observed in this study and corroborated by Zhao et al. (2016), points to an increased energy

demand under elevated NO2 treatment. ATP synthase is vital for ATP production in mitochondria,
providing the necessary energy for various cellular processes, including those involved in stress

responses and pollen tube growth (Li et al., 2010). This indicates that elevated NO2 may enhance

the metabolic activity in pollen, facilitating the energy-intensive process of tube elongation under

stress conditions.

4.1.9-3 Stress and defense-related proteins

It is known that the stress and defense responses reflected in the mature pollen proteome
include not only extracellular stresses after release from the anther but also intracellular stresses
caused by the active metabolism of germinating pollen and its interaction with the cells of the

stigma and style (Dai et al., 2006). In this study, a notable portion of stress-related proteins, such

as heat shock proteins (HSPs), chitinase, catalases, peroxiredoxins, chaperonin, and several other
antioxidant enzymes, along with several 26S proteasome non-AT Pase regulatory subunits were

identified in ragweed pollen. This finding aligns with previous studies on NOz-treated (Zhao et al.

2016) and elevated Os fumigated (Kanter et al., 2013) ragweed pollen, as well as environmental

stressor-treated or non-treated pollen from various plant species (Agrawal and Rakwal, 2008).

Hence, it can be inferred that these proteins in ragweed pollen play crucial roles in maintaining
cellular homeostasis, detoxification, and defense against environmental stressors and reactive
oxygen species (ROS), which may be affected by the individual and combined treatments of
elevated temperature and elevated NOz2. These findings align with previous studies on
environmental stress responses in plants, indicating a conserved mechanism of stress tolerance

across different species (Foyer and Noctor, 2005; Gray and Brady, 2016; Vaidyanathan et al.,

2003).
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A larger proportion of proteins potentially associated with stress and defense was elevated
temperature-dependent differential expressed than elevated NO- did. HSPs, particularly HSP 70
and HSP 90, and molecular chaperones are crucial for mitigating the adverse effects of

temperature stress on reproductive processes (Wanget al., 2004). For example, HSP70 and HSP90

are known to chaperone misfolded proteins and stabilize cellular structures under heat stress

conditions (Wahid et al., 2007; Wang et al., 2004). The chaperone proteins assist in the proper

folding of newly synthesized proteins, prevent aggregation of misfolded proteins, and stabilize

cellular structures under heat-stress conditions (Pant et al., 2020). Collectively, the upregulations

of HSPs and chaperonin in response to elevated temperature may help maintain the structural
integrity of pollen grains and support proper pollen tube elongation, ensuring successful

fertilization even under stressful conditions.

Moreover, the identification of proteins such as chitinase, catalases, peroxiredoxins, and
various antioxidant enzymes emphasizes their role in protecting pollen cells from oxidative
damage, indicating an overall higher oxidative stress level under the elevated temperature
treatment. The expression of chitinase was exclusively observed as a downregulation due to
individual elevated temperature and elevated NO-. This is consistent with a converse upregulation

of this protein due to cold stress in crops (Iwuala et al., 2020; Vaghela et al., 2022). Additionally,

the significant upregulations of catalases and peroxiredoxins, consistent with their critical roles in
detoxifying hydrogen peroxide, a reactive oxygen species (ROS) that can accumulate under heat

stress (Locato et al., 2008) and other abiotic stresses like UV (Rao et al., 1996), ozone (Rao et al.,

1996), drought (Basu et al., 2010; Sharma and Dubey, 2005), and cause cellular damage.

Collectively, the presence of these enzymes suggests an intricate defense mechanism that allows

ragweed pollen to cope with abiotic stresses.

Additionally, the detection of 26S proteasome non-AT Pase regulatory subunits indicates the
involvement of the ubiquitin-proteasome pathway in protein degradation and quality control. This
pathway is essential for removing damaged or misfolded proteins and regulating various cellular

processes, including stress responses (Kosové et al., 2021). The upregulation of these proteasome

subunits in response to elevated temperature and NO- treatments suggests an enhanced capacity
for protein quality control and turnover, contributing to cellular homeostasis.
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Furthermore, the increased expression of stress-related proteins in response to elevated
temperature and NO2 treatments has significant implications for both plant reproductive success
and human health. On the one hand, the enhanced stress tolerance of ragweed pollen suggests a
higher likelihood of successful fertilization under adverse environmental conditions, contributing
to the spread and persistence of this allergenic plant. On the other hand, the increased allergenicity
of the pollen under these conditions poses a greater risk to individuals with pollen allergies,
potentially leading to more severe allergic reactions during periods of elevated temperatures,

which is in accordance with the findings outlined in section 4.1.6-1.

4.1.9-4 Secondary metabolite

The identified enzymes in the biosynthesis pathways of secondary metabolites, such as those
involved in fatty acid, lipid, oxylipin, flavonoid, isoprene, lignin, riboflavin, and steroid
biosynthesis, were observed to significantly differential expression due to elevated temperature
and elevated NOx2. The presence of enzymes involved in the biosynthesis of a wide range of
secondary metabolites indicates a sophisticated metabolic network in ragweed pollen that supports
its adaptability and reproductive success under varying environmental conditions (Paupiére et al.,

2017; Rehman et al., 2023). For instance, fatty acids and lipids are essential for the formation of

pollen cell membranes and energy storage, contributing to pollen viability and germination

(Traidl-Hoffmann et al., 2002; Zhu and Thompson, 2019). Oxylipins, derived from fatty acids, are

involved in plant defense responses and signaling pathways that mediate interactions with

pathogens and herbivores (Adigun et al., 2023; Ponce de Leon et al., 2015). Flavonoids have

antioxidant properties and play a role in protecting pollen from UV radiation and oxidative stress

(Chutipaijit et al., 2009; Woo et al., 2002).

The detection of biosynthetic enzymes for secondary metabolites such as flavonoids and
lignin suggests their involvement in structural and protective functions within the pollen.
Flavonoids, apart from their antioxidant roles, are crucial in regulating pollen tube growth and

fertilization processes, especially during high-temperature stress (Muhlemann et al., 2018). Lignin

a structural component, reinforces pollen walls, enhancing their resilience to environmental

stresses (Liu et al., 2018b). This protein was observed with an accumulation in the process of cold
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acclimation in woody evergreens (Wei et al., 2006) and an induced deposition due to heat

treatment in citrus fruit (Yun et al., 2013). Moreover, both heat and low temperatures were found

to reduce the lignification in loquat fruit (Zeng et al., 2016). Steroids were found to influence

pollen tube growth and fertilization by modulating cellular processes and signaling pathways in

rice during heat stress (Fahad et al., 2016). Additionally, riboflavin biosynthesis is integral for

cellular metabolism and energy production, ensuring the energetic demands of pollen germination

and tube elongation are met (Powers etal., 2012).

4.1.9-5 Protein modifications

The differential expression of proteins with PT Ms, particularly under elevated temperature
and elevated NO2 treatments, highlights the dynamic nature of the pollen proteome in response to
environmental stressors. The upregulation of protein methylation and phosphorylation in response
to elevated temperature in experiment 1 indicates an active modulation of signaling pathways and
transcriptional programs to cope with heat stress. This is consistent with the findings of Han et al.
(2022), who reported similar PTM patterns in crops under warm-temperature stress. In contrast,
the mixed patterns of up- and down-regulation observed in experiment 2, which simulated a
relatively warmer climate, suggest a more complex regulatory response to elevated temperature
stress, potentially due to the higher baseline temperatures exceeding the optimal range for ragweed

growth.

The observed PT Ms play crucial roles in maintaining cellular homeostasis and ensuring the
functionality of stress response mechanisms. For example, the upregulation of protein
phosphorylation under elevated temperature conditions can enhance the activation of heat shock
factors (HSFs) and other transcription factors that drive the expression of heat shock proteins

(HSPs) and other protective proteins (Jo et al., 2022). This aligns with the upregulation of HSPs

observed in the study, which helps mitigate the adverse effects of temperature stress by stabilizing

cellular structures and facilitating proper protein folding.

Similarly, protein methylation can regulate gene expression by modifying histones and
influencing chromatin structure, thereby altering the accessibility of DNA to transcriptional

machinery (Pacchierottiand Spano, 2015; Shiina and Shimizu, 2020). The induced expression of
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methylated proteins under elevated temperature conditions in experiment 1 suggests that
epigenetic modifications are a key component of the plant’s adaptive response to heat stress. This
is further supported by studies showing that methylation patterns can change in response to
environmental stressors, leading to long-term changes in gene expression and stress tolerance

(Breton-Larrivée etal., 2019).

Glycosylation, another critical PT M, significantly upregulated in response to elevated
temperature independent of elevated NOz, affecting the stability and function of many proteins
involved in stress responses in ragweed pollen. For instance, glycosylated proteins are often
involved in cell wall remodeling and signal transduction, processes that are essential for

maintaining cell integrity and communication under stress conditions (Behr et al., 2020). The

identification of glycosylated proteins in response to elevated temperature suggests that this

modification is crucial for pollen viability and stress resilience.

Taken together, these madifications play critical roles in regulating protein function, stability,
and interactions, thereby enabling plants to quickly adjust their transcriptional programs and

signaling pathways in response to environmental changes.

4.2 Diversity of leaf-colonizing fungal species of ragweed and their

potential interaction with pollen allergens

4.2.1 Characterization of ragweed plant-associated fungi

4.2.1-1 Diversity and niche preference

The findings from Illumina sequencing analysis clearly demonstrate a disparity in fungal
colonization between the upper and lower levels of the ragweed plant, with the former exhibiting a
more diverse fungal community. T his observation suggests a potential compartmentalization of
fungal colonization within the plant, underscoring the significance of spatial dynamics in plant-
fungal interactions. The microbial composition of the upper leaf regions may be closely associated

with the microbial community found in pollen which could not be studied in the present work.
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The consistent presence and high relative abundance of species affiliated with the genus
taxon “unknown_Capnodiales (Order)” across all leaf samples is a noteworthy finding of this
study. This taxon’s prevalence suggests a strong association with ragweed leaves, indicating
leaves as a preferred habitat for this particular fungal group. The persistence of this taxon
throughout different leaf layers implies its adaptability to varying micro-environmental conditions
within the leaf structure. Moreover, the identification of a specific fungal isolate belonging to this
genus taxon (Table 3 — 15) opens avenues for experimental studies to characterize its physiology,

host specificity, and pathogenicity.

In addition, the differential enrichment of fungal species affiliated with the genus taxon
“unknown_Didymellaceae (Family)”” and Podospora across leaf samples at different positions
further highlights the spatial dynamics of fungal colonization within ragweed leaves. T his result
indicates a potential preference for lower leaf positions by these fungal taxa, suggesting spatial
niche differentiation within the plant host. The family Didymellaceae encompasses a diverse

group of fungi known for their plant pathogenicity and saprophytic lifestyles (Aveskamp et al.,

2010; Aveskamp et al., 2008; Marin-Felix et al., 2017). The enrichment of

“unknown_Didymellaceae (Family)” taxa in lower leaf samples may reflect specific ecological
preferences or physiological adaptations to conditions prevailing in the lower leaf layers. Lower
leaf positions often experience reduced light exposure, higher humidity, and altered nutrient
availability, which may favor the growth and proliferation of certain fungal taxa. The
identification of a fungal isolate (Table 3 — 15) affiliated with the family Didymellaceae
underscores the importance of characterizing individual taxa to understand their ecological

significance and potential impacts on host health.

Similarly, the enrichment of Podospora in lower leaf samples suggests a spatial distribution
pattern within the ragweed phyllosphere. Podospora spp. are commonly found in soil and
decaying plant material, indicating a potential role in leaf litter decomposition or nutrient

recycling processes (Kazerooniet al., 2022). The preferential colonization of lower leaf layers by

Podospora may be linked to increased organic matter accumulation and microbial activity in these

regions; moreover, it indicates the interactions between the plant-soil-system.

172



4: Chapter — DISCUSSION

Pseudopithomyces, Neoascochyta, and Aureobasidium, all belonging to the family
Didymellaceae, exhibited higher abundance in the upper leaves, whereas Bipolaris, a member of
the family Pleosporaceae, was more prevalent in the lower leaves. These findings suggest
differential adaptation to micro-environmental conditions and resource availability within the
ragweed phyllosphere. In contrast, the enrichment of Bipolaris and Sporobolomyces in lower
leaves implies a distinct ecological niche within the lower leaf layers. Bipolaris spp. are known for
their saprophytic and pathogenic lifestyles, often associated with leaf spots and blights in various

plant hosts (Gupta et al., 2018; Kazerooniet al., 2022). The prevalence of Bipolaris in lower

leaves may reflect the accumulation of organic matter and higher microbial activity in these
regions, providing favorable conditions for its growth and colonization. Similarly,
Sporobolomyces, a ubiquitous yeast-like fungus commonly found in soil and plant surfaces, may
thrive in the more sheltered and humid microenvironments of lower leaf layers (Fatemiet al.

2022).

Most of the identified fungal taxa with differential enrichment based on leaf position
belonged to a broad spectrum of fungal taxa with no apparent host specificity. This finding
underscores the generalist nature of fungal colonization within the ragweed phyllosphere,

reflecting the diverse array of environmental sources contributing to fungal inoculum.

4.2.1-2 Potential allergenic fungi associated with ragweed

Several fungal genera identified in this study, including Bipolaris, Aureobasidium,
Pseudopithomyces, Neoascochyta, and Sporobolomyces, have been implicated in allergic
respiratory diseases and hypersensitivity reactions in susceptible individuals. These fungi produce
airborne spores that can act as allergens, triggering allergic responses such as rhinitis, asthma, and
allergic fungal sinusitis. Bipolaris spp., for example, is known to produce potent allergenic
proteins and enzymes that can elicit allergic reactions upon inhalation or skin contact (Chowdhary

etal., 2011; Lim et al., 1995). Similarly, Aureobasidium spp. has been identified as a common

indoor and outdoor allergen, with airborne spores contributing to allergic rhinitis and asthmain

sensitized individuals (Taylor et al., 2006). The presence of Aureobasidium in ragweed leaves

raises concerns about potential allergen exposure during outdoor activities or agricultural practices
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involving ragweed-infested areas. Sporobolomyces, while less studied in the context of
allergenicity, is also known to produce allergenic proteins and enzymes that can trigger allergic

reactions in susceptible individuals (Damiji et al., 2019; Fatemi et al., 2022). Their presence in

ragweed leaves suggests a potential source of fungal allergens in the environment, particularly
during ragweed flowering and spore release periods. It is important to note that the allergenic
potential of fungal species can vary depending on factors such as spore morphology, allergen
composition, and individual susceptibility. Therefore, further research is needed to characterize
the allergenicity of specific fungal isolates identified in our study and assess their contribution to

allergic disease burden in ragweed-infested regions.

4.2.2 Cross-reactivity betweenfungal proteins and aqueous ragweed pollen

extract

The significantly higher IgE-binding observed upon adding CRP (commercial ragweed
pollen) to sample 1, referencing B. bassiana, suggests a potential synergistic effect between B.
bassiana antigens and CRP in eliciting allergic responses. T his finding indicates that B. bassiana
may contain allergenic proteins or epitopes that interact with CRP, enhancing their allergenic
potential in sensitized individuals. However, further characterization of specific allergenic
components in B. bassiana will be essential for understanding the mechanisms underlying this
interaction and its relevance to allergic disease. Moreover, characterizingthe epitopes involved
could facilitate the development of targeted therapies or diagnostic tools for individuals sensitized

to these allergens (Raghavan et al., 2013).

In contrast, no significant IgE-binding was observed upon adding CRP to samples 8 (G.
tricincta), 11 (M. bolleyi), and 15 (C. lunata), indicating a lack of synergistic effects between CRP
and these fungal isolates in eliciting IgE-mediated responses. T his suggests that the allergenic
potential of these isolates might be inherently lower, or their allergenic proteins do not synergize
with CRP in the tested conditions. This finding is important as it highlights the variability in

allergenic potential among different fungal species and the complexity of allergen interactions.

Moreover, none of the remaining 11 fungal isolates nor their combinations with CRP showed

detectable IgE-binding signals. This finding suggests that these fungal isolates may exhibit low

174



4: Chapter — DISCUSSION

allergenic potential or may lack allergenic proteins or epitopes recognized by IgE antibodies under
the tested conditions. However, it is essential to consider that allergenicity is a multifaceted
phenomenon influenced by various factors such as protein concentration, conformational stability,

and individual immune variability (Stadler and Stadler, 2003; Traidl-Hoffmann etal., 2009).

Therefore, while these findings provide a preliminary indication of the allergenic potential of these
fungal isolates, comprehensive studies incorporating higher protein concentrations, different

conformational states, and diverse individual sera are necessary to draw definitive conclusions.

The observed synergistic IgE-binding between B. bassiana and CRP underscoresthe
potential for enhanced allergenic responses when certain fungal proteins interact with common
environmental allergens. This highlights the importance of identifying specific allergenic
components within B. bassiana and understanding their interaction mechanisms. Conversely, the
lack of significant 1gE-binding in other fungal isolates, such as G. tricincta, M. bolleyi, and C.
lunata, suggests variability in allergenic potential and emphasizes the need for further research to
explore these interactions comprehensively. Future studies should focus on detailed proteomic
analyses of these fungal isolates to identify specific allergenic proteins and their epitopes. This
knowledge is crucial for developing targeted interventions and mitigating allergic responses in
sensitized individuals, ultimately improving public health outcomes related to fungal and pollen

allergies.
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Overall, this study highlights that the effects of the interaction between elevated temperature
and elevated NO2 on the environment and human health were underestimated because pollen from
ragweed plants grown under combined conditions exhibited the highest allergenic potential
compared to pollen from plants grown under single factor conditions (Figure 5 - 1). Elevated
temperature, with or without elevated NO2, promoted ragweed plant growth, delayed pollen
release season and increased the allergenicity-related compounds, such as NADP (H) oxidase
activity in pollen. Moreover, elevated temperatures resulted in more allergenic pollen and higher
levels of flavonoids but with a reduced ability to bind IgE, while elevated NO2 resulted in more
allergenic pollen but a less total flavonoid content. Although a relatively warmer climate was
expected to advance the onset of pollen release, the effect of combined elevated temperature and
NO2 on this onset warrants further investigation. In addition, the interference of phenolic
metabolites and particularly flavonoids with allergen-antibody binding as modulators in immune

reactions in atopics deserves further attention.

Proteomic analysis revealed significant up-regulation of proteins involved in metabolic
processes, cytoskeleton dynamics, stress responses, and secondary metabolite biosynthesis under
elevated temperature conditions. These proteins enhance pollen viability, reproductive success,
and stress resilience, suggesting that elevated temperatures bolster adaptive and defensive
mechanisms in ragweed pollen. Moreover, elevated temperature conditions in a warmer climate
may surpass the optimal range for reproductive development. The interaction between elevated
temperature and NO2 showed complex, synergistic effects on the expression of allergenic and
stress-related proteins, indicating that combined stressors, particularly in the warmer climate, can

significantly influence pollen protein profiles and increase allergenic potential.

The study also observed synergistic IgE-binding between B. bassiana and commercial
ragweed pollen (CRP), indicating enhanced allergic responses when fungal proteins interact with
ragweed pollen allergens. Conversely, other fungal isolates showed no significant IgE-binding,
suggesting variability in allergenic potential. This underscores the need for comprehensive studies

on these interactions under diverse environmental conditions and individual immune profiles.
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Furthermore, future research will explore the in vivo interactions of ragweed plants with

associated fungi to assess cross-reactivity and their allergenic risks.
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Figure 5 - 1: Proposed mechanisms for the induced allergenic potential of ragweed pollen under
elevated temperature (T4), elevated NO2 (TN) and their combination (T4N), plant-associated fungi and
in vitro nitration. Two independent experiments (“Munich”, “Wiirzburg”) under current (T) and future
temperature (T4) simulations with 80 ppb and 0 ppb NO: in the ambient air were simulated.
Abbreviations: Tm4, TuN, Tm4N refer to elevated temperature, elevated NO2 and combined treatments
in the Munich scenario; Tw4, TwN, Tw4N refer to the same treatments in the Wiirzburg scenario; ROS
= reactive oxygen species; PTM = post-translational modification. Findings highlighted in green
indicate agreement with published studies; red denotes novel findings or results contrary to hypotheses
in this study; and purple marks novel findings or findings need further investigation. Only the results
text within the boxes lead to the next outcome, as directed by the arrows.

Overall, this study provides valuable insights into the proteomic responses of ragweed pollen
to elevated temperature and NOz, highlighting the intricate interplay between environmental
stressors, pollen allergenicity and plant adaptation. Moreover, it underscores the importance of
local solutions for NO2 emission control and strategies to mitigate temperature increases to reduce

ragweed-pollen-linked health risks and fungal allergies.
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