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Abstract  

Plants are constantly exposed to various environmental stressors. Pathogen infections 
causing disease can affect economically important crops and impact global food production. 
To counter disease development and spread, it is imperative that we acquire a thorough 
knowledge of its pathogenesis, as well as of the mechanisms underlying plant immune 
response. Plant-pathogen interactions mostly play out at the molecular level, encompassing 
a range of molecular processes and interactions between biological molecules that are 
unique to each pathosystem. Exploring these complex mechanisms entails using various 
functional analysis approaches, from high-throughput sequencing analyses to in vitro 
protein interaction assays. In the scope of this thesis, we adapt and apply different 
methodologies to study the molecular processes underlying grapevine (Vitis vinifera) 
infection with phytoplasma and the mechanisms of potato (Solanum tuberosum) immune 
response against potato virus Y (PVY).  
In studying the grapevine-phytoplasma pathosystem, we first optimized an RNA 

isolation protocol for the efficient isolation of total RNA, including small RNAs, from 
samples of 'Candidatus Phytoplasma solani' phytoplasma-infected grapevines. Our 
optimized procedure enabled the isolation of pure RNA of high integrity and concentration, 
which we used for library preparation and high-throughput sequencing. We further used a 
protein pull-down assay coupled with mass spectrometry to screen for plant protein targets 
of a putative 'Candidatus Phytoplasma solani' effector and subsequently confirmed the 
interactions between the effector and identified targets with in planta co-
immunoprecipitation. The results of this study provide important functional information 
about the poorly known mechanisms of phytoplasma effector-mediated pathogenicity. 
To improve our understanding of the potato immune response to PVY infection, we 

investigated the role of potato TGA transcription factors, regulatory proteins known for 
their importance in salicylic acid-mediated plant immunity in the model plant Arabidopsis 
(Arabidopsis thaliana). Our in silico analyses of potato TGA (StTGA) protein sequences 
revealed the presence of truncated proteins, which we named mini-TGAs. As mini-TGAs 
are not known in Arabidopsis, we performed different functional analyses to characterize 
the potato mini-TGA StTGA2.1. The results of this study revealed that StTGA2.1 
compensates for salicylic acid deficiency in potato immune response to PVY and associates 
with other full-length StTGAs to modulate transcription. We showed that StTGA2.1 is 
involved in the regulation of class III peroxidase gene expression and used advanced 
computational modeling to gain insight into the structural aspects of mini-TGA function. 
Altogether, the results presented in this thesis demonstrate the application of functional 

analysis methodologies in plants and provide new insights into the mechanisms of plant-
pathogen interactions in two economically important crop species: grapevine and potato. 
The newly acquired knowledge improves our understanding of the molecular biology of 
plant diseases, which is critical for the development of effective crop protection strategies.
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Povzetek  

Rastline so nenehno izpostavljene različnim okoljskim stresorjem. Okuźbe s povzročitelji 
bolezni lahko prizadenejo gospodarsko pomembne pridelke in vplivajo na svetovno 
proizvodnjo hrane. Za preprečevanje razvoja in şirjenja bolezni moramo pridobiti podrobno 
znanje o njeni patogenezi ter o mehanizmih, na katerih temelji imunski odziv rastlin. 
Interakcije med rastlinami in patogeni se večinoma odvijajo na molekularnem nivoju in 
vključujejo vrsto molekularnih procesov ter interakcij med bioloşkimi molekulami, ki so 
edinstvene vsakemu patosistemu. Raziskovanje teh zapletenih mehanizmov vključuje 
uporabo različnih pristopov funkcionalne analize, od visoko zmogljivih analiz sekvenciranja 
do testov interakcije proteinov in vitro. V okviru te doktorske naloge smo prilagodili in 
uporabili različne metodologije za preučevanje molekularnih procesov okuźbe vinske trte s 
fitoplazmo ter mehanizmov imunskega odziva krompirja na okuźbo z virusom krompirja Y 
(PVY). 
Pri preučevanju patosistema vinska trta-fitoplazme smo najprej optimizirali protokol 

izolacije RNA za učinkovito izolacijo skupne RNA, vključujoč male RNA, iz vzorcev vinske 
trte, okuźene s fitoplazmo 'Candidatus Phytoplasma solani'. Naş optimizirani postopek je 
omogočil izolacijo čiste RNA visoke integritete in koncentracije, ki smo jo uporabili za 
pripravo knjiźnic in sekvenciranje z visoko zmogljivostjo. V nadaljevanju smo za iskanje 
rastlinskih proteinskih tarč domnevnega efektorja fitoplazme 'Candidatus Phytoplasma 
solani' uporabili test »pull down« v kombinaciji z masno spektrometrijo in nato interakcije 
med efektorjem in identificiranimi tarčami potrdili s ko-imunoprecipitacijo in planta. 
Rezultati te ştudije podajajo pomembne funkcionalne informacije o slabo poznanih 
mehanizmih patogenosti fitoplazem, posredovanih z efektorji. 
Da bi izboljşali naşe razumevanje imunskega odziva krompirja na okuźbo s PVY, smo 

raziskali vlogo krompirjevih transkripcijskih faktorjev TGA, regulatornih proteinov, ki so 
v modelni rastlini navadni repnjakovec (Arabidopsis thaliana) znani po svoji vlogi v 
rastlinski imunosti, posredovani s salicilno kislino. Naşe analize proteinskih zaporedij 
krompirjevih TGA (StTGA) in silico so pokazale prisotnost skrajşanih proteinov, ki smo 
jih poimenovali mini-TGA. Ker proteini mini-TGA v navadnem repnjakovcu niso poznani, 
smo izvedli različne funkcionalne analize, da bi okarakterizirali krompirjev mini-TGA 
StTGA2.1. Rezultati te ştudije so pokazali, da lahko StTGA2.1 kompenzira pomanjkanje 
salicilne kisline pri imunskem odzivu krompirja na PVY in se povezuje z drugimi proteini 
StTGA, polne dolźine, za modulacijo transkripcije. Pokazali smo, da je StTGA2.1 vključen 
v uravnavanje izraźanja genov peroksidaz razreda III, in uporabili napredno računalnişko 
modeliranje za vpogled v strukturne vidike delovanja proteinov mini-TGA. 
Rezultati, predstavljeni v tej disertaciji, prikazujejo uporabo metodologij funkcionalne 

analize v rastlinah in prinaşajo nova spoznanja o mehanizmih interakcij med rastlinami in 
patogeni pri dveh gospodarsko pomembnih rastlinskih vrstah, vinski trti in krompirju. 
Novo pridobljeno znanje izboljşuje naşe razumevanje molekularne biologije rastlinskih 
bolezni, kar je ključnega pomena za razvoj učinkovitih strategij za zaşčito poljşčin. 
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Chapter 1 

1 Int roduction  

1.1 Plant Diseases  

Plant diseases impact the product quality and production yield of economically important 
plant species worldwide. About 20ɰ30% of yield losses in the five major crops (i.e., wheat, 
rice, maize, potato, and soybean) are caused by various pathogens or pests (Oerke, 2006; 
Savary et al., 2019). The main causal agents of plant diseases include viruses, bacteria, 
oomycetes, fungi, nematodes, and parasitic plants (Strange & Scott, 2005). Disease 
outbreaks are usually difficult to predict or control, as different pathogens often cause 
similar symptoms and frequently overcome plant resistance due to continuous and swift 
evolution. The interactions between pathogens and plants are highly specific and can lead 
to different outcomes depending on the interaction compatibility, which can differ between 
pathogen strains or the host cultivars of the same species (Sharma et al., 2022; Strange & 
Scott, 2005). It is thus not feasible to generalize research in phytopathology; moreover, 
while we have learned a lot by studying the few model plant species, most importantly 
Arabidopsis (Arabidopsis thaliana), each pathosystem needs to be addressed individually, 
and our knowledge of crop diseases is still lacking. 
In the following subsections, we briefly introduce two types of plant diseases, 

phytoplasma and viral infections, and describe one representative of each type in more 
detail, namely the 'Candidatus Phytoplasma solani' ('Ca. P. solani'), a causative agent of 
the Grapevine Yellows disease in grapevine (Vitis vinifera), and the potato virus Y (PVY), 
considered the most dangerous virus infecting potato (Solanum tuberosum) (Kreuze et al., 
2019).  

1.1.1 Phytoplasma Infections  

Phytoplasmas are small bacterial organisms that belong to the class of Mollicutes 
(Bertaccini & Lee, 2018). Taxonomically, they are distributed into subgroups based on 
their 16S ribosomal DNA and were assigned to the 'Candidatus' genus (IRPCM, 2004). 
Unlike most bacteria, they lack a cell wall and are thus obligate parasites. They reside in 
the phloem tissue and are mainly transmitted by insects feeding on the phloem sap, 
including leafhoppers, plant hoppers, and psyllids (Weintraub & Beanland, 2006). Because 
phytoplasma are difficult to cultivate outside their hosts, their study is limited to infected 
plant tissue. Phytoplasma are the causal agents of Grapevine Yellows diseases, which affect 
global grapevine production. Infected plants exhibit several symptoms, such as leaf 
yellowing or reddening, leaf curling, tissue necrosis, and shriveling of berries (Dermastia, 
Bertaccini, Constable, & Mehle, 2017). On a subcellular level, phytoplasma impede 
photosynthetic processes and manipulate the hostɴs metabolism, particularly carbohydrate 



2 Chapter 1. Introduction   

synthesis, to their advantage (Albertazzi et al., 2009; Bertamini, Nedunchezhian, Tomasi, 
& Grando, 2002; Hren et al., 2009; Santi, Grisan, Pierasco, De Marco, & Musetti, 2013). 
Two of the most damaging Grapevine Yellows in Europe are the ɶflavescence doréeɷ, 
associated with subgroups 16SrV-C and 16SrV-D (Martini, Murari, Mori, & Bertaccini, 
1999), and ɶbois noirɷ, associated with 'Ca. P. solani' from the stolbur subgroup 16SrXII-
A (Quaglino et al., 2013). The pathogenesis of phytoplasma infection has been mainly 
studied in grapevine infected with ɶbois noirɷ due to the ɶflavescence doréeɷ quarantine 
status (Dermastia et al., 2017). 

1.1.1.1 'Candidatus  Phytoplasma solani'  

The phytoplasma species 'Ca. P. solani' was first described in 2013 by Quaglino et al. and 
is represented by different strains that form a unique genetic cluster determined on the 
basis of phylogenetic analysis of the 16S rRNA, tuf, secY, and rplV-rpsC genes and the 
assessment of biological properties. The 'Ca. P. solani' strains cause ɶbois noirɷ in 
grapevine, the stolbur disease in tomato (Pracros, Renaudin, Eveillard, Mouras, & 
Hernould, 2006), potato (Mitrović et al., 2016), and other wild or cultivated plants, maize 
redness (Jović et al., 2007), and other diseases. Its primary hosts among uncultivated plants 
are the stinging nettle (Urtica dioica) and bindweed (Convolvulus arvensis and Calystegia 
sepium). Although endemic to southern Europe and the Mediterranean area, the presence 
of 'Ca. P. solani' has been reported in vineyards of many European and Asian countries, 
as well as North America, South America, and Oceania, according to the European and 
Mediterranean Plant Protection Organization Global Database (ɶEPPO Global Database,ɷ 
2022). In the European and Mediterranean region, 'Ca. P. solani' is mainly transmitted by 
the planthopper vector Hyalesthes obsoletus Signoret, which frequently feeds on stinging 
nettle or bindweed, yet only occasionally on grapevines, making them an incidental or a 
dead-end host for the phytoplasma (Dermastia et al., 2017).  
The grapevine ɶbois noirɷ causes symptoms similar to other Grapevine Yellows diseases. 

None of the grapevine cultivars studied thus far have proved resistant to phytoplasma 
infection (Albertazzi et al., 2009; Laimer et al., 2009); however, some plants are able to 
recover spontaneously from ɶbois noirɷ, with disease symptoms suddenly declining or 
disappearing (Murolo, Garbarino, Mancini, & Romanazzi, 2020). Although the processes 
underlying grapevine recovery are not well understood, it is accompanied by biochemical 
changes to the phloem, callose deposition, changes in sugar transport and metabolism, and 
has been connected to reactive oxygen species production (Gambino, Boccacci, Margaria, 
Palmano, & Gribaudo, 2013; Santi, De Marco, Polizzotto, Grisan, & Musetti, 2013). 

1.1.2 Viral Infections  

Viruses are obligate parasites, unable to replicate without the use of their hostɴs 
intracellular machinery. According to the 2022 update of the International Committee on 
Taxonomy of Viruses (https://ictv.global/taxonomy/), about 2000 species of plant-
infecting viruses are distributed among 38 families (Walker et al., 2021). The genomes of 
plant viruses are usually small yet often complex, harboring overlapping open reading 
frames and encoding multifunctional proteins, such as the potyviral Helper Component 
Proteinase (Valli, Gallo, Rodamilans, López-Moya, & García, 2018). Although they can 
have different genome organizations, about 80% of all plant viruses are RNA viruses 
(Mandahar, 2006). RNA viruses have high genetic variability, and a single viral species is 
usually comprised of many variants (Rubio, Galipienso, & Ferriol, 2020). Once the viral 
particle enters the host cell, its previously encapsulated genome is released and the virus 
starts replicating at the site of infection. The virus can then spread throughout the host 

https://ictv.global/taxonomy/
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using cell-to-cell and long-distance movement, ultimately causing a systemic infection (Calil 
& Fontes, 2017; Kriźnik, Gruden, & Baebler, 2020).  
While they can be transmitted in several ways, transmission by insect vectors is the 

most efficient and also the most widespread with insect species from the order Hemiptera 
transmitting over 70% of known plant viruses (Lefeuvre et al., 2019). Insects can transmit 
viruses in a non-persistent/semi-persistent or persistent manner. In non-persistent or semi-
persistent transmission, the virus reversibly interacts with the components of the insectɴs 
mouthparts and can be shed by salivary secretion. Persistently transmitted viruses are 
ingested by the insect and enter the salivary glands through the hemolymph. They can 
remain there until the end of the insectɴs lifetime, repeatedly infecting plants on which it 
feeds. Sometimes the viruses can even influence the behavior of their insect vectors or plant 
hosts and manipulate them to their advantage (Lefeuvre et al., 2019). 

1.1.2.1 Potato Virus Y  

PVY is a filamentous plant virus from the Potyviridae family (genus Potyvirus) that infects 
a range of economically important crops. It is the most dangerous virus infecting potato 
(Kreuze et al., 2019) and the causal agent of potato tuber necrotic ringspot disease, which 
can severely affect tuber production. PVY is transmitted by aphids, which feed on the 
leaves of infected plants (Karasev & Gray, 2013). Its single-stranded positive-sense RNA 
genome encodes for eleven viral proteins, which are largely multifunctional and are involved 
in various stages of viral infection, including replication, movement, and/or other processes. 
The viral particle is about 730 nm long and flexuous, with over 2000 viral coat protein 
copies assembled around the RNA genome in a left-handed helical arrangement (Keźar et 
al., 2019). 
PVY infection can elicit different responses in potato plants, depending on the viral 

strain and potato cultivar. The responses of susceptible cultivars range from no visible 
symptoms in tolerant plants to severe disease symptoms and tuber necrosis in sensitive 
cultivars (Baebler, Coll, & Gruden, 2020). Resistant potato cultivars respond to infection 
with extreme resistance or hypersensitive response, limiting viral replication and movement 
through mechanisms not well understood (Baebler et al., 2020). The hypersensitive 
response is prompted by the Ny-1 resistance gene in the potato cultivar Rywal and 
manifests in the form of necrotic lesions at the infection site and inhibition of systemic 
viral spread (Szajko et al., 2008). At the molecular level, the hypersensitive response 
involves several processes, such as reactive oxygen species production, callose deposition, 
cell wall strengthening, and induction defense gene expression (Baebler et al., 2020). Studies 
with transgenic potato plants, impaired in accumulation of salicylic acid (SA), showed that 
the SA hormonal pathway plays a crucial role in potato immune response to PVY infection 
(Baebler et al., 2011, 2014; Lukan, Baebler, et al., 2018; Lukan et al., 2020); however, the 
mechanisms of SA perception in potato have not been investigated. 

1.2 Plant Immune Response  

Due to their sessile nature, plantsɴ response to pathogen infection largely depends on 
intracellular processes. In the innate immune response, pattern recognition receptors 
(PRRs) in the plasma membrane recognize the conserved molecular patterns of invading 
pathogens known as pathogen-associated molecular patterns, activating the so-called 
pattern-triggered immunity (PTI). Some pathogens evade the PTI response by releasing 
effectors, virulence proteins or secondary metabolites that inhibit its development. In 
response, plants can recognize effectors via intracellular receptors, mostly belonging to the 
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nucleotide-binding leucine-rich repeat receptor (NLR) family of proteins. This is called the 
effector-triggered immunity (ETI) (Jones & Dangl, 2006). 
A gene-for-gene concept, pioneered by Harold Flor in 1942, has long been valid and is 

based on the hypothesis that individual genes are responsible for the outcome of plant-
pathogen interactions: one effector molecule is recognized by one plant receptor (Flor, 
1942). However, it is becoming apparent that effector recognition involves complex 
networks, the result of hundreds of millions of years of competitive evolution. Many 
pathogens have a diverse set of effectors recognized directly or indirectly by plant receptors, 
which sometimes require other molecules to act before they can transmit the signal. There 
are many differences between receptors of different plant species due to the fast evolution 
of effector proteins; this redundancy makes receptor networks much more robust and 
resilient to changes in the environment (C.-H. Wu, Derevnina, & Kamoun, 2018). Plant 
receptors often contain so-called integrated domains that are targeted by the effector. These 
can include domains of different plant proteins, often transcription factors. Increasing 
numbers of these domains have now been discovered in plant receptors and are thought to 
serve as decoys that effectors bind instead of the actual targets, leading to recognition by 
the receptor (Kroj, Chanclud, Michel-Romiti, Grand, & Morel, 2016).  
Pathogen recognition through PTI or ETI is followed by a series of downstream 

signaling cascades that lead to the activation of various defense mechanisms. Although 
PRRs and NLRs involve different activation mechanisms and early signaling components, 
PTI and ETI eventually result in similar outcomes, including the elevation of intracellular 
calcium levels and reactive oxygen species, activation of mitogen-activated protein kinases, 
and ultimately transcriptional reprogramming. ETI is also often accompanied by 
programmed cell death and hypersensitive response. In PTI, signal transduction is 
mediated by the protein kinase activity of PRRs and intracellular protein kinases, as well 
as by various co-receptor proteins, whereas the signaling pathways of ETI are less well 
known (Yuan, Ngou, Ding, & Xin, 2021). Upon activation, NLRs have been shown to form 
oligomeric complexes called resistosomes (Martin et al., 2020; J. Wang et al., 2019), which 
are thought to form pores in the cell membrane, facilitating calcium influx or even leading 
to cell death. Recent research shows that PRRs and NLRs function synergistically to ensure 
a fully functional immune response during ETI (Yuan, Jiang, et al., 2021). Additionally, 
Ngou, Ahn, Ding, & Jones (2021) showed that NLRs potentiate protein activation in PTI, 
while the hypersensitive response of ETI is strongly enhanced by the activation of PPRs. 
The interconnectedness of PTI and ETI thus seems to be a key aspect of plant immunity. 
Although most phytopathology studies focus on understanding the interplay between 

host receptors and pathogen effector proteins, small RNAs (sRNAs) and RNA interference 
became known as vital regulators of immunity-related gene expression and transcriptional 
reprogramming in plant-pathogen interactions (Huang, Wang, Hu, Hamby, & Jin, 2019). 
Plant sRNAs can be classified as micro RNAs or small-interfering RNAs and are usually 
generated by Dicer or Dicer-like enzymes. They are then incorporated into Argonaute 
proteins to form an RNA-induced silencing complex and induce gene silencing in a 
sequence-specific manner, through the degradation of target messenger RNA (mRNA), the 
inhibition of translation, or transcriptional gene silencing (Huang et al., 2019; Kriźnik et 
al., 2020). For example, RNA interference is an important defense mechanism against viral 
infections, with the viral genome as its target (Kriźnik et al., 2020). It also provides an 
additional level of regulation of host immune signaling (Kriźnik et al., 2017). Some sRNAs 
can even cross the boundaries between hosts and pathogens, silencing genes in interacting 
organisms, a mechanism referred to as ɳɳcross-kingdom RNA interferenceɴɴ (Huang et al., 
2019). 
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1.2.1 Hormonal Signaling  

The complex intracellular signaling cascades required for the establishment of an efficient 
defense response are coordinated by plant hormones. Major plant hormones involved in 
immune response include salicylic acid (SA), jasmonic acid, abscisic acid, ethylene, and 
auxins. SA (2-hydroxy benzoic acid), a phenolic compound and a secondary plant 
metabolite, is the main hormone regulating plant defenses and promotes immunity against 
biotrophic and semibiotrophic pathogens (Peng, Yang, Li, & Zhang, 2021). In the absence 
of stress, most plant species maintain relatively low basal levels of SA, which can rapidly 
increase after infection. SA is synthesized from chorismate through either the isochorismate 
or phenylalanine ammonia lyase pathway and its production in response to stress is tightly 
regulated through the modulation of enzymes included in its biosynthesis. SA homeostasis 
is also modulated by chemical modifications, including hydroxylation, glycosylation, 
methylation, and amino acid conjugation (Peng et al., 2021). The most studied SA 
receptors are the Non-Expressor of Pathogenesis Related (NPR) transcription cofactors 
(W. Wang et al., 2020; Y. Wu et al., 2012), key regulatory proteins involved in immunity-
related transcriptional reprogramming. While the Arabidopsis AtNPR1 functions as the 
main positive regulator of plant immunity, its paralogs AtNPR3 and AtNPR4 act as 
redundant negative regulators (Ding et al., 2018; Zhang et al., 2006). Additionally, 
numerous SA-binding proteins with different affinities for SA were biochemically identified 
(Klessig, Tian, & Choi, 2016); however, their function remains unknown.  

1.2.2 Transcriptional Regulation  

Dynamic adaptations of plant cell function are largely dependent on the transcriptional 
regulation of gene expression. Plants are equipped with a wide arsenal of transcription 
factors, activating or repressing gene expression while heeding the signals from hormonal 
pathways. Transcription factors regulate transcription by binding to short DNA sequence 
patterns called motifs in gene promoter regions, influencing the recruitment of RNA-
polymerase II to the transcription initiation site. Eukaryotic transcription initiation is 
highly complex as it involves multiple transcription factors as well as interacting cofactors, 
collectively modulating the transcription of a single gene (Reiter, Wienerroither, & Stark, 
2017; Roeder, 2019). Depending on the conditions and cofactors present, transcription 
factors can act as activators, positively affecting gene expression, or repressors, which 
prevent transcription. While transcription factors interact with target motifs primarily 
through their DNA-binding domain, they usually contain additional domains enabling 
interactions with other regulatory proteins (Gonzalez, 2016). 
Several plant transcription factor families have been identified as important regulators 

of plant immunity, including the APETALA2/ETHYLENE-RESPONSE ELEMENT 
BINDING FACTOR family, the basic-helix-loop-helix family, the WRKY family, and 
others (Tsuda & Somssich, 2015). SA signaling is directly connected to SA-receptors, NPR 
cofactors (W. Wang et al., 2020; Y. Wu et al., 2012), and TGACG-binding (TGA) 
transcription factors, which cooperatively modulate the expression of key defense-related 
genes and genes involved in SA synthesis (Ding et al., 2018; Zhang, Fan, Kinkema, Li, & 
Dong, 1999). 

1.2.2.1 TGA Transcription Factors  

TGA transcription factors are members of the basic region leucine zipper (bZIP) protein 
family and are indispensable regulators of gene expression in various cellular processes, 
from biotic and abiotic stress (Zhang, Tessaro, Lassner, & Li, 2003; Zhong et al., 2015) to 
plant growth and development (Murmu et al., 2010). TGAs bind to their target motif, the 



6 Chapter 1. Introduction   

TGACG sequence, and its variations, through dimerization, while they can also form higher 
order complexes (Boyle et al., 2009; Niggeweg, Thurow, Weigel, Pfitzner, & Gatz, 2000; 
Schiermeyer, Thurow, & Gatz, 2003) and interact with other regulatory proteins (Chen et 
al., 2019; Hussain, Sheikh, Haider, Quareshy, & Linthorst, 2018; Li et al., 2019). DNA 
recognition and binding of TGA factors occur through a conserved bZIP DNA-binding 
domain, while their N-terminal and C-terminal regions are involved in establishing 
interactions with other proteins and have a transcription activation function (Boyle et al., 
2009; Chai et al., 2020; Fan & Dong, 2002; Kumar et al., 2022). 
Most notably, TGAs act as NPR-interacting proteins and serve as DNA-binding 

anchors in the NPR-TGA-DNA regulatory complex at target promoters (Boyle et al., 2009; 
Kumar et al., 2022; Zhou et al., 2000). Their mechanism of action has mainly been studied 
in relation to transcriptional regulation of the Pathogenesis related-1 promoter, where the 
AtNPR1 interacts with AtTGA2 to activate gene expression (Boyle et al., 2009; Rochon, 
Boyle, Wignes, Fobert, & Després, 2006; Zhang et al., 2003). The structural aspects of 
NPR-TGA interaction have been revealed only recently by Kumar et al. (2022), showing 
that an AtNPR1 dimer bridges two DNA-bound AtTGA3 homodimers through their C-
terminal regions. 

1.3 Protein Functional Analysis Approaches  

Thorough understanding of cellular processes and the function of specific molecular 
components is a crucial part of plant immune response research. Protein functional analysis 
is complex and requires the use of different approaches, most often beginning with target 
identification through ɶomicsɷ techniques, including genomics, transcriptomics, proteomics, 
and metabolomics. The function of a specific protein is, to an extent, defined by its 
structural characteristics and modulated by various external parameters, such as 
interactions with other biological molecules or post-translational modifications. Sequence 
analyses in silico, studying interactions with different biological molecules, tissue and 
subcellular localization, enzyme activity assays, and other experimental techniques provide 
essential information about protein behavior. It is also important to consider how the 
protein of interest is integrated into the overall system and by which mechanisms it may 
be regulated. Structural data, as well as determining the contribution of individual protein 
parts, allow for a comprehensive analysis of protein activity, yet they are often harder to 
obtain (Alberts et al., 2002). While the determination of plant protein three-dimensional 
(3D) structures is steadily increasing, their number still lags behind the number of 
structures obtained from other organisms. 

1.4 Aims of the Research  

1.4.1 Adaptation of Experimental Approaches for C rop Studies  

Experimental techniques used for plant molecular analyses are either based on established 
methodologies used in other experimental systems or have been developed specifically for 
studying plants. However, most of these methods have been applied to model plant species, 
whereas the analysis of less studied crops often requires further adaptation of basic and/or 
advanced techniques to address the specific traits of particular species or even cultivars. In 
the scope of this thesis, our first aim is to adapt and apply experimental techniques for 
studying the grapevine-phytoplasma pathosystem on a molecular level. 
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1.4.2 Identification of Protein Targets of Phytoplasma Infections  

Phytoplasma-mediated disease development is closely linked to the secretion and action of 
effectors. Resolving the genomic sequences of several phytoplasma allowed the 
identification of secretory proteins that could act as effectors, but few of them have been 
described thus far (Bertaccini, Oshima, Maejima, & Namba, 2019). For example, 'Ca. P. 
asteris' secreted AY-WB protein 11 (SAP11) effector was found to localize in cell nuclei, 
where it can destabilize Arabidopsis CINCINNATA-TEOSINTE BRANCHED1, 
CYCLOIDEA, PROLIFERATING CELL FACTORS through protein-protein 
interactions, leading to changes in leaf shape and stem proliferation (Bai et al., 2009; Sugio, 
Kingdom, MacLean, Grieve, & Hogenhout, 2011; Sugio, Maclean, & Hogenhout, 2014). A 
SAP11 homologue and other putative effector genes have been identified in the 'Ca. P. 
solani' strain SA-1 genome (Music et al., 2019), but to our knowledge, their function 
remains unexplored. Our second aim is to explore the pathogenesis of 'Ca. P. solani' 
infection, through identification of effector targets in grapevine. 

1.4.3 Analysis of TGA Transcription Fa ctors in Potato  Immunity  

TGA transcription factors are among the most important components of SA-mediated 
transcriptional regulation following biotic stress, and their involvement in pathogen 
infection has been reported in several crops, such as rice (Moon et al., 2018), tobacco 
(Thurow et al., 2005) and tomato (Ekengren, Liu, Schiff, Dinesh-Kumar, & Martin, 2003). 
The SA signaling pathway is also crucial in potato immune response to PVY infection 
(Baebler et al., 2014), yet little is known about the role of TGAs in this crop. In order to 
improve our understanding of the molecular mechanisms underlying potato immunity, our 
third aim is to identify the Arabidopsis TGA orthologues in potato, involved in the 
immune response to PVY. Finally, the fourth aim of this doctoral thesis is to study the 
molecular interactions of potato TGAs and their mechanisms of transcriptional regulation. 

1.5 Research Hypotheses  

1. Optimization of established methodology for studying plant processes will enable 
efficient analysis of key molecular components in phytoplasma infection of grapevine. 
 

2. The putative 'Candidatus Phytoplasma solani' effectors interact with grapevine 
proteins. 

 
3. The mechanisms of potato TGA function differ from those of their orthologues in the 
model plant Arabidopsis thaliana. 

 
4. Potato TGA transcription factors are important in the salicylic acid-mediated potato 
immune response against potato virus Y. 

 
5. Heterodimerization of potato TGAs modulates transcriptional regulation of genes 
involved in potato immune response. 

1.6 Publications Included and Candidateɴs Contributions 

Our first publication (Differential Response of Grapevine to Infection with 'Candidatus 
Phytoplasma solani' in Early and Late Growing Season Through Complex Regulation of 
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mRNA and Small RNA Transcriptomes) focuses on unraveling the transcriptional changes 
in gene expression and sRNA levels in grapevine during 'Ca. P. solani' infection before and 
after symptom development. The PhD candidate is a co-author of this publication. She 
was involved in the optimization of the RNA isolation procedure from grapevine leaf vein-
enriched samples and isolated total RNA from healthy and phytoplasma-infected samples, 
collected in two seasons of the first year of analysis, using the optimized protocol. She also 
wrote the ɶRNA Extraction and Sequencingɷ methods section. 
Our second publication (Candidate Effector Proteins of 'Candidatus Phytoplasma 

solani' are Associated with Modulation of Plant Carbohydrate Metabolism Toward Effective 
Glycolysis, with Accelerated Ascorbate-Glutathione Cycle, and with Induction of 
Autophagosomes, manuscript draft), connected to studying grapevine-phytoplasma 
interactions, focuses on the identification and characterization of putative 'Ca. P. solani' 
effectors and their target proteins in grapevine. The PhD candidate is a co-author of this 
publication. She has adapted and performed a protein pull-down assay for the detection of 
effector targets. She prepared the samples for mass spectrometry analysis, searched for 
orthologues of identified tobacco targets in grapevine, and confirmed the identified 
interactions with co-immunoprecipitation. The PhD candidate also wrote the results and 
methods sections connected to these experiments. Additional co-immunoprecipitation assay 
results, not included in the manuscript, are included in Appendix A.  
The third publication (TGA Transcription Factors ɰ Structural Characteristics as 

Basis for Functional Variability) provides a concise summary of plant TGA transcription 
factors from a structural point of view and relates their structural characteristics to their 
functional roles in transcription regulation, focusing on the characterized TGA factors from 
Arabidopsis and tobacco. The PhD candidate is the first author of this publication. She 
studied the available reports on TGA factor structural and functional characteristics, 
conducted in silico protein sequence analyses, and wrote the first manuscript draft. 
Our fourth publication (A Mini-TGA Protein Modulates Gene Expression through 

Heterogeneous Association with Transcription Factors, currently accepted under minor 
revisions) focuses on the identification of potato TGAs and characterizes the StTGA2.1 
protein, which has unusually compact molecular architecture and lacks a complete DNA-
binding domain. We referred to this particular type of TGAs as mini-TGAs. The PhD 
candidate is the first author of this publication. She planned and performed in silico 
analyses, protein-protein interaction experiments, and plant immunity studies. She was 
actively involved in localization experiments, protein-DNA interaction studies, targeted 
genomic sequencing, and gene expression analyses and wrote the first draft of the 
manuscript. 
Although the results have not yet been included in a publication, we also analyzed the 

subcellular localization of two potato NPR proteins and performed preliminary co-
localization studies of StNPR1 with StTGA2.1 proteins (Appendix B) to complement our 
results on StTGA2.1 function published in the fourth publication. The PhD candidate 
drafted the experimental design and performed the analyses. The results obtained are 
included in the Discussion. 
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Chapter 2 

2 Scientific Publications  

2.1 Differential Response of Grapevine to Infection with 

'Candidatus  Phytoplasma solani ' in Early and Late 

Growing Season through  Complex Regulation of mRNA 

and Small RNA Transcriptomes  

Marina Dermastia, Blaź Şkrlj, Rebeka Strah, Barbara Anźič, Şpela Tomaź, Maja Kriźnik, 
Christina Schönhuber, Monika Riedle-Bauer, Źiva Ramşak, Marko Petek, Aleş Kladnik, 
Nada Lavrač, Kristina Gruden, Thomas Roitsch, Günter Brader and Maruşa Pompe-Novak 
 
International Journal of Molecular Sciences, 2021, 22:3531. DOI: 10.3390/ijms22073531 
  
In our first publication, we investigated the changes in gene expression levels and sRNA 
profiles in grapevine cv. Zweigelt due to 'Ca. P. solani' infection through high-throughput 
transcriptomic analyses. Comparing results from grapevine leaf-vein-enriched samples 
collected in early and late growing seasons, we found high transcriptional activity in 
response to infection already in the early season, while the regulation of sRNAs was more 
pronounced in the late season. Our analysis showed most of the regulated genes and sRNAs 
were associated with biotic stress and revealed the perturbations to hormonal pathways 
due to infection. We further analyzed transcriptomic data using the network enrichment 
methodology to extract distinct gene groups formed at different time points, in different 
plant groups, and those that showed disintegration between growing seasons and between 
infected and healthy plants. Our results uncovered new genes that have previously not 
been associated with phytoplasma infection. 
The PhD candidate was involved in the optimization of the RNA isolation procedure 

from grapevine leaf-vein-enriched samples to obtain total RNA, including sRNAs, of high 
quality, purity, and integrity. With the optimized procedure, she isolated total RNA from 
healthy and phytoplasma-infected samples, collected in two seasons of the first year of 
analysis, and wrote the ɶRNA Extraction and Sequencingɷ methods section.
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